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Topic Overview

Instrumentation plays an important role in the modern practice of chemistry. It can
provide useful information about the structure, identity, and quantity of a substance
(see Chemical Bonding, Molecular Geometry, and Organic Chemistry modules). Very
sensitive quantitative instrumental techniques routinely used by chemists have
added to our wealth of chemical knowledge. This module will stress the use of
spectrophotometry as applied to quantitative analysis.

Since this module probably does not stand alone in most chemistry courses, it may
be partitioned into pieces to fit a particular need. Parts of the material may be used
with qualitative analysis, atomic structure, descriptive chemistry, or as enrichment
for honor classes.

1. An instrument is a tool that allows for physical or chemical characterization
of substances by utilizing a variety of probes. The most common probe is
electromagnetic radiation.

2. Atomic and molecular species absorb energy in the form of electromagnetic
radiation that allows them to undergo certain types of transitions depending
upon the energy range of the radiation. Ultraviolet and visible radiation
induce electronic transitions, infrared radiation induces vibrational
transitions and microwave radiation induces rotational transitions. There is
some overlap between the types of transitions induced by the radiation ranges.

3. The behavior of a covalent chemical bond has been likened to the behavior
of a spring. Both are capable of stretching and bending. When induced by
radiation of specific wavelength, a chemical bond will stretch and/or bend at
a frequency corresponding to that of the incident radiation. The absorbed
radiation brings about molecular vibrations. Instruments can measure the
absorption frequencies and intensities that, when interpreted, can yield
information about molecular structure.

4. The relationship between the quantity of radiation absorbed by molecules,
the concentration of the molecules, and the path length through which the
radiation passes is known as the Beer-Lambert Law. This relationship may
be used to determine the concentration of molecules in a solution.

5. Several instrumental methods for determining structures of molecules in
solids and gases, ionic solids, network solids (e.g., diamond and graphite),
and biologically important substances (e.g., penicillin and insulin) are
available and widely used. The more common of these include:

a. X-ray diffraction uses electromagnetic radiation with frequencies near
1018 Hz (wavelength 10–10 m). When applied to crystalline solids, the
method gives conclusive evidence for atomic arrangement, bond angles,
and bond distances.

b. Electron diffraction uses the wave characteristics of electrons to provide
information about gaseous substances similar to X-ray diffraction
information.

PLACE IN THE
CURRICULUM

CENTRAL
CONCEPTS
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Topic Overview

c. Infrared spectroscopy  is used to obtain structural data mainly for
noncrystalline molecular species. Infrared radiation causes molecules to
vibrate in modes characteristic of their structures.

d. Microwave spectroscopy  is similar to infrared spectroscopy except that it
causes molecules to rotate rather than vibrate, and the method is
applicable to a limited number of gaseous molecules.

e. Nuclear magnetic resonance spectroscopy  utilizes the magnetic properties
of atomic nuclei by causing an energy change (change in the direction of
nuclear spin) at a characteristic electromagnetic frequency in the
radiowave region. This frequency is partly dependent upon the strength
of the magnetic field, the nature of the nuclear “magnet,” and the
arrangement of other nuclei and electrons in the region of the nucleus
being studied. The frequencies absorbed reveal the type of nucleus and
its chemical environment.

f. Mass spectroscopy  measures mass to charge ratio for positive ions. Knowing
the charge allows the determination of the mass, which, in turn, allows the
identification of the substance from the molecular fragments produced.

1. When atoms or molecules lose or gain electrons, they become electrically
charged particles called ions. Positive ions (cations) result when electrons
are lost, and negative ions (anions) result when electrons are gained.

2. Electrically charged particles follow a circular path when passing through a
magnetic field that is perpendicular to the particle’s path. The radius of the
circular path is directly proportional to the square root of the particle’s mass
and inversely proportional to the square root of the particle’s charge. Measuring
the radius and knowing the charge allows determination of the mass.

3. Molecules can absorb electromagnetic radiation and undergo radiation
induced rotational, vibrational, or electronic transitions.

1. Manipulative laboratory skills involving the use of common glassware and
hardware are needed to perform the activities.

After completing their study of instrumentation, students should be able to:

1. describe the fundamental concepts underlying common instrumentation,
including spectrophotometry, X-ray diffraction, and nuclear magnetic resonance.

2. make simple spectrophotometric measurements in the laboratory.

3. describe some of the applications of instrumental techniques, e.g., quality
control, consumer protection, pollution monitoring.

4. describe some problem solving applications of instrumentation in research
and investigative work.

5. describe some uses of instrumentation in their communities, e.g., water quality
testing, sewage treatment, medical applications, etc.

6. state some of the vocational and career opportunities available that involve
using instrumentation.

RELATED
CONCEPTS

RELATED
SKILLS

PERFORMANCE
OBJECTIVES
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LABORATORY
ACTIVITY:
STUDENT
VERSION

Concept/Skills Development

Activity 1: Introduction to the Spectrophotometer

Introduction
The spectrophotometer you will use in this activity is an instrument that contains
a light source (ultraviolet, visible, or infrared), a diffraction grating monochromator,
and a detector. The light source produces light of all wavelengths within limits in
the ultraviolet and visible regions of the spectrum. The diffraction grating
monochromator disperses the light into a spectrum and allows successive narrow
wavelength bands to pass through a slit to impinge upon a photoelectric detector. The
detector measures the intensity of light coming from the monochromator.

The sample holder lies in the path of the light coming to the detector. When a
sample is placed in the holder, the light passes through the sample to the detector.
The sample determines whether all of the light, some of the light, or none of the light
is transmitted to the detector. Light is absorbed at those wavelengths having the
correct energy to cause electronic transitions in the molecules, atoms, or ions in the
sample. By measuring the intensity of the light passing through the sample over a
range of wavelengths, it is possible to plot the absorption of light vs. the wavelength.
The resulting plot is the absorption spectrum of the sample.

Two kinds of information are obtained from the absorption spectra for substances.
First, each substance has its own characteristic absorption spectrum. Thus, the
spectrum may be used to identify the substance. Second, the intensity of the
absorption can be related to the concentration of the substance in the sample. The
Beer-Lambert Law, A = abc, allows the determination of the amount (concentration)
of the substance in a solution. Here A = sample absorbance; a = absorptivity, a
proportionality constant; b = path length; and c = sample concentration.

There are two parts to this activity, qualitative and quantitative spectrophotometry.
In the former, the absorption spectrum of chromium(III) nitrate in the visible region
(375-700 nm) of the spectrum will be determined. In the latter, a sample of
chromium(III) nitrate with unknown concentration will be analyzed. The unknown
concentration can be determined by measuring the percent (%) transmittance at the
wavelength of maximum absorption and comparing it with a graph (called a
concentration curve) of absorbance vs. concentration. The % transmittance (%T) is
converted to absorbance (A) by the relationship: A = 2 – log (%T); because A is directly
proportional to concentration, but %T is not.

Purpose
To determine the absorption spectrum of a solution containing chromium(III) nitrate,
Cr(NO3)3; to determine the concentration of an unknown solution of chromium(III)
nitrate.

Safety
1. Wear protective goggles throughout the laboratory activity.

2. Chromium(III) nitrate is toxic and is a skin irritant. Avoid contact with this
compound and wash hands thoroughly after use.

3. Handle reagent bottles carefully. Always replace the top or stopper after
obtaining a reagent.
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Concept Skills Development

Procedure
Part I. Qualitative Spectrophotometry

Your teacher will demonstrate the operation of the spectrophotometer you will use.
The procedure below is written for the Spectronic 20 with a dial meter.

1. Prepare a data table to record wavelength, percent transmittance data and
absorbance. (It would be good to do this before coming to laboratory.) The
data table should have three columns headed:

2. If the spectrophotometer is off, then turn the instrument on and allow about
20 min for it to warm up. After warm up, with the sample holder cover closed,
set the wavelength dial to 375 nm and adjust the meter to read
0% transmittance with the amplifier control knob (left knob).

3. Obtain two 13-mm x 100-mm test-tubes made of borosilicate glass. The test-
tubes must be clean and the outside must be dry and free of fingerprints or
smudges. Use lint-free tissue to wipe the outside of the test-tubes. Check to be
certain the test-tubes are clean. Put distilled water in both tubes to within 2 cm
of the top. In the next step, optical properties of the two tubes will be compared.

4. Check to see that the meter reads 0% transmittance. If it does not, adjust the
amplifier control to zero the meter. The test-tubes must always be oriented
in the same direction. To insure this, use the frosted or painted area at the
top of the tubes to align with the mark on top of the sample holder. Place one
of the test-tubes in the sample holder pushing it down until it stops and close
the cover. Use the light control knob (right knob) to set the meter to
100% transmittance. Remove the test-tube and read the meter. If it reads
0% transmittance, then you are ready to proceed. If it does not, then readjust
the amplifier control knob so the meter reads 0% and then readjust the light
control knob once again to read 100% with the test-tube in place. Repeat this
step until stable 0% and 100% readings occur. Remove the test-tube and
insert the other tube. It should read 100% also. If it reads more than 100%,
use it as the blank tube and the first one as the sample tube. Mark the tubes
B and S so as not to confuse them. Put the blank tube (B) in a test-tube rack
and pour out the water from the sample tube (S).

5. Rinse S twice with a small amount (about 1 mL) 0.020 M Cr(NO3)3 solution.
Discard the rinses into a 150-mL beaker, not into the sink! Add 0.020 M Cr(NO3)3
to the test-tube so that it is about three-fourths full. This same solution will
be used for all subsequent readings made in Part I of the activity.

6. Zero the instrument if the meter does not read zero. Use the blank tube with
distilled water to set 100% transmittance. Remove the blank and insert the
sample tube with the chromium(III) nitrate solution. Without adjusting any
knobs, read the percent transmittance and record it along with the wavelength
in the data table. Remove the sample tube from the holder and place it in a
test-tube rack.

7. Turn the wavelength dial to 400 nm and zero the instrument. Place the blank
tube in the holder and adjust the meter to 100% transmittance with the light
control knob. Remove the blank tube and insert the sample tube again. Read
and record the % transmittance in the data table for 400 nm.

Wavelength
(nm)

%Transmittance
(%T) A
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8. Continue the procedure of setting 0% transmittance, setting 100%
transmittance, and measuring the % transmittance of the chromium(III)
nitrate solution at 405, 415, 425, 440, 455, 470, 490, 500, 520, 530, 540, 550, 570,
580, 600, and 625 nm. Remember to record the data collected in the data table.

9. Unless otherwise directed by your teacher, return the chromium(III) nitrate
to the reagent bottle from which it was obtained. Follow directions from your
teacher in this regard. Pour the small amount of chromium (III) nitrate used
to rinse the test-tube from the 150-mL beaker into the receptacle designated
by the teacher.

10. Thoroughly wash your hands before leaving the laboratory.

Part II. Quantitative Spectrophotometry (Optional)

Specific directions will be given about whether this part of the activity will be done.

1. Prepare a data table to record the wavelength, percent transmittance, and
absorbance for the unknown sample. The unknown is in a stoppered test-tube.
Record the unknown identifier on the data table.

2. Measurements on the unknown will be made at the wavelength where the
maximum absorption (lowest % transmittance) occurred. This information
may be obtained from the data table or furnished by your teacher.

3. Measure the absorbance for the unknown in the same manner as in Part I.
However, in this case only one measurement will be made. Record the
wavelength and absorbance of the unknown.

4. Pour the unknown back into the sample test-tube and return it as instructed
by your teacher.

5. Thoroughly wash your hands before leaving the laboratory.

Data Analysis and Concept Development
1. Convert all measured % transmittances to absorbance values in your data

table using the conversion table supplied by your teacher.

2. On a piece of graph paper, plot absorbance (A) on the vertical axis vs.
wavelength (λ) on the horizontal axis. Connect the points to make a smooth
curve. This curve is the visible region absorption spectrum of Cr(NO3)3.

3. OPTIONAL: Use the provided calibration curve to determine the
concentration of the unknown sample of Cr(NO3)3. Report the concentration
in the laboratory writeup.

Implications and Applications
1. At what wavelengths does Cr(NO3)3 absorb the maximum amount of radiation?

2. To what colors of light do the wavelengths of the absorption maxima
correspond? (It may be necessary to refer to a table of complementary colors
or to a diagram of the visible light spectrum.)

3. When a solution is red, does it absorb or transmit red light wavelengths?

4. Give two uses of an absorption spectrum.

5. Colored substances absorb light in the visible region of the spectrum. What
is the cause of these absorptions?

6. Instruments are often considered as extensions of human senses. In this
sense, what does a visible spectrophotometer do?
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Concept/Skills Development

LABORATORY
ACTIVITY:
TEACHER
NOTES

Activity 1: Introduction to the Spectrophotometer

Major Chemical Concept
The quantity of light absorbed by a solution is commonly expressed either in terms
of percent transmittance (%T) , as in Part I of this activity, or in terms of absorbance (A).
Absorbance is defined as:

Transmittance (T) is usually expressed as %T = T x 100%, although it actually is
defined as:

I0 is the incident light and I is the transmitted light. Absorbance may be obtained
from %T by the equation:

This last equation is used to convert %T to A. The absorbance scale is a logarithmic scale.
As absorbance increases, scale markings get closer together, and the meter becomes more
difficult to read. Thus it is frequent practice to read %T and convert to A. For convenience
a table showing %T and the corresponding absorbance (A) is included in the Appendix.

For quantitative work the absorbance is more useful than the transmittance because
it is directly proportional to concentration. The relationship is known as the Beer-
Lambert Law and is:

where a (molar absorptivity or extinction coefficient) is a constant for a given
absorbing chemical species, b is the radiation path length through the sample
(measured in cm), and c is the stoichiometric molar concentration (mol/L) of the
absorbing species. Thus for a given absorbing species at a specific wavelength in a
given sample holder of fixed path length (b), a plot of A versus concentration is a
straight line if the Beer-Lambert Law is obeyed.

To determine if the Beer-Lambert Law is obeyed over a given concentration range by
a given species, measure absorbance as a function of concentration, using the same
test-tube for all of the measurements. Plot absorbance vs. concentration; check the
linear nature of the curve. If the curve is linear, then the slope of the line may be
calculated and used to determine the concentration by dividing the absorbance by the
slope. An alternative method of determining concentration from the calibration curve
is to mark off the measured absorbance on the ordinate, draw a line perpendicular to
the ordinate until it intersects the curve, then drop a perpendicular line to the abscissa
from the intersection point. The intersection of the latter line and the abscissa gives
the concentration. In practice, only the absorbance and concentration are variables and
are in direct proportion, so A ∝ c, and A = k´C where k´ is the slope of the curve A vs. c.

Level
Part I of this activity can be used for all levels of students. For basic students, it might be
best for you to collect the data with the assistance of several students. For general students,
groups of two or three should be able to collect the data for Part I, but Part II might be
better done as a class activity. Honor students should be able to do the entire activity.

Expected Student Background
This activity will probably be the first exposure students have with instrumentation.
The experimental procedure is rather straightforward and should not pose great
difficulty to students. By this point in the course, students should have the
experience with routine laboratory procedures involving the use of glassware, how
to clean glassware, and so forth.

A  =  log10 
I0
I  =  log10 

1
T

T  = 
I

I0
  

A  =  log10 (100) – log10 (%T) = 2 – log10 (%T)

A  =  abc
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Time
Teacher preparation time to mix the 0.020 M Cr(NO3)3 solution and set out the
necessary equipment is about one hour. The spectrophotometers should be checked
prior to use. The estimated time for students to perform the activity is 50 min to
complete Part I. Additional time up to 50 min may be required for Part II, particularly
if students are required to prepare their own calibration curves.

Safety
Read the Safety Considerations  in the Student Version . Safety goggles should be
worn during the activity. The chromium(III) nitrate solution is moderately toxic and
should not be poured into the drain. Students are instructed to return the solution
actually used in the measurements back into the original container. If there is some
possibility that the solution supply will be contaminated, then an alternate disposal
procedure should be devised. If it has not been contaminated, the solution may be
saved for later use. There are several sources referred to in SourceBook that give
recommended disposal procedures (see Safety section). Local and state regulations
must be followed. In view of the disposal problems, only the actual volume of solution
needed with a modest excess should be prepared. Caution students to wash their
hands with soap and water at the end of the activity.

Materials (For 24 students working in pairs)

Nonconsumables

6 Spectronic 20 spectrophotometers (per class)
24 Small test-tubes (13-mm x 100-mm) or 24 glass cuvettes
12 Plastic wash bottles
Tissue paper (Kimwipes or equivalent)
Buret, 50-mL
Volumetric flasks, 50-mL and 100-mL (5 of each) or graduated cylinders, 50-mL

and 100-mL

Consumables

0.020 M Chromium(III) nitrate solution, 250 mL (2.00 g Cr(NO3)3
.9H2O per

250 mL solution)
Distilled water
Graph paper

Advance Preparation
You should perform the activity beforehand to be familiar with the procedure. Check
the spectrophotometers to be certain they are operating correctly. Allow a 20 min
warm-up period prior to use.

To prepare the solution, use 2.00 g Cr(NO3)3 per 250 mL of solution. Weigh the solute
carefully. The unknowns are prepared by successively diluting the 0.020 M solution
using 100-mL volumetric flasks to bring the volume Cr(NO3)3 in Column 3 to final
volume (Column 6). Use these solutions to prepare a calibration curve and student
unknowns. Use a buret to measure all volumes. Have the 0.020 M Cr(NO3)3 solution
available in several plastic bottles, at least one per spectrophotometer. Make the
dilutions according to the following table.
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Solution No.
Dilution
Factor mL Cr(NO3)3

M Cr(NO3)3
(initial)

M Cr(NO3)3
(final)

Volume (mL)
Cr(NO3)3

1 1 N/A 0.020 N/A 250
2 2 50 0.020 0.010 100
3 4 50 0.010 0.005 100
4 8 50 0.005 0.0025 100
5 16 50 0.0025 0.0013 100
6 32 50 0.0013 0.00065 100

Figure 1. Dilution data for Cr(NO3)3.

Figure 2. Illustration
of dilution process
from data in Figure 1.

Pre-Laboratory Discussion
Demonstrate for students the techniques involved with using a spectrophotometer.
In particular show them how to clean, fill, and place the test-tubes (or cuvettes) in
the instrument. Show them how to set the percent transmittance to 0 and 100%. A
transparency master showing a front view of the Spectronic 20 with the controls
identified is in the Appendix. Show students how to use the calibration curve to
determine an unknown concentration.

Students should have little difficulty in preparing a data table. For Part I a simple
three column table is needed. Part II needs a simple table to record the wavelength
used, the percent transmittance recorded and the calculated absorbance. If necessary,
help students design a data table.

A useful activity for the pre-laboratory portion of the activity is described in
Demonstration 5  in the Atomic Structure  module. A beveled piece of white chalk is
placed in a sample tube in the cell holder of the Spectronic 20. Looking “down the
tube” allows one to see the color of the selected light radiation. It is suggested that
students view the color every 25-50 nm in the visible range. The monochromator that
is part of the Welch ChemAnal System is another good way to show the colors of
light used. Mount the monochromator separately on the optical bench, and use a
white piece of paper as a screen to view the colors corresponding with light selected
every 25-50 nm wavelength. One advantage of the ChemAnal monochromator is
that the lid swings out of the way so that the “works” inside can be viewed directly
while the instrument is being used, removing some of the “black box” aspects of the
instrument.

0.020 M
+

50 mL
H2O

50 mL 50 mL

0.020 M 0.010 M 0.005 M, etc.

0.010 M
+

50 mL
H2O
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Teacher-Student Interaction
Once students begin the laboratory activity, circulate among them and watch that correct
techniques are being used. Pertinent questions may be asked at this time. In particular
students need to be aware that the test-tube/cuvette needs proper alignment in the
sample holder, that 0 and 100% transmittance needs to be checked during usage at each
new wavelength, and that care should be exercised in reading the instrument’s meter.

Anticipated Student Results
The following table shows typical data obtained in Part I of the activity. The data show
one transmittance maximum at 500 nm, thus the graph of the data also show one
peak at 500 nm wavelength corresponding to an absorbance minimum. Two absorption
maxima at about 415 nm and about 580 nm are present. For Part II, the student should
measure the absorbance at 580 nm, and then use the calibration curve to measure
the unknown concentration to within ±5 % of the accepted value [see Percent
Transmittance (%T) to Absorbance (A) Conversions in the Appendix for conversions].

Figure 4. Plot of absorbance vs. wavelength from data in Figure 3.

375 400 425 450 475 500 525 550 575 600 625

0.3

0.2

0.1

0

Wavelength (nm)

A
bs
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ba

nc
e 

(A
)

Figure 3. Absorbance vs. wavelength data for 0.020 M Cr(NO3)3.

Wavelength
(nm)

%Transmittance
(%T) A

Wavelength
(nm)

%Transmittance
(%T) A

375 64.0 0.194 500 83.0 0.081
400 48.5 0.314 520 72.0 0.143
405 47.0 0.328 530 67.5 0.171
415 46.5 0.333 540 63.0 0.201
425 53.2 0.274 550 58.5 0.233
440 60.0 0.222 570 54.0 0.268
455 71.5 0.146 580 53.0 0.276
470 80.0 0.097 600 56.0 0.252
490 82.5 0.084 625 66.3 0.178
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Answers to Implications and Applications
1. Two absorption maxima appear at the transmittance minima of about

415 nm and 580 nm.
2. The absorption maxima correspond to violet and orange light (400-450 nm

and 600-650 nm, respectively).
3. On the basis of the answer to Question 2, a red colored solution would absorb

a complementary color. In the case of Cr(NO3)3 the green color of the solution
results because it absorbs its complementary magenta color and transmits
green. Thus we expect that a red colored solution would transmit red light.

4. Two uses of an absorption spectrum are to identify an unknown substance
and to determine the concentration of a solution of a known substance.

5. A sample substance in solution when placed in the path of light between the
monochromator and detector of a spectrophotometer may transmit some, all,
or none of light. Light absorption occurs at wavelengths at which the energy
of light photons corresponds to the energy
needed to excite electrons in atoms, ions,
or molecules in the sample.

6. Although the unaided human eye can
detect subtle differences in the intensity
of colored light, it is difficult to
quantitatively measure the differences.
Thus, the spectro-photometer is an
extension of the sense of sight because it
enables the measurement of color intensity
to be done routinely and accurately.

Post-Laboratory Discussion
During the post laboratory discussion,
help students to graph A vs. λ (nm). To
measure the concentration of unknowns,
absorbance maxima must be known in
order to set the correct wavelength for
the procedure. It would be useful to
students to point out that the
concentration of a substance is directly
proportional to the area under the peaks
in an absorbance spectrum.

For Part II, help students use the A vs.
concentration graph. Have several
copies and a transparency of the graph
available. Use a hypothetical
absorbance and the transparency to
show how to read the concentration
from the graph. Find the absorbance on
the vertical axis and draw a line parallel
to the concentration axis beginning at
this point until it intersects the graph.
Then draw a line from the intersection
parallel to the absorbance axis until it
intersects the concentration axis. The
intersection gives the concentration of
the unknown.

Figure 6. Calibration curve of absorbance vs. concentration for
Cr(NO3)3 at 415 nm with example of unknown determination.

Solution
Number

Concentration
(M) A

1 0.020 0.333
2 0.010 0.163
3 0.005 0.084
4 0.0025 0.041
5 0.0013 0.019
6 0.00065 0.011

Unknown 0.017 0.256

Figure 5. Calibration data.
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Extensions
1. Students can be instructed in how to prepare their own calibration curve for

this activity. This preparation would give them practice in quantitative
subdilutions and calculation of dilution concentration. Each group of students
could be assigned one subdilution, and data could be pooled.

2. Other solutions lend themselves well to this kind of study. The absorbing
species in the chromium(III) nitrate solution is Cr(H2O)6

3+ ion. When iron(III)
chloride is dissolved in 0.1 M HCl to form a 0.10 M solution, the ion FeCl4

–

is formed. A 0.30 M Cu(NO3)2 solution that is also 2.0 M in NH4NO3 forms
the Cu(NH3)4

2+ ion. These solutions can be used for a study similar to the
one in this activity.

Assessing Laboratory Learning
1. Laboratory technique may be assessed by noting how the experimentally

determined concentration compares with the accepted value of the unknown
concentration. Good technique would give a result within ± 1 %. A result
within ± 5 % is quite acceptable and might be given a grade of “A.” A result
within ± 10 % would be a “B,” and a result within ± 15 % would be a “C.”

2. Use a laboratory practical test to assess instruction. One possible test is to
give students a solution of unknown concentration along with a calibration
curve and the wavelength to use. Grade on the basis of how closely the
student’s obtained value compares to the known concentration of the solution.

Key Questions
1. Describe the basic principle of molecular spectroscopy. [See Central Concept 1.]

2. What energies are involved in molecular spectroscopy? [Energies from the far
ultraviolet through the radiowave region are useful in molecular spectroscopy.]

3. Describe the principle upon which X-ray diffraction works. [See the discussion
of X-ray diffraction in Pictures in the Mind section.]

4. Describe the principle upon which nuclear magnetic resonance works. [See
the discussion of NMR in Pictures in the Mind section.]

5. Describe the principle upon which mass spectrometry works. [See the discussion
of mass spectrometry in Pictures in the Mind section.]

6. Describe some of the applications of instrumentation. [Students will probably
need to do some library reading to answer this question. They will possibly
discuss qualitative and quantitative analysis, quality control, etc.]

7. Describe some uses of instrumentation in your community. [Student answers
will vary. Some possibilities involve water treatment, sewage treatment,
medical tests, etc.]

Analogies and Metaphors
Instrumentation is used as an extension of the senses to “see” how atoms and
molecules behave.

Using the “black box” activity as a class activity shows inductive reasoning as an
analogy to what is done when using instrumentation. The “black box” in this case is
a box that contains a single, simple object such as a cylinder, a ring, a cube, and so

GROUP AND
DISCUSSION
ACTIVITIES
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Concept/Skills Development

forth. The object is placed in the box and sealed with tape. The student’s task is to
build a model in terms of some object whose behavior is well understood as being an
explanation of the behavior of the object in the box. The student is allowed any
“experiment” that does not damage the box or its contents. (This activity is similar
to the Obscertainer Kit activity in the Atomic Structure module.)

A systematic way to carry out this activity is to ask a question, design an “experiment”
to answer the question, make the observation, and then formulate an assumption on
the basis of the observation. For example, the question might be, “Does the object roll
or slide?” The “experiment” then would be to carefully tilt the box in various
directions while listening carefully. The next step is to record what is heard—either
it rolls or slides or it may roll in one direction and slide in the perpendicular direction.
The assumption then would be that the object rolls in all directions or rolls in one
direction and slides in another, depending upon what is heard. After a series of such
steps, the student should be able to describe an object that is a good model of the
object in the box. Of course, intrinsic attributes such as color cannot be determined
this way; however, using a magnet as an “instrument” would allow the decision about
whether the object is magnetically susceptible or not.

CEPUP, Chemical Education for Public Understanding Program, developed by the
Lawrence Hall of Science of the University of California at Berkeley, is a modular
approach to developing scientific literacy in the general population. Although it is
directed toward students in middle/junior high schools, there is an activity in the
“Determining Threshold Limits” module that would be a good student activity to
illustrate why instrumentation is essential to the chemist. The activity involves
diluting food coloring until it is no longer visible to the unaided eye. Then,
instrumentation must be used to detect the presence of the coloring material (refer
to Equipment and Instrumentation  for additional information).

The Basic Principle of Spectroscopy

The principle behind all absorption spectroscopic methods—microwave, ultraviolet,
visible, infrared, NMR—is the same. It involves resonant absorption of energy by
different systems. A good analogy is that of a small boat in water resonating to the
frequency of a water wave that is related to the length (or beam width) of the boat.
The small boat will rock most violently in response to a wave that is about the length
of the boat. The length of the wave is determined by the wave’s frequency.

What in a molecule absorbs energy? It depends upon the energy of the quanta being
absorbed. Lower energy quanta affect the rotational motion of molecules as a whole.
An HCl molecule, for example, will rotate about its center of mass upon absorbing
a sufficiently energetic quantum of energy. But just like electronic energy, rotational
energy is quantized, that is, there are only certain allowed rotational energy levels.
Generally, rotational quanta have frequencies that fall in the microwave region of
the electromagnetic spectrum. Molecules can also vibrate either by stretching or
bending the bonds. Thus, molecules may absorb energy affecting these motions.

A good analogy for this vibration type is two spherical masses suspended by threads
and connected together by springs. Consider two such spheres of equal mass. When
connected together by a stiff spring, the masses vibrate at a greater frequency than
when connected by a less stiff spring. Similarly, for the same spring, spheres with
smaller masses will vibrate at a greater frequency than more massive spheres. The
spring stiffness is analogous to the stiffness of a chemical bond.
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Pictures in the Mind
How do scientists obtain knowledge of molecular structure details? The following brief
descriptions of instrumental techniques, although not exhaustive, give some idea how
this information is obtained. These techniques play a large role in developing “pictures
in the mind” of molecular structure. Gas chromatography is discussed in Pictures in the
Mind in the Separations module. Specific applications of several instrumental techniques
are presented in Links and Connections in the Forensic Chemistry  module.

Infrared Spectroscopy (IR)

“Pictures in the mind” are useful in understanding infrared spectroscopy. When ball-
and-spring models are used to represent molecules, the spring is a good model for the
behavior of the chemical bond between two atoms. Molecules absorb infrared
radiation at wavelengths 1.5 x 104 to 2.5 x 103 nm. These wavelengths correspond
to frequencies of 2 x 1013 to 12 x 1013 Hz. An analysis of the energy of the radiation
shows that the absorptions are associated with the excitation of vibrational motions.
These to and fro motions of atoms at opposite ends of a chemical bond occur at natural
frequencies just like the natural frequency of a ball-and-spring model. The masses
of the atoms in the molecule, the shape of the molecule, and the strengths of the
chemical bonds fix the natural vibrational frequencies.

Knowing the molecular formula and analyzing frequencies, provides information
about the molecular moments of inertia, the molecular geometry, and the chemical
bonds. Infrared spectroscopy works with gaseous, liquid, and solid compounds. It
may also be used to “identify” compounds. The IR spectrum of gaseous HBr and DBr
(deuterium bromide with the H in HBr replaced with heavy hydrogen, D) is shown
in Transparency Masters in the Appendix (see References , Pimentel, 1963, p. 249.)
The only difference between the two spectra is that in DBr, the absorption is shifted
to a higher frequency (shorter wavelength) due to the greater mass of the D atom.
Otherwise, the absorption patterns are basically the same. More complicated
molecules have more detailed spectra, but the spectrum for each molecule is so
characteristic that it may be used to detect the presence of the particular substance.

Nuclear Magnetic Resonance Spectroscopy (NMR)

In 1945, Felix Block (Stanford University) and Edward M. Purcell (Harvard University)
independently observed an interesting phenomenon concerning the magnetic moments
of matter. When a magnetic field is applied to some types of matter, the atomic nuclei
in the sample align their spin axes in certain definite orientations. Since that time
the significance of Nuclear Magnetic Resonance (NMR)   has reached extraordinary
proportions. Because of its multiple roles in both chemical and biological sciences,
NMR is one of the fastest growing and most widely used instrumental technologies.

Due to the properties of mass and charge, nuclei appear to behave as magnets. These
nuclei are also spinning, and the spinning electric charges generate magnetic fields.
When an external magnetic field is applied, interaction occurs with the nuclei.
Hydrogen is such a nucleus.

There are two possible orientations for a spinning proton (H) in the nucleus of an
atom; it may be aligned either with or against the external magnetic field. It is
possible to measure the frequency of the electromagnetic radiation (radio waves)
required to change the orientation of the proton from one magnetic dipole to another,
resulting in a net absorption of energy by the hydrogen nuclei. When the energy
absorbance is measured, an NMR spectrum of the sample can be obtained.
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Since the magnetic field is held constant during NMR experiments, each nucleus
requires a different radio frequency (called a chemical shift) for resonance to occur.
Graphically, the x-axis of the NMR spectrum is the frequency difference between the
unknown compound and a reference compound. The y-axis corresponds to the
relative number of nuclei absorbing energy at a given radiofrequency.

The NMR spectrum in Transparency Masters  in the
Appendix was obtained for the compound (ethyl acetate)
whose structural formula is shown.

The triplet peak (three-line group) is derived from the CH3
group on the right of the molecule. The singlet peak is derived
from the CH3 group at the left side of the molecule, and the quartet peak (four-line
group) is derived from the CH2 group near the center of the molecule. If the functional
groups present in the molecule are known, then the structure may be determined.

NMR spectroscopy is widely used in medicine. Magnetic Resonance Imaging (MRI)
is the term used to describe the application of the principles of NMR spectroscopy to
scan internal tissues of living organisms, including human beings. MRI can be done
on almost any part of the body. Its applicability depends on the resonance of water
molecules, and it can be used to determine the water content of tissue in the body.
MRI is a nonintrusive procedure. It does not involve the use of harmful radiation
such as X-rays, nor are dyes and pigments needed. MRI, by revealing the chemical
composition and the density of tissues within the body, can allow physicians to
diagnose any abnormalities that may be present in these tissues.

Perhaps the best application of MRI is for imaging parts of the nervous system.
Lesions and tumors of the brain and spinal cord are shown with excellent resolution.
MRI is also excellent in studying disorders of the circulatory system, eye, and
musculo-skeletal system. One of the interesting facts is that prior to using MRI, it
must be definitely established that there are no iron chips or splinters in the subject’s
eyes. If any iron fragments are present, then grave damage to the eye, even
blindness, might occur. This would happen because the very strong magnetic field
used with the technique would literally rip the iron fragment out of the eye.
Depending upon the size of the fragment, it could simply puncture the eyeball or
literally cause it to explode. The disadvantages of MRI are the costs of instrumentation,
electrical energy used to run the instrument, and the training of the scientists to use
it. MRI promises to be one of the most useful techniques for medicine in the future.

NMR is already an indispensable tool for scientists in chemistry, biology, and
medicine. Its importance cannot be overemphasized. Applications of the technique
by chemists have revolutionized chemistry. The technique is influencing research
fields in biochemistry, materials research, geochemistry, botany, physiology, and
medical sciences. Unfortunately, along with the improvement of NMR instrumentation,
the cost of the increases in its utility have been almost exponential. In thirty years, the
cost of commercial instruments has risen from about $55,000 to about $850,000.

X-ray Diffraction

X-rays have frequencies near 1018 Hz and wavelengths near 10–1 nm. X-rays can be
deflected in regular patterns from parallel planes of a crystal with similar dimensions.
The resulting pattern is either photographed or detected electronically. The pattern
is determined by the spacing of the atoms or particles in the crystal and their spatial
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arrangement. X-rays are used since the scattering effects only occur when the
wavelengths of the radiation are of similar dimensions to the particle separations
within the crystal. The patterns produced are unique to the crystalline material
being examined and thus serve as a tool for definitive identification and structure
determination. Because of the complexity of X-ray data, the availability of computers
has significantly facilitated their analysis.

Mass Spectrometry

In mass spectrometry, a gaseous ion is accelerated to a known kinetic energy by an
electrical field. The ion’s mass can be measured either by tracking its curved trajectory
through a magnetic field or by its time of flight over a fixed distance to the detector. The
production of molecular ions causes some fragmentation of molecules and gives a
collection of ions. The masses of ions are determined by the structural units in the
original molecule. A mass spectrum of CF3-CH3 will include a mass peak for the parent
ion (CF3-CH3)+ at 84 u. It also includes mass peaks at 15 u and 69 u due to (CH3)+ and
(CF3)+, respectively. These are logical structural subunits of the parent molecule. Thus,
the mass spectrum gives more information than just the molar mass of the original
molecule. (Actually, many more mass peaks would be observed due to other fragmentation
patterns of the molecule; however, these were not mentioned for the sake of simplicity.)

Mass spectrometers are frequently coupled in tandem with other instruments, to
obtain specific information about the components in mixtures. When coupled with
a gas chromatograph, the mass spectrometer provides one of the best general
purpose analytical instruments available. The combination has application in
chemical, biological, geological, environmental, and crime laboratories.

An overhead transparency illustrating the operation of a mass spectrograph is
included in the Appendix. The transparency shows the separation of neon into its
three primary isotopes.

Other
There are other instrumental methods besides those previously discussed. Of
particular note are lasers and computers coupled with instrumentation. Synchrotron
light sources (X-rays), free-electron lasers, neutron diffraction, electron spin resonance,
Raman spectra, electron diffraction, and other instrumental techniques also are
widely used in chemical research. The electron and scanning electron microscope
also play a role in chemical research. The newest microscope, scanning tunneling
microscope (STM), is reported to be able to “see” and “feel” contours of atomic and
molecular surfaces.

Language of Chemistry
absorption spectrum plot of absorbance vs. wavelength of radiation absorbed

for a given substance or mixture.

chromatography technique for separating mixtures using differences in
solubility and absorptivity.

emission spectrum dispersion by a prism or diffraction grating of the
wavelengths of electromagnetic radiation produced by an emitting source.
For example, an atomic emission spectrum consists of those specific wavelengths
corresponding to electronic transitions from higher to lower energy levels.

TIPS
FOR THE

TEACHER
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infrared spectroscopy detection and recording of the wavelengths of infrared
radiation causing molecular vibrations (that is, vibrations of bonds between
atoms) absorbed by molecules and polyatomic ions.

nuclear magnetic resonance spectroscopy measurement of the absorption
of energy by nuclei in a strong magnetic field. The energy is supplied by high
frequency radio waves.

spectrophotometer instrument that passes electromagnetic radiation through
a substance at a given wavelength (or frequency) and measures the amount
of radiation absorbed or transmitted.

Pattern Recognition
Infrared spectra provide the means to identify substances by comparing the spectrum
of an unknown compound with spectra recorded in atlases of IR spectra. The absorption
pattern is characteristic and allows relatively quick identification, as discussed in
Pictures in the Mind. Similarly, substances can be identified from the NMR spectrum.

Problem Solving
1. The Beer-Lambert Law gives students the opportunity to do some simple

mathematical calculations involving logarithms. A scientific calculator with
a logarithm function greatly simplifies the calculation. The law, as shown in
Part II of Activity 1 , is straightforward in the sense that it may be solved in
a chain operation using a calculator. The law states:

A  =  log10 100 – log10 (%T)  =  2 – log10 (%T)  =  k'c

Since the logarithm of 100  =  2, the calculation using a calculator then means
entering 2, then a subtraction (–) sign, then (%T), and finally the log button.
Pressing the equal (=) button will give the absorbance. Percent Transmittance
(%T) to Absorbance (A) Conversions  table in the Appendix, which gives the
conversions between %T and absorbance for values from 1%T through
100%T, may be used as a student handout or as a transparency master.

2. Determining Crystalline and Molecular Structure. Many naturally
occurring substances have physiological activity, and quite a few of them
have a beneficial therapeutic effect. Normally, it is difficult, if not impossible,
to obtain large amounts of these beneficial compounds from natural sources
since they exist only in minute amounts. To synthesize the compound and its
close derivative to be used in medication, it is necessary to know the
compounds’ structures. Thus one reason for undertaking a structure
determination is to be able to synthesize a compound of interest.

One of the problems faced, and solved, is to use modern X-ray diffraction for
this purpose coupled with mass spectrometry, and frequently nuclear magnetic
resonance. For organic compounds, infrared spectra are also helpful.

The breakthrough was development of instrumental techniques allowing
useful results to be obtained from rather small quantities of substances. It
is now possible to determine the crystalline and molecular structures for
minute amounts of substances. Armed with this information, chemists may
develop schemes for synthesizing the compounds. This was frequently not
possible with classical chemical methods of structure determination since
not enough of the active compound could be isolated for study.
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3. Other Problem-Solving Instruments. CAT-scanning and X-ray
mammography are other examples of problem solving using instrumentation
utilizing X-rays. It must be acknowledged that these techniques, although
not primarily chemical in nature, have had a large impact upon the practice
of medicine as diagnostic tools. Magnetic Resonance Imaging (MRI), discussed
previously, is another such technique. It should be emphasized to students
that something that results from basic research frequently is then applied
in somewhat surprising ways to solve seemingly unrelated problems.

Decision Making
Instrumentation is used to monitor the environment: acid rain, radon testing,
asbestos abatement, ozone depletion, etc.  Do we place too much reliance on
instrumentation? What about biochemical instrumentation? How reliable are
automated blood tests? AIDS tests? Breathalyzer tests (see Chemistry in Medicine
module)? These are some questions that may be assigned to students to research and
report back to the class.

In January 1991, the Environmental Protection Agency issued final drinking water
standards for 38 contaminants (Ember, 1991, Chemical and Engineering News). The
total of standards for drinking water now federally enforced is 60. These standards
include 17 pesticides, 10 volatile organic compounds, polychlorinated biphenyls (PCBs),
eight inorganic compounds, and two substances used to treat drinking water.
Although the standards are enforceable by the federal government, states have to
administer them. This means that the water supplies in about 80,000 systems
nationwide probably will be monitored primarily by instrumentation and/or
colorimetric tests that require some treatment, perhaps separations. The monitoring
cost is estimated at about $24,000,000 annually, adding from $10 to $800 to
consumers’ bills for drinking water per year. It is estimated that the rules for
pesticides alone will force consideration of pesticide control in land use. This is an
example of how monitoring pollutants brings about decisions about their control.
Students might be asked to develop a scenario involving a new instrument that could
detect PCBs to a level 1000 times lower than our present capability. How might this
new instrument affect future regulations regarding PCBs? Is there ever a limit below
which we cannot go?

Modern automated instrumental blood tests have been available for some time.
One such test checks 27 different and related blood factors from serum glucose to the
LDL/HDL ratio (analytes). To do this on a relatively small sample of blood requires
a very sophisticated system of separation and instrumental analysis. How reliable
is such a system? This question is very important since the results of such tests are
used by physicians to prescribe a corrective regimen when an analyte is out of the
reference range. Such tests also play a large role in a physician’s diagnosis and
prognosis. The tests are used extensively for preventive medicine and to detect an
abnormality before other symptoms are manifested. Blood testing is now reasonably
accessible to most of the country’s population wherever doctors are available.
Undoubtedly such testing is extremely beneficial to that part of the population
willing to pay for it.

Instrumentation and separations are the basis for decision making in many respects,
and the trend of reliance on such results will increase as new technology is developed.
What kinds of public policies should be developed in light of these capabilities?
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Before 1920, the determination of the molecular composition and the molecular
structure (geometry) of substances was achieved largely through conventional
chemical analysis. It is much more difficult to determine the molecular architecture
than the molecular composition in this way. The determination of structural
characteristics was accomplished by interpreting the reactions of a substance and
chemically identifying the resulting fragments. This type of analysis not only requires
a relatively large amount of sample, but also results in the destruction of that sample.

Since 1930, much progress has been made in developing instruments that enable
chemists to determine composition, molecular mass, and the geometry of molecules.
Most instrumental analyses require only small samples (0.1 g or less) and are
nondestructive (except for mass spectrometry). This means that the sample may be
analyzed several times, using different instruments. Thus, several different
characteristics of the sample may be determined. Combining the data from the
different sources then will provide a composite picture of the molecule.

Other historical data is given in the Pictures in the Mind  section.

A Brief Alphabetical List of the History Behind Instrumentation
Aston, F. W. (1877-1945). Developed the mass spectrograph about 1919. Awarded the

Nobel Prize in 1922. He showed that neon actually consisted of three isotopes.

Beckman, A. O. (1900- ). A pioneer in the field of instrumentation. Founded the
Beckman Instrument Co. This company produced the first relatively inexpensive
pH meters and the first infrared spectrophotometers.

Bragg, W. H. (1862-1942) and Bragg, W. L. (1890-1971). A father-son team;
pioneered work in X-ray diffraction analysis. They jointly developed what is
known as Bragg’s Law, relating the wavelength of radiant energy with the
spacing in a diffraction grating or crystal and the diffraction angle. They jointly
were given the Nobel Prize in 1915.

Bunsen, R. (1811-1899) and Kirchhoff, G. (1824-1887). Developed the emission
spectroscope.

Crookes, W., Sir.  (1832-1919). Developed the Crookes tube, the forerunner of the
cathode ray tube that plays an important role in many instruments.

Davisson, C. J. (1881-1958) and Germer, L. H. (1896- ). Discovered that electrons
would be diffracted by a crystal the same as X-rays. G. P. Thomson (1892-1975),
the son of J. J. Thomson, and A. Reid also showed that electrons were diffracted.
Davisson and Thomson shared the Nobel Prize in 1937 for this work. The
recognition that electrons also had wave-like properties ultimately led to the
electron microscope and similar instruments.

Moseley, H. G. J. (1889-1915). Used X-rays to determine the relationship between
the characteristic K lines in an element’s X-ray spectrum and the positive
nuclear charge of element.

Roentgen, W. (1845-1923). Serendipitously discovered X-rays in 1895 and received
the first Nobel Prize in physics for his discovery.

Thomson, J. J. (1856-1940). Discovered the electron in 1897 and positive “rays” in
1913. He suggested that it would be possible to use the rays to analyze
chemicals as Aston and others were later able to show.

HISTORY: ON
THE HUMAN
SIDE
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1. Word Search (see Appendix for master copy)

S P E C T R O P H O T O M E T E R
B J L N F M Y I N S J B C P T H L
U O Y O P I M S L F H N O O A G A
C P X R R H C G S S A M J S L T N
L U B T E T G B L T W L O D M E O
L G W C B E W D T M E W N P M E I
I Z I E V X B I Q C U O B Y H Z T
M M Q L V Z M J R B B R C C C B A
B T D E U S R A D I O C T B R U T
X B Z U N I H P C H Z O E C O I O
S I S A O K N W W F J F K Y E Y R
C H R O M A T O G R A P H Y K P R
M T J N A V F W E H N K A B P P S

1. Energy for nuclear magnetic resonance spectroscopy is supplied by this
type of wave.

2. Infrared radiation causes changes in the _____ lengths of molecules.

3. Emission spectra consist of these transitions in molecules.

4. Fraction of incident radiation not absorbed by a solution.

5. Instrument that measures the wavelength and amount of absorption of
specific wavelengths when electromagnetic radiation is passed through
a substance.

6. Method that separates mixtures based on solubility and absorptivity
differences.

7. Range of wavelengths and energies.

8. Type of spectrum that results when molecules are fragmented by an
ionizing beam of electrons.

9. A = abc is an algebraic expression of the ____-Lambert Law.

10. Type of spectrum produced by molecular absorption of microwaves.

Answers: 1. RADIO 2. BOND 3. ELECTRON 4. TRANSMITTANCE
5. SPECTROPHOTOMETER 6. CHROMATOGRAPHY 7. SPECTRUM
8. MASS 9. BEER 10. ROTATIONAL

2. See cartoons at end of module.

1. Software published by JCE: Software, a publication of the Journal of Chemical
Education, Department of Chemistry, University of Wisconsin-Madison,
1101 University Avenue. Madison, Wl 53706-1396: (608) 262-5153 (voice) or
(608) 262-0381 (FAX).

a. Bomb Calorimeter Simulation, by David J. Olney. Vol. III A, No. 2, for the
Apple II computer.

b. The Computer-Based Laboratory , by Daniel Krause. Vol. I A, No. 2, for the
Apple II computer.

HUMOR: ON
THE FUN SIDE

MEDIA
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c. EPR Spectrum Simulator, by Miguel A. Martinez-Jimeno, Ernesto Brunet
and Carlos Sieiro, Vol. VI B, No. 1, for IBM PS/2, PC-compatible
computers.

d. HPLC – An Instrument Simulator , by Robert C. Rittenhouse. Vol. I B, No.
2, for IBM PS/2, PC-compatible computers.

e. Mass Spec Simulation, by Bruce Armitage. Vol. IV B, No. 2, for IBM PS/
2, PC-compatible computers.

f. NO2/N2O4 Equilibrium Experiment , by Teresa Anderson Curtin, Darryl
Wahlstrom and James A. McCormick. Vol. IV B, No. 1, for IBM PS/2, PC-
compatible computers.

g. Organic Spectroscopy, by Richard Hiatt. Vol. II A, No. 2, for the Apple II
computer.

h. Proton NMR Spectrum Simulator, by Kersey Black. Vol. II C, No. 1, for the
Apple Macintosh.

i. Spec 20, by Ralph Gable and James McCormick. Vol. IV B, No. 1, for IBM
PS/2, PC-compatible computers.

2. Software published by Falcon Software, Box 200, Wentworth, NH 03282;
(603) 764-5788.

a. SpectraBook for Windows and SpectraDeck for Macintosh – An Annotated
Collection of IR, NMR, CMR and Mass Spectra, by Paul F. Schatz. $95
for individual copies.

b. The Schatz Index for Macintosh , by Paul F. Schatz. The IR and NMR
spectra, physical information, references, synonyms and safety data for
400 organic compounds. $200 for individual copies.

c. IR and NMR Simulators of Macintosh and MS-DOS. These simulators are
low-cost and wasy to use; they are no-maintenance simulations of the
real instruments. Data sets for 300 compounds are available separately.
$95 for individual copies of NMR simulator, $75 for individual copies of
IR simulator, $200 for IR data set, $250 for NMR data set.

3. Software published by Project SERAPHIM, Department of Chemistry,
University of Wisconsin-Madison, 1101 University Avenue. Madison, Wl
53706-1396: (608) 263-2837 (voice) or (608) 262-0381 (FAX).

a. For the Apple II computer running on ProDOS: AR 1201.

b. For the Apple II computer: AP 1201; Laboratory modules LM 002, LM 003,
LM 004, LM 005, LM 006, LM 012, LM 015, LM 016, LM 021 (for the
Project SERAPHIM Blocktronic and Thermistor).

c. For IBM PCs and PC-compatibles: PC 4201; Laboratory modules LM 002,
LM 003, LM 004, LM 005, LM 006, LM 012, LM 015, LM 016 (for the
Project SERAPHIM Blocktronic and Thermistor).

4. Videodiscs published by JCE: Software, a publication of the Journal of
Chemical Education, Department of Chemistry, University of Wisconsin-
Madison, 1101 University Avenue, Madison, WI 53706-1396: (608) 262-5153
(voice) or (608) 262-0381 (FAX).

Concept/Skills Development
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“Mercury Determination Using A Spectrophotometer – Accuracy and
Precision,” and “A Generic Spectroscopic Instrument,” two chapters on The
World of Chemistry: Selected  Demonstrations and Animations : Disc I (double
sided, 60 min.), Special Issue 3.

5. Films and videocassettes published by Ward’s Natural Science Establishment,
Inc., 5100 West Henrietta Road, P.O. Box 92912, Rochester, NY 14692-9012;
(716) 359-2502; (800) 962-2660; (716) 334-6174 (FAX).

a. Crystals and Their Structures  (CHEM Study 16-mm film and/or VHS
cassette)

The film covers the properties of crystals, their well defined diffraction
patterns in interactions with X-rays, leading to their description as
regular, repeating arrangements of atoms. It includes a ripple tank
activity showing the principles and measurements by which crystal
structures are determined. Good for above average and honor students.
It is especially recommended if it is desired to take the student beyond
the material on X-ray diffraction presented in this module.

b. Molecular Spectroscopy  (CHEM Study 16-mm film and/or VHS cassette)

The film presents laboratory activities, molecular models, and animation
that shows the infrared light absorption process and its relation to
molecular properties. It stresses the concept of natural molecular
vibrational frequencies, and how the infrared spectrum is used to
identify molecules and determine their structures. Good for the above
average and the honor student.

To receive information about subscriptions to  JCE: Software or a summary of
the many software and videodisc issues available, contact: Journal of Chemical
Education: Software, Department of Chemistry, University of Wisconsin-
Madison, 1101 University Avenue, Madison, WI 53706-1396; (608) 262-
5153; (608) 262-0381 (FAX).

To become a member of Project SERAPHIM or to obtain a copy of the Catalog
with over 600 programs of instructional software for chemistry teaching,
contact: Project SERAPHIM, Department of Chemistry, University of
Wisconsin-Madison, 1101 University Avenue, Madison, WI 53706-1396;
(608) 263-2837; (608) 262-0381 (FAX).

Several student spectrophotometers are available. Probably the one used most is the
Spectronic 20 manufactured by the Milton Roy Company. It is available with either
an analog meter display or with a digital readout. The Spectronic 20 is available
from most laboratory equipment suppliers.

Several spectrophotometers designed to use a computer are also available. The
Blocktronic uses inexpensive materials and software for an Apple II computer. The
plans and software may be obtained from Project SERAPHIM (see address in Media).

A GowMac gas chromatograph may be obtained from several suppliers as well as
electrophoresis and gel electrophoresis equipment and power supplies.

EQUIPMENT
AND INSTRU-

MENTATION
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CEPUP (Chemical Education for Public Understanding Project) materials are
available from Addison-Wesley Publishing Company, EMD Fisher Scientific
Company, Laboratory Aids, Inc., Science Kit and Boreal Laboratories, and Sargent-
Welch Scientific Company (see catalogs published by these companies).

The Optical Transform Kit, available from ICE–Institute for Chemical Education,
Department of  Chemistry, University of Wisconsin-Madison, 1101 University Ave-
nue, Madison WI 53706-1396; (608) 262-3303 (voice) or (608) 262-0381 (FAX).

Concept/Skills Development
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Links/Connections

The topic of instrumentation is linked to different fields of chemistry.

1. Instrumentation is used to determine chemical and physical properties.
Spectra provide information about bonding, molecular vibrations and
rotations, and electronic energy levels. Spectral information is used to
elucidate molecular structure. Instrumentation can also be used for
quantitative analysis.

2. Forensic chemistry utilizes instrumentation to a large degree for both
substance identification and to determine the concentrations of various
substances in the bodies of victims of crime or a person suspected of
committing a crime. It is widely used in the investigation of illegal drugs,
alcohol, and other life-threatening toxic substances (see Forensic Chemistry
module).

3. Many industrial, governmental, and private laboratories use instrumentation
to test samples for a great number of different substances. These laboratories
incorporate instrumentation such as plasma spectrometry, flame emission
and flame absorption spectrometry, laser spectrometry, NMR spectrometry,
mass spectrometry, and others. Medical labs use CAT-scans and MRI
instrumentation extensively. Industrial chemistry uses instrumentation in
quality control and monitoring of reaction streams as well as in batch and
continuous processes in the manufacture of substances.

Since the distinction between chemistry and other disciplines, including the arts and
social sciences, is rapidly disappearing, the links between chemical uses of
instrumentation and uses in other disciplines is rather broad. Medicine, in particular,
makes wide use of instrumentation in microbiology, histology, and pharmacology.
Art and archaeology use instrumentation in preservation, conservation, restoration,
documentation of art treasures, dating techniques, examination of prehistoric
objects, etc.  Virtually every subdiscipline of chemistry, biology, physics, and earth
science uses some form of instrumentation.

WITHIN
CHEMISTRY

BETWEEN
CHEMISTRY
AND OTHER

DISCIPLINES
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Extensions

Students may research in the library, the community, and local educational
institutions either a specific instrument or the uses of instrumentation. The research
may use interviews, field trips, personal or library research. The information thus
gained may be presented to the class in the format of a poster session. The
presentation could be about 20 min long.
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Lippincott, W. T., Gailey, K. D., Meek, D. W., and Whitten, K. W. (1984). Experimental
general chemistry . Philadelphia, PA: Saunders.

An excellent laboratory manual that may well serve as a general reference for
general laboratory procedures and instrumental techniques. The laboratory
manual may also be used to select particular parts of experiments to use with
high school classes.

Parry, R. W., Bassow, H., and Merrill, P. (1987). Chemistry: Experimental foundations
(4th Ed.). Englewood Cliffs, NJ: Prentice-Hall.

The only CHEMS-derived text currently published. Very good information,
especially how to present chemistry from an experimental point of view. The
companion teacher’s guide is a must.

Wilbraham, A. C., Staley, D. D., Simpson, C. J., and Matta. M. S. (1987). Chemistry
laboratory manual. Menlo Park, CA: Addison-Wesley.

A good, solid high school chemistry laboratory manual, although in a somewhat
cookbook style. It presents useful experiments including a good presentation of
laboratory safety and laboratory techniques.

Willard, H. H., Merritt, L. L., Jr., Dean, J. A., and Settle., F. A., Jr. (1988). Instrumental
methods of analysis (7th Ed.). Belmont, CA: Wadsworth.

A basic text in instrumental analysis that doubles as an excellent reference in
this subject.
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Appendix

• Transparency Masters
1. Spectronic 20 Spectrophotometer showing the controls and their functions.

2. The Infrared Absorption Spectra for HBr(g) and DBr(g). The spectra show
that the heavier DBr(g) absorbs strongly at a lower frequency (longer
wavelength) than HBr(g).

3. Nuclear Magnetic Resonance Spectrum of Ethyl Acetate

4. A mass spectrograph showing the essential features of the instrument and the
separation of neon into its three naturally occurring isotopes, 20Ne (90.92%),
21Ne (0.26%), and 22Ne (8.82%)

5. Percent Transmittance-Absorbance Conversions

6. Molecular Motions and Relative Spacing of Molecular Energy Levels (in
kilojoules/mol of molecules) Associated with Absorption of Radiation

7. Word Search

• Humor
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