AN INTRODUCTION TO INSTRUMENTAL METHODS

The use of instrumentation is an exciting and fascinating part of chemical analysis that interacts with all the areas of chemistry and with many other fields of pure and applied science. Analyses of Martian soils, the body fluids of racehorses and Olympic athletes, the engine oil of commercial and military jet aircraft, and even the Shroud of Turin are examples of problems that require instrumental techniques. Often it is necessary to use several instrumental techniques to obtain the information required to solve an analytical problem. 
Analytical instrumentation plays an important role in the production and evaluation of new products and in the protection of consumers and the environ​ment. This instrumentation provides the lower detection limits required to assure safe foods, drugs, water, and air. The manufacture of materials whose composition must be known precisely, such as the substances used in integrated circuit chips, is monitored by analytical instruments. The large sample throughputs made possible by automated instrumentation often relieve the analyst of the tedious tasks for​merly associated with chemical analysis. Thus the analyst is freed to examine com​ponents of the analytical system, such as sampling methods, data treatment, and the evaluation of results.
TERMS ASSOCIATED WITH CHEMICAL ANALYSIS

It is necessary to distinguish between the terms analytical technique and analytical method.  A technique is a fundamental scientific phenomenon that has proved useful for providing information on the composition of substances. Infrared spec​trophotometry is an example of an analytical technique. A method is a specific application of a technique to solve an analytical problem. The infrared analysis of styrene-acrylonitrile copolymers is an example of an instrumental method.

Two other terms associated with chemical analysis are procedure and protocol. A procedure is the written instructions for carrying out a method. The "standard methods" developed by the ASTM (American Society for Testing Materials) and the AOAC (Association of Official Analytical Chemists) are, in reality, standardized procedures. A procedure assumes that the user has some prior knowledge of analytical methodology, and thus it does not provide great detail, only a general outline of the steps to be followed. The procedure for infrared analysis of styrene​-acrylonitrile copolymers involves the extraction of the residual styrene and acrylonitrile monomers from the polymer into carbon disulfide. The residual polymer is then dissolved and cast as a film directly on a sodium chloride plate. Both the carbon disulfide extract and the film are scanned to obtain absorbance measurements at wavelengths characteristic of styrene and acrylonitrile. The sample absorbances are compared with those of standards of known concentration. In contrast, the most specific description of a method is known as a protocol. The detailed directions must be followed, without exception, if the analytical results are to be accepted for a given purpose, such as an environmental analysis to meet Environmental Protection Agency (EPA) requirements or blood alcohol deter​minations for legal proceedings.

CLASSIFICATION OF INSTRUMENTAL TECHNIQUES

Most instrumental techniques fit into one of three principal areas: spectroscopy, electrochemistry, and chromatography (Table 1.1). Although several important techniques, including mass spectrometry and thermal analysis, do not fit conve​niently into these classifications, these three areas do provide a basis for a systematic study of chemical instrumentation.

Advances in both chemistry and technology are making new techniques available and expanding the use of existing ones. Photoacoustic spectroscopy is an example of an emerging analytical technique. A number of existing techniques have been combined to expand the utility of the component methods. Gas chromatography-mass spectrometry (GC-MS) and inductively coupled plasma​ mass spectrometry (ICP-MS) are examples of successful "hyphenated" methods (Table 1.2). The distribution of computer power to individual instruments has led to the widespread use of methods such as the Fourier transform to produce new techniques: Fourier transform infrared (FTIR) and pulsed nuclear magnetic resonance (carbon-I 3) spectroscopy.

The analyst should be aware of the functions performed by the computer(s) in a given analytical method. These functions range from data acquisition and control to management of laboratory data systems. Although few analytical chemists actually develop programs and design hardware, they should understand the fundamental concepts of both computer hardware and software.

REVIEW OF THE IMPORTANT CONSIDERATIONS IN ANALYTICAL METHODS

Although the instrument is often the most visible and exciting element of the analytical method, it is only one component of the total analysis. Before focusing on the role of instrumentation in an analytical method, the analyst should consider other steps important to the determination (Figure 1.1). The following discussion reviews the steps common to analytical methods and thus helps to place the role of instrumentation in proper perspective. A detailed discussion of the topics will not be attempted; they are covered in greater depth in the bibliographies and literature citations. Those topics that relate more closely to instrumentation are discussed in later chapters of this text.

The first task is to define the analytical problem.  When possible, this is done through direct interaction with the person(s) who desires the analysis. The analyst should determine the nature of the sample, the end use of the analytical results, the species to be analyzed, and the information required. Qualitative information may include elemental composition, oxidation states, functional groups, major compo​nents, minor components, and complete identification of all species present in the sample. Quantitative data include the required accuracy and precision, range of expected analyte (substance being determined) concentrations, and detection limits for the analyte. Other considerations are the unique physical and chemical properties of the analyte, properties of the sample matrix, the presence of interferences that are likely to eliminate the use of certain analyte properties as measurement indicators, and finally an estimated cost of the analysis.  A major component of the cost is the time required for the analysis, both the instrument time and the labor required to perform the analysis. When appropriate, the costs of manual versus automated methods should be compared.

Once the problem has been defined, the next task is to select the appropriate method(s).  Factors to consider include the strengths and limitations of the technique when applied to the problem under consideration, restrictions placed upon the method by interferences present in the sample, and the quality of information obtained versus the cost of obtaining it. 

Sampling is the next area to consider. It is often the most important step in the entire analysis. What measures must be taken to obtain the samples required to provide the desired information? In some cases representative homogeneous samples are sought, whereas in other cases the heterogeneity of the sample is of primary interest. Do the field sampling and laboratory subsampling procedures assure the integrity of analytical results? Have proper procedures been used to store and preserve both samples and standards? Have all samples been properly labeled and recorded?
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Figure 1.1  Major steps in solving an analytical problem
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It is often necessary to perform some physical or chemical operations on the sample prior to the actual analysis. These operations may reduce or remove interferences, bring the analyte concentration into the desired range for analysis, or produce species with quantitatively measurable properties from the analyte(s). Such operations include dissolution, fusion, separation, dilution, concentration, and chemical derivatization. Sophisticated instrumentation does not negate the need for fundamental laboratory skills; rather, it increases their importance. The proper cleaning, use, and knowledge of the tolerances of analytical balances, volumetric flasks, burets, pipets, and filtering apparatus are basic skills necessary in analyses.

Control of the chemical environment is often required to assure that the ac​tivities of the analytes remain constant during the measurement and to lessen the effects of interferences. Methods such as controlling the atmosphere to which the sample is exposed, controlling the temperature of the sample, buffering the pH of sample solutions, and complexing the sample components are used for this purpose. Instrumental parameters, such as the amplitude and frequency of the input signal, detector sensitivity, and sampling rate, must be coordinated to measure the desired analyte under optimum conditions.

Once the measurement has been made, how is the desired precision for the analysis assured? The analyst must select the method(s) of standardization best suited for the analysis at hand from the following: calibration ("working") curves, standard addition, internal standard, external standard, reference materials such as those provided by the National Bureau of Standards, "blind" samples, and control charts.

To assess the precision and to evaluate the results of analyses, the analyst must use statistical methods. These methods include confidence limits, rejection of outlying points, regression analysis to establish calibration curves, tests for significance, and Gaussian and non-Gaussian distribution curves. In each analysis, the critical response parameters must be recognized and optimized if possible.  The simplex method and other procedures can be used to optimize the conditions for a given determination.

The clear, accurate presentation of results is an important requirement for any successful analytical method.   This involves maintaining a proper laboratory notebook, presenting data in graphical form if necessary, having a working knowledge of significant figures, being able to communicate the original problem and the procedures used to obtain the results, and summarizing the results. In today's laboratory, the analyst may use a computer-based word processor, spreadsheet, and laboratory information management system to prepare reports.

The object of every analysis is to extract the desired information from the sample and present it in a usable form. Instrumentation is only one component of the total method. The analyst should trace the flow of information through the entire process, not just the instrument component. This allows major sources of potential error to be identified.14 Inadequate attention to anyone of the areas outlined here can render the results meaningless, regardless of the potential analytical power of the instrumentation used.
It is interesting to contrast instrumental with noninstrumental methods of analysis. Both have their strengths. Instrumental methods are usually faster and more sensitive after the necessary calibrations have been established. However, in many cases the classical gravimetric and volumetric methods are more accurate, even though much slower, than instrumental methods. Many instrumental methods offer improved detection limits over noninstrumental methods.
BASIC FUNCTIONS OF INSTR UMENTATION

The purpose of chemical instrumentation is to obtain information from the substance being analyzed. In moving from the sample through the instrument to the output, the information (a chemical or physical quantity) is transformed. The number and complexity of the transformations are determined by the quality and quantity of data to be acquired from the sample under analysis.

Every analytical instrument may be divided into four basic components: a signal generator, an input transducer, an electronic signal modifier, and an output transducer. The signal results from the direct or indirect interaction of the analyte with some form of energy such as electromagnetic radiation, electricity, or thermal heating. Input transducers, also known as detectors, are devices that transform the physical or chemical property of the analyte into an electrical signal. Signal modifiers are electronic components that perform necessary and desirable opera​tions, such as amplification and filtering, on the signal from the input transducer Finally, the output transducer converts the modified electrical signal into in​formation that can be read, recorded, and interpreted by the analyst.

For example, in the spectrophotometric determination of copper in solution using dithizone as a reagent to form a red-violet complex, the radiation from a lamp is passed through a prism to obtain visible light at 525 nm to generate a signal that is absorbed by the copper complex. The amount of radiation absorbed at 525 nm is proportional to the concentration of the copper analyte. The radiant power is converted to an electrical current by a photodetector (input transducer). Electrical signal modifiers convert the current into a voltage and, after amplifi​cation and transformation to a logarithmic voltage, send it to the output trans​ducer. This transducer may be a meter, a digital display, or a recorder.

Signal Generators

The signal used to transfer information from the analyte to the electrical modules of the instrument originates in the signal generator. Two general methods are used for signal generation: (1) application of an external signal to the sample and subse​quent modification of this signal by the analyte as in absorption spectroscopy and (2) creation of a sample environment that allows the analyte to produce a signal as illustrated by potentiometric measurements. The signal generator is unique to each type of instrument. Its design requires an understanding of the physical prop​erties of the instrument components, the chemical properties of the analyte, and the sample matrix 

Input Transducers 
Most input transducers are analog devices; that is, they measure physical and chemical properties continuously (Table 1.3). In most cases these devices produce analog electrical signals of voltage, current, or resistance.  If the measured property is not continuous, the detector can be designed to give pulse outputs, such as in high ​energy gamma radiation detectors. The quality and capabilities of the input transducer ultimately limit the overall performance of the instrument.

Signal Transformation Modules

The signal transformation module receives information from the detector, electri​cally converts it into a more meaningful form, and then presents it to the output transducer (Table 1.4). The detector used and the final form of the desired information determine the electronic composition of this module. Module compo​nents range from a single resistor for simple current-to-voltage conversion to a complex microprocessor that has a variety of signal-processing capabilities.

Output Transducers

The final instrument component, the output transducer, converts the modified electrical signal into information in a form useful to the analyst. This information may be displayed or recorded in either analog or digital form by a number of devices (Table 1.5).

Present instrumentation includes a relatively large number of signal generators and input transducers, fewer signal modifiers, and only a small number of different kinds of output transducers. An assortment of chemical and physical properties can be used to determine the analytes in a large number of sample environments. After the information from the analyte is converted to an electrical signal, the number of possible operations or modifications is limited, and there are even fewer types of output transducers. Specific input transducers are discussed in the appropriate chapters on instrumental methods. Output transducers are discussed in sections throughout the book when introduced as part of an instrument. After a brief introduction to the basic analog and digital solid-state circuit components in Chapter 3, some signal-modifying circuits are described in Chapter 4. Chapter 2 contrasts some of the electronic hardware and computer software techniques used to process electronic signals.

Table 1.3

	INPUT TRANSDUCERS

	Physical quantity measured


	Input transducer


	Electrical output



	Concentration of electro active species

Ion activity in solution

Light intensity
	Polarographic ceIl 

Selective ion electrode 

Phototube Photodiode
	Current 

Voltage 

Current

	Temperature
	Thermistor 

Thermocouple
	Current

Resistance 

Voltage


Table 1.4

	ELECTRICAL SIGNAL TRANSFORMATIONS

	Amplification 

Analog-to-digital conversion 

Attenuation

Comparison

Counting

 Current-to-voltage conversion

 Differentiation 

Logarithmetic conversion
	Digital-to-analog conversion 

Filtering

Integration

Rectification

Summation

V oltage-to-current conversion

Voltage-to-frequency conversion 

Antilogarithmetic conversion


Table 1.5

	OUTPUT TRANSDUCERS

	Alphanumeric printers 

Analog meters 

Digital meters

Disks, hard 

Diskettes, floppy
	Oscilloscopes

Recorders, strip chart (y-t)

Recorders, x-y

Tape cassettes

Video displays (cathode ray tubes)


