A FIRST LOOK AT THE PERIODIC TABLE

At the end of the 18th century, Lavoisier compiled a list
of the 23 elements known at that time; by 1870, 65 were
known; by 1925, 88; today, there are 116 and still
counting! These elements combine to form millions of
compounds, so we clearly need some way to organize
what we know about their behavior. By the mid-19®
century, enormous amounts of information concerning
reactions, properties, and atomic masses of the elements
led researchers to note recurring, or periodic, patterns

of element behavior. In 1871, the Russian chemist Dmitri
Mendeleev organized this information into a table that
listed the elements by increasing atomic mass, arranged
so that elements with similar chemical properties fell in
the same column. The modern periodic table of the
elements, based on Mendeleev’s earlier version—but
arranged by atomic number, not mass—is one of the
great classifying schemes in science and has become an

indispensable tool to chemists.



The Periodic Table

Organization of the Periodic Table

A modern version of the periodic table is formatted as
follows:

1. Each element has a box that contains its atomic
number, atomic symbol, and atomic mass. The boxes
lie in order of increasing atomic number (number of
protons) as you move from left to right.

2. The boxes are arranged into a grid of periods
(horizontal rows) and groups (vertical columns). Each
period has a number from 1 to 7. Each group has a
number from 1 to 8 and either the letter A or B. A new
system, with group numbers from 1 to 18 but no
letters, appears in parentheses under the number letter
designations. (Most chemists still use the number-letter
system, so the text retains it and shows the new
numbering system in parentheses.)

3. The eight A groups (two on the left and six on the
right) contain the main group, or representative,
elements. The ten B groups, located between Groups
2A(2) and 3A(13), contain the transition elements. Two

horizontal series of inner transition elements, the



lanthanides and the actinides, fit between the elements
in Group 3B(3) and Group 4B(4) and are usually
placed below the main body of the table.
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MAIN-GROUP [ Metals (main-group) MAIN-GROUP

ELEMENTS [ Metals (transition) ELEMENTS
— [ Metals (inner transition) I A
1A [ Metalloids 8A
(1 [__1 Nonmetals (18)
1 2
H 2A 3A | 4A | 5A | 6A | 7A | He
1.008 | (2) (13) | (14) | (15) | (16) | (17) |4.003
3 4 5 6 7 8 9 10
Li Be B C N (o) F Ne
6.941 | 9.012 10.81 | 12.01 [ 14.01 | 16.00 | 19.00 | 20.18
11 12 | TRANSITION ELEMENTS y KB 14 15 16 17 18
Na | Mg | 38 | 48 | 5B | 6B | 7B | 8B \ 1B | 28 | Al |~ Si P S | Cl | Ar

22992431 3) | @ | & | © | @ [ ® (9 (10| (1) | (12) |26.98 | 28.09 | 30.97 | 32.07 | 35.45 | 39.95

Period

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti \"/ Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.10 | 40.08 | 44.96 | 47.88 | 50.94 | 52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.41 | 69.72 | 72.61 | 74.92 | 78.96 | 79.90 | 83.80

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb | Mo | Tc Ru Rh Pd Ag | Cd In Sn Sb Te | Xe
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 [ 102.9 | 106.4 | 107.9 [ 112.4 | 114.8 | 118.7 [ 121.8 | 127.6 | 126.9 | 131.3

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs | Ba | La Hf Ta w Re | Os Ir Pt [ Au | Hg Tl Pb Bi Po At | Rn
132.9 1 137.3 | 138.9| |178.5 | 180.9 | 183.9 | 186.2 | 190.2 | 192.2 | 195.1 | 197.0 | 200.6 | 204.4 | 207.2 | 209.0 | (209) | (210) | (222)

87 88 89 104 | 105 | 106 | 107 | 108 [ 109 | 110 | 111 112 | 113 | 114 | 115 | 116
Fr | Ra | Ac||Rf | Db | Sg [ Bh | Hs | Mt | Ds | Rg
(223) | (226) | (227)| |(263) | (262) | (266) | (267) | (277) | (268) | (281) | (272) | (285) | (284) | (289) | (288) | (292)

4 INNER TRANSITION ELEMENTS T 7 ~=—=—~__ _ _

58 59 60 61 62 63 64 65 66 67 68 69 70 71

Lanthanides | Ce Pr | Nd [Pm | Sm | Eu | Gd | Tb Dy | Ho Er | Tm | Yb | Lu
140.1 | 140.9 | 144.2 | (145) | 150.4 | 152.0 | 157.3 | 158.9 | 162.5 | 164.9 | 167.3 | 168.9 [ 173.0 [ 175.0

90 91 92 93 94 95 96 97 98 99 100 | 101 | 102 | 103

Actinides Th Pa U Np | Pu | Am | Cm | Bk Cf Es | Fm | Md | No Lr
232.0 | (231) | 238.0 | (237) | (242) | (243) | (247) | (247) | (251) | (252) | (257) | (258) | (259) | (260)

At this point in the text, the clearest distinction among the
elements is their classification as metals, nonmetals, or
metalloids. The “staircase” line that runs from the top of
Group 3A(13) to the bottom of Group 6A(16) in Period 6 is a
dividing line for this classification. The metals (three shades

of blue) appear in the large lower-left portion of the table.
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About three-quarters of the elements are metals, including
many main-group elements and all the transition and inner
transition elements. They are generally shiny solids at room
temperature (mercury is the only liquid) that conduct heat
and electricity well and can be tooled into sheets (malleable)
and wires (ductile). The nonmetals (yellow) appear in the
small upper-right portion of the table. They are generally
gases or dull, brittle solids at room temperature (bromine is
the only liquid) and conduct heat and electricity poorly.
Along the staircase line lie the metalloids (green; also called
semimetals), which have properties between those of metals
and nonmetals. Several metalloids, such as silicon (Si) and
germanium (Ge), play major roles in modern electronics.

It is important to learn some of the group (family) names.
Group 1A(1), except for hydrogen, consists of the alkali
metals, and Group 2A(2) consists of the alkaline earth metals.
Both groups consist of highly reactive elements. The
halogens, Group 7A(17), are highly reactive nonmetals,
whereas the noble gases,

Group 8A(18), are relatively unreactive nonmetals. Other
main groups [3A(13) to 6A(16)] are often named for the first
element in the group; for example, Group 6A is the oxygen

family.



A key point that we return to many times is that, in general,
elements in a group have similar chemical properties and

elements in a period have different chemical properties.

Quantum Numbers of an Atomic Orbital

When the atom absorbs energy, it exists in an excited state
and the region of space occupied by the electron is described

by a different atomic orbital.
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An atomic orbital is specified by three quantum numbers.
One is related to the orbital’s size, another to its shape, and

the third to its orientation in space¥.

The quantum numbers have a hierarchical relationship: the
size-related number limits the shape-related number, which
limits the orientation-related number. Let’s examine this

hierarchy and then look at the shapes and orientations.

1. The principal quantum number (n) is a positive integer
(1, 2, 3, and so forth). It indicates the relative size of the
orbital and therefore the relative distance from the nucleus
of the peak in the radial probability distribution plot. The

principal quantum number specifies the energy level of the
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H atom: the higher the n value, the higher the energy level.
When the electron occupies an orbital with n =1, the H
atom is in its ground state and has lower energy than when
the electron occupies the n = 2 orbital (first excited state).
2. The angular momentum quantum number (I) is an
integer from 0 to n - 1. It is related to the shape of the
orbital and is sometimes called the orbital-shape. Note that
the principal quantum number sets a limit on the values
for the angular momentum quantum number; that is, n
limits I. For an orbital with n =1, | can have a value of only
0. For orbitals with n = 2, | can have a value of 0 or 1; for
those with n = 3, I can be 0, 1, or 2; and so forth. Note that
the number of possible | values equals the value of n.

3. The magnetic quantum number (mil) is an integer from -|
through 0 to+l. It prescribes the orientation of the orbital in
the space around the nucleus and is sometimes called the
orbital-orientation quantum number. The possible values of
an orbital’s magnetic quantum number are set by its
angular momentum quantum number; that is, | sets the
possible values of mi. An orbital with | = 0 can have only m
= 0. However, an orbital with I= 1 can have any one of
three mi values, -1, 0, or +1; thus, there are three possible

orbitals with | = 1, each with



its own orientation. Note that the number of possible mi

values equals the number of orbitals, which is 2| + 1 for a

given | value.

The following Table summarizes the hierarchy among the

three quantum numbers. (the falling and, we’ll discuss a

fourth quantum number that relates to a property of the

electron itself.) The total number of orbitals for a given n

value is n?,
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The Hierarchy of Quantum Numbers for Atomic Qrbitals
Name, Symbol
(Property) Allowed Values Quantum Numbers
Prncipal, Positive mteger 1 2 3
(size, energy) (1,2,3,..) /\ /\
Angular Otow —1 0 0 1 0 1 2
momentum, [
(shape)
Magnetic, m; =1 L0+ 0 0 -10 +1 0 -10 +1 -2 -10 41 +2

(orientation)

Determining Quantum Numbers for an Energy Level



Problem What values of the angular momentum (l) and
magnetic (ml) quantum numbers are allowed for a principal
guantum number (n) of 3? How many orbitals exist for n =
3?7 Plan We determine allowable quantum numbers with the
rules from the text: | values are integers from0Oton -1, and
ml values are integers from -l to 0 to +l. One ml value is
assigned to each orbital, so the number of ml values gives the
number of orbitals.

Solution Determining / values: forn =3, 1=0,1,2
Determining m; for each / value:

For/=0, m=0
For /=1, m;=-1,0,+1
Forl =2, my=-2,—-1,0,+1, +2

There are nine m; values, so there are nine orbitals with n = 3.

The total number of orbitals for a given n value is n?, and for

n=3,n?=9.
Home work Specify the | and mjvalues for n = 4.

The energy states and orbitals of the atom are described
with specific terms and associated with one or more
guantum numbers:

1. Level. The atom’s energy levels, or shells, are given by the
n value: the smaller the n value, the lower the energy level
and the greater the probability of the electron being closer to

the nucleus.



2. Sublevel. The atom’s levels contain sublevels, or subshells,
which designate the orbital shape. Each sublevel has a letter
designation:

| =0is an s sublevel.
| = 1isapsublevel.
| =2 is ad sublevel.
| = 3is an f sublevel.

Sublevels with | values greater than 3 are designated
alphabetically: g sublevel, h sublevel, etc.) Sublevels are
named by joining the n value and the letter designation. For
example, the sublevel (subshell) with n=2 and | = 0 is called
the 2s sublevel.
3. Orbital. Each allowed combination of n, I, and ml values
specifies one of the atom’s orbitals. Thus, the three quantum
numbers that describe an orbital express its size (energy),
shape, and spatial orientation. You can easily give the
guantum numbers of the orbitals in any sublevel if you know
the sublevel letter designation and the quantum number
hierarchy. For example, the 2s sublevel has only one orbital,
and its quantum numbersaren=2,1=0,and m =0. The 3p
sublevel has three orbitals: one withn=3,1=1, and m = -1,
another withn =3, 1 =1, and m; = 0; and a third with n = 3, |
=1, and m = +1.
Al Adlaia dadas cYla JMA e Lgdua g Sy 5 Al eVl 5 gY) g A3Ual) c¥la
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Determining Sublevel Names and Orbital Quantum

Numbers

Problem Give the name, magnetic quantum numbers, and
number of orbitals for each sublevel with the given quantum
numbers:

@n=31=2 (b)n=2,1=0 (c)n=51=1 (d)n=4,1=3

Solution
n | Sublevel Name Possible m, Values No. of Orbitals
(@3 2 3d =24 =) Tk e 5
(b)2 0 25 0 1
(©)5 1 5p —1,0, +1 3
(d) 4 3 4f =), =i =10 SH), S, T 7

Check Check the number of orbitals in each sublevel using

No. of orbitals = no. of ml values =21 + 1

Home work What are the n, I, and possible m; values for the
2p and 5f sublevels?

Identifying Incorrect Quantum Numbers

Problem What is wrong with each of the following quantum

number designations and/or sublevel names?

n [ m Name
(@1 1 0 1p
(b) 4 3 +1 4d

ek

(¢) 3 = 3p

11



Solution (a) A sublevel with n = 1 can have only | = 0,not |
=1. The only possible sublevel name is 1s

(b) A sublevel with | = 3 is an f sublevel, not a d sublevel.
The name should be 4f

(c) A sublevel with I =1 can have only mi of -1,0,+1, not -2.
Check that I is always less than n, and m; is always >-I and

<+,

Shapes of Atomic Orbitals
Each sublevel of the H atom consists of a set of orbitals with
characteristic shapes..
The s Orbital An orbital with | = 0 has a spherical shape with
the nucleus at its center and is called an s orbital.
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The p Orbital An orbital with | = 1, called a p orbital, has
two regions (lobes) of high probability, one on either side of
the nucleus. Thus, the nucleus lies at the nodal plane of this
dumbbell-shaped orbital.

The maximum value of I is n - 1, so only levels with n = 2 or
higher can have a p orbital. Therefore, the lowest energy p
orbital (the one closest to the nucleus) is the 2p. Keep in
mind that one p orbital consists of both lobes and that the

electron spends equal time in both. Similar to the pattern for
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s orbitals, a 3p orbital is larger than a 2p orbital, a 4p orbital
is larger than a 3p orbital, and so forth.

Unlike an s orbital, each p orbital does have a specific
orientation in space. The | = 1 value has three possible mi
values: -1, 0, and _1, which refer to three mutually
perpendicular p orbitals. They are identical in size, shape,
and energy, differing only in orientation. For convenience,
we associate p orbitals with the x, y, and z axes (but there is
No necessary relation between a spatial axis and a given mi
value): the px orbital lies along the x axis, the py along the y
axis, and the pz along the z axis.

The d Orbital An orbital with | = 2 is called a d orbital.
There are five possible mivalues for the | = 2 value: -2, -1, 0,
+1, and +2. Thus, a d orbital can have any one of five
different orientations, . Four of the five d orbitals have four
lobes (a cloverleaf shape) prescribed by two mutually
perpendicular nodal planes, with the nucleus lying at the
junction of the lobes. Three of these orbitals lie in the
mutually perpendicular xy, xz, and yz planes, with their
lobes between the axes, and are called the dxy, dx;, and dy:z
orbitals. A fourth, the orbital, also lies in the xy plane, but its
lobes are directed along the axes. The fifth d orbital, the ,
has a different shape: two major lobes lie along the z axis,

and a donut-shaped region girdles the center. An electron

13



associated with a given d orbital has equal probability of

being in any of the orbital’s lobes.
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The Electron-Spin Quantum Number: As we said

that the three quantum numbers n, I, and ml describe the
size (energy), shape, and orientation, respectively, of an
atomic orbital. However, an additional quantum number is
needed to describe a property of the electron itself, called
spin, which is not a property of the orbital. Electron spin
becomes important when more than one electron is present.

Like charge, spin is an intrinsic property of the electron, and

the spin quantum number (ms) has values of either +% or -

14



%. Thus, each electron in an atom is described completely by

a set of four quantum numbers: the first three describe its
orbital, and the fourth describes its spin. The quantum

numbers are summarized in Table.

Table Summary of Quantum Numbers of Electrons in

Atoms

Name Symbol  Permitted Values Property

Principal n Positive integers (1, 2, 3, ...)  Orbital energy (size)

Angular [ Integers from0ton — 1 Orbital shape (The I values

momentum 0,1, 2, and 3 correspond

to s, p, d, and f orbitals,
respectively.)

Magnetic my Integers from —/ to 0 to +/ Orbital orientation

Spin My +3 01 —3 Direction of €™ spin

Now we can write a set of four quantum numbers for any
electron in the ground state of any atom. For example, the

set of quantum numbers for the lone electron in hydrogen

(H;Z=1)isn=1,1=0, ml =0, and m; :+%, (The spin

quantum number for this electron could just as well have

been % , but by convention, we assign +%for the first

electron in an orbital.)
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The Exclusion Principle

The Austrian physicist Wolfgang Pauli formulated the
exclusion principle: no two electrons in the same atom can
have the same four quantum numbers. That is, each electron
must have a unique “identity” as expressed by its set of
guantum numbers. Therefore, the second He electron

occupies the same orbital as the first but has an opposite

spin:n:1,I:0,m|:O,andms:—%.
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Here are two common ways to designate the orbital and its
electrons:

1. The electron configuration. This shorthand notation
consists of the principal energy level (n value), the letter

designation of the sublevel (I value), and the number of
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electrons (#) in the sublevel, written as a superscript: nl* .
The electron configuration of H is 1s1 (spoken “one-ess-
one”); that of He is 1s? (spoken “one-ess-two,” not “one-ess-
squared”). This notation does not indicate electron spin but
assumes you know that the two 1s electrons have paired

(opposite) spins.

2. The orbital diagram. An orbital diagram consists of a box
(or circle, or just a line) for each orbital in a given energy

level, grouped by sublevel, with an arrow indicating an

electron and its spin . (up is + % and down is - % )

Throughout the text,

orbital occupancy is also indicated by color intensity: an
orbital with no color is empty, pale color means half-filled,
and full color means filled.) The electron configurations and

orbital diagrams for the first two elements are

HZ=1) 1s' |1 He (Z=2) 1s* |1
ls ls

The exclusion principle tells us that an orbital can hold only
two electrons, so the 1s orbital in He is filled, and the n = 1
level is also filled. The n = 2 level is filled next, beginning

with the 2s orbital, the next lowest in energy.
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As we said earlier, the first two electrons in Li fill the 1s

orbital, and the last added L.i electron has quantum numbers

n=2,1=0,m =0, ms :+%. The electron configuration for

Li is 1s?2s. Note that the orbital diagram shows all the

orbitals for n = 2, whether or not they are occupied:

A 2p
Energy, E - | 2s 1
-
Li@z=3 12 [ [1 é“
ls 2s 2p &
Ls [T,

To minimize electron-electron repulsions, the last added
(sixth) electron of carbon enters one of the unoccupied 2p
orbitals; by convention, we place it in the ml = 0 orbital.
Experiment shows that the spin of this electron is parallel to
(the same as) the spin of the other 2p electron: n =2, 1 =1,

.ml =0, ms:+%

C(Z=16) 15°25s2p° T T T[T
s 2s 2p
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This placement of electrons for carbon exemplifies Hund’s
rule: when orbitals of equal energy are available, the
electron configuration of lowest energy has the maximum
number of unpaired electrons with parallel spins. Based on
Hund’s rule, nitrogen’s seventh electron enters the last

empty 2p orbital, with its spin parallel to the two other 2p

electrons:n=2,1=1, ml=+1, ms:+%

N@Z=17) 152572 T Tt
ls 2s 2p

The eighth electron in oxygen must enter one of these three
half-filled 2p orbitals and “pair up” with (have opposing
spin to) the electron already present. With the 2p orbitals all
having the same energy, we place the electron in the orbital

previously designated ml = -1. The quantum numbers are

n=2 1I=1, m= -1, ms:-%

0@z=298) 12522 MY [I¥ [T T]17
1s 2s 2p
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Group and Period Numbers :

Key information is embedded in the periodic table:
1.Among the main-group elements (A groups), the group
number equals the number of outer electrons (those with
the highest n): chlorine (Cl; Group 7A) has 7 outer
electrons, tellurium (Te; Group 6A) has 6, and so forth
2.The period number is the n value of the highest energy
level. Thus, in Period 2, the n = 2 level has the highest
energy; in Perio.d 5, it is the n =5 level
3.The n value squared (n?) gives the total number of

orbitals in that energy level.
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