Teoreticka anorganicka chemie

3. cast




Teorie hybridizace

= zalozena na predstavé hybridizace (smésovani AO) - opét vychazi z teorie
superpozice stavu = linearni kombinace AO nalezenych resenim Schrodingerovy
rovnice jsou pro umisténi elektronl pravé tak vhodnymi orbitaly jako plvodni AO.
Umoznuje vysvétlit i prfipady, geometrie AO atomO jez vytvareji molekulu
nedovoluje vysvétlit vznik téchto vazeb jednoduchym prekryvem AO

napl. ze 2 energeticky a geometricky rozdilnych AO vznikaji 2 energeticky
degenerované orbitaly, majici stejny tvar, liSi se pouze orientaci v prostoru

Podminky:

* energie hybridizujicich se AO nesmi byt prilis rozdilna
 vhodna symetrie

* vznika tolik HAO, kolik se AO hybridizace ucastni

* odvozeni tvaru jednoduché molekuly vychazi z predpokladu, ze tvar molekuly
je urCovan tvarem HAO na stredovém atomu. Vazby stredového atomu s
ostatnimi vazeb. partnery jsou realizovany prekryvem HAO s AO vazebnych
partnerd.
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d4sp® Hybridization
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Hybridizace s G¢asti orbital d

Sméry vyvinu HAO,
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Two electron pairs
5p
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Pocet orbitalt zahrnutych do hybridizace

Pocet orbitall zahrnutych do hybridizace (H):

H=(V+M=C+A)/2
kde V = pocet elektronu ve valencni vrstvé centralniho atomu, M = pocet
jednovaznych atomd, C = naboj kationtu, A = naboj aniontu.

Regions of

Electron Arrangement Hybridization
H=2 - sp (1s + 1p = 2) Densiy | |
H = 3 % sz (1S + 2p = 3) 2 linear sp /T\lao"
H=4 - sp3 (1s + 3p = 4) | | |
3 trigonal planar sp? .\120
Hodnota H je Ciselné rovna
sterickému cislu (steric number,
SN) 4 tetrahedral sp3 109:5f-
90°
trigonal 3 _.‘\ )
2 bipyramidal s & -——-{;De
_.\9‘0.7
Jain, V. K.: Indian Journal of Applied Research 4, g . octahadial S Fie

2014, 53-55 i




Sterickeé cislo

Steric Number (SN) = (pocet volnych elektronovych pard na centrdlnim atomu) +

(pocet atomu vazanych na centrdlni atom)

5 % F ..O . ITlﬂ cog
Cl-Be-Cl  H-C=N " & H-C-H H=N-H
™ F H™ " H H H
SN =2 SN=2 SN =3 SN =3 SN =4 SN =4
If the steric number is 4, it is sp?
If the steric number is 3 — sp?
If the steric number is 2 — sp
Priklad
+ B []
: N:N__O. ‘ hybridizace atomUd N, N a O je sp, sp a sp>.

sp sp sp°
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Hybrid orbitals: sp3, sp?, and sp

To maximize distances between repulsive electron pairs, atomic s and p orbitals mix, or
"hybridize", resulting in orbitals intermediate in character between s and p :

Total hybrid Unhybridized

Name s P orbitals "leftover" Orbital Example
p orbitals geometry
sp® 1 3 4 0 Tetrahedral ~ (109°)  CH,
2 Trigonal (120°) BH
sp 1 2 3 1 planar 3
sp 1 1 2 2 Linear (180°) BeCl,

Lone pairs may also occupy hybrid orbitals. In these cases the molecular geometry
will differ from the orbital geometry

e.g. for some sp® hybridized cases:

£ I Attached Attached Orbital Molecular
Xampie atoms lone pairs geometry geometry
CH, 4 0 Tetrahedral Tetrahedral
NH; 3 1 Tetrahedral Trigonal pyramidal

H,O 2 2

Tetrahedral "Bent"




Pocet orbitalt zahrnutych do hybridizace

HP = pocet o-vazeb + pocet volnych elektronovych para -1

HP = hybridisation power

pocet o-vazeb a volnych

elektronovych pard =

sterické Cislo (viz VSEPR)

HP pocet o-vazeb a volnych hybridizace
elektronovych part

1 2 Sp

2 3 sp?

3 4 sp3

4 5 sp3d

5 6 sp3d?

6 7 sp3d3

Das A.: Indian J. Appl. Res. 87, 2013, 594-595




s- a p-charakter hybridnich orbitalu

s-charakter hybridniho orbitalu - hybridni orbital ma vyssi podil plvodniho s-
orbitalu a nizsi podil pivodniho p-orbitalu.

p-charakter hybridniho orbitalu - hybridni orbital ma vyssi podil plvodniho p-
orbitalu a nizsi podil plvodniho s-orbitalu.

electronegativity increases

% s character increases €>
L

sp>d®< sp®d < sp® <sp? < sp

s-orbitaly maji nizsi energii nez p-orbitaly. Vétsi s-charakter hybridniho orbitalu
snizuje energii hybridnch orbitalll a proto se vice podobaji s-orbitalim. Vétsi p-
charakter zvysSuje energii hybridnich orbitall a proto se tyto vice podobaji p-

orbitalim.

valence orbitals

of carbon
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s-orbitaly jsou blize jadru, jsou vice penetrujici a elektronova hustota je méné
dostupna pro vazbu - proto stabilizuji volny elektronovy par. Disledkem vétsSiho s-
charakteru je mensi repulse, mensi hybridizacni energie a mensi vazebny uhel.
Totéz plati vice versa o vyssim p-charakteru hybridnich orbitald. Nejstabilnéjsi
usporadani je tudiz vyuziti p-orbitall pro vazbu a s-orbitald pro tvorbu volnych
elektronovych pard.

Elektronegativita a hybridizace

s-orbital je nejblize atomovému jadru, vazebny elektronovy par tvoreny s-
orbitalem (ma vétsi s-charakter) je vice pritahovan k jadru - atom vykazuje vyssi
elektronegativitu. Cim je vy3&i s-charakter, hybridniho orbitalu, tim pevnégjii je
vazba.

Orbital Size order : Hybridization =~ x (Pauling)
sp?® >sp? >sp C(sp?) 23
Electronegativity order: c(sp?) 26
sp >sp? >sp® C(sp) 3.1

'generic' C _ 2.5
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Bentovo pravidlo

ElektronegativneéjsSi atomy preferuji vazbu s hybridnimi orbitaly s mensim s-
charakterem a vetsim p-charakterem, které jsou elektropozitivnéjsi.

ElektropozitivnéjSi atomy preferuji vazbu s hybridnimi orbitaly s vetSim s-
charakterem a mensim p-charakterem, které jsou elektronegativnéjsi.

O O

electronegative substituent edat tnis  electronegative substituent
jred T
o e & N
efer U =
19t e e
i =
Pregy, to

be df,
T etteg
=
I am an electronegative I am a less electronegative

hybrid orbital with less s- character hybrid orbital with less or no s- character
electropositive substituent electropositive substituent




Priklad

Axial
. vemon . (pd) .

Fluorid siricity (SF,) eqratarizl {sp)
Molekula SF, ma obsahuje 4 atomy fluoru a 4
volny elektronovy par, hybridizaci sp3d a tvar equatorial

. L : (sp?)
trigonalni bipyramidy (TBP). =

. . . L, eguatorial (sp”)
TBP geometrie zahrnuje 3 sp? orbitaly v ekvatorialni
pozici a 2 pd orbitaly v axialni pozici. e
According to Bent's rule,
Equatorial position sp2 — more s character — will prefer lone pair
Axial position pd —  no s character — will prefer Electroneagtive F




Priklad
Difluorid trichlorid fosforecny (PCI,F,)

Molekula PCI;F, ma obsahuje 3 atomy chloru a 2 atomy
fluoru, hybridizaci sp3d a geometrii trigonalni bipyramidy
(TBP).

TBP geometrie zahrnuje 3 sp? orbitaly v ekvatoridlni pozici
a 2 pd orbitaly v axialni pozici.

According to Bent's rule,
Equatorial position sp2 — mores character — will prefer lone pair

Axial position pd —  noscharacter — will prefer Electroneagtive F




Hybridizace a vazebny uhel
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Bentovo pravidlo a vazebny uhel 109.5°

orbitals with more %s character — directed towards electropositive substituents

orbitals with less %s character — directed towards electronegative substituents —-
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Dragovo pravidlo

U p-prvkd 3. a vyssi periody neni nutno predpokladat hybridizaci valencnich
orbitali centralniho atomu a vazebny uhel v takovych molekulach je blizky 90°
pokud:

1) centralni atom (ze 3. a vyssi periody) ma nejméné jeden volny elektronovy par.

2) elektronegativita terminalniho atomu by méla byt mensi nebo rovna 2,5 (C, H).

3) na centralnim atomu neni pozitivni naboj. P ({1 [T[%]T
3s? 3p°
H
I lone pair in pure s- orbital
+ , 109°28 Pt
(P\\ +H 5“: \ Px Z Py 4 Pz 4
f 93.6* H }%* H
PH;moleculc PHY ion
(Pyramidal) ' (Tm‘i hedral) y y y
P ravi d IO S pl ﬁ uj I' P H 3 AS H 3 S b H 3 3 H ZS; H ZSe’ H 2Te the three degenerate p orbitals are aligned along perpendicular axes
Q @ @ 133.6 pm Se 146 pm Te 169 pm
“s‘ 142 A ' >1 519 A 1 707A 921 91° /@D\
H ®:sH H & H ‘ 91.7° H H H H

H




O sSP y Frbl'l:al O
) (Pure S-Orbital) P \‘ ‘ ‘ ‘ f | ‘
N P 84% S character so removal B | | | |
/ of ep Become very-2 difficult
H ! \ / \ 342 3P3
H H H
H H lone pair in pure s- orbital
There is
only 25% character
Ammonia Phosphine Arsine Stibine

.o ..

N P h =
Vazebny uhel l ~ P\ 2 /;\

AB =107 -94=13° AB=94-93=1° AB=93-92=1°

f

An abrupt decrease in bond angle.

Ammonia Phosphine Arsine Stibine
Rozpustnost ve vodé N P As Sb
A AN AN, AN
H H H H H H H
_~ m—i

very soluble in water very sligthly soluble in water




Priklad
Methyl fluorid (CH,F)

Molekula ma sp3 hybridizaci jako methan. Protoze vsak rozdéleni s-charakteru
neni, v disledku pritomnosti elektronegativhiho atomu F u vSech hybridnich
orbitall stejnomérné, zméni se i vazebné uhly.

Podle Bentova pravidla orbital s mensim s-charakterem bude orientovan
smerem k vice elektronegativnimu prvku — tudiz vazba C-F ma mensi s-
charakter ve srovnani s C-H vazbami a vazebny uhel se zmensi (experimentalné je
H-C-F 108.2°) oproti vazebnému uhlu v methanu (109.5°).

Protoze s-charakter C-F vazby poklesl, dochazi k narlstu s-charakteru u ostatnich
tfi C-H vazeb, coz vede ke zvétSeni vazebnych Uuhld mezi nimi (experimentalné je
H-C-H 110.2°) oproti vazebnému uhlu v methanu (109.5°).

F

% s character decreases




Hybridizace a délka vazby

Délka vazby — zavisi na podilu s orbitald tj.
klesa v radé p > sp3 > sp? > sp

The six types of carbon-carbon o-bonds

sp®-sp® o-bond sp®-sp o-bond sp—-sp® o-bond
H,C—CHj H;C—C=C—H H
I\ I X H—C= c—c\*— sp”
sp® sp? sp? sp f 'C H
Sp H
sp’-sp? o-bond sp?—sp? o-bond sp—sp o-bond
H H H-C=C—C=C—H
He—Ca—sr"  n-c, M o
, fCH C—Co—sp" sp sp
sp H H C—H
sp* H
-0 /Shorter C-O bond
” /Longer C-O bond
/
H;C

: H__ ,.-"/F_l ;-[1 A ' Vi LH A /— 1.20 A
Plonno o=y H~C=C—H
H N H H™ ™\ H ;
H "'|
108 A 1.08 A 1.06 A
ethane ethene ethyne
Representative bond lengths:
spi-sp? 154 pm {154 &)
spi-sp? 150 pm {1.50 A4
sp-sp 146 pm {1.46 A)
sp<—sp< 147 pm {1.47 Iy
Sp<—sp 143 pm {1.43 &)
Sp—5p 137 pm {1.37 &)
Bond Type Bond Bond Type Bond
length(pm) length(pm)
C-H 107 c-0 143
C=0 121 c-C 154
C=C 133 C=C 120
C-N 143 C=N 138
C=N 116 N-0 136
N=0 122 O-H 96




Bentovo pravidlo a délka vazby

Vazby s veétsim s-charakterem jsou obecné
kratsi.
sp? sp? sp

'z‘ .“ -9

25%'s’ Character 33.33%'s’ Character I 50% ‘s’ Character
Maximum Bond Length Intermediate Bond Length Least Bond Length

Délky vazeb se mohou ménit pritomnosti
elektronegativnich substituentu a
zmeénou hybridizace centralnich atomd.
Pokud molekula obsahuje strukturu X-A--
Y, zaména substituentu X vice
elektronegativnim substituentem, dojde
ke zméné hybridizace centralniho atomu
A a zkracuje se sousedni A--Y vazba.

| T
L C

H [ g v ~F
[

H
C- F length = 1.388 A C- F length =1.358 A
Molecule Average carbon-chlorine bond length
H
H }— Cl 1.783 A
H
Chloromethane
Cl
Hy—Cl 1772 A
H
Dichloromethane
Cl
H}— cl 1.767 A
Cl
Trichloromethane
Cl
C{I: EE}CJ 1.766 A

Tetrachloromethane




Hybridizace a energie vazby

Energie vazby — zavisi na podilu s orbitall tj. roste vifadé p <sp3<sp?<sp

Bond Bond Bond

Energy, Energy, Energy,
Bond kJ/mol Bond kJ/mol Bond kJ/mol
H—H 436 C—C 347 N—N 163
H—C 414 C=C 611 N=N 418
H—N 389 C=_ 837 N=N 046
H—0O 464 C—N 305 N—O 222
H—S 368 C=N 615 N=0 590
H—F 565 C=N 891 )l 142
H—CI 43] C—0O 360 0=0 498
H—Br 364 C=0 736° F—F 159
H—1I 297 Cc—Cl 339 Cl—Cl 243

Br—Br 193
I—1 151




Model VSEPR
(Valence Shell Electron Pair Repulsion)

= model odpuzovani elektronovych pard valencni sféry. Model VSEPR lze aplikovat
pouze u molekul se stfedovym atomem neprechodného prvku. Zalozen na 4
postulatech:

1) Kazdy z daného poctu el. paru (o a n) se snazi zaujmout takovou polohu, aby
jeho vzdalenost od ostatnich byla co nejvétsi. Elektronové pary stfedového
atomu molekuly vazebné (oznacené napr. jako s) i nevazebné (oznacené jako n)
se rozmistuji tak, aby byly co nejdal od sebe a mély tedy minimalni energii v
dusledku slabé repulze.

Vzdjemnd poloha o a n elektronovych pard uruje samotny tvar molekuly.
Pritomnost 1t elektronovych paru je pro uréeni tvaru molekuly bezvyznamna.

2) Vazebny elektronovy par soustredény u vice elektronegativhiho vazebného
partnera zaujima mensi prostor nez u méne elektronegativniho.




3) Nevazebny el. par zaujima vétsi prostor nez vazebny, protoze odpuzuje ostatni
el. pary vice nez vazebny par - jde o extrémni pripad bodu 2)

4) Elektronové pary v nasobnych vazbach zaujimaji dohromady vétsi prostor nez
elektronovy par v jednoduché vazbé. U dvojné a trojné vazby jsou elektronové
pary typu s doprovazeny elektronovymi pary typu p. Vzniklé dvojice (s+p) nebo
trojice (s+p+p) odpuzuji el. pary vice nez samotny par s.

Sterické dislo
Stanovi se z Lewisova vzorce nebo vypoctem

Steric number = no. of o-bonds + no. of lone pairs

nit;E;r hybridization Structure
2 sp linear
3 sp? | trigonal planar
4 sp” | tetrahedral
5 sp-d | trigonal bipyramidal
6 sp2d? octahedral
o pentagonal
7 sp>d” bipyramidal Das, A.: Indian Journal of Applied Research 3, 2013,

594-595




Odhad sterického cisla (SN) molekul z Lewisova vzorce

co,

NH,

NH,*

H,CO

sterické Cislo =2

sterické Cislo =4

sterické Cislo =4

sterické Cislo = 3




VSEPR

Bond Spatial Electron pair Lone pair substitutions
angles geometry geometry
180 @—@—@ -
Linear (sp)
120° .—{ S
Trigonal planar (sp?) Bent

109.5° .‘
Tetrahedral (sp¥) Trigonal
pyramidal

- ==
#

. S
90°, 120°
|

“Sawhorse”

Trigonal bipyramidal (dsp®)

80”

(d?sp®)

Octahedral Square

pyramidal

T-shaped Linear

T-shaped

Square
planar

Linear

Tvary molekul odvozené z modelu VSEPR

Prostorovd orientace Potet elektrono-
elektronovych pdrd | Ndzey tvary Zndzornén( tvaru vjch pérd 6 '
3 molekul
Eﬁﬁ?: Symbol molekuly Y f;i;t::?r:nr
linedrni linedrni 1 | linedrnf 2
Coa—t B—A—18
Lelektro-
ravnostranny lingdrni 1 |lomeny 2 [trojineinfk 3
trojihelnik
e B
-
< I B— B——A B—A
\\_
B B
Jelektro-
tetraedr linedrn( 1 [lomeny 27
P P
\ / ‘D : / e 8
trigondini’ 8 3 | tetraedr 8 4
pyramida
\D \‘/B
A — ~
Yelektro - § 0 . "
nové pdry | AByE 1| AB, 0
==
trigﬂmmf linedrni B 1 [linedrr” g 2 [tvarT 5 3
bipyramida | | [
oR | oR | —8
ABE, % |ABEy B 3 |AByE, A d
deformovany g % | trigondlni B 5
tetroedr I N bipyramida I 8
p—AG I
l"D | ~s
Selektro- 8 8
novych pdrd AByL 1 | Akg 0
oktaedr linedrni 1 |linedrni 2 | tvarT 3
B
fd -8B \Yr B
ABEg 5 |ABE, ' | AB4E, 3
Eiverec 4 |tetragondin 5 | oktaedr [}
. pyramida : i‘
N X~ 8 N ol 8 \n o s
Gelektro- B
novjch pdrtl | AB, Ey 2 [ABgE 1 | ABg 0




The Likeness of Valence Bond Theory to VSEPR Theory

i VALENCE-BOND THEORY VSEPR THEORY
Valence
Shell
i -bondi N ( Electron-Pai Geometri Bond
IBonding { Non-bonding Hybridization Orbital Elec‘tron VSEPR eu:.‘ ron ‘Pau eometric o . Example
Orbitals Orbitals : Shapes Pairs Formula Orientation Shapes Angles _
b o v e o e v v S S e S e i Ak e ——— - - ——— - --—-—-—-n-_--——-————- - —— - - - - - —— i ——— ——— —
: yl . .
- . A o
? 0 sp - 2 AX, linear 180° HgC1,, BeCl,
- o pal T o v I T T L L o e s i . e
. L ]
3 0 AX, ® _ triganal _ N~
- 3 | A S-S | P - BF,. In(CH, ), C-
2 1 AXLE | (== V-shaped snCl . PbBr,
- A e W - e Y R T L E R L . » » eyt L L LT T L LR Rl L L L L - e o
AX, 7N tetrahedral CH,, SnCl, . SiF,
. 8 BN
) / 5\ 1rigonal .
4 AX,E / \ pyramidal 09.5 NH;, PCl;, H, 0"
/ A\ '
/ 'L \
AXE | o2, V-shaped H, 0, 5Cl,. OF,
_______ Y —— T T T T T e ln-------'-———— e e i v v el g e s g e e s g e A e o
trigonal . .
AX; e bypyramidal PCls . NbCls
5 AN, E ~- peregular o 5F T?(‘I
‘ I ,;'\A__::_":_;,--—: tetrahedyai 120b oy TeCl,
- L
AXLE, | ¥ ] T-shaped CIF,
L) J
AX E, . linear ICl;, XeF,
------ - w————— ... b o e i e e o A - e A
AXg - octahedral SF
—t——= o]l square a
6 AX E /’\“/"}" oyramidal 90 BIF,
et N .
ax.t,]° * Seare ICI;, XeF
ata planag 4 4




VSEPR: odhad tvaru molekuly bez Lewisova vzorce

Pro skupinu resp. molekulu (AX, )™ plati
CN = (v/2)-3n

kde v = pocet valencnich elektront ve slouceniné, n = pocet atomu X (kromé vodiku).
CN = koordinacni Cislo (odpovida sterickému Cislu SN a hybridizaci H).

CN=2 AX,
CN=3 AX;
AX,E
CN=4 AX,
AX,E
AX,E
CN=4 (Ctvercové planarni tvar u komplexnich sloucenin)
CN=5 AX;
AX,E
AX;E,
AX,E;

Lindmark, A. F.: Journal of Chemical Education 87, 2010, 487-491




CN=6 AX,
AX.E
AX,E
AX,E
AX,E

CN AX,

"
~N

2

3

4
(napf. IF,)

Electron regions Electronic Bond
(steric number) geometry angles
2 linear | 807
3 trigonal planar 1 20
4 tetrahedral L5
" trigﬂnal o0=, 1207,
bipyramidal and 1R(F
O)* and
6 octahedral
L 80"

180° Electron Density and Molecular Geometry

N
e o
@ Central atom: A ====l) Bonded pair
fo2 with atorm:
lingar \ Monbonded electron pair: E
BeF,
:4\1200
AX, hent
triangular planar AX;E
BeF, 50,
“,.\1'09.5" ’
Trigunal Angular, Bent
AX, ayramidal AX.E
tetrahedral AXE H 202
CH, NH, z
o axial
g ane
1200¢ 1200 §
e ) ]
equatorial Motice: nonbonded
pairs in equatorial
AX, . axial Seesgw  Plane T-shape
triangular bipyramidal AX,E AX;E;
PCls SF, CIF,

Square pyramidal Sguare planar
AX.E AX.E.
octahedral IF VeF
SFB 5 4

EIDC'(\»
0

Lindmark, A. F.: Journal of Chemical Education 87, 2010, 487-491




Number: of Rlactron p al.r 1 lone pair 2 lone pairs 3 lone pairs 4 lone pairs
electron geometries:
pairs 0 lone pair
I,-"“'\:E:I‘ 180°
W A X 2 X—E-—-+X
Linear
.!El.xz- X -
Linear 120° |
E E
- 3 x” X XS x
<120°
|~—\j 20" Trigonal planar Bent or angular
A A X =
S e = <
- X x \__.{;ﬂ)( x'“Eiilog é ,‘E,
« R A
4 4 X X" X XX
Ay BNE, X X <109° <<109°
Trigonal planar Bent or Angular Tetrahedral Trigonal pyramid Bent or angular
X <90°X X X
1 28 i P ? X - X ) il o i
| | ‘-_— . 120°{ E L x <120°{JE—: ELX CEF:
L %, Kz \ e i '
Q;":X A Y = “1'“‘-\. X X X X
X e b SN N Y "u._-u-; = Trigonal bipyramid |Sawhorse or seesaw T-shape Linear
- |Lg * o | Dt
AXs AXE, AXE; % § _g:ax T{f;? % T.x >|< X 180°
Tetrahedral Trigonal pyramidal Bent or Angulsr o, <90° goﬂaE il g Sty e
6 / ~ \ A "' _} A A
X% | X | X xX¥ | ¥x J-*x
i & X e X . = X <90° X
|—| 120 |—| <120° |—| L1 Octahedral Square pyramid Square planar T-shape Linear
x_n.-ﬂ]'}{ e l,\.:l'“}{) }{_ﬁ.nlll= { -'|li TS -
X X
AXAES -‘U{EER
T-shaps Linear
X X
| 180
Vazebné uhly

120

- « A -4l I.

X
AXLE,

-Hilr.',L.nIII:
--"'|

Sawhorse or Seasaw
-e

volnych elektronovych

Ay
Trigonal bipyramidal
oX |
YH!!._A.HH-:\ a0 K'”"}J"L |11|x‘j“+y Xl ||L1X>' "
x o - R X
AXg AXLE MIGE: AXAE AIGE,
Oetahedral Square pyramidal Square planar T-shapea Linear
¥ .
S - vliv
¢'. ..1"1'.II :l .
){H-.X paru na velikost vazebnych
ag* V4 o
X uhld.
Ay
Femagonal bigyramidal




Polarita molekuly, dipélovy moment

Dipolovy moment molekuly = vektorovy
soucet vSech vazebnych dipolld. MUze byt
nulovy, i v pripadé nenulovych vazebnych
dipol( které se navzajem kompenzuiji
(napf. SF, SiF,, CF,, ...)

N nét dipale Mt dipele
et = 1.B5D

_ N

[
.

iy TRdE CHgl TR, Il

TABLE 10.3 Common Cases of Adding Dipole Moments to Determine

Whether a Molecule Is Polar

MNonpolar
o TN
Two identical polar bonds
pointing in opposite directions
will cancel. The molecule is
nonpolar.

Nonpolar

|

s .
i =

' A
Three identical polar bonds
at 120° from each other will

cancel. The molecule is
nonpolar.

Polar

i T
o

-

¢

Three polar bonds in a trigonal
pyramidal arrangement (109.57) will
nol cancel. The molecule is polar.

&

Two polar bonds with an angle
of less than 180° between them will
not cancel. The molecule is polar.

Four identical polar bonds in a
tetrahedral arrangement (109.5°
from each other) will cancel.
The molecule is nonpolar,

Note: I all cases where the polar
bonds cancel, the bonds are
assuned o be identical,

{f emie or more of the bonds are
different than the other(s),
the bovads will naf camcel
and the melecule is polar.




There are only FIVE possible electronic geometries which vou establish by counting the number of electron regions surrounding the central atom

:Z electron 3 electron 4 electron 5 electron tlc:q,tr::-n
regions regions regions regions rn:gmm

A, AX 4 ANy AX<
5 3
; ""FI": "TP
spid
sp

linear trigonal planar tetrahedral trigonal bipyramid Dclahedra]
AXE helone  AXE
; . 4 - o II
A :\-_' E x ﬁx&‘g E;] :II 1:"“:
— = crquatorial -
.'1 position occupied O/‘\O positions
by a lone pair bent trigonal pyramid SCC-Saw square pyramid
Molecular
Geometries AX;Ex
can be any of the shapes on AXEy o . i
the whole page. The B T . ] e ?/\g
clectronic geomelrics arc only = T - O’% EL R o
those in the box (and orbital 2 E;B ﬂgﬁz gcaf:l id
hybridizations). The molecular bent T-shaped square planar
geometry will be different from
the electronic when there is at least one or more lone pairs AXE-

on the central atom. Look at the top of the table and go

e et LLY £ g, . ? - L = 5 .i . y o
Dl.'l.'IWN A Iu:-hl.lr!:m. A?. you ch.;_n gu_! fi L h[}[]."fllng -.:Ec:f_:u_'cm.'-. /y  positions occupied @ AXE
o lone pair electrons, the molecular shape 15 now dilferent by a lone pair . .
from the electronic because some of the positions are missing =

atoms. The new shape is then renamed based on the shape -
of the atoms. linear T-shaped
Remember, once you have estabilished the correct electronic geometry, the maolecular AXE,

geomelry MUST be either the same as the electronic or one of the shapes listed directly
under the electronic geometry, In other words, each shape in a given column here has the 4
same electronic geometry given at the top of the column.

positions occupied
by a lone pair

imear

Polarity

If all the positions on the electronic geometry are the same (have the same atoms surrounding the

central atom), the molecule is NOT polar because of the symmetry. Any of the other molecular geometries

{except square planar and linear) under the box will be polar. MeCard 10/2005




Zachariasenovo pravidlo

1. Pro skupinu resp. molekulu (XY,)™ plati
2p=v linearni molekula typu AX,
2p<v lomena (angularni) molekula typu AX,

2. Pro skupinu resp. molekulu (XY;)™ plati
3p=v planarni molekula typu AX,
3p<v prostorova (pyramidalni) molekula typu AX,
kde v = celkovy pocet valencénich elektrontd v molekule (skupiné), p = pocet valencnich
elektronl nejblizSiho vzacného plynu nasledujiciho za atomem Y (pro H je p = 2, pro ostatni
prvky je p = 8).

O, v=6+6+6=18, p=8 2.8<18 => lomena molekula
ClO; v=7+6+6+6+1=26, p=8 3.8<26 => pyramidalni molekula
N,O v=5+5+6=16, p=8 2.8=16 => linearni molekula
CO,> v=4+6+6+6+2=24, p=8 3.8=24 => planarni molekula
H,0* v=1+1+1+46-1=9, p=2 3.2<8 => pyramidalni molekula
BF, v=7+7+7+3=24, p=3 3.8=24 => planarni molekula
BH, v=1+1+1+3=6, p=3 3.2=6 => planarni molekula

Zachariasen, W. H.: Physical Review 37, 1931, 775-777




Alotropické modifikace

Alotropie (polymorfie) je vlastnost chemickeho prvku oznacujici jeho
schopnost vyskytovat se v nékolika ruznych strukturnich formach, které
maji vyrazné odliSné fyzikalni vlastnosti. Jednotlivé alotropické modifikace
se liSi typem krystalové soustavy, fyzikalnimi a mechanickymi vlastnostmi.

Carbon allotropes

/ EDl \
sp? sp’

sp!
Carbyne Graphite Diamond

0D 1D 2D

Fullerene Carbon Graphene
nanotube




Euleruv vzorec

Euler 1735
F+V-E=2

V = pocet vrcholl (vertices)
e =S E = pocet hran (edges)
F = pocet ploch (faces)

Gube
o vertices. 12 edges. 6 faces.

Tetrahedron
4 vertices. 6 edges. 4 faces.

! 32 faces
Octahedron

6 vertices. 12 edges. & faces. ‘\. (20 hexagonal)
. (12 pentagonal)

90 edges

’ 60 vertices
Icosahedron .
12 vertices 30 edges_ 20 faces. Dodecahedron

Arertices 3 edges_ 1Xaces.

Fulleren Cg,

Konvexni polyedry (Platdnovska télesa)




Euleruv vzorec 3D
_

< m
< O
’/

i
=
I

—'5

/’

\

Cyklicke a nenasycené molekuly

\
: t h IO ( t. ) C_C @ O
_ v = pocet vrcholl (vertices
v-e+f=1 e = pocet hran (edges) /

f = pocet ploch (faces) cyclohexene cwclohexans

Alifatické nasycené molekuly

_ _ v = pocet vrcholl (vertices)
v-e+0=1 e = polet hran (edges) . o .
f = pocet ploch (faces) =0 +

neethiane etliane Propane butane isohutane




Priklad: Stabilita alotropickych modifikaci

Stalé modifikaci je za standardnich podminek prifazena nulova entalpie.

C (diamant) = C (grafit) AH,qe = - 1883 kl/mol
P (bily) > P (Cerveny) AH,ge = -17,57 ki/mol
Gratit [H=mant
van(ig{:‘%:{aelphoshorus &dr.e : })
@
White phosphorus

g -g 9 @
¢O-9 @ ¢ 09

Red phosphorus

Pfeména diamantu na grafit mlze probihat (termodynamickd nestalost) , je vSak
neméritelné pomala (kineticka stalost).




Krystalova struktura

Krystal je pevna latka, v niz jsou stavebni prvky (atomy, molekuly nebo ionty)
pravidelné usporadany v opakujicim se vzoru, ktery se zachovava na velké
vzdalenosti (oproti atomarnim méritkiim). Struktura krystalu je tak uréena zakladni
jednotkou vzoru, nazyvanou jednotkova bunka, jejiz periodické opakovani ve trech
rozmeérech tvori krystalovou mrizku.

Eulerova rovnice

FAV-E=2 e e
F = pocet ploch (faces)
F=8 | |
V=12 —
E=18 | |
‘ F+V=E+2 i_-i
Faces = 6 Edges = 12 Vertices = 8 8+12=18+2 ] -

Faces + Vertices — Edges =2 20 =20




Zakladni (elementarni) bunka (krystalu
krychlove soustavy)

actual
arrangement of

— —

atams in
a crystal
‘\-I\J
' crystal
lattice
unﬁg;dé |
cell —

Prostorova mrizka — vychazi z ur€itého bodu, jeho poCatku a postupuje ve tfech
smerech po krocich o velikostech a, b, c., - Tim se vytyCi urcCité body zvané uzlové
body, — prostorova mrizka je souborem uzlovych bodu v prostoru (v ramci krystalu)

Elementarni bunika - nejmensi Cast prostorové mrizky, ktera se periodicky opakuje
(uzly pfi 1 kroku).

Mrizkové parametry a, b, ¢ — délky hran elementarni bunky v smére soufadnych
0s. Podle velikosti uhlt a, B, y mezi nimi a vzajemném poméru délky mrizkovych
parametru rozdélujeme krystalické latky do krystalografickych soustav.




Krystalografické soustavy

Krystalografické soustavy — 7 rovnobéznosténd, liSicich se velikosti hran a uhlu.

simple cubic tetragﬂnal
a=b=c

u_.l,..,y-gﬂﬂ u- ‘.!r' 90°
hexgﬂna!
a=b+#c
C
/ = [} = 90°
Y =120°

rhﬂmhuhed ral monoclinic

as= a=b#c
u-l'}'-}.‘*ﬂﬂ“ u-}’ 90° > #90° ua&#ﬁi’ﬁ‘#ﬁﬂ”

triclinic

Stensenliv zakon (zdkon o stalosti UhlG hran): Pro kazdy krystalovany mineral jsou
charakteristické uhly krystalovych hran, které sviraji jeho jednotlivé plochy. U vSech krystal(
téhoz nerostu jsou Uhly krystalovych hran stejné bez ohledu na velikost krystalu (je treba vidy
porovnavat uhly mezi stejnymi plochami).




Bravaisovy bunky

Elementdrni (zakladni) bunka je nejmensi cast krystalické struktury. Je to
rovnobéznostén, ktery je jednoznacné urcen tremi translacnimi vektory a, b, c a
uhly, jimi sevienymi. Mnohondasobnym opakovanim této bunky se beze zbytku

vyplni prostor krystalu.

2l

RER

. . Simple Face-centered Body-centered
Bravais definoval cubic cubic cubic
14 moznych typu
zakladnich bunék.
Simple Body-centered Hexagonal
tetragonal tetragonal
Simple Body-centered Base-centered Face-centered
orthorhombic orthorhombic orthorhombic orthorhombic
Y A T

Simple Base-centered Triclinic
Rhombohedral Monoclinic monoclinic




7y s

koordinacni cCislo
pocet nejblizSich
sousedu

koeficient zapInéni
celkovy objem atom( v burice

celkovy objem buriky

Krychlova
(Kubicka)

Krystalograficka Primitivni Bazalné Plogné Objemavé
soustava Parametry (prosta) centrovana centrovana centrovana
.--""'--'.'l ::_::—W
rf.___ - !
Trojklonna azb=#c J ?:.‘ i
|:Tri Iinické] oo, ﬁ.._ ¥ @ an- il."l /
e
t.-""' I
—
~ I~ -

Jednoklonna azb=c ] 1
{(Monaklinicka) a=p=90 . .

o 90 =)

el y S Y
Kosoétveredna azbzc Wi
(Rombicka) m=f=y=00" LV .
Klencowva .
. a=b=c

{Romboedricka, _n_ |
trigonalni) w=p=y=90 '

a=bzc
Sesteretna o= fi=90
[Hexagonalni) y=120" o
Ctvereéna a=hwc
(Tetragonalni) ot=f=y=90




Pocet atomu patricich elementarni bunce

1. Atom v télesném stfedu elementarni bunky patri pouze této bunce.

2. Atom ve stredu plochy elementarni bunky je sdilen dvéma bunkami, kazdé z
nich patfi jeho jedna polovina.

3. Atom na hrané elementarni bunky je sdilen ¢tyrmi burikami, kazdé z nich patfi

jeho jedna cCtvrtina.
4. Atom ve vrcholu elementarni bunky je sdilen osmi bunkami, kazdé z nich patri

jeho jedna osmina.

$ B

e l.IENOM 1BAOM e 1BAOM
B ,ﬁ’“‘ﬁ ] R =t
EANFA = iy | e :--' ;
g\ = el e AN | NN
| Bl r;r JiRIS | g.] L 1/2ATOM “mL TN ,‘
|} = ) i ",.-I

i | 2y [ .

(& (6)

Body-centered Face-centered Base-centered

Simple




lontovy polomeér v krychlové soustave

Jednoducha krychlova struktura: r = a/2, atomy se dotykaji podél hran.

Plogné-centrovana krychlova struktura: r = a/(272), atomy se dotykaji podél
diagonaly na plose krychle.

Prostorové-centrované krychlova struktura: r = \(3a)/4, atomy se dotykaji podél

pricne diagonaly krychle. e

Representation of a Simple
Cubic Unit Cell

Pokud je kation priliS maly (pomé
r,/r, = 0.155), struktura bude
nestabilni v dusledku repulze meazi
anionty.

a

bond distance (ryx)

MgO 2.10 MgS 2.60 MgSe 2.73 A

Unstable Stability Limit Stable _
— — p— — MnO 2.24 MnS 259 MnSe 2.73A

() Anion :: I ) € I | | ' -:' £

. C.ation ._I__ ._I f l[ .I : ’ ag =2 rmx . \I. — Mg or Mn

Caticn too small. — F— k\h—_—/ \\,//




,Cation-anion radius ratio”

Radius Ratio | Coordination | Type of void
Huttig 1920 number

Magnus 1922 < 0.155 Linear
Goldschmidt 1927 BT 3 Tri | -
Pauling 1931 e rlanguiar 23
planar
0.225-0.414 4 Tetrahedral ZnS, CuCl
0.414-0.732 6 Octahedral NaCl, MgO
0.732-1.000 8 Cubic CsCl, NH,Br
{"_EI:I_S;_TE!EE#E_IEEEF_
0.00 0.326 0.717 1.00

Radius Ratio
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Pomeér iontovych poloméru 1.C.=8 CsCl
a koordinacni Cislo CaF,

rr+ >0.732 .
r/r,=1[12/(12 - CN)]¥?2 -1 - ..s.../‘. NaCl

=0 :
\C.——~ 9 TiO,
CN je koordinacni Cislo %
Toofan, J.: Journal of Chemical Education 71, 1994, 147 a 749. />
'+ >0414
-

r—
CsCl NaCl nS
Cation radius, r (A) 1.81 1.16 0.88
Anion radius, r_ (&) 1.67 1.67 1.70 r.+ > O 1 55
rofr_ 1.08 0.69 0.52 M

Decreasing r,, /7_
. . .. - l- . - . ( ? ) 1.C.=4 .:’ ZnS
OO

Cation coordination 8 6 4 I . C .- 2
Anion coordination 8 6 4

number




Table 12.2 Coordination Numbers and Geometries for Various Cation-Anion Radius Ratios (rg/ra)

CN r/ra Geometry Crystal structure/Namesake
2 <0.155 J*J
3 0.155-
0.225
4 0.225- “Zinc blend” (ZnS)
0.414 “Diamond cubic” (Diamond)
6 0.414-
0.732 “Rock salt” (NaCl)
For AX: “Cesium chloride” (CsCl)
8 "
2‘332 For AX,: “Fluorite” (CaF,)
For A,X: “Anti-fluorite”

viz 1. Paulingovo pravidlo krystalové struktury




T, it

Average principal quantum numbe

° Electronegativity Difference
Moore — Pearsontiv graf >
H—H N o Pa

H

é

MX compounds
Bond Type |Electronegativity Difference
. % o . 8-8 - pure covalent <0.4
o 66
4% . Ll ‘*.. cscl polar covalent between 0.4 and 1.8
T ® @ o
r"ﬁ .- ionic >1.8
e L A%, = ‘:// Y &
o A e e e e
D N J “Nacl " R
] 'D* g e @ (-] -] =] grnup
5 i ;,f e, 16 17
L."'a_ & I.-"l-__ &) . [ ]
/ "'..wlq'"-tzifé‘-u.__“ @ @ B fl,c N @@
K e, A P - i} - -
LT o 4
Zincblende " ] @@N 5' . @
@@ Ga As Se: @
6D e
1 [ I | 1 | @ In
05 10 15 2.0 25 3.0 . “SniTe
Electronegativity difference, Ay > o5 oo o

[Fauling] Electronegativity




Energie iontové vazby

Kdyz se priblizi draslikovy a chlorovy atom, dojde k vyméné elektronu:
K(g) > K*(g) + e~ E.=+418 ki
Cl(g)+ e Cl(qg) E..=—349 ki
K(g)+Cl(g) - K*(g) + Cl=(g) AE = + 69 kJ

Pozitivni energie AE = reakce neni energeticky pfipustna (neprobéhne
samovolné).

Hybnou silou procesu tudiz musi byt tvorba krystalické tuhé faze:

K*(g) + CI™(g) — KCI(s) J/k;&
P
-y ;_,,,:(L

(t"’{b\\’

\




Mrizkova energie

= energie potrebnda k rozruseni iontové vazby a sublimaci iontl (je vzdy kladna).
Energie systému tvoreného kulovitymi ionty dosahuje minima, pokud je kazdy z nich
obklopen maximalnim poctem iontl s opaénym nabojem. Pocet nejblizSich soused
= koordinacni Cislo.

Mrizkovou energii lze urcit z rovnic:

NiMz"tz €

FE =
47T€0’r'0

1
(1 — ;) Born — Landého rovnice

N, = Avogadrova konstanta; M = Madelungova konstanta (souvisi s geometrii krystalu); z* =
naboj kationtu, z~ = naboj aniontu; e = elementarni naboj; €0 = permitivita vakua; r, =
vzdalenost k nejblizSimu iontu; n = Bornlv exponent (Cislo mezi 5 a 12, odvozeno
experimentalné z kompresibility krystalu nebo experimentalné).

E =

- NaMztz ¢ (1 B ﬁ) Born — Mayerova rovnice

4d7egry 70 (zahrnuje i repulzni ¢len)

p = konstanta zavisla na kompresibilité krystalu; pro alkalické halogenidy je 30 pm)




V- z+ . z_ d . 7 .
U, =K - 271 127 1 Kapustinského rovnice
rT 4 re rt 4+ r-

K=1.20200 x 104 J-m-mol™; d = 3.45 x 107t m; v = pocet iontl v empirickém vzorci; ztaz” =
elementarni naboje kationtu a aniontu; r* a r- = poloméry kationtu a aniontu (v m).

Lattice Energy Lattice Energy 1100
Compound (k] muol) Compound ik]/muol) LiF
+
Li |
LiC’ R34 Srils 2127 1000 "
Lil 730 Ay
: T .

Mal e L Mgl 34D g \

Pl 7BE Cal) 3414 {102 I:::::} ‘NH Y

NaBr 732 Sr() 3217 = 200 N\ | <

Nal 682 £ + R » B -~

KE 9005 Sl 7547 e K B & - 2
KCl 2111 = (138 pm) o ki -

- il = 800 &3 ~ e ]

KBr 671 T o & ® « e

‘I. 5 I |'.|.I E } - -

cl 600 3 |oszom N S

E 700 “@—Rbhl
-

Kromé vypoCtu z rovnic lze mrizkovou -

energii urCit na zakladé Haber — Bornova . . : |
’ ’ ’ F Cl r
cyklu. U latek s vysokym podilem kovalence oA
. , P o, , (133 pm) (181 pmp (196 pm) (220 pm}
se experimentdlni a vypocitané hodnoty
mrizkové energie vyrazné lisi.




Borntv-Haberuv cyklus a mfizkova energie

Celkova energeticka zména pri vzniku krystalické faze muaze byt uréena z Bornova-
Haberova cyklu, ktery zahrnuje vSechny postupné kroky pfri vzniku krystalu z prvkau.
Napf. pro krystalicky KCl najdeme:

1. Sublimace drasliku K(s) - K(g) +89.2 kJ
2. Disociace chloru 1/2 Clz(g) - Cl(g) +122 kJ
3. lonizace drasliku (E;) K(g) - K*+e™ +418 kJ
4. Vznik CI- aniontu (E,,) Cl + e o CI- —3486 kJ

5. Vznik tuhého KCI
Suma reakci a energii

K*(e)+Cl~(2) - KCl(s)  —715 kJ
K(s) +1/2CL(g) » KCl(s) ~ —4344 kJ

Celkova energie —434 kJ/mol potvrzuje Ze jde o energeticky vyhodny proces.
Energie 5. kroku je (zaporna) mrizkova energie.
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Borntliv-Haberuv cyklus pro urceni mrizkové energie

Li*(g) + F(g)

AHS =520 kj‘ ‘dh‘_‘i = -328 k]

Li(g) + F(g)

AHS = 1552 kj‘ ‘AH?-?E? k]

AH -594.1 kJ

o =
overall =

Li(s) + 1F,(g)

AH2=-1017kJ

AH =AH; + AH, + AH, + AH, + AH.

overall




Enthalpy, H

barium (II) oxide

caesium (I) fluoride

Cs*(g) + F(g

Cs*(g) +7 F,(g)

A AH, =79.4 k)/mol
L

Cs(g) +5 F,(g)

|

h

AH, =375.7 kJ/mol
(lonization energy)

Cs(s) +5 Fo(q)

AH, =76.5 kJ/mol

(Enthalpy of sublimation)

AH =
—553.5 kJ/mol
(Enthaply of formation)

Overall change

b (L; Dissociation energy)

AH, = —328.2 kl/mol
(Electron affinity)

v Cst@)+F (9)

Ba*(g) + 0% (g)

AH; = —756.9 kl/mol
(— Lattice energy)

CsF(s)

A
AH, =603 ki/mol
(Electron affinities)
Ba?*(g) + O(g)
F 3
AH, = 249.2 kl/mol
5 il (%Dissociation energy)
Ba**(g) + 20,(9) |
r 3
AH, =1468.1 kJ/mol
(lonization energies)
A
Ba(g) + 3 0,(g) Il
A
AH, =180.0 kJ/mol
3l (Enthalpy of sublimation)
Ba(s) + 3 0,(9) "

AH =
—548 kl/mol
(Enthaply of formation)

Overall change

—

AH, = —3048 kl/mol
(— Lattice energy)

BaO(s)




Mrizkova energie

Compound Interionic Distance Aelting Point | Lattice Energy
P (Angstroms) (Centigrade) | (kecal/mol)
MaF 2.31 OEE =201
MWal'l 2,79 =01 =182
Nalir 2.94 T | -173
Nal Jl8 B0 -159
Lattice enthalpies /kJmol '
-787
Lattice enthalpy becomes less
exothermic and /ess negative as
751 the size of the negative ions
increases. This indicates weaker
attraction between ions and hence
weaker ionic bonding
—705

Lattice energy, U (kJ/mol)

Table 20.5 Lattice enthalpies, AH{/(k] mol™)

F Cl Br |

Halides

Li 1037 852 815 761
Na 926 787 752 705
K 821 77 689 649
Rb 789 695 668 632
Cs 750 676 654 620
Ag 969 912 900 886
1100 —
1000 — @

900 — @

.y

700 —

600




Struktura iontovych krystalu typu AX

6, —
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Struktura NaCl Struktura CsCl
(fcc) (bee)




Struktura iontovych krystalu typu AX,

Struktura fluoritu CaF,
(fcc)

Struktura rutilu TiO,
(bcc)




Perovskit (BaTiO; nebo CaTiO, )

lImenit (FeTiO,)




spinel (MgAl,O,)

@ Oxygen
® B (octahedral)
@ A (tetrahedral)
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Izomorfie

Izomorfie = schopnost latek vytvaret pfi krystalizaci ze spolecného roztoku nebo
taveniny smésné krystaly (krystaly obsahujici obé latky).

Podminkou je pribuzna stechiometrie: mezi casticemi existuji analogické sily,
Castice jsou priblizné stejné velké (viz. Goldschmidtova pravidla), nebo maji
alespon podobnou krystalovou strukturu.

Priklady:

1. Siran draselny a siran amonny jsou izomorfni. Oba krystaluji v kosocCtverecné
soustave.

2. K,SO,, K,SeO,, K,CrO, a K,MnO, jsou izomorfni. Maji stejny typ aniontu XO,?".

3. LiCl a KCI nejsou izomorfni, netvori smésné krystaly. Délka hrany elementarni
bunky je u KCl 0.626 nm, u LiCl 0.515 nm.

4. Olivin je kosoctverecny mineral s proménlivym podilem Zeleza (iontovy polomér
0,86 A) a horé¢iku (iontovy polomér 0,80 A). Podobné existuje fada smésnych
krystall také mezi fayalitem Fe,SiO, a forsteritem Mg,SiO,.

lzomorfni krystaly tvori skalice, kamence, schoenity a spinely.




Kovalentni pevné latky

Amorfni: nemaji velké oblasti pravidelného vnitfniho usporadani.
Krystalické: castice jsou pravidelné usporadany v krystalické mrizce.

Kovalentni vazby Casto byvaji v krystalické strukture kombinovany s jinym
typem vazeb (iontova, van der Waalsova, vodikova vazba)

3 A

carbon - -
{3|I|con 3=

carbon

diamond silicon dioxide silicon carbide graphite




Atomové kovalentni (valencni) krystaly

Castice v krystalu jsou navzajem poutany kovalentnimi vazbami. Kovalentni vazby
jsou velmi pevné, je obtizné je rozrusit. Krystal je proto tvrdy, netavitelny a
netékavy (body tani a varu jsou velmi vysoké).

Diamant: b.t. > 3500 °C, b.v. =4200 °C
Karbid kremiku, SiC: sublimuje za souc¢asného
rozkladu pri 2600 °C

Nitrid hliniku, AIN: sublimuje kolem 2000 °C
Cristobalit, SiO,: b.t. = 1710 °C, b.v. = 2230 °C
Waurtzit, ZnS: b.t. 1850 °C (pro tlak 152 bar)

alerite

Typickymi krystalovymi strukturami
jsou struktury s koordinacnim cCislem
4: sfalerit (diamant) a wurtzit.

A. kubicka struktura sfaleritu.
B. hexagonalni struktura wurtzitu




Pravidlo 8 = N

Pravidlo 8-N (Hume Rothery 1931): V krystalech, resp. v molekulach, prvkd V. —
VII. skupiny je pocet nejblizSich sousednich atomi 8 - N, kde N je Cislo skupiny
daného prvku v periodické soustavé (atomy si tak doplriiuji oktet). Rozdil 8 - N
reprezentuje pocet neparovych valencnich elektronl a tudiz udava pocet moznych
kovalentnich vazeb.

Plati pouze tehdy, je-li spInéno oktetové pravidlo.

Vzdacné plyny: existuji pouze v atomarni formé (8 — N =8 -8 =0).

Halogeny: tvori jednu jednoduchou vazbu (8 — N = 8 — 7 = 1), existuji tedy ve formeé
molekul X,.

Chalkogeny: v molekule kysliku O, je jedna dvojna vazba, zatimco atom siry je v molekule
Sg, resp. v fetézcich —S-S-S-S-, vazana dvéma jednoduchymi vazbami (8 —N =8 — 6 = 2).

Pentely: v molekule dusiku N, je jedna trojna vazba, fosfor je v molekule P, vazan tfremi
jednoduchymi vazbami (8 - N=8 -5 =3).

Tetrely: atomy téchto prvku (napf. C, Si) jsou vazany ¢tyrmi vazbami (8 —-N =8 -4 =4).




O min

diamant

diamond lattice
¢ [nM] omin [NM]

diamond 0.357 0.154
silicon 0.543 0.235
germanium 0.565 0.245

tin 0.646 0.281
cubic zinc blende lattice
ZnS 0.541

B-SiC 0.435

GaAs 0.565

—
-
-

S-S




.=Si .=Si ®@-0

Kfemik (Si) Kristobalit (SiO.,)




Grimm-Sommerfeldovo pravidlo

Grimm-Sommerfeldovo pravidlo: Binarni slouceniny prvka (N-k)-té a (N+k)-té
skupiny maji vlastnosti prvk( N-té skupiny. Binarni kovalentni slouceniny, majici v
pruméru 4 elektrony na 1 atom, budou mit strukturu s tetraedrickou koordinaci
atomu (t.j. wurtzitovou strukturu).

Priklady:

IV. skupina: SiC,

l1I.-V. skupina: InP, GaAs
11.-VI. skupina: CdS, CdSe

Pravidlo mUze byt rozsSireno i na predikci délky vazeb predict v latkach splnaujicich Grimm-—
Sommerfeldovo pravidlo — kdyz je stejna suma atomovych Cisel, je stejna i délka vazby:

Napf. vazba Ge—Ge v germaniu, vazba Ga—As v galium arsenidu, vazba Zn-Se v ZnSe a
vazba Cu—Br v CuBr maji délky skoro stejné (v rozmezi 244.7 pm to 246 pm).

Pravidlo plati i pro ternarni slouceniny, jejichz primérny pocet valencnich elektront na
atom je 4.

Napf. CuGe,P, ma sfaleritovou strukturu.




silver (I) iodide

3-7 = lll.A-VII.A skupina, 1 = |.B skupina, 2 = II.B skupina




Carbon

Diamond Graphite Lonsdaleite
Fd3m P6,/mmc P6./mmc

Boron nitride

Hexagonal form (h-BN) Cubic form (c-BN) Wourtzite form (w-BN)
hexagonal sphalerite structure wurtzite structure
analogous to graphite analogous to diamond analogous to lonsdaleite
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Krystaly s van der Waalsovymi
silami




Rhombic

Orthorhombic sulfur (S,,)
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Monoclinic sulfur (SB)

N —

FREE e

>

Above g67c ™

Monoclinic




Ni Cu

Co

Ti

Pd Ag

Ir

Ds Ry

Mt

Rf

Th Dy Ho Er Tm Yb Lu

Gd

Pr Nd Pm

La ©Ce

Fm M Mo Lr

Es

Am cm Bk

Pu

1 |euobexay ajdws

191gn2 ajduns

{a1quoyioyuo palajuas—ase)

Bunjoed [eapayeiia)

[euobyy ajduns

o ouy ajduns

191qwoysoyio sjdwis

1 Jjujj2ouow ajduns

Crystal Structure

131N3 palajuad—ade)

1 |Jeuobena) palsajuad

21qNn2 palaluad-Apoq

Jquioyoyyio aseq

2jUj|20UCL paJajuad-aseq




Molekulové krystaly s vodikovou vazbou
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Kyselina borita (vrstevnata struktura, vrstvy spojeny van der Waalsovymi silami)




Typy krystalu vzhledem k periodické tabulce

Main Group Elements

Metallic
Network Covalent

Molecular




Pasovy model (pasova struktura)

V pevné krystalické latce jsou atomy ve velké koncentraci slozeny do pravidelného
tvaru. Elektrony jsou zde 'delokalizované', vzajemné interaguji a vytvareji pasy
povolenych energii. S pasovou strukturou uzce souvisi i zbarveni a elektricka
vodivost jednotlivych latek.

empty
orbitals

empty band

band gap

: A
TR
! __"-H: orbitals ' f

C; + bonded orbitals Cs + bonded orbitals C

o

V pevné latce vznikd vidy mnoho elektronovych pasul. Tyto pasy se mohou vzajemné prekryvat
nebo mezi nimi mUze byt uréitd mezera, kde se nevyskytuje Zzddny mozny stav a tato mezera se
(nejvyhodnéjsich) stavll. Posledni elektronovy pas obsazeny elektrony je nazyvan valencni pas
podle toho, Ze jej tvofi valencni elektrony z jednotlivych atomU krystalu. Prvni neobsazeny
elektronovy pas je nazyvan vodivostni pas, protoze elektrony v zaplnéném valencnim pasu
nemohou prispivat k elektrické vodivosti materialu. Az poté, co se elektrony dostanou do
vodivostniho pasu, se latka stava vodivou. Zakazany pdas se u polovodici rozdéluje na primy a
neprimy (napriklad u kfremiku).




Empty

ERBE Empty

- -

Metals

Conduction bands [rom
—— pantibonding orbitals

Conduction bands from
s antibonding orbitals

\-’alence band from p
—— :bonding orbitals

——— Valence band from 5
——— bonding orbitals

Semiconductors

Small gap

Energy
AN

Atomic
Orbhitals
N=1

Empty

E
LUMO D
."{.'_ : o ‘H"‘-._ -
/ = ]
AFE
AE
Y " 5 5 r |
~
HOMO —
Molecule Cluster
N=2 N=10

'

Large gap
.

O-Size
Particle
N=2000

Semiconductor

N>2000




Electrical conductivity how well a material can conduct electricity

EC
i

Smaller
conductivity
going down
a group

EC

Transistion metals

SEmimaetnls
Metallods

EC =0

non-metals have no conductivity

2 | 27 30

Ni | Cu | Zn

44 4 | 47 | 48

Mo Ru |[Rh | Pd | Ag|Cd
n|n|u|[ns]|w|77|m|m]|s0
Hf | Ta| W |Re|Os Ir | Pt | Au|Hg

Alkah
metals

alkaling
earth
micials

Periods Overall decrease across periods

Na, Mg, Al

Si, P, 5§, Cl

Ar

Groups

metallic bonding with
delocalised electrons

covalently bonded -
no electrons are free
to move

monatomic - electrons
are hald vary tightly

Where there is any electrical conductivity,
it decreases down a group.

0.4 -

0.3

0.2 -

0.9 -




Insulator

Semiconductor .
Semimetal Metal

Energy band
for conduction

Forbidden
(9ap) {

Increasing Electrical Conductivity

107
Electrical Conductivity (S/m)




Polovodice

Cisté polovodi¢e jsou ve srovnani s kovy velmi §patné vodice. Elektrony jsou totiz
poutany v kovalentnich vazbach mezi atomy a nemohou se volné pohybovat v
krystalové mrizce. Mezi polovodice patfi prvky kremik, germanium, selen,
sloucCeniny arsenid galia GaAs, sulfid olovnaty PbS aj. VétSina polovodicl jsou

krystalické l|atky, existuji vSak také polovodice amorfni (napr. chalkogenidova
skla).

Vlastni polovodice: Si, Ge, InP, GaAs, CdSe, ... (splnuji Grimm-Sommerfeldovo pravidlo)

Group II Group I1T Group IV Group V Group VI s VB Ge. S0 C
B c N o] £E -
Boron Carbon Nitrogen Oxygen , -
5 6 7 a Group Al
Mg Al si P 5 , _— o
Magnesium Aluminium Silicon Phosphorus Sulphur #——— banary IV-IV —— S1Ge, SaC
12 13 14 15 16

InP. GaAs, Gak

Cadmium Indium Tin Antimony Tellurium i ' wHRe, HgCdTe. AlGaAs
48 49 50 51 52 |

Ha - L quaternary — [nGaAsP, InGaAlP

Mercury Thallium

B0

Zn e Ge As Se bmary -+ II-V
Zinc Gallium Germanium Arsenic Selenium bi i ! . :
30 31 az a3 34 e T “‘3;’;" —‘— II-VI HgTe, CdSe, Zus
Cd In Sn Sb Te | —:— |
B
H
B

T L T

IH-vI




Nevlastni polovodice

Silicon (Si): —
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polovodice typu N — majoritnimi nositeli naboje jsou volné elektrony (e-)

polovodice typu P — majoritnimi nositeli naboje jsou elektronové vakance, tzv. diry (h+)

Elemental semiconductors

Cldiamond). Si, Ge

B
P-type dopant for C

E. Al Ga. n
P-type dopant for Si

Al, Ga. In
P-type dopant for Ge

Conduction Band

Conduction Band
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E 5 |C g (kM T
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Semiconductor E“g‘;;dé ?I;EV}
Carbon (diamond) 547
Silicon 112
Germanium 0.66
Tin 0.082
Gallium arsenide 1.42
Gallium nitride 3.49
Indium phosphide 1.35
Boron nitride 7.50
Silicon carbide 3.26
Cadmium selenide 1.70

Material Symbol Band gap (eV) at 302K
Silicon Si 111 ]
Selenium |{Se [1.74
Germanium e 0.67
Silicon carbide SiC 2.86

Aluminium phosphide "é P "2.45
Aluminium arsenide |FEA5 "2 16

Aluminium antimonide AISh l.6
Aluminium nitride AN 6.3
Diamond |C 5.5

Gallium(III) phosphxle | aP
Gallium(I1I) arsenide | aAs

|2.2ﬁ
|l.43

Galium(I1l) nitride GaN 34
Gallium(Il) sulfide GaS .5
Indium antimonide nSh 0.17
Indium(I11) nitride InN 0.7

|l.35

Zinc oxide Zn0 3.37
Zinc sulfide |"nS |3.6
Zinc selenide IZ:S(’ "2.?

Zinc telluride EHTF ||%.25
Cadmium sulfide | dS |2.42

Cadmium selenide ICdSe 1.73
Cadmium telluride llcdTe I|1.49
Lead(II) sulfide \PbS 0.37
Lead(Il) sekenide IPbSe 0.27
Lead(1l) telluride IPhTe 0.29
mﬁ: |Cn( ) T_-Z

ICu20 2.1

Copper(l) oxide




Priklad: Polovodi¢ GaAs ma Sirku zakazaného pasu 1.42 eV. Jakou maximalni
vinovou délku musi mit svetlo, aby bylo pohlceno?

Reseni:

E,=1.42eV=142x1.602177-10") =2.27-10"J (h = Planckova konstanta)

Viin = Eg/h =2.27-10"°) / 6.626-103%) . S = 3.42-10" st (c = rychlost svétla ve
vakuu)

Aoy = €/ Vi = 299792458 m.st /3.42-10'* s = 876 nm (infraCervena oblast)

min
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(b) Emission of light
- energy of electron decreases

Conduction band

Band gap
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Table 1: Band Gap Energies
Semiconductor | Band Gap
5 1.11
Oranee | Bewens | zelena AP 2.43
Ge 0.67
ommwoa mes Gars |1
primary primary ErtSE 2.58
i Zlutooranzova modrofialova CuBr 3.05
sn (grey) 0.08
suta -
CdTe 1.5




Zbarveni diamantu

v

Diamant je bezbarvy mineral. VétSinou se v ném ale vyskytuji chemické primési, které
zpUsobuji jeho zabarveni. A tak se diamanty vyskytuji v nejrliznéjsich barevnych odstinech. V
diamantu bez primeési se elektrony mohou excitovat z do prazdného vodivostniho pasu ze
zaplnéného valencniho pasu. Energie potrebna k excitaci elektronu z valencniho do
vodivostniho pasu se nachazi v UV oblasti. Proto je diamant bezbarwy.

o E F 5 H I J K L M(N O F @ RIS T UL V W X ¥ . 7

Faint

Veliow WVery Light Yellow Light Yellow

Colartess Mear Colorless
Dusik ma o jeden valenéni elektron vice nez uhlik. Nékolik atom(
dusiku na 1 milion atomu uhliku v diamantu vede ke vzniku
donorové hladiny v zakazaném pasu. Diky je absorbovano zareni v
UV oblasti (modré a fialové svétlo) , coz vede ke Zlutému zabarveni
diamantu.

CONDUCTION BAND g CONDUETION BAND

Bor ma o jeden valencni elektron méné nez
uhlik. Nékolik atom{ boru na 1 milion atomu
uhliku v diamantu vede ke vzniku dér s

TR T energii zakazaného pasu, které mohou

| akceptovat elektron z valencniho pasu
(akceptorova hladina).
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Priklad:
Sulfid kademnaty (CdS) ma Sirku zakazaného pasu 2.4 eV. Odhadnéte jeho barvu.

x<
(h<

E,=2.4eV=24x1.602177-10") =3.84-10"J (h = Planckova konstanta)

Vimin = Eg/h =3.84-107°) / 6.626-103%) . S=5.8-10" st (c = rychlost svétla ve
vakuu)

Aoy = €/ Vin=299792458 m.s1 / 5.8:10 s1 =517 nm => zelend barva

min
Maximalni absorbovana vinova délka odpovida zelené barve, vyssi vinové délky
odpovidajici zluté, oranzové a Cervené barve absorbovany nejsou. Proto je CdS
zluty az zlutooranzovwy.

400 450 500 550 600 650 700

Wavelength (nm)




Fotovoltaicky jev

Foton s dostatecnou energii muze v polovodicovém materialu uvolnit elektron z
valen¢niho do vodivostniho pasu. Na jeho plUvodnim misté vznikne tzv. dira
(elementarni kladny naboj). Je-li v polovodicovém materialu vytvoren PN prechod
(dioda), pohybuji se tyto naboje smérem k elektrodé se stejnou polaritou. Jsou-li
elektrody propojeny vnejsim obvodem, putuji elektrony k opacné elektrode, kde
rekombinuji s dérami a vnéjsim obvodem prochazi elektricky proud.
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LE D d i 0 d LED Color Max. Wavelength
y Ultraviolet 405nm
Deep Blue 420nm
LED (Light-Emitting Diode) je polovodicova dioda, ktera Blue 350nm
o d | , v/ d v . f v , b Royal Blue 470 nm
emituje viditelné (pripadné infraCervené nebo Sraon .
ultrafialové) zareni. Amber 590nm
Orange-Red 615nm
Light Red 625nm
Metal film Emission Metal film DEEP Red 660nm
Connection Connection
Far Red 730nm
Various Low K
s White ratings
+ Q0 +0Q +? +gr) ? il
. W |
. * ‘ Epitaxial
Chargebnl:arzsler N-type Holes Electron - Hole pair E[e:tmns
recombination
/
i Gold film A [
cathode connection Cﬁ, g O d \.'
+ ) T e LN
@ - ' .
o O ] = 7] . | 1]
s b =
Gats 1.43 867 o O oL®T® o .
GaP 2.26 548 p-side n-side
mlﬁﬂl rA‘:‘. 1.43-2.16 867 - 574 Electric current Flow nje_h‘r::lmns
Gajn, P 1.35-2.26 918 - 548
AGaln, , P 125245 892 - 506 Conduction band of pside ™
i W D=y b < "u"".r .
Eﬂ” 34 365 E; nght energy ‘""_.—"’w ) )
= = = E {photons) o~ Canduction band of n-side
Gajn, N 0.7-3.4 1771 - 365 & —o—0— 0—0-0~_
Alln, N 0.7-6.3 1771 - 197 Valence band of p-side x“‘x.
M.Ga}ln_ N 0.7=63 1771 - 197 Valence band of n-side




LED Color Guide

Color Peak Dominant
LED P/N # of Temperature  Wavelength Wavelength Forward Voltage
Suffix Description Chemistry Elements (CCT Typ) (A [ x-coord) (A fy-coord) (VFTyp) (VFMax) Brightness
H High Efficiency Red GaP 2 - 700 660 2.0 2.5 Standard
SR Super Red GaAlAs 3 = BE0 640 1.7 2.2 High
SR Super Red AllnGaP 4 ~ Ba0 B40 2.1 2.5 High
1] Super High Intensity Red AlnGaP 4 i B36 628 2.0 2.6 High
I High Intensity Red GaAsP 3 ~ B35 625 2.0 2.5 Standard
Zl TS AllnGaP Red AllnGaP 4 = 640 B30 2.2 2.8 High
50 Super Orange AllnGaP 4 “‘ 610 602 2.0 2.5 Standard
A Amber GaAsP 3 = 605 610 2.0 2.5 Standard
sY Super Yellow AllnGaP 4 ~ 5490 S88 2.0 2.5 Standard
Y TS AlinGaP Yellow AllnGaP 4 = 590 589 2.3 2.8 High
Y Yellow GaAsP 3 ~ 590 588 2.1 2.5 Standard
SUG Super Ultra Green AllnGaP 4 o 574 568 2.2 2.6 High
G Green GaFP 2 ~ 565 568 2.2 2.6 Standard
56 Super Green GaP 2 = Sh5 ShE 2.2 2.6 Standard
PG Pure Green GaP 2 ~ 555 555 2.1 2.5 Standard
UPG Ultra Pure Green InGaM 3 = 525 520 3.5 4.0 High
LUEG Uitra Emerald Green InGah 3 ~ 500 505 3.5 4.0 High
UsSB Ultra Super Blue InGaM 3 = 470 470 3.5 4.0 High
uv Ultra Violet InGaN 3 ~ 410 - 3.5 4.0 Standard
sSUV Super Violet InGaM 3 ~ 380 -~ 3.4 3.9 Standard
T Turguoise InGai 3 ~ 0.19 0.41 3.2 4.0 Standard
v Violet / Purple InGaN 3 ~ 0.22 0.11 3.2 4.0 Standard
F Pink InGah 3 ~ 0.33 0.21 3.2 4.0 Standard
MW (Warm) Warm White InGal 3 000K e e 3.3 4.0 High
NW (Meutral) Neutral White InGaN 3 4000K - - 3.3 4.0 High
UW (Cool) Cool White InGaM 3 BO00K ~ - 3.3 4.0 High




Vegarduv zakon

Vegard (1921):

Mrizkovy parameter tuhého roztoku dvou komponent je priblizné vazenym
prumeérem mrizkovych parametrd obou sloZek pri téze teploté.

QA By = (1 — SC) apn + T ap

Ap(1x8xJ€ Mrizkovy parametr tuhého roztoku, a, a ag jsou mrizkové parametry Cistych
slozek, x je molarni zlomek slozky B v tuhém roztoku.

Vegardlyv zakon je jednou z variant tzv. pakového pravidla, predpoklada ze obé

slozky A a B v Cisté formé (t.j. pred smisenim) maji stejnou krystalovou
strukturu.

Vegardlv zakon uplné plati jen zfidka; obvykle jsou pozorovany odchylky od
linedarniho chovani. V praxi se pouziva k pribliznym odhadim mfizkovych
parametrl v pripadé, Ze tyto nejsou dostupné experimentalné.
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Vegarduv zdakon u polovodicu

VInovou délku emitovaného svétla LED diod Ize ménit ,smichanim“ rGznych polovodi¢d. Sitka
zakdazaného pasu u polovodicl je priblizné linedrni funkci mrizkového parametru. Pokud
mrizkovy parametr polovodi¢e sleduje Vegardlv zakon, lze linearni vztah mezi Sitkou
zakazaného pasu a slozenim. Pro InP,As, , plati

Eg,InPAs =T EQ;IDP + (]' o 5(3) Eg,InAs

V pripadech, ze vztah mezi energii zakazaného pasu a slozenim neni presné linearni, pridava
se empiricky parametr b, reprezentujici nelinearitu:

Eg,InPAs — & Eg,InP =+ (1 — 37) Eg,InAs — bz (]- — 33)

Semiconductor material lésl?“ I‘f ?:;I}ength Eﬁ:.%%a eV)
Gallium Nitrogen (GaN) Blue 430 2.88
Silicon Carbide (SiC) Blue 480 2.58
Gallium Phosphide (GaP) Green 565 2.19
Aluminum Gallium Phosphide (AlGaP) Yellow 595 2.08
Aluminum Gallium Phosphide (AlGaP) Orange 620 2.00
Aluminum Gallium Arsenide (AlGaAs) Red 645 1.92
Gallium Aluminum Arsenide (GaAlAs) Infrared 880 1.41

Gallium Arsenide (GaAs) Infrared 950 1.31




Priklad

MOX (Mixed oxide fuel) je smésné oxidické palivo do lehkovodnich jadernych
reaktoru. Nejcastéji se vyuziva uran-plutoniovy MOX, smés oxidu uranicitého UO,
a oxidu plutonic¢itého PuO,. Smés 7% plutonia a 93% prirodniho uranu reaguje
podobné, i kdyzZ ne identicky, jako palivo LEU (palivo s nizko-obohacenym uranem).

AUy g3 Puy g7 05 — 0.93 ayo, + 0.07 apy0,

Priklad

Vytvoite polovodi¢ Ga Al As (x < 1) emitujici oranZové svétlo. Sitka zakdzaného
pasu je pro GaAs 1.42 eV a pro AlAs 2.16 eV.

Oranzové svétlo ma A, cca 650 nm a tudiz energii 1.9 eV.
1.42x+2.16(1-x)=1.9
x=0.35

Stechiometrie polovodic je tudiz Ga, 5cAl, g<AS.




Krystalicka struktura
kovu

Kovova vazba nema smeérovy charakter,
struktura (usporadani jader v mfizce)
vychazi z nejtésnéjsiho usporadani kouli.

Close-packed hexagonal Face-centred cubic Body-centred cubic
structure CPH structure FCC structure BCC

Zinc, magnesium, Aluminium, copper, Chromium, tungsten,
cadmtium silver iron




Lattice point locations

A Structure Coordination Stacking
. - : number pattern
. | Primitive 6 AAAAA...
Nome Cubic
Cubic unit cells d;:ﬁm BOdY" 8 ABABAB...
. ’ centered bcc
Cubic
Hexagonal 12 ABABAB... h cp
Closs | close packed
packing Cubic close 12 ABCABC... fcc
_ _ _ _ packed
Simple cubic Body-centered cubic Face-centered cubic
. Structure he fee bee
- — :
Packing Efficiency (PE) of the structure T4% 74% 68%
Coordimation Number (CN) 12 12 bt
Ratio of the radius of the octahedral intersiice 0.414 0.414 0.155

_ (R) to the radius of the host atoms (r).
Hexagonal unit cell

Ratio of the radius of the tetrahedral| 0.225 0.225 0.291
interstice (R) to the radius of the host atoms (r)




Nejtésnéjsi usporadani kouli
Kepler 1611

V trojrozmérném prostoru nema zadné
usporadani kouli stejného polomeéeru vétsi
hustotu nez kubické plosné centrované
usporadani.

Ai between
balls

Air between
balls

Only 52% of the spaceis As much as 74% is used in
used in a square stack the pyramid shaped stack




Cubic Hexagaonal

closest packed closest packed
structure structure




face-centered cubic (fec) hexagonal close-packed (hep)
(also called cubic close packed (ccp)) two repeating layers ABABAE...
three repeating layers ABCABC....
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Hexagonal hep

packing

3D View

Top View

Cubic Close Packing (CCP)

Cubic Cell Top Projection

3D View Top View

Hexagonal Close Packing (HCP)

Hexagonal Cell Top Projection




e : Cubic close packin
Primitive Cubic . (Face centered cubic)

Body Centered Cubic . Hexagonal close packing




Li Metal Elements from the Periodic Table

Na .

16 ©OVEHROES®E

w5 OOMMEO®BEEE

cslBa] @ @[T [W]E @ () FD & ) (T EB
{a 'Pr_: Nd/ Pm/ Sm/ |Eu @@@
2 @ O

(Cubic Close Packing)  (Hexagonal Close Packing) (Body Centered Cubic) (4H) (Other)

19/08/2008 chemtips.com




Examples of FCC Examples of BCC Examples of HCP
elements at room elements at room elements at room
temperature: temperature: temperature:

Al, Ca, Ni, Cu, Sr, Rh, Li, Na, K, V, Cr, Mn, Fe, | Be, Mg, Sc, Ti, Co, Zn,
Pd, Ag, Yb, Th, Ir, Pt, Rb, Nb, Mo, Cs, Ba, Eu, Y, Zr, Tc, Ru, Cd, Gd,
Au, Pb Ta, W, Ra Tb, Dy, Ho, Er, Tm, Lu,
Hf, Re, Os, Tl
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Engel — Breweruv model

Engel-Brewerova teorie: u prechodnych kovl zavisi strukturni typ predevsim na
poctu d-elektronu. Vyjimky: Mn, Fe, Hg

I - II | I11 v Vv VI VIl VIII I II Objem buriky pro pfechodné
kovy 3d, 4d a 5d:
di [ a2 [ [ at [ a5 [ a6 | 7 [ c8 | o [ do | oame v e

a 5d kowy)

1 2 3 4 5§ 8 7 &8 8 10
| |« 3 o 4d & 5d

Es | Fm | Md | No

[ ccp (fcc)




APF for HCP

IsI. !“;it{"‘- 'C=‘l.b333
= e Number of atoms in HCP unit cell=
B sites (12*1/61+(2*1/2)+3=6atoms

. Vol.of HCP unit cell=
A S1teS area of the hexagonal face X height of the hexagonal

Area of the hexagonal face=area of each triangle X6

-
el

. bh 1
Areaoftnang]e—rz el e 5
a3

¥

Acrea of hexagon = 6.

a’vi

Volume of HCP=6."~.C = 6.~ .1.633a

APF=E*1?-I!{}?? «6+1.633 +a3)

ATOMIC PACKING FACTOR: FCC

* APF for a body-centered cubic structure = 0.74

Close-packed directions:
length = 4R
=J_2 a

Unit cell contains:
6x1/2+8x1/8
= 4 atoms/unit cell

atoms
Xocuiedoc M 4 volume
unit cell ™ 4 — n ((2a/4)3 +— Atan
APF =
43 volume

unit cell @
Chapter3-10

ATOMIC PACKING FACTOR

Volume of atoms in unit cell*
Volume of unit cell

APF =

*assume hard spheres

* APF for a simple cubic structure =0.52
S volume
T atoms “ " atom
a unit cell >4 — 1 (0.5a)3

JL R=0.5a APF =

close-packed directions

contains 8 x1/8 =

1 atom/unit cell
Adapted from Fig. 3.19,
Callister 6e.

3
a® . _volume
unit cell

Chapter3-6 @

ATOMIC PACKING FACTOR: BCC

» APF for a body-centered cubic structure = 0.68

Close-packed directions:
length = 4R
=J_3 a

V3a

V2 a

volume
atom

Chapter 3-8 @

—_— 4
unit cell ™™ 2 — n ([3a/4)3 +—
APF =

volume
a3

unit cell




Tepelna a elektricka vodivost

Je ovlivnéna elektronovym plynem ktery se nachazi mezi uzlovymi body mrizky.
Napriklad u horciku je pocet valencnich elektront 3s v tomto pripadé , dochazi k
prekryvu vrstev 3s a 3p , takze ze vSech molekulovych orbitall z valencni vrstvy
vzniklého z vrstvy 3s a 3p o dané energii je jich zaplnéna jen Ctvrtina. Elektrony
mohou v kovech snadno prechdzet do volnych molekulovych orbitall ve valencni
vrstvé a zpUsobuji tak dobrou elektrickou vodivost. Cim jsou uzlové body bliz u
sebe tim elektrony hlre prochazi. (vodivost je tak slabsi)

Metal Atom O Q Q O
o
| I
ﬁﬂ Lan I o TR N B
=
J. T hTnH>TeThTHE rEe
"BTeTe eTeY b-<'l
= 4
Mk A b o e 1

r{_JE"' E L_\IL_'l

'Q Q0

HEAT © wory.gosd.oom

Electrical Conductivity of Various Metals

Silver 108 Iron 17
Copper 100 Steel 17
Aluminum 56 Nickel 15
Magnesium 38 Tin 15

Zinc 29 Lead 9




Kujnost

Pri kovani nebo tvareni se diky delokalizaci vazebnych elektronu jednotlivé
vrstvy krystalové mrizky po sobeé volné posouvaji. Kujnost je ovlivhéna
vzddalenosti uzlovych bod(l. Cim jsou uzlové body vice u sebe tim je kov tvrdsi, ale
krehci. V opacném pripadé je kov mekci a snadno se upravuje. Podle Frenkelovy
teorie Ize taznost a kujnost kovu vysvétlit pohybem dislokaci v krystalové mrizce
kovu.

electron sea

Gold is the most malleable metal.

Foroe ;
Matal, W :
rod -
’ Malleability
E (Metal hammered
' into thin <
Die E sheets) P




Tepelna roztaznost

Béhem zahfrivani kovu se s teplotou
zvétsuje jejich objem/délka.

L=1Ly(1+a-AT)

a je teplotni soucinitel délkové roztaznosti

a /(1078 K™

.............

20 25 30 35 40 45
temperature / °C




Misitelnost roztavenych kovu, slitiny

v Vé

Roztavené kovy jsou bézné misitelné. Po ochlazeni se smés dvou kovl muze chovat:

1. Kazda z nich se oddéli v Cistém stavu, tj. v pevné fazi jsou slozky navzajem
nerozpustné.

2. Vzniknou dva pevné roztoky diky castecné rozpustnosti v pevnée fazi.

3. Mohou tvofit spojitou radu pevnych roztokt (substitu¢nich nebo
intersticialnich).

4. Mohou vznikat intermetalické faze, v nichz je pomér atomi dvou rozdilnych kovu

zdanlive stechiometricky.
types of alloys

the components of the alloy are

in the solid state ...
’ |

completely soluble partially soluble completely insoluble

solid solution mixture of mixture of
solid solutions pure crystallites




Tuhé roztoky

Tuhy roztok ma atomovou mrizku zakladni slozky, kterou muze byt Cisty kov nebo
chemicka sloucenina. Atomy primésovych prvkul jsou uloZzeny v atomové mrizce
zakladniho kovu. Podle toho kde tyto atomy jsou umistény rozliSujeme dva zakladni
typy tuhych roztokd.

Tuhy roztok substitucni PG « 3 %
. : : o s s ° , , cco*-—w __

- velikosti a vlastnosti atomu legujicich prvku a zakladniho kovu e oo

jsou podobné. Atomy zakladniho kovu a pridavného prvku se v ; rg;,‘—-fg"

atomové mrizce mohou vzajemné zastupovat. Substitucni tuhé d
roztoky tvori kuprikladu nikl, mangan, chrom, kremik se zelezem, m;ggm
nebo zlato se stfibrem, méd's niklem ap.

Tuhy roztok intersticialni

Intersticidlni (mezerovy) tuhy roztok se vytvari kdyz se atomy Cm&:ﬁg‘:.i
pfidavného prvku umistuji do prostoru krystalografické mfizky ' €@ S
mezi atomy zakladniho kovu. Toto je jen tehdy mozné, kdyz jsou q;ggw _
atomy: prldavnehf) prvk,u vyraznve mensiho p?llc?meru .v.p,orT\eru k AR M
atomum kovu zakladniho. Se zelezem tvori intersticialni tuhé «e

roztoky uhlik, dusik, vodik a bor.




component A component B

NNy YO

L}

' |IF [ —= Solute atoms
f(\. | N e g €]
ROV,

i
'Jrinl'n.-ent Boims

(e 2. Ag) o

Solvent atoms
[e.g. )

[e. g. Fe)

Carbon

Iron

Brass

Carbon steel
a substitutional alloy

an interstitial alloy




Substitutional Alloy

(solid solution)

.and O

like each other equally.

They can randomly replace each other.

900000000000
000000000000
L Jojele] 1o 1 leje] 1@
000000000000
000000000000
o] Jeje] 1 Jejele] | ]¢)

Infermetallic Compound

Q@:d O

like each other more than themselves

They must be arranged in a specific order
to maximize contact.

ol lol lel Jol lel lel )
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Interstitial Alloy

(solid solution)

® and O

like each other equally.

Small atoms randomly squeeze
between big atoms.

0L00Q0.000000
0160101016X010:6,6706)
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Two-Phase Alloy
. and O

like each other less than themselves

They stay in distinct phases
to minimize contact

000000000

O
O
O
@
@
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Hume-Rotheryho pravidla

- popisuji podminky za kterych se prvek rozpousti v kovu za vzniku tuhého roztoku,
existuje vsak rada vyjimek.

Pravidla pro substituéni tuhé roztoky

1. Atomové poloméry atomu zdkladniho a pridavného prvku se nesmi lisit o vice
nez 15 %:

Local Stress in Substitutional Solid Solution

_ bt b
% difference = (T'S"l“t; Dsolvent ) x 100% < 15%. <—f§©® OOOOQ“—
solvent

. OOO

. Cé‘
2. Krystalova struktura zakladniho a ‘
pridavného prvku musi byt podobna.

I
|—> —

-
- -
N T -

3. Uplna rozpustnost nastava kdyz zakladni a pfidavny prvek maiji stejnou valenci.

Pridavny prvek s nizsi valenci se rozpusti spise v zakladnim prvku s vyssi valenci nez
naopak.

4. Zakladni a pridavny prvek by mély mit podobnou hodnotu elektronegativity.

Pokud je rozdil elektronegativit priliS velky, je tendence tvorit intermetalické
faze namisto tuhych roztokd.




Pravidla pro intersticialni tuhé roztoky

1. Atomy pridavného prvku by nemeély mit polomér vétsi nez 15 % poloméru
zakladniho atomu.

2. Zakladni a pridavny prvek by mély mit podobnou hodnotu elektronegativity.

3. Intersticialni tuhé roztoky vykazuji Siroké rozpéti pokud jde o slozeni.

4. Zakladni a pridavny prvek by meély mit stejnou valenci. Velky rozdil v jejich
valencich snizuje rozpustnost.

Substitutional Interstitial
‘an element replaces host atoms ‘an element goes into holes
in an orderly arrangement’ in an orderly arrangement’

e.g., NiAl (hi-T yield strength), e.2., small impurities, clavs
AlLiZr) (strengthening) wanic crystals, ceramics.
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Darken-Gurryho mapa

Velka rozpustnost se ocekava v pripadé, ze
atom rozpousténého prvku je ve vnitrni elipse
(< 0.2 rozdil AX a < 7.5 % rozdil Ar meazi
rozpousténym prvkem a rozpoustédlem).

X-X, r—r,
_|_ LT ] [ SN
02 0.075r,

Rozpustnost > 5 % se ocekava, pokud
atom rozpusténého prvku je uvnitr
vnéjsi elipsy (< 0.4 rozdil AX a < 15 %
rozdil Ar mezi rozpoustéenym prvkem a
rozpoustédlem).

-

'}é—

Electronecativity
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Electronegativity

Electronegativity
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Intermetalické faze

Pro danou krystalovou strukturu je pomér celkového poctu valencnich elektrond k
poctu atomu (e/a) prakticky konstantni.

e/a = (vym+v,m,+...+v.m_) /100

v, = celkovy pocet valencnich elektront ve valencni sféfe n-tého prvku.
m,, = molarni % n-tého prvku.
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; Electron concentration (e/a)
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Composition (at% C)

Intermetalické faze SIS wois S S

1400
-1 2500
) -.'________---'-
1200 —
ocel a litina (Fe + C) —t
£ v, Austenite 214 430 — 2000 t
§ 1000 §
5 v+ FesC 5
800 fI-o —1 1500
* 727°C
x
H 0.76
0.022
L)) a, Ferrite a 4 FesC
Cementite (FegC) ___ —] 1000
| ] | | |
400 !
0 1 2 3 4 5 5 6.70
(Fe) Composition (wt% C)
1100 .
1100
1ooo — A —|
r & FasC 1000
Austenite
S0D -—1 200
AR
Wor J
8 == X 3]
z - T YN T 800
B A0 e - %
L S 3
- 5
B a
§ 1 ] 8 700
= oo HF e 7 — !
N\ - F, ' rlite
\ ~ !
600 :
I
E00 [~ = = — I P i
1"'F-E].L " me:;:émld Eutectoid FesC
I
=2 I —
T‘ e a + FesC :
= I
ECO - a + Fe,C — |
i I
! 400 L | iz I 1
i 0 1.0T 2.0
I ¥ | I ]
i 0 - (o}
. R Composition (wt% C)

Compratnn (wt% C




1&00

Faa i cunberad
cubic _‘..‘h..."' _______--‘-'_—--
L
= 1700 -
= 114740 -
= B 214 3
L
= 1000 — I S
= L | )
. ClenE e &
f_ oo™ o : i v indduburits
Y Y /l | =
s | 72 :
evtareritica hdat J
'Ire-:'l'r:nmtren;ie D'TE i
0jnez i
el e Jor, Fearite | : i
T : | | Camentita (FasC]
| Cem . practte and =
= L il e b —
| remantie
A ! | | | |
A00 '
W e 3 4 5 = G

| 2
Hypar-aubeLbodd—

Compasition (wi% Gl

cteel >

» A, Eutectoid termperatura, mansmum tensparature of austenste
# A, L Lewer-tarnperature border of sustanite regaen at low carbon contants; Le. gamima / gamima + ferrite border
e Acy Temperatuce at whichaustente begins to form during heating
* A, Temperature at which transformation of ferrite to austendta is completed during heating

s A, Temperature at which transformation of awestenite to farrite or to ferrite plues cementite i completed dunng cooling

= Ar,: Temperature at which auwstanite begins to transform tofarrite during cooding

Castiron —




Sklo

Podchlazena, extrémné viskézni kapalina, s malou ochotou krystalizovat (=
metastabilni agregatni stav).

1. Pfi nizsi teploté (vétSinou jiz pokojové) tvori souvislou, mechanicky pevnou
latku.

2. Jsou izotropni (na rozdil od krystalickych latek).

3. Netaji ostre pri urcité teplote, zahrivanim nejprve méknou.

4. Vnitrni struktura skla odpovida chaotickému usporadani kapaliny.

Technicky nejvyznamnéjsi skla tvofi oxidy (SiO,, B,O,, v mensi mire i oxidy prvka z 3., 4. a 5.
skupiny) a nékteré oxo- soli (kfemicitany, boritany a fosforecnany alkalickych kov(, kovi
alkalickych zemin, olova a ¢asto téz hliniku). V polovodicové technice se uplatnuji skla ze
slou€enin chalkogenU, arsenu, antimonu, germania, aj.

Ordered * Non dense, random packing

" structure-
crystalline

AEnergy

typical neighbor
bond length

typical neighbor il
bond energy —p-

» Dense, ordered packing AEnergy

K& _

typical neighbor
bond energy _p

typical neighbor
bond length

Dense, ordered packed structures tend to have

(Note: the fourth oxygen for each tetrahedra is not shown) |0W6I' energies




Zachariasenova pravidla

Zachariasenova pravidla tvorby skel (na zakladé empirickych pozorovani oxidua):
1. Zadny atom kysliku neni spojen s vice neZ dvéma kationty.

2. Koordinacni Cisla kationtu jsou velmi mala: 3 nebo 4.

3. Koordinacni polyedry tvorené atomy kysliku se navzajem spojuji pouze vrcholy,
nikoli hranami nebo plochami.

4.V trojrozmeérné strukture se navzajem spojuji nejméne tri vrcholy.

DE
..
0, O
B SIS 0
o }E.T:__ Si,
h
Uig




Paulingova pravidla

1. Kolem kationtu se tvori koordinaCni polyedr
aniontl, vzdalenost aniont - kationt je urcena
souctem iontovych poloméru a koordinacni Cislo
kationtu pomérem polomérd kationt - aniont.

" cation

2. Princip elektrostatické valence. Ve stabilnich
krystalovych strukturach je celkova pevnost
valencnich vazeb, které sahaji k okolnim aniontim,
rovna naboji aniontu. Pevnost elektrostatické vazby
|ze definovat jako naboj iontu déleny koordinacnim
Cislem (elektrostaticka valence). Krystaly, ve kterych
maji vSechny vazby stejnou pevnost, se oznacuji
jako izodesmické.




Paulingova pravidla krystalové struktury

3. Existence spolec¢nych hran a nebo stén dvou polyedrul snizuje celkovou stabilitu
struktury. Tento efekt je vetsi pro velké kationty s vysokou valenci a nizkym
koordinacnim cislem a také v pripadech, kdy se pomeér iontt blizi dolnimu limitu
stability koordinacénich polyedrd.

4. V krystalech s rdznymi kationty, které maji vysokou valenci a nizké koordinacni
Cislo, je tendence nesdilet navzajem prvky polyedrd. Pokud k tomu dojde, sdilené
hrany se smrstuji a kationty jsou vychyleny ze svych centralnich poloh v polyedru,
dale od sdilené hrany nebo plochy.
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o @ a
? o ?
o) e e
. ' N
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b * o
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Paulingova pravidla

5. Princip ,,Setrnosti“. PoCet druht zdkladnich stavebnich jednotek v krystalu byva
co nejmensi, obvykle jen nékolik rozdilnych typu kationtovych a aniontovych pozic.
Neexistuje mineral, zahrnujici vétSi mnozstvi ruznych prvku, proto vétsina hornin
obsahuje rizné mineraly. Ve strukturach s komplikovanym slozenim vSak mohou
rizné ionty obsazovat stejné strukturni pozice (napfr. vamfibolu).

First Rule Second Rule Third Rule
; Valence: +4
anion . i
cation Bond strength: +1
too small cation stability limit stable Naleria-id i~
=unstable N2 P
Bond strength: = -1
Fourth Rule Fifth Rule
no connections of polyhedra with
c“l'.‘p and
small CN large valence

unit cell




Priklady

Minimum Coardination
Radius Ratio| Number <
Rc/Ra |C.N. Packing Geometry
I
]
1
I
<0.155 2 Linear
Carners of zn equilateral
0.155 3 triangle (triangular
coordination)
1
1
I
Corners of a tetrahedron
Q:zen 4 (tetrahedral coordination)
1
1
Corners of an octahedron |
0414 8 (octahedral coordination) I
Comers of a cube
0.732 8 {cubic coordination)
Corners of 2 :
1.0 12 cuboctzhedron i
(close packing) 1
|
I
|
I
|
I
I
L

Radius ratios for typical glass forming compounds (W, Vogel, Glass Chemistry, 1992,
p41, Springer-Verlag).

Compound

Radius ratios (r.r,)

500y
By
Pyl
Gel,
ReFy

ol =099 A 14 A= (028
rperp= 020014 A =015
Mt = 034 A4 A= 025
TeetTo = 044 Az14 A =031
Feesre = 0,34 As1.36 A = 0.25

1. Consider Silica; _
» Covalent S0 bond: so” hybnd
« feirahedral bonding
+ Fauling's packing rula

st _ Dua
M) 140
« gatiefes Zachariasen's nile 87
chargeiS™] 4 charge(Q™ ) 2 .
Lo I == CNIOT )2
GG 4 GG .
« sahtsfes Zachariasen's nule 71,

=028  prefers fefrabedral banding

_ryetal struciure: sharing four cormers:
Al Rutes are Salisfied, 510, farms a giass

2. Consider Magnesia [MgO:
»  ionic Mg-O bond
+ Paulng's packing rule:
e
“r’*"i_‘ =072 051  prefers oclehedray bending
FOT) 140

= wiolales Fachariasen's rule £3

chargeitdy™ ) 2 charge0™y 2
CHMMg™) B CMIDT) B
= violakss EEIEH-EII'IEIE-'E'H'E rile mi.

CMIO 18 6.

Crystal struclure; edge-sharing poelyhedra,
Rukes are Nod Satisfed Mo does nal favm a
Qiass.

f-erigtabalite (500.)

Cation Ch:Anion CM = 4:2

Rock salt (kg

Cation CREAman CR = &6




Energy

Fazova premeéna
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/U H,0(9g) "

A /
Gas \ 9
A A ‘9 * 9
Heat Cool Cool
Vaporization // Condensation Deposition
AHyap > 0 AH= A=
—ADHyap< 0 AR p0
Liquid )
A
Heat Heat Cool
Sublimation Fusion Freezing
AHgyp > 0 AHpys >0 H AH=
e —Afe. <0
b e v Vv
. == CHN
Solid

Musra el rserdional

[T S TH i

The Phases of Water

Steam - Gas
2.02)/g°C

Vaporization I 2261 J/g

100°C

0°C-

Condensation |

Water - Liquid
4.18 J/g°C

Meltingl 334 J/g

Fusion |

Ice - Solid
2,06 J/g"°C




Fazovy diagram

Rovnovazné stavy dane latky
mezi riznymi skupenstvimi a
modifikacemi Ize znazornit v
tzv. fazovém diagramu.

120 CARBON -
i \ 1
- . 7 -
100 Cubic d
- (diemond) f .
_— / Liquid |
| / ]
'
S 60 -
g | -
& 40 Hexagonal _
(graphite)
20 -
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0 - [ I |
0 2000 4000 6000

Temperature = K

Pressure

1.E‘*«‘Trh:nl-zn point
(s590°C, 44 atm)

Vapour

Temperature

Pressure-temperature dizgram for phosphorus
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Critical point

Water vapor
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I
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I
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0.01 100 374
Temperature (°C)
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Allotropy cinu

Za béznych teplot se vyskytuji 2 allotropické
modifikace cinu:

Sedy cin (a-cin, diamantovd) je stabilni pfi
teplotach pod 13.2 °C. Pri teplotach nad 13.2
°C se Sedy cin (koordinacni cislo 4) pomalu
méni na bily cin (B-cin, tetragonalni,
koordinacni Cislo 8) .

v é

Pri teploté 161 °C se bily cin méni na y-cin
(koordinacni  Cislo 12) s nejtésnéjsim
hexagonalnim usporadanim.

Sedé skvrny na
povrchu bilého cinu
byvaji oznacovany
jako cinovy mor.

Color: White

B-tin

(Body Centered Tetragonal)
a=5831A ¢=3181A

Density: 7.29 g/em?
at 15 °C Temperature

2319 “C

-273 °C

Color: Grey
a~tin (Diamond cube)

a=6.489 A

Density: 5.77 g/em?
at 13 °C




Melting/Boiling point

TEITI a Semimetils
p Metallods
‘ * . . -
I Transiston metals
More shells . e =
gIve more 23 | 4| 25| 26 | 27 : 28| 29 | 30
clectron shiclding V |Cr|Mn| Fe|Coy Ni |Cu|Zn
gives small_r.':r 1 |l sl o] @
melting point Nb|Mo| Tc | Ru| Rh{ Pd | Ag| Cd
|45 | 7% |77 p 7 | 79| BD
Ta|W |[Re Os Ir { Pt Au Hg
Temp. Theoloctron warvin 8 [emp.
cloud in
Alkali giksline  magnesiumis 3000 5 More electrons
metals o denser than in in outer shell
metals sodium so more g
Shertite 2500 - gives ]arge?'
required to melting point
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S0

atomic radius increa

atomic radius increases

metallic properties increase

Periodic Table
of
The Elements

O eSTLOT

%I—H—HH—I—H—FH—H &

metallic properties increase

SaSEalL

O
SASEAIDUT S5P1U 29 T2qLunu oruIo)e

SASBAIDUT $IJLIS UONEPIXO JO IdquInu
]

’ atomic number & mass increases ’

number of oxidation states increascs

———

IOMISAlion CNeregy INCreascs

>

Periodic Trends: All Arrows point to increases
@ Electronegativity, Ionization Energy, Electron Affinity

@ Atomic Radius, Tonic Radius, Metallic Character
@ Melting & Boiling Point
D Reactivity

>
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Zmeéna Gibbsovy energie

AG =AH-TAS H = enthalpie

T = termodynamicka teplota
S = entropie

Ubytek Gibbsovy energie AG systému za konstantniho tlaku a teploty, je roven
maximalni praci, kterou muze systém vykonat (odevzdat do okoli).

exergonicka reakce — endergonicka reakce —
rovnovaha posunuta na rovhovaha posunuta na
stranu produktu stranu reaktantu

Gy
Zména Gibbsovy energie
je mirou vychyleni se od
rovhovazného stavu.

G,

b

0% P i 100% P 0% P 100% P

100% R 0% R 100% R 0% R




Chemicka reakce muze byt pohanéna (tzn. dosahnout negativni AG) bud vhodnou (tedy negativni)
zménou entalpie nebo dostateCnym narustem entropie ¢i obéma soucasné.

AH 45 AG pritbéh reakece f déje
o - + vidy nesamovolny
- - samovolny
+ + +nebo — samovolny pouze za
podminky: 45 = T A5
= = + nebo — samovolny pouze za
podminky: |4H| = | T4S|
JH=T48 AG =10 systém je v rovnovaze
AE AE _AE
©L.mor-t & e | | kmatt §
200 2004 2004
2H20z (1) — 2 HO ()+ 02 (g) 3 Hz(g)+MNaz (g) — 2 NH3(g)
1604 60+ 160
125: 1?_‘,: 120
80 804 80
.f,a._. 404 L0
u_ s e u- = o
‘ Jo0 300, 700 s 1% T
40 aH a0l N 3 =40
- 804 -80 . AH .go_
-120 S 1zu- =
~160 160 TAS -1604
=100

=200

CaCO; (s) — CaO (5)+CO; (g)

— 2004

T
oo 300

=]

AG = AH - TAS

Thermodynamic Favorability

spontaneous at all temperatures

non-spontanecus at all temperatures

spontaneous at low temperatures
non-spontaneous at high temperatures

spontaneous at high temperatures
non-spontaneous at low temperatures I

AE A
kJ.mol-!
L (9)+2 01 (g) — 2 NO2 (g)
160
1204
wt AH
L0+
1] T T T T —
o 0 S0 700 sea 1o L
-40 .
-804 TAS
-120
-160 d

-200 -

a) Exotermicky rozklad, b) Exotemické slu¢ovani, c) Endotermicky rozklad, d) Endotemické slu¢ovani




Temperature / K

Allotropy uhliku

Graphite Diamond
AtGo/(k] mol-1) 0 +2 8678
Ve/om3 g-1) 0.444 0.284
KTkPa 3.04x10-4 0.187=x10-4
5500
50004 LIQuUID R
4710 K
12.4 GPa
4000 -
GRAPHITE
3000- DIAMOND i
2000 i
1000+ -
300 . T T
0 10 20 30 40

Pressure /| GPa

Gibbs energy / kJ mol™

120

C (diamond)

C (graphite)

100+

80+

401

LIQuID

DIAMOND_A4

GRAPHITE

2000

Temperature / K

4000

6000




Ellinghamovy diagramy

AG = AH - TAS

V prusecCiku primek maji prislusné Ellingham Diagram
reakce stejné AG. T/K

-200
0 200 400 B0 800 1000 1200 1400

Reakce reprezentovana dolni

primkou (s nizsi hodnotou AG)
bude v daném smeéru (el
samovolna, zatimco reakce '

-250

reprezentovana horni pfimkou -
bude samovolna v opacném s e,
sméru. T et O CO; fﬁf .
b 4
. . e

Pro redukci FeO, je pro T < 600 K 450 ﬁgmﬁ/

v/ . o
lepsim redukovadlem CO, C je /;ﬁ?

v E rli:f!-
lepSim redukovadlem pro T > 500 O

300 K.

-550




Rozpousténi a hydratace iontu

Rozpousténi solutu (rozpousténa latka) :

1. Castice solutu se navzajem oddéli.

2. Castice rozpoustédla se navzajem oddéli, aby umoinily ¢&asticim solutu
proniknout mezi né.

3. Castice solutu a rozpoustédla spolu navzajem interaguji (dipdl — dipdlova
interakce) a vytvareji roztok. Pokud je rozpoustédlem voda, mluvime o hydrataci

Hydrated chiorida ion




Hydratacni enthalpie iontu

Hydratacni enthalpie iontu: energie uvolnéna rozpusténim 1 molu iontt v
plynném stavu ve velkém mnozstvi vody.

MPgrni0 = Mg .
where M** . reprezentuje ionty obklopene molekulami vody a rozptylene v

roztoku.

S klesajicim atomovym polomérem kationtu hydratacni enthalpie roste, protoze
interakce mezi iontem a vodou je silnéjsi a pri hydrataci se proto uvolnuje vice

energie. Heat of Hydration

, S . @ @
S rostoucim nabojem kationtu o @
hydratacni enthalpie roste, K e Flg @@
protoze s rostoucim nabojem ;
. /s . ’ = B sobite ™= =097 Laniben i 3
iontu klesa jeho atomovy [j”;._;,_ o ] ( Al =19 Km0l |
polomér. ‘M
w K'(aq) + F (aq) g
Podle Coloumbova zakona je E WP ;i B At +2kimol |
=~ l/r .
lattice energy hydration energy
(highly endothermic) (highly exothermic)

H,0
MX(s) ————= M*(g) + X (g) — M*(ag) + X (aqg)

solid separated (gaseous) ions hydrated ions




Lattice enthalpy (4H g)-
energy must be put into
saolid to break up ionic
lattice (hence
endathermic).

LB B A
* * ¥
* % ¥

l Enthalpy change of solution

Enthalpy of Hydration
{&Hhy)- energy released
as iong form interactions
with water molecules,
(hence exathermic).

X
&

5

\'4 Y 4 °
Hydratacni enthalpie A
iontu
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6001

-300+

Group 1 catlons

Li+
Na+
K+

Rb*
I N I B NN

] Cs*
Lit Nat K* Rb* Cst

-519
-404
-321
-296
-271

Group 2 cations

Mg2+
G a2+
5 r 2+
E aE +

Increasing electronegativity

Decreasing enthalpy
of hydration of cation

"

Decreasing enthalpy of hydration of cation

F—
-1931 Ck
-1588 Br
-1456 ¥

-1316

Increasing
electronegativity

Halide anions
-504
-361
-330
-285




Priklad: Urcete tepelnou zménu pfri rozpusténi 4.00 g KCl ve 100 g vody. Tepelna kapacita
roztoku je 4.18 J/K.g, rozpoustéci enthalpie jsou uvedeny v tabulce.

AH

soin | Mg = (C . (Mg + myy) . AT

AT =AH,,, / (Mg, C . (Myg + My) ) = 17200/(74.56 . 4.18 . (4 + 100)) = 0.54 K

TABLE 5D.3 Limiting Enthalpies of Solution, AH,../(kJ-mel~"), at 25 °C*
Anion

Cation fluoride chloride bromide iodide hydroxide carbonate sulfate nitrate
lithium +4.9 —370 —488 —633 236 —18.2 —2F —I108
sodinm +1.9 +3.9 —{.6 —7.5 —445 —26.7 +204 —24
potassium —17.7 +172 +199 +203 —57.1 —30.9 +349 —238
ammoninm —1.2 +148 +160 +13.7 -_ - +25.7 +66
silver —22.5 +65.5 +844 +112.2 —_ +41.8 +226 +178
magnesium  —12.6 —160.0 —1856 —213.2 +2.3 —25.3 —909 —91.2
calcium +11.5 —813 —1031 —119.7 —16.7 —13.1 —192 —18.0
aluminum —27 —329 —368  —385 - — —  —350 |




Hydraty a aquakomplexy

I-Iydréty jsou soli, v jejichz krystalech jsou
zabudovany molekuly vody. Vlastnosti hydratu
soli se lisi od jejich bezvodych soli.

Aquakomplexy jsou koordinaCni sloucCeniny
obsahujici ion pfechodného kovu pouze s vodou
jako ligandem.

Table 7.6 Examples of cryital hydrates

Salt hydrate Farmula
Cobalt{n) chioride hexahydrate Coll, 6H,0
Coppar(u) sulphate pentahydrane CuS0,, SH O
tronin) sulphate heptahydrate Fes0,. TH,0
Pagnetium wiphate heptahydrate Mg30,. THO
Sodium carbonate decalydrate Py Oy, DO 0
Sodium hydrogensulphate monohydrate MaH50, 1O
Sodium sulphate decahydrate M50, 10H, 0

Compound

Formula

magnasium ammonium phosphate
hexahydrate

copper () nitrate hexahydrate
copper (I} sulfate pentahydrate
mercury {|l} nitrate hydrate
lithium chromate dihydrate

iron {ll} acetate tetrahydrate
copper (I} nitrate trihydrata
magnasium sulfae heptahydrate
Iz iy oxide wihydrate

zinc sulfate hexahydrate

lithium sulfate ydrate

sodium phosphale pentahydrate
iron (I} sulfate heatahydrate
sodium chromate tetrahydrate
manganase (I} chloride tetrabydrate
iren {1} chilsride hexabhydrate
sodium sulfate pentahydrate
calcium sulfate dhydrate

iron {[ll} nitrate nonahydrate
calcium nitrate tetrahydrate

zinc nitrate hexakydrate
manganeasa (|l} suifate hydrate
harylinm sulfite tetrabydrate
bismuth (lIl) nitrate pentahydrate
tin (IV) chloride pentahydrate
nickel {ll} nitrate Frexahydrate
sodium sultate pentahydrate
magnesium chlorde hexahydrate
manganese (I} bromide tetrahydrate
nickel (11} bromide hexahydrats
sodium thiosulfat: pentahydrate

MgNH,PO, - BH.O
CuiNL,), « 6H,U
Cus0, - 5H,O
HgINO,), - HO
Li.CrQ, - 2H.0
Fe{ZH,COQ), - 4H.0
CulNQ,), - 3H,0
MaS0, - TH,O
Fe,0,  3H,0
Zns0, - THO
LiHSO, - HO
MaH_ PO, - 5H,0
Fes0, - TH,O
Na.CrO, - 4H.0
MnCl, - 4H.0
FeCl, - BH,0
Na.CO, - 10H,0
Cas0, - 2H.0
Fe(NO,), - 9H.0
CalNg,), - 4H.0
ZnNO,), - 6H.O
Mns0, - H,O
Bes0, - 4H.O
Bi(NQ,), - 5H.O
snil, - 5H.0
Mi(NO.). - 8H.0
Na.30, - 5H.0
MgCl, - 6H.0
MnEr, - 4H.0O
MiEr, - 6H.O
Na5.0, - 5H,0




Pocet molekul krystalové vody v chloridech, dusi¢nanech a siranech kovu skupiny II.A

chlorid 12,8,6,4 6,4,2,1 6,2,1
dusi¢nan 9,6, 2 4,3, 2 4 0
siran 12,7,6,1 2,1/2 0 0

Klesajici pocet molekul krystalové vody v nékterych solich kovu ukazuje, Ze mensi ionty
jsou snadnéji hydratovany a jejich soli tvori vétSi pocet hydratl s vysSim stupném

hydratace.
Table....... Hydration energies and lonic radii

. lonic radius / pm . »
Cation Enthal f hydrat TkJ |
(Six-coordinate) nthalpy of fiydmation mo
Be* 31 — 2494
Mg** 72 — 1921
Ca“’ 100 — 1577
Sr#* 118 — 1443
Ba“' 135 — 1305

Hydraty kovu alkalickych zemin obsahuji vice Cation lon Radius  Enthalpy of Hydration

. T . . , Py K

molekul vody nez odpovidajici soli alkalickych T, a0 515

kovu, rotoze velikost iontu kovu alkalickych Nat 18 405
Y y

zemin je menSi nez velikost iontd alkalickych kovu K 152 912

Rb" 16k -246

a tim je vétsi i jejich hydratacni energie. e . e




Coppay, Water,_,

hydrated copper sulfate <
CuS0Q,.5H,0

endothermic

anhydrous copper sulfate  +  water

exothermic
Cuso, +  5H,0

blue crystals white powder

Priklad

NaCl dokaze pritahovat vlhkost ze vzduchu. Nechame-li
slané pecivo, napriklad rohliky s krystalky soli, néjakou
dobu v uzavieném neprodysném sacku nebo ve vihcim
prostredi, zanedlouho budou mit na povrchu mokrou

kGru, n

ekdy i s kapkami vody.

HYDROUS
VERSUS

ANHYDROUS

Hydrous is a term used

to explain a substance

that contains water as a
constituent

Composed of water
molecules

Known as hydrates

Hygroscopic compounds
can form hydrous
compounds by absorption
of water from the air

Can release water vapor
upon heating

Anhydrous is a term used
to explain a substance
that does not contain
water as a constituent

Not composed of
water molecules

EEEE S EEEEEEEEEEEEEESR
Known as anhydrates

Anhydrous compounds
can absorb water from
the air

Do not release water
vapor upon heating

Visit www.pediaa.com




Hofmeisterovy (lyotropni) rady

Tzv. lyotropni (Hofmeisterova) rady iontd
soli (kationtd a aniontld) byly vytvoreny
podle schopnosti iontll vysolovat vajecné

@ lon Hydration .

1on

Strong Weak

bilkoviny z vodného roztoku. Hofmeisterova  cos-sos-so npois oo esxoosr-cioqs sov ™
fada je pouzivdna k vysvétleni celé Fady - — R
N{CH;),” >NH; " >Cs">Rb">K " >Na >Li">Ca*” >Mg~" >Zn"" >Ba-

dalSich efektu soli na biomolekuly, véetné
denaturace bilkovin a zmeén enzymaticke 4\)\'* v Sigsd  Soiig B “:“"‘ =
a ktiVity' ﬁ‘}% Native Denatured { t ‘\‘

1A% o

» Increase protein stability

<[ + Decrease protein stability
* Less denaturing + More denaturing

* Salting out (aggregates) + Salting in (solubilizes)

» Kosmotropic + Chaotropic

F-> SO/ > HPO/ > Acetate > Citrate >1 cr > NO; >Br >F>ClO; > SCN

l"
l

HOFMEISTER SERIES

N(Me),* > NH,;* > K* > {'Na:f} > Cs* > Lit > Mg?* > Ca** > Ba®* > Gdm*




AAG , 5 .. (keal/mol)
4 2 02 4

Increasing hydration of cations Cy, B, o ﬂ
(CH,),N*<NH,*<K'< Na' < Li*t <Mg* <Ca?* < GDN* P
Increasing hydration of anions ’:ﬂc%‘ _ ‘
Citrate** <S0O,*<S,0,>< F < CI'<Br <I'<ClO/ % 4 @
— -1 @ ¢
Ordering of both series with respect to several phenomena: F’-”“c ). = s *
T Surface tension l, Surface tension &4 @ *
l Hydrocarbon solubility 1 Hydrocarbon solubility ”59_,. - a *
l Protein denaturation T Protein denaturation S 4 @ .
1 Chemical and thermal protein Chemical and thermal protein 4 @ +
stability stability
l Protein backbone interaction T Protein backbone interaction i sl
Anion — sidechain interaction Cation — sidechain interaction > @
1 (R, K, H) t (D, E) 0 ‘
3

Obr. 2 (barevnd): Zmény volné energie souvisejici s nahrazenim drasliku sodikem

v kontaktnim iontovém pam s Hofmeisterovou fadou anionti, Data vyznatena modie
{popf. Cervend) reprezentuji anionty preferujici sodik (popf. draslik); Zluté pak jsou
anionty bez vyraznéjdi preference.




Rozpustnost iontovych latek ve vodé

SOLUBLE IONIC COMPOUNDS

INSOLUBLE IONIC COMPOUNDS

Group 1A ions (Li*, Na*, K*, etc.) and ammonium

ion (NH4*) are soluble.

1.

(Hydroxides) OH- and (Sulfides) SZ, are insoluble
except when with Group 1A ions (Li*, Na*, K*, etc.),

ammonium ion (NH4*) and Ca?*, Sr?*, Ba?*.

(Nitrates) NOz, (acetates) CH;COO- or C;H;02,

and most perchlorates (ClO4) are soluble.

2.

(Carbonates) CO;? and (Phosphates) PO4* are
insoluble except when with Group 1A ions

(Li*, Na*, K*, etc.), ammonium ion (NH4*).

ClI-, Br, and I are soluble, except when paired with
Ag*, Pbz*, Cu* and Hgz?*.

(Sulfates) SO42- are soluble, except those of Ca?*,
Sr2+, Ba?*, Ag*, and Pb?*,




Common lonic Compounds

Solubility Table

Group 1 Group 2 Transition Metals

HH"" Li+ Na* K* Mﬂ2+ caz+ Baz+ Al3+ ':831- cu2+ Ag-l- z“2+ Pb2+
F sol sol sol sol | insol | insol | sl sol | sol | slsol| sol sol sol | insol
H sol sol sol sol sol sol sol sol sol sol | insol | sol sol
Br sol sol sol sol sol sol sol sol sol sol | insol | sol | slsol
I- sol sol sol sol sol sol sol sol insol | sol | insol
OH™ sol sol sol sol | insol | sisol | sol | insol | insol | insol insol | insol
§*- sol | sol | sol | sol sisol | sol insol | insol | insol | insol | insol
S0, sol | sol sol | sol | sol |sisol [insol [ sol | sol | sol |sisel| sol | insol
€0, sol sol sol sol | insol | insol | insol sl sol | insol | insol | insol
NO,” sol sol sol | sol | sol | sol sol sol sol sol sol sol sol
PO, sol | insol | sol | sol | insol | insol | insol | insol | insol | insol | insol | insol | insol
cro, > sol sol sol | sol | sol | sol | insol insol | insol | insol | insol | insol
CH,CO,” sol sol sol | sol | sol | sol sol |slsol| sol | sol | sol | sol sol

sol — soluble >1g/100 mL

insol — insoluble <0.1g/100 mL
sl sol — slightly soluble (0.1 to 1) g/toomL (blank) — not enough solubility data

FLINN

SCIENTIFIC

available to be determined oyl us iy DO
APSI01
Na*, K*, NH," salts All soluble
Nitrates — NO3 All soluble

Chlorides, bromides, iodides — CI', Br, I

All soluble, except for Pb>* and Ag*

Sulfates — SO~

All soluble, except for Pb**, Ba®*, and Ca**




Group I Alkali Group II Alkaline Post-transition
Metals Earth Metals Metals

Ammonium)  Lithium Potassium |Magnesium| Calcium Barium Iron (III) |Copper (II)| Silver Zinc Lead (II)
HH; Li* K+ Hg'" Ca® Ba+ Fe® Cu® .,gi- 7ni+ Ph+

Transition Metals

Chlorate
do;

Hydroxide
oH

Sulfite
50,

Sulfate
50,

Carbonate

Nitrate
NO,

Phosphate
PO,>

slighthy
soluble

soluble

soluble

insoluble

soluble

soluble

soluble

solubla

soluble

soluble

soluble

soluble

soluble

soluble

saluble

soluble

soluble

soluble

soluble

soluble

soluble

soluble

insoluble

soluble

insoluble

soluble

insoluble

soluble

insoluble

insoluble

soluble

slighthy
soluble

insoluble

slightly
soluble

insoluble

soluble

Insoluble

slightly
soluble

soluble

soluble

solubla

soluble

soluble

insoluble

insoluble

insoluble

soluble

soluble

Insoluble

slightly
solubla

soluble

soluble

insoluble

soluble

insoluble

soluble

Insoluble

slightly
soluble

insoluble

Insoluble

soluble

insoluble

soluble

insoluble

soluble

Insoluble

soluble

insoluble

insoluble

insaluble

soluble

slightly
soluble

slighthy
soluble

insoluble

insoluble

zoluble

Insoluble

soluble

soluble

soluble

insoluble

soluble

insolulble

Insoluble

slightly
soluble

insoluble

insoluble

insoluble

insoluble

slighthy
soluble

soluble

soluble

insoluble

soluble

Insoluble

Fluoride
F

Chloride
Cr

Bromide
Br

Iodide
I.

Chlorate
do,

Hydroxide
oH-

Sulfite
50,7

Sulfate
50+

Carbonate

Nitrate
NO,

Phosphate
PO*




Rozpustnost
oxidu

Rozpustnost
hydroxidu

Rozpustnost oxida

g
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Na | Mg
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{rozpustné)
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K Ca|Sc Ti V

" Co Ni Cu Zn Ga Ge |As Se Br
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|
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Rb Sr |[Y Zr Nb Mo TovE Ru Rh Pd Ag Cd In Sn S—bw-l :
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hydroxidy

hydroxidy
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Li,SO, . Solubility Rules for lonic Compounds
N32804 Soluble lonic Compounds Important Exceptions
ROZpUStnOSt K2804 Soluble Compounds containing
S | ran CI szSO N NO5" and CH3COO" (acetate) None
[N H4) SO Cl, Br, I Ag®, Hg,**, Pb®*
2 4
= S0, Sr2* Ba2*, Hgy2*, Pb2*
Ag,S0, . )
omewhat
Casod SD| u b'E.‘ Insoluble lonic Compounds Important Exceptions
H92804 Compounds containing
SFSO4 } s NH4*, Lit, Na*, K*, Rb*, Cs*, CaZ*, 5r*, Ba2*
2- + -+ + + + +
PbSO, Insoluble o ST Tl
BaSO PO NH4*, Li*, Na*, K*, Rb*, Cs*
a 4 — OH" NH,*, Li*, Na*, K* Rb*, Cs*, CaZ*, 5r**, Ba?*




Rozpustnost iontovych latek

Rozpustnost ionovych sloucenin mlze byt odhadnuta pomoci Hessova zakona z
mrizkové energie (enthalpie, AH, ..i..) @ hydratacnich enthalpii kationtu a aniontu
(AH}q)-

Soli tvorené ionty velmi rozdilné velikosti maji sklon byt maximalné rozpustné,
zatimco soli s ionty podobné velikosti budou mit tendenci k mnohem mensi
rozpustnosti.

Priklad: Rozpustnost CsF a Csl. Vétsi hydratacni enthalpie CsF (F je anion s mensim
polomérem) indikuje, Ze CsF je rozpustnéjsi nez Csl, prestoze CsF ma vétsi
mrizkovou enthalpii.

- x- E :
(gl * 4 ig) Solubility per
100g H,0

|
f’ b ' ! i ! § 1 i
~AMiice SUM O AR ""r"ll:l!' ca W s (W) 1"'|'|-:,.;| () L
Lsl 740 271 204 35 367 g
WM. - o : ;

Csl B0 07 288 45 74.q
MY = M) + Xy




Gibbsova energie a rozpousténi iontovych soli RPN
L] i.‘.-' i" L]
lattice energy hydration enercy solution
(highly endothermic) (highly exothermic)
H,0O
MX(s) ——— M*(g) + X (¢) —— MT(ag) + X (ag)
solid separated (gaseous) ions hydrated ions
entropy increase entropy decrease
AG = AH - TAS
saee  SLVess
sese T Serenh

Vznik srazenin

solute salvent

Kombinace nestabilniho kationtu a aniontu. Dochazi ke spontannimu vzniku
srazenin, v dusledku nerozpustnosti vyslednych sloucenin. AH muze byt kladna i
zaporna (exotermni i endotermni), reakce je rizena dominantnim entropickym
clenem —TAS.

Kombinace nestabilniho kationtu a stabilniho aniontu, resp. stabilniho kationtu a
nestabilniho aniontu. Obvykle nedochazi ke srazeni, reakce je endotermni s
neutralnim nebo mirné negativnim entropickym clenem —TAS.

Kombinace stabilniho kationtu a aniontu. Obvykle nedochazi ke srazeni, AH je
zaporné (jsou obvykle exotermni), ale byva kompenzovano entropickym c¢lenem —

TAS k témeér nulové AG. Ke srazeni dochazi pouze v pripadé vyrazné zapornych
hodnot AG.
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Entropicky clen v rovnici
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Salt Al AH"
I. Acidic Cations + Basic Anions
Be{OH), —121 -3
Mg({OH}, —63 =3
CalOH), — 28 16
Li,CO, 17 I8
MgCO, =45 2%
CaCoO, — 48 10
SrCO, _52 3
BaCO, — a7 —4
FePO, - 102 78
Oxide Solubility in HO AG nydration
(molmeta- L") (kJ-molmew™)
Amorphous SiO: 1.6E-03 -8.0
y-ALO; 1.6E-08 -18
MgO 1.8E-04 27
Nb2Os 2.5E-08 52
TiO, 1.0E-09 46
Ti»03 — 16
TiO — 34
ZrOz 2.5E-12 30
CeO:2 — 110
Ce20s3 1.6E-06 —59
CuO 2.0E-10 13
Cu,0 — —63
Fe:0s 4.0E-12 12
FeO 3.2E-10 —6.6

—TAS", 298 K

90
— ]
— 44
—34
—74
— 51
56
—43
— 180

Solubility (mel/kg H,O)

0LDOD00E
00002
0.025
0.18
00093
0.0002
000007
00001 1
slight




Reakce iontovych sloucenin

1. Nejvétsi stabilita je dana nejtésnéjsim usporadanim iontd => moldrni objemy
(Mr/hustota) produktl budou celkové mensi nez molarni objemy vychozich latek.

Priklad:
KF (22.8 cm3/mol) + MF, (19.6 cm3*/mol) = KMgF, (38.6 cm3/mol)

KMgF; krystaluje v perovskitové strukture (prostorové usporna).

2. Pfi podvojném rozkladu alkalickych halogenidi ve vodnych roztocich musi
vzniknout dvojice latek, v nichz jsou navzajem vazany nejvétsi a nejmensi ionty.

Priklad:
LiBr + KF = KBr + LiF

(souvislost s hodnotami mrizkovych energii)




3. Ze dvou iontovych paru se slouci na iontovy krystal oba ionty s nejvyssim a oba s

VV/

Priklad:

2 NaF + CaCl, = 2 NaCl + CaF,
Na,SO, + BaCl, = 2 NaCl + BaSO,

U kationtU s vysoce obsazenymi d-slupkami (Cu*, Ag*, Au*, TI*, Zn?+, Cd?*, Hg?*, Pt%*)
klesa rozpustnost s polarizovatelnosti koordinacniho partnera (F < ClI- < Br < I),
patrné v dusledku vyrazného podilu polarizacnich a disperznich sil na mfizkovou,
resp. vazebnou energii.

Malou rozpustnost halogenid( a sulfidu kationtd s vysoce obsazenymi d-slupkami
pusobi disperzni sily velké u snadno polarizovatelnych aniontt (Cl-, Br, I, S¥), ale
relativné malé u molekul vody odolnych vUci polarizaci (viz. sirovodikovy zpUsob
déleni kationtl v kvalitativni analyze).




Soucin rozpustnosti

AByy = aA',tbB
K. = [AJ[B)
[A,B;]

K, = [A"][B

< D

.er’"f saturated solution
Ba’" S04%
Wil
Ba50a
solid salt

Table 5-7 :

Solubility-Product Constants, K, at 25°C

Fluorides
BaF,
MgF;
PbF,
SrF,
CaF,

Chlgrides
PbCl,
AgCl
Hg,Cl =

Bromides
PbBr,
AgBr
Hg,Br,*

lodides
Pol,
Agl
Hg,l,*

Sulfates
CasS0o,
Ag,S0,
Sr50,
PbSO,
BaSO,

Chromates

SrCro,

Hg,Cr0,e

BaCrQ,

83 X
8.5 X
456 X

24 %
1.2 X
7.6 %
1.3 X

1.5 X

3.6 X
2 X
8.6 X

10-¢
10-¢
10-¢
10—
10-1

10-
10-10
1018

10-¢
10-13
10—22

10-*
10-17
10-2

10=5
10-%
10=7
10-%
102

10-%
10-#
10-11

Chromates {com.}

Ag,CrO,
PbCrO,

Carbonates
NiCO,
CaCO,
BaCO,
SrCO,
CuCO,
ZnCO,
MnCO,
FeCO,
Ag,CO,
CdCO,
PLCO,
MgaCO,
Hg,CO,

Hydroxides
Ba(OH),
Sr(OH),
Ca{OH),
AgOH
Mg{OH]),
Mn{OH]},
Cd{OH}),
Pb{OH),
Fe{OH),
Co(OH),

B.0 ¥
3.2 x
1.3
20 x
8.9 x

2.0 %
4.2 x
1.8 X
2.5 %

10-12
10-18

10-12
10-13
10-14
10-15
10-18
10-18

Ni{OH),
Zn(OH),
Cu(OH),
Hg{OH),
an{OH),
CriOH),
Al{OH),
Fe(OH),
Co{OH},

Sulfides

Mn5

FeS

MiS

CoS

ZnSs

Sns

Cds

PbS

Cus

Ag,S

HgS

Bi,S,
Phosphates

Ag;PO,

Sr3(PO,),

Cay(PO,),

Ba,(PO,),

Pb,(PO,),

Hydroxides (cont )

1.6
4.5

N oo LW —
~J o
A A A A A A

— e N0 = = N W
e o

W
Cad o0 oMo o
KK KKK KKK KKK KX KX KX

10-1e
1Q-17
1019
10-2¢
1{]—2?
10-31
10=33
10=-38
1{]—113

10-16
10-19
10-21
10-22
10-22
10-2%
10-28
1029
10=37
1051
1054
10-12

10-18
10—
1032
10=-3%
10-54

*As Hgi*ion. K, = [Hgi+*][X")*




Vliv polarizace na rozpustnost

Sulfidy

1. Kationty zakoncéené vnéjsi skupinou 18 elektronl davaji se sirovodikem
nerozpustné sulfidy v kyselém prostredi (Zn%*, Cd?*, Hg?*, Cu*, Ag*, Au*). Vnéjsi
slupka je zaplnéna 18 elektrony také u Ga3*, In3*, Ge", Sn", SbY, AsY, které se
rovnéz srazeji sirovodikem.
Sulfidy této skupiny jsou pro nizs$i hodnoty Z/r nerozpustné v sulfidu amonném, od
Z/r = 4.9 jsou jiz rozpustné.

2. Kationty s neuplnou vnejsi elektronovou slupkou mezi 8 — 18 elektrony tvori
rovnéz nerozpustné sulfidy, pfi mensi polarizovatelnosti v neutralnim nebo
alkalickém prostredi, pfi vétsi polarizovatelnosti objemnéjsich elektronovych obalt
i z kyselého prostredi.

3. Kationty s vnéjsi slupkou 2 nebo 8 elektronll nedavaji nerozpustné sulfidy ani v
kyselém, ani v zasaditém prostredi (Li*, Be?*, Na*, K*, Ca?*, Zr**).




Uhlicitany

lonty zakoncéené skupinou 2 nebo 8 elektron( tvofi rozpustné uhli¢itany pfi Z/r = 0.6
— 1.3 (Cs*, Rb*, NH,*, K*, Na*, Li*).
Pri Z/r 2 1,3 tvofi nerozpustné uhli¢itany (Ra?*, Ba?*, Sr?*, Ca?*).

Hydroxidy

Pri Z/r > 2,5 ionty tvofi nerozpustné hydroxidy (La?*, Ce3*, Mg?*, Y3+, Sc3*, Zr#*, Hf*",
A3+, BeZ*, Ti*+).

Vliv polarizace na rozpustnost

Uhlicitany | Rozpustnost ve vodé Rozpustnost ve vodé

Li Spatné rozpustny nerozpustny
Na dobre rozpustny Cl- rozpustny

K dobre rozpustny Br rozpustny




Vliv polarizace na rozpustnost

rozpustny 17x1010 4.1x1013 1.5x101®

T|+ rozpustny 1.86x10* 3.71x10® 5.54x10°®
Hg,* 3.10x10°®% 1.43x10'® 6.40x102% 52x10?%
Hg?* - rozpustny 6.2x102%° 2.9x107%°
Pb?* 3.3x10% 6.60x10°% 89x10® 9.8x10°

Mg2* 5.16x101! rozpustny rozpustny rozpustny
Ca%* 3.45x 10! rozpustny rozpustny rozpustny

_
6.92x1022 5.61x101? 5.02x10°® rozpustny rozpustny

rozpustny

5.16 x 1011 3.45x101 4.33x10° 1.84x10"

€O, 6.82x106 3.36x10° 5.60x10%° 2.58x 107
$0,* rozpustny  4.93x10° 3.44x107 1.08x 1010




Vliv polarizace na rozpustnost

Rozpustnost 1,6 1,9.10% 9,3.104 9,1.103

Rozpustnost 13,9

Rozpustnost

Rozpustnost 0,18

Li,SO, . Na,SO,. CasSo,. BaSO,
H,O 10H,0 2H,0

Rozpustnost 1,5.102 6,2.10% 1,0.10°




Vliv polarizace na zbarveni

bila nazloutla zluta
TI* - bila nazloutla zluta
Hg,?* - bila bila zluta
Hg?* bila bila bila oranzovo-
cervena
Pb2+ bila bila bila zluta

___
ZnZ* bila

zluta cervena
Ga3* bila Zluta cervena cerna

As3* bila oranzova hnédocerna cerna




Vliv polarizace na zbarveni

Rozpustnost 1,4.10° 8,1.107 1,1.108

barva bila svéetle zluta zluta

| zs | cds | Hgs

Rozpustnost 7,1.10° 9,0.10° 5,4.108

barva bila zluta cerna




lonic radius, A

Group in periodic table
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Acidobazické chovani

Arrheniova teorie Stronger Bronsted base

HA = H* + A-
Kyseliny = latky schopné od&tépit proton. EES
Teorie nebrala v dvahu funkci rozpoustédia. | ws- | or
HSe | Br
Bronstedova—-Lowryho teorie = |

H* + H,0 = H,0*
Latky se chovaji jako kyseliny jen v pritomnosti zasady a naopak.

Teorie se tykala pouze protickych rozpoustédel,
predpokladala solvataci uvolnénych proton(
molekulami rozpoustédla.

kyseliny = donory protonu RNH, + H,0 = RNH," + OH~
zasady = akceptory protonu HCN +H,0 = CN™ + H;07

HCl = H* + CI




«NH3 + H—OH =< NH4 + OH
base acid Conjugate Conjugate
acid of base of
NH4 H,O

oo |

H—Cl: + H—EIJ': —s :Cly + H—(I)—H

H H

Solvoteorie

rozSireni Brgnstedovy teorie pro aproticka rozpoustedla, pozadavkem této teorie

je autoionizace rozpoustéedla.

kyseliny = latky, které pfi interakci s rozpoustédlem zvysuji koncentraci kationtu

produkovanych autoionizaci rozpoustédia.

Napr. roztok hydrogensiranu v kapalném amoniaku se chova jako kyselina:

2 NH; = NH,* + NH,~ (autoionizace)
HSO,  + NH; = NH,* + SO,




Disociace kyselin ve vodé a pKa

HA + H.O » A + H3O+

2 <

Rovnovdzna konstanta: K= [H,O0*] . [A7]
[HA] [H,0]

Pokud roztok neni prilis koncentrovany, je voda v nadbytku, jeji koncentraci
mUzZeme povazovat za konstantni a zahrnout ji do konstanty, dostavame tzv.
disociacni konstantu K, :

K.[H,0]=[H,0"].[A] K, = [H,0*].[A]
[HA] [HA]

Disociace vicesytnych kyselin probihda jako postupné odstépovani proton(
z molekuly kyseliny, o rovnovaznych koncentracich rozhoduje disociace kyseliny
do 1. stupne, plati:

pKa = - log(Ka)

KA1>> KA2 >> KA3




NizSi pKa u vysSich stupnd
souvisi s tim, ze k uvolnéni
protonu ze zaporneé nabité
Castice je treba vice energie.

H3P04 — HEPO; -+ H*
H,PO; = H,PO;2+H*
H,PO;?2 = PO 24+ H?

pK, = 2.12
pK, = 7.21
pK, = 12.3

pH

14.0 3
[pof-] .,[POJ ]
12.0 - .
£ PKy=12.32
10.0 - . -
[Hpo_z-] :’[Hpoﬂi ]
8.0 - [HPO,] o
6.0 - ST pK, = 7.21
[B.POl ~ @n,po;
40 4 [H'zp'ﬂa-] 3
2.0 4 =
’ ® pK;=2.12
0.0 AR . ; . '
0.0[ . ‘*]0.5 1.0 1.5 2.0 25 3.0
Equivalents OH™ added
1.0 ya
HaP Oy HzP Oy HPO4 JPC4
0.8
S
505 ,‘ -
P pan! pKaz pKas
= 04 -
=
E \
0.2 J
DD T T \; T T T T 1
0 2 4 B 5 10 12 14
pH




silné kyseliny: K, > 107
ve vodeé jsou uplné disociovany na oxoniové ionty a prislusné anionty
priklady: HCIO4’ HCI, H,SO,, HNO, HI, HBr

stfedné silné kyseliny: K, =10 -10?

ve vodnych roztocich jsou koncentrace nedisociovanych molekul a disociaci
vzniklych iontd srovnatelné

priklady: HF H;PO,, HNO,

slabé kyseliny: K, < 10*
ve vodeé jsou disociovany velmi malo, prevazuji nedisociované molekuly
priklady: H,CO,, H,S, HCN HOCI, H;BO,




Sila kyselin a reaktivita

1. SilnéjSi kyselina ma schopnost vytésnit slabsi kyselinu (tedy jeji anion) z jeji soli.

ZnS + 2 HCl = ZnCl, + H,S

NaCl + H,SO, — HCI + NaHSO,

BaO + 2 HCl = BaCl, + H,0

2. Prednostné probihaji reakce, pri nichz vznika slabsi konjugovana baze i slabsi
konjugovana kyselina.

Al(OH); + 2 HCI = AICI; + 3 H,O

Al(OH), + KOH = K* + [AI(OH),]




Disociace zasad ve vodé a pK,

B + HO — " HB* + OH

“«—

Disociacni konstanta K : obdobneé jako pro kyseliny

K, = [HB*] . [OH]
[B]

pPKa + pKp =14

silné zasady K; > 102 ve vodé jsou upliné disociovany priklady: hydroxidy,
oxidy, sulfidy a hydridy alkalickych kovl a kovu alkalickych zemin

stfedné silné zasady K,=10"- 102 ve vodé jsou cdstecné disociovany
priklady: fosforecnany a uhlicitany alkalickych kovu

slabé zasady K; < 10 ve vodé jsou nepatrné disociovdany
priklady: NH,, sificitany, hydrogenuhlicitany, hydrogensulfidy




Acid

Base

Increasing acid strength

perchloric acid
sulfuric acid
hydrogen iodide
hydrogen bromide
hydrogen chloride
nitric acid
hydronium ion
hydrogen sulfate ion
phosphoric acid
hydrogen fluoride
nitrous acid

acetic acid

carbonic acid
hydrogen sulfide
ammonium ion
hydrogen cyanide
hydrogen carbonate ion
water

hydrogen sulfide ion
ethanol

ammonia

hydrogen

methane

HCIO,
H,SO,
HI
HBr
HCI
HNO,
H,O"
HSO,
H,PO,
HF
HNO,

CH,CO,H

H,CO,
H,S
NH,"
HCN
HCO;
H,O
HS™
C,HsOH
NH,

CH,

Undergo
complete
> acid
ionization
in water

Do not
undergo

> acid
ionization
in water

Do not
undergo
base
ionization
in water

Undergo
complete
base
ionization
in water

F

4

[ Clo;
HSO,”

Br~
ClI”

L NOS_
H,O
S0
H,PO,”
=

NO,
CH,CO,
HCO;

perchlorate ion
hydrogen sulfate ion
iodide ion

bromide ion
chloride ion

nitrate ion

water

sulfate ion

dihydrogen phosphate ion

fluoride ion

nitrite ion

acetate ion
hydrogen carbonate ion
hydrogen sulfide ion
ammonia

cyanide ion
carbonate ion
hydroxide ion
sulfide ion

ethoxide ion

amide ion

hydride ion

methide ion

y1buans aseq Buisealou|




pKa Chemical Formula Name

-10 HCIO, Perchloric acid

—7 HCI Hydrochloric acid
-3.0 H,SO, Sulfuric acid
~1.74 H;O" Hydronium

—1.37 HNO; Nitric acid

+1.96 HSO, Bisulfate 1on
+1.90 H,SO, Sulfurous acid
+2.16 H;PO, Phosphoric acid
+2.46 [Fe(H,0)s] —

+3.18 HF Hydrofluoric acid
+4.75 CH;COOH Acetic acid

+4.97 [Al(H,0)s]"" —

+6.35 H,CO; Carbonic acid
+6.74 [Fe(H,0)q]" —

+6.99 H,S Dihydrogen sulfide
+7.20 HSO; Sulfurous acid
+7.21 H,PO4 Dihydrogen phosphate
+8.96 [Zn(H-0)s]" —

+9.21 HCN Hydrogen cyanide
+9.25 NH," Ammonium
+10.33 HCO; Bicarbonate




Hammettova kyselostni funkce

Hammettova funkce kyselosti (H,) je mira kyselosti, ktera se pouziva pro velmi

koncentrované roztoky silnych kyselin (vCetné tzv. superkyselin), nevodna i

smesna prostredi (véetné organickych rozpoustédel) nebo pro pevné latky (napf.

zeolity, pevné kyselé katalyzatory, apod.). Je zobecnénim klasické Brgnsted —

Lowryho stupnice pH vhodné pouze pro zredéné vodné roztoky.
[n]

H, =pK (InH")+log———=—-loga. . —lo
o = PK ,( ) g[[nH+] ga, , ~log

y[n

y InH?*

In je slabé bazicky indikator, napf. trinitroanilin , InH* je jeho protonizovana forma, H, —
udava hodnotu pK,, kterou by mél mit indikator, aby v daném prostfedi byl pomér obou

jeho forem jednotkovy. Acid strength/

Indicator Basic color Acid color pKa wi% H,50,4
Natural red Yellow Red +3.3 8 x 1078
Phenylazonaphthylamine Yellow Red +4.0 5x10°°
Butter yellow Yellow Red +3.3 3x 10
A-Benzeneazodiphenylamine Yellow Purple +1.5 2x 102
Dicinnamalacetone Yellow Red -3.0 48
Benzalacetophenone Colorless Yellow -5.6 71
Anthraguinone Colorless Yellow -8.2 Q

Ve zfedénych vodnych roztocich, kde se aktivitni koeficient blizi 1 prechazi tato
funkce na klasickou stupnici pH.




Hammettova kyselostni funkce

Decreasing Basicity of Hammett Indicator

| x| e MH MH O MH

HH_E = 2 2 2 F
Hammett 7 - NO; | ) QN cl . -NO; 0 Br NO, NG
Indicator N I Q U 0] o
' e
NH
ot bk

] 03 &, NO,

pK 2.8 0.2 2.4 -3.2 4.4 -5.9 -6.6 -8.1 -14.5

>

NH,

M

|
=
=

Indicator Color; 1 : : .
Basic Conditions . | | | i | . | | |

Indicator Color: : : .
acidicconations N HE N NN BN BN 1] I 1

Acid strength/

Indicator Basic color Acid color pKa wit% H,SO4
Natural red Yellow Red +3.3 8 x 108
Phenylazonaphthylamine Yellow Red +4.0 5x107°
Butter yellow Yellow Red +3.3 3 x 104
4-Benzeneazodiphenylamine Yellow Purple +1.5 2 x 1072
Dicinnamalacetone Yellow Red -3.0 48
Benzalacetophenone Colorless Yellow -5.6 /1

Anthraquinone Colorless Yellow -8.2 Q




Superkyseliny

Superkyseliny jsou latky, které jsou kyselejsi nez 98% kyselina sirova. Maji nizsi
hodnotu Hammettovy kyselostni funkce nez -12. Patfri mezi né:

Kyselina fluoroantimonicnd (nejsilnéjsi) (H, = -31,3)

F F
F Fo, F
e & PE—=tp — sb
NG | S
F F
(|)| F
Magickad kyselina (smés kyseliny fluorsirové a fluoridu RN + F—slb--“‘“F
antimoni¢ného, molarni pomeér 1:1) (H, = -19,2) HO/ \o ||:\F
i
Kyselina fluorosirovd (H, = -15,1) F—™%0
HO =
L 0
Kyselina trifluormethansulfonova (triflic acid) (H, = -14,9) F;/C\S/QO
oH OH
Kyselina chlorista (H, = -13,0) O?‘)/Cl%o

O




Superkyseliny

Superkyseliny jsou schopny esterifikace a mohou protonovat i neutralni molekuly
(zejm. alkany):

— - +
CHj CH,4

HiC_ | __CHs | HiC s -1
T —_— HsC C——~CH, —_— (l: + CH4
CHj CH, CHj

CH, + H* - CH.*
CH.* — CH;* + H,
CH,*+ 3 CH, — (CH,),C* + 3 H,

@  1.C0 (827 ban) @\ @\
+ super acl - +
P 2. H,0 CHO CO,H

0.2-21% 60-75%

-H*




Acidobazické chovani
hydridu

s atomovym Cislem vzrusta ve
skupinach i periodach kysely
charakter hydridu

Electronegativity increases,
acidity increases

14

15

16

17

6 7 8 <
CH, || NH;3 | H,O || HF
Neither acid Weak base Weak acid
norbase | [K,=18x109| N |l —68x 107
14 . 15 16 17
SIH 4 PH3 st HCI
Neither acid | [Very weak base| | Weak acid Strong acid
norbase ||K,=4x1028||K,=95x1078

Increasing acid strength I

:
Increasing base strength
6A(16) | 7A(17)
H20 HF Weakest Weakest
{ao; Bransted Bransted
Acid i +
%m it H.C H:N H,0 HF Acid [H.N]
Q
S & H2S HCI
28 H;Si HPf HS HC [H,P]*
S £ o Hi:Ge H;As HiSe HBr [H,AsT"
%S HoSe HBr i
T ®© |
8 Hy;5n H.5b H;Te HI Strongest [H.Sb]"
Brensted -
Y HoTe Acid

Hi0l" [H,F[ [HNe|'
[HiS1" [H,CI] [HAf"
H3Sel" [H;Brl" [HKr]®

MH:Tel" [Hall” [HXe]”

yiBuais pioe Buisealou|

yibuans aseq Buisealou|

Strongest
Hransied
Acid




Acidity increases within a 9
(electronegativity effect)

C N 0 - o
Hydride (H;C-H) (HN-H) (HO-H) (FH) |/ &
Pk, 48 38 15.7 3.2 S F
(@]
5 Cl i
(HS-H) (CHH) [[F 8
7.0 3 S8
Qa O wn
Se Br Sc B
(HSe-H) (Br-H) ||@ 3 =
3.9 -9
I
(I-H)
- ch¥3 - 46

1x1014 6.3 x 10
st 1x107 Hl 1.3 x 106
H,Se 2x10* HBr 1.0 x 10°
H,Te 2x 103 HI 3.2x10°

Short pka table

Functinonal group

Alkane

Amine

Alkyne

Water

Frotonated
amines

Carboxylic
acids

Hydrochlorc
acid

-7
-9
-10

Fxample

CH,

tNH,

R——H

HO-H

HH{? e

0
HachOH

HCI

Weaker
acid
pka
~50
~35
25
16
10
&
‘f -8
Stronger

acid




Acidobazické chovani oxidu

S atomovym Cislem vzrista ve skupindch zdsadotvorny/zasadity charakter oxid(,
hydroxidu, oxokyselin a klesa v periodach.

Lth I,‘-H.] Hg U? {j{:}';- H: ::-Ir. FQU

Na,O | MgO | ALO; | 5i0; | POy | 50y | CLO,

K.0 | CaO | Ga,0O, | GeO, | As,0. | 8e0; | Br.O

Rb,0 | Sr0 | IO, | 800, | 8b,O. | TeO, | LO,
Cs,0 | BaO | TLO, | PbO, | Bi,O, |

sasealou AoEeq

8A
(18)

B Strongly basic B Strongly acidic
O] Weakly basic B Moderately acidic
Amphoteric £ Weakly acidic




Acidobazické chovani oxokyselin

Cim slabsi je O-H vazba, tim silné&jéi je kyselina. O-H vazba je oslabovana rostouci
elektronegativitou centralniho atomu.

Zvyseni pocCtu atomu kysliku vede ke zvyseni oxidacniho Cisla centralniho

atomu. VysSi oxidacni Cislo na centralnim atomu reprezentuje pozitivni naboj
na atomu.

OH S
Acid Strength H-OH b e r_[::[) ri.ll—{:rH
—_— W5 ow oM 0O
H-0O-| H-O-Br H-0-CI \ borlc acid  Garbonic acig Nitric acid :
L N, 0.3~ -35 =1 oxyacids
25 23 3.0 | alkaline S f
hydroxides| H . . © Acid strengths
E—— ‘L | Be Bl nlol Fl | are Ingicated by
Electronegativity of Y Na | Mg (Allsi|Pls cl | ek,
K_| Ca Ga{Ge |/As|Se | Br\
Rb | Sr An | Sn] SblTe| | [
- Cs | Ba TI|Pb| Bi [Po| At]
Acid Strength Fr | Ra / 7 | \
Sl | | _~ O=Cl=0
o o ! O=pP-OH 0=5=0 i
H-O-CI H-O-CI=0 H-0-CE0 H-O-CI=0 Sl S Py é}H 0
o
OH  phosphoric  sulfuric adig Porclion®
e silicic aclo acld T acid
~9.5 -21 15
Number of Oxygen Atoms on ClI




TABLE 16.6 Electronegativity Values
{EN) of ¥ and Acid-Dissociation
Constants (K;) of the Hypohalous Acids,

H—O—Y
Arcid EMof Y K,
HCIO 3.0 3.0 x 1078
HEO 2.8 25 =107
HIO 2.5 23 = 107"
Chlorine
Acid Formula | oxidation pK;
state
Hypochlorous acid HCIO +1 +7.5
Chlorous acid HCIO5 +3 +2.0
Chloric acid HCIO4 +5 —1.0
Perchloric acid HCIO, +7 —10

Oxidation number

| &

Acidic

| () |

| P

Se T WV CrMn FeCo NI Cun




Pravidla pro predikci sily oxokyselin

Oxo skupiny zvysuji aciditu v dusledku delokalizace ndboje na aniontu rezonanci.

Sila kyseliny roste s vyssim
pomérem kyslika vzhledem k
vodikim:

« HCIO nejslabsi

+ HNO,

* H,CO,

* H,SO,

* HNO;

* HMnO, nejsilngjsi

Oxoacids that have different central atoms
which are from the same Group of the periodic
table have increasing acid strength with
increasing electronegativity of the central

atom.
¥ ¥ Y1 VI VI
| A—M =1 ~
C N 0 F | Ne  H-0-N=0 increasing !
i stronger
) e electro- I acid
St S H-0-P=0 negativity i
|
|
Ge| As | Se H-0-As=0 i
o o |
Sn| Sb| Te
Pb| Bi Po
Viiv substituentu
T 79 9 79
H—C—C—OH  H—C—C—OH Cl—C—C—OH Cl—C—C—OH
H H H Cl
pK, = 4.8 pK, = 2.8 pK, = 1.3 pK, = 0.64




B.O.

Vazebny rad vazeb v oxokyselinach

=Vx + Ch,/n,

Vx = valence vybraného periferniho atomu XO Ch
Ch, = naboj aniontu

n, = celkovy pocet

perifernich atomu

S0, V,=2,Ch,=-2,n,=4,B.0.=2+(-2/4) =
$0,> V,=2,Ch,=-2,n,=3,B.0.22+(-2/3) =
PO> V,=2,Ch,=-3,n,=4,B.0.=2+(-3/4) =
NO,” V,=2,Ch,=-1,n,=3,B.0.=2+(-1/3) =

NO,” V,=2,Ch,=-1,n,=2,B.0.=2+(-1/2) =
BO> V, = Ch A=-3,n,=3, BO—2+(3/3)
0;* V;=2,Ch,=-2,n,=3,B.0.=2+(-2/3) =
clo, VO=2,Ch 1,n,=4,B.0.=2 +(-1/4) =

()

ClO; Vy=2,Chy=-1,n,=3,B.0.=2+(-1/3) =
Si0* V,=2,Ch,=-4,n,=4,B.0.=2 +(-4/4) =

Das, A.: Indian Journal of Applied Research 3, 2013, 41-43.

1.33

1.33
1.75
1.66




Pravidla pro odhad hodnot pK,

Paulingova pravidla

1. Pro oxokyseliny O, E(OH), hodnota pK, = 8 — 5p
2. Pro kazdy nasledujici stupen disociace polyprotickych kyselin (pro q > 1) se
hodnota pK, zvysi o 5 jednotek.

To dovoluje vysvetlit pokles acidity oxokyselin chloru v radé: ?‘
S

HOCI, > HCIO,; > HCIO, > HCIO O=p—oH
Obdobné plati: H,SO, > H,SO; a HNO; > HNO,. 0 N\ ;
| oo
ﬁ 0
O—S—O0H
Priklad |
o
H,5e0,

1. vzorec kyseliny: 0,Se(OH),

2. pKa do prvniho stupné (disociovan jeden proton) podle Paulingovych pravidel:
pKa=8-5%2=-2 (experimentalni hodnota: -3)

3. pKa do druhého stupné (disociovany oba protony) is thus -2 + 5=3 (experimentalni

hodnota: 1.9).




Mnoho oxidl nekovu a nékteré oxidy kovl po rozpusténi ve vodé neprechazeji
kompletné na kyselinu. Odchylky od Paulingovych pravidel umoznuji tyto
skutecnosti odhalit.

Priklad

OH
Rozpusténim CO, ve vodé vznika kyselina uhliCita, jejiz experimentalni /I*MOH
hodnota pK, = 6.4, zatimco pravidla predikuji hodnotu pK, = 3. Chyba je v O ' OH

predpokladu, Ze veskery CO, rozpusteny ve vodé existuje jako kyselina
uhlicita, ve skutecnosti je to pouze 1 - 2 %.

Ricciho pravidla

H.MO,

pKa=8—-9m—4n

n=a-b
kde m je formalni naboj (oxidacni Cislo) centralniho atomu, n je pocet ne-hydroxylovych
kyslik( ve vzorci kyseliny.

HaIVIO(a+1)
pKa=2.1+49(n-1), kden=1, 2,3 proK,K,, Kg

Ricci, J. E.: Journal of the American Chemical Society 70, 1948, 109-113.




CIOH CIOOH ClO,0H 1,0  ClO,0H -
BrOH 8,7
|OH 10 |0(OH), 1,6 10,0H 0,8

SO(OH), 1,9  SO,OH), -3

SeO(OH), 2,6
TeO(OH), 2,7
NOOH 3,3 NO,OH
PO(OH), 2,1
AsO(OH), 2,3

1,4

Sb(OH), 11
CO(OH), 3,9

Si(OH), 10

Ge(OH), 8,6

Ti(OH), 8,8

B(OH), 9,2

Al(OH), 9,2




Polarizace iontu a acidobazické vlastnosti

S klesajici stabilitou iontl, tj. se vzrUstajici polarizacni silou kationtu a
polarizovatelnosti aniontu se zvySuje kovalentni charakter (prvky s vysokym
oxidacnim cislem neexistuji jako ionty, ale jsou soucasti kovalentnich molekul),

roste mira hydratace a hydrolyzy, resp. tvorby komplext (= snaha rozprostrit svij
naboj na vétsi povrch).

1) Nestabilni kationty vytvareji ve vodném prostfedi aquakationty, které reaguiji
jako bronstedovské kyseliny

.e 3 .o 2 — -
HOH ’ g HO ! H '
H,0 ., | . .OH, | H,0., | .OH, |
I I\\ + Oln,, ; UAI\\ I Olu,,
H,0 7 | OH, ONE 07| oM, N
OH, OH, L ]
[Al(H,0)6]**(aq) H,O(l) [Al(H,0)s0H]**(aq) H30"(aq)

2) Nestabilni anionty budou vazat protony z molekul vody, vodné roztoky téchto
aniontU proto budou reagovat zasadité.

S +H,0 = HS + OH-
P>+ H,0 =PH; +3 OH"




Kyselé a zasadité ionty pfritahuji silné
molekuly vody v primarni hydratacni sfére,
coz vede k silnéjSimu poutani molekul i vné
této sféry a tvorbu sekundarni, pripadné
dalSich hydratacnich sfér.

Mg(H2O)362+ + CO3(H20)282- Mg(CO3) (S) + 64 HZO secondary hydration sphere

RS
——

Hydration Numbers and Hydrated Radii of
some Hydrated lons

Vznik srazeniny je provazen uvolnénim

’ v , lon Zr Hydration Number  Hxydrated Radius (pm)
velkého mnozstvi molekul vody -

Cs” 0.0055 f 228

k™ 00066 7 232
Nat 0.0088 13 276
Li* 0.011 22 340
Ba®* 0.0268 28
Sri” 0.0303 29
Ca*’ 0.0351 29
Mg'*  0.0465 36
Cd*t 0.0549 19
Zn** 0.0599 44

Sourcis: Hydration numbers from AL T. Rutgers and Y. Hendrikx, Trans.
Faralay Soc. 58. 2184 (1962 Hydrated madii from B P Hanzlik, foorganis
Aspects of Bidogical and Organic Chemistry, Academic Press, Mew York,
1976, p. 31.

Nome Z2/r ratios corrected for electronegativity using equation (2.11).




a hydraled ion

OH,
HO. | e OHy
* 4+ 60H, — AR
AP+ 60H; H,0" | ~OH,
e bewils o e
achd hasie LMy
TR H 01
(a)
O-H bands
electron dendity weakoned
shifts toward |

alumirem lon

[AIfH,0),1**

H
H H

a hydroxy cation

Higher pH (more basic solutions)

or, more acidic cations (al a given pH)

rl

JEETTE H | o - 3
2H, 0O H _H* c4 | Ne
——— ! H — |H-O{A-O-H| — IC )
" ; o | o]
) H | H
a mewa hydroxde a hydrozo anion an oxo anian
+2HY -
~-H,0
-2H,0 :
. L
H"
e ||_.{' 0 |'|
‘o=@ oo @i
an oxo acid I_ J
hypothetical in this case CRH a polynuclear oxo anlon
J| _:]H:L" _iljiﬂ__.....--“'
Al, 0,
an odlde

pH pii1 kterém se srazi hydroxid:

pH = pK,, — 1E)Ing M- 28
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Hydahsis of aluminium at 8*10-6 M concentration
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Railsback's Some Fundamentals of Mineralogy and Geochemistry

+6

complexes
No ,
" poly-

Oxo- "\ nuclear
', com-

. hydroxo— Poly—‘-,plex/e}
_* Ca2t . Hydroxo-complexes | complexes Jieeet - -
possible

Si(OH),4 HPO ,2-
~AI(OH),*  (H,Si0,0) )

Hydrated cations :
Ligands:

" M“‘\\
e (aquo-ions) o e
Contours of equal . e above e
ionic potential = e _ plane Q \
0z

lonic potential: . Aqueous speciation of s
Low High some hard cations across P R
OH -

~ the periodic table Hz0
' .. o ' v . Partrayal of tetrahedral coordination above is imperfect because the
Change n 5p8C|at|0n with Increasing pH cation and three oxygens are shawn as if their centers were coplanar.

LER PTSpeciation200602 1/2001 rev 9/2006




Type of saltis

Mechanism of

Cations types

Anions types

and base.

involved in hydrolysis
hydrolysis

1 |A salt formed| No hydrolysis Strong base cations Strong acid anions
between a strong (pH=T) i § + ¥ 2 s _ S
sekt &nd & oG Na*, K*, Rb*, Cs*,|CI, Br, I, NO;, SO,~,
base is an neutral CaZ*, Sr=*, Ba#* ClO,
salt

2 (A salt formed Cationic Weak base cations Strong acid anions
between a strong| hydrolysis [ihqolyple in water|CF, Br, I, NOy, SO,%,
acid and a weak (pH<7) ; . A )
base is an acid salt base cations: NH 1 C|O4

Ag+, Cu®*, Zn=,
APF* Cr3* and others

3 |A salt formed Anionic Strong base cations Weak acid anions
e s e | e [Mar, KRB, Cet|F, CH€OO, CN:, NOy,
& basle salt Ca?*, Sr2*, Ba2* §%, CO7 S8i0ZF 80,7

PO,%

4 | A salt formed Cationic- Weak base cations Weak acid anions
between a weak acid | anolle lInsoluble in water|F-, CH;COO-, CN-, NO,,
and a weak base can| "YArolysis . | ao. 2. @i 2- 5.

= (PHw7) base cations:| S+, CO;%, SiO;%, SO,
be neutral, acidic, N o4 3
or basic depending NH,*, Ag+, Cu4,|PO,
on the relative Zn?+ AP+, Cr3+
strengths of the acid and others




The effect of the charge on the metal ion

on acidity:

A
The higher the charge on metal ions of about the same
ize, th idic will the metal ion be: ha == ~
size, the more acidic will the metal ion be: —— o| AR ALO, 5i0, Hel g
i -+ +2/+ & -
| memen] SR oo poye s |5
g ‘o | Mg MgO SiO o
Metal ion: La3* TH* 9, Ca**  CaC P,0 g'
§ Na* Si, 0, f_:'_
lonic radius (A): 1.00 1.03 0.94 K Na, 5C <
pK.: 141 127 8.5 3.2 K0 PO
Log K,(OH"): -0.1 1.3 2.5 10.6 SI0 v
_ | increasing
| metalion
acidity
Metal ion Ni Cu* n Ag cd? Ba*' Ce’ Hg* Ph* Bi’
rl A Lh. b 0.72 0.74 1.26 0.97 1.34 1.034 1.10 1.32 Lh.S5
p 1.45 1.28 118 0.12 0.52 0.20 0.65 0.36 0.21 0.81
Metal 1on Ma Mg® Al K’ Ca’ ™ vin®’ Fe' Fe'' Co
. 0,97 LLEET Y 0535 1.33 0,94 0,69 LBk (.55 0,74 0,72
i .26 | s 4 A (10 [h4u 218 093 4.30 1.1% 1.28




pK, kovovych iontu ve vodnych
roztocich

Wulfsberguv vzorec:

pK_ = 15.14 - 88.16(Z2/r)

15

13

11

%
+ Experimental
.:', —Predicted (Electrostatic)
+
L
L
0.05 0.25
22 /r (pm')

Relationship between Z-/r Ratios and Acidity of Metal lons

—= — —
Z* [r Ratio Ly Category pK, Range Examples
0.00-0.01 < 1.8 Nonacidic cations 1415 Most + 1 ions ol the s-block
0000 1.8 Feebly acidic cations 11.5-14 -
0.01-0.04 1.8 Feebly acidic cations 11.5-14 Most + 2 ions of the s- and f-block
0.00 - 0d 1.8 Weakly acidic cations h-11.5 MWost + 2 ons of the d-block
0.04-0.10 1.8 Weakly acidic cations 6-11.5 All + 3 1ons of the f~block
(1,00 - 1 1.8 Muoderately acidic cations | -6 Most + 3 jons of the d-block
0. 10-0.16 < 1.8 Moderately acidic cations | = Most +4 ions of the [~block
010016 - 1.4 Strongly acidic cations { -4 1 Most + 4 ions of the d-block
0.16-0.22 |.8 Strongly acidic cations { —4)-1
0,16 and up - 1.8 Very strongly acidic cations < —4)
0.22 and up .} Very strongly acidic cations (—4)

MoTe The electronegativities of the p-hlock elements vary too greatly to allow their inclusion in one category of “catlom.”




Vliv elektronegativity

Kationty prvkd s elektronegativitami
vetsimi nez 1.5 maji mensi hodnoty pK,
(jsou vice kyselé) neZ ionty ostatnich
prvkd obdobného naboje a velikosti.

Wulfsberguv vzorec:

pK. = 15.14 - 88.16[(Z%/r) + 0. 096(EN-1.50)]

Plati jen pro prvky jejichz Paulingova elektronegativita je
vétsi nez 1,5)

4
"4
(= 9§

16

14

12}

107

Bd

Fll

‘ Monacidic cations

Weakly
nckdic
canions

moderaicly
acidic
s | catons

0.1 A4 A0 A6 e 7

Zifr rﬂ.ﬂ‘iﬁ[IP - 1.50]

Strongly

| acidic

cations




Hybridizace a acidobazické

vlastnosti

Se zvysujicim se s-charakterem
hybridniho orbitalu uhliku dochazi
u ke zvyseni kyselosti vodikového
atomu v prislusné C-H vazbé
elektronegativita

(zvySuje  se

atomu C).
sp sp?
l S
R—C=C—H C—C

Most acidic protons
Most stable conjugate base

Least acidic protons
Least stable conjugate base

CH, H,C—=CH, HC==CH
molecules methane cthylene acetylene
hybrid orbitals
of carbon
% of s character
clectronegativity 248 2.75 3.29

CH, < CoHy < CjHy
acidity order

Hybridization Effect on the Acidity of Hydrocarbons

5= VAN S p
1]

; Q 1 8 sp-50%s —=Cc-H pKa=25
en

£

i O | 8 8 Sp2 -33%s /{\C’H pKa = 44
S H

@ ;

§ O + 8 8 8 Sp3 -25%s /\C, H pKa =50

Ho




Se zvysujicim se p-charakterem hybridniho orbitalu dusiku dochazi u ke zvyseni

bazicity v prislusné N-H vazbé. .
N
X
| R——C=—N:
/

aniline pyridine

basicity order

hybridization of sp3 sp2 -
N-atom
s character 25% 33%, 50%

L lone pairis in
lone pairis in

3 b
a porbital an sp’ orbital

g 5
C(l? j :?: H,/ 'H
c ¥ cH C_ .. _CHs
H3C Iﬁx - H3C/ \|\||/ 3 H3C E
H
Nis sp? H Nis sp?
amine

amide




Lewisova teorie

Ize ji aplikovat i na slouceniny, které neobsahuji kysely proton.

Kyselina = kazda castice, ktera je akceptorem volného elektronového paru. Jako
Lewisovy kyseliny Ize chapat také kationty, v€etné protonu.

Napr. kationty, molekuly s nasobnymi vazbami na centralnim atomu, molekuly s
volnymi d-orbitaly na centralnim atomu nebo elektronove deficitni molekuly.
Tyto cCastice jsou schopny prijmout volny elektronovy par jiné ¢astice (baze), tim se
vytvori donor-akceptorni vazba.

Baze (zasada) = kazda cCastice, ktera je donorem volného elektronového paru. Jako
Lewisovy baze lze chapat také anionty a neutralni ligandy.

i R
F—]|3 ¢ :[f:— — F—]|3—F
13 15

Lewis acid LLewis base




Electron deficient molecules such as

BE ,AICI,,BeF, etc...

Molecules with one (or) more lone pairs of
electrons.

NH,,H,0,R-O-H,R-O-R, R - NH,

All metal ions

Examples: Fe* ,Fe™ ,Cr*,Cu™ etc...

All anions

F,Cl',CN ,SCN",SO7 etc...

Molecules that contain a polar double bond
Examples : §0O,,C0O,.80, etc...

Molecules that contain carbon - carbon
multiple bond

Examples: CH,=CH.,CH=CH elc...

Molecules in which the central atom can
expand its octet due to the availability of
empty d — orbitals

Example: SiF,,SF FeCl, etc..

All metal oxides
CaO,MgO,Na O etc...

Carbonium ion

(CH, )3 | &

Carbanion

CH,"




Lewisova teorie

Li*

He
BeH, NH, | H,O | HF | Ne
MgH LPH, H.S ot [ ar |
CaH, .AEHI H,Se. HBr | Kr
SrH, . SbH, | H,Te | HI | Xe
B:-le [ Lewis acid Lewis base
Lewis acid/base complex
_ Na* E _ e ’ “GamH
H°~y H" ' , H
LR H




Teorie Lewisovych tvrdych a mékkych kyselin a zasad ("hard and soft (Lewis)
acids and bases", HSAB)

Pearson 1963

,Tvrdy" = dana castice je mald, ma vysoky naboj (kritérium naboje se vztahuje
zejména ke kyselindm, k zasadam jen v mensi mire), a neni, nebo je jen
slabé, polarizovatelna.

,Mekky" naopak znamena velky polomér, maly naboj a velkou polarizovatelnost.

vlastnost HA SA HB SB
elektronegativita 0,7-1,6 1,9-2,5 2,1-3,0 | 3,4-4,0
iontovy polomér [pm] <90 > 90 > 170 ~ 120
naboj > +3 <+2

Tvrdé Lewisovy kyseliny (HA) maji maly iontovy polomér, vysoky pozitivni naboj,
byvaji silné solvatovany, maji prazdné orbitaly ve valenéni sféfe (prechodné kovy z
pocatku 3d rady maji tendenci byt silnymi Lewisovymi kyselinami) a vysokou energii
Priklady: H*, kationty alkalickych kov( (Li*, Na*, K* ad.), Be?*, Mg?*, Al3*, Fe3*, Cr3*,
Ta>*, Cr*, Ti**, BF;, karbokation R,C*




Mékké Lewisovy kyseliny (SA) maji velké iontové poloméry, nizky pozitivni naboj,
zaplnéné atomové orbitaly (prechodné kovy z konce 4d a 5d série s témér
zaplnénymi d-orbitaly, s naboji +1 nebo +2) s nizkou energii nejnizsSiho
neobsazeného molekulového orbitalu (LUMO).

Pfiklady: Hg**, Hg,%*, Pt** Pd%*, Ag*, BH;, p-chloranil, ryzi kovy (v oxida¢nim stavu 0)

Tvrdé Lewisovy zdsady (HB) maji malé iontové poloméry , byvaiji silné solvatovany,
jsou vysoce elektronegativni, slabé polarizovatelné a maji vysokou energii
nejvyssiho obsazeného molekulového orbitalu (HOMO).

Priklady: kyslikaté ionty (OH-, O%, RO~), malé halogenidové anionty (F-, Cl), RCOO-,
CO,?%, hydrazin, azan,

Mékké Lewisovy zasady (SB) maji velké atomové poloméry, stfedné velké hodnoty
elektronegativity, jsou silné polarizovatelné a maji nizkou energii nejvyssiho
obsazeného molekulového orbitalu (HOMO).

P‘r‘|'k|ady H, SZ-’ Sez-’ -, PH3’ CN-, SCN-, CO, benzen Typical Frontier Orbitals for Typical Frontier Orbitals for

Hard Acids and Bases Soft Acids and Bases

LUMO

LUMO _ LUMO
LUMO
—+-
4 HOMO
- HOMO
HOMO
-

HOMO




HARD-SOFT ACIDS & BASES Energie
CHARACTERISTICS & DIFFERENCES 4
LUMO, o+ — )

HARD ACID SOFT ACID Saure
Small ionic radius Large ionic radius LUMOp - ——
High positive charge Low positive charge HOMO. L _/H_
Low electronegativity Intermediate electronegativity et
High energy LUMO Low energy LUMO

HARD BASE SOFT BASE Base
Small radius Large radius HOMO, - _’H,_
High electronegativity Intermediate electronegativity
Weak polarizability High polarizability
High energy HOMO Low energy HOMO - .

Hard acid Soft acid Hard base Soft base
Small size, high Large size, small or Valence Valence

positive charge, not
easily distorted,

polarized

H* i Mg2+

zero positive charge,
several valence
electrons-easily
distorted

Ag* Pd*

electrons tightly

held

F and CO3>

electrons easily

distorted

S+, CO




Hard acids

Harte Sauren (ger.)
Acido duro |spa.]

TRYAHO KHCAOTE (rus.)
twarde kwasy (pol.}

Acide dur (fra.)
Acidi duri (ita.)

Hard bases
Harte Basen (ger.) Base dur (fra.) TPYAHO DCHOBEHWE [rus.)
Basze duro (spa.) Basi duri [ita.] twarde zasady (pol_)

H', L', Na*, K, RbY, Cs°, Be™, Me,Be, Mg™",
Ca,Sr, Ba™, 8¢ 1a", Ce” 6d™, Lu™ Th",
qu-' [UDz]l', F_UA: Ti'h, Erd.-' Hf'“, [UU]E‘, Cr‘j*,
cr™, [Mo0]*, [(wo)*, Mn®*, BFs, BCl3, B(OR)s,
BR3, AI**, MesAl AICI;, AlHs, ARz, Ga™, In™,
CO,, [RCO', [NC], 5i**, sn**, [MeSn]™",
[Me;Sn]**, N*, [RPO]*, [ROPO]®, As™*,Mn™*,
Fe®*, co™, cl*, a’, I°*, I"*, SO5, HX (H-Briicken
bildende Molekiile)

NHs, R—-NH,, N,Hs, H,0, OH, 0, ROH, [ROT,
R20, [CH3COO]", [COs])™", [NOs]”, [PO4]™,
[SOaI*, [CIOL], F, (CI).

Borderline acids
Sduren im grenzbereich (ger.)
Arido fronterizo (spa.) NOrpaHWYHLIE HACAOTE |Mus._)
Acide & la limite {fra.) pograniczne kwasy (pol.}

Acidi di frontiera (ita.)

Borderline bases
Bazen im grenzbereich (ger.)
Baze fronterizo [spa.) NOf PEHHYHE S DCHOE3HME (Fus.)
Baze & la limite (fra.) pograniczne zasady (pol.]

Basi di frontiera {ita.]

Fe*, co®, Ni**, cu®', zn®, RR¥, IF*, RUY, D05,
MesB, GaHs, [RsC]", [CsHs]', sn**, Pb™, [NOT",
shb**, Bi**, 50,

CsHsNH3, CsHsN, [Na]™, Ny, [NO,], [SOs]*, Br

Soft acids

Weiche S3uren (ger.]
Arido blando (spa.)

Acide mou (fra.)
Acidi mioli [ita.)

MATKOS KWCNOTS (rus. )
migkkie kwasy (pol.)

Soft bases

Weiche Basen |ger.)
Baze blando (spa.)

markoe OcHosasme [rus.)
migkkie zasady {paol.}

Base mou (fra.)
Basi mali {ita.]

[Co(CN)s]*, Pd™, Pt**, Pt", Cu*, Ag', Au®, Cd™*,
Hg', Hg"*, [MeHg]" ,BHs:, MesGa, GaCls, GaBrs,
Gals, MeaTl, CH,, Carbene, HiC'

H™, R™, C:Ha, CeHe, [CN]™, RNC, CO , [SCN]™, RsP,

(RO)3P, R3As, R2S, RSH, [RS], [5;03]2-, I~




HSAB

increasing hardness —»

<«——— increasing softhess

Kyseliny

1 .

intermediate soft
M@‘Cn‘ Ni 'Gu“Zn
e [RURh)Pd[Ag| Gd| i 'sn sb
Re 651 e e A | ] 7o =1

hard
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o
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Podle HSAB tvrdé kyseliny (hard acids,HA) preferuji vazbu s tvrdymi bazemi (hard
bases, HB) za vzniku iontovych sloucenin, zatimco mékké kyseliny (soft acids,

SA) preferuji vazbu s mékkymi bazemi (soft bases, SB) za vzniku kovalentnich

sloucenin.

[HSAB Principle]

Hard Acid | -P"€®'S_ [Hard Base
! !

prefers

Soft Acid Soft Base

Typical Frontier Orbitals for Typical Frontier Orbitals for
Hard Acids and Bases Soft Acids and Bases
LUMO
LUMO — LUMO
LUMO
s
4 HOMO
—H- HOMO
HOMO
-
HOMO
A B A B

Energeticky rozdil mezi HOMO/LUMO orbitalem je u komplexu slozeného z SA a SB

nizsi, nez u "tvrdych" analogd.

Absolutni tvrdost (absolute hardness) je definovana jako

ELUI-.-IIEI- - EHD.-HEI'

hardness =n=

_ lonization energy (I) - Electron Affinitv(EA) = .




HSAB a regioselektivita

HSAB hraje roli i ve studiu regioselektivity u
molekul s vice nez jednim centrem
reaktivity, kde kyselina puUsobi jako
elektrofil a baze jako nukleofil.

Napf. u enolll a enon(:

e tvrdé kyseliny reaguiji s kyslikem enolatu.
* mekké kyseliny reaguji s uhlikem enolatu.

e tvrdé baze
uhlikem enonu.

reaguji s karbonylovym

* mekké baze reaguji s B-uhlikem enonu

HARD ACIDS / BASES

{smadl and highly charged)
[elmctrosfalies dominan)
(fonic bonds)

High LUMG 1 Low HOMO
0| F
Li*, Na*, K* H;0D, OH"
SH Tide
Cade, Smie

cr
R-OTs, R-0805" | ~“NH3 \

“har L]
“hard" Slta
site Br
- =0+
o - b

Fe2+, Col+, Ni2+, Zn2t, a2 | S0a%" NOz~
/> e |

“soft" Cu*, Ag*, Hg* CN- “goft"

site Ps, Cd2*, PtE=, Hg2* site
j TH3Hg*, BHa, Znit+, Sn2*

TEe

R-l 5
X3
Carbenes Carbanions

Low LURIO 'f High HOMO

SOFT ACIDS / BASES

{large and minimadly chargsd)
(ortwlal cvariap domirgnl)
{cowalant bond's)

Hard Soft Interactions
soft electrophilic center

#'. N attacked by
1 3\ soft nucleophile
OM“&

>
g Y
///
&

hard electrophilic center attacked by

hard nucleophile




HSAB a elektronegativita
Velké rozdily elektronegativit mezi HA a HB davaji vznik silnym iontovym vazbam.

Elektronegativity SA a SB jsou témeér stejné a proto maji vazby mezi nimi méne
iontovy charakter, tj. vazby mezi nimi jsou vice kovalentni.

Interakce mezi HA — SB nebo SA — HB jsou vétSinou polarné kovalentni a maji
tendenci byt reaktivnéjsi nebo méneé stabilni. Polarné kovalentni slouceniny snadno
tvori bud vice iontové nebo vice kovalentni slouceniny pokud spolu mohou reagovat

(viz elektronegativita).

hard term soft term

K I (0] p man -Sa I emova rovn ice (electrostatics) (orbital overfap)
AE /‘ Qacid * Quase g ( Cacid* Chase* B8 )°

eR \\{f HOMObase — LUMOacia

size/polanzability — gnergy maich

Kvantifikuje energetickou zmeénu pri
reakci Lewisovych hard/soft kyselin. r:harges

*hard/hard interakce maximalizuji elektrostaticky term (tj. vice nabité molekuly se
navzajem vice pritahuiji)

*soft/soft interakce maximalizuji term orbitalového prekryvu (tj. molekuly s
podobnou energii HOMO a LUMO orbitalt nejsnadnéji tvori kovalentni vazbu)




Sirovodikova srazeci metoda kvalitativni analyzy

= tradi¢ni kvalitativni metoda analyzy kationtu je zaloZzena na rozpustnosti, resp.
nerozpustnosti chloridd a sulfidi kovu a jejich ndslednych reakcich.

1. vysrazeni kationtu I. tridy roztokem kyseliny chlorovodikové

Chloridovy anion je tvrdsi zasadou, nez sulfidovy anion (ma mensi polomér) a
vysrazi proto tvrdsSi Lewisovy kyseliny (které by se srazely i se sulfanem; v prvnim
kroku je ale chceme oddélit, aby "nestinily" kationty II. tfidy). Mezi tyto tvrdsi
kyseliny pocitdme Ag*, Pb?* a Hg,*.

2. vysraZeni kationta 11-1V. tfidy sulfanovou vodou

Sulfidovy anion je mékkou zasadou (SB) a srazi proto kationty meékdi, nez kationty I.
tridy. Jde o kationty Bi3*, Cd?*, Cu?*, Hg?*, As3*, As°*, Sb3*, Sb>*, Sn?*, Sn*. Je
zfejmé, ze vyssi naboj znamena nizsi tvrdost.

3. Od Il. tridy tvrdost Lewisovych kyselin stoupa, a to az k V. tridé kationtu, ktera
zahrnuje Mg?*, Li*, Na*, K* a NH,*. Zvlasté kationty alkalickych kov( plati za tvrdé
kyseliny (HA), které jsou velmi dobre solvatovany vodou (hydratovany) a jejich soli
jsou proto dobre rozpustné. Tyto ionty se rozlisuji plamennymi zkouskami.




Qualitative Analysis Separation

Group 1 Group 2 Group 3 Group 4 Group 5
HSAB acids Soft Borderline and soft Borderline Hard Hard
Reagent HCI H->S (acidic) H-S (basic) (NH4),CO4 Soluble
Precipitates AgCl HgS MnS CaCOs Na*
PbCl; Cds FeS SrCO3 K+
Hg,Cly Cus CoS BaCO3 NH, *
SnS NiS
AS>53 ZnS
Sb,S3 Al(OH)3
Bi»S3 Cr(OH)3




SOLUTION OF CATIONS, GROUPS 1-5

add HCl(aq)
precipitate group 1 cations

separate solution from precipitate

add H;5(g)
precipitate group 2 cations

separate solution from precipitate

add NaOH(aq)
or NH3z(qg)
add (NH4);5(aq) precipitate group 3 cations

separate solution from precipitate

add NazCOalaq)

[or (NH4)2HPO4(aq)] Precipitate group 4 cations

- separate solution from precipitate
<




Barevnost soli

Absorpce zareni je u komplexd zplisobena vnitfnimi elektronovymi prechody o
konkrétni energetické hodnoté. Pokud absorbovana energie odpovida vinové
délce v oblasti viditelné cCasti spektra (380 az 770 nm), jsou komplexy barevné.
Sul tvorena SA-SB je tmavsi nez jeji "tvrdy" analog.

Prikladem muze byt oxid olovnaty PbO (SA-HB), respektive sulfid olovnaty PbS.
(SA-SB). Zatimco PbO je zluta-oranzova latka, PbS je Cerny.

Yellow Lead monoxide Red Lead Monoxide

(Massicot) (Litharge) Galenit (PbS)

Katalytické jedy

Jako katalyzatory se casto uZivaji elementarni kovy (platina, nikl ad.), tedy
velmi mékké Lewisovy kyseliny (maji nulovy ndboj). Jako katalytické jedy proto
funguji mékké Lewisovy zasady, napt. sulfidy (kovy s nimi zreaguiji).




Fajansova pravidla, elektronegativita a HSAB

Fajansova pravidla koresponduji s Paulingovym vypoctem iontovosti vazby pomoci
elektronegtivit a také s HSAB, predikujici vlastnosti vazby na zakladé
polarizovatelnosti (zaloZzena na velikosti a naboji atomu). Binarni slouceniny soft
acid a/nebo soft base jsou obvykle kovalentni.

_compound | ___Fajans | Pauling | ___HsAB

NaCl low + charge, larger 3.16 -0.93 = hard acid,
cation, smaller 2.19 borderline base;
anion, ionic ionic
ionic

All, high + charge, 2.66-1.61= hard acid, soft base
smaller cation, 1.05 covalent
larger anion, covalent
covalent

Napr. vazba v jodovodiku (HI) je témér nepolarni (rozdil elektronegativit 0,3),
jodovodik je vSak nejsilnéjsSi z halogenvodikovych kyselin v dusledku snadné
polarizovatelnosti velkého atomu jodu, zvyseni polarity vazby H-I a nasledné jeji
elektrolytické disociace




Priklad

lonty rtuti, Hg(l) a Hg(ll), jsou toxické tim, ze mohou vytésnovat ostatni kovy z
molekul enzymu a nicit tak jejich aktivitu.

a) Jsou tyto ionty tvrdé nebo mékké kyseliny?

b) Jaké skupiny aminokyselin se na né mohou vazat?

Reseni

Hg(l) a Hg(ll) jsou velké, polarizovatelné ionty. Jsou tudiz mékké kyseliny a dobre
se vazou na mekké baze, jako je atom siry, resp. sulfidovy Ci hydrogensulfidovy
anion. Z aminokyselin je sira obsazena v cysteinu nebo methioninu.

Cysteine Methionine

) O

S

NH, NH,




Priklad
Na zakladé teorie HSAB navrhnéte vzorec jednoduchého mineralu, obsahujiciho
dany prvek:

a) zirkonium(1V)
b) kadmium(Il)
c) wolfram(VI)
d) zinek(ll)

e) méd(l)

Redeni
ZrO, (mineral baddeleyit)
CdS (mineraly greenockit a hawleyit)
WO, (mineraly tungstit a meymacit)
ZnS (mineraly sfalerit a wurtzit)

Cu,S (mineral chalkocit)




Goldschmidtova klasifikace prvku

Gas Phase <— Atmophile

<— Lithophile

<+<— (Chalcophile

Metallic Liquid

<— Siderophile

Litofilni prvky vykazuji silnou afinitu ke kysliku, vyskytuji se v silikatovych
mineralech, pripadné jako halogenidy. Litofilni prvky tedy tvofi kationty, které
povazujeme za tvrdé Lewisovy kyseliny (HA). Ty se vazou s kyslikem jakozto mt-

donorem.

Chalkofilni prvky maiji silnou afinitu k sife; tvofi s ni sulfidy. Oproti litofilnim prvkim

jsou jejich kationty mékcimi kyselinami.

H. He. N. Noble gases

Alkalis. Alkaline Earths.
Halogens. B. O. Al. Si. Sc. Ti.
V.Cr. Mn. Y. Zr. Nb.
Lanthanides. Hf. Ta. Th. U

Cu.Zn. Ga. Ag. Cd. In. Hg.
Tl.As. S. Sh. Se. Pb. Bi. Te

Fe.Co. Ni. Ru. Rh. Pd. Os_ Ir.
Pt. Mo. Re_ Au. C. P. Ge. Sn




Goldschmidtova klasifikace prvki

Pomoci konceptu HSAB muzeme vysvétlit, proC se vapnik vyskytuje v litosfére jako
siran nebo uhli¢itan (HA-HB, nebot anionty kyslikatych soli obsahuji atomy kysliku

slouzici jako donofi m-elektront), olovo jako sulfid a zlato jako tellurid anebo ryzi

(elementarni zlato je nejmékcéi kyselinou, coz je dano velikosti, elektronovou
strukturou i nulovym nabojem).
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HIB IVEB

. Lithophile

Ficure 7.2, Goldschmidt's classification of the elements.

Goldschmidr’s Classification
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Geochemical Classification

Lithophile

Siderophile

Chalcophile

Atmophile

Organophile

Fluid-mobile




Goldschmidtova klasifikace prvki
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Rozpustnost a HSAB

Rozpustnost ve vodé

Voda rozpousti latky, které disponuji alespon jednou ,hard" casti. Sloucenina
vznikajici kombinaci ,soft acid" + ,soft base" je malo rozpustna v polarnich
rozpoustédlech jako voda.

Priklady

Sulfid olovnaty neni rozpustny ve vodé (sulfidovy anion je mékéi zasadou nez
oxidovy anion; olovnaty kation je mékkou Lewisovou kyselinou).

Sulfid sodny ale rozpustny ve vodeé je, protoze sodny kation je tvrdou Lewisovou
kyselinou, kterou voda dobre solvatuje.

Jodid stribrny je nerozpustny ve vodé diky kombinaci soft acid, Ag* and soft base, I'.

Jodid lithny je vysledek kombinace Li* (hard acid) a I (soft base) a tedy rozpustny ve
vode.
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Hydratace iontu a standardni elektrodovy potencial

lonizacni energie a elektronova afinita se tykaji vzniku iontu z izolovanych atomu
v plynném stavu.

Vznik iontld v roztoku zahrnuje:
1. Atomizace: standardni stav -> volny atom (g)
2. lonizace: volny atom (g) -> volny ion (g)
3. Hydratace: volny ion (g) -> hydratovany ion(aq)
Pokud je tento proces sledovan
za standardnich podminek (25 °C, 101,325 kPa),
predpoklada se, Ze je prvek ve styku s roztokem svych iontl o koncentraci
1 mol/I
méri se srovnanim vuci vodikovému systému
nazyva se sledovana veliCina standardnim elektrodovym potencidlem (E), nebo
také redoxpotencialem.

Vztah mezi standardnim elektrodovym potencialem a Gibbsovou energii:

AG =-|z|.F.E

z je pocCet elektron zdcastnénych v oxidacné-redukénim procesu
F je Faradayova konstanta (96487 C/mol)




Redoxni potencial (oxidacné-redukéni potencial, redox potencidl) = mira
schopnosti redoxniho systému prevést jednoho z reakénich partnerld do
oxidovaného stavu. Vyjadruje redukcni stav systému v milivoltech (napéti mezi
standardni vodikovou elektrodou a prislusnym oxidacné-redukénim prechodem)

TABLE 17.1 Standard Reduction Potentials at 25 °C

Reduction Half-Reaction E* (V)
Stronger Fig) + 2e” —+ 2F"(aq) 287 Weaker
Cim vice ma cinidlo E>0 — HOgdag) + 38 og) + 2047 —+2H 0N b oy
] o _ R ’ agent MnO Jlag) + BH*lag) + 5S¢~ — Mn*ag) + 4 H,0(/) 1.51 agent
tim vétsim je oxidacnim Clilg) + 2¢° —> 2C1(ag) 1.36
ve . v/ , Cr0,log) + 14H*lag) + 6e° — 2 Cr**og) + 7H,0(/) 1.33
Cinidlem, ¢im ma E<O, OJg) + 4H'(aq) + de=  — 2HO() 123
s . . VeV s Brilagl + de” — 2 Br {ag] 1.0%
tim je silnéjsim fisr oG Gt e
redukcnim Cinidlem R ) &0 B i
) Qylgl + 2H ag) + 2e” = H ;05 (ag) 070
Ijish + 28 —s 2 I"[ag) 0,54
X7 7 s Vv s D;[ﬂb + EHIu“] + 40 s "ﬂH'iﬂ‘ﬂ oLa0
Cim ma kov zapornégjsi Cu™{ag) + 2¢° —+ Cul#) 6.34
s &n + 2 — 50 L
hodnotu redoxniho o i olic
- , R 2H (gl + 2¢” — Hlg) 0
potencialu, tim ma vétsi | ET——— ——— 013
4 Ni*'lag) + 2& — Mil 5} - 0,26
schopnost uvolnovat vyl s Zis o
eIektrony. Fe''lag) + 2¢” — Fe{s} - 0.45
Zntag)l + 2 —+ Zn{s) - 0,76
ZHON + 2¢ —+ Higl + 20H" (aq) -0.83
Al"™Mag) + 3e° — All 1) « 166
Weaker Mg**(ag) + 2e” — Mgis) -2.37 Stronger
ﬂxidiﬁ“g ".*‘W' + 8 —-—k Hat!' = 2.7 rnd uci"g
agent Li*log) ¢ e — Lifs} - 3.04 agent




Elektrochemicka rada napéti

17
1
6|7 3
2|3 11| 9112({13(14|18|10
4 19 15
3 21|22(20 16




\'4 \'4 V 4 v é (o)
Vytésinovani kovu z | e o
O e oo V4 i l K K+
roztoku jejich soli metals that react 24
with water Ca Ca
| Na Na*
Mg M%2+
o/ 7 v \"4 \"4 7 Al Al +
Kov stojici v radeé napéti o 72+
s v , metals that react 2
vlevo dokaze kov (v kladném with acids ;e :fg:
. \Y4 V4 o/ 7 I I
oxidacnim  stavu)  stojici Sn Sn2+
’ 2
vpravo redukovat a sam se ib ﬂ2+
7 7 . 2
tim padem oxidovat, a Cu cut
7 LV 4 2
naopak — kov, ktery stoji v metals thatare  Hg Hg=*
o . L _ highly unreactive Ag Ag*
fadé napéti napravo je | Au Aud*

schopny kov stojici vlevo

zoxidovat a sam se redukuje higher metals will replace lower metal ions in solution
lower metals will not replace higher metal ions in solution

Zn /-""""“\J
r 5 )
- Zn°® - Cu” = Zn" + Cu°
- 0 Stare +2 State +2 State 0 State
AgNO;
= B Electron Transfer
e Chemistry .
Tunneling
——Cu
Electrons transfer from zinc metal to the copper(Il) ion
AgNO,;— : ) ; :
x2 Single Electron Transfer (SET)




Reakce kovu s kyselinami

Kov stojici v fadé napéti pred vodikem, tj. od vodiku nalevo (zde nahore nad
vodikem), je schopen redukovat vodik a sam sebe oxidovat (kovy stojici daleko
pred vodikem jsou schopny zredukovat vodik dokonce i z vody).

2 Na+H,S0O, 2 H, +Na,SO,
2Na+2H,0 > H,+2Na"+2O0H"

Kov, ktery stoji za vodikem, je schopny zoxidovat vodik a sam sebe redukovat:
CuO+H,->Cu+H,0

reakce Cu:

zfedéna HNO;: 3 Cu+8HNO; - 3 Cu(NO;), +2NO +4 H,0
konc. HNO,: Cu + 4 HNO; - Cu(NO;), + 2NO, + 2H,0
konc. H,SO,: Cu +2H,S0, - CuSO, + SO, + 2 H,0

V neoxidujicich kyselinach se méd nerozpousti.

reakce Zn:

konc. H,SO,: Zn + 2 H,S0, - Z2nSO, + SO, + 2 H,0

zfedéna H,S0O,: Zn +H,50, - ZnSO, + H,

konc. HNO;: 4 7Zn + 10 HNO; - 4 Zn(NO,), + NH,NO, + 3 H,O

reakce s HCl (konc. i zfed.): Zn+ 2 HCI - ZnCl, + H,
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Atoms with
positive charge
(i.e. those with
more electrons

than protons) are
chemically

oxidized relative

to their elemental
condition,

Elements
that exist in
nature in
just one
positively
charged
state

For example,
K+ and Ca?*.

Elements with
no redox
chemistry
in nature

Railsback's Some Fundamentals of Mineralogy and Geochemistry

A periodic table of redox behavior

Li Be
NaMg
K Ca Sc‘ Ti
Rb Sr Y Zr
Cs Ba La Hf
Ral Ac|Thi Pa |l
Elements Elements that Elements that Elements that
that exist in exist in nature in  exist in nature in  exist in nature in
nature in elemental states ranging elemental
more than (uncharged) form  from positively  (uncharged) form
one and in at least charged to and in at least
positively one positively one
charged charged state charged charged state
state
For example, For example, For example, For example,
Mo®+, Mo**, Fe®, Fe?*, S8* to S, 0, to 0%,
& Mo?+. & Fe.

Elements with at least some
redox chemistry in nature

(and thus with multiple forms that can't be shown on a one-cell-per-
element table like this one, but shown in their multiple forms on the
Earth Scientist's Periodic Table of the Elements and Their lons)

Atoms with
charge
(i.e. those with
more electrons
than protons) are
chemically
relative
to their elemental
condition.

Elements Elements
that exist in that exist
nature in in nature
just one in no
: charged
charged state at all
state (the noble
gases)
For example,
Fand CI-.

Elements with
no redox
chemistry
in nature




Elektrochemicka rada napéti

g lkyselinou ——#  vodik + sdl

s vodni parouy ———P vodik + oxid

se studenou vodou

— vodik + hydroxid
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Rada aktivity kovti

1. Snadnost se kterou kov v roztoku ztraci
elektrony a tvori pozitivni ionty klesa v radé
shora dol( t.j. od Cs po Pt.

2. Kovy z horni casti fady maji schopnost
vytésnit kovy umisténé nize z roztoku jejich
soli.

3. Rada aktivity kovd charakterizuje miru
jejich reaktivity.

4. Kovy v horni casti rady je obtizné ziskat z
jejich rud.

Reactivity

Metal Name

Magnesium

Aluminum

Titanium

Manganese

Zinc

Chromium

Iron

Cadmium

Cobalt

Nickel

Tin

Lead

HIGHLY REACTIVE

~ Hydrogen

Al MODERATELY REACTIVE
Ti Mg
Mn Very Slow Reaction with Cold
Zn Water, Strong reaction with
hot water or steam
Cr
Fe Al, Ti, Mn, Zn & Fe
Moderate reaction with hot
Cd ; .
C water or steam and dilute acid
(o]
Ni Ni, Sn & Pb
S Slow reaction with dilute acid
n
Pb
H Nonmetal (For Comparison)

LEAST REACTIVE

Sb, Bi, Cu, W, Hg, Ag, Au




ACTIVITY SERIES OF METALS

Best reducing MWost reactive

Li agent metals
K
Displaces Hy from Ba
H,O( 1), steamn, or
acid (H,0") Sr
Ca
Na
Mg
Copereten ||
3 Zn
Cr
Fe
Displaces H, Ni
from H;O* Sn
Pb
H,
sSb
Cu
Do NOT displace Hg
H, from HyO(l), steamn, < Ag
or acid (HyOF) Pd
Pt
L Aul WWorse reducing Least reactive
agent metals
Oxid. # 1+ 1+ 0

* H gains e~ andis reduced:

+ Hence metals are reducing agents

+ metals become oxidized
0 1+
Lifs) » Li*

<A metal higher in the series will displace an elemeant below it in the series.

Example: Zn(s) + Cus040aq) — ZnS0,40aq) + Cu(s)
(from Cu lakb)

Reduction of metal oxides

Potassium
Sodium
Calcium
Magnesium
Aluminium

Zine
Iron
Lead

Mot reduced by
carban

Reduced by
carbon

Reduction with Hydrogen

Uxides are not reduced by
hydragen

Reduction with Carben
Patassium
Sodium
Creides are not reduced by
Calcium
carbon
hMagnesium
Alunmniuem
{Carbon)
Aine
Iron
= Oxides reduced by heating
Llgd
with carbon
Lead
{Hydrogen)
Copper
Silver Oxides decomposed 1o
Gold metal by heating only

Orxides are reduced by
heating with hydrogen




Reactivity Series of Metals

Pot - — Potassiom K (Most reactive metal)
. K otassium Sodium Na
Most reactive Na Sodium o .
Ca Calcium Extract by aleium @
Mg Magnesium electrolysis These metals are M]Hgnr.?s_mm Mg
Al Aluminium y more reactive | Alumimum .A]
C Carbon than hydrogen Zine Zin
: i 3 Iron Fe
Increasingly Zn  Zinc _
: gy Fe Ferum \ Extract by Tin Sn
reaclive Sn Tin carbon reduction | Lead Ph
Pb Lead / [Hydrogen] [H]
Cu Copper ! Heating directly — Copper Cu
Hg Mercury in air These metals are Mercury Hg
Least reactive Ag  Silver I Found as less reactive than —  Silver Ag
Au  Gold ¥ natural element hydrogen | Gold Au (Least reactive metal)
Very Reactive | Li Lithium T | T f
A K Potassium Reacts Potassium
. with Sodium | gt Very
o Sapan Water Lithium | Wi reactive
Ca Calcium Eatra::!ll;lm by Calcium
ectrolysis
Na Sodium l
Mg Magnesium Expensive RF-:IH
Al Aluminum Reacts | wit
with M . acids
= Carbon Dilute A::ﬂ::,?ul:;n
i
Zn Zinc e :r Zine React
Fe Iron Extraction by Iron with
Ni Nickel Metal Ouide Tin oxygen
Reduction
Sn Tin R?;_i::i hrlengrininsi Lead
Pb Lead il or €0,
H Hydrogen inexpensive
Copper
e Copper _L Mercury
Hg Mercury Silver
Ag Silver Very
Au Gold oy unreactive
Pt Platinum 1 o Gold *




i

Magnesium

Aluminum

Titanium
Manganese

Zinc
Chromium

Iron

Cadmium

Cobalt

Nickel
Tin

Lea

Hydrogen

Symbn“ Reactwutv with Oxyge! .____

g Cs, Fr, Rb, K, N;
® . .
o |
o
5|
e
AL
T Mg,Ti,Mn,Zn & Fe, Ni, Sn
2 _mm &Pb
E Zn Reacts with oxygen on heating to
& Cr form oxides
= Fe
o Co Reacts with oxygen at ordinary
- Ni temperature
S _
Sn
Pb _
H . Nonmetal (For Comparison) I

Reactivity with Water

Reactivity with Acids

CS Fl', nh‘& CS, Frr Rbl K, Ha’ Hf'

Very Slow Reaction with Cold | React vigorously with dilute acid |

Water, Strong reaction with hot to give hydrogen
water or steam
Al, Ti, Mn, Zn, Fe, Ni & Sn
Al, Ti, Mn, Zn & Fe React moderately with dilute
Moderate reaction with hot acid to give hydrogen
water or steam
Pb
Ni, Sn &Pb React with Concentrated acid to
Do no react with water SIS Ay Croatt
Nonmetal (For Comparison) | Nonmetal (For Comparison)

|

Least Reactive

, Ag, Au & S, Bi, Cu, W, Hg, Ag, Au & Sb, Bi,Cu, W, Hg, Ag, Au &




increase in reactivi

Reaktivita nekovu

Béhem vytésnovacich reakci vice aktivnhi nekov
vytésnuje méne aktivni nekov ze slouceniny.

Aktivita nekovu zavisi na jejich schopnosti pfijimat z
roztoku elektrony, za tvorby pozitivnich iontd. Cim
snadnéji nekov prijima elektrony, tim je aktivnejsi, a
tim vyse je v radeé reaktivity nekovu.

increase in reactivity

Reactivity Series
Activity Series of Non-Metals Nonmetals
Most reactive fluorine F ;
chlorine Cl
oxygen O cl L
bromine Br Br=0 ' Bromine=C
iodine | ' lodine
sulfur S Sv Sulfur
Least reactive | (red) phosphorus P




Reaktivita cenctivity

decreases

AU
o
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Reactivity
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Element Reaction with dilute hydrochloric acid
potassium very violent- very explosive
sodium very violent- explosive
calcium very rapid- lots of hydrogen produced
magnesium rapid- bubbles of hydrogen produced steadily
zinc slow- bubbles of hydrogen produced slowly
iron slow reaction- some bubbles produced
hydrogen no reaction
copper no reaction
No initial No Slow Fastest Fast

reaction reaction reaction reaction reaction




FrOStlo]V diagram — ?- e —— hmg ———

Tendence dvou latek k synproporcionaci 5 4 m/

¢i  disproporcionaci lze  vyjadfit 41 oo o /- -
s . . v ’ &4 E . - —O- -

Frostovym diagramem oxidacnich Ccisel, w’ —O—pH= 14,

9 3 I"l-h':l!'!

pokud je u latek hodnota AG/F nize neZ / /fa.m/\
cara spojujici prislusna oxidacni Cisla na N /
obou stranach, pak tyto latky, jsou-li

MO
0 4 N:He-

‘1 ‘ ¥ 1 L] ¥ T L] L]
spolecné pritomny v roztoku, podléhaji 3 2 4 0 12 3 4 s
. . MNumero di ossidazions
synproporcionaci.
A species in a Frost diagram is unstable with respect to disproportionation
if its point lies above the line connecting two adjacent species.
6 «.euthe following species would tend to N 'O::/
6 7 Frost diagram for Mn in aqueous acid - disproportionate......... O /
5 1 )

4 . /
NH,OH NO
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w o ) / r

< NH. \ NH;OH" N-O,
27 NH, \ No / [NO LN\

4 1 .

Unstable species are above the
lines connecting their neighbors
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L
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0 / N o]
e g 7 - _/ N-H.
o) 4 LK _ 4
-3 -2 -1 0 +1 +2 +3 +4 +5
-3 Oxidation Number Oxidation number, N




KOORDINACNI SLOUCENINY

M + xL = ML,
(M = centralni atom, L= neutralni ligand)
Mn* + xLY- = ML, - (¢y-)
(L= aniontovy ligand)
Koordinaéni €islo - poCet atomu ligandu pfimo vazanych na centralni atom

v jeho koordinacni sfére prostrednictvim tzv. donorového atomu (vetSinou
C, P, N, O, S nebo halogen)

o’ WEBEHEE O D00 00000

ds dp

c- cr l

cu” ﬂﬂﬁﬂﬁﬂ%ﬁhy EENEE ﬁmx
N & o - "%




Stabilita komplexu

1. Nejvyse nabité kationty vazou prednostné nejmensi anionty. Nap¥.:

K[FeClc] + 6 KF = K[FeF,] + 6 KCl (F <CI)

2. Pfi vzniku iontovych komplex(i mohou hrat vyznamnou roli elektrostatické sily,
coz vysvita z fady stability: s rostouci velikosti iontl (a tim padem i vzdalenosti
iontu) vznikaji méné stabilni komplexni ionty. To plati zejména tehdy, ma-li centralni
kation konfiguraci vzacného plynu nebo vysoky naboj.

AIF 3 > AICI3 > All 2 FeFg> > FeCl3 > FeBrg*; CeF > > CeCl> > CeBrg*

3. Cetné vyjimky z tohoto pravidla indikuji zapojeni také jinych ne? &isté
elektrostatickych interakci. Napr.

K,[HgCl,] + 4 Kl = K,[Hgl,] +4KCl (CI<T)

4. Stabilita komplex( se zvysuje u ligandl obsazujicich nékolik koordinaénich mist
najednou (tzv. chelaty)




v Vé

5. Komplexy nékterych iontl (Cr3*, Co3*, Pt?*, Pt**, Ni%*) velmi neochotné méni
ligandy. Tyto ionty maji nezaplnéné d-slupky.

d3: Cr3+,

dé: Co3*, Pt#*

d8: Ni?*, Pt?*

U nezaplnéné d-slupky vznika nepriznivé rozlozeni naboje pro prisun dalsiho
ligandu, ktery ma nahradit jeden z plvodnich.

The stability of complexes is influenced by a

number of factors related to the ligand and * To some extent we can say that if the ligand is
metal ions. smaller in size and bearing higher charge it
1. Nature of the metal ion: Small ions with high will form more stable complexes.

charges lead to stronger complexes.

2. Nature of the ligand: The ligands forming
chelates impart extra stability (chelon
effect). For example the complex of nickel * In the case of neutral mono dentate ligands,

with a multidentate ligand is more stable high dipole moment and small size favour
than the one formed with ammonia.

3. Basicity of the ligand: Greater basicity of the
ligand results in greater stability of the
complex.

* For example usually F forms more stable
complexes that CI

more stable complexes.




Periodic Table of the Elements

Irwing-Williamsova rada stability [«

Be Blc|lnlolr|ne

* Stabilities of the high spin complexes of the 3d
metals from Mn?* to Zn *with a common ligand
is usually

Mn*< Fe*< Co*< Ni*< Cu*> Zn*

* This is attributed to the CFSE values of the
complexes and called natural order of
stability.

* There is a discrepancy with Cu which is due to
Jahn = Teller distortion

+ Partially explained by electrostatics: smaller 200 pm =2 A
metal centre, same charge = greater charge
@ @@
« Based on electrostatics we expect stabilities
which vary as: -1185 -447 i -280 -257 +342 —762
Mn®*< Fe®*< Co®* < Ni¥* > Cu**>Zn* Eo, (mV) (+771) (+153)"!
* Irving William Series gives Cu?* more stable - = 'T"" 'T'H- 'H“H'
el
gl - Sibb b S i i
- Because of Jahn Teller Distortion
electron configuration in an octahedral low-spin complex
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log K versus £
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Klasifikace koordinacnich slouc¢enin podle koordina¢niho €isla

centralniho atomu (hybridizace):

koord. ¢
koord. ¢

koord. ¢

. 3 (zfidka) - trojuhelnik [Hgl;]

koord. ¢

koord. ¢

C. 2 (zfidka) - linearni [Ag(CN),]

C. 4 (Casto) - tetraedr [Cu(CN),]> nebo étverec [Pt(NH,),]**

. 5 (zfidka) - trojboka pyramida nebo ctvercova pyramida [Fe(CO);]

. 6 (nejCastejsi) - oktaedr [Co(NH,).]**

koord. ¢

Coordination
number

2
4
4

. 7 (zfidka) — pentagonalni bipyramida [ZrF/]*

Shape Hybridization
Linear sp
Tetrahedral sp?
Square dsp?
planar
Octahedral sp3d-?
' Nn«‘9 4 ‘
va——C 2
U “

Examples

[CuCLJ
[CuCLJ
[Ni(CN),]*

[Fe(H,0)s>*

Co-ordination

2 4 4 6
number
linear tetrahedral square planar octahedral
Shape | Iy, T R B T | .....
—M— M. M: M
7N R e
Bond angles 180° 1091470 90° 90°
: 2+
Occurrence Agt Large Iigainds Pt Commonest
complexes (e.g. CI) complexes
e.g. [Ag(NH;),]* [CuCly)> [PtCl,)> [Cu(H,0)6]*




CN | Geometry Hybridization Example
2 Linear H sp [Ag(NH;),]"
4 | Tetrahedral ‘ *’% sp? [CA(NH,),]*
4 square planar :}4‘ sp-d [Cu(OH,)4]*"
5 trigonal bipyramid “%“‘ spd Fe(CO)s
5 Square pyramidal A"‘ sp-d- [Mn(Cl);]*
6 Octahedral % spid- [Fe(CN)q]*




Orlatals of Ce® e |++|* [ * | + ] + |

o

amel= v lised -f** * + +

crbe i s ol o

o

ol |’ #4444 4]

Jonter armlal ar
nzb-spr comzple s Ad

Cratom (7 = 24)
Ground state

d?sp3

Cr (Lil)

Hybnidisation

[CRr(NH,), )" ion

N

== _'Il',l

Ll

.'-,rl-‘:."'-'ll'-l.*rld A
bit e bifte b ity
S e o electns A:f
Fren six 15 1ok
3d 4y 25p
T[T
T|T
J*xp? hybridization
T|T |
£ O A O e O O

Six pairs of electrons from
six NH3 molecules (ligands)




Znilh in [£nCl4]2-

Zn(lly in ZnClz

sp3

Zn2 ion

£n atom

Ni-atom

dspz N

[Ni(CN),,] 3

Cl - CF CF

THTLITHTLT] Tl TLTLTL]  (tetrahedral
s ¥ hybei d orbitals
CH ClH
TITLTITITY Td Td (lincar)
sp hybrid orbitals
TITLTITITY
3d 45 4p
TUTLITITIT Tl
3d 4s 4p
Av vty 4 Ay
NININTATS
[T dsp’—Hybridisation
NI IS TN o] D]+l




Oxidation | Type of | Geometry No. of Magnetic 1) 2) 3) ) 3) (6) ()
o wad Configuration state of |hybridi-| shape |unpaired | nature > -
an S metal zation electrons 3P 4p )
n @ ) @ ) ®) ™ o'« | T] O 11 +3 3 |Paramagnetic
3d 45 4p e | O] 3] BIRTR] +3 ;%;;3] Octahedral 3 Paramagnetic
_— nner
NIt (@) ammit] O CLI +2 2 |Paramagnetic dsp?
i 4d
3+ OEOE K .
. [Cr{H;0)] LLU_LH_L_I u;!;! ole +3 spid? | Octahedral 3 Paramagnetic
icl NN HORBEHHE +2 sp? | Tewrahedral 2 Paramagnetic z - (Outer)
,__"_,____..3 spid
spr
co™'(d® [ttt D L1111 +3 4 Paramagnetic
miceny | [T [B] [ETE] +2 dsp? | Square planar 0 Diamagnetic
————— ~ .
Rearrangement  dsp? [COFG]S HHAEA E EH... +3 ({sialdzl Octahedral 4 Paramagnetic
uter,
spid?
i | I | | E [i] 2 Paramagnetic
l LN conty)e”| MIHIELELE] ] GIELE] 43 d2pd | Octahedral 0 | Diamagnetic
. (Inner)
Ni(CO), HIHHH m HHE 0 sp? Tetrahedral 0 Diamagnetic Rearrangement  /sp
* .
Rearrangement sp? Co’ (d'?) [ttt ] D L1 +2 3 Paramagnetic
3d 4s - ap 4d | [counorg®| BRI [B] EIELE] EIE[TT]| +2 | sp? | Octahedral | 3 |Paramagnetic
MiNHye | [T ] HHHEHH +2 spd? | Octahedral 2 Paramagnetic = (Outer)
spid? (Outer) spid?
3d 4 4 rM@h | BN O (11 2 4 |paramagnetic
s p
2+ 05 I ] “l | +2 5 P eti
e H - i FecNyg™ | BT ] EIETE] 2 d2sp? | Octahedral 0 | Diamagnetic
e e ———— [
i Rearrangement  d2sp? {Incer)
vnienyg ™ | [HIEHTETS] [(B) [RISIE +2 d25p3 | Octahedral 1 |Paramagnetic |
Reammangement  d%sp’ o treotor” | (I (8] LT EETTT| +2 | o | Ocubednd | 4 |Purmagrt
—_— uter
2- T+ " spid?
MCL IT“H“{” m‘—a—‘l.l.E.| 2 >’ Tetrahedral ’ RSSISS [Fe(N'H3}6]2' Same +2 sp¥d? | Octahedral 4 Paramagnetic
sp? (Outer)
. Fe''(a”) HHHEE D HEE +3 5 Paramagnetic
C“2+(d9) IH["’“”“]” D I I I J +2 1 Paramagnetic
reeny’ | MIHTELETE] (2] EIRIE] +3 d%p’ | Octahedral 1 Paramagnetic
= HHE i (Inner)
[CuCly] AR HEHHE 2 sp3 | Tetrahedral 1 |Paramagnetic —
—_—— 15
sp? .
Fe ([t L1l 0 4 |Paramagnetic
[cuiney) )| [BIRIHITE] [3] (RISt +2 dsp? | Square planar 1 Paramagnetic
dspz Fe(CO)s mmﬂ m 0 {[dsp]vj lt'.Trngn_ad[al 0 Diamagnetic
—_— nner, ipyrami
One electron is shifted from 3d- to 4p-orbital dsp?
Complex | Central | Configuration | Hybridisation | Geometry of | Number of | Magnetic S. | Complex CE““:‘“ C““"g'l"““i““ H!‘b"idis"_ﬁ“ﬂ Geometry | Number of | Magnetic
ion metal ion of metal ion of metal ion | complex ion | unpaired hehaviour Ne. metalion | of metal ion of metal ion of the unpaired | behaviour
Tt : complex electrons
involved electrons
_ ) i . i ] (i) i 2 7 sp Tetrahedral 3 P: tic
[NICN L] Ni! d' dsp” Square planar L] Diamagnetic ol M b 4 ? S e
1 1 i 3 = iy | [Cr(H,0)5 34 3 2.3 Octahedral 3 PuifartEtic
INICl)a) Nit* d P Tetrahedral 2 Paramagnetic (i) {C304_\:]_ or 3d d~sp ctahedra aramagnetic
[CoFs]™ Co™ d’ sprd” Octahedral -+ Paramagnetic (i) | Ni(CO), Ni 1 4 . Tetrahedral 0 Dl




Teorie krystalového a teorie ligandového pole

Teorie krystalového pole uvazuje pouze elektrostatické interakce, teorie
ligandoveého pole je zobecnénim predchozi teorie, zahrnuje i jiné typy interakci.

- vysvétluji elektronovou konfiguraci (a s tim souvisejici vlastnosti komplexu)
centralniho atomu o dané symetrii obklopujicich ligandu

LAY A |

centralni atom je obklopen 6 ligandy, elektrony na orbitech d,, ,, a d,,
jsou lokalizovany v bezprostfedni blizkosti zapornych naboju ligandu, zatim co
elektrony na zbyvajicich d orbitalech jsou ovlivnény ligandy méné. Soubor 5

puvodné degenerovanych d-orbitall se elektronovou repulzi energeticky Stépi
na 2 podhladiny:

dx2-y2! dzZ a dxy’ dxz ’ dyz

Energeticky rozdil mezi témito podhladiny se nazyva sila ligandového pole,
oznaduje se D a udava se vcm-.
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LUMO

. y  u_r LUMO €y
Velikost A zavisi: ¢, ¥
P low-spin ||
high-spin A A
1) na povaze centralniho atomu v '
Le —I— ,
a) s oxidacnim cCislem A roste "~ HOMO e =—
, L HOMO
b) s hlavnim kvantovym cCislem A roste
strong  donor L strong o donor L/

n-acceptor L

Mn?t < V&< Co?t< Fe*' < Nitt <Fet'< Co*t<Mn* <Rh* < It < PE

- Ist row/low-valent 2nd,3rd row/high-valent -
low A high A

I1) na povaze ligandu
ligandy lze sestavit podle schopnosti stépit d-orbitaly centralniho kovu do tzv.

spektrochemické rady ligandu:

I-, Br, Cl, SCN-, F-, S,0,,, CO;%, OH-, NO;, SO,%, H,0, C,0,%, NO,,, NH;, C.H:N,
en, H, C.H., CO, CN-

zhruba plati poradi:

halogenkomplexy < aquakomplexy < amminkomplexy < kyanokomplexy




upper d-orbitals
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[CoF]*” Octahedral complex sp®d?

Co ad[TUTUTITIT] co®*aalld [CoFg]*
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[Co(NH,)g]** Octahedral complex sp3d?
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Aplikace teorie ligandového pole

Magnetickeé vlastnosti
- priblizné uréeny poétem neparovych elektron(

- podle multiplicity délime komplexy na nizkospinové a vysokospinové
(diamagnetické a paramagnetické)

Napf. pro oktaedrické komplexy Fe?* (d®) plati:
[Fe(H,0)¢]?* = vysokospinovy komplex (D < p = energie parovani)
[Fe(CN)¢]* = nizkospinovy komplex (D >p )
(vliv ligandu, postaveni ve spektr. radé)

[Fe(H,0)¢]?* = vysokospinovy komplex
[Co(H,0)¢]3* = nizkospinovy komplex
(vliv ox. Cisla centralniho atomu)
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Elektronova spektra a zbarveni komplexu

- sila ligandového pole ¢asto odpovida energii viditelného zareni 13000 - 25000 cm-’
coz vede k barevnosti vétsiny sloucenin pfechodnych kovu (v absorpénich spektrech
absorpc¢ni pasy tzv. d-d prechodu)

T 1
44 o, L .
increasing T T -
snergy . |
£ -y 1
\
H] [t / (R VA A VAR R
o — = T ; LW I LSO & &
yd Y 1y Xz Yz T~'.- "-L 5 ~L |
The energy of this particular : o o 2 BT P ]
colour is just fight 1o promote [Ni{H2O) " {green) [Ni{MNH1} " (blue) [Nifen)z]** {violet)

the elecran.

Napf. zabarveni derivatd kationtu [Co(NH;):]°*, ve kterych je molekula NH,
substituovana ligandem, ktery stoji ve spektrochemické radé vlevo od NH;. S
klesajici silou prumérného ligandového pole se méni zabarveni:

[Co(NH;)g]°*

[Co(NH,);CI]% cerveny
[Co(NH,),Cl,]* fialovy
[Co(NH,);Cl4] modry




Oxidacné-redukéni stalost komplexti

Z moznych el. konfiguraci ma univerzalni stabilizacni vliv konfigurace d° a d'°.
Ostatni zavisi na symetrii a sile ligandoveho pole.

Napr. pro oktaedrické komplexy se slabym ligandovym polem je velmi stala
konfigurace d° s vysokospinovym usporadanim (Mn2*, Fe3*), nebo d3 (Cr3*).

Pfi silném ligandovém poli je stala konfigurace d, ktera odpovida obsazeni vSech
orbitalu t,,. V pfipade, Ze el. konfigurace lezi mezi uvedenymi, je nestala napr.:

Cr2*(d4) - Cr3*(d3) ... oxidace
Mn3*(d4) - Mn?*(d®) ... redukce




Chelaty

Chelaty (chelatové komplexy) maji na jeden centralni atom navazané dva ci vice
donorovych atomu téhoz ligandu. Chelatotvorné cCinidlo je organicka latka, ktera
poskytuje nejméné dva volné elektronové pary na vznik dativni vazby. Néektera
tato Cinidla se pouzivaji v analytické chemii, napf. EDTA (etylendiamintetraoctova
kyselina a jeji soli), biuret a jiné. Rada chelatotvornych ¢&inidel se pouZiva v
mediciné pfi akutnich otravach kationty nékterych dvoj- i trojmocnych kovu, k
jejich vyvazani a odstranéni z organismu. Fyziologicky vyznamné jsou téz chelatové
struktury u mnohych enzymu, ddle pak napr. hemoglobin, chlorofyl a jiné

biologické pigmenty.
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Popis vazby mezi ligandy a centralni castici v koordinacni chemii pomoci HSAB

Teorie HSAB dobre popisuje vybér ligand( k centralnim casticim v komplexnich
(koordinacnich) slou€eninach. Obecné plati, Ze centralni ¢astice (atom prechodného
kovu, pripadné jeho kation) je Lewisovou kyselinou a ligandy pak Lewisovymi
zasadami. Stabilni jsou takové komplexy, v nichz se vaze tvrda Lewisovou kyselina s
tvrdou Lewisovou zasadou (a méeékka s mékkou).

i G 11111
. = 11111

Hard Borderline
Acid - Class A cations e.g. Li*, Na*, Mg?*, - Medium oxidation state of - Low oxidation state of Class B
Ca®*, Ba®, AP*, Ga¥* Class B cations (almost divalent)  cations (monovalent, heaviest)
e.g. Mn?", Fe?*, Co™, Ni*", Cu*,  e.g. Cu’, Ag’, Cd*", Au", Hg*
- High oxidation state of class B Z:’;' pd2* € Ag £
cations e.g. V3, Cr¥, Co*, Fe?* '
- Lanthanide and actinide cations
Base Carboxylates (Glutamate and Imidazole (Histidine), Amides Thiols (Cysteine}, Thioethers
Aspartate), Hydroxyl group (Serine, (Asparagine, Glutamine), (Methionine), Phenyl
Theronine, Tyrosine), Guanidinium Nitrogen of the peptide bond, (Phenylalanine), Ethylene,
(Arginine), Carbonyl, Alcohols, Indole (Tryptophan), Pyrrole Cyanide etc.
Amines, Ether, Water, Nitrate, (Porphyrin), Nitrite, Azides,
Sulphate, Phosphate, Carbonate, etc.  Nitrogen gas. Pyridine, Aniline,
Chloride, etc.

Covalent bond




Popis vazby mezi ligandy a centralni castici v koordinacni chemii pomoci HSAB

1. Irving-Williamsova rada stability:

Baz+{ 31.21" < cai-l- < Mg2+ < MII2+ < Fez+{ cl:’z'l' < le'l' < Cu2+ < zn2+

hard acids s

2. Urcité ligandy tvori nejstabilnéjsi komplexy s kationty jako

jsou APt Ti** nebo Co3*, zatimco jiné tvori stabilni komplexy
s Ag*, Hg?* nebo Pt%*.

Acids Bases

Hard H, Li*, Na’, K, Be*, Mg¥, Fe™, Ca*", Cr*,  F-, OH", H20, NHs, COs*, NOs-, O,
Cr¥, Al*, SOs, BFs SO4*, POs*, ClOs~

Borderline Fe?t, Co?*, Ni?*, Cu?, Zn?*, Pb?*, SO., BBra  NO:2, SO, Br-, N3-, N2, CsHsN, SCN-

Cu*, Au, Ag®, Tl*, Hg»**, Pd**, Cd¥, Pt¥, H-, R-, CN-, CO, I, SCN-, RaP, CeHs,

Soft He, BH: R:S

soft acids

10

log K,

| i ] & i i 1 i ‘ i
Ba SrCaMg Mn FeCo NI CuZn




Priklad

Enterobactin je molekula pouzivana urcitymi bakteriemi k zachycovani Fe(lll) a jeho
transportu do bunky (siderofor). Konstanta stability (formation constant) komplexu
Fe(lll)-enterobactin je ccal0*. Vysvétlete vysokou hodnotu konstanty.

Redeni

Fe(lll) jako HA se vaze silné na
donory kysliku. Enterobactin ma
nékolik donort kysliku schopnych
vazat zelezo - dvojice OH skupin
na kazdém ze 3 benzenovych
jader enterobactinu (katecholy).
Vzhledem k velké vzajemné
vzdalenosti katecholovych skupin
v enterobactinu, je dostatecny
prostor k chelataci iontu zeleza
molekulou enterobactinu a vzniku
chelatu s vysokou konstantou
stability.
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Chemical
Properties

MIE

Toxic

AOP
Comments Endpoi

HSAB parameter
Electrophilicity (w), Softness
(o), and Hardness(n)

Weak electrophiles

Adduction to slow
turnover proteins
with activated
Lysine residues

Adduction to slow
turnover proteins
with activated
Cysteine residues

Cumulative Neuro- and Reproductive Toxicities

AOP may be driven by chemical potential;
electrophilicity index correlated with apical
toxicity

Strong electrophiles

Adduction to
protein Cysteine
residues

Adduction to
Nucleic Acids

Acute CNS, Skin
Sensitisation,
Systemic toxicity

Carcinogenicity

Chemical potential
driven AOPs, Systemic
organ AOPs

Chemical potential
driven AOPs,
Carcinogenicity AOPs




