A-3 The Mole4

The mole (abbreviated mol) is the SI unit for the amount of a chemical species. It

is always associated with a chemical formula and represents Avogadro's number
(6.022 X 10%) of particles represented by that formula. The molar mass( MWt) of a
substance is the mass in grams of 1 mol of that substance. Molar masses are calculated
by summing the atomic masses of all the atoms appearing in a chemical formula

. For example. the molar mass of formaldehyde, CH,O. is

sive. But because the mass of the
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Thus, 1 mol of formaldehyde has a mass of 30.0 g and 1 mol of glucose has a mass [ e

EXAM PIE 4-1

How many moles and millimoles of benzoic acid (MWt = 122.1 g/mol) are contained in 2.00 g
of the pure acid

If we use HBz to represent benzoic acid, we can write that 1 mol of HBz has
amass of 122.1 g. Thus,

I mol HBz

122.1 g HB7
= (.0164 mol HBz

amount of HBz = nyg, = 2.00 g HB7 X (4-1)

To obtain the number of millimoles, we divide by the millimolar mass (0.1221
g/mmol). That 1s,

1 mmol HBz
0.1221 g HBZ

amount HBz = 2.00 g HBz X = 16.4 mmol HBz




EXAMPLE 4-2
How many grams of Na” (MWt 22.99 g/mol) are contained in 25.0 g of Na,S0,

(g/mol 142.0)
The chemical formula tells us that 1mol of Na,SO, contains 2 mol of Na"
That is :

2 mol Na*

mol-NasS0;

amount Na™ = ny,+ = no. melNa;50; X

To obtain the number of moles of Na,SO, we proceed as in Example 4-1:

I r o I mol Na,SO,
—i1 e = : v
amount NapdUy = iy, g0, &NazS0O; 142.0 g Nas56;,

Combining this equation with the first leads to

1 mol NasS0; . 2mnl_l\_l_il"’
142.0 g NasSO; molNasSO;

amount Na* = ny,. = 25.0 g NasSO; X

To obtain the mass of sodium in 25.0 g of Na,SO,, we multiply the number of
moles of Na* by the molar mass of Na*, or 22.99 g. That is,

22.99 g Na*

mass Na* = no. melNa*+ X
mol-Na™

Substituting the previous equation gives the number of grams of Na™:

mass Na* = 25.0 g Na-56; X 1 m'ﬂﬂﬂﬁ;_ % 2 mebNa™ = 22.99 g Na*
142.0 g NesSO; ~ molNasSO; ~ molNa™
=8.10g Na'




Concentration of Solutions

Chemists express the concentration of species in solution in several ways. The most important
N ways are described in this section

Molar Concentration

The molar concentration Cx of a solution of a chemical species X is the number of

moles of that species that is contained in 1L of the solution (not 1 L of the solvent).

The unit of molar concentration is molarity, M, which has the dimensions of mol L'

Molarity also expresses the number of millimoles of a solute per milliliter of solution

no. mol solute  no. mmol solute
Cy — _ = ;
no. L solution no. mL solution

EXAMPLE 4-3

Calculate the molar concentration of ethanol in an aqueous solution that contains
2.30 g of C,H5s0H (46.07g / mol) in 3.50 L of solution.

Because molarity is the number of moles of solute per liter of solution, both

of these quantities will be needed. The number of liters is given as 3.50, so all
we need to do 1s convert the number of grams of ethanol to the corresponding
number of moles

1 mol C,H;OH
46.07 g G H-0H
= 0.04992 mol C-Hs;OH

amount C;HsOH = ne oy = 2.30 g CH0H X

To obtain the molar concentration, ¢¢y, oy, We divide by the volume. Thus,

1 mol C-H;OH
46.07 g C-H=0H
CCH.OH = 350L

= (0.0143 mol C-H-OH/L = 0.0143 M

2.30 g C.H6H X




Analytical Molarity
The number of moles of a solute in 1L of the solution (or the total number of millimoles
in 1mL). That is, the analytical molarity specifies a recipe by which the solution can be
prepared.
- For example. a sulfuric acid solution that has an analytical concentration of 1.0 M
can be prepared by dissolving 1.0 mol. or 98 g, of H,S0, in water and diluting to exactly 1.0 L

Equilibrium Molarity-The equilibrium molarity expresses the molar concentration
of a particular species in a solution at equilibrium. To state the species molarity, it is necessary
to know how the solute behaves when it is dissolved in a solvent

EXAMPLE 4-4

Calculate the analytical and equilibrium molar concentrations of the solute
species in an aqueous solution that contains 285 mg of trichloroacetic acid,
Cl,CCOOH (163.4 g/mol), in 10.0 mL (the acid is 73% ionized in water).

As in Example 4-3, we calculate the number of moles of Cl;CCOOH, which
we designate as HA, and divide by the volume of the solution, 10.0 mL, or
0.01000 L. Thus,

1 g HA I mol HA
e — 2 i x—_— X ; e
amount HA = rty = 285 mgHA X 1000 metiA < 163.4 g HA

1.744 % 107 mol HA
The analytical molar concentration, ¢y, 1s then

1.744 X 103 mol HA 1000 mEt mol HA

= - X = =g
CHa s ”_ 0.174 = 0.174 M




In this solution. 73% of the HA dissociates, giving H" and A :
HA == H" + A~
The species molarity of HA is then 27% of cya. Thus,
[HA] = ey X (100 — 73)/100 = 0.174 X 0.27 = 0.174 mol/L.

= 0.047 M
The species molarity of A~ is equal to 73% of the analytical concentration of
HA. That is,
73 mol A~
S ), =0.127M
[A] 100 : 0.174 L 0.127

Because | mole of H' is formed for each mole of A, we can also write

[H']=[A"]=0.127TM

EXAMPLE 4-5

Describe the preparation of 2.00 L of 0.108 M BaCl, from BaCl, - 2H,0
(244.3 g/mol).

To determine the number of grams of solute to be dissolved and diluted to
2.00 L, we note that 1 mol of the dihydrate yields | mol of BaCl,. Therefore. to
produce this solution we will need

0.108 mol BaCl, - 2H,0
200 X — L = 0216 mol BaCl - 2H,0

The mass of BaCl, - 2H,0 is then

2443 g BﬂClE = QHEO
mol-BaCk2H,0

0.216 mol BaCl=2F50 X = 52.8 g BaCl, - 2H,0

Dissolve 52.8 g of BaCl, - 2H,0 in water and dilute to 2.00 L.



EXAMPLE 4-6

Describe the preparation of 500 mL of 0.0740 M Cl~ solution from solid
BaCl, - 2H,0 (244.3 g/mol).

0.0740 met-Ct™ | molBaCh2H;0
BB 210 = % 0.500 & %
mass BaCl, - 2H, v 5
(A3BCLIHO
molBaCl2H0 - & Paviz”h

Dissolve 4.52 g of BaCl, - 2H,0 in water and dilute to 0.500 L or 500 mL.

Percent Concentration
Chemists frequently express concentrations in terms of percent (parts per hundred unfortunately, this
practice can be a source of ambiguity because percent composition of a solution can be expressed

in several ways. Three common methods are

weight solute

weight percent (w/w) - — % 100% < Weight percent would be more prop-
weight solution erly called mass percent and abbrevi-

volume solute ated m/m. The term “weight percent” is

volume percent (v/v) = ——— X 100% so widely used 1n the chemical Itera-
volume solution _ ) i
ture, however, that we will use it
weight solute, g throughout this text.

1 3 fv) = X T

weight/volume percent (w/v) volume solution. mL 100
Weight percent is frequently employed to express the concentration of commercial
aqueous reagents. For example. nitric acid is sold as a 70% solution, which means
that the reagent contains 70 g of HNO; per 100 g of solution (see Example 4-10)

Volume percent is commonly used to specify the concentration of a solution prepared
by diluting a pure liquid compound with another liquid. For example, a 5%

aqueous solution of methanol usually describes a solution prepared by diluting 5.0mL
of pure methanol with enough water to give 100 Ml

Weight/volume percent is often employed to indicate the composition of dilute
aqueous solutions of solid reagents. For example, 5% aqueous silver nitrate often
refers to a solution prepared by dissolving 5 g of silver nitrate in sufficient water to
give 100 mL of solution

Parts per Million and Parts per Billion

For very dilute solutions, parts per million (ppm) is a convenient way to express



Concentration
A handy rule in calculating parts per million is to remember that for dilute
aqueous solutions whose densities are approximately 1.00 g/mL, 1ppm =1.0 mg/ L that is :-

mass of solute 06 mass solute (mg) 13
= - LIy = r -
Cppm mass of solution o+ LR PP volume solution (L) (+-3)
mass solute (g) .
Cppb — ' X 10” ppb

mass solution (g)

= 1.00 pe/L

EXAMPLE 4-7

What is the molarity of K™ in a solution that contains 63.3 ppm of K Fe(CN)g
(329.3 g/mol)?

Because the solution is so dilute, it is reasonable to assume that its density is
1.00 g/mL. Therefore. according to Equation 4-2.

63.3 ppm K;3Fe(CN)g = 63.3 mg KiFe(CN)g/L

no. mol KyFe(CN)s  63.3 mg KFe(CNg « 1 g KFetCN)g

L IE 1000 mg K-Fet€NJg
1 mol K;Fe(CN),

329.3 g K FefENJ;

=1.922 X m_qum — 1922 X 104 M

1.922 X 10 mol K FefENT; e 3mol K*

i | mol K Fe(€NT,

1K
=577 X 10~2 m“—L*-: 577 X 10-*M

[K'] =

p-Functions
Scientists frequently express the concentration of a species in terms of its
p-function, or p-value. The p-value is the negative logarithm (to the base 10) of
,the molar concentration of that species. Thus, for the species X

P*=-log [ X]



EXAMPLE 4-8

Calculate the p-value for each ion in a solution that is 2.00 X 10~3 M in NaCl
and 5.4 X 1074 M in HCL

pH = —log [H'] = —log (5.4 X 107%) = 3.27

To obtain pNa, we write
pNa = —log (2.00 X 1073) = —Jog 2.00 X 1073 = 2.699

The total C1 concentration is given by the sum of the concentrations of the
two solutes:

[CI]1=200X10*M+ 54X 10%M
=200X103M+054X10°M=254%X103*M

pCl = —log 2.54 X 1073 = 2.595

EXAMPLE 4-9
Calculate the molar concentration of Ag™ in a solution that has a pAg of 6.372.

pAg = —log [Ag"] = 6.372
log [Ag®] = —6.372

[Agt] = 4.246 X 1077 =~ 4.25 X 1077
The density
of a substance is its mass per unit volume, whereas its specific gravity is

the ratio of its mass to the mass of an equal volume of water at 4°C. Density has units
of kilograms per liter or grams per milliliter in the metric system.



EXAMPLE 4-10

Calculate the molar concentration of HNO; (63.0 g/mol) in a solution that has a
specific gravity of 1.42 and is 70.5% HNO; (w/w).

Let us first calculate the grams of acid per liter of concentrated solution

g HNO;  1.42 kg reagent - 10° g reagemnt o 705g BNO, 1001 g HNO;
L reagent L reagent kg reagent 100 greageTit h L reagent

Then

1001 g HNO; 1 mol HNO;  15.9 mol HNO;
CaHNG., = x == = 16 M
2 L reagent 63.0 g HNO; L reagent




EXAMPLE 4-11

Describe the preparation of 100 mL of 6.0 M HCl from a concentrated solution
that has a specific gravity of 1.18 and is 37% (w/w) HCI (36.5 g/mol).

Proceeding as in Example 4-10, we first calculate the molarity of the concen-
trated reagent. We then calculate the number of moles of acid that we need for
the diluted solution. Finally, we divide the second figure by the first to obtain the
volume of concentrated acid required. Thus, to obtain the molanty of the con-
centrated reagent. we write

1.18 X lU-‘g.;eﬂgenT - 37 g HEL 1 mol HCl1

— 2 x =120M
i L reagent 100 g reagent .~ 36.5 g HEl
The number of moles HCl required is given by
g 1 HC1
no. mol HCI = 100 mE X 2 X 60 waldis = 0.600 mol HC1

1000 mi- E
Finally, to obtain the volume of concentrated reagent. we write

e { = 0.600 molHET X - reagent
VOIL CONCc reagfn L 12-0

= 0.0500 L or 50.0 mL

Thus dilute 50 mL of the concentrated reagent to 600 mL.

The solution to Example 4-11 is based on the following useful relationship,
which we will be using countless times:

Veoncd X Cooncd = Vaa X €4 (4-4)

Stoichiometry is defined as the quantitative relationship among reacting chemical
species. This section provides a brief review of stoichiometry and its applications
to chemical calculations



EXAMPLE 4-12

(a) What mass of AgINO; (169.9 g/mol) is needed to convert 2.33 g of Na,CO;
(106.0 g/mol) to Ag,CO47 (b) What mass of Ag,CO5 (275.7 g/mol) will be
formed?

(a) Na,COs(ag) + 2ZAgNO;(ag) — Ag,CO5(s) + 2NaNOs(ag)

1.0 ¥ 3

= 0.02198 mol Na,CO,

Step 2. The balanced equation reveals that

2 mol AgNO,
1 mol Ma,€0;

no. mol AgNQO; = RagNO, = 0.02198 mol Nay€0O; X
= (.04396 mol AgNO;

Here the stoichiometric factor is (2 mol AgNO;)/(1 mol Na,COs3).

169.9 g AgNO,

Step 3. mass AgNO; = 0.04396 mol-AgNG; X 3

= 7.47 g AgNO;

(b) no. mol Ag,CO; = no. mol Na,CO4; = 0.02198 mol

Mass 2 = L. -
&2 ! 2 ! m@LW
= 6.06 b Ag2C03




EXAMPLE 4-13
What mass of Ag,CO; (275.7 g/mol) is formed when 25.0 mL of 0.200 M
AgNO; are mixed with 50.0 mL of 0.0800 M Na,CQO,?

Mixing these two solutions will result in one (and only one) of three possible
outcomes. specifically:

(a) An excess of AgNO; will remain after reaction is complete.

(b) An excess of Na,CO; will remain after reaction is complete.

(c) An excess of neither reagent will exist (that is. the number of moles of
Na-(O4 is exactly equal to twice the number of moles of AgNO;).

As a first step, we must establish which of these situations applies by calcu-
lating the amounts of reactants (in chemical units) available at the outset.
Initial amounts are

1 L-AsNO;
t AeNO; = = 25.0 X
amount AgNO; = na.np, mL-AeNO; 1000
1200 mol AgNOs _ & 13« 103 mol AgNO
- 3. mo
L AgNO; it
1 L Na;€05
no. mol Na,CO; = ny, co. = 50.0 mLNa€0; X -
S T L, 2253 7 1000 mLNa€O;

o 0.0800 mol Na,CO;
L Na;CO;

Because each CO5 ion reacts with two Ag' ions, 2 X 4.00 X 1073 = 8.00
X 107 mol AgNOs; is required to react with the Na,COs. Since we have insuf-
ficient AgNQOs, situation (b) prevails and the amount of Ag-CO; produced will
be limited by the amount of AgNO; available. Thus,

Ag'ﬂﬂ_' 275.7g Ag,CO;
2 mel-AgNO; mol-AgCO;

= 4.00 X 1073 mol Na,CO,

mass Ag,CO; = 5.00 X 107 mel-AgNO; X
= 0.689 g Ag,CO;




EXAMPLE 4-14

What will be the analytical molar Na,CQO» concentration in the solution produce
when 25.0 mL of 0.200 M AgNO; are mixed with 50.0 mL of 0.0800 M Na,CO;

We have seen in the previous example that formation of 5.00 X 1073 mol ¢
AgNO; will require 2.50 X 10~ ? mol of Na,CO4. The number of moles of unre
acted Na,COj is then given by

Maco, = 4.00 X 1073 mol Na,CO; —

5.00 X 1073 mol- AzNO; X
= 1.50 X 1072 mol Na.CO4

1 mol Na.CO,
2 mol-ApNO;

By definition the molarity is the number of moles of Na,COs/L. Thus,

1.50 X 103 mol Na,CO; " 1000 miZ

(50.0 + 25.0) k- TR

CNa.COy —



