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2.1.1The Nuclear Atom

Mass & Charge Distribution

= Themass ofanatomis concentrated inthe nucleus,because the nucleus contains the heaviest
subatomic particles (the neutrons and protons)
= Themass of the electronis negligible

= Thenucleusis also positively charged due to the protons

= Electrons orbit the nucleus of the atom, contributing verylittle to its overallmass, but creating a
‘cloud’ of negative charge

= Theelectrostatic attractionbetweenthe positive nucleus and negatively charged electrons
orbitingaround itis what holds anatomtogether

The mass of the atom is concentrated in the positively charged nucleus which is attracted to the
negatively charged electrons orbiting around it
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Types of Subatomic Particles

= The protons,neutrons and electrons that anatomis made up of are called subatomic particles
= These subatomic particles are so smallthatitis notpractical to measure theirmasses and
charges using conventionalunits (such as grams orcoulombs)
= [nstead,theirmasses and charges are compared to eachother,and so are called ‘relative
atomic masses’and ‘relative atomic charges’
= Thesearenotactualcharges and masses, butrathercharges and masses of particles relative to
eachother
= Protons and neutrons have averysimilarmass,so eachis assigned arelative mass of 1
= FElectrons are 1836 times smallerthanaprotonand neutron,and so theirmassis often
described as beingnegligible

= Therelative mass and charge of the subatomic particles are:

Relative Mass & Charge of Subatomic Particles Table

O ExamTip

Youcansee fromthe table how the relative mass of anelectronis almost negligibleThe charge
ofasingle electronis -1.602189 x 10" coulombs, whereas the charge of aprotonis +1.602189 x
107" coulombs.However, relative to each other, theircharges are -1and +1respectively. This
informationcanalso beenfoundinthe IB DataBooklet
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2.1.2Deducing Subatomic Particles

Atoms: KeyTerms

= The atomic number (orprotonnumber)is the numberof protonsinthe nucleus of anatomand
has the symbolZ
= The atomic numberis also equal to the numberof electrons that are presentinaneutralatom
ofanelement
= E.g.the atomic numberoflithiumis 3, meaning that a neutral lithiumatomhas 3 protons and,
therefore, also has 3 electrons

= The mass number(ornucleonnumber)is the totalnumberof protons + neutronsinthe nucleus
ofanatom,and has the symbol A
= The numberofneutrons canbe calculated by:

Number of neutrons =mass number - atomic number

= Protons and neutrons are also called nucleons, because theyare found inthe nucleus

O Exam Tip

The mass (nucleon) and atomic (proton) number are given for each element in the Periodic Table
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Isotopes: Basics

= |sotopes are atoms of the same element that containthe same numberof protons and
electrons butadifferentnumberofneutrons
= Thewaytorepresentanisotopeisto write the chemicalsymbol(orthe word) followed byadash
and thenthe mass number
= E.g.carbon-12and carbon-14 areisotopes of carbon containing 6 and 8 neutrons

respectively
= Theseisotopes could also be writtenas 2C orC-12,and “C orC-14 respectively

The atomic structure and symbols of the three isotopes of hydrogen
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Determining the Subatomic Structure of Atoms & lons

= Anatomis neutraland has no overall charge

= |onsonthe otherhand have eithergained orlost electrons causingthemto become charged

= The numberof subatomic particlesinatoms andions canbe determined given theiratomic
(proton) number, mass (nucleon) numberand charge

Protons

= The atomic numberofanatomandiondetermines whichelementitis
= Therefore,allatoms andions of the same element have the same numberof protons (atomic
number)inthe nucleus

= E.g.lithiumhas anatomic numberof 3 (three protons) whereas beryllium has atomic numberof
4 (4 protons)

= The numberofprotons equals the atomic (proton)number
= The numberofprotons of anunknownelement canbe calculated byusingits mass numberand
numberof neutrons:

Mass number = number of protons + number of neutrons

Number of protons = mass number - number of neutrons

@ Worked example

Determine the numberof protons of the followingions and atoms:

1.Mg?+ion
2.Carbonatom
3.Anunknownatomofelement Xwithmass number 63 and 34 neutrons

Answer:

Answer 1: The atomic numberof amagnesiumatomis 12 suggesting that the numberof
protonsinthe magnesiumelementis 12

= Therefore the numberof protonsinaMg?+*ionis also 12 - the numberofprotons does not
change whenanionis formed

Answer 2:The atomic numberofacarbonatomis 6 suggestingthatacarbonatomhas 6
protonsinits nucleus

Answer 3: Use the formula to calculate the number of protons
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Number of protons = mass number - number of neutrons
Numberofprotons = 63 - 34
Numberof protons = 29
= ElementXis therefore copper

Electrons

= Anatomis neutraland therefore has the same numberof protons and electrons
= |ons have adifferentnumberofelectrons to the numberof protons,dependingontheircharge
= Apositivelychargedionhaslost electrons and therefore has fewer electrons thanprotons
= Anegativelychargedionhas gained electrons and therefore has more electrons than
protons

@ Worked example
Determine the numberofelectrons of the followingions and atoms:

1.MgZ*ion
2.Carbonatom
3. Anunknownatomofelement Xwithmass number 63 and 34 neutrons

Answer:

Answer 1:The atomic numberof amagnesiumatomis 12suggesting that the numberof
protonsinthe neutralmagnesiumatomis 12

= However, the 2+charge inMg2*ionsuggests ithas lost two electrons
= |tonlyhas10electronsleftnow

Answer 2: The atomic numberofacarbonatomis 6 suggestingthat the neutralcarbonatom
has 6 electrons orbiting around the nucleus

Answer 3: The numberof protons of element Xcanbe calculated by:
Number of protons = mass number - number of neutrons
Numberof protons = 63 - 34
Numberofprotons = 29
= The neutralatomofelement X therefore also has 29 electrons

Neutrons
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= The mass and atomic numbers canbe used to find the numberofneutronsinions and atoms:

Number of neutrons = mass number (A) - numberof protons (Z)

@ Worked example

Determine the numberof neutrons of the followingions and atoms:

1.Mg?*ion
2.Carbonatom
3.Anunknownatomof element Xwithmass numberé63 and 29 protons

Answer:
Answer 1:The atomic numberof amagnesiumatomis 12and its mass numberis 24
Number of neutrons = mass number (A) - numberof protons (Z)
Numberofneutrons =24 - 12
Numberofneutrons = 12
= The Mg2+*ionhas 12neutronsinits nucleus
Answer 2:The atomic numberofacarbonatomis 6 and its mass numberis 12
Number of neutrons = mass number (A) - number of protons (Z)
Numberofneutrons =12 -6
Numberof neutrons = 6
= Thecarbonatomhas 6 neutronsinits nucleus
Answer 3:The atomic numberofanelement Xatomis 29 and its mass numberis 63
Number of neutrons = mass number (A) - numberof protons (Z)
Numberof neutrons = 63 - 29
Numberof neutrons = 34

= Theneutralatomofelement Xhas 34 neutronsinits nucleus
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2.1.3 Relative Atomic Mass Calculations

Relative Atomic Mass Calculations

= [sotopesaredifferentatoms of the same element that containthe same number of protons
and electrons but adifferent number of neutrons
= These are atoms of the same elements but with different mass numbers

= Because of this,the mass of anelementis given as relative atomic mass (A;) byusing the average
mass of alloftheisotopes
= Therelative atomic mass of anelement canbe calculated byusing the percentage abundance
values
= The percentage abundance of anisotope is eithergivenorcanbe read off the mass
spectrum
= Firstly, find the mass of 100 atoms by multiplying the percentage abundance by the mass of
eachisotope
= Secondly,divide by100 to find the average atomic mass
= Forexample,if youhave two isotopes Aand B:

total mass of 100 atoms = (% abundance, x mass,) + (% abundances x massg)

total mass

mass of 1 atom = 100
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@ Worked example

Asample of oxygen contains the followingisotopes

What is the relative atomic mass of oxygento 2dp?
A 16.00
B 17.18
C 16.09

D 17.00

Answer:
The correctansweris A

= Totalmass of100atoms =(99.76 x16) +(0.04 x17) +(0.20x18) =1600.44
= Massoflatom=1600.44 +100=16.0044=16.00 (2dp)

= Hereis anotherexample, but this time using amass spectrumto obtain the information:

@ Worked example

Calculate the relative atomic mass of boronusingits mass spectrum,to 2dp:
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Answer:

= Totalmass of 100 atoms =(19.9 x10) +(80.1x11) =1080.1
= Massoflatom=1080.1-100=10.801=10.80(2dp)

2.1.4 The Electromagnetic Spectrum

The Electromagnetic Spectrum

= The electromagnetic spectrumis arange of frequencies that covers all electromagnetic
radiation and theirrespective wavelengths and energy

= |tisdividedinto bands orregions,and is veryimportantinanalytical chemistry

= The spectrumshows therelationship bbetweenfrequency,wavelengthand energy

= Frequency is how manywaves pass persecond,and wavelengthis the distance betweentwo
consecutive peaks onthe wave

= Gammarays, X-rays and UVradiationare alldangerous -youcansee fromthatend of the
spectrumthatitis high frequencyand high energy, which can be verydamagingto yourhealth

= Alllight waves travel at the same speed;what distinguishes themis theirdifferent frequencies
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The speed oflight (symbol ‘c’)is constant and has avalue of 3.00 x 108 ms-!
As youcansee fromthe spectrum,frequency(symbol‘v')isinversely proportionalto wavelength
(symbol‘N’)

= |notherwords,the higherthe frequency, the shorterthe wavelength

The equationthatlinks themis ¢ =vA

Since cis constantyoucanuse the formulato calculate the frequencyofradiation given the
wavelength,and vice versa

Continuousversusline spectrum

Acontinuous spectruminthe visible region contains all the colours of the spectrum
Thisis what you are seeinginarainbow, whichis formed by the refraction of white light through a
prismorwaterdropletsinrain

However, aline spectrumonly shows certain frequencies

The line spectrum of helium which shows only certain frequencies of light

This tells us that the emitted light fromatoms can onlybe certain fixed frequencies -itis
quantised (quantameans 'little packet’)

Electrons.canonlypossess certainamounts of energy - theycannot have any energyvalue

O Exam Tip

The formula thatrelates frequencyand wavelengthis printed inSectionlof the IB Chemistry Data
Bookletsoyoudon'tneed tolearnitYouwillalso find the speed of light and otheruseful
constantsinSection?2
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2.1.5Emission Spectra

Emission Spectra

= FElectrons move rapidlyaround the nucleus inenergyshells

= |ftheirenergyisincreased,thentheycanjumpto ahigherenergylevel

= Theprocessisreversible,so electrons canreturnto theiroriginal energylevels
= Whenthis happens, they emit energy

= The frequencyofenergyis exactlythe same,itis just being emitted ratherthan absorbed:

The difference between absorption and emission depends on whether electrons are jumping fromlower
to higherenergy levels or the other way around

= The energytheyemitis amixture of different frequencies
= Thisis thoughtto correspond to the manypossibilities of electronjumps between energyshells

= |fthe emitted energyisinthe visible region,it canbe analysed bypassingit through a diffraction
grating
= Theresultis aline emissionspectrum

Line emission spectra

The line emission (visible) spectrum of hydrogen
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= Eachlineis aspecific energyvalue
= Thissuggests thatelectrons canonlypossess alimited choice of allowed energies

= These packets of energyare called 'quanta’ (plural quantum)

= Whatyoushould notice about this spectrumis that the lines getclosertogethertowards the blue
end of the spectrum

= Thisis called convergence and the setoflinesis convergingtowards the higherenergyend, so
the electronis reaching a maximumamount of energy

= This maximum corresponds to the ionisationenergy of the electron

= Theselines were first observed bythe Swiss schoolteacherJohannes Balmer, and theyare
named afterhim

= Wenowknow thatthese lines correspond to the electronjumping from higherlevels downto the
secondorn=2energylevel

The Hydrogen Spectrum

= Alargerversionofthe hydrogenspectrumfromthe infrared to the ultravioletregionlooks like this

The fullhydrogen spectrum

= |Inthe spectrum,we cansee sets orfamilies oflines

= Balmercould notexplainwhythe lines were formed - an explanationhad to wait until the arrival of
Planck's QuantumTheory in1900

= Niels Bohrapplied the QuantumTheory to electrons in1913,and proposed that electrons could
onlyexistinfixed energylevels

= Theline emissionspectrumofhydrogenprovided evidence of these energylevels and it was
deduced that the families of lines corresponded to electrons jumping from higherlevels to
lowerlevels
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Electron jumps in the hydrogen spectrum

= The findings helped scientists to understand how electrons work and provided the backbone to
ourknowledge of energylevels, sublevels and orbitals
= Thejumps canbe summarised as follows:

ElectronJumps & Energy Table
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@ Worked example

Whichelectrontransitioninthe hydrogenatom emits visible light?
A.n=1ton=2
B.n=2ton=3
C.n=2ton=1

D.n=3ton=2

Answer:
OptionDis correct

= Emissioninthe visible regionoccurs foranelectronjumping from anyhigherenergylevelto n=
2

2.1.6 EnergyLevels & Sublevels

ElectronEnergylLevels

Shells

= Thearrangementofelectronsinanatomis called the electronic configuration
= FElectrons are arranged around the nucleus in principal energy levels or principal quantumshells
= Principalquantumnumbers (n) are used to numberthe energylevels orquantumshells
= Thelowerthe principal quantum number, the closerthe shellis to the nucleus
= The higher the principal quantum number, the greaterthe energy of the electron within that
shell

= Eachprincipal quantum numberhas a fixed numberofelectronsitcanhold
= n=1]:upto2electrons
= n=2:upto 8electrons
= n=3:uptol18electrons
= n=4:upto32electrons

= Thereis apatternhere - the mathematicalrelationship between the numberofelectrons and the
principal energy levelis 2n2
= Soforexample,inthe third shelln =3 and the numberof electronsis 2x(32)=18
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Electrons are arranged in principal quantum shells, which are numbered by principal quantum numbers
Subshells

= The principal quantumshells are splitinto subshells which are giventhe letters s,p and d
= Flements withmore than57 electrons also have an f subshell
= Theenergyoftheelectronsinthe subshellsincreasesintheorders <p <d

= The orderofsubshells overlap forthe higherprincipal quantumshells as seeninthe diagram
below:
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Electrons are arranged in principal quantum shells, which are numbered by principal quantum numbers

Orbitals

= The subshells containone ormore atomic orbitals

= Orbitals exist at specific energylevels and electrons canonlybe found at these specific levels,
notinbetween
[ |

Each atomic orbital canbe occupied byamaximum of two electrons

= The orbitals have specific 3D shapes
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Representation of orbitals (the dot represents the nucleus of the atom) showing spherical s orbitals (a), p
orbitals containing ‘lobes’ along the x, y and z axis

= Note that the shape of the d orbitalsis not required forIB Chemistry
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Anoverview of the shells, subshells and orbitals inanatom
Ground state

= Theground stateis the most stable electronic configurationofanatomwhichhas the lowest
amount of energy

= Thisis achieved by fillingthe subshells of energywiththe lowest energyfirst (Is) - this is called the
Aufbau Principle

= Theorderofthe subshellsinterms ofincreasingenergydoes not follow aregularpatternatn=3
and higher

The Aufbau Principle - following the arrows gives you the filling order
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Sublevels & Energy

= The principalquantumshells increase inenergywithincreasing principalquantumnumber
= Eg.n=4ishigherinenergythann=2

= Thesubshellsincreaseinenergyas follows:s <p <d < f
= Theonlyexceptionto theserulesis the 3d orbital which has slightly higherenergy than the 4s
orbital,so the 4s orbitalis filled before the 3d orbital

= Allthe orbitals inthe same subshell have the same energyand are said to be degenerate
= EQ.py Ppyand p; are allequalin energy

Relative energies of the shells and subshells
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2.1.7 Sublevels & Orbitals

Electron Orbitals

= FEachshellcanbe divided furtherinto subshells, labelled s,p,d and f
= Eachsubshellcanhold aspecific numberof orbitals:

= ssubshell:Torbital

= psubshell:3 orbitals labelled py, py and p;

= dsubshell:5 orbitals

= fsubshell:7 orbitals

= Eachorbitalcanhold amaximumnumberof 2 electrons so the maximum numberof electrons in
eachsubshellare as follows:
= s:Ix2=totalof2electrons
= p:3x2=totaloféelectrons
= d:5x2=totalof10electrons
= f:7x2=totalofl4electrons

= |nthe ground state, orbitals in the same subshell have the same energy and are said to be
degenerate, so the energy of a pyorbitalis the same as a py orbital
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Shells are divided into subshells which are further divided into orbitals
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The s & p Orbitals

sorbitals

= The s orbitals are sphericalin shape
= Thesize of the s orbitals increases withincreasing shellnumber
= E.g.the s orbital of the third quantumshell (n=3)is biggerthanthe s orbital of the first
quantumshell (n=1)

The s orbitals become larger with increasing principal quantum number

porbitals

= The porbitals are dumbbell-shaped

= Everyshellhas three p orbitals exceptforthe firstone (n=1)

= Theporbitals occupythe x,yand z axes and point at right angles to each other,so are oriented
perpendicular to one another

= Thelobes ofthe p orbitals become larger and longer withincreasing shellnumber

The p orbitals become larger and longer with increasing principal quantum number
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2.1.8 Writing Electron Configurations

Electron Configurations: Basics

= Theelectronconfigurationgives informationabout the numberofelectronsineachshell,
subshelland orbitalofanatom
= Thesubshells are filled inorderofincreasing energy

The electron configuration shows the number of electrons occupying a subshell in a specific shell
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Electron Configurations: Explained

= FElectrons canbeimagined as small spinning charges whichrotate around theirown axis ineithera
clockwise oranticlockwise direction
= Thespinoftheelectronisrepresented byits direction
= The spincreates atinymagnetic field withN-S pole pointingup ordown

Electrons can spin eitherin a clockwise or anticlockwise direction around theirown axis

= Electrons withthe same spinrepeleachotherwhichis also called spin-pairrepulsion
= Therefore,electrons willoccupyseparate orbitals inthe same subshell first to minimise this
repulsionand have theirspininthe same direction
= Theywillthenpairup,withasecond electronbeingadded to the first p orbital, withits spinin
the opposite direction

= Thisis knownas Hund's Rule
= Eg.ifthereare three electronsinap subshell,one electronwillgo into each py, pyand p;
orbital
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Electron configuration: three electrons in a p subshell

= The principal quantumnumberindicates the energylevel of aparticularshell but also indicates the
energyofthe electronsinthat shell
= A2pelectronisinthe second shelland therefore has anenergycorrespondingto n=2

= Eventhoughthereisrepulsionbetweennegativelycharged electrons, theyoccupythe same
regionofspaceinorbitals

= Anorbitalcanonlyhold two electrons and theymust have opposite spin - the is known as the
PauliExclusionPrinciple

= Thisis because the energyrequired to jump to a higheremptyorbitalis greater than the inter-
electronrepulsion

= Forthisreason,theypairup and occupythelowerenergylevels first

Orbital Diagrams

= Theelectronconfigurationcanalso be represented usingthe orbital spindiagrams
= Fachboxrepresents anatomic orbital
= The boxes are arranged inorderofincreasing energyfromlowerto higher(i.e.startingfrom
closestto the nucleus)
= Theelectrons are represented byopposite arrows to show the spinofthe electrons
= E.g.the boxnotationfortitaniumis shownbelow

The electrons in titanium are arranged in their orbitals as shown. Electrons occupy the lowest energy
levels first before filling those with higher energy
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Determining Electronic Configurations

= Writing out the electronic configurationtells us how the electronsinanatomorionare arranged
intheirshells, subshells and orbitals
This canbe done using the fullelectron configuration orthe shorthand version
= The fullelectronconfigurationdescribes the arrangement of allelectrons fromthe 1s
subshellup
= Theshorthand electronconfigurationincludes using the symbol of the nearest preceding
noble gas to account forhowevermanyelectrons are inthat noble gas, followed bythe rest
ofthe electronconfiguration

lons are formed whenatoms lose orgainelectrons
= Negativeions are formed byadding electrons to the outersubshell
= Positiveions are formed byremoving electrons from the outersubshell
= The transition metals fill the 4s subshellbefore the 3d subshell,but theyalso lose electrons
fromthe 4s firstratherthan from the 3d subshell

The Periodic Table is split upinto fourmain blocks depending on theirelectronic configuration:
= sblockelements (valence electron(s)ins orbital)
= pblockelements (valence electron(s)inp orbital)
= dblockelements (valence electron(s)ind orbital)
= fblockelements (valence electron(s)inf orbital)

The elements can be divided into four blocks according to their outer shell electron configuration
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Exceptionstothe AufbauPrinciple

= Chromiumand copperhave the following electronconfigurations:
= Cris[A]3d%4s'not [Ar] 3d44s2
= Cuis[Ar]3d"0 4s'not [Ar] 3d? 452

= Thisis because the [Ar] 3d®4s'and [Ar] 3d'° 4s'configurations are energetically favourable
= Bypromotinganelectronfrom4sto 3d,these atoms achieve a half full orfulld-subshell,
respectively

@ Worked example
Write down the fulland shorthand electron configuration of the following elements:

1.Potassium
2.Calcium
3. Gallium
4.Ca?+

Answer:

Answerl:

= Potassiumhas 19 electrons so the full electronic configurationis:
152252 2p63s23pb4s!

= The 4s orbitalis lowerinenergythanthe 3d subshelland is therefore filled first
= Thenearestprecedingnoble gas to potassiumisargonwhichaccounts for18 electrons so
the shorthand electronconfigurationis:

[Ar] 4s!
Answer 2:
= Calciumhas 20 electrons so the full electronic configurationis:
152252 2p3s23pb4s?

= The 4s orbitalis lowerinenergythanthe 3d subshelland is therefore filled first
= The shorthand versionis [Ar] 4s2 since argonis the nearest precedingnoble gas to calcium
whichaccounts for18 electrons

Answer 3:

= Galliumhas 31electrons so the fullelectronic configurationis:
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[Ar] 3d10 452 4p!
Answer4:

If youionise calciumand remove two of its outerelectrons, the electronic configurationof
the Ca2*ionisidenticalto that of argon:

Ca2+*is1s22s22p%3s523pb

Aris also 1s22s22p63s23pf

O Exam Tip

Orbital spindiagrams can be drawn horizontallyorvertically,goingup ordown the page - thereis
no hard and fast rule about this. The important thingis that youlabel the boxes and have the right
numberofelectrons shown.The arrows youuse forelectrons canbe full orhalf-headed arrows,
but theymustbe inopposite directions inthe same box.
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