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QUESTION

Of the following, which is the correct electron configuration

for

the ground state chromium atom?

A[Ar] 3d6
B.[Ar] 45'3d°
C.[Ar] 4523
D.[Ar] 4s'3d4p!




ANSWER

B

Shows the correct electron configuration for a ground state Cr
atom. The 4s and 3d orbitals lie very close in energy for a
neutral Cr atom.
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QUESTION

True or false: Transition metals show great
similarities both within a given period and within
a given vertical group.

ANSWER

True

The transition metals were left out of earlier
periodic trends because of the close similarities
they have with one another.




Oxidation States
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QUESTION

Transition metals in compounds typically display a wide variety
of oxidation states. In which of the ions or compounds listed
here is there a transition metal with the same oxidation number
as Crin Cr,0,>?

A Ni(NH;)4(NO,),
B Fe(OH)(H,0),>*
CMnO,

D K,FeO,

ANSWER

D

Fe with a +6 charge in the compound, which is the same as the
oxidation number of Cr in Cr,0,>". Although not common, Fe
can be prepared in the +6 state making it an unusually good
oxidizing agent. In K,FeO, the 2K provides a total +2 charge.
The oxygen total charge is —8, which leaves a + 6 for Fe.

Aqueous Oxoanions of V, Cr, and Mn in their
Highest Oxidation States

Oxidation States and d-Orbital Occupancy of the
Period 4 Transition Metals
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Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe?*
Fe — 2e- — Fe?*




Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe?*
Fe — 2e- — Fe?*
[Ar]3d%4s?

valence (n) selectrons
removed first

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe?*
Fe — 2e- — Fe?*
[Ar3dsds? [Ar]3dS

valence (n) sclectrons
removed first

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe3*

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe3*
Fe —3e- — Fe’*

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe3*
Fe — 3e” — Fe3*
[Ar]3d%4s?

valence (n) gelectrons

removed first, then (n-1)
delectmns

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Fe3*
Fe — 3e" — Fe3*
[Ar3dsds? [Ar3¢5

valence (n) sclectrons

removed first, then (n-1)
delectmns




Electronic Configurations of Transition Metal Ions

* Electronic configuration of Co**

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Co*
Co-3e — Co**

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Co**
Co - 3e — Co**
[Ar3d4s?

valence (n) selectrons

removed first, then (n-1)
delectmns

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Co*
Co-3e — Co**
[Ar3d74s? [Ar]3dS

valence (I’l) Selcctmns

removed first, then (n-1)
delectrons

Electronic Configurations of Transition Metal Ions

¢ Electronic configuration of Mn**

Electronic Configurations of Transition Metal Ions

* Electronic configuration of Mn**

Mn — 4e- — Mn**




Electronic Configurations of Transition Metal Ions Electronic Configurations of Transition Metal Ions

* Electronic configuration of Mn**
Mn - 4e” — Mn**

[Ar]3d%4s?

* Electronic configuration of Mn**
Mn - 4e” — Mn**

[Ar]3d%4s? [Ar]3d3

valence (n) selectrons

removed first, then (n)
delectmns

valence (I’l) Selcctmns

removed first, then (n)
delectrons

QUESTION ANSWER

C) Fe”
Which metal ion has a d” electron configuration?
A) Pd’
B) Ag.
C)Fe .
NG Iron(ll) ion loses two s electrons and one d
D) Os electron.
E) Co

QUESTION ANSWER

, E) [A1]
What is the electron configuration of the Sc

ion?




Standard Electrode Potentials of
Period 4 M?* lons

Half-Reaction E’ (V)
Tt +2e = Ti -1.63

VH 420 == V -1.19
Cr¥*y+2e = Cry -091
Mn*, +2e = Mn -1.18
Fez*(aq) +2e = Fey -0.44
Co*+2e = Co -0.28
Nty +2¢ = Ni, -025
Cu +2e == Cug 0.34
In* g +2e = Zn -0.76

ANSWER

A) decrease

Chromium and zinc do not follow this trend.

QUESTION

The reducing abilities of the first-row transition
metals generally going from left to
right across the period.

A) decrease

B) increase
) stay the same
) none of these
)

C
D
E) remainat 1.0V

Colors of Representative Compounds of the
Period 4 Transition Metals

a = Scandium oxide

f = Potassium ferricyanide
b = Titanium(IV) oxide

g = Cobalt(II) chloride hexahydrate
¢ = Vanadyl sulfate dihydrate h = Nickel(II) nitrate hexahydrate

d = Sodium chromate i= Copper(ll) sulfate pentahydrate
e = Manganese(II) chloride tetrahydrate j= Zinc sulfate heptahydrate

http://cosmeticsinfo.org/Ancient-history-cosmetics

Cosmetics

S = ™
http://scienceinpoland.pap .pl/en/news/news.392579 .phd-student-at-the-

university-of-lodz-examines-ancient-egyptian-cosmetics.html

http://cosmeticsinfo.org/Ancient-history-cosmetics

Cosmetics / King Tut

Lead, Copper, Iron
Gray Anatomy

By’
WebMD Feature

Reviewed by N

http: ions .org/general/chem121/Pb%20Nanoletters%20Hair%20Dye.pdf




Petrah / Nabateans / Cosmetics

Oxidation States of Manganese

Some Oxidation States of Manganese

Mn(II) Mn(111) Mn(IV) Mn(VI) Mn(VII)
Mn?*  Mn,O; MnO, MnO,2~ Mno,”

Oxidation state*
Example

lon configuration
Oxide acidity

*Most common states in boldface.

Group Il Flow Chart

FROM GROUP |
H2 PE2 Bi” cu?, cd” H,As03, AsCy, SB°, Sri% Sri', + Group Il
1,2.3.4 | _H202 HeL H2S
r
HgS, PbS, BiS;, CuS, As;S;, $b;S3, SnS;, CdS Waste anGmup ]
blk bk b blk ¥ orange y y
I (NH1)zS
3 1.3 2
Hg$, PbS, BiyS3, Cus, CdS AsS{?, SbyS3’, SnS7
Tk oK bm bk Y dil HCT
HNOy As;S3,5b753:SnS;  waste
Hgs pe? B2y’ cd’ v omnge Ty
S | H:50, He

G 2
Pbso, sifcd’ cd sacu snmﬁ

7o m
13 | HNO;

H3As0,

I ”z 2
Pb(oAc)

PBCrO;
Yellow) 10 NH,

CulNH)Y, CdiNHy)Y

Bi(OH),
ite KCN 11,12
L ~aow, snci, % N
BI cu?Cd? Cu(ch);, Cd(eN)?
Blk KeFe(CNJg (NHa)2S
1

o) (&

Group lll Flow Chart

From Group Il
Felre? Al l:o .l.ir N7 w20
NHCI 1uccss”r(,
Fe(OH);, Fe(oH), +AlOH); Cr(u»—m ColNH3)5 ", NifNH3)g" Zn(NH:k'van’z
red  green  white nn-nl ”;";‘32? blue

1
Fel u% AlOHY e ot » E!§ CoS, NiS, MnS, Waste or groups IV and V
! ! e blk  blk Nl!"l% peac wﬁlll

Sreen

2,22
N2 mn? zn
9m - pale

Fe A% i es
4
* l‘l"hll‘l pink
‘exciss NaOH
FelOH)  ColOH NIOH, nok,, Al(lJH).,Cr(OHh Zn(oH);
Tot hllll ink
H;02

Al(om. cm‘ IZn(OHh

[
Fe(OH); , Co(OH), NI(OH); tno,
’-:')1 Tk 2 Tkbin
3 4 l-kSO. Hz02
Fed o 2, N7
T SO Tk e Pale. vlnk
Nmscﬂ DMG

yetiow
mm;w Q' ,m%, | 2

Hz0z , cther
:!umhmn

Coordination Chemistry

Transition metals act as Lewis acids
* Form complexes/complex ions
Fe**(aq) + 6CN-(aq) — Fe(CN)*(aq)

Lewis acid Lewis base Complex ion
Ni?*(aq) + 6NH;(aq) — Ni(NH;),>*(aq)
Lewisacid  Lewis base Complex ion

Complex contains central metal ion bonded to one or more
molecules or anions

Lewis acid = metal = center of coordination

Lewis base = ligand = molecules/ions covalently bonded to
metal in complex

Coordination Chemistry

* Transition metals act as Lewis acids
¢ Form complexes/complex ions
Fe**(aq) + 6CN(aq) — [Fe(CN)g]*(aq)

Lewis acid Lewis base Complex ion
Ni?*(aq) + 6NH;(aq) — [Ni(NH;),]**(aq)
Lewisacid  Lewis base Complex ion

Complex with a net charge = complex ion

Complexes have distinct properties




Coordination Chemistry
Complex charge = sum of charges
on the metal and the ligands

[Fe(CN)(]>

Coordination Chemistry
Complex charge = sum of charges
on the metal and the ligands

[Fe(CN)(]>

+3 6(-1)

Coordination Chemistry
Neutral charge of coordination compound = sum of
charges on metal, ligands, and counterbalancing ions

[Co(NH;)4ICl,

neutral compound

Coordination Chemistry
Neutral charge of coordination compound = sum of
charges on metal, ligands, and counterbalancing ions

[Co(NHj;)¢]Cl,

260 2(-1)

Coordination Complexes

¢ What is a coordinate covalent bond?

* A covalent bond between the transition metal and
a ligand formed by a two-electron donation from
the ligand to the metal, using a lone pair

¢ Coordination Number (CN)= number of
coordinate bonds to the metal

Coordination Complexes

* How does this differ from a regular covalent
bond?

¢ In a regular covalent bond, each atom
contributes 1 electron to form the bond.
Here the ligand is bringing both electrons to
form the bond!




Coordination Complexes

* How do ligands bond to a transition metal?

* Coordinate complexes received their
namesake due to the coordinate covalent
bonds they form with empty d-orbitals of
the metal.

Coordination Chemistry

@ Ligands
A Are classified according to the number of donor
atoms
A Examples
*monodentate = 1
*bidentate = 2
*tetradentate = 4
*hexadentate = 6

* polydentate = 2 or more donor atoms

Ligands

¢ Monodentate

— Examples:
* H,0,CN-,NH;, NO,, SCN-, OH", X (halides), CO,
o*
— Example Complexes
e [Co(NH,)e >+
* [Fe(SCN)o*

Ligands

¢ Bidentate

— Examples
* oxalate ion = C,0,>
* ethylenediamine (en) = NH,CH,CH,NH,
* ortho-phenanthroline (o-phen)

— Example Complexes
* [Co(en);**
¢ [Cr(C,0 51>
* [Fe(NH;),(o-phen)]**

QUESTION

500.0 mL of 0.020 M Mn(NO;), are mixed with 1.0 L of 1.0 M Na,C,0,.

The oxalate ion, C,0,%, acts as a ligand to form a complex ion with the
Mn?* ion with a coordination number of two.

Mn?* + C,0,~5 MnC,0, K, =79x 10°
[Mn(C,0,),* 2> MnC,0,+ C,0,2- K,=126x 107
What is the equilibrium constant for the following formation?
Mn2* + 2C,0,255[Mn(C,0,),1

A) 10
B) 3.7 x 102
C) 2.1 x 107!
D) 6.3 x 105

ANSWER

500.0 mL of 0.020 M Mn(NO3), are mixed with 1.0 L of 1.0 M Na,C,0,.
The oxalate ion, C,0,%, acts as a ligand to form a complex ion with the
Mn?* jon with a coordination number of two.

Mn?* + C,0,> S MnC,0, K, =79x 10°
[Mn(C,0,),1* 2> MnC,0,+ C,0,2" K,=126x 102
What is the equilibrium constant for the following formation?
Mn?* + 2C,0,2" 5 [Mn(C,0,),1*

A) 10
B) 3.7x 102
C) 2.1x 107!
D) 6.3 x 105




Coordination Chemistry

@ Ligands
A classified according to the number of donor
atoms

A Examples
*kmonodentate = 1
*bidentate = 2
*tetradentate = 4
*hexadentate = 6

chelating agents

*polydentate = 2 or more donor atoms

Coordination Complexes

The word Chelate comes from the Greek word for claw

Coordination Complexes

¢ Polydentate ligands & e
bond through the lone Y
pairs on multiple atoms e
in the same molecule

H;C—CH;
/ \

¢ Chelates are formed N N
when polydentate
ligands bind to sites on - H\C_CIH -
the metal o Se—d

Coordination Complexes

OHs 2+
QHZ—NHZ\ILKOHZ - Chz
CHz—NH>™"| ~OH; OH: NH2CH,
OH, CHy—NHg. | NH—CH, CHy—NHz | _NH,
éHz—NH2/| \NHz—éHz éHQ—NH2/| “‘N‘Hz
OHz NH\z/CHg
CHz
chelate with one chelate with two chelate with three
ethylenediamine ethylenediamine ethylenediamine
ligand ligands ligands

Notice how the ligand “grabs” the metal from two side
like a claw

2+

Coordination Complexes

porphine metalloporphyrin

Coordination Complexes

cH,=cH H cH
2 1 | h 3
CH%C"C\C" \c’C\\C_CH=CH2
I
ot N—C
H—C”  °F¢§  C—H
‘c=N N—C
¢ oL ee
CHy— \:c,c\\c/c\\ ?, CHs
HC ) CH

| |
HOOC CH, CH,COOH

heme




Hemoglobin & Myoglobin
proteins that transport and
store O,

Coordination Environment of Fe?* in
Oxymyoglobin and Oxyhemoglobin

Protein (globin)

Coordination Compound Summary
Lewis acids are electron pair acceptors.
Coordination compounds are metal compounds

formed by Lewis acid-base interactions.

Complexes: Have a metal ion (can be zero
oxidation state) bonded to a number of ligands.
Complex ions are charged. Example,
[Ag(NH;),]*.

Ligands are Lewis bases.

Coordination number: the number of ligands
attached to the metal.

Coordination Numbers and Geometry

The most common coordination numbers are 4 and 6.
Some metal ions have a constant coordination number

(e.g. Cr** and Co’* have a coordination number of 6).

The size of the ligand affects the coordination number

(e.g. [FeFg]> forms but only [FeCl,]" is stable).

The amount of charge transferred from ligand to metal

affects coordination number (e.g. [Ni(NH;)q]?* is stable
but only [Ni(CN),]* is stable).

Four coordinate complexes are either tetrahedral or

square planar (commonly seen for d & metal ions).

Six coordinate complexes are octahedral.

Components of a
Coordination Compound

In solid In solution o
X o
N
’%.4 o1, 10 ’if.—}o o ',—-—Q %
9 \lo o || e
NHs NHs 3
‘ J c
H H HaN
n,u—-j&“" ety 220 "’N__h}",_ LI | ‘\r_.m«, Br
I 4 | 4 NH3
o
3 o NHs
A [Co(NH,)IC1y(s) 220, [ColNH)) () + 3CI"(aq) | B [PH(NH5)]Brz

(Square brackets enclose the metal ion and ligands.)

Numbers, Shapes

Coordination

Coordination Numbers and Shapes of Some
Complex lons

Number Shape Examples

2 Linear @—@—@ [CuCl2]", [Ag(NHy),]*,
[AuCl,]~

a Square planar INI(CN),)>7, [PACI,1*",

OSQEO [PH(NH; )41, [CulNHy), 12

4 Tetrahedral [CU(CN),I*", [Zn(NH3)a]**,
[CdCl4]%, [MnCl4)%~

6 Octahedral [Ti(H20)6]*", [V(CN)6]*",

@? [Cr(NH3),CL,]", 52
[Mn(H20)6]**, [FeClg]®",
Kﬁ [Co(en),]*




VSEPR
Hybrid Orbitals and Bonding in the Square Planar
[Ni(CN),]* lon

[y [ ne] [ ]

VSEPR
Hybrid Orbitals and Bonding in the
Tetrahedral [Zn(OH),]% ion

3d :’4'5'"4'5"':
r 30 0 o o Y I
A

3d dsp? 4p
[Ni(CN),]%"
A B
VSEPR

Hybrid Orbitals and Bonding in the Octahedral
[Cr(NH3)g]** lon

[Cr(NH3)g]**
B

Zn2* e
) mix
*\~ [eaeay] [ty
3d sp?
[Zn(OH4]1%*
A B
Ligands

* Monodentate ligands bind through one donor
atom only.

Therefore they occupy only one coordination site.

* Polydentate ligands (or chelating agents) bind
through more than one donor atom per ligand.
Example, ethylenediamine (en), H,NCH,CH,NH,.

¢ The octahedral [Co(en);]?* is a typical en
complex.

¢ Chelate effect: More stable complexes are formed

with chelating agents than with the equivalent
number of monodentate ligands.

Ligands in
Coordination Compounds
Some Common Ligands in Coordination Compounds

Ligand
Type Examples

Unidentate H,0: water F:" fluoridefon  *C =N:]"  cyanide ion [:0—H] hydroxide ion
NH, ammonia :CI:"chloride ion [:5=C=1i:]" thiocyanate [:) —N=0:] nitrite ion
n

or— o Lord
Bidentate RN
H,C—CH, C-C
/ N / N
Hall  NH, (o) o
ethylenediamine (en) oxalate ion
o 0 .
-C-CH, CH,-C-0
:0: :0: 0 - N\ /
Polydentate e i o o 1i-CHy~CHy-1{
H2C—CH; CHa—CH, ’9_7_9_7_9‘7_9’ ()_(I:-cuz c“’_(l;_o
H, ! H, NHL :0: 0 O -0 :0:

ion

liamir
(EDTA) ion

QUESTION

Ethylenediamine (en) is a bidentate ligand. What
is the coordination number of cobalt in
[Co(en),CL,]CI?

A) four

B) five
) seven
) eight
)

C
D
E) six




ANSWER

E) six

Species found outside of the brackets are not
directly bonded to the metal ion.

QUESTION

The following compound has two atoms of Pt with two
different oxidation states. What are the two states,
respectively, for Pt in the compound [Pt(NH}),L,][PtI,]?

A+2;+4
B.+4;+2
C.+6;+2
D.+4;0

ANSWER

B

The charge on the cation equals the charge on the anion. If Pt=
+4, the charge on the cation would be +2. In the anion, Pt’s
charge of +2 would allow a —2 anion, which would bond to the
+2 cation in a 1:1 ratio as shown in the compound.

Nomenclature
¢ Rules:

< For salts, name the cation before the anion. Example
in [Co(NH;)sCl1]Cl, we name [Co(NH,);CI]** before
Cl.

< Within a complex ion, the ligands are named (in
alphabetical order) before the metal. Example
[Co(NH,)5Cl]?* is pentamminechlorocobalt(IIT). Note
the penta portion is an indication of the number of
NH; groups and is therefore not considered in the
alphabetizing of the ligands.

< Anionic ligands end in -o and neutral ligands are
simply the name of the molecule. Exceptions: H,0
(aqua) and NH; (ammine).

Nomenclature
¢ Rules:

< Greek prefixes are used to indicate number of ligands
(di-, tri-, tetra-, penta-, and hexa-). Exception: if the
ligand name has a Greek prefix already. Then enclose
the ligand name in parentheses and use bis-, tris-,
tetrakis-, pentakis-, and hexakis.
< Example [Co(en);]Cl; is tris(ethylenediamine)cobalt(III)

chloride.
+ If the complex is an anion, the name ends in -ate.

< Oxidation state of the metal is given in Roman
numerals in parenthesis at the end of the complex
name.

Names of Some Neutral and Anionic Ligands

Name Formula
A. Neutral
Aqua H,0
Ammine NH,
Carbonyl CO
Nitrosyl NO
B. Anionic
Fluoro F-
Chloro Cl
Bromo Br
Todo I
Hydroxo OH-

Cyano CN-




Names of Some Metal lons in Complex Anions

Metal (Cation) Name in Anion
Lead Plumbate
Silver Argentate
Gold Aurate
Tin Stannate

Nomenclature: TUPAC Rules

Transition Name if in Cationic Name if in Anionic Complex
Metal Complex

Sc Scandium Scandate
Ti titanium titanate
\% vanadium vanadate
Cr chromium chromate
Mn manganese manganate
Fe iron ferrate
Co cobalt cobaltate
Ni nickel nickelate
Cu Copper cuprate
Zn Zinc zincate

QUESTION

What is the formula of tris(ethylenediamine)manganese(I)nitrate?

A.[Mn(en);INO,
B.[Mn(en),](NO;),
C.[Mn(EDTA);INO,
D.[Mn(en);](NO5),

ANSWER

D

Note that the prefix “tris” is used when a ligand that has a prefix
in its name is used three times. Since ethylenediamine is
neutral and the Mn ion is +2, two NO;~ counter ions would be
required.

QUESTION

In the compound tetraamminechloronitritocobalt (IIT) chloride
what is the total negative charge contributed by ligands? Also,
how many chloride counterions are attached to the cation?

A Zero; 3
B-1;2
C-2;1
D.-3;2

ANSWER

C

In the compound, there are three ligands. NH; is neutral and

therefore contributing no negative charge. NO,~ contributes

a total of —1 and CI- also contributes —1. Therefore, the total
negative charge from ligands is —2. When this is added to the
+3 charge from Co, the result is an overall +1 for the cation.

This would require only 1 CI- counterion.




Coordination Compounds of Cobalt Studied by

Werner
Werner’s Data*

Traditional  Total Free Modern Charge of
Formula Ions CI Formula Complex Ion
CoCl, * 6 NH,4 4 3 [Co(NH,)6ICly 3+
CoCl, * 5 NH;4 3 2 [Co(NH,)sCIICl, 2+
CoCl; - 4 NH; 2 1 [Co(NH,),CL,]Cl1 1+
CoCl; * 3 NH; 0 0 [Co(NH;);Cl;] -

Werner s Observations

CoCly'nNH; (n =1 —4) can exist as four different
compounds with different numbers of “free” Cl- ions per
formula unit.

The NHj; ligands are covalently bonded to the central
Co’" ion.

A maximum of six ligands can be bonded to the central
cobalt atom.

There are two isomers for the ClI ligands attached to
cobalt of CoCl;-4NH;.

Werners Observations

Violet

Coordination Complexes

» Now that we’ ve seen how coordination
complexes form, let’ s take a look at the
how the relative energy values of the
d-orbitals

We'’ 1l look at the d-orbital splitting in the
three most common shapes: octahedral,

tetrahedral, and square planar

Coordination Chemistry

» Coordination compound
— Compound that contains 1 or more complexes
— Example
* [Co(NH,),ICl,
¢ [Cu(NH,),][PtCl,]
* [Pt(NH;),Cl,]

Coordination Chemistry

@ Coordination sphere
A Metal and ligands bound to it
@ Coordination number
A number of donor atoms bonded to the central
metal atom or ion in the complex
*Most common =4, 6

* Determined by ligands

* Larger ligands and those that transfer substantial negative
charge to metal favor lower coordination numbers




Name the following complex ions.
. Ru(NH;);Cl,*

. Fe(CN)¢*

. Mn(NH,CH,CH,NH,),>*

. Co(NH,;);NO,**

I~

o o o

Name the following coordination compounds.

o

. [Co(NH,),]CL,
. [Co(H,0),]1,
. K, [PtCl,]

. K,[PiCl]

o o o

Give the formulas for the following.

a.
. Pentaammineiodochromium(III) iodide
. Trisethylenediamminenickel(I)bromide
. Potassium tetracyanonickelate(Il)
. Tetraamminedichloroplatinum(IV)

mo oo o

Hexakispyridinecobalt(IlI)chloride

Tetrachloroplatinate(II)

Draw geometrical isomers of each of the
following complex ions.

a.
b.
c.
d.

[Co(C,0,),(H,0,]
[Pt(NH,),L,]>*
[Ir(NH,),Cl]
[Cr(en(NH,),L, ]+




