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Definitions:  

solute = מּומס,   solvent = מֵמס,  solution = תמיסה.

Concentration Units (see next two slides):

Molarity, molality, X = mole fraction, Normality, density (or ),

w/w % = weight %,    v/v % = volume %,    Proof,    w/v %,

ppm = parts per million,   ppb, etc.

Solubility:  “like dissolves like”

Miscible Liquids   Solution  (homogeneous mixture):

C2H5OH – H2O   &   C8H18 – CCl4
“Immiscible” Liquids  heterogeneous mixture (separate layers)

Questions?

1. What really drives the dissolution process?  Energetics?
2. Why doesn’t a non-polar molecule dissolve in a polar solvent?

(Give several reasons.)

Solution Properties
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Solution Concentrations

Molarity = M = # of moles of solute/L of solution  =  n/V

Density = d or  (rho):  dsol’n = msol’n/Vsol’n.

molality = m = # of moles of solute/kg of solvent

In very dilute aqueous solutions, m is nearly the same as M.  Why?

Mole fraction = X:   Xi =  ni/ntotal,  SXi = 1

Mole % = Xi100,   Si = 100 %

Weight percent =  w %:  w % of i  =  mi/mtotal 100

parts per million  =  ppm:  1 g substance / 106 g total.

For liquid water: d  1.0 g/mL.  a mass of 1 g  a volume of 1 mL.

So, for an aqueous solution, for a concentration unit of “mg/L”:

mg/L   ppm

parts per billion  =  ppb:

Volume Percent = V %:   V % of i  =  Vi/Vtotal  100. 

Used in mixtures of liquids.  BUT note that volumes are not additive.

Proof (used for whiskey)  =  double the V %.

Quantity of a solute per quantity of solvent (or solution)
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Selected Concentration Examples:

(1) 1.2 kg ethylene glycol (HOCH2CH2OH), an antifreeze, is added to 4.0 kg

water. Calculate (for ethylene glycol): mole fraction, molality, weight %.  

[Answers:  X = 0.080,  m = 4.8 m,  w % = 23 %]

(2) 560 g NaHSO4 are dissolved in 4.5x105 L water at 25oC.  Calculate the Na+

concentration in parts per million.  [Answer: 0.24 ppm]

(3) 10.0 g of sucrose (C12H22O11) are dissolved in 250. g of water.  Calculate 

(for sugar): X, m, w %.  [Answers: X = 0.00210, m = 0.117 m, w % = 3.85 %.]

(4) Sea water has a sodium ion concentration of 1.08 x 104 ppm. If the Na is 

present in the form of dissolved sodium chloride, how many grams of NaCl 

are in each liter of sea water?  (Density of sea water is 1.05 g/mL.)

[Answer:  28.7 g NaCl/L]

(5) A 0.100-M aqueous solution of ethylene glycol has a density of 1.09 g/mL.  

What is the molality of the solution?  [Answer: 0.0923 m]
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Solubility of  Solids

Remember there are 4 basic solids:

1. Network solids (diamond, graphite) cannot dissolve 

without breaking covalent bonds.

2. Molecular solids – “like dissolve like”

3. Metals – do not dissolve in water (some will react, but not 

dissolve)

4. Ionic Solids – remember the solubility rules?
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Heat of  Solution depends on the relative intermolecular forces:

pure components vs. mixed components

(solute-solute  +  solvent-solvent)   vs. (solute-solvent)

Intermolecular forces: if   pure <  mixed    ΔHsol and ΔVsol _____

(Examples:  NaOH, etc.…)

if   pure >  mixed    ΔHsol and ΔVsol _____

(Examples:  NH4Cl, NH4NO3, …)

Ideal Solution:  ΔHsol and ΔVsol = 0

Energetics of  Dissolution:
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MX(s) M+(g) +  X–(g) M+(aq) +  X–(aq)
–U 

U = lattice energy
< 0

Energetics (continued): Virtual Reality

Calculating Heats of  Solution of  Ionic Compounds:

MX(s)  MX(aq), ΔHsol

ΔHhyd

Method 1:  From Lattice Energies and Heats of  Hydration (Hess’s Law)

ΔHsol

Solubility
in H2O

(g /100 mL)

ΔHsolution
(infinite dilution)

(kJ/mol)

ΔHhydration

(kJ/mol)

Lattice
Energy, U

(kJ/mol)
Compound

8.9x10-5 (10oC)+61-851-912 AgCl

35.7 (0oC)+26-760-786NaCl

0.3 (18oC)+32-1005-1037LiF

92.3 (18oC)+2-819-821KF

130.6 (18oC)-3-792-789RbF

(continued)
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Method 2:  From Standard Enthalpies of  Formation

MX(s)  MX(aq, 1 m) ΔHo
sol =  ΣP ΔHo

f – ΣR ΔHo
f

ΔHo
f  (aq, 1 m), kJ/molΔHo

f  (s), kJ/molCompound

-611.1-616.0LiF

-572.8-573.6NaF

-585.0-526.3KF

-583.8-557.7RbF

-445.6-408.6LiCl

-407.3-411.2NaCl

-419.5-436.7KCl

-418.3-435.4RbCl

-470.1-425.6NaOH

-339.9-365.6NH4NO3

For NaCl:  ΔHo
sol = +3.9 kJ/mol;  ΔHsol, = +26 kJ/mol
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Factors Affecting Solubility:  P & T

Henry’s Law:  Dissolving Gases in Liquids (Pressure Effects)

(An Ideal-Dilute Solution)

Pg

Sg

g(aq) g(g)

Sg =  kHPg

kH, KH  Henry’s Law Constant

= f(solute, solvent)

kH at 25oC in water

10–6 M/torrGas

0.842N2

1.66O2

44.8CO2

SCUBA  Self-Contained Underwater Breathing Apparatus
In dives, pressure of  the air one breathes must be balanced against the 

external pressure of  the water.  (@ 10 m, P=2 atm.)
Thus, in deep dives, as P increases, more gas dissolves in the blood.
If  one ascends too rapidly, one can experience “the bends”: 

N2 gas is less soluble than O2 and escapes from the dissolved state; thus 
N2 gas bubbles will form in the blood, resulting in an interrupted flow 
of  blood (and therefore of  O2) in the capillaries and the brain.

Generally, a He-O2 mixture is used instead of  N2-O2. 

Real, very dilute, 
solutions are 

often ideal, i.e., 
follow

Henry’s Law

William Henry

Recall Kequil expression
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Le Chatelier’s Principle:  Temperature Effects

Dissolving Gases in Water:

When T increases, the solubility of  ALL gases ______________!!!

ΔHsol’n <  0, for ALL gases:

Gas + Liquid   Gas(sol’n) + Heat

Dissolving Ionic Solids in Water:
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Give a molecular explanation of  the following trend in alcohol 
solubilities in water:

n-Propanol CH3CH2CH2OH Comp. Miscible

n-Butanol CH3CH2CH2CH2OH 1.1 M

n-Pentanol CH3CH2CH2CH2CH2OH 0.30 M

n-Hexanol CH3CH2CH2CH2CH2CH2OH 0.056 M

Polar and non-polar 

parts in a molecule: 
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Vitamins are organic molecules that are required for proper function but 

are not synthesized by the human body.  Thus, vitamins must be present in 

the foods people eat.  Vitamins fall into two categories: fat-soluble, which 

dissolve in fatty hydrocarbon-like tissues and water-soluble.  The 

structures of  several vitamins follow.  Assign each one to the appropriate 

category.
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Colligative Properties for Ideal Solutions
“co-lig”  =  bound together

Four solution properties that have some things in common:

1. The solute interferes with the normal actions of  the solvent molecules.

2. The degree of  that interference linearly depends on the concentration 

of  the solute, but NOT on the nature of  the solute.

Properties of  Ideal Solutions Solutions Containing Volatile Solvent 

and Non-Volatile Solute(s):

• Vapor Pressure Lowering: Raoult’s Law

• Boiling Point Elevation.

• Freezing Point Depression

• Osmosis & Osmotic Pressure
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1. Vapor Pressure Lowering for Ideal Solutions

Pure
Solvent

Solution

= solute,
non-
volatile

V.P. of  solvent in solution (Psolvent)  <  V.P. of  pure solvent (P*
solvent):

Less solvent molecules at surface: solutes at surface block the solvents from escaping.

Raoult’s Law for IDEAL Solutions:   Psolvent =  Xsolvent  P*
solvent

P*
solvent Psolvent

Vapor Pressure Lowering: ΔPsolvent  P*
solvent – Psolvent = XsolutesP

*
solvent

P

T

L

G

ΔP

Clausius-Clapeyron

Proof: At equilibrium,  Rvaporization =  Rcondensation  kXsolvent =   k’Psolvent

Psolvent =   (k/k’)Xsolvent =          P*
solventXsolvent

For pure liquid:  Psolvent = P*
solvent,  Xsolvent = 1   P*

solvent = k/k’
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Raoult’s Law for IDEAL Solutions:   Psolvent =  Xsolvent  P*
solvent

At equilibrium:

Rvaporization =  Rcondensation

kXsolvent =   k’Psolvent

Proof

Psolvent =   (k/k’)Xsolvent

For pure liquid:  Psolvent = P*
solvent,  Xsolvent = 1:

P*
solvent = k/k’

Psolvent =  P*
solventXsolvent
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solvent

solute

Explanations:

Solute molecules block the solvent molecules from leaving the liquid phase 

and entering:

(a) the gas phase during boiling; thus, Tb must be increased

(b)the solid phase during freezing; thus Tf must be decreased

2. Boiling Point Elevation + 3. Freezing Point Depression
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2. Boiling Point Elevation for Ideal Solutions

B.P.E. is a direct consequence of  the V.P.L.

P

T

L

G

ΔP

ΔTb

The presence of  solute particles at the surface of  the liquid solution 

reduces the ability of  the solvent molecules to leave the liquid phase and 

enter the gas phase upon boiling (or the solid phase upon freezing):

ΔTb  Tb – T*
b =  kbmsolutes

kb = molal boiling point elevation constant

(ebullioscopic constant)

solvent(s)     solvent(l)   solvent(g)

solvent(s)         solvent(sol’n)        solvent(g)
Tb

Tf

(proved later)

For   ΔTb = k’bXsolute,

k’b = RT*
b

2/ΔH*
vap = f(solvent)
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3. Freezing Point Depression for Ideal Solutions

kf = molal freezing point depression
constant (cryoscopic constant)

ΔTf  T*
f – Tf =  kfmsolutes

(proved later)

For   ΔTf = k’fXsolute,

k’f = RT*
f
2/ΔH*

fus = f(solvent)
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Ebullioscopic and Cryoscopic Constants

kf

(oC/m)

Tnf

(oC)

kb

(oC/m)

Tnb

(oC)
Solvent

1.860.000.5121100.0Water

5.125.502.5380.1Benzene

39.7179.755.611207.4Camphor

3.6361.7
Chloroform 

(CHCl3)

(linear)
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Derivation of  the Ebullioscopic (kb) & Cryoscopic (kf) Constants

Kmole-fractions =  YA*(g)/XA(ℓ,sol’n) =  1/XA(ℓ) =  1/(1–XB)

ΔHo
vap,A – TbΔSo

vap,A =  ΔGo
vap,A = +RTbℓn(1–XB)

A(ℓ,sol’n)

+

B(sol’n)

A*(g)

A = solvent
B = non-volatile

solute

A(ℓ,sol’n)  A*(g) Recall:   ΔHo – TΔSo =  ΔGo =  –RTℓnKeq

ℓn(1–XB)  =   ΔHvap,A/RTb – ΔSvap,A/R

For a pure 
liquid, XB=0: 0       =  ΔH*

vap,A/RT*b – ΔS*
vap,A/R

(The following equations refer to the standard state, Po = 1 bar):

For a sol’n:
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When X << 1, ln(1–X)  –X
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b
b mX  ,Xk'  X

ΔH
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For Freezing Point Dep.:
A*(g) is replaced by A*(s):

T*
b is now T*

f
ΔH*

vap is now ΔH*
fus

(cont’d)
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Recall:  Sphysical = Hphys/T

According to Trouton’s Rule:  Svaporization  constant.

From previous equation,  

solutebB

vap

2*

b
b Xk'  X

ΔH

RT
  T 
















solute

*

bbB

*

b

vap

B

*

b

vap

*

b
B

vap

2*

b XT'k'  XT
ΔS

R
  X

T

ΔH

RT
  X

ΔH

RT
 































So, how does the solvent affect the Boiling Point Elevation?
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4. Osmosis & Osmotic Pressure

 = MRT

Before & After Effects



pure

sol’n

(Greek: “push”)

The flow of  solvent is 
from the more dilute to 
the more concentrated 
solurion or:
from the high solvent 
concentration to the 
low solvent conc.

Before

Effects

pure solvent solution

semi-
permeable
membrane

After

Effects

Hydrostatic
Pressure:

P = gdh
d: of  diluted sol’n,

after osmosis
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A raw egg into three different liquids and the volume of  the egg changes 

depending on the liquid that surrounds it: 

dilute acetic acid, which dissolves the shell;

pure water;

concentrated corn syrup solution. 
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Colligative Properties - Summary

Freezing Point Depression:  ΔTf =  ikfmsolutes

Boiling Point Elevation:  ΔTb =  ikbmsolutes

Relative Vapor-Pressure Lowering:  ΔP/P*
solvent =  iXsolutes

 = iMsolutesRT

i  =  van’t Hoff  Factor for Electrolytes
=  # of  moles of  released ions / mole of  compound

Each of  the above measured colligative properties can be used to calculate

the molecular weight (MW) of  an unknown solute.

These equations become more accurate as dilution increases.
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Vapor Pressures of  Ideal Binary Solutions

Raoult’s Law for a solution of  two volatile components 1 and 2:

P1 = X1P1
* and  P2 = X2P2

* =  (1 – X1)P2
*

Psol’n =  P1 + P2 =  X1P1
* + (1 – X1)P2

* =  (P1
* – P2

* )X1 + P2
*

From Dalton’s Law 
of  Partial Pressures:

Pi = YiPtotal

The more volatile 
component 

enriches in the 
vapor phase

Psol’n =  (P1
* – P2

* )X1 + P2
*

(Assume “1” is more volatile)

X1

P
re

ss
u

re

0 1

P1

P2

P1
*

P2
*

(toluene) (benzene)

Combining
Dalton’s & Raoult’s Laws:

YiPtotal =  Pi =  XiPi
*

P.P. V.P.

Yi

Xi

=
Pi

*

Ptotal

X1=0.10

Y1=
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If  solute-solvent attractions  <  pure-pure, then  
Preal sol’n __ Pideal sol’n,+ deviation, Maximum P, ΔVmix _____, ΔHmix ____.

If  solute-solvent attractions  >  solvent-solvent, then  
Preal sol’n __ Pideal sol’n, – deviation, Minimum P, ΔVmix _____, ΔHmix ____.

Real V.P.’s

vs.
Raoult’s Law

V.P.’s of  Non-Ideal Solutions:
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Raoult’s Law for an Ideal Liquid Solution

If  two liquids (e.g.: toluene & benzene) produce an “ideal” solution, then 
Raoult’s Law is obeyed at all concentrations:

Pi = XiP
*
i (for the solute & solvent)

Henry’s Law for an Ideal-Dilute Liquid Solution

Some real solutions, while not ideal at all concentrations, do approximate 
ideal behavior at the extremes of  solute and solvent concentrations, but …
For a real very dilute liquid solution, [solute] << [solvent]:
 Vapor Pressure of  solute follows Henry’s Law: 

For example, the solubility of  a gas in water, [gas] << [solvent]:  

Pg =  KHXg  or inversely  Sg = kHPg (same equation as before)

Psolute = XsoluteKH

(Note the different units of  KH and kH)

Return to …

 Vapor Pressure of  solvent follows Raoult’s Law:

Psolvent = XsolventP
*
solvent

little solute in a sea of  solvent is 
very different from pure solute

much solvent in a sea of  solvent 
is very similar to pure solvent

(cont’d)
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kH

P*
B

XB
0 1

Psolute = XsoluteKH

Henry’s Law: Raoult’s Law:

Psolvent = XsolventP
*
solvent

Raoult vs. Henry I

PB

(cont’d)

KH is found as the 

slope of  the line 

at XB = 0.
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Raoult vs. Henry II
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Back to Dalton + Raoult

Yi

Xi

=
Pi

*

Ptotal

Ptotal =  (P1
* – P2

* )X1 + P2
*

P*
A/P*

B values
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A colloid is a mixture of  two substances in two different phases (such as 
a liquid and a gas) that do not rapidly separate. Colloids often consist of  
materials with high molar masses and contain relatively large particles (say 
1000 nm, i.e., 1 μm, minimum of  1 nm) that scatter light and appear cloudy, 
but which are not so large that they settle out.

Colloids

Colloids are not solutions  because their particles are too large, but like 
solutions, colloids consist of  a dispersed phase (analogous to a solute) in 
a dispersing medium (analogous to a solvent). The various combinations 
of  dispersed and dispersing phases are given names, such as aerosol for a 
liquid or solid dispersed in a gas, or a foam for a gas dispersed in a liquid. 

Two extreme mixtures:  (True) Solution vs. Suspension
Solution: Solute particles are ions or very small molecules, e.g., NaCl(aq), sugar(aq), …

One phase
Solute never settles out.

Suspension: Solute particles are large, e.g., sand in water

Two phases

Solute settles

(Greek: “glue”)

Sol-Gel Colloids:
Sol  = solid in a fluid
Gel = immobile (“gel”)
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liquid
gas

liquid
liquid

gas
solid

liquid
solid

solid
solid

(alloy)

solid
liquid

liquid
gas

solid
gas

Examples
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Surfactants

Large “linear” (straight-chain) molecules that have a hydrophobic tail and a 
hydrophilic head, and lower the surface tension of  water

“Surf act ant” = Surface-active agent.       חומר פעיל שטח חפ"ש =

CH3

C

O

O
-

Na
+

NaC17H35CO2 = sodium stearate

hydrophobic hydrophilic

(www.acdlabs.com)

Emulsifying agents are substances that promote the formation of  a 
colloidal dispersion. They are surface-active agents, or surfactants. They 
coat the surfaces of  dispersed phase particles, preventing the particles from 
adhering to one another.

Soaps and detergents are surfactant emulsifying agents. Their molecules 
typically have a nonpolar, hydrophobic hydrocarbon tail and a polar, or 
charged, hydrophilic head that is soluble in water.
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Cross-sectional molecular views of  the structures that can form when dual-
nature molecules are placed in water. The molecules may form:

a monolayer at the surface;
spherical clusters called micelles; or
bilayer structures called vesicles.

Dual-Nature Molecular Structures
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The molecular structure of  soap enables us to remove oil from dishes and 

clothing. Oil and water, of  course, do not mix: oil is a nonpolar liquid not 

soluble in polar water. The molecules of  oil are, however, attracted to the 

hydrocarbon tails of  soap molecules. Soap molecules carried by water 

surround a tiny oil droplet on all sides, forming what is called a micelle. 

Meanwhile, the polar heads of  the soap are attracted to the surrounding 

water molecules, which can then transport the micelle from the dish or 

cloth.

Soaps are made from naturally occurring products. Detergents are synthetic 

surfactants. 
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Fabric Softeners

Cotton (untreated)
Fabric softener (surfactant)

Untreated 

cotton

Absorbing water:

Treated 

cotton

When softener-
coated cotton 
fibers come 
into contact 
with one 
another, the 
softener 
molecules' 
nonpolar tails, 
which have 
weak 
dispersion 
forces, simply 
slide by one 
another. This 
imparts a soft 
texture to the 
material. 

Like soap, fabric softeners are 
composed of  surfactant 
molecules with positively 
charged, hydrophilic heads and 
long, hydrophobic hydrocarbon 
tails. Head-first, they adhere (by 
strong ion-dipole forces) to 
polar OH groups on the 
cotton's surface.

A negative side effect of  softeners is 
that they decrease the ability of  the 
cloth to absorb water. The molecular 
sites on the cotton surface where 
softener molecules attach are the 
same sites that normally attract 
water molecules. When these sites 
are taken up by softener molecules, 
they cannot absorb water. In general, 
a more comfortable towel is a less 
effective towel.


