











Appendix 8 The Periodic Table
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ATOM/ION r, pm
Ag 144
Ag* 115
Al 143(140)
AP 53
Ar (95)
As (122)
As*t 58
Au 144
Au” 137
B (90)
Ba 224
Ba’* 135
Be 112(125)
Be?” 45
Bi 182
Bi*" 103
Br 114
Br- 196
C (77)
Ca 197
Ca** 100
Cd 152
Cd** 95
Ce 182
Ce’* 102
Cl (99)
Cl- 184
Co 125
Co** 70
Co*" 60
Cr 129
Cri* 62
Cs 272
Cs* 167
Cu 128
Cu* 77
Cu*" 73
F (71)
F 133
Fe 126
Fe?* 70

ATOM/ION I, pm
Fe’* 60
Ga 153
Ga’** 62
Ge 139(122)
H (37)
He (32)
Hf 159
Hg 155
Hg** 102
I (133)
I 220
In 167
In** 80
Ir 136
Ir** 82
K 235
K* 138
Kr (110)
La 188
La’* 103
Li 157
Li* 76
Lu 172
Lu®* 86
Mg 160
Mg?* 72
Mn 137
Mn?* 70
N (75)
Na 191
Na* 102
Ne (69)
Ni 125
Ni** 70
(@) (73)
o* 140
Os 135
P (110)
Pb 175
Pb*>* 119
Pd 137

ATOM/ION 1, pm
Pd?* 86
Po 153
Pt 139
P>" 80
Pttt 77
Rb 250
Rb* 152
Rh 134
Rn (145)
Ru 134
S (102)
S?- 184
Sb 161(143)
Sb** 76
Sc 164
St 75
Se (117)
Se?” 198
Si (118)
Sn 158(140)
Sn?* 118
Sr 215
Sr2* 118
Te (135)
Te?~ 221
Th 180
Ti 147
Ti** 67
Tl 171
T 150
TP* 88
U 156
AV 135
A\ 79
w 141
Xe (130)
Y 182
Y3 90
Zn 137
Zn>* 74
Zr 1

* Metallic radii for 12-coordination are given for all metals. Covalent radii are in parentheses. Ionic radii are for six-coordination.
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Measurement

When we measure something, what is it that we are actually doing? What is the purpose of the act
of measurement? In general, measurements are designed to obtain and communicate information about a
system under investigation. A measurement will generate a datum, or set of data (the word datum is
singular, data plural), and that set of data is often used as a basis for making some type of decision. An
experiment is a well-thought-out method designed to obtain the data necessary to answer a question or
make a decision. We read a thermometer (an experiment or measurement) in the morning to obtain the
temperature (a datum) which allows us to decide whether or not to wear our heavy jackets (a decision). If
we do not have a thermometer, we can listen to the local weather to find out the current temperature. In
this case, someone else has taken the measurement and is communicating the results to us, and we will
make a decision based on our understanding of these results. The more effective the communication, the
more sound our decision will be.

Results of scientific measurements may be used in a number of ways. The experiments may test
new hypothesis and the data obtained may play a role in the development or rejection of a theory; analysis
of blood may provide data that are critical in decisions related to the diagnosis and treatment of a life
threatening disease; comparison of DNA data of a suspect to that obtained from body fluid found at a crime
scene may be crucial to proving the suspect’s guilt or innocence; and multi-million dollar business or legal
judgments may depend on a few pieces of experimental data obtained from a sample. In each of these
cases, it is essential for the person doing the experiment to be able to communicate clearly and concisely
the outcome of the experiment. Often, data are used by persons not trained in science, and in these cases
the ability to clearly communicate the scientific validity of the data is even more important. This
laboratory prerequisite booklet is designed to provide an introduction to the concepts of measurement,
errors, and the communication of results.

MEASUREMENTS

The information obtained by a measurement may be grouped into two categories, qualitative and
quantitative. Qualitative measurements are general in nature, subjective, and open to interpretation and
bias. They generally do not include numerical values or units. Examples like “the sky is blue” and “the
water is hot” allow the recipient of the information to subjectively define “blue” or “how hot”, and these
definitions may not be at all close to the definition intended by the person having done the experiment,
resulting in a failure to communicate. These types of measurements may serve a purpose and are generally
easier to perform, but the information communicated is less detailed and of less value than data from a
quantitative measurement.

A quantitative result consists of both a number and a unit of measurement. The number provides
a relative value for the measurement, while the unit of measurement precisely defines the quantity, or
dimension, which provides the basis on which the relative value is defined. For example, a qualitative
measurement of temperature may be "it is cold", whereas a quantitative measurement would be "it is 1.2
°C", where the 1.2 provides a relative value and the °C provides the units which precisely define the
relative basis for the number. Notice how the meaning of "it is cold" can be significantly different if we
simply change the units on 1.2 from °C to kelvin, since 1.2 K is near absolute zero and much, much colder
than 1.2 °C. Clearly, if you were told the temperature is 1.2 with no units provided, you would not be able
to make any decisions based on this value until the question "1.2 what?" is answered. The answer to this
question lies in the units of measurement, and they are essential to any quantitative measurement and
should always be included in calculations and reports.

The magnitude of the measured quantity has been traditionally expressed by the metric system.
In this decimal system, all units are powers of ten of some basic unit. The unit names are derived from the

prefixes shown in Table 1. Thus, one kilometer (km) is equal to 103 meters (m) and one milligram (mg) is
equal to 10-3 gram (g).
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Table 1: Metric System Prefixes

FACTOR PREFIX SYMBOL
1012 tetra T
109 giga G
100 mega M
103 kilo k
102 hecto h
10! deka da
1071 deci d
10-2 centi c
1073 milli m
106 micro m
109 nano n
10-12 pico P
10°15 femto f
10-18 atto a

UNITS

There are two distinct types of units, fundamental and derived. Fundamental units are defined and
cannot be obtained from other units. In an effort to establish a uniform system of measurements which
could be used by scientists throughout the world, the General Conference of Weights and Measurements in
1960 recommended that a single unit be used for each measured quantity. This Systéme Internationale
d'Unités (International System of Units) abbreviated SI, is simply an adaptation of the metric system,
which consists of seven fundamental base units (Table 2). Larger or smaller quantities are expressed by
the use of the prefixes in Table 1 with the appropriate base unit. Thus, for example, a quantity of electric

current equal to one one-millionth (10‘6) of one ampere is called a microampere and is abbreviated mA;
one million seconds is a mega second (Ms); and so on.

Table 2: SI Base Units

QUANTITY NAME OF UNIT SYMBOL
Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature kelvin K
Luminous intensity candela cd
Amount of Substance mole mol
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SI units for all other physical quantities are derived from these seven base units. Derived units
originate from mathematical operations or combinations of the fundamental units. The unit for area
originates from multiplying two lengths (meters x meters) to give meters2. The units for density, kg/m”~,

result from the definition of density, which is mass (kg) per unit volume (m3). Again, larger or smaller
quantities of these derived units are expressed by the use of appropriate prefixes. Table 3 lists several
other derived units of importance in the study of chemistry.

Table 3: Some SI Derived Units

QUANTITY NAME OF UNIT SYMBOL DEFINITION
Area square meter m?2
Volume cubic meter m3
Density kilogram per cubic meter 3
m
kg-m
Force newton N
§2
N
Pressure pascal Pa —
m2
. kg-m2
Energy joule J
§2
Electric charge coulomb C A-s
Electric potential volt A" J(A-s)
difference

In spite of the obvious advantages of a universal system of measurements, the complete adoption
of SI units in the United States has not yet been realized. In dealing with physical quantities of matter,
most practicing chemists find many of the SI derived units less convenient than other units with which they
are more familiar and to which their equipment is better suited. Some of these commonly used units are
discussed below, and their relationships to SI units are summarized in Table 4.

Length: Very small lengths (for example, diameters of atoms) are sometimes expressed in Angstrom units.
The Angstrom unit is equal to 10-10 m, and therefore 10 A= 1 nm and 1 A = 100 pm.

Volume: Chemists frequently express volumes in terms of the liter (L) or its smaller derivative, the
milliliter (mL). Because 1 L is defined as 1/1,000 m3, 1 mL is equal to 1 cm3.
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Density: One of the important properties of a substance is its density, or the mass of a given volume of the
. . o . 3
substance. The recommended SI unit for expressing density is kilograms per cubic meter (kg/m™).

Densities are also often expressed in terms of grams per cubic centimeter, (g/cm3) or grams per milliliter
(g/mL), which is equivalent to grams per liter (g/L).

Pressure: A quantity that chemists often measure when working with gases is pressure. Pressure is
defined as the force exerted on a given surface area. The SI unit of pressure is the pascal (Pa), which is

2
equal to one newton per square meter (N/m”).

Temperature: Temperature is measured in arbitrary units based on some convenient reference point. The
temperature scale most widely used is the Celsius scale, on which the normal freezing point and normal
boiling point of water are assigned values of 0 and 100, respectively. The difference between these
temperatures is divided into 100 equal divisions, and each division is referred to as a degree Celsius (°C).
On the Fahrenheit scale, the normal freezing and boiling points of water are 32° and 212°,
respectively. Because 100 Celsius degrees are equivalent in temperature difference to 180 Fahrenheit
degrees (a ratio of 5:9), temperatures may be converted from one system to the other by the relationship,

°oC = §(°F-32) or °F = %(°C) + 32

The temperature scale most frequently used by scientists is the Kelvin scale (also called the
absolute scale). The zero point of the Kelvin scale is the temperature equal to -273.15 © on the Celsius
scale. Each Kelvin (K) is of the same magnitude as a degree Celsius, so the freezing and boiling points of
water on the Kelvin scale are 273 K and 373 K, respectively. Conversions between Celsius temperatures
and Kelvin temperatures can be made from the relationship

K =°C + 273
Thermal Energy: One of the basic units for expressing quantities of heat is the calorie, defined as the
amount of heat required to raise the temperature of exactly 1 g of water from 14.5 to 15.5 °C. Although
energy is still often expressed in calories (cal) or kilocalories (kcal), these units are being replaced by the

recommended SI units, joule (J) and kilojoule (kJ). One calorie is equal to 4.184 J.

Table 4: Some SI Conversion Factors

SI Unit Other Unit Conversion Factor
meter angstrom (A) 1A=10"10m (=100 pm)
cubic meter liter 1L=10"3m3 (=1,000 cm3)
pascal atmosphere 1 atm = 1.10325 x 10° Pa
torr 1 torr =133.322 Pa
joule calorie 1 cal=4.1841]

Conversions of Units

Often, in chemical measurements and the corresponding calculations, it is necessary to convert
one unit into another that is more useful. For example, in order to communicate with our European
colleagues, we may wish to convert from the English volume of a 12-ounce beverage can to the SI units of
liters or milliliters. In order to make such a conversion, we need a conversion factor which relates a value
of one unit in terms of the other. On occasion, a direct conversion factor is not available and we may have
to go through a series of steps to arrive at our answer. In order to determine how many mL the 12-0z can
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holds, we use a variety of conversion factors. Appendix 1 contains a number of conversion factors, and we
find a conversion for quarts to liters, 1.0 quarts = 0.9464 liters. We can use this conversion factor and our
known relationships of 1.0 quart = 32 ounces and 1000 mL = 1.0 liter to answer the question as shown
below:

1. rt
12.0 ounces x 100 quart 0.375 quarts

32.0 ounces
0.9464 liters .
0.375 quarts x 100 quart 0.355 liters
o 1000mL
0.355 liters x 100 Liter 355 mL

These three steps can be combined into one series of expressions to generate the overall result,

1.00 quart X 0.9464 liters X 1000 mL
32.0 ounces 1.00 quart 1.00 liter

12.0 ounces x = 355mL

Note how the units (or dimensions) will cancel as the mathematical operations are performed, leaving the
answer with the appropriate units. When the calculation is set up as one expression to emphasize
cancellation of units, it is referred to as dimensional analysis. Other examples of dimensional analysis are
given below (remember several conversion factors are provided in Appendix 1):

Example 1: If water is flowing from a pipe at the rate of 455 mL/minute, how many liters of water are
flowing from the pipe per hour?

Solution:
455 mL 60 min 1.0 liters
Imin  © hr 1000 mL

= 27.3 liters/hr

Example 2: If 500 marbles are packed in a bag and each marble weighs 4.50 grams, how many pounds
does one bag of marbles weigh?

Solution:

4.50¢g 1.00 Ib 500 marbles
marble © 453.6 g X bag

= 4.96 Ib/bag

Example 3: The amount of energy released when a pound of coal is burned is 3.80 x 103 keal. What
quantity of energy is this expressed in joules?

Solution:

103 cal  4.184]
lkcal * 1 cal

3.80 x 103 keal x = 159x107 7]

In order to gain a better understanding of conversions and develop your problem solving skills, you should
always think through each step and understand why the conversion is taking place rather than simply trying
to cancel units.
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EXPONENTIAL NUMBERS

In studying chemistry, you will frequently be required to work with both very large numbers and
very small numbers. For example, the common unit of electricity, the coulomb, is equal to
6,250,000,000,000,000,000 electrons; the mass of a single atom of lead is 0.0000000000000000000003440
grams. Numbers such as these are more conveniently expressed in exponential form, also known as
scientific notation.

An exponent is a superscript number that indicates how many times the base number appears as a

factor. Thus, the expression 34 means 3 x 3x 3 x 3 = 81. Similarly, 107 expresses the number that results
from multiplying seven 10's together, or 10,000,000.

In the decimal system, any number can be expressed as the product of some number (the coefficient) and an
exponential power of 10. If the number to be expressed is a whole-number multiple of 10, then the
coefficient is 1. For example:

10=1x 101
100=1x 102
100,000 = 1 x 109

If the number to be expressed is not an integral power of 10, then the coefficient is some number other than
1. For example:

2479 =2.479 x 1000 = 2.479 x 103
102,451 =1.02451 x 100,000 = 1.02451 x 107

Note that the number 2479 could also be written 24.79 x 102 or 247.9 x 101. However, the convention in
scientific notation is to place the decimal point after the first digit in the coefficient.

A negative exponent of 10 indicates the number of times that the reciprocal of 10 appears as a factor. Thus:

. _1r ~1r 1 _ -3
0.0010—1000 =10 X 10 X 0 - 1x10
_23  _ 23 _ 4 1 2

0.023—1000 = 100 23 x 10 X 10 23x10

Writing Exponential Numbers

Any number can be quickly converted to its exponential form by following a simple procedure.
First, we move the decimal point in the given number so that it falls after the first digit in the number. This
manipulation gives us the coefficient. Then we multiply this coefficient by 10 with an exponent equal to
the number of places we moved the decimal point form its original position. If we moved the decimal point
to the left, the exponent is positive; if we moved it to the right, the exponent is negative. The following
examples are illustrations of this procedure:

132.45 = 1.3245x 102
two places to the left

1278 = 1.287x 103
three places to the left

0.0045 = 45x1073
three places to the right

0.000978 = 9.78x 104
four places to the right
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By applying the procedure to the number of electrons per coulomb and the weight of a single lead atom,

you can see that the exponential forms of these numbers become 6.25 x 1018 electrons and 3.44 x 10-22
grams, respectively.

To convert a number from its exponential form to its unabbreviated form, we simply reverse the
process of moving the decimal point. Thus, if the exponent of 10 is a positive number, we move the
decimal point in the coefficient that number of places to the right.

3.87x 100 = 387000
five places to the right

If the exponent of 10 is negative, we move the decimal point in the coefficient to the left.

6.23x 1074 = 0.000623
four places to the left

Calculations with Exponential Numbers

Although calculators are commonly used for calculations involving exponents, there are times
when the ability to perform a quick exponential calculation without a calculator may be useful, and a brief
review of the rules for calculations involving exponential numbers may prove beneficial. These rules are
particularly useful for making quick estimates of the result of various calculations.

Multiplication: Multiply the coefficients together and add the exponents. For example:

(321x103) x (240x 10%) = 3.21x2.40x 1034 = 7.70 x 107

(624x1018) x (3.25x1023) = 203x1018-23 = 203x10°5 = 2.03x 104

We could estimate the range of the result of any of these calculations by rounding down to the nearest
whole number for a lower limit and rounding up for the upper limit and performing the simple math that
results. This process is illustrated below for the preceding calculations.

(321x103) x 240x10% = >(3x2)x 10374 and<(@x3)x 103+4
= 6x107 <product<1.2x 108

(624 x1018) x 3.25x1023)= > (6x3) x 101823 and< (7x4) x 101823
=1.8x103<x < 28x103

Of course, the closer the rounded value is to the true value, the narrower the estimated range will be. This
estimation procedure can also be used in other mathematical operations such as those described below.

Division: Divide the coefficients in the usual manner; then subtract the exponent of the divisor from the
exponent of the dividend. For example:

452x10° 452

= 5.3 _ )
2.10x 103 210 X 10 2.15% 10

2.70x102 270
9.00 x 1070 9.00

x 10216 = 0300 x 104 = 3.00 x 103
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Raising to a Power: First, raise the coefficient to a power, as you would any regular number. Then raise
the exponential term to the power by multiplying the exponent by the number of the power to which it is to
be raised. For example:

(2.0x103)3 = (2.003x 103%3 = 8.0x 109

6.0x 10782 = (6.0)2 x108%X2 = 36x 1016 = 3.6x 1013

Extracting a Root: First, extract the root of the coefficient. Then extract the root of the exponential term
by dividing the exponent by the root to be extracted (2 for a square root; 3 for a cube root; and so on). For
example:

Vo.0x106 = Vo0 x 10062 =30 x 103
3 3
V27.0x10° = 270 x 10-93) = 3.00x 103

Addition and Subtraction: To add or subtract exponential numbers that have the same exponents, simply
add the coefficients; the exponential term remains the same. For example:

(2.35x 103) + (3.46x 103) = 5.81 x 103

(742x10°1h - (121x 1071y = 621 x 10-11

If the numbers to be added or subtracted do not have the same exponents, then they must be rewritten in a
form in which all exponents are the same, and then added or subtracted. For example:

(3.26x 1073) + 2.5x 10°%) = (3.26x 1073) + (0.250x 10-3) = 3.51x 103

(2.55x 107) - (3.00x 10%) = (2.55x 107) - (0.0300x 107) = 2.52x 107
LOGARITHMS

The logarithm of a number is the power to which some base must be raised to yield that number.
The two most frequently used systems of logarithms are (1) natural or Naperian logarithms (abbreviated
In), in which the base is designated by e = 2.718, and (2) common logarithms (abbreviated log), in which
the base is 10. Historically the common logarithms were easier to use and, for this reason, have been used
more frequently. With the current use of calculators, both logarithms are often employed in chemistry and
they can be related by a factor of 2.303,

Inx = 2.303 log x

Examples that illustrate the meaning of logarithms follow:

log 100 = log 102 = 2

log 0.001 = log 1073 = -3

log 7= log 109-8345 = 0.845

In 6 = n.718)L79 = mel 79 = 1.79
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In 100 = 2.303 log 100 = 2.303 (2) = 4.606

Values for the inverse log and In functions can be determined by raising each side of the equation to the
appropriate base power (10 for log and e for In) as illustrated below.

logx=0.5
10102 X = 100-5 and because 10108 X = X,
x= 1005 = 3.16

Inx = 13.2
elnx — ¢13.2 554 because elnX=x,
x=el32 = 2718)13-2 = 540x 103

Calculations using logarithms are based on the following relationships:
logxy = logx + logy

log? = logx-logy

log x = nlogx

n
log \/; = _g_lon X

Although the use of calculators has become routine in chemistry, on occasion a problem will arise
which exceeds the capacity of most current calculators to solve. For example, the equilibrium constant (K)
of a particular reaction can be determined from the equation,

_ 3(.27) _
log K 0.0591 166

Attempting to take the inverse log of 166 on many calculators would result in an "error" response, yet
finding the equilibrium constant is easily accomplished. Instead of relying on our calculator, we can use
our knowledge of logarithms to easily solve the problem as follows,

if logK = 166, then K = 10160

Because many calculators are limited to numbers less than 10100 this calculation exceeded the calculator's
capacity and an error resulted. This example illustrates the importance of not substituting a reliance on
calculators for an understanding of basic mathematical concepts.

ERRORS IN MEASUREMENT

Although data in the form of a number with the appropriate unit convey the most information,
these data are still subject to errors and uncertainties which must be identified, corrected if possible, and
communicated. Errors associated with scientific measurements are normally classified into two types,
indeterminate and determinate errors.

Indeterminate errors are always present, cannot be eliminated or their sources determined (hence
the name), and become important when pushing the measurement technique to its limit. They are random,
with an equal probability of being positive or negative, meaning above or below an average. These errors
arise from the many uncontrollable variables present in a measurement and are a reflection of the natural
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limitations on our ability to physically take a measurement. Most often, the individual size of these errors
is small and their sources are hard to isolate and identify, but the accumulation of many small indeterminate
errors will affect the precision of measurements.

Precision communicates the reproducibility of the measurement, or how closely the data from
several identical experiments are to one another. A common example of an indeterminate error which
affects precision is the subjective visual interpolation of measured data, such as in reading a ruler or a
buret, where the last number in the measurement is an estimate. If we measure the length of a stick more
than one time, we may find our results to vary slightly due to a slight difference in the way we see the last
figure on the ruler. These differences will be greater or less than some "average" value and these +/-
deviations represent the indeterminate error. The more finely divided the divisions on the ruler are, the
greater the limit of the measurement technique will be, and the indeterminate error associated with reading
the ruler will be smaller. This relationship is illustrated in Figure 1 which shows ruler C to be the most
precise and ruler A to be the least precise and most subject to indeterminate errors. Electrical noise in an
instrument is another common example of indeterminate error. Noise appears as random fluctuations of
electrical signal and is more apparent when the instrument sensitivity is at its maximum (the limit of the
technique). If we average enough individual measurements, we can expect the random +/- fluctuations to
cancel one another and reduce the total indeterminate error associated with the experiment.

1
I
a

I
1
IS

W
I

w
|

w

2— 2— 2

1— 1— 1
cm cm cm
A B C

Figure 1: Three Rulers with Different Graduations and Therefore Different Levels of Precision, with A the
Least Precise and C the Most Precise.

Determinate or systematic errors occur in the same direction (always positive or always negative
in a systematic fashion), can be determined (hence the name), and impact accuracy. Accuracy is a
measure of how close the experimental results are to a known "true" value, defined as a standard. In
theory, these errors can be identified and compensated for in the results through a calibration procedure.
Determinate errors are generally classified into three categories depending upon their source; instrument
errors, method errors, or personal errors.

Instrument errors are inherent to the measuring device. For example, the markings on
volumetric glassware are valid only for a certain temperature. If the glassware is used at a higher
temperature, there is a slight expansion of the glassware and the volume increases slightly, introducing an
error. In theory, we could calculate the expansion of the glassware at the new temperature and determine
its effect on the volume, allowing us to correct for the error. Therefore, this error would be a determinate
instrument error. Other common examples of instrument errors include using an electronic device that is
not properly set to zero before use, pH meters that are not calibrated with an appropriate buffer solution,
thermometers that do not read correctly, and electronic balances that always weigh either too high or too
low. All of these errors could be eliminated by proper calibration.
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Method errors are more difficult to identify and correct as they arise from nonideal chemical or
physical behavior of the system under investigation. For example, the number of moles of a gas could be
determined by measuring the temperature, pressure, and volume of the gas and employing the ideal gas
law. However, if the gas under investigation deviates from ideal behavior, an error would be introduced.
In theory, with some difficulty we could determine the extent of nonideal behavior and correct for this
error. Other common examples of method errors include solubility loss when precipitating a solid for
subsequent weighing, errors due to indicators in a titration because an indicator changes color only after the
addition of an excess of reagent, and errors in procedures that assume reactions to go to completion when
they do not. As in the case of instrument errors, all method errors could be identified and eliminated.

The third type of determinate error is one we are all familiar with --personal errors. These
determinate errors result from mistakes or errors in judgment made by the person doing the experiment.
Errors of this type are exemplified by writing down the wrong data value, errors in calculations, sloppy
laboratory work, and personal bias in reading data to give the most precise or accurate value, especially if
you think you know what the answer should be. Personal errors are easy to correct by being careful,
thoughtful, and disciplined when carrying out the laboratory procedure.

Identification, correction, and communication of indeterminate and determinate errors take
different forms and these forms are discussed in the following sections.

PRECISION

The precision present in a set of data may be communicated in a number of ways, from the simple
application of significant figure conventions to more complex considerations of statistical analysis. Several
of these methods are reviewed in the following sections.

Significant Figures

The number of significant figures in a measurement conveys an indication of the relative reproducibility of
the measurement. For example, assume we are to repetitively measure the length of the piece of wood
shown in Figure 2 using the two rulers shown.

5— 5_:
_|e >
4 14—
3— 3_:
2— 2_:
11— 1_:
cm cm E
A c

Figure 2: The Measurement of a Piece of Wood

When we use ruler A, the graduated divisions on the ruler allow us to clearly measure the length of the
wood to be least 4 cm. We are not sure of the next digit in the measured value, but we can approximate
that digit to be less than halfway to the 5, perhaps somewhere around 0.2. Although our approximation
may not be exactly correct and will introduce some random error to the measurement (we could have
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guessed too high or too low), including the value provides more information than if we chose to ignore it
(4.2 cm vs. 4 cm). The next time we perform the same measurement with ruler A, we again clearly see the
wood is at least 4 cm in length, only this time we approximate the next digit to be 0.3, for a total length of
4.3 cm. As we perform more and more of these measurements, we always find the length to be 4.2 + 0.1
cm. We could then write the average length as 4.2 cm. The final digit in the measurement is implied to be
uncertain by +1, and this is the last significant figure in the measurement. If we tried to add another
significant figure and write out the length as 4.23 cm, we would realize that the final number 3 has no
meaning because we never measured the wood stick to that degree of reliability, and in fact, we are not
even completely sure about the preceding digit. Therefore, this number is not valid and should not be
included in the value for the measurement.

If we use ruler C, we can see the length of the stick is clearly at least 4.2 cm but the next digit is
not clearly delineated on this measuring device. Therefore, we approximate the next number and write
down 4.21 cm for the measured value. The next time we take the measurement, we approximate the value
as 4.23 cm. After several attempts at measuring the stick with this ruler, the average length is reported to
be 4.21, with the 1 the last significant figure. With the more finely divided graduations on this ruler, the
measured value can be reported to more significant figures.

In this example, we can clearly see that the number of significant figures is related to the
precision, or reproducibility, of the measurement. The precision is dependent upon the measuring device,
with ruler C providing more precision, and dependent to an extent on the person taking the measurement.
If we wanted to measure the length of the stick to 1/100 of a centimeter, we would need to invest in an
expensive micrometer whose graduations are very carefully determined to 1/1000 of a centimeter. If we
wanted to reduce the uncertainty associated with visually interpreting the micrometer, we could purchase
an instrument that provides a digital (numerical) readout, although it is important to remember that the
digital readout still retains uncertainty associated with the last digit in the measured value.

In obtaining data, care should be taken to insure that all measurements and the calculations
involving measurements include the proper number of significant figures. Too many significant figures
communicate a higher degree of precision and reliability than is justified, leading to decisions made from
data that is not valid. On the other hand, too few significant figures will needlessly throw away
information that may have been obtained at a high cost. In general, the more significant figures associated
with a measurement, the higher the cost of the instrumentation and the greater the effort required to obtain
the data. The general rules for handling significant figures are provided in the next several sections.

To determine the number of significant figures present in a number, we simply count all the
nonzero digits, all the zeros that are between nonzero digits, and zeros to the right of the decimal place.
Zeros which precede the first nonzero digit simply hold the decimal place and are not significant, as is
obvious when the number is written in scientific notation. Several examples are shown below.

1.07 x 100 three significant figures
10.45 four significant figures
0.045 or 4.5x 10-2 two significant figures
(zeros to the left are not significant)
12.000 five significant figures
120 two or three - it is not clear if the
zero is significant in this case.
120. three - addition of the decimal point clearly

indicates the zero to be significant.

Clarity could also be accomplished by writing the number in scientific notation:

1.20 x 102 three significant figures
1.2x 102 two significant figures
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Occasionally, integers and precisely defined numbers are used in calculations. These numbers are assigned
an infinite number of significant figures and so will not influence the determination of the number of
significant figures in a resulting calculation. For example, there are exactly 12 inches in 1 foot as defined,
so the 12 inches would have an infinite number of significant figures. The integer 2 could be considered to
be 2.00000000000. . . .. , which also contains an infinite number of significant figures.

Rounding Off
When one or more digits must be dropped from a calculated result to give that result the proper
number of significant figures, the following rules apply:

1. When the first digit to be dropped is less than 5, the last digit retained remains unchanged.

2. When the first digit to be dropped is greater than 5, the last digit retained is increased by 1.

3. When the first digit to be dropped is 5, the last digit retained remains unchanged if it is even
and is increased by 1 if it is odd. (This arbitrary rule is based on the assumption that on the average as
many digits will be increased as will remain unchanged. Thus, any errors introduced in rounding off will
tend to compensate for one another.)

These rules are illustrated by the following examples, in which the numbers are rounded off to
three significant figures:

1.6723 rounds off to 1.67
1.677 rounds off to 1.68

1.6652 rounds off to 1.67
1.6752 rounds off to 1.68

Multiplication and Division

As a general rule, the answer to a calculation involving multiplication or division should contain
the same number of significant figures as the factor with the smallest number of significant figures in the
calculation. For example, in the problem

2.137x5.62

2.3425 =313

the least precisely known factor is 5.62, which has three significant figures. The answer to the problem
therefore contains three significant figures.

To further illustrate the application of this rule, the answers to the following calculations are expressed to
the correct number of significant figures:

43x10°13 x 6.022x1023 = 2.6x 1011

26.98

3334 0.2023
5.0x0.18 23 _ 23
—4'00 X 6.022x10-° = 1.4x 10

4785  1000.0
2715 X 7600

= 0.294

There are some exceptions to this general rule. For example, consider the calculation

324x9.5
252.7
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The solution to this problem to four figures is 1.218. The least precise factor in the calculation is 9.5,
which contains only two significant figures. Thus, according to our rule the solution should have two
significant figures; that is, we should round off this particular answer to 1.2. But our least precise factor of
9.5 has a precision of 1 part in 95, whereas our answer of 1.2 implies a precision of only 1 part in 12. If we
retain an additional digit in our answer, it becomes 1.22 and indicates a precision of 1 part in 122. We are
justified in doing this because a precision of 1 part per 95 is closer to 1 part per 122 than to 1 part per 12.
The correct answer to the calculation, then, is 1.22. This example illustrates the important point that the
rules for significant figures are not hard and fast, but often involve a personal judgment as well.

Addition and Subtraction

In addition and subtraction, the rule for determining the proper number of significant figures in the
answer is different form the rule that is applied in multiplication and division. When numbers are added or
subtracted, the units of those numbers must all be the same; that is, we cannot add pound and inches or
subtract grams from milliliters. The least precise number is not necessarily the number with the fewest
significant figures; instead, it is the number with the fewest digits to the right of the decimal point.

The basis for this statement is clarified in the following illustration. Assume that we have
determined the weights of a number of objects in grams, and we wish to total these to find the combined
weight of the objects. The individual weights and the precision of each are:

102 g+ 001 g
1073 g+ 0.1g
14273 g+ 0.001 g

_ 012 g+ 00l g
122713 g= 1227g+0.1 g

Obviously, the least precise weight in the column is 107.3 g (although it is not the number with the fewest
significant figures). Thus, the sum of these weights must indicate the same precision that is indicated in the
107.3; that is,+ 0.1 g.

The rule for addition and subtraction , then, is that the solution must have the same number of
digits to the right of the decimal point as the number in the problem with the fewest digits to the right of the
decimal point. Further illustrations of this rule are shown below:

107.62 + 3.1 = 110.7

1.69 - 04327 = 1.26
10.007 + 0.012 = 10.019

Addition/Subtraction with Multiplication/Division

The proper significant figures for the results of a mathematical procedure involving both
addition/subtraction and multiplication/division may be found by carrying out all additions/subtractions
with proper significant figures, followed by the multiplication/division operations. These types of
calculations are illustrated below:

(1234 + 1.2)x219  _ 135x219 296 _ .0
9.0134 ©9.0134  9.0134
14894 x 13x107 14894 x 13x107 _ 19x10% . ¢
(2.189-0.91) (1.28) (1.28) o X

Because calculators generally show as many digits as their display field will hold, there is a
tendency to provide too many significant figures. Figure 3 shows a calculator display that results when
determining the number of moles of copper present in a 0.2439-gram sample, which is calculated by
dividing the mass of copper by the atomic weight of copper (63.546 g/mol).
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[ 0.0038382

Figure 3: Calculator Showing Too Many Significant Figures in its Display Given the Number of
Significant Figures in the Original Data

The proper number of significant figures in this calculation is 4, and the value you should report would be

0.003838 or 3.838 x 10~3 moles copper. Remember, just because your calculator provides you with many
digits, it doesn't mean they all have meaning and should be reported.

MEAN AND MEDIAN

After expressing each of our results with the proper number of significant figures, we still need a
method for expressing a final result from a series of identical measurements, each of which has some
indeterminate error. We would like to communicate the "central" value of our series of measurements
because this value represents the best single description of the total data set. There are two common
methods for obtaining a single value from a series of measurements; taking the mean and taking the
median.

The mean value of a set of measurements is simply the average of all of the measured values. The
mean provides a good estimate of the central value for data sets that are large or for small sets whose values
are all relatively close. However, if the data set is small and contains a value that is very different from the
others, the mean value becomes distorted in the direction of the outlying value and the measurement that is
very different has an impact on the mean that is unduly large. For example, if we have the following four
measured values, 4.0, 3.0, 1.0, and 10, the mean would be 4.5. Now, consider how well the mean of 4.5
represents this data set. Of the four measurements, three are below the mean. Only the measured value of
10 exceeds the mean value. Clearly, the value 10 has had the greatest influence on the data set and has
shifted the mean to an artificially high value that is not a very good representation of the overall result of
the four measurements. Under these circumstances, an alternative method of expressing the final result, the
median, would be useful.

The median of a set of data is defined as the middle measurement value in an odd number of
measurements, or the average of the middle two measured values in an even number of measurements.
Exactly half of the measured values will be greater than the median and half will be less than the median.
In our previous example with measured values of 4.0, 3.0, 1.0, and 10, the median would be the average of
3.0 and 4.0, or 3.5. Now, two of our measured values are less than the median and two are greater. With
this set of measurements, the median provides a better single representation of the data than the mean. Use
of the median value tends to minimize the influence of a single measurement that is much different than the
others and is normally used when reporting the results from small data sets.
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The difference between each measurement and the mean or median of a data set can be expressed
in terms of absolute or relative deviation. These values provide a method for communicating the extent of
indeterminate error associated with the procedure used for the measurements. The lower the deviation the
greater the precision and the lower the indeterminate errors. The absolute deviation is the difference

between an individual measurement, xj, and the mean or median value x  and would have the same units
as the measured quantity.

Absolute deviation = xj - X

Relative deviation is defined as a ratio of the absolute value of the absolute deviation over the average
value and is often expressed in terms of a percentage or in terms of parts per thousand (ppt).

. . Xi - x|
Relative deviation (percent) = —— x 100%

X

Xj - X
Relative deviation (parts per thousand) = g x 1000 ppt

X

The relative deviation is a more effective means of communicating the indeterminate error associated with
different measurement procedures because the quantity of deviation is not dependent on the size or units of
the measurement. For example, assume that the absolute deviation of a measured volume was 10.0 mL in
two experiments. In the first, the total average volume was 100 mL while in the second it was 1000 mL.
Although the absolute deviations in the two experiments are the same, the relative deviation for the second
experiment is ten times less (1% vs. 10%) than the first experiment and it is clear the second experimental
procedure has less indeterminate error associated with it than the first. Clearly, use of the relative deviation
more effectively communicates the errors in the two experiments.

Because data sets frequently contain many values, average deviations and average relative
deviations are often determined. These values are simply the average of the absolute or relative deviations
for each of the individual measurements.

Another, more sophisticated, method used to express precision is by the standard deviation. The
standard deviation for a large set of measurements is termed the population standard deviation, s, and is
defined as

where m is the "true average" value (the average value if we were able to take an infinite number of
measurements), xj is the value for each individual measurement, and N is the number of measurements.
The term "standard deviation" arises from empirical studies of the frequency of occurrence of deviations
(indeterminate errors) of a certain size as the same measurement is repeated over and over.

For example, assume that we measure the lead concentration in a municipal water supply 22 times
and obtain the data listed in Table 5, which has a mean value of 18.2 parts per billion (ppb). Due to
random errors, each individual measurement deviates by some amount from the mean and these deviations
are also provided in Table 5.
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Table 5: Data for the Determination of Lead in Water

Value

18.1 ppb
17.9
18.5
18.2
18.3
18.3
18.6
18.2
18.1
18.6
18.1

We can plot a bar graph of the frequency of occurrence of each deviation versus its magnitude
(Figure 4). Figure 4 shows an experimental Gaussian or normal error curve beginning to take shape.

Deviation from Mean Value
- 0.1 ppb 18.4 ppb
- 03 18.0
+0.3 18.2

0.0 17.9
+0.1 18.2
+0.1 17.8
+0.4 18.1

0.0 18.4
- 0.1 18.0
+0.4 18.2
- 0.1 18.3

Deviation from Mean

+ 0.2 ppb

-02

0.0
-03

0.0
-04
- 0.1
+0.2
-02

0.0
+0.1

However, due to the limited number of experimental measurements this error distribution is not smooth and

has not yet reached its theoretical shape. If, instead of taking only 22 measurements we took an infinite

number, the frequency versus magnitude curve would become smooth and symmetrical as shown in Figure
5. (Remember that when discussing graphs, the dependent variable, plotted on the y-axis, is normally listed
first and the independent variable, plotted on the x-axis, is given second. Thus, a plot of A vs B implies A
is on the y-axis and B is on the x-axis). The standard deviation for this set of measurements is calculated

to be 0.2 ppb.

Frequency of Occurrence

-0.6 -0.5-0.4 -03 -0.2-0.1 0 0.1 02 03 04 05 0.6

Magnitude of Deviation (ppb)

Figure 4: Frequency of Occurrence for Various Size Errors Based on the Data in Table 5
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Relative fraquency of ocowrrence

-6 -4 -2 0 +2  +4 +6
Magnitude of Deviation (ppb)
Figure 5: Theoretical Error Curve Based on an Infinite Number of Measurements for the Experiment
Whose Results are Given in Table 5

Gaussian curves have a number of properties of interest. First, they are symmetrical, centered
about a deviation of 0, which means that the indeterminate errors are most likely to cancel one another to
provide zero deviation. Second, the width of the curve is directly proportional to the standard deviation,
providing the mathematical basis for the term's definition. Experiments with greater indeterminate error
provide results that show a greater deviation from the mean, and hence a broader error curve and a larger s
value. Clearly, then, the magnitude of s is a measure of the precision of the measurement.

If we slightly modify the manner in which we plot the data another interesting and useful property
of normal error curves may be visualized. We can convert the magnitude of deviation values plotted on the
x-axis in Figure 5 into relative number of standard deviations. For example, a deviation of -0.2 ppb
becomes -1s (the standard deviation of the data is 0.2 ppb so -1 x 0.2 ppb = -0.2 ppb) and a deviation of
+0.6 is equivalent to +3s. If we then plot the frequency of occurrence values as a function of the number of
standard deviations from the mean, a universal error curve results which is no longer dependent on the
specific experiment performed or the specific measured value's units, but rather is valid for any set of data
with the same standard deviation. The same curve would result if we measured parts per million, grams,
ounces, or whatever, as long as the standard deviation of each data set was 0.2 whatevers. It turns out that
68% of all measured value will be contained within the region of the curve bounded by + 1s, while 95% of
all values are within =+ 2s. This distribution probability plays an important role in the development of
confidence intervals which will be covered shortly. Such a curve for this data set is shown in Figure 6.

1.0
1]
5 08|
:
o 0.6F <—63%
=]
[+]
=S
§ 04+
=
B
E 0.2 95%
= >
g 00 97%

1
30 20 -O X +0 +20 430

Magnitude of Deviation in Units of o

Figure 6: Error Curve Plotted With x-axis in Units of s
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If the number of measurements in the data set is small (i.e., <20), the standard deviation term is
slightly redefined as the sample standard deviation, s, which is given by,

where X is the measured average of the measurement set. This definition provides a slightly broader error
curve to compensate for the fact that with fewer measurements the expected error is somewhat larger than
that expected with many measurements. As N increases, the difference between N and N-1 becomes less
pronounced and s approaches s. Both terms provide a measure of precision, with the larger the standard
deviation the less precise the measurement. More thorough treatments of the development of the standard
deviation term are available in textbooks on statistics and advanced analytical chemistry texts.

Looking at either definition of standard deviation, we can see that the larger the errors (|xj - m|),
the larger the standard deviation. We can also see that as more measurements are taken, N will increase
and the size of the standard deviation must decrease. This relationship makes sense because as we take
more measurements we are increasing the likelihood that the random errors will cancel one another and
reduce the overall indeterminate error. As N approaches o, the standard deviation will approach 0 and no
indeterminate error will be present. Therefore, we can always reduce the impact of indeterminate errors on
a measurement set by increasing the number of measurements. However, the standard deviation is

dependent on the \/E , so there comes a point of diminishing returns when increasing the number of
measurements. For example, going from 1 to 4 measurements should reduce the standard deviation by a
factor of 2, a fairly substantial improvement for only 3 more measurements. Going from 1 to 9
measurements increases precision by a factor of 3, and going from 1 to 100 improves precision by a factor
of 10. It took 96 more measurements to improve the precision from a factor of 2 to a factor of 10. If we
wanted to improve precision by another factor of 2, to a factor of 20, we would need 400 measurements,
and if we wanted to improve precision by a total factor of 50 relative to 1 measurement, we would need
2500 measurements. Clearly, for each subsequent improvement in precision, we need to take increasing
numbers of measurements. Thus, there comes a point at which the increased precision available by taking
more measurements is not worth the time, effort, and cost of the additional measurements required.

Each set of measurement data will always have some indeterminate error associated with it. The
extent of the error will be determined both by the fundamental indeterminate error associated with the
measurement procedure, described by s, and by the number of measurements taken. The "true" mean value
with no indeterminate error present will lie within some range of our measured mean, with the range
determined by (1) the standard deviation, (2) the number of measurements, and (3) the statistical likelihood
of finding the true value in this range. These relationships are quantified in terms of a confidence interval,
i.e., an interval around the measured average value in which we expect to find the true mean with a certain
confidence (probability). The confidence interval is described by the following equation,

- zs
m=x = =
VN
where m is the true mean with no indeterminate error, X is our measured mean, s is the standard
deviation, N is the number of measurements, and z is a constant dependent upon the probability level we
choose to look at. The values for z originate from the probability of deviations being found within a certain
region of the normal error curve as illustrated previously in Figure 6. For example, z=1 for a probability
level of 68% because 68% of the time the true mean will be within + 1s of the measured mean based on 1
measurement. If we wanted to be 95% sure our true mean was within our confidence interval, z would be
1.96, and 95% of the time our true mean would lie within & 1.96s of our measured mean. Table 6 provides
the value of z for various confidence levels. Confidence intervals can be used to state with some degree of
certainty the likelihood of finding the true mean within some range of an experimental mean, given a
certain degree of precision associated with the method. This is important because all measurements are
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subject to indeterminate error and the experimental mean may or may not be close to the true mean value
and, therefore, decisions made based on this experimental mean may or may not be valid.

Table 6: Values of Z for Various Confidence Intervals

Confidence Interval Value for Z
50% 0.67
68 1.00
80 1.29
90 1.64
95 1.96
96 2.00
99 2.58
99.7 3.00
99.9 3.29

The important points to recognize in our discussion are that the measured average is not
necessarily the "true" average, therefore the results of measurements are often expressed in terms of
a range which takes into account the indeterminate error. By minimizing the sources of
indeterminate error or by taking more measurements this range can be narrowed. The narrower the
range, the more precisely we can communicate the results of our measurements, and the more useful the
data become. Keep in mind that data can be no more precise than the instruments used to obtain them. If
our thermometer only reads to + 1 °C, reporting a temperature of 23.4591 °C is nonsense, and it should be
reported as 23 °C. In addition, if we have not calibrated the thermometer, it may not be reading accurately
and we cannot assure that the temperature is actually 23 °C.

ACCURACY

Even if our measurements are very precise and we get the same result every time we perform the
measurement, they may not be very accurate. As you may recall from our earlier discussion, accuracy is
defined as the difference between the experimental result and some known "true" value and is impacted by
the presence of determinate errors. The accuracy of a measurement is normally expressed in terms of
either an absolute or relative error, much like absolute and relative deviations express indeterminate error.
An absolute error is defined as the difference between the "true" value (m) and the measured quantity (x)
and has the same units as the measured quantity.

Absolute error = X - m

Relative error is defined as a ratio of the absolute error over the true value and is often expressed in terms
of a percentage or in terms of parts per thousand (ppt).

Relative error (percent) = —r 100 %

Relative error (parts per thousand) = =1 1000 ppt

The "true" value for a measurement is determined by using an appropriate standard whose
measured quantity is well-known. For example, a thermometer can be tested for determinate errors by
immersion in a beaker of boiling water at 1.0 atm. Because the boiling point of pure water at 1.0 atm is an
accepted quantity of 100.0 °C, the boiling water can serve as our standard with a "true" temperature. If,
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after equilibration in the boiling water, the thermometer reads 97.8 °C, we know there is a determinate error

R 2.2°C
of2.2°C (Or—IOO.O 5C
This is an example of an instrumental determinate error. We could correct this determinate error by adding
2.2 °C to all temperature values obtained with this thermometer. Of course, in correcting the readings of
our thermometer using error data obtained at 100.0 °C we are assuming that the error in the thermometer
remains constant over our range of application. This may not be a very good assumption. To test the
assumption, we can prepare a mixture of pure water and ice. We know that at 1.0 atm a mixture of ice and
water will have a temperature of 0.0 °C so we have a second standard to test our thermometer against. If
our assumption was correct and the error is constant regardless of temperature, the thermometer should
read -2.2 °C. However, if the temperature now reads 0.9 °C, the error associated with the thermometer is
not constant but is temperature-dependent. In order to correct this error, the magnitude of the error for each
measured temperature would be necessary. We can obtain this information by taking the temperature of a
series of standards with known temperatures (possibly prepared by using a thermometer known to be very
accurate) and developing a mathematical relationship between the measured temperature and the known
temperature. The mathematical relationship between a measured quantity and a known value is often
determined by graphical plotting of a "calibration curve" and the entire procedure is one method of
calibration.

x 100% = 2.2%) associated with the measurement when using this thermometer.

Calibration may be considered an "adjustment" procedure used to force the experimental results to
match known values. After calibration, a relationship between a measured physical quantity and the
desired information (temperature, concentration, etc.) can be derived. For example, assume we have an
instrument in which the measured quantity is a voltage, which is somehow related to temperature. This
instrument is then used to measure the temperature of a water sample and an instrument response of 240
mV is observed. Without knowing the relationship between temperature and voltage, we have no idea of
the temperature of the water sample. We can obtain this relationship by using the instrument to measure a
series of samples whose temperatures are known, generating a table of voltages vs. temperature like the
following:

Sample # Temperature Voltage
1 10.0 °C 110 mV
2 21.8°C 228 mV
3 33.4°C 371 mV
4 49.2 °C 521 mV
5 89.7 °C 978 mV

If we plot mV as a function of temperature, a linear graph will result as shown in Figure 7.
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Figure 7: Calibration plot of Voltage vs. Temperature
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This is our calibration curve and the linear equation for the best-fit line through the data points
provides the mathematical relationship between temperature (x-axis, dependent variable) and instrument
response in mV (y-axis, independent variable). Using this equation, we can find the temperature
corresponding to the measured voltage of the unknown sample, 240 mV.

y=109x - 3.2
240mv = 10.9 Tg x°C - 32mV
10.9 Tg x°C = 240mV + 32mV
o L 2432mV o
= Toomvee ~ 2237

Alternatively, if the calibration curve were graphed on high-resolution graph paper, we could
simply find the temperature value corresponding to 240 mV from the graph. Our instrument is now
calibrated and many of the errors that impact accuracy in the unknown will cancel because they are also
present in the standard.

There could be some determinate errors that impact the unknown differently than the standards.
The instrument response may not be the same in both cases and our calibration may not be valid. These
types of errors generally arise from a physical or chemical interference or an agent present in the unknown
sample that causes it to behave differently than the standards. In such a case, the calibration curve is no
longer valid for the unknown and the technique is said to suffer from matrix effects (the bulk unknown
being the matrix which has an impact on the analytical method). Under such circumstances, considerable
determinate error may be introduced and accuracy may suffer. For example, lead in a blood matrix (the
unknown) may not behave in the same manner as lead in an aqueous solution (standards) when analyzed by
a particular method. Under these circumstances, a different method of calibration called standard addition
is often employed.

The standard addition method involves adding a known amount (the standard) of the species of
interest to an unknown sample. The analytical signal is measured both before and after the addition of the
standard, with an increase in signal observed upon addition of the standard. Provided a linear relationship
exists between the measured signal and the desired quantity, this increase in signal is proportional to the
amount of added standard, and this proportionality can then be used to calculate the concentration of
unknown present in the original solution. For example, assume we have an analytical method that provides
a signal (mV) specific for iron. We analyze an unknown with this method and obtain 7.1 mV of signal, but
since we do not know the relationship of signal to concentration, we can't determine the unknown's iron
concentration. Next, we add exactly 0.50% iron to the unknown and repeat the measurement and our signal
increases to 14.2 mV. We have doubled the signal, so the addition of 0.50% iron must have doubled the
amount of iron in the unknown, and therefore, the unknown must contain 0.50% iron. This method
overcomes matrix effects since the same bulk solution is used for both the unknown and the known
standards, so any interferences present will affect both the unknown and the standard to the same extent.
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This is our calibration curve and the linear equation for the best-fit line through the data points
provides the mathematical relationship between temperature (x-axis, dependent variable) and instrument
response in mV (y-axis, independent variable). Using this equation, we can find the temperature
corresponding to the measured voltage of the unknown sample, 240 mV.

y=109x - 3.2
240mv = 10.9 Tg x°C - 32mV
10.9 Tg x°C = 240mV + 32mV
o L 2432mV o
= Toomvee ~ 2237

Alternatively, if the calibration curve were graphed on high-resolution graph paper, we could
simply find the temperature value corresponding to 240 mV from the graph. Our instrument is now
calibrated and many of the errors that impact accuracy in the unknown will cancel because they are also
present in the standard.

There could be some determinate errors that impact the unknown differently than the standards.
The instrument response may not be the same in both cases and our calibration may not be valid. These
types of errors generally arise from a physical or chemical interference or an agent present in the unknown
sample that causes it to behave differently than the standards. In such a case, the calibration curve is no
longer valid for the unknown and the technique is said to suffer from matrix effects (the bulk unknown
being the matrix which has an impact on the analytical method). Under such circumstances, considerable
determinate error may be introduced and accuracy may suffer. For example, lead in a blood matrix (the
unknown) may not behave in the same manner as lead in an aqueous solution (standards) when analyzed by
a particular method. Under these circumstances, a different method of calibration called standard addition
is often employed.

The standard addition method involves adding a known amount (the standard) of the species of
interest to an unknown sample. The analytical signal is measured both before and after the addition of the
standard, with an increase in signal observed upon addition of the standard. Provided a linear relationship
exists between the measured signal and the desired quantity, this increase in signal is proportional to the
amount of added standard, and this proportionality can then be used to calculate the concentration of
unknown present in the original solution. For example, assume we have an analytical method that provides
a signal (mV) specific for iron. We analyze an unknown with this method and obtain 7.1 mV of signal, but
since we do not know the relationship of signal to concentration, we can't determine the unknown's iron
concentration. Next, we add exactly 0.50% iron to the unknown and repeat the measurement and our signal
increases to 14.2 mV. We have doubled the signal, so the addition of 0.50% iron must have doubled the
amount of iron in the unknown, and therefore, the unknown must contain 0.50% iron. This method
overcomes matrix effects since the same bulk solution is used for both the unknown and the known
standards, so any interferences present will affect both the unknown and the standard to the same extent.
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NOMENCLATURE OF ORGANIC COMPOUNDS
INTRODUCTION

Carbon forms a vast variety of covalent compounds, many of which occur
naturally in biological systems. Besides their importance to plant and animal life, these
compounds offer examples of a wide variety of structures that challenge chemists to
synthesize them. The vast majority of carbon compounds are composed of only a small
number of elements: carbon, hydrogen, oxygen, nitrogen, and the halogens.

Structural Formulas

In order to write their structural formulas, it is important to remember that
generally, in uncharged molecules, carbon forms four bonds, nitrogen forms three bonds,
oxygen forms two bonds, and hydrogen and the halogens form one bond. With these
rules for a compound of molecular formula CH40, there is only one possible structural
formula

H

H

Henceforth, rather than using a cumbersome system of dots to portray internuclear lines,
electron dot formulas will be used in order to represent structures of compounds. Thus,
the structural formula of CH40 is written as

I
H—C—O—H

Some molecular formulas can be represented by more than one structural formula. For
example, there are two possible structures that exist for CoHgO:

1 oy
H_CI_CI_O —H and H—(II—O—CI—H
H H H H
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These two compounds, which have the same molecular formula but different structures,
are isomers from the Greek isos and meros meaning “same parts.”

Example 1:
Write all possible structural formulas for compounds with the formula CoH40.

Solution: The following three structural formulas can be written for CoH40O (note that
each has four bonds to carbon, two to oxygen, and one to each hydrogen):

H O
H\ /O—H | ,/O / \
Cc=C H—C—C 3
/ N\ H/C \H
H H | “u 7 \
H H H

Because this molecular formula has two less hydrogens than CoHgO, either a double
bond must be incorporated into the structure, as in the first two formulas, or a ring
structure must be used.

Structural formulas for many large carbon compounds become quite unwieldy.
For example, even a simple molecule, such as 2,2-dimethylbutane, has a rather awkward
formula:

0
H—C—H
H | H H
Hete——— &y
| | I
H | H H
H—C—H
H

For convenience, formulas like this one may be condensed by simply writing the
hydrogens next to the carbon to which they are attached:

i G
HiC—C—CH,CH;  or  H;C—CH,—C—CHj
CH, CH,

Note that these two structures represent the same compound; the second one is simply the
first one rotated 180° in the plane of the paper.
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HYDROCARBONS & RELATED COMPOUNDS

The simplest type of carbon compounds, the hydrocarbons, contain carbon atoms
linked to one another and also to hydrogen. There are three main kinds of hydrocarbons:
(1) alkanes, in which all the carbon-carbon linkages are single bonds, (2) alkenes, in
which one or more of the carbon-carbon linkages are double bonds, and (3) alkynes, in
which one or more of the carbon-carbon linkages are triple bonds. Alkenes and alkynes
are sometimes referred to as unsaturated compounds because the linked carbon atoms
are not bonded to as many hydrogen atoms as possible; i.e., the carbons are not saturated
with hydrogen.

Alkanes

The formulas and names of some straight-chain alkanes (alkanes whose carbon
atoms can be written on a straight line) are given in Table 1. All the names end in -ane,
and from pentane to decane the names are derived from the Greek word for the number of
carbon atoms in one molecule of the compound.

Many molecules often contain an alkane unit less one hydrogen atom as part of
their structure. These groups are named by replacing the —ane ending in the alkane’s
name by -y/. For example, CH3CH3 is ethane, and CH3CHy is an ethyl group. The
names of these alkyl groups or radicals are given in Table 1.

TABLE 1 NOMENCLATURE FOR STRAIGHT-CHAIN ALKANES

COMPOUND NAME NAME OF RADICAL
CH4 methane methyl
CH3CH3 ethane ethyl
CH;3CH,CH3 propane propyl
CH3CH,CH,>CH3 butane butyl
CH3(CHj3)3CH3 pentane pentyl
CH3(CHj3)4CH3 hexane hexyl
CH3(CH)5CH3 heptane heptyl
CH3(CH3)6CH3 octane octyl
CH3(CHj3)7CH3 nonane nonyl
CH3(CHj3)sCH3 decane decyl
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Alkanes may possess branched structures as illustrated by the following compounds:

H H H
CH3—CI—CH3 CH, —CI—CHZ—CH3 CH3—CH2—CI—CH3

&n, c:H2 &n,

(a) CH;  (b) (©)

In the system of nomenclature developed by the International Union of Pure and Applied
Chemistry (IUPAC), branched hydrocarbons are named by first selecting the longest
chain of carbon atoms that could be written in a straight line and then numbering the
carbon atoms of the longest chain starting from the end closest to the branch. For
compound (a), the chain is numbered as follows:

H

1 2] 3

CH; ~C—CH
CH,

For compound (b) the longest chain is shown below, both as written above and as it could
be written in a straight line.

H
31 4 5 H

| CH;—-CH,-C—CH,—CH,
2 CH, |

| CH,
1 CH,

In both (a) and (b) the branch occurs midway in the longest chain, and so it is immaterial
from which end the numbering begins. In compound (c), the branch occurs closer to one
end of the chain; thus, numbering the carbons begins from the end position closest to the
branch so that the methyl group is attached to carbon 2 rather than carbon 3.

H

4 3 27 1

CH; ~CH,~C—CH,§
CH,

The base name of the branched hydrocarbon depends on the number of carbons in
the longest chain; for (a) the base name is propane, and for (b) the base name is pentane.
Finally, a name is applied to the group at the branch (also called the substituent because
it substitutes for a hydrogen of the corresponding straight-chain alkane). Its position on
the longest chain is designated by the number of the carbon atom to which it is attached.
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The IUPAC name for compound (a) is 2-methylpropane; the [UPAC name for compound
(b) is 3-methylpentane; and the [IUPAC name for compound (c) is 2-methylbutane.

Alkanes that have one or more hydrogens replaced by halogens, such as CH3Cl
are known as halogenated alkanes. These compounds are named according to the rules
above, using the following names for the halogen substituents: F, fluoro; Cl, chloro; Br,
bromo; I, iodo. The compound CH3Cl is chloromethane (also called methyl chloride);
the compound CHCI3 is trichloromethane (commonly called chloroform); and
CH3CHBrCH3 is 2-bromopropane.

Example 2:
Name the following compound:
H;
F-CH2CH2(IZCH3
CH;

Solution: The longest chain contains four carbons and the base name is therefore butane.
There are three substituents--one fluoro group and two methyl groups. Each of these
must be given a number corresponding to the carbon to which they are attached. There
are two ways to number the carbon base. If we number from the right hand carbon, the
name would be 4-fluoro-2,2-dimethylbutane. If we number from the left hand side, the
name would be 1-fluoro-3,3-dimethylbutane. According to the [UPAC rules, the base
should be numbered beginning at the end nearer the first branch or substituent point.
Thus, the second name is the correct name. Notice that in the name the groups are listed
in alphabetical order without regard to the prefixes (di, tri, etc.) in front of the group
name.

Alkanes also may be cyclic compounds. These cyclic hydrocarbons are known as
cycloalkanes, and their names are based upon the number of carbons in the ring. Thus, a
ring with three carbons is cyclopropane, one with four carbons is cyclobutane, one with
five carbons is cyclopentane and so on. Like normal alkanes these compounds may have
substituents. Consider the following examples:

H H H H
H\C/ H I_I\ }j’H H III \Cl IiIBr
\CIC ’ H/C|:/ \ ,CH,CH,CH; \Cli/ \C|1/
C
H N\
\ H | ~c” | ,CH;
H g H B/ B

methylcyclopropane  1-methyl-1-propyleyclopentane  1-promo-2-ethyleyclohexane
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Alkenes

The simplest alkene, HyC=CH3, has the common name ethylene. The [UPAC
name of ethylene is ethene, which is derived from the name of the analogous alkane,
ethane, by replacing the -ane with -ene. For more complicated alkenes the position of
the double bond in the longest carbon chain must be indicated by a number. For
example, CH3CH=CHCH3 is 2-butene because the first carbon involved with the double
bond is the second carbon in the chain; CH3CH,CH,CH=CH, is 1-pentene, rather than
4-pentene, because the position of the double bond is given the lowest number possible.
Cycloalkenes have a carbon-carbon double bond within the ring, and these two carbon
atoms are assigned as number one and number two in naming compounds.

IiI H\ /HH
H—C—c H‘c AN
| -
H—C—C H\c| (|:
— ~.ZC~H
L cH,cH, H’ CIJ/
H

1-ethylcyclobutene 3-chlorocyclohexene

The rigid nature of the double bond results in isomers for some alkenes. For
example, 2-butene may have the following two structures:

H_ CH, H,C cH,
Cc=C C=C
Ve N /7
H,C H H “H
trans-2-butene cis-2-butene

In the first structure the longest chain of carbon atoms includes two carbons that are
across from each other and thus the compound is the trans isomer. In the second
structure the corresponding carbons are on the same side, and the compound is the cis
isomer. The following compounds provide two additional examples:

CH,CH, CH;, CH;, CH,CH,4
N\ \

Je=c{ Je={
trans-3-methyl-3-hexene cis-3-bromo-2-pentene

The double bond in alkenes makes them more reactive than alkanes toward some
reagents. Although cyclohexane does not react with diatomic bromine (Brp),
cyclohexene will react readily with it. Similarly, cyclohexene reacts with potassium
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permanganate (KMnQy) to produce manganese dioxide as a brown precipitate, but
cyclohexane does not react.

Example 3:
Name the following compound, which is formed when bromine reacts with cyclohexene.

H
H \/ H

Solution: Cyclic compounds contain carbon atoms in a ring. They are named just like
acyclic compounds, except that the word cyclo- is added as a prefix. In the compound
above the longest chain of carbons contains six carbons; thus, the compound is a
cyclohexane. There are two substituents: the two bromo groups. The hexane must be
numbered to assign one substituent to carbon #1. The compound is 1,2-
dibromocyclohexane.

A very special type of hydrocarbon that appears to be a cyclic alkene (an alkene
with a carbon ring in its structure) is the compound benzene. This compound does not
undergo reactions typical of alkenes, however, and for that reason and others the
structural formula that shows three discrete double bonds is often an inadequate
description of the bonding in this compound.

H H
¢
H\(i AN H
I
C C
H” \(I; “y H H
H H

Three representations of benzene

Note that the presence of the carbons is understood in the middle structure and the
presence of carbon and hydrogen atoms is understood in the third structure.

An alternative structural description of the bonding in the compound uses a ring to
indicate that the double bonds interact with each other to produce additional stability in
benzene relative to a cyclic compound with three discrete double bonds.
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H

H H

H H @
H

Two alternative representations of benzene

Compounds containing a benzene ring are termed aromatic, and the benzene ring is
called the aryl portion of the compound. As a substituent benzene is called a phenyl
group.

Substituted benzenes (benzenes in which substituents such as F, Cl or an alkyl
group replace one or more of the hydrogen atoms) can be named by the usual [IUPAC
rules. For example:

Cl\©\ CH3CH2\©/CH2CH3 CH3 CH3
Cl

CH,

1,4-dichlorobenzene 1,3-diethylbenzene 1,3,5-trimethylbenzene

These compounds can also be named by the common system, in which adjacent
substituents are designated by the prefix ortho (o-), substituents two atoms removed are
designated by meta- (m-), and substituents directly opposite are designated by para- (p-),
as illustrated below.

m

o P

m
Thus, the first compound above could be named para-dichlorobenzene, which is the

name commonly used for a moth repellent. The second compound could be named meta-
diethylbenzene.

Alkynes

The IUPAC rules for naming alkynes, those hydrocarbons that contain carbon-
carbon triple bonds, are identical to the alkene rules except that the -ane ending of the
parent alkane is replaced by -yne to indicate the presence of the triple bond. Propyne is
CH3CJCH; the simplest alkyne, ethyne (HC[CH), also has the common name acetylene.

Two alkynes with the molecular formula C4Hg exist:
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H_CEC_CH2CH3 CH3 _CEC_CH3
1-butyne 2-butyne

Because the triple bond is at the end of the chain 1-butyne is called a terminal alkyne.
The compound 2-butyne is an internal alkyne.

Example 4:
Name the following alkyne.

H—C=C—CCl,

Solution: The triple bond must be given the lowest possible number. Therefore, the
carbon chain is numbered from left to right, and the compound is 3,3,3-trichloro-1-
propyne. Notice that the 1 refers to the carbon where the triple bond begins. In addition,
for this compound, the name 3,3,3-trichloropropyne is also acceptable because it leads to
an unambiguous structure. Because the carbon bonded to three halogen substituents can
form only one other bond, it is obvious that the triple bond occurs between the other two
carbon members of the chain. Both names are therefore correct.

FUNCTIONAL GROUPS

Certain substituents or groups, called functional groups, give organic molecules
characteristic chemical behaviors that are very different from those of hydrocarbons. For
example, when a carbonyl group, (C=0), is present within a structure, many reagents that
would not react with the parent hydrocarbon will react vigorously with the carbonyl

group.

(|)| Note the carbonyl group in the center of this molecule,
CH;CH,CH,CCH,CH,CH; which is otherwise a simple hydrocarbon.

Alcohols

Alcohols contain hydroxyl functional groups (OH) bonded to tetrahedral carbons

atoms; i.e., sp3 hybridized carbon atoms. The general formula for alcohols is ROH, in
which R generally represents a hydrocarbon group. In the IUPAC system, alcohols are
named by first determining the longest chain of carbon atoms that contains the OH
group. This chain is numbered in such a way as to give the OH group the lowest number.
The name is produced from the name of the parent hydrocarbon by replacing the -e
ending by -o/. For example, CH3OH is called methanol. The position of the OH group
on the chain is indicated by a number in front of the name. Thus, the saturated three-
carbon alcohol that has the hydroxyl group on the second carbon atom is 2-propanol.
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|
CH; i —CH;  2-propanol
OH

If the position of the alcohol functional group could be indicated by two different location
numbers, then the name that assigns the lower number to the hydroxyl position is used.
For example, in the structure shown below the proper name for the compound would be
6-methyl-3-heptanol and not 2-methyl-5-heptanol.

g
CH;CHCH,CH,CHCH,CHj,

Cyclic alcohols are named using the same rules. Therefore, the compound represented

by both structures below would be named 2-bromocyclohexanol. Note that in the second
structural formula the carbon atoms and the hydrogen atoms are understood to be present
just as the carbon and hydrogen atoms were represented in benzene in a previous section.

HH
H \IH
H\(I%,C\(::,OH (:EOH
H/CIj\C/CIj\Br Br
H NH
HH

Many compounds containing functional groups are also named by the common system.
In this system the carbon skeleton is named as a group. The common groups are
summarized in Table 2. In the case of alcohols the group name is followed by the word
alcohol.

OH
CH;0H CH;CH,0OH  CH,CH,CH,OH CH3CICH3
methanol ethanol 1-propanol 2-propanol
methyl alcohol  ethyl alcohol n-propanol  isopropyl alcohol
propyl alcohol
O
cyclopentanol
cyclopentyl alcohol
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TABLE 2 SOME COMMON ALKYL GROUPS
NUMBER OF CARBONS IN GROUP

1 CARBON 2 CARBONS 3 CARBONS

—CH; —CH,CH;  —CH,CH,CH, —CHCH,
methyl ethyl propyl CH,
isopropyl
Gt
—CH,CH,CH,CH; —(IZHCHZCHE; —CHZCIZHCHg, —(IZ —CHj;
CHj CH;, CH;,

4 CARBONS

butyl
sec-butyl isobutyl tert-butyl

Phenols

Phenols are compounds that have hydroxyl groups attached to aromatic rings.
These compounds are more acidic than alcohols because the hydroxyl group is attached
to an aromatic ring. Phenols occur widely in nature and are used in many industrial
preparations of important compounds. The parent compound of the group may be used
as a disinfectant. Various substituted phenols may be used as flavoring agents, and some
naturally occurring phenols are the compounds in poison ivy that produce allergic
reactions.

The nomenclature of substituted phenols is based upon the assignment of position
one to the carbon that bears the hydroxyl group. The structures below are examples. The
assignment of position one is implied in the names. (Remember that in line structures the
carbon and hydrogen atoms of the ring are understood to be present.)

OH OH OH OH
CH,

Cl
CH;—CH—CH,
phenol  2.methylphenol 3-chlorophenol 4-isopropylphenol
o-methylphenol m-chlorophenol p-isopropylphenol
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Ethers

Ethers are compounds that have two organic groups attached to a central oxygen
atom. The general structure is:

R—O—R

In symmetric ethers R and R’ are the same, and in asymmetric ethers R and R’ are
different groups. The [UPAC rules allow two methods for naming ethers. If the
compound is a simple ether, then it is named by giving the identities of the two organic
groups followed by the word ether. The common solvent frequently called “ether” is
actually diethyl ether.

CH,
|
CHyCH,-O—CH,CH;  CH;-O—CH @—OCHZCHg,

diethyl ether CH,
methyl isopropyl ether  ethyl phenyl ether

If more than one ether functionality is present or if other functional groups are present,

then the ether is named as an alkoxy substiutent by replacing the —y/ ending of a group
with —oxy.

Gl OCH;
CH;CHCHCH,CH, O—OCHzCHs CH;0 CHj,

2-chloro-3-methoxypentane 1-ethoxycyclopentene 1,4-dimethoxybenzene

Ketones and Aldehydes

Ketones, which are another important class of organic compounds, have the
generic formula:

O
I

R—C~R

The atoms between the two R groups, C=0, is the carbonyl (car-bo-neel) functional
group, and it is present in many of the most important functional groups. In the [UPAC
system ketones are named by locating the longest chain of carbon atoms that contains the
carbonyl group. The -e of the base carbon alkane is replaced by -one to designate a
ketone. For example, the compound
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0
I
CH;CHCCH,CH,CH
CH,

contains six carbons in the longest chain and one substituent, a methyl group. Just as
with locating the hydroxyl group in alcohol, the chain must be numbered so that the
carbonyl carbon receives the lowest possible number. Therefore, we number from the
left-hand side of the given structure, and compound is named 2-methyl-3-hexanone.

In the common system the two groups attached to the carbonyl are named and are
then followed by the word ketone. The previous compound is isopropyl n-propyl ketone.
In this system, 2-butanone would be named methyl ethyl ketone (also known as the
common solvent MEK). Similarly, the compound shown below is cyclopropyl methyl
ketone.

0
I
I>/C\CH3

Aldehydes also have a carbonyl group with a general structure:
O
I

R/C\H

They are generally more reactive than ketones because the carbonyl group is slightly
more polar in an aldehyde than it is in a similar ketone and because the hydrogen atom is
smaller that an R group so reagents may more readily attack the carbonyl carbon atom.

As was the case in naming ketones, the carbonyl group is given priority in a
numbering scheme. In the [IUPAC system aldehydes are named by locating the longest
chain of carbon atoms that contains the carbonyl group. The -e of the base carbon alkane
is replaced by —al to designate an aldehyde. Thus, a straight chain aldehyde with five
carbons would be pentanal. Four low molecular weight aldehydes with their [UPAC
names and common names are:

O

R N ;
H/ \H CH3CH CH3CH2CH CH3CH2CH2CH
methanal ethanal propanal butanal

formaldehyde acetaldehyde propionaldehyde  butyraldehyde

Cyclic compounds that are aldehydes are name by stating the name of the ring
system followed by the term carbaldehyde. Simple aromatic aldehydes are
benzaldehydes.
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I
Q CH,CH, H

cyclopropanecarbaldehyde 3-ethylcyclohexanecarbaldehyde

@) @)
Il 1]
H H
1
benzaldehyde 2-chlorobenzaldehyde

o-chlorobenzaldehyde

Carboxylic Acids

Carboxylic acids have the generic formula:

O
Il

R/C\OH

In these compounds the carbonyl is attached to a hydroxyl group. Because of the
electronegativity of both oxygens, these compounds release the OH hydrogen as a proton
to molecules that have a lone pair of electrons. Compounds that function in this way are
called acids. In the IUPAC system the name of the compound is based on the longest
carbon chain that includes the carbonyl carbon. The -e of the parent alkane is then
replaced by -oic acid. For example, the compound

™9
CH,CHCH,COH

is 3-hydroxybutanoic acid. The IUPAC and common names for the simple carboxylic
acids are give in Table 3.
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TABLE 3 ITUPAC AND COMMON NAMES FOR CARBOXYLIC ACIDS

methanoic acid formic acid HCO,H

ethanoic acid acetic acid CH;CO,H

propanoic acid propionic acid CH;CH,CO,H
butanoic acid butyric acid CH;CH,CH,CO,H
pentanoic acid valeric acid CH;CH,CH,CH,CO,H

If the carboxylic acid functionality is a substituent on benzene then the compound is
named as benzoic acid.

Esters

Esters are derivatives of carboxylic acids in which the H of the acid has been
replaced by either an alkyl group or an aryl group. They are often characterized by their
sweet or fruity odor. Esters are named by first giving the name of the group that replaced
the H followed by the acid’s name is which the —oic acid ending is replaced by —ate. For
example, the compound below may be named as either ethyl acetate or ethyl ethanoate.

O
Il
CH3C _O _CH2CH3

Other examples include:

Cﬁ (ﬁ OCH,
CH,CH,CH,CH,COCH, CH3CH2CO©

methyl pentanoate phenyl propanoate

methyl valerate phenyl propionate methyl benzoate

Amines

Organic derivatives of ammonia (NH3) are know as amines. These compounds
are structurally derived from ammonia just as ethers and alcohols are may be structurally
derived from water. Amines are commonly found in plants and animals in three general
forms with increasing numbers of organic groups attached to the central nitrogen atom.
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H R R

primary amine secondary amine tertiary amine

1° amine 2° amine 3° amine

Amines may be named by adding the suffix amine to the alkyl or aryl group(s) name(s),
or they may be named by replacing the —e ending of the parent compound’s name with
—amine. For example, the amine with one methyl group attached to the nitrogen could be
called methylamine or methanamine. If more than one group is attached to the nitrogen,
then they must be clearly identified in the name. For example, if two ethyl groups are
bonded to the nitrogen atom, then the name would be diethylamine, and if three phenyl
groups are bonded to the same nitrogen, then the appropriate name would be
triphenylamine.

N N
CH,CH, f

methylamine
methanamine diethylamine
triphenylamine
O
H,NCH,CH,CH,CH,CH,CH,NH,
cyclopentylamine 1,6-hexanediamine

cyclopentanamine

Secondary and tertiary amines that are asymmetrical are named as N-substituted primary
amines in which the largest group is chosen to determine the parent name of the
compound. The prefix N- indicates that a substituent is bonded directly to the nitrogen
atom. For example, compounds shown below are N-methylpropylamine and N,N-
diethylcyclohexylamine, respectively.

CH,CH,
CH;NCH,CH,CHy <:>7N’
H "CH,CHj,
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Amines that have other functional groups are usually named with the -NH» group
considered to be an amino substituent. For example, the compounds below would be 4-
amino-2-pentanone and 3-aminopropanoic acid, respectively.

e § I
CH3CHCH2CCH3 HZNCHZCHZCOH

Benzene with an amino group is usually called aniline, although it could be
aminobenzene or benzamine. Aniline may have substituents on the aromatic ring or on
the nitrogen or both.

H( AHaCHs  CHax CH;

09 O 9

aniline N-ethylaniline
4-bromoaniline 4-chloro-N,N-dimethylaniline

Example 5:

Name the following compounds using both the [IUPAC and Common systems:

i
CH3CIHCH2CH2COH (R
CH, CF;CCF;
a) b)
Solution: 4-methylpentanoic acid 1,1,1,3,3,3-hexafluoropropanone or
hexafluoropropanone
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PROBLEMS

1.  Name the following compounds:

CHs CH,  CH,
(a) CH;CH,CH, (b) CH,CH,CH,CHCHj, (0) c=C.
H H
Cﬁ O
(d) CH,C=CH (e) CH,CCH, () CH3(IZIH
9
() HC—OH (h) CH,0CH,CH;, (i) CH;CH,NH,

answers: a. propane; b. 2-methylpentane, c. cis-2-butene, d. propyne;
e. propanone;, f. ethanal or acetaldehyde; g. methanoic acid or formic acid;
h. ethyl methyl ether, i. ethylamine or ethanamine

2. Write structural formulas for each of the following compounds:

(a) propene (b) propyne (c) propanone
(d) propanal (e) propanoic acid (f) 2-propanol
H\C /CH3 o
ST Il

(@) H H (b) H—C=C—CHj, (©) CH,CCH;
O Q OH

Il
(d) CHyCH,CH ~ (© CH3CH,C-OH () CH,CHCH,
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extent of, 506-13
Adduct, 496
Aerosol, 299
Alcohols, 225
Aldehydes, 505
Alkali metals, 85
melting points of, 203
Alkanes, 177
Alkenes, 177
Alkyl halides, 177
Alkynes, 177
Allotropy, 201
Alloys, 265
Alpha emission, 32
Alpha rays, 32
Amalgam, 265
Amines, 225
Amino acids, 185
Ammonia, aqueous ionization of, 447
bonding and structure of, 169
Ammonia, cont.
buffers of, 473-8
complexes with, 499
Amorphous solids, 199
Ampere, 557
Amphiprotic acids and bases, 450
Amphoteric compounds, 550

Amplitude, 50
amu (atomic mass unit), 39
Analysis, by acid-base reaction, 320-2
by combustion, 323
by precipitation reaction, 318-20
gravimetric, 318-20
qualitative, 318
quantitative, 318
volumetric, 320-2
Angular momentum quantum number,
66
Anion, 87, 103
Anode, 29
Antibonding orbitals, 150
Arrhenius, Svante, 292, 446
Arrhenius acid-base concept, 447
Arrhenius equation, 353-5
Atmosphere, as gaseous solution, 232-3
Atom, 22
Atomic mass unit, 39
Atomic nucleus, 34
charge on, 34
size of, 34
Atomic number, 36, 84
periodicity of, 85-6
Atomic radii, table of, 87,
Atomic radius, 86-87
Atomic theory, Bohr’s, 54-60
Dalton’s, 22, 35
nuclear model, 54-55
wave model, 60-65
Atomic unit, 55
Atomic weight(s), 39-42
Attractive forces, 198
Avogadro, Amedeo, 42, 237
Avogadro’s Law, 237-9
Avogadro’s number, 42

B

Balancing chemical equations, 307
Balmer Series, 60
Barometer, 233
Base-displacement reactions, 513-7
rate of, 151-7
Bases, 447
Arrhenius concept of, 447
Bronsted-Lowry concept of, 447
equilibrium constants for, 452
hard and soft, 512
historical background of, 447
Lewis concept of, 447
polyprotic, 450
strength 0f450
titration of, 478
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Basic anhydrides, 295
Basic oxides, 499
Becquerel, Henri, 32
Benzene, structure of, 147
resonance forms of, 148
Beryllium chloride, 131, 167
Beta rays, 32
Binary compounds, 133-34
Blood, pH of, 478
Bohr, Niels, 49
Bohr model, 54-60
Boiling point, 221
effect of pressure on, 221
normal, 221
of solutions, 286-7
Boltzmann distribution curve, 335
Bond, covalent, 122, 126
hydrogen, 129
ionic, 101
metallic, 199-200
pi, 134
polar, 102
sigma, 133
Bond angles, 123
Bond energies, 89, 123, 409-12
Bond lengths, 123
and formal charges, 145-7
Bond order, 137-38
Bond polarity, 123-126
Bonding orbitals, 134-35
Born, Max, 63
Boron trichloride, 131, 167
Boron trifluoride, adducts of, 510
resonance forms of, 149
Boyle, Robert, 22, 233
Boyle’s Law, 233
Bragg equation, 209-10
Bromine pentafluoride, 171
Bronsted, J.N., 447
Bronsted-Lowry acid-base concept, 423
Buffers, 473-8

C

Calorimeter, 399

Canal rays, 31

Capillarity, 218

Carbon dioxide, bonding in, 125, 130
in blood, 478

Carbonic acid, buffers of, 478
and pH of blood, 478

Carboxylic acids, 4, 225

Catalysis, 342

Catalyst, 342

Cathode, 30, 533
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Cathode rays, 30
Cation, 87, 103
Cells, 532-3
concentration, 545-9
emf of, 535
fuel, 550-3
Cesium chloride structure, 117
Chadwick, James, 35
Charles, Jacques, 235
Charles’ Law, 235-7
Chemical change, 24
Chemical properties, 24
Chemical reactions, 24
Chirality, 185
Chlorine trifluoride, 170
Cis isomer, 180-3
Close-packed crystals, 210-13
Colligative properties, 283
of electrolyte solutions, 296-8
Collision theory, 335
Colloids, 298-9
Color, 50
Combustion analysis, 323
calorimeter, 400
Common ion effect, 437-8, 473-8
Complex ions, 440-441
equilibrium systems, 441
instability constants, 441
Compound(s), 23
Compound substance, 23, 36
Concentration, 276-83
and electrode potentials, 545-9
and equilibrium, 382-5
and reaction rate, 330-3, 341
Concentration cells, 545-9
Concept, 1
Condensation, 219
rate of, 220
Conductance, electrolytic, 293
Conformational isomers, 176
Conformations, 175
Conjugate acid-base pairs, 448
Conservation of Energy, Law of, 58, 394
Conservation of Matter, Law of, 26
Constant Proportions, Law of, 26
Coordination number, 210, 497
Coulomb, Auguste, 54
Coulomb, 55, 557
Coulomb’s law, 55
Covalent bond, 122-26
Covalent compounds, properties of, 102
stability of, 122, 152-53
Covalent network crystals, 200-2
melting points of, 202-3
Critical pressure, 252
Critical temperature, 252



Index

Crystal lattice, cubic, 210
cubic close-packed, 211
hexagonal close-packed, 211
unit cell in, 210

Crystallization, heat of, 222

Crystals, cesium chloride, 117

Crystals, cont.
close-packed, 199-200, 210-3
covalent network, 200-2
diamond, 201
electrical conductivity of, 205
graphite, 201-2
ice, 225
iodine, 200
ionic, 199
metallic, 199-200
molecular, 200
properties of 202-5
silicon dioxide, 201
sodium chloride, 110-1
sodium metal, 200
x-ray diffraction of, 209-10
zinc blende, 113

Crystal structure, 209-15

Crystal systems, 210

Cubic close-packing, 211

Cubic lattices, 210

Curie, Marie and Pierre, 32

Current, 557

D

Dalton, John, 22, 27, 244
Dalton’s atomic theory, 22, 27

Dalton’s Law of Partial Pressures, 244

Davy, Humphry, 446
de Broglie, Louis-Victor, 60
Debye, Peter, 124
Debye-Huckel Theory, 298
Degenerate energy levels, 68
d electrons, 67
Delocalized bonding, 144
Density, 215
Deuterium, 37
Diamond, 201
Diffraction of light, 209
pattern, 209
of x-rays, 209
Diffraction grating, 209
Diffusion of gases, 245
Dinitrogen oxide, resonance
forms of, 147
Dipole, 125, 206
temporary, 207
Dipole-dipole attractions, 206
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Dipole moment, 124-125
and electronegativity, 124-125
Dirac, P.A.M,, 61
Dispersion of light, 209
Displacement reactions, 496, 513
acid, 517
base, 513
mechanism of, 517
rates of, 515-7
Dissociation of electrolytes, 292
Distillation, 221
Dobereiner, Johann, 83
Dobereiner’s triads, 83
Double bond, 130
and geometrical isomerism, 182
rotation about, 176
Dry cell, 550
Dynamids, 32

E

E, AE, 394
E , See Standard electrode potential
Effusion, 245
Einstein, Albert, 52
Electrode potentials, 535
and concentration cells, 545-9
and electrolytic cells, 553-60
and equilibrium constants, 369-80
and fuel cells, 550-3
and spontaneity of reaction, 542
standard, 537-40
Electrolysis, 292-8, 550
with active electrodes, 556-7
of aqueous solutions, 292-8, 554-6
of molten NaCl, 550
Electrolytes, 292, 553
acids as, 293
bases as, 293
classification of, 293-6
conductance of, 293
dissociation of, 292
salts as, 294
strength of, 295-6
Electromagnetic radiation, 50
Electromagnetic spectrum, 50
Electromotive force, 535
Electron(s), charge on, 30
charge-to-mass ration of, 39
d, 69
discovery of, 30
dual nature of, 65
mass of, 30
p, 69
quantum numbers of, 57-58, 63-64
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Electrons, cont.
s, 67
size of, 30
Electron affinities, 88-89
effects on acidity, 453
effects on basicity, 453-4
Electron configuration(s), 69
and the aufbau principle, 72
ground state, 69
table of, 69
Electronegativity, 89-90
ionic character and, 124
Electronic energy, 187, 397
transitions, 189-90
Electronic spectra, 187
and color, 189-90
and molecular structure, 187
Electron-sharing reactions, 497
acid-displacement reactions as, 517
addition reactions as, 497-505
base-displacement reactions as, 513-7
Electron-transfer reactions, 423
balancing of, 529
and concentration cells, 545-9
and electrode potentials, 545-9
and electrolytic cells, 553-60
and electromotive force, 535
equilibrium constants of, 542-5
and fuel cells, 550-3
half-reactions of, 527
Electron-transfer reactions, cont.
and oxidation numbers, 524
spontaneity of, 540
and voltaic cells, 532-40
Electrophile, 504
Electroplating, 556-7
Electrorefining, 556-7
Electrostatic unit, 55
Element(s), 37-38
electron configurations of, 70-3
names and symbols of, 38
periodic relationships of, 86-91
representative, 71
transition, 71
Elementary substance, 23, 36
emf, 535
Empirical formula, 96
determination of, 96
Emulsions, 299
Enantiomers, 357
Endpoint, 479
Energetics of solution, 272-5
Energy, 34, 394
activation, 335
bond, 89, 123, 409-12
hydration, 273
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Energy, cont.
kinetic, 34
lattice, 112-15
mechanical, 394
potential, 34, 55
resonance, 145
Energy levels, atomic orbital, 67-69
molecular orbital, 151
Enthalpy, 253, 398-400
and bond energies, 409-12
of combustion, 400, 409
of formation, 407-8
of solution, 272-5
Entropy, 253-5, 273-4
absolute, 401
determination of change in, 400-3
of fusion, 204
of vaporization, 220-1
Enzymes, 334
Equations, chemical, 306-9
balancing of, 307
Equations, cont.
and calculation of yield, 317
net ionic, 425
quantitative meaning of, 310
volume-volume relationships and, 276-
83
Equilibrium, 368-9
dynamic, 220
effect of concentration on, 382-5
and free energy, 406
and Le Chatelier’s Principle, 270
liquid-vapor, 219
and reaction rates, 331
solid-liquid, 221
solid-vapor, 222
solute-solution, 266
Equilibrium constants, 369-80
for acidic and basic ions, 467-73
formation constants, 374
from free energies, 406
as measure of extent, 380-1
for molecular acids and bases, 459-63
and polyprotic acids, 464
solubility product, 430
from standard electrode potentials,
542-5
Equivalence point, 321
Equivalent weight, 557
in oxidation-reduction reactions, 557
Esters, 177
Ethene, bonding and structure of, 141-42
Ethers, 177
Ethylene, 177
Evaporation, 205, 218-9
Extent of reaction, 366
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effect of concentration on, 382-5
effect of temperature on, 385-6

and equilibrium constants, 406

and Le Chatelier’s Principle, 386

and thermochemical determinants, 393

F

Family. See Group
Faraday, Michael, 557
Faraday’s Laws, 557-8
First Law of Thermodynamics, 394
Fluoresce, 29
Fluorine, bonding in, 135
Force
Force constant, 191
Forces, dipole-dipole, 205-6
hydrogen bond, 206
intermolecular, 226
intramolecular, 226-7
ion-dipole, 267
ion-ion, 110-1
molecular, 98
van der Waals, 207-8
Formal charges, 145-47
Formate ion, resonance forms of, 148-9
Formation constants, 506-9
Formulas, calculations from, 96-100
determination of, 96-100
Formula weight, 96
Free energy, 255-8, 272-3
determination of, 255
from electrode potentials, 542
of formation, 413-6
as predictive of reaction, 406
of solution, 272
Freezing point, 221-3
of solutions, 288-9
Frequency, 52
factor, 353
Fuel cells, 550-3
Fusion, 204
Functional group(s), 177
isomers, 176

G

G, AG, 255-8,272-3

Galvanic cells. See Voltaic cells

Gamma rays, 32

Gas constant, 241

Gas discharge tube, 30

Gaseous state, 198

Gases, calculation of density of, 239
kinetic theory of, 247-9
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Gases, cont.

molar volume at STP of, 237-9
Gas equation, ideal, 232-4
Gay-Lussac’s Law, 236-7
Gels, 299

Geometry of molecules, and electron pair repulsions,

11, 165-75

and hybrid orbitals, 138-143

and polarity, 207

and stereoisomerism, 180-6
Goldstein, Eugen, 30
Graham’s Law of Effusion, 246
Gram-atomic weight (gram-atom), 42
Gram-formula weight, 48
Gram-molecular weight, 99
Graphite, structure of, 201-2
Group, definition of, 71
Grove, W.R., 550

H

H, AH, 253
Half-cell, 533
Half-reactions, 527
Halogens, 85
Hardness, 204-5
Hard-soft acid-base concept, 512
table of acid and base hard-soft
classification, 513
Heat, 253
of combustion, 400, 409
of crystallization, 222
of formation, 407-8
of fusion, 204
of hydration, 273
of mixing, 274
of solution, 269
of sublimation, 222
of vaporization, 220-1
Heat capacity, 399
Heat content, 399
Heisenberg, Werner, 61
Heisenberg uncertainty principle, 64-65
Heitler, W., 134
o- Helix, 227
Heme, 499
Henry’s Law, 271-2
Hess’s Law, 405
Heterogeneous matter, 23
Hexagonal close-packing, 210
Holes, tetrahedral, 212
octahedral, 212
Homogeneous matter, 23
Hooke’s Law, 191
Hund’s Rule, 70
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Hybridization, 138-143
and orbital energies, 138-143
sp, 139
sp’, 139
sp’, 139
sp’d, 139-40
sp’d’, 140
Hydrates, 109-10
Hydration energy, 273
water of, 109
Hydrocarbons, 551
Hydrogen, line spectrum of, 54
Hydrogen bond, 206, 223-7
effect of, on physical properties, 223-7
intramolecular, 226-7
Hydrogen electrode, 551
Hydrogen sulfide, ionization of, 427
Hydrolysis, Bronsted-Lowry concept of
of ions, 457-73
Hypothesis. See Theory

|

Ice, structure of, 225
Ideal gas, 232
Ideal gas constant, 241
Ideal gas equation, 241
deviations from, 250-3
Ideal gas laws, 232-4
Ideal solutions, 286
Indicators, 321
acid-base, 478
table of, 483
Inductive effect, 455
Inert gases, 85
discovery of, 84
Inert gas rule, 104
Infrared radiation, 191
Infrared spectra, 192
Inhibitor, 334
Instability constants, 506
Intermolecular forces, 200, 205-8
and boiling point, 221
and density of liquids, 215-6
and freezing point, 221
and heat of vaporization, 220-1
and hydrogen bond, 225
and surface tension, 218
and vapor pressure, 218-20
and viscosity, 217-8
Internal energy, 284
Interstice(s), 212
Ton-combination reactions, 423, 424-5
lon-dipole attraction, 267
Ton-electron method, 528
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Tonic bonds, 199
ITonic character, 125
and electronegativity, 125
Ionic compounds, nomenclature of, 106-
10
properties of, 101-2, 114-15
Ionic crystals, 199
lonic equilibria, 457-73
of amphoteric hydroxides, 500
and common ion effect, 473-8
driving force of, 425-8
involving complex ions, 501-2
and hydrolysis, 457-73
and oxidation-reduction, 527
of polyprotic acids, 449
of water, 457-9
of weak acids and bases, 451
Tonic lattices, 117-18
Tonic radius, 90-1
Ionization energy, 87-88
ITons, 31, 87
types of, 103-6
Isoelectronic species, 129
Isomer, chain, 176
functional group, 176
geometrical, 180-3
optical, 183-6
position, 177
stereo, 180-6
structural, 176
Isomerism, 176-86
Isotope, 37

K

Kelvin temperature scale, 6, 235
Ketones, 505

Kinetic energy, 34

Kinetic molecular theory of gases, 247-9
Kinetics, 331

L

Lanthanides, 71, 86
Lattice, 112-15
defects, 213-15
ionic, 114-15, 117-18
Lattice energy, 112-15
Lavoisier, Antoine, 22, 446
Law, Avogadro’s, 237-9
Boyle’s, 233
Charles’, 235-7
of Combining Volumes, 240
of Conservation of Energy, 58
of Conservation of Matter, 26
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Law, cont.
of Constant Proportions, 26
definition, 1
Faraday’s, 557-8
Gay-Lussac’s, 236-7
Graham’s, of Effusion, 246
Henry’s, 271-2
Hess’s, 405
Hooke’s, 191
Ideal Gas, 232-4
of Multiple Proportions, 26-7
of Partial Pressures, 244
Raoult’s, 284
Thermodynamics, 393-404
Lead storage cell, 549
Le Chatelier’s Principle, 270, 386
Levorotary compounds, 185
Lewis, Gilbert, 126, 447
Lewis acid, 447
in acid-displacement reactions, 517
in addition reactions, 496
in base-displacement reactions, 513-7
extent of addition reactions of, 506-13
Lewis electron dot structures, 126-133
Lewis model, 126-133
Light, diffraction of, 209
nature of, 49
Limiting reactant, 312
Line spectrum of hydrogen, 54
Liquids, boiling point of, 221
characteristics of, 215
density of, 215-6
freezing point of, 221-3
heat of crystallization of, 222
heat of vaporization of, 220-1
surface tension of, 218
vapor pressure of, 218-20
viscosity of, 217-8
Liquid state, 198
London, F., 134, 207
Lone pairs, 127
Lowry, T.M., 447

M

Madelung constant, 112
Magnetic quantum number, 66
Manometer, 233

Mass, 35

Mass number, 36

Mass percentage, 277

Matter, 22-26
Maxwell-Boltzmann distribution

curve, 335

temperature effect on, 337
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Mechanisms of reactions, 355-60
in displacement reactions, 517
photochemical, 74-5
Syl, 516
Sa2, 517

Melting point, 202
effect of intermolecular forces on,
202-3

Mendeleev, Dmitri, 83

Metallic bond, 199-200

Metallic conduction, 553

Metallic crystals, 203

Metalloids, 86

Metals, 86
bonding in, 199-200
crystal structure of, 199-200
properties of, 86

Methane, bonding and structure of, 123,
169

Meyer, Lothar, 83

Millikan, Robert, 30

Mirror image, 183

Mixture, 23, 265
heterogeneous, 23
homogeneous, 23, 265

Model. See Theory

Molal boiling point constants, 287

Molal freezing point constants, 288

Molality, 281

Molar mass, 43, 99

Molarity, 279

Mole, 42

Molecular collisions, reaction rate, 335

Molecular crystals, 203
effect of intermolecular forces, 202-3
properties of, 203

Molecular formula, 98

Molecular geometry, 166-75
dynamics of, 166
and electron pair repulsions, 166- 75

Molecular geometry, cont.
and hybrid orbitals, 138-43
and polarity, 206

Molecularity of a reaction, 355

Molecular orbital(s), 150-7
energy levels of, 151

Molecular parameters, bond angle, 123
bond energy, 123
bond length, 123
bond polarity, 123-6

Molecular weight, 99
determination of, 290-2

Molecule(s), 38, 98

Mole fraction, 282

Monochromatic radiation, 187

Moseley, Henry, 84
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Multiple Proportions, Law of, 26 Order of a reaction, 331
Osmosis, 289

N Osmotic pressure, 289-90
Ostwald, Wilhelm, 446

Oxidation number, 524
Oxidation-reduction reactions, 527
See also Electron-transfer reactions

Nernst, Walter, 536
Nernst equation, 536

Net ionic equation, 425 Oxides, acidic and basic, 498
Network crystals, 200-2 Oxidizing agents, 524
Neutralization, 294 strength of, 540-2
Neutron(s) discovery of, 35 Oxygen, allotropes of, 201
mass of, 35 bonding in, 136
variation in number of, 36-7 Ozone, 143-5
Newlands, John, 83 bonding in,143

Newland’s Law of Octaves, 83
Nitrate ion, 168
Nitrogen, bonding in, 137

resonance forms of, 143-4

Nitrogen dioxide, 145-6 p
Noble gases. See Inert gases
Nomenclature, of acids, 107 Paramagnetism, 152
of binary compounds, 133-4 Partial ionic character, 103-5
of geometrical isomers, 180-3 Partial pressure, 244
of ionic compounds, 106-9 Parts per million, 278
of optical isomers, 183-6 Pascal, 233
Nonbonded electrons, 127 Pauli exclusion principle, 70
Nonmetals, 86 Pauling, Linus, 89, 172
Normal boiling point, 221 Pearson, Ralph, 512
Normal freezing point, 221 p electrons, 67
Normality, 283 Peptides, 227
Nuclear energy, 187 Percentage composition, 97
Nucleons, 36 Periodic law, 83-4
Nucleophile, 515 Periodic relationships, 86-91
Nucleophilic displacement, 515 atomic radius, 86-7
Nucleophilicity, 515 electron affinity, 88-9
Nucleophilic substitution, 515 electronegativity, 89-90
ionic radius, 90-1
0 ionization energy, 87-8

metallicity, 90

nonmetallicity, 90

Octet rul@, 126 rationalization of, 91-2
exceptions to, 131-33 Periodic table, 85-6

Opt%cal isomers, 183-6 Periods, definition of, 71
Orbitals, 67, 76

als, 6 pH, 457

ant1b9nd1ng, 150 of blood, 478

atom%c, 67, 153 Phase(s), 24

2016“71111& 134-5, 150 Phosphorus pentachloride, 132, 169

Photochemical reactions, 74-5
67 Photoelectric effect, 52
hybrid, 138-43 Photoionization, 74
molecula.r, 150-7 Photon, 52

nonbondmg, 127 ’ Physical change, 24

order of filling, atomic, 170, 173 Physical properties, 24

order of filling, molecular, 150-3 Pi bond, 134 ’

p, 67 Planck’s constant, 52

pi, 134 Planck, Max, 49

5 67 Plane-polarized light, 184
sigma, 134

706



Index

pOH, 457

Poise, 217

Polar bond, 102

Polarization, 102, 184

Polar molecules, 206

Polypeptides, 227

Polyprotic acids, 449

Polyprotic bases, 450

Position isomers, 127

Potential energy, 34
and endothermic reactions, 338-40
and exothermic reactions, 338-40
in ionic compounds, 110-17
in molecular compounds, 122
and thermodynamics, 393

Precipitation reactions, 426, 428-35

Pressure, critical, 252
vapor, 218-20

Primary standard, 478

Principal quantum number, 65

Products, 307

Proteins, 226-7

Proton(s), charge on, 31
charge-to-mass ratio of, 39
discovery of, 31
mass of, 31

Proton-transfer reactions, 423
Arrhenius concept of, 447
Bronsted-Lowry concept of, 423
and common ion effect, 427-8
effect of structure on, 452-6
equilibrium constants of, 451-2
extent of, 457
and pH, 457
quantitative aspects of, 457-73

Proust, Joseph, 26

Q

q,394

0, reaction quotient, 371

Qualitative analysis, 11, 218

Quanta, 187, 218

Quantization of electron position and
energy, 65

Quantum numbers, 56, 63

R

Radiant energy, absorption of, 50
Radii, atomic, 86-7

ionic, 90-1
Radioactivity, 32

and alpha, beta, and gamma rays, 32
Radius ratio, 117-8
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Raleigh, Lord, 84

Ramsay, William, 84

Raoult’s Law, 284

Rate constant, 331

Rate, 331
of condensation, 220
of crystallization, 266
of dissolution, 266
equations, 331
of evaporation, 219
law, 331

Rate-determining step, 356

Rate law, determination of, 331, 342-6

Rate of reaction, 331
and catalysis, 333-4, 342
and concentration, 330-3, 341
and mechanisms, 355-60
and molecular collisions, 335
and nature of reactants, 330-1, 341
and temperature, 333, 341-2
variation with time, 346-52

Reactant, 306

Reaction mechanisms, 355-60
and base displacements, 513-7
and catalysts, 333-4, 342

Reaction order, 346
first order, 349-50
second order, 351-2
zero order, 347-8

Reaction rates, theory of, 335-40
molecular collision, 335
transition state, 338

Reaction(s), acid-base, 447-57
addition, 496, 497-505
displacement, 513
endothermic, 253, 340
exothermic, 253

Reactions, cont.
extent of, 457
Lewis acid-base, 496
mechanisms of, 355-60
molecularity of, 355
order of, 331
oxidation-reduction, 523
photochemical, 74-5
precipitation, 318-20
rates of, 266

Redox couples, 531

Redox reactions. See Electron-transfer
reactions

Reduced mass, 191

Reducing agent, 524

Reduction, 524

Reduction potential. See Electrode
potentials

Representative bond energy, 410
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Representative elements, 71, 85
Resonance, 143-49
Resonance energy, 145

of benzene, 147-148
Reverse osmosis, 290
Reversible reaction, 339
Rhodopsin, 182
Rotation, 175
Rotational energy, 187
Rutherford, Ernest, 33

S

S, AS, 253-5, 400-3
Salt bridge, 533
Salts, 446
Saturated solution, 266
Schrodinger, Erwin, 61
Scientific method, 15-17
Second Law of Thermodynamics, 401
s electrons, 67
Semipermeable membranes, 289
Sigma bond, 150
Silicon dioxide, 201, 367
Silicon, structure of, 201
Silicon hexafluoride ion, 132, 171
Single bond, 126
rotation about, 175
Syl mechanism, 516
S ¥2 mechanism, 517
Sodium, metallic crystal, 200
Sodium chloride, electrolysis of molten,
550
lattice, 110-1
Sol, 299
Solar cell, 215
Solid state, 198-202
x-ray diffraction patterns of, 209-10
Solubility, 267-72
common ion effect on, 437-9
complex ion effect on, 440-1
determining factors of, 268-72
effect of acids on, 439-40
general rules of, 429-30
and heats of solution, 269
inert electrolyte effect on, 436-41
and lattice energy, 112-5
Solubility products, 430-5
Solute, 265
Solution(s), 23, 265
boiling points of, 286-7
concentration of, 276-83
electrolysis of aqueous, 292-8
of electrolytes, 292-8
energetics of, 272-5
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Solutions, cont.
freezing points of, 288-9
heat of, 269
ideal, 286
interparticle attractions in, 265-7
osmotic pressure of, 289-90
properties of, 283-90
rate of, 266
saturated, 266
supersaturated, 266
vapor pressure of, 283-6
Solution process, 265-7
Solvation, 267
Solvent, 265
Spectrophotometer, 188
Spectrum, absorption, 186
electromagnetic, 50
Spectrum, cont.
electronic, 187-92
emission, 49-54
infrared, 192
line, 54
rotational, 191-2
ultraviolet, 187
vibrational, 190-1
visible, 40
Spectroscopy, 186-92
mass, 47
Spin quantum number, 69
Spontaneous changes, 253, 401
and entropy, 253, 401
and free energy, 254
Square planar complexes, 171
Standard conditions, 404-6
Standard electrode potential, 537-40
and equilibrium constants, 542-5
measurement of, 546-7
and spontaneity of reactions, 542
and standard free-energy change, 542
and strength of oxidizing agents, 541
Standard entropy change, 405
Standard free energy of formation, 413-6
Standard heats of combustion, 409
Standard heat of formation, 407-8
Standard thermodynamic functions, 405
State functions, 396
States of matter, 22-26
Stereoisomerism, 180-6
conformational, 180
geometrical, 180-3
optical, 183-6
Stereoisomers, 180
Stoichiometry, 306
mass-mass, 313-6
mole-mole, 310-1
solution, 315-6
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Storage battery, 549
STP, 237

molar gas volume at, 238
Structural isomers, 176
Sublimation, 205
Substance, 23
Sulfides, precipitation of, 427
Sulfur tetrafluoride, 170
Supersaturated solution, 266
Surface catalysis, 334
Surface tension, 218
System, 394

T

Temperature, 269-71
absolute, 6, 235
critical, 252
and extent of reaction, 385-6
Kelvin, 6, 235
and reaction rates, 333
scales, 235
and solubility, 268-72
and vapor pressure, 218-20
Thermodynamics, 272-3, 393-404
First Law of, 394
Second Law of, 401
Third Law of, 412
Theory, 15
Third Law of Thermodynamics, 412
Thomson, J.J., 30
Titration, 321
acid-base, 478-85
Torr, 233
Torricelli, Evangelista, 233
Trans-isomers, 180-3
Transistors, 215
Transition elements, 71, 85
Transition state, 338
Transitions between states, 232
Translation, 175
Translational energy, 187
Triple bond, 130
Tyndall effect, 299

U

Ultraviolet light, 50, 187
spectra, 187

Uncertainty principle, 64-5

Unsaturated solution, 266

Unit cell, 210
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\%

Valence, electrons, 72, 77
shell, 72
Valence bond model, 134-49
van der Waals, Johannes, 207
van der Waals forces, 207-8
and molecular shape, 208
and molecular weight, 207
origin of, 207
Vaporization, heat of, 220-1
Vapor pressure, of liquids, 218-20
of solids, 222
of solutions, 283-6
temperature effects on, 218-20
of water, 245
Vibration, bending, 191
stretching, 190
Vibrational energy, 187
spectra, 190-1
Viscosity of liquids, 217-8
Visible spectrum, 40
colors of, 4
Volatile substance formation, 426
Volt, 535
Voltaic cells, 532-40
anode in, 533
cathode in, 533
electrodes in, 533
shorthand notation for, 534
useful, 549-50
Volume percentage, of solutions, 277
Volumetric analysis, 320-22
VSEPR (Valence Shell Electron Pair
Repulsion Model), 11, 166-75

W

w, 394
Water, abnormal properties of, 223-4
bonding in, 138
of crystallization, 109
crystal structure of, 225
of hydration, 109
hydrogen bonding in, 223-7
ionization of, 457-59
purification of, 289-90
vapor pressure curve of, 222
Wavelength, 49
Wave model, 52
Weight percentage, of solutions, 277
Work, 34, 55, 394



Index

X

x-rays, 209
diffraction of, 101, 209-10
diffraction and Bragg equation, 209-10

Y

Yield, 316
actual, 316
percentage, 317
theoretical, 316

Z

Zinc blende structure, 113
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