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ABSTRACT 

A custom designed echelle spectrometer coupled with a charge injection 

device (CID) detector was applied to a series of analytical challenges in atomic 

emission spectroscopy(AES). By taking advantage of the two dimensional spectral 

format of an echelle/CID spectrometer, simultaneous, multi-elemental atomic 

spectroscopic information can be directly obtained. A direct current plasma (DCP) 

was utilized as the AES excitation source. 

The echelle/CID system has a Jarge spectral elemental database. Through 

the utilization of vast amounts of spectral information and the application of 

fundamental spectroscopic principles, an intelligent analytical system was designed 

to make certain routine and non-routine decisions with minimal intervention by the 

analyst. The utility of the echelle/CID system is investigated through its 

application to several analytical challenges. These challenges include automated

qualitative analysis, quantitative analysis for samples of limited size (microgram 

quantities) and qualitative and quantitative chromatographic analysis of various 

metal species. 

The results of an analyses generated by an automated-qualitative routine for 

the determination of elemental constituents in environmental contaminants, 
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unknown particulate from a hospital air delivery system and laboratory waste 

samples are presented. The ability to simultaneously integrate multi-elemental 

information makes the echelle/CID system well suited for the quantitative analysis 

of trace sample quantities. The echelle/CID system was employed in the trace 

determination of 1000, 400 and 40 micrograms/ml NBS standard reference material 

1633a, coal fly ash, samples. 

Finally, the echelle/CID AES system is utilized as an element selective 

detector for high performance liquid chromatography(HPLC). HPLC separation 

methods were developed for the quantitative analysis of iron and copper oxidation 

states. The results of the HPLC separation of iron(II) and iron(III) through their 

interactions with the mobile phase modifier, 8-hydroxyquinoline are presented. 

The results of the HPLC separation of copper(I) and copper(II) are in an mobile 

phase containing 2,9 dimethyl 1,10 phenanthroline are presented. A novel solid 

phase extraction (SPE) method for Cu(1) was also developed. The results of the 

SPE method used to monitor the Cu(I) concentration in a series of electroless 

copper plating baths are presented. 
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ATOMIC EMISSION ANALYSIS AND CHARGE 

INJECTION DEVICE DETECTION 

Atomic emission spectroscopy (AES) has, over many years, proven to be 

an extraordinarily powerful tool, employing a variety of excitation sources, for 

elemental analysis of solid, liquid and gaseous samples. Initially photographic 

emulsions were utilized as the primary means of detecting the large quantity of 

spectral information available within an atomic emission spectrum. Photographic 

emulsions offered a wide variety of characteristics that were beneficial. These 

characteristics included a large number of resolution elements (grain size), a readily 

archivable media and the ability to simultaneously integrate a large number of 

emission lines. Since the emission spectrum was observed over a wide wavelength 

range, multiple lines could be employed in the analysis of a single element. 

Additionally, background correction could be performed because the spectral 

information on either side of an emission line was readily available. 

Unfortunately, there are a number of problems associated with the use of 

photographic emulsions. Photographic emulsions have a relatively limited usable 

linear dynamic range, poor quantum efficiency and limited spectral responsivity. 
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These problems coupled with the labor intensive development and time consuming 

densitometric analysis made photographic emulsions less than an ideal method of 

spectroscopic detection and particularly unsuitable for quantitative determination 

in AES. 

Photographic emulsions were later supplemented with and today almost 

entirely replaced by photomultiplier tubes (PMT) as a means to acquire quantitative 

analytical spectral information. PMT's provided the capability to rapidly and 

electronically determine the spectral intensity at a specific wavelength. The 

electronic readout from the PMT gave a signal that was directly proportional to the 

photon flux, significantly reducing data analysis time. 

The majority of atomic emission spectrometric systems that incorporate 

PMTs as photometric detectors are of two types, slew-scan or simultaneous multi

element direct readers. Slew-scan technology allows the operator to select a 

specific wavelength region of interest through the movement of the spectral 

disperser, a grating. If mUltiple wavelengths are to be interrogated, the grating is 

rotated (either manually by the operator or under computer control) to scan from 

wavelength to wavelength. Drawbacks associated with this technique include the 

time required to slew between each sequential wavelength interrogated and the 

difficulty in reproducibly slewing to the wavelength of interest for each analyte. 

Because of the increased time required for mUlti-component analysis, liquid sample 
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consumption is also increased and even more difficult problems of time resolution 

are present with solid samples of all types. 

Direct reader technology incorporates the use of an array of PMTs and slit 

assemblies each carefully positioned along the focal plane of the spectrometer. 

Spectral information is obtained for each wavelength observed by a PMT. Spectral 

analysis performed in this manner provides simultaneous acquisition of elemental 

emission intensities represented by the PMTs. Due to physical limitations, only 

a finite number of PMTs and their respective slit assemblies can be positioned 

along the focal curve thus restricting the number of simultaneously acquired 

channels for a given analysis. The addition of new channels or the realignment of 

existing ones is a time consuming process. Some of the recent generations of 

direct readers provide a limited scanning range. This limited scanning range may 

be used for background correction at each channel, and may allow acquisition of 

spectral information for elements whose emission wavelengths lie close to those of 

the pre-positioned PMTs. While this technology lends additional flexibility to AES 

analysis, it still does not approach the spectral coverage of an ideal continuous 

simultaneous system. 

Over the years, numerous groups have explored various techniques to 

implement an electronic equivalent to a photographic emulsion. These techniques 

include vidicons 1 23, intensified target vidicons 4 5 6, image dissectors 7, 
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photodiode arrays 89 and intensified photodiode arrays 10. These approaches 

have fallen short of an ideal AES detection system for one or more of a variety of 

reasons. These reasons include wavelength coverage, total number of resolution 

elements, dynamic range, detector element to detector element crosstalk, quantum 

efficiency, achievable signal-to-noise ratio, lack of random detector element access, 

cost and reliability. 

The Spectroscopic Detector 

Charge injection device detectors are photo-sensitive two dimension-array 

detectors. Charge injection devices were first introduced in 1973 by General 

Electric Corporation (Liverpool, New York) 1112. These devices were initially 

implemented in robotics camera operations using video scan readout rates. The 

CID's have also been successfully operated in a scientific mode of operation (Le. 

cryogenically cooled, with slow scan readout rates using optimized electronics and 

high resolution analog to digital conversion) as photometric detectors. 

CID Detector Characteristics 

The CID's photo-active area is a multi-layer metal oxide-semiconductor 

structure consisting of a large number of detector elements. A single detector 

element is comprised of a pair silicon electrodes that can collect charge generated 
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by the arrival of photons. The pair of electrodes consist of a collection electrode 

and a readout electrode. The photo generated charge is collected in an n-doped 

silicon epitaxial "potential well" below the electrodes. The collecting and detecting 

electrodes are separated from the underlying silicon "well" by an insulating layer 

of silicon oxide. The individual detector elements on a CID 17 are 23 #Lm by 27 

J.'m. The 94,672 detector elements that make a CID17 are arranged in a 378 by 

244 XY format. These two dimensional array detectors are slightly smaller than 

a postage stamp with a photo-active area of 8.7 mm by 6.6 mm or approximately 

57 mm2
• 

When operated in the scientific mode these detectors provide a unique 

solution to the aforementioned detector limitations. Scientifically operated CIDs 

possess high quantum efficiencies from the soft x-ray to the near-IR, freedom from 

detector element crosstalk and virtually zero dark current. The CID 17 detector has 

been fabricated with approximately 95,000 individual detector elements arranged 

in a two dimensional format. Recent advances in CID technology include increased 

quantum efficiency, greater number of detector elements, increased linear dynamic 

range over the entire photo-response range and reduced read noise. In fact, CID 

Technologies Inc. has produced a generation of scientific quality CIDs which 

incorporate improved Si epitaxial and substrate layers, advanced masking 

techniques and individual preamplifiers on each row of the device resulting in 
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improved noise characteristics. 

There are several important characteristics of the CID 17 that need to be 

considered when using them in atomic emission spectroscopy. The detector's 

linear dynamic range, measured in analog to digital units (ADU's), is limited to 4 

orders of magnitude. Each ADU represents approximately 100 charge units. 

Analytical signals in atomic emission spectroscopy for various elements can range 

over 9 orders of magnitude. With only 3 order of linear dynamic range, the 

CID 17 alone cannot possibly be employed to determine the presence of every 

constituent in an AES sample. The effective linear dynamic range of the detector 

system can be extended, by implementing a special feature of the CID17 detectors. 

Non-Destructive and Destructive Modes 

Figure 1.1 is a simplified pictorial description of the analytical operation of 

a single CID 17 detector element. In step A, by applying the correct potentials to 

the appropriate MOS electrodes, the photo generated charge is collected in an 

underlying n-doped silicon "well". In steps B, C and A, by selecting another set 

of potentials, the charge collected under the electrodes can be determined without 

destroying that information within the detector element. In steps C and D, by 

selecting yet another set of electrode potentials, the charge collected can be 

destructively removed from the detector element. A simplified version of the 
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eID17 detector is shown in Figure 1.2. This figure depicts the layout of the 

electrodes with respect to the required collection and readout electronics. Under 

computer control, the readout and collection electronics are manipulated in concert 

to accomplish the integration, readout or removal of photo-generated charge for 

every detector element in the array detector. The process by which the charge in 

a detector can be non-destructively determined is called a non-destructive readout 

(NDRO). 

The structural design of the eID coupled with the high speed control of a 

computer, allows the analyst to randomly access each individual detector element. 

This unique feature, combined with the ability to read a given detector element 

either destructively or non destructively , allows implementation of a whole spectrum 

of new readout techniques. For example, the scientific eID camera system can be 

used to sequentially observe all of the emission lines of analytical interest using 

NDRO's. If the signal level is sufficient to yield a high signal to noise ratio, the 

detector elements associated with the emission line are read, the integration time 

is recorded and the emission line is removed from the analysis list. If the signal 

level is insufficient to yield a high signal to noise ratio, then the detector elements 

continue in the signal integration mode and the signal level continues to increase. 

Random Access Integration 
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Therefore, integration time is varied from emission line to emission line 

based on the experimentally observed emission intensity. The intense emission 

lines are observed for relatively short integration times, while weaker emission 

lines are observed for longer integration times within the same analysis. 

Combining the ability to measure signal levels during the course of an analysis, 

through NDROs, and the ability to randomly access individual detector elements, 

allows the analyst, through computer control, to adjust the exposure level 

dynamically at various locations (wavelengths) on the detector. This technique of 

extending the dynamic range of the CID is called random access integration (RAI). 

By using RAI the integration times of the various lines can be varied from 

milliseconds for strong lines to several minutes for weaker lines. The ability to 

vary the integration time by 5 orders of magnitude combined with the linear 

dynamic range of the CID 17 detector results in an over all linear dynamic range 

of 9 orders of magnitude. Thus the resultant linear dynamic range is equivalent 

to the requirements of AES detection. 

Random access integration is useful when one is applying a multichannel 

detector in a spectroscopic technique that requires a very wide dynamic range. 

Today, random access integration is only possible with CIDs, making them the 

attractive choice as a multichannel detector for analytical AES 13. The wide range 

of emission intensities for a large number of wavelengths inherently produced by 
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modem plasma sources (Le. inductively coupled plasmas, arc sources, spark 

sources, etc.) presents an obstacle to the application of other types of multichannel 

detectors that do not offer such a large dynamic range. 

The initial application of charge injection devices in atomic emission 

spectroscopy uncovered the potential of these unique two dimensional array 

detectors. 14 15 Development and technological enhancement of the CID devices 

coupled with extensive quantitation of the detector characteristics have contributed 

to the significance of the CID's application in analytical atomic emission 

spectroscopic research and analysis. 1617181920 The application of charge 

injection device array detectors is revolutionizing analytical atomic emission 

spectroscopy. 13 21 22 23 24 25 

The Spectroscopic Source 

The atomic spectroscopic research system employs a custom designed 

echelIe spectrometer coupled to aCID 17, two dimensional solid state array 

detector. The block diagram in Figure 1.3 shows the basic layout of the 

spectrometer system. A wide variety of atomic emission sources may be employed 

with this system. In the research presented a direct current plasma (DCP) was 

used as the atomic emission source. 
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Direct Current Plasma Characteristics 

The DCP is a plasma source that is created when high current at a relative 

low voltage is passed through a stream of flowing argon gas. The physical design 

of the DCP consists of a symmetric three electrode/arc configuration. Each of the 

electrodes in the design depicted in Figure 1.4 is mounted in a water cooled brass 

electrode block and is surrounded by a ceramic sleeve. The upper tungsten cathode 

is held at ground potential, while the two lower graphite anodes are held at a 

potential of -60 Volts. Argon plasma gas is continuously blown through the 

sleeves, over the electrodes and out the ceramic sleeve orifice. When the plasma 

is ignited, seven amperes of direct current flows through each branch of the 

plasma. This results in the formation of an extremely bright 840 watt direct 

current plasma in the form of an inverted Y. 

The argon plasma gas serves two main purposes. The first is the argon 

plasma is formed by the passage of current from the cathode through the ionized 

argon gas and into the anodes. The second is the passage of argon gas through the 

ceramic sleeves helps to cool the sleeves and keep them from melting. The argon 

arc is contained by the restricted flow created by the concentric ceramic sleeves 

surrounding the three plasma electrodes. This containment of the arc is called a 

thermal pinch. The thermal pinch created by the restricted argon flow results in 

two well define, intense arcs that meet at the V's crotch. Analyte solutions are 
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nebulized up under the plasma into the analytical zone. The analytical zone is 

located just underneath the point of confluence of the two arcs that form the 

inverted Y shaped plasma. The importance of the physical design of the direct 

current plasma and the location of the analytical zone for atomic emission analysis 

has been discussed in the literature. 2627 Ultimately, when the analyte solutions 

are nebulized into the analytical zone of the DCP, the elemental constituents are 

excited. The atomic emission of the low energy atomic transitions of the alkali 

metals up through the high energy ionic transitions of the transition metals have 

been observed and quantitated with a direct current plasma. 

The Spectrometer Format 

Spectroscopic plasma sources have several important characteristics that 

make their use advantageous in analytical emission spectroscopy. These intense 

high temperature sources are able to atomize and excite the constituents of complex 

matrices. The sample matrices may contain several elements at concentrations 

from the low parts per billion to the high parts per thousand. For each element, 

a wide range of wavelength intensities exist from the near infrared through the 

visible and ultraviolet out into the vacuum ultraviolet. Therefore, a complex 

sample containing a variety of elements may have hundreds of thousands of lines 

associated with it. Information contained in these wavelengths include, the type 

of elements present and the amount of the each element present. Keep in mind that 
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the analytical concentrations of interest for each element can vary over 6 orders of 

magnitude as well. 

Linear Format 

Typically, the vast amount of spectral information present in the atomic 

emission analysis of a sample is displayed in a linear format. Figure 1.5 shows the 

basic design and the emission spectrum of a linear dispersive polychromator. The 

spectral information is dispersed by a grating working in first or second order and 

focused on the linear focal plane. Traditionally, emission spectra were taken with 

film as the detector along focal plane. Photographic emulsion has the distinct 

advantage of being an integrating detector with a large number of resolution 

elements that fits along the focal plane. However, as mentioned previously, 

photographic emulsions have the disadvantage of being a detector system that is not 

easily quantitated. In conventional linear dispersive direct reader systems, 

photomultiplier tube(PMT) slit pairs are aligned at the most prominent wavelength 

positions for various elements. Because there is a finite size associated with the 

photomultipliers and focal plane length, a limited number of wavelengths can be 

interrogated along a focal plane. Thus, the direct reader approach to an emission 

spectroscopic systems provides spectral information for the limited number of 

elements represented by the PMT's on the focal plane. A solution to adequate 
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detection for emission spectroscopy would be a detector having the format and 

wavelength coverage associated with film that also possessed the electronic readout 

capability and sensitivity of a PMT. 

CID's possess a combination of the characteristics associated with film and 

PMT's. One minor shortcoming of the CID is the size of it's photo-active area. 

The small size of the CID can be compensated for by redesigning the format of the 

spectrometer output. The size limitation can be overcome, by arranging the 

dispersion of the focal plane into an XY or two dimensional format that fits the 

"limited" detector area of the two dimensional silicon array detectors. The spectral 

information can be arranged into a two dimensional format, by employing the 

concepts behind the design of an echelle spectrometer. When the design of the 

custom echelle system was initiated, analytical echelle emission spectrometers that 

employed PMT's were commercially available. However, the size of the focal 

plane was approximately 8 times larger than the size of the a CIDI7. The echelle 

optics were redesigned to reduce the area of the focal plane. Coupling the CID 

with an echelle grating spectrometer is an effective way of utilizing the two 

dimensional format of a CID and the two dimensional format of the echelle 

spectrum. However, this requires careful design to provide the appropriate 

wavelength coverage and spectral resolution. 
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Two Dimensional Echelle Format 

The custom echelle spectrometer designed by the Denton research group is 

shown in Figure 1.6. Light enters the spectrometer through the 112 inch collection 

optics which are f-matched with the fl13, 0.75 meter, off-axis parabolic collimating 

mirror. The collimated beam passes through a anti-reflection coated quartz prism, 

reflects off a Bausch and Lomb 63° 26', 79 groovelmm echelle grating for a 

second pass through the prism. The collimated beam is then focused on the charge 

injection device through a specially designed Schmidt telescope. The Schmidt 

telescope consists of an off-axis spherical camera mirror with an Schmidt spherical 

aberration correcting optic. The correcting optic is placed between the camera 

mirror and the prism-echelle grating assembly. 

Echelle gratings are large coarsely ruled gratings that have large blaze angle 

cut in them. By using echelle gratings at high angles of incidence, the large 

number of coarsely ruled lines effectively become much finer. The high incidence 

angle means the spectrum will be produced in very high orders(Le. 40-100). 

Employing gratings with a large number of grooves, at high incidence, in high 

orders implies that large wavelength dispersion and high resolution will result. 

An echelle grating produces many overlapping orders, each containing a 

series of highly dispersed wavelengths. The large number of overlapping orders 

makes using an echelle grating by itself, next to impossible. The prism in an 
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echelle spectrometer is used as a cross disperser. The prism is sometimes called 

an order sorter because it separates the overlapping orders. Orders that were once 

overlapping can be resolved, deconvoluting the resultant echelle emission spectrum 

into a two dimensional emission spectrum. Additionally, excellent wavelength 

reproducibility has been achieved on the custom echelle/CID system. The spectral 

reproducibility is due to the system's mechanical stability. The emission 

wavelengths are dispersed into two dimensions and detected with a two dimensional 

array. The system requires no moving parts to perform this task. 

A generic echelle spectrum is presented in Figure 1.7. The large number 

of orders produced by the echelle grating are separated by the prism in the Y 

dimension, while the wavelengths are dispersed by the echelle grating in the X 

dimension. Toward the top of Figure 1.7 is the "red" end of the spectrum while 

the bottom is the "blue" end. Increasing wavelengths occur from right to left. The 

spectral window covered by the Denton group echelle spectrometer is 

approximately 560 nm in the upper right corner to approximately 220 nm in the 

lower left corner. The spectrum has a wedge or keystone shape. This shape is 

caused by the coarse dispersion of the prism and the high dispersion of the grating. 

The dispersion of the optical elements increases as wavelengths increase toward the 

blue-ultraviolet. The grating limits the number of observable wavelengths at the 

blue end of the spectrum by spreading the individual wavelengths much further 
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apart. The narrowing of the spectrally active regions in the IIbluell is due to the 

decrease in spectral throughput across an order as the wavelengths and orders 

increase. The wavelength range covered is not fixed, but depends on the 

characteristics of the grating and prism employed. Because, the transition metals 

constitute a large number of the elements analyzed by emission spectroscopy, the 

custom echelle system was optimized to interrogate the region of the emission 

spectrum where a multitude of transition metal emission lines exist. 

The Spectroscopic Applications 

The combination of the custom echelle spectrometer and CID 17 detector has 

generated a spectroscopic system that incorporates the advantages of the 

photographic spectroscopic systems and PMT based spectroscopic systems. The 

two dimensional spectral format allows for the observation of a large spectral 

region (220 nm - 560 nm). Under computer control, the CID17 permits direct 

electronic interrogation of real time spectroscopic data for the analysis of the 

abundant spectral information present on the array detector. By utilizing these 

exceptional features of the custom spectroscopic system, a variety of unique 

applications become available. 

The large quantity of spectral information presented by the emission system 

is maintained and updated regularly in a spectral database that contains the element 

name, prominent wavelength values and their respective position on the two 
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dimensional detector. The spectral information, accessible through the proper 

control of the custom echelle/CID 17 system, can be employed to enhance the 

analytical utility of AES. By using the spectroscopic database with the correct 

application of fundamental spectroscopic principle, intelligent analytical decisions 

can be made, by the spectroscopic system, throughout the course of an emission 

analysis. These enhancements are achieved through the operating the emission 

system in three familiar analysis modes. These modes are the qUalitative mode, 

the quantitative mode, and the time dependent mode. 

Qualitative Analysis 

In the qualitative mode, the spectrometer can take a "snap shot" of an 

analytical sample. The unknown components of the analytical sample can be 

identified, by using two unique methods, manual qualitative analysis or automated 

qualitative analysis. In the quantitative mode, a analysis database comprised of 

elemental analytes and their analytical wavelengths is established. Once the 

database is established, the emission system automatically determines the spectral 

intensities of the elemental wavelengths. During the course of an experiment, the 

spectroscopic information is automatically monitored and recorded using non

destructive readouts and random access integration. The quantitative information 

is then employed in the analysis of the samples through the application of a 
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working curve method or standard addition method. The time dependent mode of 

the spectrometer operates similar to the quantitative mode. However, in the time 

dependent mode the emission intensity, of the elemental wavelengths in the analysis 

database, are reported as a function of the times when the emission intensities were 

recorded. Employing RAI to monitor and record the transient signals in the time 

dependent mode makes it possible to couple other analytical techniques such as 

chromatographic analysis to the emission system; thereby, enhancing the 

capabilities of both analytical techniques. 

During the course of the thesis, the analytical modes of the spectrometer 

were developed for and applied to the solution of a series of chemical challenges 

involving atomic emission spectroscopy. An automated qualitative analysis routine 

was developed to demonstrate the reliability of an "intelligent" spectrometer in 

automated system control and data analysis. Through the qualitative analysis of a 

set of known elemental constituents in a sample, the limitations of the routine are 

probed. The utility of the automated qualitative system in monitoring work place 

and environmental samples are also discussed. 

Quantitative Analysis 

The spectroscopic system was applied to a difficult quantitative challenge. 

Because the system can simultaneously integrate the signal for all observable 
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wavelengths in "real" time, the systems ability to analyze samples of limited 

analytical size was demonstrated. A sample of solid particulate from a hospital air 

delivery system was submitted for qualitative and quantitative analysis. The ability 

of the custom echelle/CID17 system to simultaneously determine the identity of 

constituents and relative concentrations piqued our interest in investigating the 

systems ability to quantitatively analyze a truly limited amount of known analytical 

standard: coal fly ash. 

Time Resolved Integration Analysis 

Finally, the emission system was employed in a series of chromatographic 

experiments. The emission spectroscopy system offers the sensitivity and 

selectivity of direct elemental determinations on a large number of elements at a 

multitude of emission lines. However, by employing emission spectroscopy in the 

analysis of a sample, information about the molecular nature of the sample is lost 

through the plasma sources proficiency in atomizing complex molecular matrices. 

By coupling the custom echelle/CID 17 spectroscopic system to a reverse phase high 

performance liquid chromatographic system, the combined analytical techniques 

were successfully applied to the separation of several metal species. The 

spectroscopic-chromatographic system was evaluated through the analysis of a 

series of "real world" analytical samples. The evaluations involved the analysis of 
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low level copper(I) in the presence of high concentrations of copper(II) at very 

alkaline pH's (Le., electroless plating bath conditions). Finally, the system was 

employed in modeling the retention of a metal in a mixed ligand chromatographic 

mobile phase. By modeling the retention and distribution of the metal in the 

chromatographic system, metal ligand equilibrium formation constants were 

determined. 
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QUALITATIVE AND QUANTITATIVE ATOMIC 

EMISSION ANALYSIS 

Automation of many current spectrometers requires that certain 

predetermined assumptions be met. Should all the necessary criteria not be met, 

the issue becomes "how valid is the analysis"? In the analysis of laboratory 

samples, widely varying matrices can be encountered. This variance in the samples 

of chemical and physical properties can lead to misanalysis. The more information 

about the sample that can be incorporated into the analysis regiment, the more valid 

the analysis becomes. In any atomic emission spectrum there is a vast amount of 

information and when photographic film was employed for detection all the spectral 

data over a large region was acquired. However, careful calibration of the 

emulsions and copious amounts of time were necessary to utilize all this 

information. The advent of the photomultiplier tube (PMT) made rapid electronic 

signal acquisition possible. However, the instrumentation either employed a 

scanning monochromator and single PMT (covers all wavelengths, but time and 

sample intensive) or a direct reader with banks of fixed PMT detectors (high speed, 

but loss of large quantities of spectral information). Ideally, a combination of both 
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wide continuous wavelength coverage and rapid electronic signal acquisition is 

desired. The development of an echelle spectrometer with a Charge Injection 

Device (CID) detector system meets this challenge. The spectroscopic system used 

in this thesis simultaneously gathers all the spectral information over a wide 

wavelength region, 220 -560 nm with adequate resolution for AES. By combining 

acquisition of the large amounts of spectral data with fundamental spectroscopic 

principles, one can develop knowledge based expert systems. 

The custom direct-current plasma echelle/CID spectroscopic system 2113 has 

no moving parts and hence has very reproducible wavelength assignment. 

Therefore, it is routine to predict the physical location of the emission wavelengths 

from a particular element on the photo-active area of the CID 17. The pertinent 

spectral information can readily be stored in and recalled from an elemental 

database. This database will be invaluable in the application of this "intelligent" 

system to the identification of unknown components in an analyte. The multi-line 

spectral database for an element can be designed to aid in the identification of 

analytes. In addition to assisting in spectral interference discrimination, the 

database can be used to validate the presence of the element in the sample, by 

providing spectral locations of intense emitting wavelengths for the particular 

element. The identification of an element in a sample will also require the 

comparison of the background corrected signal at each wavelength of the database 
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By using the abundant 

spectroscopic information contained on the array detector, this information may be 

employed in the qualitative identification of the analyte's elemental constituents. 

A more detailed discussion of the analysis scheme will be presented. 

Qualitative Analysis 

Qualitative analysis is performed on the custom spectrometer in a relatively 

simple manner. An exposure or series of exposures of specified duration are taken 

with the echelle/CID 17 spectrometer operated in scientific mode. These are 

essentially photographic snap shots, of the spectra produced by the elements that 

are nebulized in the DCP, at the time of the exposure. Two types of exposures 

procedures may be employed. The first exposure type is through the acquisition 

of a single spectra. The single spectra contains all the spectroscopic information 

about the sample. Emissions from the matrix as well as the analytes of interest are 

observed. The second exposure type is through the acquisition and digital 

subtraction of two separate spectra. An exposure of the blank is taken, typically 

5 % nitric acid, though the blank should be representative of the analytes 

background matrix. The exposure of the blank is stored in memory. Next, an 

exposure of the analyte, which includes it's background matrices' emissions, is 

taken. The exposure of the analyte is stored in memory. The blank spectra is 
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digitally subtracted from the analyte spectra, leaving only the emissions associated 

with the analytes of interest. 28 

The computer of the custom echelle system contains an elemental 

wavelength database. The spectral database of an element is constructed through 

the manual selection and input of a series of observed wavelengths. By acquiring 

a blank subtracted image of a pure elemental standard, analytical wavelengths can 

readily be selected for the element. In each elemental database, a maximum of ten 

wavelengths of the respective element can be stored. The number of wavelength 

that can be used in a database is under software control and so the analytical 

wavelength limit in a database depends only on the element and the amount of disk 

storage space that is feasible to work with. When entering the wavelengths for an 

element in it's database, there is only one criteria that must be followed. The first 

emission line recorded in the database must be the most intense emission 

wavelength observable for that element. The reason for assigning the strongest 

emitting wavelength to the first wavelength in the database will be discussed later. 

At this point in the analysis, there are two options available to the analyst. 

The two options are a manual search and an automated search of the emission 

spectra for the elements present. The manual search routine is accomplished 

through the use of operator experience with the system and a computer tool 

previously designed and described in reference 47. The computer tool is a 
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program that will draw circular masks around each of the wavelengths found in a 

particular elemental database. By serially querying each of the 54 elemental 

database, the analyst can look at each set of wavelength masks and decide whether 

an emission wavelength or series of emission wavelengths exist for a particular 

element in the sample. 

Auto-Qualitative Analysis 

The serial manual method for determining the presence of an element works 

well when the operator is experienced in analyzing the emission patterns of the 

echelle spectrum or when the emission intensities of the analytes are readily 

observable. However, this process can be performed automatically. Locating 

wavelengths with the spectral database is routine, but how can the computer 

determine whether a signal truly exists at given wavelength? What if it can 

determine the presence of the wavelength? How will it determine the presence of 

an element, surely various elemental wavelength overlap? By establishing a set of 

fundamental spectroscopic rules and then allowing the computer to use those rules 

to determine the status of an element in a sample. 

The analyst typically determines the presence of an emission wavelengths 

by observing a series of small 3 detector element by 3 detector element "bright 

spots" that stands out from the background of the emission spectrum. At low 
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analyte concentrations, it is at time difficult for the analyst to tell the difference 

between an emission signal and background deviations. For the computer to 

observe the same "bright spots", the following set of formalisms were established. 

Signal to Noise Criteria 

The signal at the various wavelengths must be distinguished from standard 

detector element to detector element deviation (noise) in that wavelength region of 

the CID image. Therefore, a Signal to Noise Ratio (SNRJ criteria was setup. An 

array of 3 x 13 detector elements is used to observe a specific wavelength on the 

custom echelle system. The pictorial representation of an emission wavelength in 

the 3 x 13 array is shown in Figure 2.1A. Typically the central 3 x 3 array of 

detector elements represents the emission wavelength. The two outer sets of 3 x 

5 detector elements represent the background in that region of the emission 

spectrum. Figure 2.1B is a profile of the central row of detector elements in the 

3 x 13 array. The background corrected signal for the wavelength is determined 

through equation 2.4. 

S~ = I: j=O,2 I: i=5,7 Sij (2.1) 

BL = (9/6) * (I: j=O,2 I: i=O,l Sij) (2.2) 

BR = (9/6) * (I: j=O,2 I: i=l1,12 Sij) (2.3) 

S~c = S~ - [(BL + BJ/2] (2.4) 
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The sum of intensities of the central 3 x 3 array of detector elements is 

proportional to the number of photons that were integrated at that wavelength 

position. The two 2 x 3 arrays at the edges of the read window are used for 

background intensity estimation. The background signals of the 2 x 3 arrays were 

adjusted by a factor of (9/6) to account for the difference in signal of a 6 element 

array as opposed to a 9 element array. The difference between the summed signal 

intensity and the average summed background intensity gives the corrected signal. 

The 2 x 3 arrays at the edges of the 3 x 13 array were also used to estimate 

the "noise" in the image. The average deviation associated with these two areas 

is an indication of the typical image noise associated with that area of the imager 

as well as the variation associated with the spectral background in that region. 

Equation 2.5 is used to determine value for the "noise". The deviation in the 

background surrounding the emission line should be representative of the deviation 

at the emission line when no signal is present. Thus, summing the variances of the 

two background regions in quadriture gives a representative variance for the 

background in that region of the emission spectrum. 

(N02 = (crSL + crsJ 

SNR}, = S}'c/NA12 

(2.5) 

(2.6) 

By using the quantitating the "noise" value, a "true" signal associated with the 

respective wavelength can readily be identified. The SNR}, is not to be confused 
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with that used in defining analytical detection limits for a particular technique. The 

The SNR>. used in this experiment serves as an means of comparing the deviations 

of the image near the emission signal and the magnitude of the emission signal. 

By setting a minimum criteria on the SNR>. noisy emission regions with spuriously 

high signal can be differentiated from regions which contain a true emission signal. 

Once a proper threshold value is set, the computer will have the comparative 

criteria necessary to differentiate between an emission signal and background noise. 

Automated-Qualitative Analysis Routine 

The flow chart for the automated-qualitative analysis routine is shown in 

Figure 2.2. The IOForth code for the program that acquires the automated

qualitative analysis data is found in appendix A. The process starts with the 

acquisition of blank spectrum and the spectrum of the sample solution. The two 

spectra are then digitally subtracted and the resulting spectrum is used for the 

automated-qualitative ~alysis search. The SNR>. are sequentially determined for 

each spectral line in an elemental database. A series of criteria are then examined 

to determine the status of the element. The first criteria to be examined is, do any 

of the lines in the elemental database have a SNR>. 2. 5? If not, the next elemental 

database is searched. If so, the next criteria is, do more than 50 % of the line in 

that database have a SNR>. 2. 5? If so, the element is reported as being present. 
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Automated Qualitative Analysis Flowchart 
I Take A Picture I 

OUTPUT 
Element A 
is Present 

~ 
Choose An Element M:I<~---------...., 

OUTPUT 
Element A 
is Suspect 

OUTPUT 
Possible 
Spectral 

Interference 

Figure 2.2 Flow Chart of the Automated-Qualitative Analysis Routine. gj 
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If not, then next criteria examined is, does the wavelength in the first position of 

the database, the line that has the most intense emission, have a SNR},. L 57 If 

not, the element is reported as a possible spectral interference as the most intense 

wavelength should show a SNR},. L 5. If the most intense wavelength has a SNR},. 

L 5, but less than 50 % of the lines in the database have SNR},. L 5, then most 

probably the element is present, but at a low concentration such that only those 

lines with strong emission intensities exhibit a SNR},. L 5. The automated

qualitative algorithm was designed to minimize the generation of false positives. 

There are two possibilities for false positives: 1) enough spectral interferences to 

meet all the criteria for reporting the element as present, and 2) an abnormally low 

noise value which could lead to a false SNR},. L 5. The latter possibility is 

compensated for by tabulating all the noise values from all the lines in all the 

databases, then any lines with a SNR},. L 5 which had a noise value that was more 

than two sigma from the mean value are recalculated according to the mean 

tabulated noise value. 

Automated-Qualitative Analysis Application 

An example of a typical automated-qualitative output for an element present 

in the sample is shown in Table 2.1. A mixture of Cr, Ni, AI, Mg, and Sr was 

used, each component at a concentration of 10 ppm. The exposure time was 10 



Table 2.1 

Line 

0 

1 

2 

3 

4 

5 
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Example output of automated-qualitative routine for an element 
present in the sample solution. 

Wave- Bgnd Abs Abs 
El Length SNR>. Signal Dev X Y 

Cr 359.35 670 730.98 1.09 175 61 

Cr 427.48 192 332.00 1.72 130 33 

Cr 428.97 305 472.80 1.55 199 32 

Cr 360.53 287 564.63 1.96 242 61 

Cr 425.43 138 213.96 1.55 39 33 

Cr 357.87 460 440.10 0.95 94 61 

seconds and a SNR>. threshold = 5; the results were 6 of the 6 lines found in the 

database. The most intense wavelength is place in the first position in the spectral 

database. The SNR>. threshold of 5 is conservative and can be changed in the 

software. Typically a value of SNR>. = 5 limits false positives without much loss 

in sensitivity as will be demonstrated later. In this case, all 6 wavelengths in the 

Cr database displayed a SNR>. 2.. 5, and hence are listed as present. Also listed 

are the absolute coordinates of each of the spectral wavelengths. Table 2.2 is an 

example of the automated-qualitative output for an element not present in the 

sample. The sample solution, exposure time and SNR>. threshold are the same as 

those in Table 2.1. 1
• number of lines = 6; number found = 6. Even though a 
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SNRx 2.. 5 is reported for Hg on line 6 at 435.8 nm, none of the remaining lines 

have SNRx 2.. 5; also this is not a case of the element being present at a very low 

concentration as the most intense wavelength does not exhibit a SNRx 2.. 5. It is 

apparent that this automated-qualitative analysis routine can also be used to identify 

spectral interferences. By simply aspirating a single element solution, all other 

elements exhibiting a SNRx 2.. 5 must be spectral interferences and it is quick and 

easy to determine which lines are interfered with, as well as the extent of the 

Table 2.2 

Line 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Example output of automated-qualitative routine for an element 
identified as a spectral interference. 

Wave- Bgnd Abs Abs 
EI Length SNRx Signal Dev X Y 

Hg 253.65 -1 -4.90 5.08 214 168 

Hg 404.66 -1 -4.92 4.22 151 36 

Hg 365.00 0 0.24 5.30 160 54 

Hg 313.20 0 0.66 3.05 134 90 

Hg 312.57 1 3.18 3.81 97 89 

Hg 296.73 1 5.82 4.80 151 104 

Hg 435.83 9 38.10 4.49 126 26 

Hg 366.33 -2 -4.56 2.93 232 52 

Hg 365.48 0 1.44 3.80 186 52 

Hg 546.00 0 -0.86 4.24 272 2 
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interference. 

To evaluate the sensitivity of the auto-qual routine, a dilution series from 

5000 to 5 ppb of the following 6 elements: Ca, Cr, Mn, Fe, Ni, and Pb, was 

analyzed by the auto-qual routine. The results are shown in table 2.3. At the 

highest concentration, 5000 ppb or 5 ppm, the analytical routine finds all of the 

components present and no others. As the solutions become more dilute, the status 

reported for the elements goes from present to suspect and eventually not found. 

The trend observed matches that predicted by the emission intensities and the limits 

of detection for these analytes with this spectroscopic system. For example, Pb, 

Fe, and Ni are reported as not found at a concentration of 5 ppb which is below 

the detection limit for these elements. Note the sensitivity still exhibited for the 

Table 2.3 Automated-Qualitative analysis results on the dilution of a known 
mixture. 

Sample Conc. 
Present 

5000 ppb Ca, Cr, Mn 
Fe, Ni, Pb 

500 ppb Ca, Cr, Mn 
Fe, Ni 

50 ppb Ca, Cr, Mn 

5 ppb Ca 

Suspect 

Pb 

Fe, Ni, Pb 

Cr, Mn 

Not Found 

Pb, Fe, Ni 
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strong emitter Ca at the 5 ppb level. Even while this sensitivity is maintained, 

false positives are virtually nonexistent. This advantage is in great part due to 

precise background correction and to the availability of information from several 

spectral wavelengths. 

Some potential applications for the automated-qualitative routine are 

illustrated with the following examples. Figure 2.3 shows the results of selected 

elements in the analysis of three stream water samples using the automated

qualitative analysis routine. These results represent a sample taken upstream from 

a mining operation, a sample of the mine effluent, and a sample taken downstream 

from mining operation. By being able to simultaneously screen for the presence 

of many elements, one can quickly determine which elemental species would serve 

as a chemical marker of the mining output. For example, the concentration of 

iron, cobalt and copper in the mining effluent is very high, but not significantly 

different between the upstream and downstream samples. This is due to the 

instability of iron, cobalt, and copper ions in the water column at the natural pH 

of the stream. Manganese and zinc however, can serve as a markers as they are 

undetected in the upstream water sample, are present in the mining effluent and are 

still detectable downstream. The decrease in their relative values is due to dilution. 

Another strength of this algorithm is that little to no prior knowledge about 

the sample is necessary. This advantage can be extremely beneficial in the analysis 
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of unidentified laboratory waste. The composition of the samples must be 

determined so the proper means of handling the waste can be determined. The 

results reported by the automated-qualitative analysis of an unlabeled laboratory 

waste container is shown in Table 2.4. When these results were reported to the 

group that generated the waste, they identified the likely source of the manganese 

as residue from the still used to make triply distilled water, the tin and cadmium 

as waste from electrochemical experiments. Boron, calcium, magnesium, 

aluminum and silicon are reported and were verified as being present. The likely 

source of these elements is leaching from the glass container which held the waste. 

There are two important points to be noted about the analysis: 1) analysis was 

successfully performed on an uncharacterized sample and 2) there was no sacrifice 

in sensitivity (ions leached from the container were detected and identified). 

Table 2.4 Automated-Qualitative Analysis results on unlabeled laboratory 
waste. 

Elements Found 

Manganese 
Boron 

Calcium 
Aluminum 

Tin 
Carbon 

Elements Suspected 

Magnesium 
Cadmium 
Barium 
Silicon 
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Qualitative Analysis Summary 

Speed, flexibility, automation, and reliability can be achieved through 

proper utilization of the spectral information available in an atomic emission 

spectrum. The custom echelle/CID spectroscopic system simultaneously acquires 

all the spectral information over a wide wavelength region. The potential uses of 

the spectral information have been demonstrated with the algorithm described and 

the examples of its use. In the case of automated-qualitative analysis it is not 

always necessary to use methods which provide the highest precision and the lowest 

limits of detection. There is significant utility in a method which quickly and 

accurately screens an unknown sample for its components. There are many 

applications where this may be all the information required to address a problem 

in environmental monitoring, hazardous waste identification and process control. 

This algorithm can also be employed in samples where there is a large variation 

in the concentrations of the components. 

Although qualitative screening is useful as an initial means of analysis, the 

one thing that is lacking for many applications is some means obtaining rough 

estimates for the amounts of each constituent present. Simply using the SNR~ 

ratios obtained from the automated-qualitative analysis is inadequate, as the matrix 

can playa significant role in the correct interpretation of the analytical results. For 

example, in the DCP, the presence of EIE elements in the sample can lead to 
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enhancement of atom line emission and depression of the emission from ion 

lines 29 30. Changes in the nebulization due to the sample matrix can also lead 

to erroneous results. These problems can be overcome by using internal standard. 

This can compensate for changes in sample uptake and excitation and can also 

serve as a buffer making the samples under analysis more uniform. 

Quantitative Analysis 

In addition to the custom echelle/CID's capability to identify unknown 

constituents of an analytical sample, it is also possible to use the same system to 

quantitatively determine the concentrations of these unknowns components as well. 

The CID detector provides the necessary spectral sensitivity throughout the 

ultraviolet and visible wavelength regions. The detector also has ability to perform 

multiple non-destructive readouts at any detector element and it can also be used 

to dynamically adjust the integration times of the elemental wavelengths to 

compensate for the large dynamic range present in AES analysis. Simultaneous 

acquisition of the spectral information, combined with the exceptional spectroscopic 

detector characteristics, under the guidance of an "intelligent" computer control 

system, makes rapid analytical quantitation, with the added assurance of multiple 

wavelength analysis attainable. 



70 

Methods Employed in Particulate Analysis 

Analysis of particulate material is important for environmental and health 

issues. The toxic effect of many substances is not completely known and is a 

significant health care concern. The body is reasonably efficient at preventing 

particles greater than one micron 31 from accumulating in the lungs;however, 

particles smaller than this can penetrate deep into the lung. Studies have shown 

that some toxic metals are preconcentrated on these smaller particles 32 and that 

their rate of absorption is much higher in the lung than in the gastrointestinal 

system. 33 The damage is not limited to the lungs as certain metals tend to 

concentrate in particular tissues such as the liver and kidneys. 34 In order to 

identify the sources of this material and to monitor their health effects, one must 

be able to determine the elemental composition of airborne particulate material. 

The variety of methods of elemental particulate analysis have been compared by 

other authors. 3536373839 The most commonly employed techniques are 

Neutron Activation Analysis (NAA) 4041, x-ray fluorescence (XRF) 

techniques 42 43 differential pulse polarography (DPP) 44, graphite furnace 

atomic absorption (GFAA) 45, and atomic emission spectroscopy (AES) 46. The 

NAA and XRF methods are highly sensitive and have multielement capabilities. 

However, major drawbacks include the cost of the instrumentation, poor sensitivity 

for light elements(XRF) and the long time periods (three weeks) required for the 
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sample to cool before analysis (NAA). Although multielement and sensitive, DPP 

has limited applicability and requires intensive sample preparation. GF AA has the 

necessary sensitivity for a large number of elements, however, GF AA analyzes one 

or a limited number of elements at a time, and thus the performance of 

multielement analysis by GF AA is time consuming. 

Analysis Employing Atomic Emission Spectroscopy 

AES is capable of multielement analysis with instrumentation of moderate 

cost,and has sensitivity in the ng/ml region with large linear dynamic ranges for 

many elements. The ability to determine many elements simultaneously is an 

important characteristic in cases where sample is limited. Sequential scanning of 

the emission spectrum requires a longer analysis time than simultaneous techniques, 

and hence greater quantities of sample. Use of direct reading spectrometers allows 

the analyst to obtain information about those elements for which an exit slit and 

detector have been assigned. Most modern direct readers are commonly limited 

to approximately 60 lines, however, larger instruments have been built. Because 

of the limited number of PMTs, direct readers do not normally dedicate multiple 

detectors for each element, and thus can suffer from spectral and chemical 

interferences from the matrix which result in either the loss of the ability to 

determine an element or obtain accurate results for the element. Thus, prior 
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knowledge about the sample may be required in order for a direct reader to be 

effective. The simultaneous multiwavelength approach provided with an echelle 

spectrometer and Charge Injection Device (CID) detection combines the best 

characteristics of sequential and direct reading spectroscopic instruments. The 

analysis of a microgram sample of particulate material found in a filter from the 

Respiratory Care Unit of the University of Arizona Medical Center is described. 

The source of the particulates was unknown, and immediate elemental analysis was 

desired to supply information allowing the source to be determined and corrective 

action taken. The need for an immediate analysis was considered an extremely 

high priority to prevent the risk of further contamination and aid in finding a 

solution to the problem of airborne particulates entering the air supply of the 

Respiratory Care Unit. The limited quantity of uncharacterized sample and the 

need to obtain the analysis as quickly as possible placed unique constraints on the 

analysis. The advantages of simultaneous multiwavelength AES analysis are 

demonstrated in this type of sample limited situation where little prior knowledge 

concerning the sample is available. In order to demonstrate the ability of this 

simultaneous AES system to quantitate the elements present in particulates, the 

results of the analysis of National Bureau of Standards Standard Reference Material 

1633a-- Coal Fly Ash-- are presented. 

Experimental 
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The instrumentation ,operating procedures and capabilities of the echelle/CID 

system for AES have been described previously 24 47. The interested reader is 

also referred to several overview articles on charge transfer device detection 

schemes for analytical chemistry 1920. The emission source used is a 3 electrode 

direct current plasma (DCP) (ARL, Sunland, California). 

Reagents 

Stock solutions were prepared from the pure (99 % or better) metals, oxides 

or halide salts. All solutions were stored in plastic bottles. Five percent HN03 

was used to dilute all solutions and stabilize the metals in solution. The saturated 

boric acid solution was prepared by dissolving 60 g of the solid in 1 liter of DDI. 

Aqua Regia was prepared as described in the CRC Handbook of Chemistry and 

Physics, 64th edition. 

Procedure 

Hospital Sample - The particles (10-50 mg) were removed from the filter 

paper and dissolved in I ml HCL (sp. gr. 1.19), 1 ml HN03 (sp. gr. 1.42) and 1 

ml distilled deionized (DD!) water. The sample was aspirated at a rate of 1.5 

mllmin and the signal was integrated for 120 sec. 

SRM 1633a - To compensate for the smaller sample size employed, a 
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Results of Elemental Analysis From Respiratory Care Unit Filter 
Mask 

Metal Estimated Level 

Aluminum Al Very high 
Cadmium Cd Very low 
Calcium Ca High 
Chromium Cr Very low 
Copper Cu Very high 
Iron Fe High 
Lead Pb Very low 
Magnesium Mg Low 
Nickel Ni High 
Tin Sn Very low 
Zinc Zn Low 

modified form of ASTM D-3683 was used in which the volumes of reagents were 

reduced. Ten milligrams of the ash was placed in a plastic bottle with a screw cap. 

One ml of aqua regia and 2 ml HF were added and the cap tightened. The bottle 

was placed in a steam bath for 2 hours. Enough saturated H3B03 solution was 

added to bring the final volume to 10 ml when the sample was cool. From this 

solution, dilutions with DDI were performed so as to bring the final sample 

concentrations to 1000, 400, and 40 mg/ml respectively. A blank prepared in a 

similar. fashion was used for background subtraction. In all cases, three point 

single element calibration curves were used for quantitative determinations. 

Afterward, multielemental standards were used to repeat the analysis and the 
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agreement is quite good. 

Results and Discussion 

The results of the qualitative analysis of the hospital sample are reported in 

Table 2.5. The total analysis time for this sample is about two minutes, with 

several minutes spent on examining the results to determine the elements present 

in the echellogram(the resulting echellogram is shown in Figure 2.4). Qualitative 

elemental identification is performed by comparing the locations of the spectral 

lines with a spectral library of element lines. To facilitate the identification 

procedure, a series of masks are generated around the locations corresponding to 

the spectral lines of the element of interest 21. Because the mass of the hospital 

sample is unknown (approximately 10-50 mg),only general terms such as high and 

low are used to describe the concentration of each element. Dust from the air is 

the likely source for Ca, Mg, and AI. More importantly, the air handling system 

uses Cu pipes, and a piston compressor with iron cylinder walls and aluminum 

pistons. Therefore, the Cu, Pb, Cd, Ni, Zn, Fe, Cr, and Sn are strongly suspected 

as originating from the Cu pipes, the solder used in joining the pipe sections, and 

the compressor. These metals can represent a significant health risk for patients 

undergoing respiratory care. With this information, the Respiratory Care Unit 

was able to determine an appropriate course of action. In order to demonstrate the 
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Table 2.6 Results of the Coal Fly Ash Analysis with Limited Sample 
Amounts 

Analysis of SRM 1633a Coal Fly Ash 
All values in mg/g 

NBS Cert. Coal Fly Ash Concentration in Solution 
EI Value A B C 

Al 140.a 139. + 7. 130.5 + 6. 132. + 8. 
Ba 1.50a 1.53 + 0.04 1.55 + 0.07 1.50 + 0.3 
Cd 0.001 +0.0002 0.001 + 0.0003 
Ca 11.1 +0.1 10.80 + 0.02 11.1 +0.2 10.8 +0.5 
Cr 0.196 :to. 006 0.190 + 0.01 0.18 + 0.03 
Cu 0.118 +0.003 0.13 + 0.01 0.13 + 0.03 
Fe 94. +1 93.7 + 0.5 95. +3 98. +5 
Pb 0.072 +0.004 0.070 + 0.004 0.08 + 0.02 
Mg 4.6. +1 4.61 + 0.05 5.3 + 0.3 5. +3 
Mn 0.19a 0.18 + 0.02 0.18 + 0.03 
Ni 0.127 +0.004 0.13 + 0.01 0.150 + .05 
Si 228. +8 231. +3 230. ±1O 250. ::1;10 
Sr 0.83 :to. 03 0.84 + 0.01 0.87 + 0.05 0.50 + 0.5 
Ti 8.0a 9.40 + 0.70 8. ± 1 5.00 +3 
V 0.30a 0.311 + 0.009 0.29 + 0.02 
Zn 0.22 :to.01 0.240 + 0.03 0.23 + 0.03 

a - non-certified value 
A - has a Coal Fly Ash concentration of 1000 mg/ml. 
B - has a Coal Fly Ash concentration of 400 mg/ml. 
C - has a Coal Fly Ash concentration of 40 mg/ml. 
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minimum amount of sample required to obtain qualitative and quantitative results, 

an analysis of a SRM of particulate material, NBS SRM 1633a - Coal Fly Ash, is 

presented with the results reported in Table 2.6. Table 2.6 reports the 

concentration of the solid (in ppm) for a number of elements in three solutions. 

Solution A has a Coal Fly Ash concentration of 1000 mg/ml, Solution B - 400 

mg/ml, and Solution C -40 mg/ml. The Coal Fly Ash analysis takes approximately 

120-s to determine all the elements listed in Table 2.6 (after appropriate standards 

have been run). At the low sample concentration of only 40 mg/ml, where 2-3 ml 

of sample are used for the analysis, the quantitative analysis of the major 

components is easily performed. In order to establish the presence of the important 

trace elements, the sample concentration must be increased. The results obtained 

for the higher concentration samples are in good agreement with the NBS results, 

as shown in Table 2.6, for all elements detected. The existing AES system has a 

wavelength coverage from 220-520 nm and so several important emission lines do 

not fall within the field of view of the spectrometer/detector. These include 

elements with strong emission lines at longer wavelengths, including Na, K, Ce, 

and Cs, as well as elements with strong emission at shorter wavelengths, including 

S, As, Se. For this reason, these elements are not detected in the NBS sample 

with this system. Currently, a new echelle spectrometer is being designed and 

evaluated in our laboratories which alleviates this limitation. This new spectrometer 
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coupled to an ICP, provides extended wavelength coverage and increased 

throughput while maintaining the resolution provided by the current system. 

Presently, the detection limit As and Se by AES do not meet many environmental 

applications and are still best analyzed by hydride generation GFAAS. Even in a 

matrix such as Coal Fly Ash, little degradation of the analytical performance of the 

echelle/CID system is observed. Because of the resolution of the spectrometer 

(0.02 nm at 300 nm) and the multiwavelength capability of the detector, mUltiple 

lines for each element can be used to avoid spectral interferences. In addition, 

excellent background subtraction is possible because many detector elements are 

devoted to monitoring background 2817. 

Quantitative Analysis Summary 

Simultaneous multiwavelength atomic emission spectroscopy, although a 

destructive analytical technique, can be a valuable tool for the analysis of very 

small quantities of sample. In this case of the sample from the respiratory care 

unit, there was so little sample available that a sequential scanning instrument 

would not have been able to complete the analysis or the sample would have had 

to be diluted to such an extent that certain trace elements would become 

undetectable. Also, quantitation was not possible only because there was no 

reliable data on the sample acquisition. For even greater sensitivity for small 
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samples, a graphite furnace can be used as the atomizer, thereby eliminating the 

95 + % inefficiency inherent with most nebulizers. Because of the flexibility 

afforded by simultaneous wavelength analysis over a broad region (220 nm - 520 

nm), little prior knowledge about the sample contents is necessary. Sequential 

scanning or a pre-analysis to determine which lines to examine wastes sample and 

is not necessary. The ability to easily use alternate emission lines to avoid matrix 

interferences results in the flexibility needed to analyze many types of samples. 

Another important feature is the short time required for an analysis. Disregarding 

any required sample preparation, qualitative analysis can be done in less than 5 

minutes. For quantitative analysis, an additional time is required to run standards; 

usually this time is less than 5 minutes per element when single element standards 

are used to generate three-point calibration curves. The time required for 

quantitative analysis is greatly reduced by using multielement standards. 
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CHROMATOGRAPHIC SEPARATION OF OXIDATION 

STATE 

Chromatographic Separation of Metals 

Atomic emission spectroscopy is a sensitive and selective technique for 

elemental analysis. However, molecular and oxidation state information is lost as 

the sample is atomized in the emission source. High performance liquid 

chromatography (HPLC) can readily be used to regain the molecular information 

about the sample. By using reverse phase HPLC with a CI8 column, and the 

selectivity of sample interaction with the stationary phase and mobile phase, 

information about the species oxidation state can be investigated. A variety of 

chromatographic techniques have been employed to determine important speciation 

information in a variety of chemical systems. Krull has reviewed a number of 

methods employed for the detection of trace metals separated using HPLC. The 

analytical methods reported used a number of detection schemes ranging from 

molecular specific (UV-Vis absorbance, fluorescence and mass spectrometry) 

through element specific for both metals and nonmetals (AA, rcp and DCP) to 

electrochemical and conductometric. 48 

The basis of the chromatographic separations discussed for most metals can 
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be summarized into two specific areas. The first area of separation involves 

differentiation by charge on a specific metal cationic or anionic complex(Le., Cr+3 

and Cr04-
1
): Ion exchange chromatography which includes ion pair 

chromatography. 4950 The second form of separations depends on the difference 

in the formation stability between certain metals and ligands (Le., CuEDTA-2, 

CuNTA"2, ZnEDTA-2 and ZnNTA-2).51 The HPLC separation systems that 

employ interactions of metals and ligands in the mobile phase and the complexed 

species and ligands in the stationary phase are derived from fundamental principles 

and systems of solvent extraction chemistry. S2 S3 54 

In the separation of the metal complexes with HPLC, the stationary phase 

essentially mimics the organic phase of the solvent extraction system, while the 

chromatographic mobile phase is analogous to the aqueous phase of solvent 

extraction. However, there are differences in this analogy, the mobile phase in 

chromatography may contain some polar organic modifiers (Le., methanol, 

acetonitrile). In solvent extraction, organic modifiers in the aqueous phase could 

prove to be detrimental. By adding these modifiers, the solubility of the organic 

phase in the aqueous phase tends to increase. How can separation of species occur 

between two phases if the two separate phase are miscible? In the case of the 

stationary phase, it's similarity to solvent extraction organic phase is that both 

phases are nonpolar organic substances, the similarity stops there. The stationary 
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phase in chromatography, as it's name implies, is immobile and in addition is 

present in the system at a much lower percentage of the entire system. Thus, 

direct application of solvent extraction principles are not always successful, but 

many of the observations regarding the basic principles provide insight into the area 

of metals separation with reverse phase liquid chromatography. Ultimately the 

most important point to consider about both chromatography and solvent extraction 

systems is that by manipulating the characteristics of the organic (stationary) and 

aqueous (mobile) phases, a variety of metal separations can be readily achieved. 

The following discussions in this chapter will concentrate on the separation 

of metals by organic complexing ligands that are present in the mobile phase and 

the ligands that are discussed are expected to interact with the nonpolar organic 

stationary phase. Several areas of chromatographic separation have considered the 

effects of the chelates on the retention of metals in a CI8 based chromatographic 

system or in ion exchange systems. The metal ions Cr+3 and Cr04-
1 are classic 

examples of species separated by their different ion exchange properties. While 

both dithiocarbamate and 8-hydroxyquinoline are typical examples of ligands used 

as mobile phase modifiers to separate a variety of metals through the metal 

complexes interaction with the mobile and stationary phases. ss S6 S7 S8 

Naturally occurring ligands also have been considered by Glennon, et. al. for their 

selective interactions with metals these include such ligands as DL-aspartic acid {j-
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hydroxamate and ex-glutamic ,},-monohydroxamate. 59 

Metal Oxidation State Separation with 8-Hydroxyquinoline 

The ligand of particular interest employed in this investigation is 8-

hydroxyquinoline or Oxine (HOx) and is shown in Figure 3.1. There are several 

Figure 3.1 Mobile Phase Chelating Agent 8-Hydroxyquinoline. 

reasons that this ligand was chosen as a candidate for the initial experiments in the 

separation of metal oxidation states. The solvent extraction chemistry of the metal 

pair Fe(II)/Fe(III) with Oxine was well documented by Stafy. There were a 

number of references available that discussed various preparations of the Oxine 

mobile phases and some significant observations about its chromatographic 

behavior. A.R. Timerbaev et. al. and Baiocchi et. al. used this particular ligand 

in the mobile phase to separate a variety of transition metals while detecting the 

metals with UV absorbance. Their applications of the 8-hydroxyquinoline to the 

chromatographic analysis of the metal ligand systems involved the pre-separation 

and pre-concentration of the chelated metals through solvent extraction with 
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subsequent chromatographic separation of the preformed complexes on a CI8 

column and simple buffered aqueous mobile phase containing various organic 

mobile phase modifiers(Le., methanol, acetonitrile, ... ). Jezorek and Freiser 

employed an immobilized form of 8-hydroxyquinoline to separate metals through 

their dependence on the pH and their stability of formation. Detection of the 

metals eluted from the column was preformed by post column blending with a PAR 

reagent system and UV spectrophotometric detection. Berthod and coworkers used 

Oxine to separate various transition metals. By employing a CI8 column and an 

Oxine chelating buffered mobile phase, with methanol as a modifier, they injected 

uncomplexed transition metals and employed the interactions of the complexes to 

provide a separation of the metals. Berthod' s separation of the metal and oxine 

complexes were followed by their detection with UV absorbance and also with 

atomic absorption spectroscopy (AAS) 60. The experiments to be presented in the 

chapter will employ similar techniques to separate and detect metal oxidation states 

instead of just metals. 

Advantages of Emission Spectroscopy 

When analyzing any sample it is important to show that a method or 

technique provides sufficient information about the analytes, as in the case of 

HPLC separation of metals followed by their detection with AAS. However, if 
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you consider that Berthod and coworkers were attempting to detect several different 

metals, then the method of AAS detection is an excessive and possibly detrimental 

means of analysis. The individual elements can readily be detected by direct 

atomic spectroscopic analysis without the need for pre-separation by HPLC. This 

point is important because when detecting species eluting from chromatographic 

systems, the detection limits of the hyphenated technique will be limited by the 

volume that is injected into the chromatographic system. While, in direct atomic 

spectroscopic analysis of a sample, the detection limit is essentially limited by the 

amount of time spent observing the signal for the elements of interest. Therefore, 

chromatographic separation followed by atomic spectroscopic detection is important 

but the importance lies in the sensitivity of atomic spectroscopy to a specific 

element when that element is part of a series of metal species that need to be 

determined. The advantage in atomic spectroscopic detection for chromatographic 

separations is the elemental selectivity provided by one wavelength of observation. 

The optimum elemental atomic wavelength for observation is always constant and 

is essentially not dependent on the sample matrix. While in UV-Vis absorbance 

measurements, the absorbance wavelengths for molecular complexes vary with the 

ligands and metal centers involved. 

Thus, in these preliminary experiments, the implementation of 

chromatographic separation to the differentiation of ligands and metal oxidation 
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states will be employed. The detection of these species will be facilitated with a 

unique simultaneous multiwavelength emission spectroscopic system. 8-

Hydroxyquinoline is the ligand employed in the mobile phase and a C1S stationary 

phase will be used to separate Fe(lI) and Fe(III) oxidation states. The ability to 

qualitatively determine the presence of the iron species as well as quantitate them 

with atomic emission spectroscopic detection will be evaluated. 

Chromatographic Experimental with 8-Hydroxyquinoline 

Reagents 

The 8-hydroxy l-azanaphthalene or 8-hydroxyquinoline(HOx) (Aldrich 

Chemical Company, Milwaukee, WI), ammonium formate(Aldrich Chemical 

Company, Milwaukee, WI) 97%, stannous chloride dihydrate(Fisher Chemical, 

Fair Lawn,NJ) 100%, Tin metal- granular 30 mesh (Aldrich Chemical Company, 

Milwaukee, WI), hydrochloric acid(Mallinckrodt, Paris, KY) 37.2%, ammonium 

hydroxide(EM Science, Gibbstown, NJ) 29%, Iron wire (O.OO9")(JT Baker 

Chemical Company, Phillipsburg, NJ) 99.9% and isopropyl alcohol (EM Science, 

Gibbstown, NJ) 100% were used without further purification. All samples were 

weighed on an Ohaus, Brainweigh B 1500 D, balance set on the low range (150 

grams) with a precision of 0.01 grams. All pH values were determined with an 

Orion pH meter, an Orion pH electrode and pHydrion buffers(Micro Essential Lab. 
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Inc., Brooklyn, NY): pH = 4.0 and pH = 7.0. 

Preparation of an HOx Buffer Solution 

The HOx was weighed out at 2.90 grams and added to one liter of distilled 

water in a two liter volumetric flask. The ammonium formate was weighed out at 

6.30 grams and another 750 milliliters of distilled water was add to the above 

solution. The 8 hydroxyquinoline dissolved very slowly(Le., over a 12 hour period 

with stirring). The rate of dissolution was increase by the addition of the 15 

milliliters of concentrated hydrochloric acid (12 M). Once the reagents were 

completely dissolved, the pH of the solution was determined by comparison to the 

pre-made pHydrion buffers and the appropriate amount of concentrated acid or base 

was added to reach to the target pH (Le., pH = 3.0 for the HOx mobile phase 

buffer). Concentrated ammonium hydroxide (8.5 M) was used to adjust the 

solutions to a basic pH, while concentrated hydrochloric acid (12 M) was used to 

adjust the solutions to an acidic pH. The final concentrations of the HOx buffer 

solution were 0.010 Molar in HOx and 0.100 Molar in ammonium formate at a pH 

= 3.0. 

Preparation of a 1000 ppm Iron standard 

Iron wire was weighed out to 1.00 gram and placed in a 250 milliliter 



89 

beaker. The iron metal was dissolved with 30 mls of concentrated HCl. During 

dissolution, the solution was warmed slightly on a hot plate until all the iron wire 

was consumed. The iron(III) chloride solution was quantitatively transferred to a 

one liter volumetric flask and diluted to one liter with distilled water. 

Preparation of the 9 mM Stannous Chloride Reduction Solution 

Stannous chloride dihydrate was weighed out to 0.21 grams and placed in 

a 100 milliliter volumetric flask. One milliliter of concentrated HCI was added to 

the 100 milliliter volumetric flask and the final volume of the solution was made 

to be 100 milliliters with distilled deionized water. It was necessary to make a low 

concentration tin reduction solution because of the low concentrations of the Fe(III) 

solutions(Le., 20 ppm). Two grams of tin metal were added to the solution to 

reduce the air oxidation of tin (II) to tin (IV) in the presence of atmospheric oxygen. 

The basic recipe for making the reduction solution and the procedure for the proper 

reduction of Fe(lII) to Fe (II) is described in Skoog and West, Fundamentals of 

Analytical Chemistry. 61 

Preparation of the Fe (II) standards 

(Le. 10 ppm Fe (II) standard) 

One milliliter of a 1000 ppm Fe(III) standard solution was added to a 100 
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milliliter beaker. Fifty milliliters of the 0.01 M HOx and 0.1 M ammonium 

formate buffer solution, pH = 3.0, was added to the 100 ml beaker and warmed 

slightly. The Fe(III) in the HOx buffer was reacted with enough or a slight excess 

of stannous chloride solution to reduce the Fe(lII) standard to Fe(ll). The Fe(ll) 

oxine solution was quantitatively transferred to a 100 ml volumetric flask and 

diluted to the final volume of 100 milliliters with 100% isopropyl alcohol. The 

new 10 ppm Fe (II) standard was transferred to a polypropylene bottle and stored 

for later use. The Fe(III) HOx solutions were deep green while the solutions 

containing the Fe(II) were a yellow or light orange. 

Chromatographic System 

The data for this experiment was taken on the following instruments: 

1. Varian 500 High Performance Liquid Chromatograph 

a. Reservoir A - 10 mM HOx in 0.1 M Ammonium Formate 

pH = 3.0 

b. Reservoir B - 100 % Isopropyl alcohol 

11. Waters j!bondapak Cis-silica column at 25 centimeters 

lll. Flow Rate - 1.0 mIl min 

IV. Atomic Emission Detector - Denton Research Group CIDI7-DCP

Echelle Spectrometer with direct sample tube connection from 
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chromatographic column end to nebulizer. Employed a 6" length of 

0.01" ID PTFE low pressure tubing coupled to the column with a 

stainless steel to plastic union and coupled to the nebulizer input 

with a 1/8" length of peristaltic pump (PVC) tubing. Iron 

wavelengths of analysis were 302.06 nm. 

v. Waters UV -Vis Spectrophotometer - Fe(III) oxine wavelength of 

maximum absorption was 640 nm. 

By using molecular complexes formed in the mobile phase, a direct method 

to determine the oxidation state of the species in question should be available. The 

block diagram of the emission system used is shown below in Figure 3.2. The 

metal ligand chromatographic system interrogated was the separation of Fe+2 and 

Fe+3 using an 8-hydroxyquinoline buffer solution pH = 3.0 as the mobile phase. 

Due to the organic nature of the 8-hydroxyquinoline, it will partition between the 

mobile and stationary phases. The individual ionic iron species are not expected 

to interact with the organic CIS, but because there is a strong equilibrium formation 

constant between the 8-hydroxyquinoline and the iron species, the "organic" iron 

complexes formed can be separated. As discussed previously, the separation of the 

iron redox couple employing 8-hydroxyquinoline was chosen for several reasons. 

Familiarity with the iron(II)/iron(III) chemistry and tin(II) as a reliable reducing 

agent are a couple. The procedure for the reduction of iron is a well developed 
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quantitative standard wet chemical method for the analysis of Fe content in various 

samples. 

Upon investigation of the literature on mobile phase ligand separation of 

metals, it was found that Berthod and coworkers showed how a variety of transition 

metals could be separated using 8-hydroxyquinoline as a mobile phase modifier. 

However, they did not use this technique to separate various metal oxidation states. 

Berthod studied the effects of pH on the partition coefficient of HOx between the 

stationary phase and mobile phase. He also took into consideration the effects of 

pH and mobile phase composition on the retention coefficient of the various metal 

complexes. The range of pH's studied was 4.7, 6 and 8.5. If we consider the 

effects of pH on the system with a mathematical model of the chromatographic 

separation system effects similar to those shown by Berthod can be demonstrated. 

62 

Theoretical pH Effects 

A mathematical model to describe the partitioning of the Fe species between 

the mobile and stationary phases is presented below. Some of the concepts used 

to describe the chromatographic species and arguments involving the stationary 

phase interaction are implemented from similar chromatographic descriptions 

presented by Horvath and coworkers 62. Consider a possible retention mechanism 
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for the Fe+3 in the C18 column. The retention is expected to occur through the 

interaction of the various iron 8-hydroxyquinoline complexes that are present in the 

mobile phase with the stationary phase. 

Fe(Ox)3_m +m + nC18HOx ~ C I8Fe(Ox)3_m+o3-o + nH+ (3.1) 

This equation accounts for the various complexes in the mobile phase that may 

interact with the available partitioned HOx. In examining Figure 3.3, a plot of 

LOG(a' MC~ versus pH for iron (III) and HOx, it should be noted that at a pH = 

3.0 (the pH used in the following experimental mobile phase) two of the four iron 

species are at a concentration greater than 1 %. The Fe(Ox)3 is approximately 81 % 

of the species and Fe(Ox)2 +1 is present at about 19%. The interaction that should 

be primarily responsible for the retention of the iron species is as follows: 

(3.2) 

In other words, the neutral complexed iron species formed in the mobile phase will 

interact with the C18 of the column. While the rest of the major iron species in the 

mobile phase will be described by: 

Fe(Ox)z +1 + CI8HOx ~ C18Fe(Ox)3 + H+ ; by Kl (3.3) 

The above Fe mobile phase species will interact with the available partitioned HOx. 

The HOx is specifically stated here because this is the most probable neutral form 

of the chelate to be retained in the nonpolar stationary phase. If we consider the 

plot of (aLCJ versus pH shown in Figure 3.4, the species H20x+ represented by 
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Cio is 99% of the of the Oxine in the mobile phase at a pH = 3.0. Thus, the 

retention through equation 3.3 is probably minimized due to this fact. The 

Fe(Ox)z +, due to it partial organic structure, could interact with the stationary 

phase as follows: 

(3.4) 

By assuming the retention of the Fe(Ox)z + is proportional by some smaller 

percentage of the retention of the Fe(Oxh as described below: 

K2 = TKO; where 0.0 < T < 1.0 (3.5) 

further simplifications in our mathematical model will be facilitated. 

Retention Model 

The retention coefficient (k' Pc) of the iron a reverse phase chromatographic 

mobile phase containing a constant amount of HOx at a constant pH is simply 

described by: 

k'pc = As/AM = (Vs/V~*(CMs/Cw.J (3.6) 

AMS = mass of the Fe species in the stationary phase 

AMM = mass of the Fe species in the mobile phase 

CMS = [C1sFe+3] + [C1sFe(Ox)+z] + [C1sFe(Ox)z +] + [C18Fe(Ox)3] (3.7) 

CMM = [Fe+3] + [Fe(Ox)+z.J + [Fe(Ox)z +] + [Fe(Ox)31 (3.8) 

V s/V M = q> (3.9) 
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Table 3.1 The ith alpha values for iron and oxine species in the mobile phase 

aMi for aMi for 
i Fe(II)/oxine Fe(lII)/oxine aLi of oxine 

0 0.999 0.012 0.990 

1 0.001 0.267 0.010 

2 0.000 0.590 0.000 

3 0.000 0.131 -----

Simplifications of equations 3.7 and 3.8 can be made by considering the relative 

amounts of each species present in the mobile phase. These percentages are 

summarized in Table 3.1 for both the complexed iron species and the protonated 

ligand species in a pH = 3.0 mobile phase. 

(3.10) 

(3.11) 

The concentration of the species in the stationary phase are difficult to quantitate 

unless we consider the equilibrium that exists between the stationary phase and the 

mobile phase. Equations 3.2 and 3.4 describe these equilibria and relate them to 

the constants KO and K2 for Fe(Ox)/s and Fe(Ox)2 +ts retention respectively. 

(3.12) 
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(3.13) 

By substituting equations 3.2 and 3.3 into equation 3.10, the equation for k'pc can 

be simplified (equation 3.12). 

k' Pc = tJ!(CMslC~ = tJ!KO[C1S]«[Fe(Ox)3] + T[Fe(Ox)2 +])/C~ (3.14) 

Each of the terms in equation 3.14 can be further reduced to contain the total 

analytical concentration of the metal involved and it's respective metal complex 

alpha. 

[Fe(Ox)31 = 0:' M3[Cml (3.15) 

(3.16) 

Each of the concentration terms of the k' Fc equation contain the denominator term 

of their respective 0:' M' S as well as the [Cml. Therefore, the following equation has 

those factors taken out of each term. 

(3.17) 

Further factoring of equation 3.17 for the common terms of [L]2 and (32 reduces the 

system description to the following equation: 

k' Fc = k' O«KM3[L] + T)/(KM3[L] + 1» (3.18) 

Finally, the relationship of the retention of the metal species can be related to the 

pH of the mobile phase and is shown with the substitution of O:L2[CJ for the 

concentration of the chelate: [L]. 

(3.19) 
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In the equation 3.18, k' 0, KM3 and [CJ are constants and so if the pH of the mobile 

phase is changed, the response of aL2 is what should predominate in effecting the 

retention of the Fe/oxine species. 

Discussion 

Figure 3.5 is a plot of the theoretical k'pc versus pH and demonstrates the 

effects of assumed values of T on the retention of the predominate iron species in 

the mobile phase. The function (described in equation 3.19) has a dependence on 

the alpha 2 of oxine that shows the critical pH region for complex formation to be 

between pH = 1.5 and 3.5. Below pH = 1.5 retention will be dominated by it's 

dependence on of the lesser complexed species of iron and 8-hydroxyquinoline. 

While, above pH = 3.5 the predominant species contributing almost exclusively 

to the iron retention is the Fe(Ox)3. Also note in Figure 3.3 that pH = 3.0 is the 

point in the pH region where the four species of iron all exist at some 

"measurable" quantity. The region of change shown on Figure 3.5 implies that the 

shift between the two major species from Fe(Ox)3 to Fe(Oxh + in that region is 

significant below pH = 2.0. Thus, Figure 3.5 is not representative of the retention 

that should be expected below pH = 2.0. In this region, the species Fe+3 and 

Fe(Ox)+2 become the predominant species. These two species have considerably 

more ionic characteristics and therefore ion exchange mechanisms with the silica 
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in the CIS column should probably be considered. Figure 3.5 does not take into 

account the value of k' o. However k' 0 is the limiting retention value of the 8-

hydroxyquinoline chromatographic system. As the pH increases, the retention of 

the Fe/oxine species will be dependent mainly upon the partitioning of the Fe(Oxh 

between the mobile and stationary phases. 

Solvent Extraction Considerations 

Slaty and coworkers have studied solvent extraction of the Fe(lI)/Fe(ITI) 

HOx chemical system. They reported that the Fe+3 8-hydroxyquinoline complex 

quantitatively extracted into chloroform between the pH values of 3-10. While, 

Fe+2 was reported non-extractable at any pH and that Fe+2 would not exist in 

solution at pH above 4. Stafy's work implies Fe (III) will be chromatographically 

retained while Fe (II) will exist in a non-retained ionic form. Therefore, based on 

Stafy's observations of the Fe (II) stability, the separation, of Fe+2 and Fe+3 with 

8-hydroxyquinoline, will be carried out in a mobile phase held at a pH = 3.0 with 

an ammonium formate buffer. Note in Figure 3.3 that the formation of the 

Fe(Ox)3 complex is 13% and the Fe(Oxh +1 complex is 59% of the Fe (III) species 

in this pH range. While in the plot of LOG(CXMC~ vs pH presented in Figure 3.6, 

the uncomplexed Fe (II) is the most prevalent species. During the separation of the 

iron oxidation state, the organic mobile phase modifier used is isopropyl alcohol. 
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Formation constants for Fe(lll), Fe(Il) and Sr(lI) with 8-
hydroxyquinoline 

Metals LOG LOG KM2 LOG KM3 
KMI 

Fe (III) 12.3 11.3 10.3 

Fe(I1) 8.0 7.0 7.1 

Sr(II) 2.1 

Once the specific requirements of the separation (i.e. nature of ligand, type 

of reducing agent, extraction system of the metal species) are determined, the order 

of species separation should now be relatively clear, not only from the observations 

of Slaty but also from the following information in table 3.2 about the equilibrium 

formation constants and complexes formed by iron and 8-hydroxyquinoline. From 

Staty's summary of the Fe (II) and Fe(lII) HOx interactions in batch extraction 

solutions, we would expect the Fe(III) species to be retained longer than the Fe(lI) 

species. Because Fe+3,s Kr is several orders of magnitude greater than that of the 

Fe+2 complex and that the Fe+2 complex is most likely a charged complex at pH 

= 3.0, the iron(III) 8-hydroxyquinoline species will be retained longer on the 

column. The chromatogram in Figure 3.7a represents the injection of 20 ppm 

Fe(lII) into the chromatographic system and shows that the iron complex was 

retained approximately 1.31 column volumes. The same Fe(llI) solution was 
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reacted with enough Sn+2 to generate equimolar amounts of Fe(II) and Fe(lTI). 

This new sample was injected into the chromatographic system. The new 

unretained peak that appears in Figure 3. 7b is from the emission of Fe(II). 

Therefore, the iron oxidation states can be separated by their complex interaction 

with the 8-hydroxyquinoline and the CIS column. 

Quantitative Analysis 

The qualitative separation of species is one important piece of analytical 

information. Can this system be used to quantitatively determine the concentration 

of the iron species in the sample? Figure 3.8 shows the reconstructed integral 

response of the emission/chromatographic system to the various concentrations of 

the iron species as they elute from the 8-hydroxyquinoline chromatographic system. 

The calibration response is linear over the range of concentrations plotted as shown 

in Figure 3.9. However, there is a point that should be considered, the blank for 

this chromatographic system gives a signal equal to a sample concentration of 500 

ppb. The background iron signal is probably coming from the tubing and column 

of the chromatographic system. At an acidic pH of 3, with an excellent chelating 

agent for iron such as 8-hydroxyquinoline the system is slowly leaching iron into 

the chromatographic mobile phase and therefore the minimum detectable signal will 

be approximately equal to the signal of a 500 ppb sample. 
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One other consideration about the iron 8-hydroxyquinoline system or any 

other chromatographic system is that the chromatographic elemental detection limit 

will be defined by the size of the sample injected where as the direct emission 

analysis detection limit for an integrating detector will be limited by the amount of 

time of emission observation and the amount and type of noise or wander 

associated with the emission source. Consider the following argument: 

Chromatographic Analysis Detection Limit 

The detection limit for iron is 500 ppb for a 100 ~l sample loop implies a 

mass detection limit of 50 nanograms. 

500 g/109 g * l00xlO-3 g = 50xlO-9 g; 50 nanogram detection limit. 

Direct Emission Analysis Detection Limit 

The detection limit for iron, on the echelle/CID17 system, is 50 ppb at an 

integration time of 2 minutes and a nebulization rate of 0.65 mllmin. The mass 

detection limit is determined as follows: 

50 gll09 g * 0.65 g/min * 2 min = 65xlo-9 g; 65 nanogram detection limit. 

These absolute mass detection limits compare very closely to each other and 

imply that liquid chromatographic detection limits for an integrating detector are 

the same as direct analysis when the total mass of the analyte is considered. 
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However, if the chromatographic sample volume limits the amount of material that 

can be analyzed the concentration detection limits will differ by a factor related to 

that volume limitation. 

Chromatographic System Data Reduction 

From the previous information about the Fe+2/Fe+3 chromatographic 

system, it is obvious that this type of detection system is applicable to the analysis 

of elemental species eluting from a chromatographic column. However, the 

method by which the data is taken has not been discussed. The IOForth code for 

the program that acquires the chromatographic data is found in appendix A. A 

flow chart of the program is found in Figure 3.10. To acquire chromatographic 

information with an integrating detector and to be able to use its capabilities to 

their fullest potential, several important pieces of information should be considered, 

these are: 

1. the elements to be analyzed. 

II. the lines that will be observed for that element. 

iii. the duration of the chromatographic run. 

iv. and the rate at which the points along the chromatogram will be 

taken. 

Once these have been decided upon, the computer must be told when the injection 
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of the chromatographic analyte is made, at which point the computer oversees the 

rest of data acquisition. A ten second count down prior to injection is used to 

synchronize the injection of the sample and the start of the computer acquisition of 

the emission information with the array detector. 

During the integration of a chromatographic run, a series of events will 

occur at the detector elements of the CID 17. The time frame of which these 

electronic, spectroscopic and chromatographic events vary from microseconds to 

minutes. Because of these varied event rates, a computer is required to oversee the 

acquisition of this information. By allowing the computer to process and record 

these events, the analyst can acquire chromatographic information, through the 

implementation of a series of predetermined criteria. The characteristics of the 

CID 17 need to be considered in the design of the criteria employed during the 

acquisition of chromatographic/transient (time dependent) events. These 

characteristics are the following: 

1. Each element of the CID17 is a charge/photon integrating detector. 

2. The detector has a finite linear response (linear dynamic range) to 

the amount of charge that accumulates in the individual detector 

elements. 

a. A minimal amount of charge must be in the detector 

elements for an initial linear response to the arrival 
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of photons. This minimal amount of charge is called 

the fat zero. 

b. The CID17 has a maximum linear response that 

occurs at the saturation of charge in the potential 

wells of the detector elements. 

3. Present limitations in the basic array detector/computer interface 

electronic's and micro-code used to control the charge injection 

device make it impossible to remove the charge from one detector 

element without removing the charge from all detector elements of 

the CID 17. The process of charge removal is also called charge 

injection. 

Charge is integrated from the sample emission and the background 

simultaneously. While the signal from the chromatographic run is integrated, the 

computer continuously checks the magnitude of the signal collecting at the various 

detectors or wavelength locations. The detector elements interrogated during the 

integration process form a symmetric read window around emission wavelength of 

observation. This region covers the analytical signal and background information 

and is continuously monitored. A series of these analytical spectroscopic read 

windows can be preset for automatic monitoring during a chromatographic run. 

The CID 17 has a specific linear dynamic range which defines the total 
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amount of charge that can be integrated at a detector element. Detector elements 

associated with intense wavelength regions could saturate and the quantitative 

analytical information would be lost. These situations include wavelengths of 

eluting analytes or wavelengths with a large background signal. Thus, the 

computer must continuously monitor and record the amount of signal integrated at 

the various analyte wavelengths. It checks for any detector element associated with 

an analyte wavelength (background or signal) that has reached the readout 

threshold. The readout threshold is defined as 75 % of the detector elements 

saturation threshold. If anyone of the elemental wavelengths reach the readout 

threshold, the computer acquires the signal at all the analyte wavelengths and stores 

it at the appropriate location in an analyte-wavelength signal array. The 

corresponding time for each analyte-wavelength signal is simultaneously stored in 

an analyte-wavelength time array. The charge collected at all the specified 

wavelength must be acquired once any single wavelength has reached the detector 

threshold because of the limitation in the present electronic and software previously 

mentioned. Because one analyte wavelength has reached near saturation, it must 

be reset. Thus, the entire charge that has collected on the CID17 must be injected. 

The saturation threshold for a specific CID 17 is evaluated prior to it's use 

in analysis. A readout threshold of 75 % of the saturation level is employed as the 

criteria to start acquiring the signal at the analyte wavelengths. The threshold 
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value of three quarters maximum linear response is set so that the detector will be 

readout before the emission from the analytes saturates the detector elements. 

Once the entire CID17's charge is injected, the device is refogged with the 

LED's located on the outer ring of the off-axis spherical camera mirror. The 

detector is refogged in the same way as the fat zero is normally set when 

quantitative data is taken with this spectrometer system. There is one difference 

in the way the fat zero or re-fog level is set during a chromatographic run. The 

detector element sub-array used to determine the exposure level during the re-fog 

is located (when looking at an image of the detector on the video monitor) in the 

lower left hand comer of the CIDI7, away from the actively used emission region 

of the spectroscopic system. By looking at a region of the CID17 array not 

exposed to the emission spectrum a valid minimal level can be established without 

being effected by the emission spectrum that is simultaneously accruing. The 

minimal level of the new fat zero area is determined prior to experimentation so 

that the computer knows the correct level to refog the device. Through refogging 

the CID 17, the loss of charge arriving at the detector after the injection, due to the 

CID's non-linear foot, is minimized. 

Upon re-establishing the re-fog level, the computer continues to look for an 

analyte signal that approaches the readout threshold. During the analysis the 

computer keeps track of the number of data points being taken. Each time the 



116 

detector must be injected the computer makes a note of this by storing the 

numerical value of the data point that corresponds to the point of injection in an 

inject marker array so that the reconstruction of the chromatographic integral can 

be performed. After checking for the threshold signal at the wavelengths of 

interest, if none of the lines have integrated that far, then the next criteria the 

computer checks is the amount of time that has elapsed since the last data point was 

taken. If the pre-selected amount of time has elapsed, the information at each of 

the elemental wavelengths is read, non-destructively and stored at the appropriate 

location in the analyte-wavelength signal array. The corresponding time for each 

analyte-wavelength signal is simultaneously stored in the analyte-wavelength time 

array. The detector continues to integrate the arriving photons as the data is 

stored. This cycle of integration, comprised of detector readout (non-destructive 

interrogation) and accumulated charge injection (destructive interrogation) allows 

the analyst to follow the signal from a number of analytes during a transient event 

over a relatively long time period (i.e., minutes). A visual description of the 

process of charge integration and injection is presented below. 

Chromatographic Data Reconstruction 

When the spectroscopic data of the chromatogram is initially taken, it is 

stored in the form shown in Figure 3.11. The sawtooth curve in Figure 3.11 is the 
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raw chromatographic data and is the result of the integration and subsequent 

injection of charge caused when one of the analytical lines has met its readout 

threshold. Each vertical transition is due to the removal of all charge (charge 

injection) from the eID 17. The sloped line represents the integration of the 

photons arriving at a particular read window (set of detector elements). In the 

example, the time between points is approximately 1 second and the injection of 

charge occurs approximately every minute, so there are roughly 60 points that 

define the chromatographic region between each injection. 

In observing the chromatographic signal, it is evident that the copper in the 

chromatogram elutes at around 11 minutes. The two instances where the injection 

regions rise above the rest of the injection points are due to the intensity of the 

copper's wavelength controlling when the time of injection will occur. During the 

rest of the chromatogram, the strontium line used to determine the void volume is 

the wavelength that determines the times at which charge injection takes place. 

The 460 nm strontium wavelength lies close to the continuum from the plasma, 

while both copper wavelengths are in a relatively low background area. Because 

the strontium is close to the continuum emission, it controls the integration and 

injection interval for this experiment. Because the background emission is low in 

the copper wavelength region, the charge injections during the integration of the 

chromatogram depend on the copper wavelengths only when copper is eluting from 
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the column and it's emission rate is greater than the continuum near 460 nm. 

Figure 3.12 is the same data as that in Figure 3.11, but the raw data from 

the chromatogram is now adjusted for the series of charge injections. The elution 

of the copper during the chromatogram is easily seen. The increasing slope in the 

copper chromatogram is due to a slight difference in the background continuum 

around the copper wavelengths or possibly from the elution of a very low level of 

copper from the column. The "jog" in the curve is due to the elution of copper 

from the system. The background emission signal can be adjusted as is shown in 

the background corrected integral of Figure 3.13. By adjusting the chromatogram 

for the background, the intensity of the signal accumulated for the copper can be 

determined by simple difference in the two levels of the chromatogram. 

Results of Charge Injection Reconstruction 

Once the raw data for the chromatograms have been taken the data must be 

reconstructed to reproduce the signal integrated. During the acquisition of the raw 

data for the chromatogram, the computer places the array element locations of the 

points corresponding to the charge injections in a marker array. This array of 

charge injection markers is used in reconstructing the chromatogram. The 

reconstruction of the chromatogram requires a mathematical model or assumption 

to approximate the unknown data at the point of charge injection. Figure 3.14 is 
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an expanded plot of the raw signal intensity versus time in Figure 3.11. The data 

region shown in Figure 3.14 is a slice of time surrounding charge injection points 

that occurred during a chromatogram. Four mathematical models have been tested 

in attempting to predict the intensity of the charge injection point. The following 

is a brief summary of the methods employed and a simple description of each 

method. 

1. Direct Offset Prediction - The intensity of the charge injection point 

is set equal to the point just prior to it. The following data points 

are then adjusted for the new offset. 

2. Least Squares Prediction - Signal from 5 data points immediately 

prior to the charge injection point are used along with their 

respective points in time to predict the intensity of the inject point 

through least squares linear regression. The following data points 

are then adjusted for the new offset. 

3. Variance Prediction - The variance associated with 5 data points 

immediately prior to the charge injection are employed to predict the 

typical difference in points for that region. The following data 

points are then adjusted for the new offset. 

4. Pre and Post Signal Difference Prediction - The average difference 

of 3 data points immediately prior to the charge injection and the 
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average difference of 3 data points immediately following the charge 

injection point are subsequently averaged to predict the expected 

difference for the charge injection point. The following data points 

are then adjusted for the new offset. 

In the case of the direct offset prediction, the method was used as a 

temporary means in reconstructing the data to provide a simple way to look at the 

data during the initial course of this investigation. The obvious problem with this 

method is that the difference between the predicted charge injection point and the 

point immediately prior to it is zero, which is approximately correct when the 

signal in that region is associated with background emission, but is seriously in 

error during the elution of an analyte. The least squares method and the variance 

method provide reasonable prediction, but because they use 5 data points and those 

5 data points are only immediately prior to the charge injection, they tend generate 

large jumps or gaps in the predicted points. Thus, the last method, the pre and 

post average difference method of prediction has been found to most closely 

estimate the charge injection point. Two reasons for the better precision in 

estimation of the charge injection point are first, the closer proximity of the data 

points used in the prediction provides better representation of the trends in the data 

for that region of the chromatogram. Second, by considering the data on either 

side of the charge injection point, the trends of the data in that region of the 
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chromatogram will also provide an improvement in the estimation. 

Figure 3.15 is a pictorial summary of the four methods employed in data 

reconstruction. The first order derivative is use to depict the differences in the 

methods. In the case of the direct offset prediction, the method was used as a 

quick temporary means of reconstructing the data. The obvious flaw in this 

method is the difference between the injected charge point and the point 

immediately before it is not always going to be zero. The zero difference occurs 

during integration of simple background signal, but not during species elution. The 

least squares and variance methods tend to generate large jumps or spikes in the 

data. This is because the 5 data points prior to the charge injection are used to 

predict that point. So, bias from those points will tend to show in the 

reconstructed data. The last method, the pre and post prediction most closely 

estimates the charge injection point. By averaging three points of information 

before and after the charge injection point, a compromise between the two regions 

is used for the prediction. 

Separation of Oxidation State Summary 

A series of criteria were evaluated to properly employ the CID17 as a 

detector in HPLC. Through careful consideration of the detector characteristics, 

rules were developed for the computer system to implement. By successfully 



_en 
::J 
o 
~ 

1000 

First Order Derivative of Chromatographic Data 
Comparison of Reconstruction Methods 

Direct Offset Prediction 

Variance Prediction 

o ~M 'i~''''\V'4W'''''4' ",,~""J.~~WI' 
5 10 

Minutes 

Figure 3.15 Visual Comparison of the Reconstruction Methods. 
I-" 
N 
0\ 



127 

designing a time dependent analysis routine that recorded and responded to the 

changes in analyte signals, the elution of a series of metal species could be 

chromatographically determined. By employing the emission/chromatographic 

system under the control of the time dependent analysis routine, Pe(ll) and Pe(Ill) 

where chromatographically separated and spectroscopically detected. The mobile 

phase modifier used to separate the iron species was 8-hydroxyquinoline. Not only 

was the system capable of qualitatively determining the presence of the Pe(IJ) and 

Pe(JII), the system was able to quantitate the iron species. Mass detection limits 

for the iron chromatographic system were comparable to the mass detection limits 

of direct emission analysis. This implies that the use of emission detection of 

chromatographic separations is most significant in analytical situation where 

molecular information about metal species is required. If elemental information 

is needed, then direct emission analysis provides better sensitivity. 
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CHAPTER 4: COPPER OXIDATION STATE SEPARATION 

Copper(l) and Copper(ll) Chemistry 

The chemistry of Cu(I) has been studied by many researchers from areas 

involving organic aldehyde reactions and protein chemistry to areas in inorganic 

chemistry including a very important process: electroless plating of copper. The 

cuprous ion is not a very stable aqueous chemical species. It is present in solution 

at relatively low concentrations as a simple ion. When copper is thought of, the 

two most stable/prevalent forms found in nature come to mind: copper(lI) 

complexes and copper metal. Copper is used in many chemical reactions as both 

catalyst and reactant. However, there is an important chemical reaction that 

involves just copper that should be discussed before continuing with the 

presentation of the chromatography and the detection of the various copper 

oxidation states. The reaction involves the disproportionation of copper metal 

when in the presence of Cu(II) to form cuprous ions. The chemical equation that 

describes this reaction is: 

CUD + Cu+2 ~ 2CU+ 1• 63 (4.1) 

The following equation describes the Kr of the formation of cuprous ion from 

copper metal and cupric ions: 
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(4.2) 

The theoretical value of the Kf for this reaction can be found from the 

thermodynamic relationship of the equilibrium constant and the electrochemical 

potential associated with the pertinent reduction half reactions of the equation 

above. 

Cu+2 + 2e- - Cuo 

Cu+2 + e- - Cu+1 

Cu+1 + e- _ Cuo 

EO = +0.337 (4.3) 

EO = +0.153 (4.4) 

EO = +0.521 61 (4.5) 

By combining the oxidation of copper metal (reverse of reduction half reaction 

(4.5» to Cu(J) and the reduction of Cu(II) to Cu(l)(reduction half reaction (4.4» 

it can be shown that reaction (4.6) and the standard cell potential are the result. 

Cuo + Cu+2 - 2Cu+1 EO = 0.153 - 0.521; EO = -0.368 (4.6) 

The thermodynamic relationship used to determine the formation constant of 

reaction (4_6) comes from the derivation of the Nernst equation which relates 

standard cell potentials and equilibrium formation constants to the standard free 

energies of reaction. The relevant equations 64 are as follows: 

AGO = -RT(ln K f), AGO = -nFEo 

and EO = RT/nF(ln Kf). 

Where the following constants 65 are assigned these values: 

(4.7) 

(4.8) 



Gas Constant 

Temperature 

Faraday's Constant 

R = 8.3143 (Volts Coulombs)/(Kelvin Mole) 

T = 273.15 + 30° C = 303.15 K 

F = 96485 CoulombslMole of Electrons 
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Therefore, the equilibrium constant for the disproportionation of copper metal in 

the presence of aqueous cupric ions to cuprous ions is 

Kr = e<-O.353nF/Rn; Kr = 1.35 x 10-6; log Kr = -5.87. (4.9) 

LlGo = -nFEo; LlGo = 34.1 Kllmole. 

The following values were given in Alberty for the aqueous copper ions: 

Cu(I) aqueous LlG1
0 = 49.98 Kllmole 

Cu(II) aqueous LlG2
0 = 65.49 Kllmole 

Cu Metal 

LlGrxno = LlG2
0 + LlG3

0 
- 2(LlGl~ = 34.47 Kllmole. 

Both methods for determining the values of LlGo imply that the formation of the 

Cu(I) species through this process is not thermodynamically favorable or that a 

small amount of Cu(I) will be produced. Assuming the concentration of free Cu(II) 

in solution were 0.04 M, and using the Kr determined above for reaction (4.6), the 

anticipated concentration of Cu(I) should be 17.4 x 10-6 M. Also consider that in 

the presence of oxygen, the actual amount of Cu(!) that remains in solution is 

reduced further. This removal of Cu(I) can be averted by depleting the oxygen in 

the solution (Le., bubbling with N0. The amount of Cu(!) in solution also can be 
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altered by the use of a number of complexing ligands to provide a stable 

environment for the copper(I). Some of these ligands include cyanide 65, various 

amino acid 66, unsaturated alcohols 67, and the ligand that will be employed in 

the chromatographic study of the separation of Cu(Il) and Cu(I), 2,9 dimethyl 1 ,10 

phenanthroline(DMP) 68 69. A further discussion of this ligand and its 

application to the separation of copper species will be presented later in the 

chapter. 

Electroless Plating of Copper 

But first consider an area that is concerned with the various reactions 

involving copper metal and Cu(II): the industry of copper plating. Specifically, 

the field of printed circuit board technology is concerned with the electroless 

plating of copper or the deposition of copper metal through chemical processes. 

In this industry the significance in coppers chemistry is best described by the 

autocatalytic equilibrium expression: 

Cu +2 + y-4 + 40H- + 2HCHO + heat + catalyst ~ 

(4.10) 

This stoichiometry was described by Lukes and has been accepted as the basic 

overall electroless plating reaction that occurs. The following equations are the 

reduction half reactions that are associated with the above plating reaction, 



Hydrogen: 

2H20 + 2e- - H2 + 20H

Copper: 

Cuy-2 + 2e- _ Cuo + y-4 

Also see equation (4.3). 

Formaldehyde: 

pH = 14 

HCOO- + 2H20 + 2e- - HCHO + 30H-
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EO = -0.828V (4.11) 

EO = -0.203V 63 (4.12) 

EO = -1.07V 63 (4.13) 

By subtracting the hydrogen reduction half reaction (4.11) from twice the mole 

amounts of the formaldehyde reduction half reaction (4.13), the oxidation half 

reaction of the Lukes standard cell equation can be obtained. The result of the 

summation of the above half reactions is the following: 

H2 + 2H20 + 2HCOO- + 2e- - 40H- + 2HCHO EO = -0.242V (4.14) 

So theoretically, the standard cell potential for the Lukes reaction (4.10) is EO = 

+0.039, 

which implies that the reaction is thermodynamically favorable. However, it 

should be noted that reaction (4.10) requires at least the presence of a catalyst to 

start the reduction of the Cu(II) to Cu metal, but once some Cu metal is produced, 

the reaction proceeds autocatalytically. Through the oxidation of the formaldehyde 

in alkaline solution, the Cu(JI) is reduced to copper metal and plated on the copper 
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metal cathode. The EDT A is included as a ligand to stabilize the Cu(ll) in the 

highly alkaline plating bath solutions. Other plating bath formulas discussed by 

Goldie, include such stabilizing ligands as ammonia, tartrate, carbonate, and 

cyanate. 63 

One other reaction within the plating bath to consider removes the plated 

copper metal. The reaction was considered earlier in the chapter, equation (4.1), 

the disproportionation of copper metal in the presence of Cu(II) to form Cu(I). In 

other words, copper metal in the presence of cupric ions is chemically corroded 

through the disproportionation of these two species into cuprous ions. This process 

can be detrimental to the entire process of electroless plating of copper because the 

copper that is supposed to be deposited by the chemical processes is simultaneously 

being chemically removed. More importantly another problem enters the scenario 

when chelating agents such as cyanides, chlorides, or tartrates stabilize the 

formation of the cuprous ions through complexation. It is believed that through 

the build up of various cuprous salts, the plating bath will tend to decompose. 

When a plating bath decomposes it is rendered unusable for the chemical deposition 

of copper metal for circuit board traces. Therefore, additional information about 

the various processes involved in electroless plating is of definite value. 

Dimethyl Phenanthroline Mobile Phase Modifier 
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Having discussed some important chemical reactions associated with the 

copper species, consideration will now be given to the separation of these species. 

As discussed in chapter 3, the use of ligands in the mobile phase can augment the 

retention of various metals depending upon the strengths of their respective 

equilibrium complexes and the extent of the complexing ligands retention in the 

stationary phase. Figure 4.1 shows the compound 2,9 dimethyl 1,10 

phenanthroline which has a common name of neocuproine and is also simply 

known as dimethyl phenanthroline (DMP). This unique ligand was first 

synthesized by Schilt in 1969 and is related to a well known redox indicator for the 

iron (II) and iron (III) couple, 1,10 phenanthroline or ortho phenanthroline. 68 It was 

found that neocuproine formed a thermodynamically stable orange complex with 

copper(I) and did not form a visibly colored complex with any other metal ion(Le., 

Cu+2, Ni+2, ... ). This absorption characteristic alone provides an excellent means 

of spectroscopic separation of the various copper species. The structure of the 

copper(I) DMP complex is shown in Figure 4.2. In the Cu(I)/DMP complex, there 

CH3 CH3 

Figure 4.1 Mobile Phase Chelating Agent 2,9 Dimethyl 1 , 10 Phenanthroline. 
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I 

Figure 4.2 Copper(I) Dimethyl Phenanthroline Tetrahedral Complex. 
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are two DMP molecules for every one copper(I); thus an uncomplexed copper(l) 

ion is transformed into a very bulky II organic II complex. It is the implementation 

ofDMP in reverse phase high performance liquid chromatography (RP-HPLC) that 

will facilitate the physical separation of the aqueous ionic copper species within a 

series of samples. The samples analyzed will include II clean II Cu(l) and Cu(ll) 

standards as well as the alkaline electroless plating bath matrices, where the 

speciation of copper is important. 

Chromatographic Experimental with Dimethyl Phenanthroline 

Reagents 

The 2,9 dimethyl 1,10 phenanthroline hydrochloride (Sigma Chemical 

Company, St. Louis, MO), succinic acid (Aldrich Chemical Company, Milwaukee, 

WI) 99 % , hydroxylamine hydrochloride (JT Baker Chemical Company, 

Phillipsburg, NJ) 100%, hydrochloric acid(Mallinckrodt, Paris, KY) 37.2%, 

ammonium hydroxide(EM Science, Gibbstown, NJ) 29 % , cupric chloride 

dihydrate(Fisher Chemical, Fair Lawn,NJ) 99.9% and methanol(Mallinckrodt, 

Paris, KY) 99.9 % were used without further purification. All samples were 

weighed on an Ohaus, Brainweigh B 1500 D, balance set on the low range (150 

grams) with a precision of 0.01 grams. All pH values were determined with an 

Orion pH meter, an Orion pH electrode and pHydrion Buffers(Micro Essential 
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Lab. Inc., Brooklyn, NY): pH = 4.0 and pH = 7.0. 

Preparation of a DMP Buffer Solution 

The DMP was weighed out at 2.99 grams and added to one liter of distilled 

water in a two liter volumetric flask. The succinic acid was weighed out at 23.62 

grams and added to the above solution with 750 milliliters of distilled water. The 

succinic acid dissolved slowly in the distilled water, by adding 15 milliliters of 

concentrated ammonium hydroxide (8.6 M), the dissolution rate of the succinic 

acid was increased. Once the reagents were completely dissolved, the pH of the 

solution was determined by comparison to the premade, pH 4.0 and 7.0, pHydrion 

buffers and the appropriate amount of concentrated acid or base was added to reach 

to the target pH (Le., pH = 6.0 for the DMP reduction buffer, pH = 5.0 for the 

chromatographic mobile phase). Concentrated ammonium hydroxide(8.5 M) was 

use to adjust the solutions to a basic pH, while concentrated hydrochloric acid(12 

M) was use to adjust the solutions to an acidic pH. Once the appropriate pH was 

established, the buffer was diluted to the mark on the volumetric flask with distilled 

water. The final volume of the solution was 2 liters. The final concentration of 

the DMP buffer solution were 0.005 Molar in DMP and 0.100 Molar in succinate 

and the final pH was adjusted to the specific requirements for the solution. 
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Preparation of a 1000 ppm Copper standard 

Cupric chloride was weighed out to 2.69 grams and placed in a 1000 ml 

volumetric flask. Distilled deionize water was added to the flask to dissolve the 

copper salt. Once the copper salts completely dissolved, the copper solution was 

diluted to the mark and then transferred to a one liter nalgene bottle for later use. 

Preparation of Cu(I) standards 

The following is the preparation procedure for a 10 ppm Cu(I) standard. 

Using a 1000 microliter Eppendorf pipet, transfer 1 milliliter of the 1000 ppm 

Cu(II) standard solution to a 100 milliliter volumetric flask and dilute to 100 

milliliters with a pH = 6.0, DMP buffer solution. React the clear solution of 

Cu(II) in the DMP buffer with enough or a slight excess of hydroxylamine 

hydrochloride to reduce the Cu(II) standard to Cu(I). Transfer the new orange 10 

ppm Cu(l) standard to a 125 milliliter polypropylene bottle and store for later use. 

Upon letting the solution stand overnight, I found the standards coagulated 

or precipitated into yellow or orange clumps. These clumps varied in color due 

to the concentration of the Cu(I) DMP complex in the solution. The Cu(I) DMP 

complex is a positively charged ionic species that should be soluble in an aqueous 

environment. However, if an aqueous solution of the complex is left to sit over 

time, it's predominating organic nature causes it to coagulate, clump together or 
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precipitate from solution. It has also been reported that the ionic Cu(l) DMP 

complex tends to form neutral ion pair complexes with various anions in 

solution(Le. CI04-, N03-, en.67 The ion pairs formed make the complex more 

hydrophobic and therefore, less soluble in an aqueous solution. It was reported by 

Schilt and also Ulibarri and coworkers that this precipitation can be inhibited by 

making the solution as 50/50 v/v ethanollDMP aqueous buffer solution. The 

addition of the ethanol makes the solution more organic in nature and the 

Cu(I)/DMP complex does not precipitate. 

During experimentation, it was found that methanol also inhibited the 

precipitation of the Cu(DMP)z +1 from an aqueous environment. Another important 

factor is that methanol is readily available and less expensive than ethanol. 

Methanol is the organic modifier used in the following chromatographic 

separations. Hereafter, the standard solutions were prepared by first reducing the 

Cu(II) to Cu(I) in half the final standard solution volume of DMP buffer, then the 

standard was diluted to the final volume with 100 % methanol. 

Chromatographic System 

The data for this experiment was taken with the following instrumentation: 

i. Varian 500 High Performance Liquid Chromatograph 

a. Reservoir A - 5 mM DMP in 0.1 M Ammonium Succinate 
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pH = 5.0 

b. Reservoir B - 100 % Methanol 

ii. Waters ~bondapak: octadecyl (CIS) modified-silica column at 25 

centimeters 

iii. Flow Rate - 1.0 mllmin 

iv. Atomic Emission Detector - Denton Research Group echelle/CID17 

Spectrometer with direct sample tube connection from 

chromatographic column end to nebulizer. Employed a 6" length of 

0.01" ID PTFE low pressure tubing coupled to the column with 

stainless steel to plastic union and coupled to the nebulizer input 

with a 1/8" length of peristaltic pump (PVC) tUbing. Copper 

wavelengths of analysis were 324.74 nm and 327.47 nm. 

v. Waters UV -Vis Spectrophotometer - Cu(DMP}z + I wavelength of 

maximum absorption was 450 nm. 

The basic emission/chromatographic system setup is shown in Figure 3.2. 

DMP Mobile Phase Chromatographic Results 

The complex formed by the copper(I) and the DMP is thermodynamically 

very stable. B. R. James et. al. 71 have reported the equilibrium Kr for the 

complex to be 1019
•
1 while Shimesh and coworkers reported that through mixed 
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ligand equilibrium studies with copper(I), DMP and cyanide that the Kt of the Cu(l) 

DMP complex is much larger than the above value published in the literature and 

expect the value to fall between 1025 and 1()31. One of the original objectives of 

this project was to determine, chromatographically the Kf or approximate size of 

the Kr of Cu(I) and DMP. A brief description of the separation concept will be 

included in chapter 6. 

Table 4.1 

I 

Equilibrium Formation Constants of the Pertinent Metal 
Complexes 

Cation I Ligand I LOG(Kl) I LOG(K2) I 
H+ DMP -5.85 --
Cu+ DMP -- 19.1 

Cu+2 DMP 6.1 5.6 

Sr+2 DMp69 0.7t --
H+ Succinate -5.24 -4.00 

Cu+ Succinate -- --
Cu+2 Succinate 2.6 --
Sr+2 Succinate 1.06 --

Table 4.1 shows selected metal/DMP Kr values reported in the literature. 

Not only do these values indicate the thermodynamic stability of the complexes that 

are formed, but these values should predict the retention order of copper(I) and 
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copper(II) eluted from a CIS column equilibrated with a mobile phase containing 

0.005 Molar DMP buffered at pH = 5.0 with 0.1 Molar ammonium succinate. 

The actual Kf value for strontium was not available, the value for Ca+2 with ortho 

phenanthroline was substituted as a reasonable approximation. In selecting the pH 

for the mobile phase employed in the chromatographic experiments, a number of 

factors had to be considered. The following is a summary of these considerations. 

Silica based chromatographic supports are stable in the pH range of 2-8 72
• 

Beyond either end of the stability region it has been reported that the silica is 

degraded and the bound CIS is slowly lost. So the chromatographic experiments 

can be successfully carried out in a range of pH 2-8. The three Figure 4.3, 

Figure 4.4 and Figure 4.5 on the following pages describe the pH dependence of 

the various copper and ligand species in the chromatographic system. The amount 

of DMP complexed Cu(J) is not dependent on the pH of the solution. Figure 4.3 

shows Cu(DMP)2 +I as being essentially 100% of the Cu(J) species present 

throughout the pH range of 1 - 14, while Figure 4.4 shows the Cu(DMPh +2 is 

present at greater than 99% above approximately pH 4.5. So, the pH of the 

solution used for the chromatographic mobile phase should have a negligible effect 

on the formation of the DMP Cu(J) or Cu(II) complexes as long as the pH is kept 

between 4.5 to 14. 

Considering first, the stability of the complexes of the DMP and copper 
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ions and second, the need to separate the two copper species, the range should still 

be between pH 2-8. The Cu(I) complex will be essentially 100% of the Cu(I) 

species present while the Cu(II) complex will range from 12 % to 100% of the 

Cu(II) species present between that pH range. Thus, the two copper species can 

be separated, because the copper(II) will not be retained due to considerations 

involving both solution pH and the magnitude of Cu(II)'s Kr with DMP. 

Finally consider that in "acidic" media bare metal ions tend to be stable 

aqueous cations and at some upper pH extreme, OH precipitates will be present in 

the chromatographic mixture. To help minimize these complex equilibria, it was 

decided an "acidic" mobile phase should be employed. One organic 

chelating/buffering reagent used in stabilizing metal solutions is succinic acid. 

Figure 4.5 is the plot of Log(aLCJ versus pH, where it shows the succinate is an 

excellent buffer between the pH range of 3.5 to 6.0. Therefore, the succinate will 

provide a stabilizing environment for any "uncomplexed" copper ion in the column 

but is not expected to dominate in the species interaction of the chromatography. 

The counter ion used for the succinate buffer was the ammonium ion. The 

ammonium ion was chosen over sodium or potassium ions. At 100 mM 

concentrations, the sodium or potassium ions would generate large quantities of 

scattered light that would effect the minimal amounts of detectable metal by the 

spectroscopic system. Thus, the background associated with the alkali metals 
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emission was eliminated by using the ammonium ion as the counter ion in the 

succinate buffer. 

One final point to consider is that the pKa of the DMP is 5.85, the 

competition of the hydrogen ions for the DMP in solution will be minimal 

compared to that of the Cu(I) or the Cu(II) for the DMP. A pH of 5.00 was 

decided upon from the above criteria. The succinate is an excellent buffer around 

the pH of 5.00 and is an excellent chelate for any of the "uncomplexed" copper 

species left in solution. The amount of "uncomplexed" copper present is illustrated 

by the curve a'o in Figure 4.3 and Figure 4.4; a plot of Log(aM[CMl) versus pH. 

These complexes are thermodynamically so stable at a pH of 5.00 that the amounts 

of free Cu(I) and Cu(II) are approximately 10-11 and 104 percent respectively. It 

is also expected that at a concentration 20 times greater than the DMP, the 0.1 

Molar ammonium succinate buffer will not predominate in the metal ligand 

interactions of the chromatographic system. From the size of the metal ligand Kr's 

reported in Table 4.1, it can be assumed that the interaction between the copper 

and succinate will be trivial compared to the much larger interactions between the 

copper and the DMP. So, the succinate should buffer the solution at pH = 5.0 

and help stabilize the small amounts of free metal left in solution. 

During the chromatographic process, the void volume will need to be 

determined. In examining the metal DMP Kr values reported in the literature, 
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strontium was found to have a low Kf value with the DMP and succinate. 

Strontium also has a strong emission wavelength in a relatively low background 

region of the spectrum as compared to other alkali and alkaline earth metals. The 

formation constant values for strontium and DMP or succinic acid are included in 

Table 4.1 to show the large difference in the stability of the strontium versus any 

of the copper complexes. These values imply that the strontium will not dominate 

in the competition of the metals for ligands and that the strontium should make an 

excellent void volume marker because of the it's smaller formation constants with 

both DMP and succinate. 

The DMP is a bulky organic chelating agent and the formation constant for 

the copper(I) complex is approximately eight orders of magnitude larger than the 

formation constant of the copper(II) complex; thus, it is expected that the DMP 

complex of copper(I) will be retained on the column longer than the copper(II) or 

strontium complexes. The Cu(II) and Sr(II) species are expected to remain 

primarily in the mobile phase as compared to the more "organic" Cu(I) species. 

Absorbance Detection of Copper(I) 

Can the copper(I) DMP species be quantitatively separated from the 

copper(II) species on a reverse phase CIS column? The mobile phase in this 

experiment is comprised of two components: the aqueous and the organic. The 
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aqueous component of the mobile phase is 0.005 M DMP in an 0.1 M ammonium 

succinate buffer at pH = 5.0. The organic component of the mobile phase is AR 

grade methanol. Figure 4.6 shows the results of detecting the elution of the Cu(I), 

Cu(II) and Sr(II), under the chromatographic conditions of70% methanol and 30% 

DMP buffer. The results were obtained with a Waters 484, Tunable Absorbance, 

UV -Vis spectrophotometer at the wavelength of maximum absorbance for the Cu(I) 

complex: 450 nm. Chromatograms at the wavelengths of maximum absorption for 

the Cu(II) and Sr(II) complexes were not determined. However, if analytical 

information about these species were needed, an analyst could run an absorption 

spectrum to determine the maximum absorption for each of the elements then run 

a chromatogram for each element at it's maximum wavelength of absorption. 

Another possibility is to use a multi-wavelength absorption detector and follow a 

wide number of wavelengths throughout the chromatogram. 

Emission Detection of Copper(I) 

In this experiment one other method was employed to obtain the 

chromatographic information about the metal species; observation of the eluents 

with atomic-emission spectroscopic-detection. Figure 4.7 shows the results of 

detecting the eluting metals with the echelle/CID 17 spectrometer and the separation 

of the strontium and copper species. The chromatograms shown are the result of 
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overlapping the separate copper and strontium chromatograms obtained 

simultaneously for the three metal species. The copper emission wavelengths of 

observation were 324.74 nm and 327.47 nm. The 324.74 nm emission line is the 

most sensitive wavelength for copper in the observable wavelength range of the 

Denton group echelle spectrometer. Therefore, only the 324.74 nm wavelength 

emission information will be reported. The observed strontium emission 

wavelength was at 460.73 nm. 

With the ability to observe a number of wavelengths simultaneously with 

the multi-wavelength emission spectrometer, the wavelength emission for each 

element in question can be observed and thus the separation of the metals from 

each other is accomplished. The draw back to direct observation of samples 

through emission analysis is that all molecular and oxidation state information 

about an analyte is lost. However, through the chromatographic processes that can 

be directly coupled to the emission detection system, more than one species (i.e., 

oxidation state) of a metal (Cu(l) or Cu(U» can be separated in time and directly 

observed. This technique provides two forms of analyte selectivity. One is 

through spectroscopic separation of the wavelengths of various metals and 

nonmetals; while, the second is through the difference in behavior of various 

species in a chromatographic system. 

Mobile Phase and Stationary Phase Considerations 
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Figure 4.8 shows the effects of the mobile phase composition on the 

retention of the three metal species in the mobile phase: Sr(lI), Cu(TI) and Cu(l). 

As the mobile phase is made more aqueous or as the percent of the methanol is 

decreased from 80 % to 70 % the copper(I) species is retained longer, while the 

copper (II) and Sr(lI) species remain stationary. The retention of the copper(I) 

species is due to two processes, the first involves the organic nature of the 

copper(I) DMP complex in the mobile phase. There is a large driving force for 

the "organic" copper(I) DMP complex to stay in the stationary phase because the 

DMP complex, as discussed above, is hydrophobic. Therefore, as the aqueous 

component of the mobile phase increases, the amount of time the Cu(l) complex 

spends interacting with the stationary phase increases. The second process occurs 

when the aqueous component, the DMP buffer, increases in the mobile phase. As 

the amount of buffer increases in the mobile phase so does the amount of DMP. 

By increasing the amount of DMP in the mobile phase the probability of forming 

the copper(I) DMP complex increases. This in tum increases the chances that the 

copper complex will interact with the stationary phase. So, the copper(I) complex 

will be retained longer. In the case of the Cu(II) species, the changes in the mobile 

phase composition do not seem to have a large effect on it's retention. One 

explanation for the copper(II)' s behavior is that the difference in the Kr's for the 

Cu(II), Cu(I) and DMP are about 7.4 orders of magnitude. Note, the combined 
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Kr = 1011
.
7 for Cu(II) and DMP is large enough to show some retention of the 

Cu(II) species, more than that for Sr(II)(LOG(Kr) = 0.5), but not large enough to 

significantly effect how lIorganicll the Cu(II) complex looks to the stationary or 

mobile phase. 

Upon further inspection of the chromatographic peak shape, through 

absorbance detection, notice the slight shoulder on the Cu(l) DMP peak. It is most 

likely caused by an anomaly in the CIS column. One such anomaly could be a void 

volume space at the head of the chromatographic column, where the shoulder/tail 

that is observed may be the exponential dilution of the sample injected into the 

head of the column. Another possibility is that the shoulder/tailing is due to the 

copper DMP complexes interacting with silanol sites in the column. The 

neocuproine molecule is a neutral molecule that complexes the ionic copper species 

thereby forming a positively charged complex. As discussed previously in this 

chapter the Cu/DMP complex will form an ion pair with various anions in the 

chromatographic system, if this is the case then it is possible that the copper 

complex of DMP is Ilion pairingll or maybe ion exchanging with the silanol sites 

in the column. Table 4.2 shows an estimated range of pKa's for sHanol groups 

found on CIS chromatographic columns in the literature. 73 

High Energy Silica Sites 
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The reason given for the range of pKa's (5-9) for the silanol groups is that 

the type of silica used in the column, the methods of column preparation and the 

stationary phase coverage of the silica will influence the overall acidity of the 

silanol groups. In an NMR study by Miller, he estimated typical pKa's ranging 

between 9.2-9.4 (depending on the CIS coverage), while Unger reported a mean 

pKa of chromatographic silica at 7.1 and states that the range of pKa' s reported in 

the literature are very likely to be found in a column. 74 The amount of each type 

of SiO- group present and the stationary phase coverage effects the "mean" pKa 

value of the silica for a particular column. Although, if we were to assume that 

the typical silica is basic, as would be implied by the step wise pKa's of silicic acid 

9.7, 11.7, 12 and 12, then values between 7 and 9 would be in an acceptable range 

for typical pKa's. 64 If a range of pKa's between 7 and 9 is assumed then the 

number of deprotonated silica sites in the column are anywhere for 0.01 % to 1 %, 

respectively, at a pH of 5.0. So, the shoulder may be a result of the high energy 

interactions of the deprotonated SiO- surface groups with the positively charged 

copper neocuproine species but is more likely an ion exchange interaction between 

surface H+ and mobile phase Cu(DMP)2 +. 

Quantitative Analysis of Copper(I) 
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Table 4.2 Silanol pKa's from Literature 

pKa of Silanols % Deprotonated 
in CiS Columns pH = 5.0 

5.0 50.0 

7.0 0.99 

9.0 0.01 

Qualitative separation of the copper species is feasible. Now, can the 

combination of chromatographic separation with emission detection be used 

quantitatively determine the amount of Cu(I) present in sample? Figure 4.9 shows 

the results of a simple limited range of working curve concentrations for copper(I). 

The working curve is linear from 1 to 20 ppm Cu(I) and is described by the 

following statistical information: 

Statistical Analysis of Results 

Least Squares Linear Regression Line 

Signal = 1261[Cu+1
] + 108 

R2 = 0.9998 

Statistical Deviation of Data 

devlnl = 138 and devBaselinc = 85. 

The IUPAC definition of the detection limit is 3 * (standard deviation of the 

blank)/Slope. Therefore, the detection limit as defined by the statistical deviation 
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of the intercept would be 250 ppb while the detection limit as defined by the 

statistical fluctuation of the chromatographic baseline would be 200 ppb. The mean 

value of 225 + 25 ppb seems very high when compared to the detection limit of 

approximately 10 ppb found for copper at the 324.74 nm line through direct 

aspiration of a standard series of working curve solutions. However, consider the 

volume limitation of the sample loop in the chromatographic experiment and 

consider the amount of sample nebulized when performing a quantitative 

experiment through direct aspiration, then these values for the detection limits 

make more sense. 

Consider the following: 

Mass Detection Limits of Copper(I) 

Chromatographic 

0.100 mls of sample x 225 ppb = 22.5 nanograms of copper. 

Direct Emission Analysis 

0.65 mIl min Neb. Pump Rate x 2 min x 10 ppb - 13.0 nanograms of 

copper. 

The total mass of the copper analyzed is approximately the same in both cases. 

Quantitative analysis and separation of the copper species has been 

established, the next step to take is to apply the chromatographic/emission system 

to a real world sample and/or challenge. The approach employed to gain more 
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information about Cu(I)' s role in the plating process will involve separating the 

copper species at various times during the plating and then measure these species 

concentrations. It has been shown that the copper species can be successfully 

separated with reverse phase HPLC chromatography. The initial Cu(l) and Cu(1I) 

separations were performed on clean 50:50 methanol:DMP buffer pH=5.0 in the 

time frame of about 10 to 12 minutes per sample. The samples themselves were 

made in a pH = 6.0 DMP reduction buffer. Plating bath solutions are quite 

different from the standards used to test the initial separation capabilities of the 

chromatographic system. Lets consider some of the characteristics of a plating 

bath solution. 

Plating Bath Experimental 

Reagents 

The copper metal(Consolidated Electronic Wire and Cable Corporation) 

100% was used as the catalyst in the plating bath reactions. Cupric sulfate penta

hydrate(Fisher Chemical, Fair Lawn, NJ) 100%, tetra-sodium ethylenediamine 

tetra-acetate(Fisher Chemical, Fair Lawn,NJ), potassium hydroxide(Ashland 

Chemical Company, Columbus, OH) 85 %, formaldehyde(Mallinckrodt Inc., Paris, 

KY) 37.9 % were used without further purification. All samples were weighed on 

an Ohaus, Brainweigh B 1500 D, balance set on the low range (150 grams) with 
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a precision of 0.01 grams. All pH values were determined with an Orion pH 

meter, an Orion pH electrode and pHydrion Buffers(Micro Essential Lab. Inc., 

Brooklyn, NY): pH = 4.0 and pH = 7.0. All plating baths were contained in 125 

milliliter erlenmeyer flasks and kept at constant temperature of 70° C with a 

combination magnetic stirrer and hot plate. 

Potassium Hydroxide (3 Molar) Solution 

The plating bath solutions were adjusted to pH = 12.0 by adding 2 ml of 

a 3 Molar potassium hydroxide solution. The 3 Molar solution of potassium 

hydroxide was made by weighing out 84.17 grams of KOH and dissolving it into 

500 milliliters of distilled deionized water in a volumetric flask. The solution of 

KOH was then transferred to a 1 liter nalgene bottle for storage. 

Plating Bath Solution 

The volume of 100 milliliters from a volumetric flask was added to a 125 

milliliter erlenmeyer flask and then 0.90 grams of EDTA was added to that. The 

EDT A was allowed to dissolve completely before the 1.00 gram of CUS04 was 

added. These amounts added to the 100 milliliters of distilled water made a 

solution that was 0.04 Molar in copper(II) and 0.04 Molar in EDTA. Once the 

copper sulfate/EDTA solution was completely dissolved, 2 ml of the 3 Molar 
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potassium hydroxide solution was added to adjust the solution pH to approximately 

12. This solution was then stirred and heated for approximately half an hour to an 

hour or until the temperature of the solution was maintained at 70° C. When the 

solution remained at 70° C for 5 to 10 minutes, a length of copper wire was added 

to the bath. The reaction was then started by adding 1 ml of 37% formaldehyde 

(formalin). No reaction was observed until approximately 45 seconds after the 

addition of the formaldehyde. After this initial induction period a large amount of 

very fine hydrogen bubbles were rapidly given off. Visibly, this type of reaction 

continued for approximately 20 minutes at which point the hydrogen evolution 

dropped off noticeably. The total amount of time the reaction would continue was 

approximately 30 minutes, at which point a very fine stream of hydrogen bubbles 

could occasionally be seen. It was at this point that the reaction was assumed to 

have gone to completion. At the start of the reaction the initial concentration of 

the Cu(II) was 40 mM and at the end it was approximately 20 mM in Cu(II). The 

initial pH of the plating bath was determined in a very simplistic way. A test bath 

was made where the copper sulfate was left out, to this solution 2 milliliters of 3 

M KOH was added and the final pH of the solution was measured at 12.2 pH 

units. It is assumed that the baths remained at approximately this pH value once 

the copper sulfate was added. A slight decrease in the pH might be expected due 

to the displacement of any protons associated with the tetra sodium EDT A prior 
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to the copper sulfates addition. At a pH of 12.2 the expected number of protons 

associated with the EDT A is very low. 

Chromatographic Plating Bath Results 

The chromatographic system used in these studies was the same used in the 

initial chromatographic separations of neat Cu(I):Cu(II) standard solutions. The 

first attempts at separating Cu(I) from Cu(II) in alkaline plating bath solutions 

implied that the separation was possible. The preliminary data taken on the 

Water's UV -Vis spectrophotometer detected Cu(I) in the presence of approximately 

0.04 M Cu(II). Observable amounts of Cu(I) retained at a k' of 3.15 could be 

identified. However, from the initial results in Figure 4.10, there is an obvious 

problem with tailing of the Cu(I) peale. The tailing is probably caused by the very 

basic pH levels of the plating bath solutions. As the basic plating bath solutions 

passed along the column with the buffered mobile phase, the number of surface 

silanols available was increased by simple titration of theses groups by the excess 

hydroxide ion in the mobile phase. The passage of the basic plug of material 

increase the number of available silanols, subsequently causing the tails on the 

copper peaks. It should be noted that the tails observed were limited local effects 

due to the basic plug of material that passed just ahead of the retained Cu(I). This 

effect was verified by the injection of a 1 ppm Cu(I) standard after a 
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chromatographic run of a plating bath solution. A normal tail was observed even 

though the analyte injected prior to the 1 ppm Cu(I) standard was an alkaline 

plating bath solution. 

CIS Bond Elut Columns 

One other problem found with the above chromatographic approach is the 

length of time required to obtain a chromatogram. The analysis of Cu(I) 

concentrations employing the chromatographic system described above takes 

between 10 and 12 minutes, including the time to setup the spectrometer and detect 

the eluting species of interest. These time constraints limit the number of samples 

to be analyzed during an electroless plating session, to approximately 4, 

considering that the plating baths run approximately 30 minutes. Therefore, an 

investigation into using Bond Elut cartridges as the means of separating the metal 

species was undertaken. 

The basic chromatographic premise still applies to the Bond Elut column 

separation procedures and if designed correctly may simplify the requirements of 

the data acquisition. Through initial experimentation with the CIS Bond Elut 

columns, an important observation was noted. It was evident through a series of 

visual experiments that an Analytichem Bond Elut CIS column gave tight bands of 

Cu(!) with a long observable tail. The columns were prepared in several different 
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ways. In each case, a visible tailing of the Cu(l) band was noted. The methods 

all entail a similar procedure. First, the column is whetted with 5 milliliters of a 

neat liquid or mixture. Second, the column was treated with 1 milliliter of 0.005 

M DMP in a 0.1 M ammonium succinate buffer at pH = 5.0. Third, the column 

is loaded with a 1 milliliter volume of 10 ppm Cu(l) standard. Fourth, the column 

is eluted with a continuous feed of approximately 10 milliliters of a neat liquid or 

a mixture. 

Organic Washes 

It was found that the initial whetting of the column was best done with a 

50/50 mixture of methanol/water. The major reason for the decision is the 

observation of a tight band of Cu(I) at the head of the column. If neat methanol 

were used a slight spreading of the band at the head of the column was observed. 

The elution of Cu(I) from the column was best when a mixture of 25:25:50 

tetrahydrofuran (THF)/methanollwater was used. Even with this mixture the Cu(I) 

would still elute from the column as a nice tight band with a long tail. The high 

energy interactions with the surface silanol groups on the columns silica is believed 

to have caused this and so the Analytichem Bond Elut C18 columns were found to 

be unusable for a digital separation of Cu(l) from Cu(II). 
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Oxidizing! Acidic Washes 

In an attempt to salvage the time and effort given to the ClS Bond Elut 

separations of the copper species, a series of combinations of 30% peroxide and 

concentrated nitric acid eluates were analyzed. Cu(I) elution data is presented in 

Figure 4.11. The important points of using the 30% peroxide and concentrated 

nitric acid the following. Because the organic Cu(I) species tailed on the column, 

it was necessary to first remove the Cu(I) form the complex. An acidic oxidizing 

mixture of 30 % H20 2 and 5 % Nitric acid caused the orange band at the head of the 

column to change to colorless in less than 1 second. To help prevent the tailing 

of the Cu(II) on the column, acidic oxidizing mixtures were employed to encourage 

removal of the Cu(Il) through ion exchange on the silica. The elution of the Cu(I1) 

using 30% H20 2!5% Nitric acid and 30% H20 2!5% Nitric acid/0.04 M EDTA were 

not successful. 

One other wash employed the same oxidizing agent to change the Cu(I) 

DMP to Cu(II) DMP; while, the removal of the copper was performed 

concurrently with a highly acid wash. The oxidizing/acid mixture was 1:1 30% 

hydrogen peroxide and 50% Nitric Acid. Visually, the orange band disappeared 

upon passage of the wash through the column. Spectroscopically, the successful 

elution of the copper was observed. The problem with the elution method is the 

effects the oxidizing/acid wash will have on the Bond Elut column material. A 
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strong oxidizing mixture will inevitably degrade the column. At this point, the use 

of the CI8 silica columns was discontinued and other nonpolar materials were 

examined. 

Dimethyl Phenanthroline Chromatographic Summary 

Through the use of a large organic ligand in the chromatographic mobile 

phase, the separation of Cu(I) and Cu(II) was successful. "Clean" Cu(I) standards 

were easily analyzed and mass detection limits for copper were directly comparable 

to direct emission analysis mass detection limits on the echellel CID 17 system. 

However, there are limitations to the types of samples that can be analyzed with 

the chromatographic system. Very alkaline plating bath mixtures caused 

detrimental problems with Cu(I) species tailing. Thus, the application of the 

chromatographic system demonstrated the principles required to separate Cu(l) and 

Cu(II), but the system was unable to analyze the "real world" plating bath samples. 

Further considerations will be given to the separation of the copper species in 

alkaline matrices in chapter 5. 
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SOLID PHASE EXTRACTION OF ELECTROLESS 

PLATING BATH SOLUTIONS 

Reverse Phase HPLC Considerations 

The separation and quantitation of aqueous copper(l) and copper(ll) species 

have been achieved through reverse phase HPLC employing an 0.05 M DMP pH 

= 5.0 mobile phase and a CIS column. These results were presented in chapter 4 

and for certain types of copper matrices (Le., pH 5.0 DMP mobile phase buffer) 

the separation of the two ionic copper oxidation states can be accomplished. The 

major draw back to the above method of separation is that very alkaline samples 

perturb the chromatographic system, making it impossible to quantitate low levels 

of Cu(I). The surface silanol groups of the CIS packing material in the Millipore 

CIS HPLC column were "activated" by the passage of an alkaline sample through 

the column. This caused chromatographic peak broadening and tailing in the 

Cu(DMPh +1 species. Another draw back associated with the implementation of 

HPLC columns to the separation of the copper species is the rate of sample 

throughput. The retention coefficient (k') for the Cu(l) was approximately 3.15 at 

mobile phase conditions discussed above. The void volume associated with the 25 

cm CIS Millipore column was approximately 2.5 milliliters. This void volume size 
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implies that at flow rates between 1 to 2 mIs/min, the Cu(I) species would take 5 

to 10 minutes to elute. The DMP separation methods previously developed were 

employed in following the concentration of Cu(I) during the course of an 

electroless copper plating bath. The alkaline copper plating baths discussed in the 

literature 63 had active time periods ranging from 30 to 90 minutes. Thus, the 

sampling rates for plating baths are not required to be extremely fast, however, 5 

to 10 minute sampling intervals are not adequate for the kinetic analysis of the 

plating bath process. 

Solid Phase Extraction and Digital Chromatography 

Resolution of the two copper species is essential in quantitating the Cu(I). 

Efficiency is not a characteristic typically associated with solid phase extraction 

(SPE) columns, but if digital methods of separation are employed to differentiate 

the copper species in a mixture, then the resolution associated with HPLC 

separations is not a necessity in the SPE method. Using digital chromatography 

eliminates the need for efficient columns. The copper species are either totally 

retained on the column or they are eluted. Therefore, using the SPE columns as 

a means to completely retain the Cu(DMP)2 +1 species and wash the Cu(DMP)2 +2 

is expected to be an excellent digital chromatographic method for their separation. 



172 

SPE Column Support Material Considerations 

CIS Bond Elut columns were investigated in the separation of the copper 

species. The method employed SPE minicolumns packed with a CIS stationary 

phase. Initial tests were performed on Cl8/silica Bond Elut columns and as 

expected, problems with Cu(DMP)2 +1 peak tailing and incomplete Cu(II) elution 

were observed. The silica based stationary phase support materials were unsuitable 

for the separation of alkaline copper species. 

Therefore, nonpolar SPE packing materials were investigated. Several 

benefits associated with the use of the nonpolar SPE columns are anticipated. One 

important benefit in using SPE columns for separating the copper species would be 

the ability to apply them in digital chromatographic techniques. Using digital 

chromatographic techniques to retain the stable Cu(I) DMP species, while 

discharging the Cu(II), allows for an entire series of plating bath samples to be run 

prior to spectroscopic analysis. The reason being each sample would be collected 

on it's own respective column for post experimental analysis. The columns would 

be shorter, thereby contributing to the decrease in the elution time of an 

experiment. The columns would not be densely packed and therefore, would not 

require high pressure pumping systems to propel solvents through them. Simple 

gravity drain, low vacuum suction or the draw of a small peristaltic pump would 

be a sufficient driving force to propel the solvents through the SPE columns. 
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Other considerations in designing the copper separations were the cost of 

and availability of the correct material for the columns. Previously, a CIS silica 

based support, 25 cm in length, stainless steel Millipore HPLC column was used. 

This type of column is an expensive option, especially if the packing material may 

not meet the experimental requirements. The CIS Bond Elut columns contained 

unsatisfactory support materials and were not used. Previous experiments had 

shown that silica based supports caused a tailing problem apparently due to the high 

energy interactions of the Cu(DMP)2 +1 with the SiO- on the surface of the packing 

material. This retention problem has been well documented with polar amines and 

alkali cations tailing in silica columns. The tailing was most prominent when 

alkaline samples were being eluted through the column. 75 The stable range of 

CIS silica based supports has been reported to be between pH = 3.0 to pH = 8.0. 

12 Highly alkaline samples deteriorate the column and generate larger amounts of 

high energy SiO- sites. Therefore, silica based materials will not be employed. 

The ability to select from a series of stationary phase support and interchange the 

materials would provide the best options for determining the correct experimental 

characteristics. Nonpolar, base stable materials that contain no silica would be the 

best types of support materials to select. If these materials can be easily substituted 

into simply packed SPE columns, then the above method will prove to be viable 

in it's implementation and potential for augmentation. 
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Nonpolar Column Support Materials 

The first solid phase extraction column packing material considered was a 

Millipore brand of polystyrene divinyl benzene (PSDVB). The Millipore material 

was employed in a previously published paper where ion pair separation of 

heteropoly molybdate silicate, phosphate and arsenate complexes with 

tetrabutylammonium hydrogensulfate was coupled with echelle/CID 17 emission 

detection. 76 Initial tests on the Millipore support material were performed by 

packing an SPE column with about 0.35 grams of the PSDVB and injecting 

Cu(DMP)2 + 1 on to the column to determine if the Cu(I) species would be retained. 

The Millipore material did not retain the complex; the entire column turned orange 

as the complex passed through unretained. The Cu(DMPh + completely washed 

from the column with either water or methanol. Obviously, the Millipore PSDVB 

was the wrong type of material required to retain the large organic copper 

complex. 

Bio Beads 

Alternative materials were investigated. Through conversations with 

technical representatives of Bio Rad, a likely set of candidates were found for the 

packing material of the SPE columns. Bio Rad donated several free samples of a 

packing material known as Bio Beads. The Bio Beads are composed of poly

styrene divinyl benzene. Approximately 0.35 grams of the three types of Bio 
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Beads were packed into their own respective column. Through simple visual 

experiments, one form of the three types of Bio Beads, SM-2, 100-200 mesh, was 

observed to retain the copper(I) species in a tight band at the head of the column. 

The other two forms of Bio Beads, SM-16 and SM-Xl, 200-400 mesh, behaved 

like the Millipore PSDVB column; the Cu(DMPh +1 was not retained. Thus, the 

following methods were developed to digitally separate Cu(I) from Cu(II) 

employing SPE columns packed with Bio Beads SM-2, 100-200 mesh. 

SPE of Cu(I) on Polystyrene Divinyl Benzene Columns 

By using the large difference in the formation constants, for the copper 

species, as the driving force for the separation, the Cu(I) was retained at the head 

of the nonpolar PSDVB SPE column; the Cu(II) was washed off. The following 

method describes the preparation of the column and the various methods employed 

to test the elution of copper species from the column. 

Experimental 

All columns were pretreated with a solution comprised of a mixture of I 

parts methanol: 1 parts tetrahydrofuran : 2 parts water: v/v/v. From this point on, 

the described mixture will be referred to as the Organic/Aqueous wash, unless 

otherwise specified. The column was treated with 1 milliliter of the 0.005 M DMP 
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buffer. It is expected that the excess DMP will help to complex any free Cu(l) 

species at the head of the column. Next, 1000 JLI of a 1 ppm Cu(l) DMP in the 

reduction buffer solution and finally 1000 JLI of plating bath solution were added. 

The addition of the plating bath solution to the column was employed to simulate 

the chemical conditions that will be encountered in the plating bath sample analysis. 

The plating bath solution conditions include a concentration of 0.04 M Cu(II), an 

0.045 M EDTA concentration which is held at a pH = 12.0. The detailed 

descriptions of the above solutions can also be found in the experimental sections 

of chapter 4. 

Pre-sample Preparations 

A flow chart describing the preparation of the SPE sample collection 

columns is shown in Figure 5. 1. The sample preparations differ in the composition 

of the post wash reagents. Figure 5.2 is the integral of the emission signal, taken 

with the echelle spectrometer and CID 17 camera, observed for each of the samples. 

The interface used to couple the columns to the atomic emission spectrometer's 

nebulizer is described in Figure 5.3. All sample columns were prewashed with the 

Organic/Aqueous wash. The Cu(l) was then added followed by the plating bath 

solution. 

Sample one was washed with 10 milliliters of water to rinse the copper from 
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the column. Sample two was washed with 10 milliliters of 0.04 M EDTA at pH 

= 12 to rinse the copper from the column. Sample three was washed with 5 

milliliters of 0.04 M EDTA at pH = 12 followed with 5 milliliters of 5% HN~ 

acid. Each Cu(I) sample was subsequently eluted for the SPE column with 

approximately 10 milliliters of the Organic/Aqueous wash into the emission 

spectrometer's nebulizer. In the cases of both the water and EDTA washes, the 

integrals of the eluting copper demonstrate two significant points. The first is that 

the Cu(II) does not completely elute from the column. Second, the Cu(J) species 

still has a tail associated with it. It should be noted that the problems with the 

incomplete elution of Cu(II) or the Cu(J) tailing depended on the sample and the 

column and was not always reproducible. Because these processes were not 

reproducible, it was assumed that the methods were not good choices for 

quantitatively analyzing for the presence of Cu(J) in various samples. 

Sample three gave reproducible results. It is presumed that the EDT A 

solution washed a large portion of the Cu(II) from the column. The 5 % nitric acid 

was believed to perform the following functions, at approximately 3.5 M in [H+], 

the rest of the Cu(II) remaining on the column was removed through ion exchange, 

while the high energy sites that initially held some of the Cu(II) on the column and 

caused the tailing of the Cu(I) were masked by the excess protons from the acid 

wash. In each case, when the samples were washed with the 0.04 M EDTA at pH 
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= 12.0 solution, followed by the acid wash and the final elution of the Cu(I) was 

with the Organic/Aqueous wash, the Cu(I) eluted from the column in tight bands 

with no visible tails. The chromatograms presented in the Figure 5.2 demonstrate 

the sensitivity of spectroscopic detection. Through spectroscopic detection, it was 

observed that the elution of Cu(II) was complete and the tailing minimized. Thus, 

confirming that the acid wash was sufficient to mask any the high energy sites that 

would cause the Cu(II) retention and tailing observed in other non-acid methods. 

The third method in the analysis of Cu(I) in alkaline samples will be employed 

from here on to facilitate the separation. 

Quantitative Analysis Results 

Additional tests were run with the newly developed method for the 

separation of the copper species. It is important for the method to separate the 

copper species; however, it is also very important that the method be able to 

quantitate the Cu(I) species. Thus, Cu(I) samples at various concentrations were 

prepared on the SPE columns and treated in the same fashion as the method 

described above. Figure 5.4 shows the results of a calibration study for a low 

concentration series of Cu(I) samples. The statistics of the calibration are RSD of 

the slope equals 4.7%. The RSD of the intercept equals 39.3%. With a typical 

detection limit of approximately 40 ppb. 
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From the variances in the calibration data for the digital chromatographic 

method, the most apparent limits will be associated with the precision of multiple 

sample measurements. The precision of multiple sample measurements was also 

evaluated for the SPE method of digital separation. Figure 5.5 shows the results 

of the methods precision at two concentrations, 50 ppb and 200 ppb. The relative 

standard deviation associated with the samples is as follows: 50 ppb + 6%, 200 

ppb + 6 % • The variance associated with multiple measurements of the same 

sample eluted from four independent columns, considered along with the statistical 

significance of the calibration study have proven the SPE/digital chromatographic 

system useful in quantitating Cu(I) species as low as 50 ppb. 

Electroless Copper Plating Bath 

Hydrogen Evolution 

Before presenting the results of the experiments involving the copper plating 

baths, data will be presented on the evolution of molecular hydrogen from the 

electroless copper plating baths over time. Initial experimentation with the copper 

plating baths proved that the development of a consistent technique was required 

in the plating bath's preparation. Several restrictions in using the reagents were 

noted immediately. The two most significant were the stability of the alkaline 

Cu/EDT A solution and the relationship between the induction period preceding the 
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plating bath reaction and the initial "state" of the copper metal. 

The following information is a general summary of observations noted 

during the development of a consistent technique for preparing the plating baths. 

The stability of the 0.04 M copper/0.045 M EDTA solutions at pH = 12.0 limited 

the amount of time that the solutions could sit unused. Approximately 3 hours 

after the initial preparation of the alkaline Cu/EDT A solution (the bath did not 

contain Cuo or Formaldehyde), it was noted that a faint orange precipitate would 

collect at the bottom of the reaction vessel. These solutions once brought to the 

reaction temperature of 70° C were inactive upon addition of the Cuo and 

Formaldehyde. 

The condition of the copper metal used as the catalyst had a noticeable 

effect on the induction period that preceded the plating bath reaction. A coil of 

wire added directly from the roll of copper wire (i.e., dirty, oxide coat, ... ) to the 

plating bath solution would at times catalyze the reaction. Other times a similar 

coil of wire would fail to catalyze the reaction even after waiting 15 minutes. 

When the reaction was catalyzed, the induction period could range from 45 seconds 

to 5 minutes. Thus, it was necessary to define a process that would reproducibly 

catalyze the plating bath reaction. Reproducible results were obtained when a coil 

of "dirty" copper wire was pretreated with concentrated HCI for approximately 15 

seconds. Once the coil had a "shining" new surface, the wire was immediately 
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rinsed under DDI water and placed in the reaction vessel. Typical induction times 

for catalysts prepared by the acid pretreatment were approximately 45 seconds plus 

or minus 5 seconds. The coils of wire could also be reused after being successfully 

employed as the catalyst in one reaction. 

Experimental 

One goal of these experiments is to successfully employ the emission 

chromatographic system in determining the time dependence of the Cu(I) species 

bulk concentration throughout the plating reaction. The statistical significance of 

the Cu(I) concentration data, as stressed above, is extremely dependent upon the 

analysts ability to reproducibly generate a plating bath. The process described 

below was performed on a number of solutions and the time dependence of the 

hydrogen volume evolved was measured to "get a feeling" for the reproducibility 

of the plating bath conditions and reaction rates. 

Upon dissolving the copper sulfate and EDTA in solution, 2 ml of a 3 

Molar potassium hydroxide solution was added to adjust the solution pH to 

approximately 12. The solution was stirred and heated until it's temperature was 

maintained at 70° C. An 50 cm length of 1.15 mm diameter copper wire was 

coiled and added to the solution. The coil typically weighed 3.6 grams. The 

reaction was initiated upon the addition of 1 ml of 37% formaldehyde (formalin). 
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No reaction was observed until approximately 45 seconds after the addition of the 

formaldehyde. After this initial induction period a large amount of very fine 

hydrogen bubbles were rapidly given off. Visibly, this type of reaction continued 

for approximately 20 minutes at which point the hydrogen evolution dropped off 

noticeably. The total amount of time the reaction would continue was 

approximately 30 minutes, at which point a very fine stream of hydrogen bubbles 

could occasionally be seen. It was at this point that the reaction was assumed to 

be completed. 

Gas Volume Measurement 

From the experimental data reported by Lukes and coworkers, the evolution 

rate of molecular hydrogen from pH = 14.0 baths was found to be 327 

JLmoles/min. They reported that the hydrogen was a product of the formaldehyde 

oxidation and not the reducing agent that deposited the copper metal from solution. 

70 Measuring the amount of hydrogen evolved by the plating bath reaction was 

achieved through the implementation of the following apparatus. The volume of 

the gas was measured at a constant pressure and temperature. Constant pressure 

was held during an experiment, while hydrogen was evolved, through the 

implementation of an apparatus described in Physical Chemistry Laboratory 

Principles and Experiments. n The plating bath temperature was held constant 
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by monitoring a thermometer in the 125 ml erlenmeyer flask on a hot plate. Once 

the temperature of the plating bath remained at 70° C for approximately 10 

minutes, the analysis was performed. 

The configuration of the apparatus is shown in Figure 5.6. The evolved 

hydrogen was collected in the inverted volumetric buret. The volume of hydrogen 

gas evolved was monitored at 20 second intervals. By keeping the main reservoir 

of water open to atmospheric pressure, while simultaneously keeping the water 

level A at the same height above the bench top as water level B, the pressure of 

the hydrogen in the volumetric measuring buret was held at a constant pressure 

throughout the experiment. In keeping the levels the same height, the pressure 

inside the reaction vessel is held at a constant value equal to the atmospheric 

pressure above the water level A outside the reaction vessel. Because the reaction 

temperature is also being held at a constant value, the buret volume measurement 

is directly proportional to the number of moles of hydrogen produced. Errors 

associated with measuring the volume in this manner were determined to be trivial. 

A change of 2.5 mls in the water level A caused a change of 0.1 mls in the water 

level B. 

Hydrogen Evolution Results 

Table 5.1 is the volume data for the evolution of hydrogen in three separate 
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plating bath solutions on 3 separate days. The time interval for the experiment was 

changed to 2.5 minutes after the initial raw data was taken at 20 second intervals. 

This was accomplished by summing the volumes associate with the appropriate 2.5 

minute interval. The data was initially taken in volume increments; it was later 

converted to the mole increments. The conversion was obtained by assuming that 

evolved hydrogen behaved as an ideal gas. By applying the ideal gas equation at 

a constant pressure of 1 atmosphere and a constant temperature of 298.15 K the 

number of moles produced could be determined. The temperature of 298.15 K was 

used instead of 343.15 K because the volumetric buret used to measure the volume 

of hydrogen evolved was at room temperature. Thus, the hydrogen contained in 

the buret was assumed to rapidly equilibrate to room temperature. The summary 

of experimental results found for the evolution of hydrogen during the three 

different plating bath reactions is presented in table 5.2 and graphically depicted 

in Figure 5.7 and Figure 5.8. The steady state evolution of hydrogen was found 

to occur between 5 minutes to 20 minutes after the addition of the reducing agent: 

formaldehyde. 

From the mean data reported on the rate of evolution of the hydrogen from 

the plating bath, a 95 % confidence interval, 71.5 + 12 Ilmoles/sec, is expected 

in the spread of the data associated with the method. This implies that a spread of 

approximately 14% in the data over the steady state period of the plating reaction 
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Volume of Hydrogen Evolved during a Series of Plating Baths 
and Reported at 2.5 minute intervals. 

Time Exp.1 Exp.2 Exp.3 
(min) (ml) (ml) (ml) 

0.00 1.80 1.80 1.80 

2.50 4.20 4.90 5.80 

5.00 8.10 9.80 10.00 

7.50 11.70 14.50 14.30 

10.00 15.80 19.50 18.30 

12.50 19.60 24.60 22.80 

15.00 23.70 29.50 27.40 

17.50 27.70 34.00 31.80 

20.00 31.50 38.10 36.40 

22.50 35.20 40.90 40.00 

25.00 38.60 42.30 41.80 

27.50 41.10 43.30 42.60 

30.00 42.20 43.90 42.60 

32.50 42.80 43.90 42.60 

35.00 42.80 43.90 42.60 

37.50 42.80 43.90 42.60 

40.00 42.80 43.90 42.60 

will be the limiting factor in our ability to measure the copper(I) species. As 

shown above, the statistical precision that the Cu(I) species can be measured with 
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Steady State Steady State 
Reaction Evolution Rate Evolution Rate 
Number (ltmole!sec) Deviation 

1 64.3 0.4 

2 78.2 1.0 

3 72.0 0.6 

mean 71.5 6.0 

the digital chromatographic method at a concentration of 50 ppb is about 12 % at 

a 95 % confidence interval. Thus, statistically we should be able to use the above 

chromatographic method to measure, with reasonable precision, the concentration 

of Cu(I) as it is produced in an electroless plating bath. 

Bulk [Cu +] in an Electroless Plating Bath 

Once the degree of precision was established for reproducing the plating 

baths and the method for measuring copper(I) in a plating bath matrix was found 

to be suitable for the determination of the metal species, a series of real plating 

baths were analyzed. The separate analyses of three different plating baths were 

performed as described above with the analysis of the hydrogen evolution. One 

bath was inactive during the analysis the other two were active. In experiment 1 

the formaldehyde was not added. By measuring the [Cu+] over the duration of the 
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hypothetical run, a base concentration for copper(I) was determined. 

When measuring the copper species, during the electroless plating bath 

reaction, 1 milliliter sample volumes of the reaction solution were removed from 

the 100 ml reservoir at intervals of 2 minutes. Each sample was immediately 

placed on a PSDVB column that had been pretreated with 0.005 M DMP at pH = 

5.0. The DMP was used to complex and immobilize the free Cu+ in the reaction 

solution as it passed through the column. Once the plating bath sample solution 

was low vacuum drained to the head of the SPE column a 2 ml volume of 0.04 M 

EDTA at pH = 12.0 was immediately added to the column to rinse off the excess 

Cu +2. The solution containing EDT A and Cu +2 was set aside to gravity drain until 

the level of the EDT A solution was at the head of the column. At this point the 

column was then rinsed with 2 ml of a 5 % HN~ solution to remove the remaining 

Cu(II) from the column as well as help neutralize any high energy sites on the 

surface of the column. The acid solution was set aside to gravity drain until the 

level of the acid solution was at the head of the column. This process was 

performed over the entire thirty minute period of the plating bath reaction until all 

14 columns contained a sample representative of its respective time period. 

Results 

After the samples had finished gravity draining the acid solution, they were 
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immediately taken to the AES spectrometer and analyzed for the copper(l) 

concentration. A one point calibration curve was used to determine the 

concentration of the copper(l) species. At the end of the plating bath analysis 1 ml 

of a 1 ppm Cu(I) solution was added to the Ism column and treated in the same 

way as the plating bath samples. The samples were then run in the order that they 

had been generated during the plating bath experiment with the 1 ml of 1 ppm 

Cu(I) standard being run last. The low concentration point used in the calibration 

data for the experiment was assumed to be a signal of zero for the zero 

concentration of Cu + • Because no Cu(I) elutes from the column, the resultant 

"chromatogram" will be a "flat line" with no change in slope associated with 

copper species elution. 

Table 5.3 contains the concentrations of Cu+ at 2 minute intervals during 

the progress of the plating baths. Figure 5.9 shows the [Cu+] as a function of 

time. By examining Figure 5.8 and Figure 5.9, a trend of toward steady state bulk 

[Cu +] concentration is observed as the electroless plating bath reaction progresses. 

The maximum in copper(I) concentration coincides with the steady state period of 

the hydrogen generation. Thus, the solid phase extraction method was able to 

measure the quantities of Cu(I) produced during the progress of a plating bath 

reaction. However, statistically the predictions from the hydrogen evolution 

experiments in the previous plating bath section have proven to be optimistic 
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The Copper(J) Concentration During the Progress of a Series of 
Electroless Plating Bath Runs. Formaldehyde was not added in 
Experiment 1. 

Time Exp 1. Exp 2. Exp 3. 
(min) [Cu+] [Cu+] [Cu+] 

0.0 1.05 1.11 0.47 

2.5 1.11 1.15 0.69 

5.0 0.70 0.86 0.55 

7.5 1.26 1.85 0.87 

10.0 1.05 5.10 2.31 

12.5 1.51 6.12 3.95 

15.0 1.19 7.58 2.99 

17.5 0.80 2.66 1.90 

20.0 1.66 1.75 1.20 

22.5 0.57 0.70 0.86 

25.0 0.42 1.03 1.08 

27.5 0.26 0.46 0.53 

regarding the precision expected for the Cu(I) experiments. The [Cu+] trends are 

similar, but the absolute [Cu+] varies by nearly a factor of 2 for the experiments. 

One aspect of the plating reactions that might account for some of the variance is 

the ability of the hot plate to keep the temperature at a constant value. The factor 

of 2 difference in the concentrations determined for the two analyses is concerning. 

The simple rule of thumb that the reaction rates double for every 10 degree 
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increase in the reaction temperature combined with the assumption that the Cu(l) 

is first order in the reaction rate, implies that the hot plate and thermometer were 

not able to monitor the bath temperature with in 10 degrees between two 

experiment on two different days. Visually the temperature of the experiments 

were well within 1 to 2 degrees of each other. One other important point is that the 

results of the hydrogen evolution experiments implied the reaction conditions were 

reproducible. 

Electroless Plating Bath Summary 

In summary, the SPE/ digital chromatographic method employed to 

determine the concentration of Cu(I) in various samples can be used quantitatively. 

The precision of the calibration method and the 50 ppb/200 ppb reproducibility 

study show that low level determinations of Cu(I) are possible. They also show 

that the lower limit to the determination of Cu(I) applied in the solid phase 

extraction method is 50 ppb. The separation method fell short in it's application 

to determination of alkaline Cu(I) species. Low levels of Cu(I) in alkaline 

solutions were determined. However, the reproducibility of the measurements 

between separate plating bath runs is questionable. 

The results of the hydrogen evolution determinations implied that a 14% 

RSD in the data could be expected. The reproducibility of the extraction procedure 
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for the analysis of inactive plating bath samples spiked with copper(l) were in the 

6 to 8 percent RSD range. So, an expected RSD in the 14 to 20% range would not 

be unreasonable in the analysis of in the plating bath solutions for Cu(l). From the 

results presented in Figure 5.9, the typical RSD's can be estimate at around a 

factor of 2 or 100%. Thus, the reproducibility of the separation method in the 

analysis the plating bath samples was found lacking. Additional studies in the areas 

of sample preparation, column material stability, temperature control and sampling 

procedures will benefit the application of the solid phase extraction method in the 

speciation of trace copper(l) in the presence of alkaline 0.04 M copper(ll). 
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CHAPTER 6: MOBILE PHASE LIGAND COMPETITION 

Equilibrium Constant Chromatographic Studies 

Chromatographic research involving the determination of acid dissociation 

equilibrium constants for a number of organic acids have been successfully 

performed. The researchers manipulated the mobile phase hydrogen ion 

concentration to ascertain the organic acid K. values. 78 By changing the pH, 

they influenced the "ionic" nature of the organic acid and thus, the 

chromatographic retention of the acid species. They related the change in pH to 

the partition coefficients of the organic acid and developed a model to explain the 

chromatographic behavior. 

Horvath and coworkers have determined the value of metal ligand formation 

constants by determining the effects of mobile phase metal concentration on the 

retention of a metal/ligand complex. 79 Changing the concentration of the single 

metal ion flowing in the mobile phase influenced the retention of a specific ligand 

injected into the mobile phase. The typical Kr values determined by this method 

were of the order 101 to 104. Implementing Horvath's method to determine Kr 

values that are orders of magnitude higher would prove to be impossible as the 

extent of complexation is so complete that a change in concentration in the metal 
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would have a negligible effect on the retention of the ligand. After considering the 

results of the experiments above, the determination of very large (lOS to 1()31) 

metal/ligand formation constants by a different yet similar method seemed 

probable. 

Relative Formation Constant Determination 

In this new method, the retention of an "unknown" metal/ligand complex 

is influenced by a "known" ligand competing for the complexed metal species 

injected into the mobile phase. The "unknown" Kr can then be determined relative 

to the Kr of the "known" ligand. By using a reference ligand, as part of the mobile 

phase, Kf values of competing ligands could be determined. The relative Kr 

differences for the two ligands and the metal should be within I to 4 orders of 

magnitude of each other. The determination of the equilibrium constant for one 

of the ligands could be demonstrated by choosing a metal and a pair of ligands with 

the desirable properties. 

By employing the emission/chromatographic system, the retention of the 

metal can be determined independent of the metal ligand complex. Cu+2 has been 

selected as the metal for the study due to its strong atomic emission line located in 

an area of the spectrum away from potential background interference. Oxine and 

EDT A will be used in this comparative study because both ligands have thoroughly 
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investigated chemical interactions with Cu+2. The reference ligand, ethylene 

diamine tetra-acetic acid (EDT A) was selected for its well defined ~, pH 

dependence and ionic/hydrophilic nature. The competing "unknown" ligand 8-

hydroxyquinoline (HOx)was selected for its organic/hydrophobic nature. By 

employing the ligand competition method, the ratio of the two ligands ~'s can be 

found and from the ratio and the reference Kr, the "unknown ll ~ can be 

determined. 

Linear Chromatographic Relationship 

The equilibrium chemistry of Cu +2 with EDT A and with HOx is well 

known. The EDTA equilibrium chemistry with copper has been documented by a 

number of workers. 80 The equilibrium chemistry between HOx and Cu +2 is also 

well documented. 81 The chemical equilibrium and related mathematical 

expression for EDT A is described in equation 6.1 and HOx is described in equation 

6.2. 

Cu+2 + y4 ~ Cuy-2 

Cu+2 + 20x- ~ Cu(Ox)z 

Ky = [Cuy-2]/([CU+~[y4]) (6.1) 

Kx = [Cu(Ox)z]/([Cu+2][OX-]2) (6.2) 

In predicting the retention behavior of a number of chemical systems (Le. 

ion exchange, ligand exchange, etc.), Horvath and coworkers have developed 

equilibrium expressions for the interaction of an analyte with the reverse phase 
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material of a column. 62 The basic equation and expression that describes the 

equilibrium of the interacting "species" with the column packing material follows 

the form expressed in equation 6.3. The chromatographic analyses in this section 

have been performed on standard reverse phase columns. Therefore, the 

equilibrium expressions will be written for a column packing containing 

octadecylsilane: CIS' 

Ks = [C IsS]/([S][C\8]) (6.3) 

The symbol S represents the species that interact with the C\8 on the column. 

The concentration or number of the C18 species involved in the equilibria is not 

analytically known but the concentration of the CIS' [CIS], is assumed to be constant 

throughout an experiment for a specific chromatographic column employed. 

Cuy-2 

t' KI 
C1SCUy-2 

Figure 6.1 

Mobile Phase 
Kx Ky 
~ Cu+2 ~ CU(OX)2 

t , Ko t , K2 - Phase Boundary 
~ C1SCU+2 +=± C1SCU(OX)2 
K.t K3 

Stationary Phase 

Simple Mixed Ligand Mobile Phase Model for Copper and the 
Two Complexed Species. 
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Basic Concepts 

Figure 6.1 is a simplified version of the equilibria occurring between the 

copper complexes in the mobile and stationary phase. Excess ligands present in 

the mobile phase have not been included in the chromatographic diagram. Kx and 

Ky are the copper/ligand aqueous formation constants from equations 6.1 and 6.2. 

Ko, Kh and K2 are the equilibrium constants that represent partitioning of the three 

species between the mobile and stationary phases. K3 and ~ are the equilibrium 

constants for the formation of the copper complexes in the stationary phase. The 

significance of these K's will be discussed, later, in the derivation. 

Equations 6.4 a, b, and c show the partition equilibrium for a simple "two 

chelate" system and a single metal cation, in this case Cu+2, described above in 

Figure 6.1. The concentration terms in the equilibrium expression contain the 

effective concentration of the CI8 in the column and the effective concentration of 

the metal and metal chelate C I8 complexes presumed to form during the retention 

process of the species. 

Ko = [CI8CU+2]/([CIS][CU+2]) 

KI = [C I8CUy-2]/([CIsl[Cuy-2]) 

K2 = [C\8CU(OX)2]/([CI8][CU(OX)2]) 

(6.4a) 

(6.4b) 

(6.4c) 

Equations 6.5a and 6.5b describe the partition coefficient or retention factor 

for the general partition interaction of any species with the respective 
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chromatographic stationary and mobile phases. Explicitly, k', the partition 

coefficient in reverse phase chromatography is defined as the ratio of the amount 

of species in the stationary (organic) phase to the amount of species in the mobile 

(aqueous) phase. In the following equations, (As)org refers to the amount of species 

S in the stationary phase while (AS)Aq is the amount of species S in the mobile 

phase. The amount of retained complex was considered for a metal cation 

(copper(II» and the chelating ligands (EDTA and oxine). It is simplest to describe 

the partition coefficient in terms of the analytical concentration of the metal, CM' 

in both the stationary and the mobile phases. [CMJOrg is the concentration of the 

various forms of metal in the organic or stationary phase, while [CMJAq is the 

concentration of the various forms of metal in the aqueous or mobile phase. The 

factor cI>, in equation 6.5b, is known as the phase ratio and it represents the ratio 

of the volume of the mobile phase to the volume of the stationary phase. 

k' = (A~org/(A~Aq = (V AiVorg)([CMJorg/[CMJA~ 

k' = cI>([CMJOrg/[CMJAq) 

(6.5a) 

(6.5b) 

Equations 6.6a and 6.6b are the mass balance expressions for each metal 

ligand complex found in both the organic and aqueous phases. The terms in the 

stationary phase expression contain the effective concentration of the metal and 

metal chelate, CIS complexes in the column during the separation. The derivation 

will consider the predominate interactions, the extent of complexation and the 
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degree of the complexes interaction with the stationary phase. These interactions 

influence the significance of the species involved in the retention of the copper by 

the CIS. For now, considerations will be given to the interactions of all species so 

that a complete expression for the retention of Cu+2 in a two chelate mobile phase 

may be written. 

[CMlOrg = [C ISCU+2] + [C ISCuy-2] + [C ISCU(OX)2] 

[CMlAq = [Cu +2] + [Cu y-2] + [CU(OX)2] 

(6.6a) 

(6.6b) 

Equations 6.7, 6.8 and 6.9 are essentially identical expressions. Each 

equation contains important assumptions that should be considered to thoroughly 

understand the final derivation of the retention factor. In equation 6.7, the 

concentration of the species in the stationary phase are related to their 

concentrations in the mobile phase. Substitution of the mobile phase terms 

provides for an expression entirely comprised of "aqueous" species factors. The 

significance of this substitution is that the equilibrium expressions and constants for 

the mobile phase species are all "known". These substitutions create a final 

expression which converts the unknown variable organic terms to unknown 

constants and known mobile phase variables. 

[CMlOrg = Ko[C1S][CU+2] + K 1[C1S][Cuy2] + K2[C IS][Cu(OX)2] (6.7) 

By multiplying the equation 6.7 by the phase ratio 'P, the numerator of the 

partition coefficient from equation 6.5b is obtained. Equation 6.7 is reduced to 
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equation 6.S by combining the constant values of [CIS], ~ and Ks for each term to 

generate a new constant ks. The values of ks represent the interaction of the 

species with the CIS stationary phase. 

~[CMlorg = ko[Cu+2] + kl [Cuy-2] + k2[Cu(Ox)2] (6.S) 

If we consider each species separately in the chromatographic system, the 

individual values of ks are the independent partition coefficients for the various 

species in that simple chromatographic system. This implies that the retention 

factor of the metal in the mixed ligand system is dependent on the sum of the 

products of the separate analyte retention factors and the concentration of the 

analyte in the solution. 

From these observations, two important points should be considered, the 

first is the concentration of free Cu +2 in solution is negligible as compared to the 

concentration of the complexed forms of the Cu+2. The second is the interaction 

of Cu +2 with the CIS in the stationary phase is most probably equal to zero (ko = 

0). Thus it is reasonable to assume that the Cu+2 terms in the numerator and 

denominator of the mixed ligand partition coefficient are negligible with respect to 

the other metal ligand terms in the partition coefficient. It has also been assumed 

that the value of ~ for the conversion of the Cu +2 to Cu y-2 in the stationary phase 

is negligible because [Cu+2] and [Cuy-2] are negligible in the stationary phase (Le. 

they are not retained). The statement that Cuy-2 is not retained is assumed at this 
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point but will be proven experimentally. 

Equation 6.8 can be further reduced to equation 6.9 by considering that 

[Cu+2] is a common factor in each term of the numerator and denominator in the 

partition coefficient. 

k' = (kIKy[y4] + k2Kx[OX-]2)/(Ky[y4] + KX[OX-]2) (6.9) 

By factoring the concentration of the metal analyte from the numerator and 

denominator of equation 6.8, an expression independent of the Cu+2 concentration 

is obtained. 

The solution to equation 6.9 can be expressed in the form of a straight line 

with the following considerations. The assumption is the Cuy-2 complex is a polar 

hydrophilic molecule as compared to the hydrophobic Cu(Ox)z complex. It is 

expected that the Cuy-2 complex will not be retained by the CI8 column (kl = 0). 

Thus, the kl term in the numerator drops out. The validity of the assumption will 

be proven experimentally. 

k' = k2Kx[Ox-f/(Ky[y4] + KX[OX-]2) (6.10) 

Further substitution of the alpha values and analytical concentrations of the ligands 

give equation 6.11. 

k' = k2Kxa/[Cx]2/(Ky<i[Cy] + Kxal[Cxl2) (6.11) 

The inverse of equation 6.11 gives a solution in the form of a straight line that 

contains information about analytical equilibrium constant for the metal complex 
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of interest: CU(OX)2' 

The form of the equation is as follows: 

Y = MX + B, where, (6.12) 

Y = 11k'; M = Kyai (k2Kxa/Ci) 

In the theoretical model, the value of k2 can be determined by running a 

chromatographic experiment where 20 ppm of copper(II) is injected into a mobile 

phase with a fixed concentration of the oxine ligand, 0.005 Molar, equilibrated in 

the column. A value for k2 = 6.15 was found for the CU(OX)2 species in the 

chromatogram from Figure 6.8. Each of the constants in equation 6.12 have a 

specific value for the set conditions of the chromatographic experiment. These 

values are reported below. 

Kx = 1023.5 and Ky = 1018
.
8 

a2 = 10-5 and a4 = 10-6·45 at pH = 5.0 

When the composition of the mobile phase is set at a constant 5.0 mM 8-

Hydroxyquinoline concentration (Cx = 0.005 M), the theoretical linear expression 

above is as follows: 

11k' = 460.27 Cy + 0.163 

Ligand Competition Experimental 

Reagents 

(6.13) 
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The 8-hydroxy I-azanaphthalene or 8-hydroxyquinoline(HOx) (Aldrich 

Chemical Company, Milwaukee, WI), succinic acid (Aldrich Chemical Company, 

Milwaukee, WI) 99%, hydrochloric acid(Mallinckrodt, Paris, KY) 37.2%, 

ammonium hydroxide(EM Science, Gibbstown, NJ) 29 % , cupric chloride 

dihydrate(Fisher Chemical, Fair Lawn,NJ) 99.9% and methanol(Mallinckrodt, 

Paris, KY) 99.9% were used without further purification. All samples were 

weighed on an Ohaus, Brainweigh B 1500 D, balance set on the low range (150 

grams) with a precision of 0.01 grams. All pH values were determined with an 

Orion pH meter, an Orion pH electrode and pHydrion buffers(Micro Essential Lab. 

Inc., Brooklyn, NY): pH = 4.0 and pH = 7.0. 

Preparation of an HOx Buffer Solution 

The HOx was weighed out at 1.45 grams and added to one liter of distilled 

water in a two liter volumetric flask. The succinic acid was weighed out at 23.62 

grams and added to the above solution with 750 milliliters of distilled water. The 

8 hydroxyquinoline dissolved very slowly(Le., over a 12 hour period with stirring). 

The rate of dissolution was increase by the addition of the 15 milliliters of 

concentrated hydrochloric acid (12 M). Once the reagents were completely 

dissolved, the pH of the solution was determined by comparison to the pre-made 

pHydrion buffers and the appropriate amount of concentrated acid or base was 
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added to reach to the target pH (Le., pH = 5.0 for the HOx mobile phase buffer). 

Concentrated ammonium hydroxide (8.5 M) was used to adjust the solutions to a 

basic pH, while concentrated hydrochloric acid (12 M) was used to adjust the 

solutions to an acidic pH. The final concentrations of the HOx buffer solution 

were 0.005 Molar in HOx and 0.100 Molar in ammonium succinate at a pH = 5.0. 

Preparation of a 1000 ppm Copper standard 

Cupric chloride was weighed out to 2.69 grams and placed in a 1000 ml 

volumetric flask. Distilled deionize water was added to the flask to dissolve the 

copper salt. Once the copper salts completely dissolved, the copper solution was 

diluted to the mark and then transferred to a one liter nalgene bottle for later use. 

Preparation of the 20 ppm Cu(II) standard 

The following is the preparation procedure for a 20 ppm Cu(l) standard. 

Using a 1000 microliter Eppendorf pipet, transfer 2 milliliter of the 1000 ppm 

Cu(II) standard solution to a 100 milliliter volumetric flask and dilute to 50 

milliliters with a pH = 5.0, HOx buffer solution. The CU(OX)2 species is a 

yellow/green hydrophobic compound, in a complete aqueous environment the 

CU(OX)2 precipitates as in yellow/green clumps. During experimentation, it was 
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found that methanol inhibited the precipitation of the CU(OXh from a partial 

aqueous environment. However, methanol was not sufficient to inhibit the 

precipitation for more than 30 minutes. Several other organic solvents were 

employed to inhibit the precipitation, it was found that a mixture of 1 part 

methanol to 1 part tetrahydrofuran (THF) added, at an equal volume, to the copper 

oxine solution inhibited the CU(OX)2 precipitation for a minimum of 24 hours. The 

initial 50 mis of standard was diluted to the 100 milliliters mark with 50 mis of the 

methanol:THF mixture (Organic mixture). The final yellow/green 20 ppm Cu(ll) 

standard was transferred to a 125 milliliter polypropylene bottle and stored for later 

use. Because the CU(OX)2 complex is soluble in the Organic/ Aqueous mixture, was 

employed as the organic modifier in the mobile phase for the following 

experiments. 

Ligand Competition Chromatographic System 

The data for this experiment was taken on the following instruments: 

i. Varian 500 High Performance Liquid Chromatograph 

a. Reservoir A - 5 mM HOx in 0.1 M Ammonium Succinate 

pH = 5.0 

b. Reservoir B - 50 % Methanol:50% Tetrahydrofuran 

11. Waters pbondapak Cls-silica column at 25 centimeters, 100 pI 
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injection loop 

111. Flow Rate - 2.0 mllmin 

lV. Atomic Emission Detector - Denton Research Group echelle/CID 17 

Spectrometer with direct sample tube connection from 

chromatographic column end to nebulizer. Employed a 6" length of 

0.01" ID PTFE low pressure tubing coupled to the column with a 

stainless steel to plastic union and coupled to the nebulizer input 

with a 1/8" length of peristaltic pump (PVC) tubing. Copper 

wavelength of analysis was 324.74 nm. 

v. Waters UV -Vis Spectrophotometer - Cu(II) oxine wavelength of 

maximum absorption was 450 nm. 

Figure 6.2, Figure 6.3, Figure 6.4, Figure 6.5, Figure 6.6, Figure 6.7 and 

Figure 6.8 are the results of the above experimental design. From these figures 

it is obvious that a simple chromatographic model most probably will not explain 

the events that are taking place. The introduction of two possible explanations 

might help illustrate what is occurring throughout the chromatographic analysis. 

The first argument is that the broadness of the peak is due to the formation of a 

series of stable complexes that cannot readily be separated. This will be considered 

the thermodynamic argument. Second is the argument that equilibrium is not 

achieved during the analysis and that the formation of the average complex that 
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should exist "exclusively" at the peak centroid is slower than the time frame of the 

experiment. This will be considered the kinetic argument. To prove or disprove 

these arguments two experiments were designed. The rest of the chapter is divided 

into 2 sections. The first section addresses the thermodynamic considerations while 

the second addresses the kinetic considerations. Each section discusses the models 

and assumptions used and the limitations of the models therein. 

Thermodynamic Results 

Table 6.1 contains the summary of the chromatographic data experimentally 

determined and theoretically predicted. The retention data was taken from the 

peaks in the chromatograms shown in Figure 6.2 through Figure 6.8. For each of 

the peaks displayed in Figure 6.2 through Figure 6.8, a void volume retention 

value was determined by observing the emission of a 20 ppm spike of strontium 

added to the copper standard. The Kr's of strontium with EDTA, succinate and 

oxine are more than 5 orders of magnitude smaller than the Kr's of the same 

ligands with Cu+2
• Thus, strontium makes an excellent void volume indicator. 

Included in table 6.1 are the values of the slope and intercept predicted through 

least squares linear regression of the experimental data between the EDT A 

concentrations of 7.50xlQ-6 and 5.00xlO-s. The extreme experimental values are 

not considered because it is expected that the retention of the copper may not be 
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linearly related at these concentrations of EDT A. In an equimolar mixture of 

0.005 M EDTA and 0.005 M HOx, the theoretical model (equation 6.13) predicts 

that the Cu species would have a partition coefficient of 0.41. At this 

concentration ratio of EDTA and HOx shown in Figure 6.2, it is obvious that the 

copper species are not retained. 

Table 6.1 

I 

Experimental and Theoretical Retention of Cu+2 in a Mobile 
Phase Containing HOx and EDTA. * indicates the [Cy ] used in 
the LSLR Data 

I 
k' 

I 
k' 

I 
k' 

I [Cy ] (exp) (Lin theory) (MS theory) 

O.OOx1Oo 6.15 6.15 6.15 

"?50xI0-6 6.15 6.02 4.88 

"i .50x 10-5 4.85 5.90 4.05 

"2. 50x 10-5 3.50 5.75 3.29 

"5. OOx 10-5 1.74 5.39 2.25 

1.00x1O-4 0.38 4.79 1.38 

5.00x1O-3 0.00 0.41 0.04 

LOG(K,J 21.77 23.50 26.81 

Slope 9545 460.27 5639 

Intercept 0.064 0.163 0.163 

Two very important points should be noted here, the assumption that the 

EDT A complex of Cu will not be retained because of its polar hydrophilic nature 
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and ionic charge is correct. So, the assumption that kl = 0 made previously is 

valid. However, the assumption that the equilibrium constant of copper with HOx 

in an organic environment would be similar to that in an aqueous environment is 

questionable. The only significant equilibrium information about the copper 

complexes that might be obtained from the above model is the ratio of the two 

equilibrium constants contained in the slope of the data from table 6.1. 

H is obvious on inspection of the mixed ligand mobile phase competition 

data in Figure 6.2 through Figure 6.8 that the chemistry is more complex than the 

simple model proposed above. The original derivation assumed that rapid 

equilibrium occurs between the species formed during the progress of the Cu+2 

plug flowing through the column. Rapid equilibrium between the species and the 

chromatographic phases implies that the peaks associated with the chromatographic 

process are "narrow". The derivation also assumes that only two significant 

species exist in the column which will effect the retention of the Cu+2 species. It 

is possible that as the EDTA is introduced in the chromatographic system, the 

number of species that are present are greater than those assumed. It is also 

possible that those multiple species are not completely resolved under the present 

chromatographic conditions. 

Average Molecule Considerations 
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Consider the copper species at a k' = 0, copper has spent 100% of it's time 

with EDTA. At the point of maximum retention, k' = 6.15, the copper is 

assumed to have spent 100% of its time with 2 Ox- molecules. Therefore, 

anywhere between the minimum retention of k' = 0 and the maximum k' = 6.15, 

we can predict the relative amount of time copper has been associated with EDT A 

or HOx. For example, at a k' of 3.075 the copper has spent 50% of the time in 

the column with EDTA and 50% of the time with HOx implying that the average 

molecular formula in that chromatographic system is CuYOx-3
• This leads us to 

the following questions. What do these molecules look like? What types of Kr 

values are involved? Which species would be most predominant in a solution with 

a certain mixture of the two ligands and copper? Are we able to resolve a large 

distribution of molecules that might be present in the column? To answer some of 

these questions let us consider the following information. The original model for 

ligand competition accounts for only the complexes of CUOX2 and Cuy-2. The 

reason that only two complexes were assumed to exist is that the two complexes 

had the largest Kr's and would therefore be the most predominant species. The 

simple model developed above was used to test if basic interactions would occur 

and if basic predictions about the system could be made. The model was able to 

generally predict the inverse relationship between copper retention and EDTA 

concentration. However, upon inspection of the k' of the experimental data, in 
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Figure 6.9 a nonlinear relationship between 11k' and [Cy ] is observed. This is 

contrary to the original predictions of the models. The nonlinear relationship was 

expected at the concentration extremes in the chromatographic system, but at the 

central concentrations a nonlinear relationship also exists. It is possible that the 

nonlinear response observed is related to the presence of species in other than the 

original ones considered. 

Multiple Species 

There are a number of species that could exist in solution besides the two 

most obvious. Mixed ligand complexes and protonated complexes will exist in 

solution. Most probably, these various complexes are causing the large distribution 

of non-separable species and therefore the broad peaks in the mixed ligand mobile 

phase. If a model can be designed to estimate the retention of the various copper 

species, then possibly an understanding of the chromatographic interactions that 

effect the distribution of the copper could be realized. A summary of the 

significant metal ligand complexes and a detailed retention model based on the 

predominant species are presented below. 

Consider the various ligand species that exist in pH=5 solution. 

H20x+ + H20 = H+ + HOx 

HOx + H20 = H+ + Ox· 

(6.16) 

(6.17) 
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H4Y + H20 = H+ + H3Y

H3Y- + H20 = H+ + H2y-2 

H2 y-2 + H20 = H+ + Hy-3 

Hy-3 + H20 = H+ + y-4 
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(6.18) 

(6.19) 

(6.20) 

(6.21) 

Each of these species will exist at a certain percentage in the pH = 5.0 solution. 

If we consider the alpha values for all the species mentioned it can be shown that 

only one or two of the predominate forms of the ligands will exist. Below is a 

summary of the alpha values for the various forms of the two ligands. The arrow 

indicate the species that exist in solution above 1 %. 

H20x+ 

HOx 

Ox-

H4Y 

H3Y

H
2
y-2 

Hy-3 

y-4 

--

--

aXo = 4.94xl0-l 

aXl = 5.06xl0-l 

aX2 = 1.1lxlO-5 

avo = 4.36xlO-6 

aYl = 4.36xlO-3 

aY2 = 9.31xlO- l 

aY3 = 6.44xlO-2 

aY4 = 3.54xlO-7 

The following is a list of the copper species that are expected to exist in solution. 

Included are the interactions that may be responsible in creating each of the 

species. 



Cu+2 + y-4 +=t CUy-2 

Cu+2 + y-4 +Ox- +=t CuYOx-3 

Cuy-2 + Ox- +=t CuYOx-3 

Cu'y-2 + Ox- +=t CuYOx-3 

Cu+2 + Ox- +=t CuOx+1 

CuOx+1 + y-4 +=t CuYOx-3 

CU(OX)2 + y-4 +=t CuYOx-3 + Ox-

Cu +2 + 20x- +=t CU(OX)2 
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Ky (6.22) 

Kn = Ky'Kx" =Ky"Kx' (6.23) 

Kfl = Kn/Ky (6.24) 

KtJ = Kn/Ky' (6.25) 

Kx' (6.26) 

Kf4 = Kn/Kx' (6.27) 

Krs = Kn/Kx (6.28) 

Kx (6.30) 

Table 6.2 Relative Amounts of Copper Species in the Chromatographic 
System 

Copper LOG({3x) LOG(Kx) LOG(Kx) LOG(Kx) 
Species Value 21.77 23.50 26.81 

Cu+2 LOG ({3o) -9.055 -9.319 -12.295 

Cuy-2 LOG({31) * -0.007 * -0.271 * -3.247 

Cu"y-2 LOG({3z) -8.407 -8.671 -11.647 

CU(OX)2 LOG({33) * -1.799 * -0.333 * -0.000 

CuOx- LOG({34) * -4.427 * -3.826 * -5.148 

CuYOx-3 LOG({3s) -5.177 -4.576 -5.898 

Each of these metal/ligand species will exist at a certain percentage in the pH = 

5.0 solution. If we consider the beta values for all the species mentioned it can be 
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shown that only one or two of the predominate forms of the complexes will exist. 

Table 6.2 is a summary of the beta values for the various forms of the copper 

species. The asterisks indicate the three predominant species that exist in solution. 

The chromatographic solution conditions were as follows: pH = S.O, Cx = O.OOS, 

Cy = O.OOOS, LOG(Ky) = 18.8, CM = 20 ppm. The mobile phase as 50% 

Aqueous and SO% Organic. 

Mobile Phase 
(XI) KMO (X3) KMI (Xs) 
Cuy-2 +::t CuYOx-3 +::t CU(OX)2 
t, Ko t , KI t , K2 - Phase Boundary 

CISCUy-2 +::t CISCuYOX-3 +::t C1SCU(OX)2 
(X2) ~ (X4) K3 (X6) 

Stationary Phase 

Figure 6.10 Complex Mixed Ligand Mobile Phase Model for Most Prominent 
Copper Species. 

Figure 6.10 describes the detailed mixed ligand mobile phase model for the 

three most predominant species in the mobile phase. The species included in the 

model are the two homogenous ligand complexes and the intermediate heterogenous 

complex that will most likely be present in the solution. The CuOx- complex was 

neglected in the model because the presence of the excess ligands in the mobile 

phase should lead to the complete chelation of the copper metal center. 
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Basic Considerations 

Figure 6.10 is a complex model of the equilibria occurring between the 

copper complexes in the mobile and stationary phase. Excess ligands present in 

the mobile phase have not been included in the chromatographic diagram. Kx and 

Ky are the copper/ligand aqueous formation constants from equations 6.1 and 6.2. 

Ko, Kh and K2 are the equilibrium constants that represent partitioning of the three 

species between the mobile and stationary phases. K3 and ~ are the equilibrium 

constants for the formation of the copper complexes in the stationary phase. ~ is 

negligible in this system in that the amount of Cu y-2 in the stationary phase is 

approximately 0, while K3 is significant because both the of species possess the 

ability to partition between the stationary phase and the mobile phase. It is also 

assumed that because the mixed complex (CuYOx-3) is made of half an EDTA 

molecule and half of an oxine molecule that the retention of that molecule will be 

approximately one half the value of the CU(OXh species. The value kl = pk2' 

where p is a factor that is most probably equal to 0.5. 

Equations 6.31a, b, and c show the partition equilibrium for the multiple 

species system where the metal cations equilibrium has been left out of the 

derivation because it's concentration in the mobile phase is negligible. The 

concentration terms in the equilibrium expression contain the effective 

concentration of the CIS in the column and the effective concentration of the metal 
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and metal chelate Cl8 complexes presumed to form during the retention process of 

the species. 

Ko = [CI8CUY-~/([CI8][CUy-2]) 

Kl = [CI8CUYOx-3]/([CIS][CUYOx-3]) 

K2 = [C ISCU(OX)2]/([CIS][Cu(OX)2D 

K3 = ([ClsCuYOx-3][ClsOx-])/([ClsCu(Ox)21[Y"'*]) 

K.t = ([CISCu y-2] [ClsOx-])/[CI8CU YOx-3] 

(6.31a) 

(6.31b) 

(6.31c) 

(6.31d) 

(6.31e) 

In the chromatographic system the various species depicted in the model will exist 

in either the mobile or stationary phases. The species that exist in the stationary 

phase are found in equation 6.32a while those that exist in the mobile phase are 

expressed in equation 6.32b. The sum of these two quantities is equal to the total 

analytical concentration of Cu+2 in the chromatographic system. The total 

analytical concentration, [CMl, for the copper in this system is 20 ppm and is 

described by equation 6.33. 

[CM]Org = [C1SCuy2] + [C1SCuYOX-3] + [C I8Cu(Ox)21 

[CMlAq = [Cuy-2] + [CuYOx-3] + [Cu(Oxhl 

[CMl = [CMlOrg + [CMlAq 

(6. 32a) 

(6. 32b) 

(6.33) 

Dividing equation 6.33 by [CMl on both sides results in the equation 6.34. The 

percentage of each of the species in the system is denoted by Xu and are found 

along side the chemical species described in the chromatographic model in 



Figure 6.10. 

Xl + X2 + X3 + X4 + Xs + X6 = 1 

Xn = [nth copper species]/[CMJ 
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(6.34) 

(6.35) 

The relationships between the species Xl through X6 are derived from equations 

6.22-6.34 and are substituted into equation 6.36 describing the retention of Cu+2 

in terms of the species X\ through X6. 

k' = <I>([CMJOrg/[CMlAQ) 

k' = <I>(X2 + X4 + X6)/(XI + X3 + Xs) 

(6.36) 

(6.37) 

The following simplifications were determined for each of the species in the above 

model. 

K3 = (<I>KX")/{pk'sKy") 

Fo = KMOaxCx 

F2 = (pK3k' saxCx)/(<I>ayCy) 

DI = «k' 01<1» + 1) + «pk' 2/<1» + I)Fo + «k' 2/<1» + I)FoP2 

X\ = liD I 

X2 = k' oI{<I>D\) 

X3 = FolD \ 

X4 = (pk' 2FO)/(<I>D\) 

Xs = (F2FO)/D\ 

X6 = (k' 2F2FO)/(<I>D\) 

(6.38) 

(6.39) 

(6.40) 

(6.41) 

(6.42) 

(6.43) 

(6.44) 

(6.45) 

(6.46) 

(6.47) 
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Estimation of Chromatographic Parameters 

In the development of the model, it was necessary to estimate the values of 

q, and the partition coefficient of HOx in the chromatographic system. These 

values appear in the term that relates the stationary phase species and the 

equilibrium constant K3 to the retention of the Cu YOx·3 and CU(OX)2 species. The 

value of <i>Exp was determined from the intercept of the graph LOG[CHOJ. vs 

LOG[CHOJm presented in the paper by Berthod. 60 In the experiments by Berthod 

and coworkers, the stationary phase material was Cs and the column length was 15 

cm. The value of KLit determined in pH = 5.0 mobile phase was 10.2.94• 

K = [CaJ/[CnJ 

LOG[CJ = LOG[CnJ + LOG(K) 

(6.48) 

(6.49) 

In the experiments presented here, the stationary phase material was CIS and 

the column length was 25 cm. It was assumed that the "carbon" coverage of the 

two columns was the same and that the phase ratio determined by Berthod was 

directly related to the phase ratio of this system in the following manner. 

k' =q,([CsJ/[CnJ) 

q, = k'/K 

(6.50) 

(6.51) 

It is assumed that the distribution constant is directly proportional to the length of 

the carbon backbone (Le. 8 for octylsilane, 18 for octadecylsilane) and that the 

distribution constant is inversely proportional to the length of the column. 



K = a(Number of Carbons) 

K = (j/(Length of Column) 

KExp = (18 carbons/8 carbons)*(15 cm/25 cm)*KLit 
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(6.52) 

(6.53) 

(6.54) 

The retention of the HOx, expressed here as k' 5, in the experimental system was 

determined to be k' 5 = 2.33. The value of k' 5 was determined by injecting a high 

concentration of HOx into a pH = 5.0 mobile phase and measuring its retention. 

A value of <JIExp = 1500 was determined by the division of the experimental value 

of k' 5 = 2.33, by the theoretical value of KExp = 10-2
.
8°. 

Determination of MS Equilibrium Constants 

The solution to the above model was developed in the Quattro Pro (Borland) 

spreadsheet format. The values of Kx and K3 are adjustable variables in the 

spreadsheet model so that they could be changed to II match II the theoretical values 

to the experimental values. By minimizing the variance between the k' Exp and k'Theo 

values in the spreadsheet model, a new set of theoretical k' values were generated 

and a new Kx or K3 was predicted. Included in table 6.1 with the summary of the 

retention times, k's, for the experimental data and linear theoretical data is the 

predicted data for the multiple species (MS) model. If the value of LOG(Ky) = 

18.8 is representative of the equilibrium constant for copper and EDTA in this 

mobile phase environment, then the value of LOG(KJ equaling 26.81 gives a 
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minimum variance between the experimental and multiple species theoretical data. 

The equilibrium constant was arrived at using an initial model that considered the 

role of K3 to be negligible. The equilibrium constant K3 describes the chemistry 

of CU(OX)2 and CuYOx·3 in the stationary phase. From the values of the predicted 

Kx comes another important point to consider, the concentrations of EDT A required 

to change the retention of the copper are much smaller than those expected in the 

original theoretical section. This implies that the Kr of the chelates with the copper 

are considerably different than those taken from the literature. The problem in 

understanding and accepting the large difference is that by making the matrix more 

"organic" with methanol, a 1 to 2 order of magnitude change can be expected but 

for the multiple species model, the ratio of the equilibrium constants is closer to 

4 orders of magnitude. 

Table 6.3 contains the values of K3 determined with a multiple species 

model that assumes the stationary phase equilibrium is significant in the retention 

of the copper oxine species. The values of LOG(KX> in table 6.3 were determined 

assuming the stationary phase eqUilibrium was insignificant. Each of the Kx values 

were substituted in the multiple species model which considers the effects of K3 to 

be significant. The final value of K3 was adjusted to minimize the variance 

between the k' experimental data and the theoretically predicted k' values. The 

values reported for K3 give a "feeling" for the magnitude of the equilibrium in the 



237 

stationary phase. However, in assuming the values of 4» and k' 1, it is hard to place 

a strong significance on K3 predicted. 

Table 6.3 K3 's Determined with Multiple Species Model and Kx from the 
Literature and Theoretical Models 

Variable Linear Multiple 
K's Literature Model Model 

LOG(Kx) 23.50 21.77 26.81 

LOG(K3) 8.44 9.30 6.78 

Thermodynamic Discussion 

After further consideration of the chromatographic series at various 

concentrations of EDT A, it is important to note that the shapes of the peaks may 

give clues to possible phenomena occurring in the chromatographic system. It is 

possible the eu +2 peak from the mobile phase containing a concentration of 7.5xl0-

6 M EDTA/O.OO5 M HOx represents a simple titration of the copper as it passes 

through the chromatographic column. A concentration of 20 ppm copper 

equivalent to 315 J.'molar concentration of copper. The 7.5xlQ-6 M EDTA 

(Figure 6.7) is approximately 42 times less than the concentration of the copper. 

The slight foot at the leading edge of the peak suggests that the EDT A is 

"leaching" the copper from the HOx complex within the chromatographic peak. 
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Once the "leached" copper EDT A complex has moved ahead of the peak containing 

the CU(OX)2 peak, the Cu y-2 is re-equilibrated with the HOx in the mobile and 

stationary phases to form more CU(OX)2 and further progress of the EDT A complex 

is retarded. From the information in the chromatograms, it seems that the EDTA 

can carry the copper a "large" distance down the column (1-6 k' depending on the 

EDT A concentration) before an equilibrium is established with the HOx. One 

conclusion might be that the HOx molecules require a large number of attempts to 

compete for the Cu +2 in the EDT A complex before they can successfully dislodge 

the EDTA and reestablish an equilibrium that will retain the copper. When the 

concentration of EDTA is 2.5x10-s M (Figure 6.5), the copper peak spans the 

entire range of k' values. The concentration of the EDT A in the mobile phase is 

12.6 times smaller than the 20 ppm slug of copper in the system. It is possible that 

the EDT A is at a sufficient concentration to carry a large portion of the Cu down 

the entire length of the column without the significant formation of the CU(OXh 

complex in the chromatographic band on the column, while another portion of the 

copper species remain behind never forming a significant amount of Cuy2. The 

peak shape in the mobile phase containing 1.5xlO-s M EDTA (Figure 6.6) suggests 

a similar occurrence in that it has a "flat falling edge" associated with the CU(OXh 

species and a "long leading edge" associated with the leaching and non-equilibrium 

of the Cu y2 species. 
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This phenomena can be perceived in a couple of manners, in one instance 

the assumption can be that a number of non separable species exist in the mobile 

phase, in another instance it could be that those non separable species are due to 

a slow equilibrium between the species in the mobile phase and those partitioned 

in the mobile phase. The models employed above to predicted, 

thermodynamically, from the knowledge of the equilibrium constants, the effects 

of the EDT A concentration on the position of the copper species in the mobile 

phase. These models cannot predict the eu +2 peak widths because the 

chromatographic peak widths are associated with the kinetics of mass transfer 

between the mobile and stationary phases and the kinetics of complex formation in 

the stationary phase. 82 

Thermodynamically, the copper peak position shifts as the EDTA 

concentration changes. This trend was predicted in the simple and complex 

models. However, Figure 6.5 portrays the most intriguing result of the 

experiment. The copper follows an extremely wide distribution throughout the 

chromatogram. The "normal" or average molecule present in the chromatographic 

system is retained at a k' of approximately 3.00. However, the ends of the copper 

peak occur at the retention times of a complex containing only EDT A or only 

HOx. This chromatogram shows that at the above ratio of EDT A to HOx, a large 

range of copper complexes are available in this system. However, the data 
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presented in Figure 6.2 through Figure 6.8 make some confusing implications. 

The locations and shapes of the peaks imply that "good" kinetics exist in the 

chromatographic phase mass transfer rates for the homogenous complexes in 

Figure 6.2 and Figure 6.8. They also imply that the heterogenous mixtures of the 

two chelates show a definite difference in the complexation and mass transfer 

kinetics. Thus, are the chromatograms representative of a series of species that are 

not resolved or are the chromatograms representative of kinetics problems in the 

mobile and stationary mass transfer rates and complexation kinetics? 

Kinetic Considerations 

The narrow peaks typically observed in chromatography are attributed to 

the basic theoretical assumption that the chromatographic processes take place very 

near equilibrium. If peak broadening is observed in chromatography, generally, 

the assumption is made that some sort of problem exists in the kinetics involved 

in the chromatographic system and equilibrium is not reached. Giddings and 

coworkers have developed numerous kinetic models that describe situations 

involving heterogeneous surfaces, simultaneous partition and adsorption, and 

chemical reactions not directly responsible for species retention. 8283 The model 

concerned with the problems within chemical reactions will be discussed. 

Observation of kinetics effects involves the manipulation of a time 
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dependent variable. In the following experiment the kinetic (chromatographic) 

variable that will be manipulated is the amount of equilibration time required for 

the species partitioning between the mobile and stationary phases. Researchers 

have previously related the broadening of Cr(EDTA) chromatographic peaks to the 

HETP of that species in the chromatographic system at a series of successive 

mobile phase flow rates. 84 They employed the assumptions described by 

Giddings to develop a slow chemical reaction kinetics model of the processes 

occurring in the reverse phase system. Assume the previous oxine/EDTA 

chromatographic system was not able to reach an appropriate equilibrium at the 

flow rate of 2.0 mllmin. Theoretically, by slowing the flow rate of the system, it 

is possible to provide an environment where equilibrium could be reached. 

Van Deemter Argument 

The basic concept of the flow rate experiment is based on the Van Deemter 

chromatographic model. In the Van Deemter model, peak broadening is due to a 

number of influences including particle diameter, diffusion in the mobile phase, 

and effects of mass transfer in both the mobile and stationary phases. In the 

experiments presented, particle diameters are constant. Diffusion in the mobile 

phase is constant at a constant flow rate. And mass transfer in the mobile phase 

and stationary phase are acceptable as observed in the peak shape of both the 0.005 
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M HOx chromatogram and the 0.005 equimolar mixture of EDTA and HOx. 

None of these factors explain the peak broadening observed in the mixed mobile 

phase experiments. 

How does kinetics come into play in the Van Deemters model? The first 

assumption in chromatography is that equilibrium between the mobile and 

stationary phases is achieved and that results in a Van Deemter response. A typical 

chromatographic peak due to Van Deemter type interactions is shown in 

Figure 6.8. What if equilibrium is not reached or there is a kinetic problem in the 

chromatographic system, then what does the Van Deemter model predict? 

Kinetics Modification 

Horvath and Lin discuss a kinetic effect and how it relates to simple 

binding kinetics and the Van Deemter expression 85 

HETP = A + Blu + eu = Hdp + Hfr + Hmtr (6.55) 

In the model Horvath and Lin discussed the addition of an extra term to the basic 

Van Deemter expression. The term Hkin was employed to account for the effect of 

slow kinetics on the peak widths of species. 

HETP = Hdp + Hfr + Hmtr + Hkin 

U = the mean linear flow velocity 

Hdp = HETP term for eddy diffusion, Van Deemters A 

(6.56) 
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Hfr = HETP term for diffusion in the mobile phase, Van Deemters B/ii 

~tr = HETP term for mass transfer in the stationary phase, Van Deemter Cii 

Hkin = HETP term for slow kinetics in the chromatographic system 

In evaluating the oxine/EDT A chromatographic system, consider the various 

terms in the Van Deemter expression in equation 6.56, the diffusion in a liquid is 

negligible over short periods of time (length of a chromatographic experiment). 

Therefore, the Hfr term in the above Van Deemter model is not significant in a 

liquid chromatographic experiment. By examining the effect of flow rate on the 

mixture of 0.005 M EDTA and 0.005 M HOx, the unretained Cuy-2 species, the 

Hdp term can be interrogated. In a mobile phase containing 0.005 M HOx, the 

effects of flow rate on the ~lt term can be observed. In the 0.005 M mobile 

phase the Cu(Ox}z species is retained for the maximum amount of time in that 

specific chromatographic system, so the CU(OX)2 species makes an excellent probe 

for characterizing the chromatographic effects of mass transport in the stationary 

phase. Thus, the kinetic effects, Hkin, in the system can be related to the changes 

in peak shape of the mixed mobile phase species, for example CuYOx-3
• The Hsum 

will be described by the broadening associated with the peak in a 2.5xH;5 M 

EDTA and 0.005 M HOx mobile phase. Hkin could be determined through the 

subtraction of Hdp and ~tr from the value of Hsum. 
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Kinetic Experimental 

The chromatographic conditions of the kinetics experiments are the same 

as those in the thermodynamic section of this chapter. The difference in the two 

experiments is th~t the flow rates for the series of kinetic experiments include 0.7, 

1.0, 1.3 and 1.6 mllmin. 

Results 

Considering Figure 6.11 through Figure 6.14, its obvious that even at 

slower flow rates, the peak widths for the species in the 2.5xHr5 M EDTA/O.OO5 

M HOx mobile phase, are much wider than the homogeneous species. If the 

chromatographic interactions are governed by slow kinetics, slowing the mobile 

phase flow rate will decrease the height equivalent to a theoretical plate for the 

species (CuYOx·3) involved(Le. narrower peaks). Decreasing the flow rate gives 

the effected chromatographic species more time to come to equilibrium and 

therefore "narrower peaks" will be the result. The species, in the stationary and 

mobile phases, that exist furthest from the peak center will have more time to 

interact and become more like the center species. If fast kinetics rule the 

chromatographic interactions then there exist thermodynamically stable species 

which can not be separated. If these inseparable species are causing the 

broadening, then the peak shape will not be effected by a reduction in flow rate and 
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should span the entire chromatographic range. 

By examining the HETP of the various species in the series of 

chromatographic runs, the extent of kinetic effects can be investigated. The slope 

of HETP versus ii for the retained CU(OX)2 species and the mixed species will be 

indicative of the relative effects of the flow rates on the kinetics governing the 

species. The slope in a "normal" chromatographic system is representative of the 

C term of the Van Deemter equation. The C term is dependent on the mass 

transfer in the mobile and stationary phases. If thermodynamics predominates then 

the slopes of the pure species should bracket the slope of the species in the 

mixture. The reason the homogeneous slopes should fallon either side of the 

heterogeneous species is because each of the homogeneous species represent the 

extremes of mobile and stationary phase interactions. The reason the slopes will 

follow this trend is that the Van Deemter C term is indicative of the species 

interaction with the stationary phase and the longer the retention of a species the 

larger the C term. On the other hand, predominant kinetics will be indicated if the 

slopes of the species do not follow this trend. The slope of the kinetically 

dependent species will change in accordance with the kinetic effects that govern the 

width and peak position. From table 6.4, the slope of the heterogeneous data is 

considerably different from either of the homogeneous species. Thus, kinetic 

effects seem to be the predominant interactions governing the chromatography of 
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the mixed complex. Figure 6.15 is a simple description of the chromatographic 

system and indicates where the kinetic limitations exist. 

Table 6.4 HETP(cm) Results of the Kinetic Experiment 

mllmin HMIXED HEDTA RoXINE 
0.7 0.4962 0.0684 0.0068 

1.0 0.7578 0.0791 0.0039 

1.3 0.9895 0.0977 0.0034 

1.6 1.5861 0.1276 0.0053 

Slope 1.2 -0.002 0.07 

Intercept -0.3 0.007 0.018 

Kinetic Representation of Chromatographic Species 

Chemical Reaction Partitioning 
k12 k23 

Cuy-2 -.:± CU(OX)2 ~ C1SCU(OX)2 
k21 k32 

Al "slow" A2 "fast" A3 

Figure 6.15 Kinetic Model of the Chemical and Partitioning Processes in the 
Mixed Mobile Phase System. 

Note the trend in the data is the HETP for each of the species decreases 

with decreasing flow rate. The chromatographic results in Figure 6.11 through 
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Figure 6.14, show that as the flow rate of the system was decreased there was also 

a change in the shape of the mixed ligand peak. The peak centroid tended to shift 

toward the CU(OX)2 end of the chromatogram. The CU(OX)2 species are given 

more time to become more like the species at the peak centroid. The shift of the 

CU(OX)2 species would imply that at lower flow rates the formation of the CuYOx-3 

or Cuy-4 complexes are favored. Those same peaks show the fronting phenomena 

reported in the thermodynamic section for lower concentrations of EDT A. 

Probably, the stability of the EDT A complexes in the mobile phase the cause of the 

fronting. The change in peak shape is probably due to a better establishment of an 

equilibrium. If the above data is indicative of a non-equilibrium in the 

chromatographic system, then the system, even at a flow rate of 0.7 mllmin is still 

far from reaching equilibrium. Thus, the time frame of complex formation for the 

mixed ligand complex is still beyond a reasonable time frame for investigation with 

chromatography. However, for the above experiments, the broad peaks observed 

are probably due to slow chemical reaction kinetics in the chromatographic system. 
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 

The custom echelle/CID 17 camera system provides the spectral coverage 

that has been previously available on spectroscopic systems using photographic 

emulsion or on slew-scan instruments, with sensitivity and precision that rival PMT 

based spectrometer systems. An additional advantage provided by the custom 

echelle/CID 17 system is the number of wavelengths that can be simultaneously 

determined for any number of elements present in a sample. The flexibility 

provided by the simultaneous coverage of a large spectral region allows for 

screening the sample through a preliminary qualitative investigation. By screening 

the sample the analyst, with the help of the computer system, can determine 

elemental composition and select the best source and system parameters for 

obtaining valid analytical results. For example, within the first few milliseconds 

of analysis, the spectrometer can interrogate the sample to determine the major 

constituents in the sample. The computer searches through it's spectral database, 

determines the signal level at the various known elemental wavelengths located on 

the detector and decides if an element is present. From this preliminary 

information, the system, with the aide of the analyst, can decide which wavelengths 

would be the best employed to determine both the major and minor analytes of 
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interest. 

The reliability, flexibility and ease of automation of the custom echelle 

spectroscopic system has been demonstrated during the course of the dissertation. 

Three of the analytical modes of the spectrometer were applied to a number of 

analytical challenges. With no prior knowledge about a series of samples, the 

system was able to determine the presence of a variety of elemental constituents. 

The basic capabilities of the system and the algorithm used to automate the system 

for qualitative analysis were presented. The utility of the system was confirmed 

by analyzing environmental contaminant, unknown particulate and unknown 

laboratory waste samples. 

Qualitative analysis is important in the screening of samples to determine 

the presence of unknown analytes. However, more frequently quantitative 

information about the sample is desired. The spectroscopic system was utilized in 

analyzing an important quantitative challenge. By coupling the echelle 

spectrometers wide spectral coverage with the simultaneous acquisition of emission 

information of a CID17 detector, the custom echelle system is able to quickly 

analyze the sample. Thus, the emission system is excellent in determining, 

qualitatively and quantitatively, the constituents in a limited amount of sample. In 

the case of the unknown particulate sample from the University Medical Center, 

Respiratory Care Unit's air delivery system, it was estimated that 10 to 50 
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micrograms of material were available for the elemental identification of the air 

delivery system contaminants. The emission system was successfully utilized in 

quantitatively determining limited amounts of an analytical standard: National 

Bureau of Standards Standard Reference Material 1633a Coal Fly Ash. Even 

though AES is a destructive analytical technique, the ability to simultaneously 

quantitate a large number of emission wavelengths makes the custom echelle/CID 

spectrometer a valuable tool for the analysis of limited amounts of sample. 

Finally, by applying the custom echelle/CID emission system to a series of 

chromatographic experiments, the analytical utility of the time resolved integration 

mode was demonstrated. The emission system was coupled to a reverse phase high 

performance liquid chromatographic (HPLC) system. The combined systems 

provided the ability to determine the presence and concentration of a variety of 

metal oxidation states. In emission spectroscopy, molecular information, such as 

the oxidation state of metal in a metal ligand complex is completely lost. 

However, by employing the selectivity of reverse phase HPLC, information about 

the molecular nature of the sample can be reclaimed. 

The time resolved integration routine was evaluate. It's ability to follow 

and quantitate transient analytical signals was determined through its successful 

application to the separation of several metal species. By using atomic emission 

spectroscopy as the means of detecting the eluting species, the concentration and 
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retention of that species were determined independent of their molecular 

composition. The emission/chromatographic system capabilities were successfully 

employed in a study that modeled the retention of copper(1D in a mixed ligand 

mobile phase. By monitoring the copper emission, the distribution of copper could 

be followed independent of the molecular spectroscopic properties of the various 

complexes. 

Along with the application of the system to a series of "known" analytically 

clean samples, a solid phase extraction method to determine the concentration of 

copper(I) in an active electroless plating bath was developed. Electroless plating 

baths contain high levels of copper(ID and EDTA, low levels of copper(l) and very 

alkaline pH's. These conditions do not make the plating baths amenable to analysis 

by reverse phase HPLC separation on columns with silica based supports. Through 

the development, evaluation and application of a digital chromatographic system, 

the levels of copper(I) were determined at different points during the course of an 

electroless plating bath. The digital chromatographic system relied on the stability 

of polystyrene divinyl benzene as the stationary phase in the presence of pH = 12 

solutions. By utilizing the emission system to integrate the total amount of 

copper(I) signal eluted from the column, ppm concentrations of copper(1) were 

quantitatively determined. 
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Future Directions 

Cu(I) in Electroless Plating Baths 

Continued development of the SPE/digital chromatographic system 

described above is desired. The question of analytical precision in measuring bulk 

Cu(I) in the electroless plating baths must be addressed for further significance to 

be placed on the results of this preliminary work. By using an electronically 

monitored and controlled constant temperature bath, variance in the plating baths 

can be reduced. However, from the kinetic considerations presented earlier, the 

control of the bath temperature will not be the only parameter that requires 

investigation. 

During electroless plating copper(II) in the presence of molecular hydrogen 

and at the bath's basic pH's can be reduced to Cu(O). The two electron transfer 

required to get from Cu(II) to Cu(O) is the most probable pathway to generating 

Cu(I). Through the controlled analysis of inactive plating bath solutions that have 

known amounts of molecular hydrogen constantly bubbled through them, further 

insight into the precision of the method could be obtained. By varying the amount 

of time a bath is exposed to the hydrogen, both precision and kinetic information 

about the Cu(II), Cu(I), Cu(O) and H2 relationships can be elucidated. A further 

study of the various interactions in the bath and their relationship to Cu(I) as 
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determined through the SPE method will provide additional insight into the 

processes that effect the activity of electroless plating baths. 

Once the effects on the reproducibility of measuring Cu(l) in simple 0.04 

M Cu(II)/0.045 M EDTA alkaline plating bath solutions have been thoroughly 

investigated, the above plating bath system can be modified to more closely 

reproduce true electroless plating bath conditions. Typical commercial electroless 

copper plating baths also contain low concentrations of cyanide, CN-. 86 Cyanide 

was not present in the plating baths of the research presented. The addition of the 

cyanide is believed to result in a "cleaner" deposition of Cu(O) on the 

substrate(Printed Circuit Board). Cyanide forms a series of stable complexes with 

both Cu(II) and Cu(I). So, the role of cyanide as a stabilizing agent for both 

Cu(II) and Cu(I) in these baths needs to be investigated. The SPE of Cu(I) cyanide 

complexes from electroless plating baths should prove useful in the investigation 

of Cu(I)'s role in plating bath activity. 

As a side note, though it was not reported in the dissertation, a very simple 

disproportionation study of Ni(II) in the presence of Ni(O) in a 5 mM DMP pH = 

5.0 solution gave a very interesting result. After leaving the 20 ml mixture in a 

container overnight, a chromatographic analysis of the sample the following day 

showed 2 different species of nickel were present. It was confirmed, from 

previous experiments that the unretained species was nickel(Il); however, it was 
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assumed that the retained species was a nickel(I) DMP complex. From these 

preliminary investigations, it is possible that a method could be developed to 

parallel the copper species study and that it could applied to electroless nickel 

plating bath chemistry. Consider also that DMP does not have to be the stabilizing 

ligand of choice in the investigation. 

Mobile Phase Ligand Competition 

The flow rate experiments presented in chapter 6 indicate that the kinetics 

of ligand interactions in the mobile phase make a significant impact on the 

distribution of copper in a mixed ligand mobile phase. Several areas could be 

explored to further investigate the processes occurring in the mixed ligand 

chromatographic system. By performing the same series of analyses presented in 

the initial part of chapter 6 at a number of different temperatures (Le. 30 to 70 

degrees C) in the column, additional information about kinetic effects can be 

interrogated. By controlling the temperature in the chromatographic system, the 

rate of molecular interactions in the system can be controlled. As the temperature 

of the mixed ligand system is increased, the rate of metal/ligand interactions will 

also increase. The interactions of the mixed ligand system will be shifted more 

toward eqUilibrium. Thereby decreasing the peaks widths associated with the 

various species in the system. 
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The two ligands, oxine and EDTA, employed in the mobile phase ligand 

competition, are very different. The multi-dentate ligand EDTA has several 

carboxylic and alkane amine sites that can chelate a metal. These chelating sites 

are also sterically limited in the distance the dentates can be from the complexed 

metal center. While oxine, a bidentate ligand, has phenolic and aromatic amine 

chelating sites. In the copper oxine complex, there are 2 oxine molecules for 

every one metal center. Thus, the steric limits of the two oxine molecules are far 

less than those of the EDTA. By using a pair of similar chelates (Le. EDT A 

and cyclohexyl-EDTA or oxine and oxine sulfonate) with differing retentions in the 

HPLC system, the kinetic limitations of the chelates interactions could be avoided. 

Another experiment along the same lines as the oxine/EDT A mixed ligand system 

that would provide some insight into the chromatographic processes, would be to 

substitute imido-diacetic acid for the EDT A in the HPLC mobile phase. Imido

diacetic acid is essentially one half of an EDT A molecule. By cutting the EDT A 

in half, the kinetic limitations associated with the steric restriction would be 

alleviated. The mixed ligand system should shift closer to equilibrium. The result 

should be narrower peaks that could be used to relate the metals retention and 

ligands concentrations to the equilibrium constant for the metal ligand complex. 

Time Resolved Integration 
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The routines used in the time resolved integration of transient 

chromatographic signals could be employed as detection system for other analytical 

techniques. Flow Injection Analysis (FIA) is one such technique that could be used 

in conjunction with the time resolved integration routine to automate sample 

introduction for the echelle/CID system. The effects of flow rate, tubing diameter 

and coiling of the tubing as they relate to the shapes of the analyte peaks, have 

been extensively modeled. A series of experiments that use FIA's control of the 

analyte peak shape would be beneficial in the design and selection of appropriate 

methods for reconstructing the raw transient integral recorded with the time 

resolved integration system. 

One other area where the ability to follow transient signals from an 

analytical source would be continuum source graphic furnace atomic absorbance 

(GFAA). As the furnace is heated the analytes present are vaporized and 

atomized. The elements absorb their respective wavelengths from the continuum 

source as they pass through the graphite furnace. The typical sampling rate of 20 

Hz is employed to follow the transient signals. 

The typical readout rate for the present eID17 system is approximately 30 

JLseconds per X detector element and 1.5 milliseconds per row of elements. These 

readout rates do not include the overhead time associated with the slewing of the 

detector element select bits. When acquiring the analytical emission information, 
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the analyte wavelength region used on the CID17 is comprised of a 3 by 13 array 

of detector elements. The 3 by 13 spectral window of information simultaneously 

provides both analytical signal and continuum background information. It takes 

about 4.5 milliseconds to read the 39 detector elements arranged in 3 rows. So, 

the sampling rate of the CIn 17 system for a single read of a single wavelength is 

suitable. This is true if the continuum source does not saturate the spectral window 

detector elements for that region of the spectrum (saturation would occur toward 

the red end of the spectrum). As soon as multiple wavelength and multiple re

reads information is required, the sampling rate will be reduced by a minimal 

factor of 11 [(No. of wavelengths)*(No. of re-reads)]. Thus, the current system 

could provide extensive information (though it would be for single elements) about 

the analytical utility of CIO detectors for continuum GFAA. 

Preliminary results from this system would provide excellent information 

about the advantages and disadvantages the CIO detector based GF AA system. 

The analytical elemental information obtained will provide insight into both the 

spectroscopic and electronic requirements of this technique. With the ongoing 

development of new CIO array detectors by CIO Technologies and additional 

refinement of the cameras electronic readout systems, the potential application of 

CIO's to simultaneous multielement continuum GFAA as well as other analytical 

techniques will continue to grow. 
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APPENDIX A: IOFORTH SOURCE CODE LISTINGS 

The source code listings presented were are high level applications 

developed during the course of this dissertation. The applications are based on the 

initial low level specialized drives present on the emission system at the start of 

this thesis. The automated-qualitative analysis routine is included to demonstrate 

the principles required in allowing the computer in "intelligently" interact with the 

emission detector and the analyst. The HPLC acquisition routines are included to 

demonstrate the principles required to follow a transient signal with an integrating 

CID detector. 

The applications included here are written in the programming language 

IOForth, 10 Inc., Tucson, Arizona. 



AUTOMATED QUALITATIVE ANALYSIS ROUTINE 

( Computer Aided Elemental Identification) 

FIND -cm 17/2 
FIND -ANAB 
FIND -VIEW 
FIND -CALC 
FIND -VOICE 
FIND -AUTOQ 

\IF \ LOADF CIDI7/2 \ 
\IF \ LOADF ANAB \ 
\IF \ LOADF VIEW \ 
\IF \ LOADF CALC \ 
\IF \ LOADF VOICE \ 
\IF \ 

REMEMBER-AUTOQ 
1 RLOAD 

CR " Auto. Qual. Elmntl. Id. Vocabulary Loaded" CR BELL 
\ ;S 
7/26/88 JDK 
7/26/88 JDK 

CD>DB DIR-ENTRIES @ CONSTANT HELMNTS RST-DIR 
HELMNTS HDBENTRIES * CONSTANT TOTLINES 

o WV ARIABLE EL-FLAG 0 WV ARIABLE ELP-FLAG 
o VARIABLE OX 0 VARIABLE OY 
o CONSTANT X/OFF 10 CONSTANT Y/OFF 
5 VARIABLE VTHRESH 0 VARIABLE HITS 
o VARIABLE VJCNT 0 VARIABLE VBPOS 
o VARIABLE SDV-CUTOFF 0 VARIABLE WGHT-SDV 

33 CONSTANT SDVRANGE 0 VARIABLE SDV-CNT 
1.0 VARIABLE SDVDELTA 0 VARIABLE MINVALUE 
o VARIABLE RE-ANAL 

ALIAS CHOOSE-ELEMENT 

HELMNTS ARRA Y EL-ARRA Y 
HELMNTS ARRA Y ELP-ARRA Y 
SDVRANGE ARRAY SDV-ARRA Y 
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TOTLINES FARRA Y WGHT-VAR 
UDBENTRIES FARRA Y ELMNT-ARRA Y 

YMAXC XMAXC * CONSTANT UBPlXELS 
UBPIXELS 2* FARRA Y BACK-ARRAY ( left & right backgrnd ) 
'BACK-ARRAY 8 + @ CONSTANT 'BACK 

: SDV-INIT 0' SDV-ARRA Y INIT-ARRA Y ; SDV-INIT 
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: ELM-INIT 0' ELMNT -ARRA Y FINIT -ARRA Y ; ELM-INIT 

: lSCR-INIT 0 'lSCRATCH INIT-ARRAY; 

: ELP-INIT UELMNTS ' ELP-ARRA Y ! 0 ' ELP-ARRA Y INIT-ARRA Y ; 

: HG-ADJ (CR" enter the HG254 XAbs coord." 3 HERE ASK 
NUMBER CR DUP IF ELSE HG254X THEN 

" enter the HG254 Y Abs corrd." 3 HERE ASK 
NUMBER CR DUP IF ELSE HG254Y THEN HG-ALT ) ; 

( U •.• gets database info ; U refers to element 2 = Fe ) 
: @EL-DB 

CLOSEt ALL CD> DB FILE-ID DBNAME NAME-MOVE 
'DBARRAY DBNAME RD-ARRAY RST-DIR; 

( U ... gets db info uses windows to calc coords of lines) 
: AQLlNE-SELECT 

@EL-DB 0 ADDPOINTER W! 0' STATUS-ARRAY INIT-ARRAY 
'E ANABSTOR $EXADDR! WINDOWS ULlNES W@ !ULINES; 

( U ... puts Abs X & Y coords on stack U should be 0 or 1 ) 
: AQW-SELECT 

DUP DUP URWPIXELS 1 + 4 * * DUP SDATA-ADD + ' SARRA Y 8 + 
! BDATA-ADD + ' BARRAY 8 + ! RWXADDRESS-ARRAY W@ 

SWAP 
RWYADDRESS-ARRAY W@ Y/OFF - OY! X/OFF - OX! ; 

( read window size is set by URWX & URWYPIXELS ) 
: READ-PIC 



HRWYPIXELS OY @ + OY @ 
DO HRWXPIXELS OX @ + OX @ 

D0388J *1 + PARRAYOW@WEXT 
HRWXPIXELS J OY @ - * 1 OX @ - + SARRA Y ! 

LOOP LOOP; 

: OUT-DATE CR II The Date is II DATE? CR CR ; 

ALIAS MASK? : MASK-DUMMY; 
: MASK-FLASH ( flashes masks on and off) 

MASK-ON-FLAG W@ 
IF >-MASK 0 MASK-ON-FLAG W! 

ELSE > + MASK 1 MASK-ON-FLAG W! 
THEN 

: MASK-LOOP (operator can stop flashing by hitting a < CR> ) 
> -MASK 0 MASK-ON-FLAG W! 
BEGIN MASK-FLASH ESCAPE 300 MSECONDS KEY? END 
> -MASK 0 MASK-ON-FLAG W! ; 

: MASK-Y 'E MASK-LOOP' MASK? ! ; 
: MASK-N 'E MASK-DUMMY' MASK?! ; 

( H H ..• moves stuff in SARRAY to approp. BACK-ARRAY) 
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: S > BACK DO I SARRA Y @ VBPOS @ BACK-ARRAY! VBPOS 1 +! LOOP 

( used to decriment the counter for BACK-ARRAY position) 
: DECVBPOS VBPOS @ XMAXC - VBPOS ! ; 

( 0 ... selects lefts ide 1 ... selects rightside of line) 
: BACK-SIDE HBPIXELS 4 * * 'BACK + ' BACK-ARRAY 8 + ! ; 

( ... moves backgrod data in SARRAY into BACK-ARRAY) 
: BACK-COLLECT HBPIXELS ' BACK-ARRAY! 0 VBPOS ! YMAXC 0 

DO 0 BACK-SIDE XMAXC 0 S>BACK DECVBPOS 
1 BACK-SIDE HRWXPIXELS HRWXPIXELS XMAXC - S>BACK 
HRWXPIXELS 4 * ' SARRA Y 8 + @ + ' SARRA Y 8 + ! 

LOOP HRWPIXELS' SARRAY! SDATA-ADD' SARRAY 8 + ! 



UBPIXELS 'BACK-ARRAY! 'BACK' BACK-ARRAY 8 + ! 
, SARRAY F>I; 

( U ... calcs avg sig/pix converts to avg sig/3x3 leaves value 
on stack) 
: BACK-VAL 

BACK-SIDE' BACK-ARRAY FMEAN-ARRA Y 
UEWPIXELS FLOAT F* DUP FIX 0= IF DROP 1.0 THEN; 

( U ... calcs std dev of an avg sig/pix converts to std dev 
of avg sig/3x3 leaves value on stack) 
: BACK-SDV 

BACK-SIDE' BACK-ARRAY FVARIANCE-ARRAY SQRT 
UEWPIXELS FLOAT SQRT F*; 

( stops program from blowing up if someone forgets to put a 
value into VTIM ) 

: VTIM-CHK @VTIM 0= IF 1 !VTIM THEN; 

( U U ... sums values in quadriture and leaves U on stack) 
: QUADRIT DUP F* SWAP DUP F* F+ SQRT; 

( U .•• reI std devon stack, U selects which side of line) 
: BACK-RSD 

DUP BACK-SDV SWAP BACK-VAL FI ; 

( ... calcs the abs std dev associated with central 3x3 leaves 
U on stack) 
: SIGMA-BGND 

BACK-COLLECT 
20 DO I BACK-RSD LOOP QUADRIT 
20 DO I BACK-VAL LOOP F+ 2.0 FI 
F* FABS DUP 0= IF DROP 1.0 THEN; 
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: SET-SCRATCH UDBENTRIES 4 * * 'SCRATCH + ' lSCRATCH 8 + ! ; 

( set parameters to look at the intensity array in Iscratch ) 
: BINT @ULlNES' lSCRATCH ! 0 SET-SCRATCH; 



( set parameters to look at the std dev array in Iscratch ) 
: BSDV @HLINES' lSCRATCH! 1 SET-SCRATCH; 

( set parameters to look at the total sdv istored in Iscratch ) 
: TSDV TOTLINES' lSCRATCH! 2 SET-SCRATCH; 

: BINT-INIT BINT lSCR-INIT ; 

: BSDV-INIT BSDV lSCR-INIT; 

: TSDV-INIT TSDV 1SCR-INIT; 

: >AQSUMMARY 
CR 7 W! 2 D! 

" LINE ELEMENT WAVELENGTH SIG/NOISE" 
" SIGNAL BGND. DEV. ABS X ABS Y" 

CR @HLINES 0 DO 
121. 5 SPACES I >IDENT 
5 SPACES I @WAV F. 
4 SPACES I ELM NT-ARRAY @ F. 
4 SPACES BINT I lSCRATCH @ F. 
4 SPACES BSDV I ISCRATCH @ F. 
I RWXADDRESS-ARRA Y W@ X/OFF - HRWXPIXELS 2/ + 7 1. 
I RWYADDRESS-ARRAY W@ Y/OFF - HRWYPIXELS 2/ + 61. 
CR 
LOOP; 

( turns OM into an array position ) 
: OM>POS 2.0 F* SDVRANGE 2/ FLOAT F+ FIX; 

( turns an array position into an OM value) 
: POS > OM SDVRANGE 2/ - FLOAT 2.0 F/ ; 

( used to count number of order of mags OM's) 
: INC-SDV SDV-CNT 1+! ; 

( increments the position order of magnitude {OM} counter) 
: !SDV OM>POS DUP 0 < = 

IF DROP 0 SDV-ARRA Y 1 +! INC-SDV 
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ELSE DUP SDVRANGE 1- > = 
IF DROP SOVRANGE 1- SDV -ARRAY 1 +! INC-SOV 

ELSE SOY-ARRAY 1+! INC-SOV 
THEN THEN; 

( output the order of mag array ) 
: OM-SHOW 'SOV-ARRAY @ 0 DO I SOY-ARRAY @ 

IF CR I POS>OM F. 3 SPACES 
I SDV-ARRA Y @ . 

THEN LOOP; 

( gets count of OM from counter) 
: @SDV OM>POS SDV-ARRAY @; 

( gets number and position of max std dev OM's found) 
: MAX-SOV 'SDV-ARRAY MAX-ARRAY FLOAT; 

( sets the sdv cutoff level for anomolous sdv test) 
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: SDV-LIMIT 'SDV-ARRAY MAX-ARRAY OROP POS>OM SOVDELTA 
@ 

F- SOV -CUTOFF! ; 

( changed om? to obtain a finer division of order of mags) 
: OM? LN 10.0 LN F/; (PlO DROP MINUS) 

( count the order of mags in 1scratch and store in sdv-array ) 
: COUNT-OMS' lSCRATCH @ 0 DO I 1SCRATCH @ OM? !SOV LOOP; 

( restores normal offset to analysis picture) 
: MINRESTORE MINV ALUE @ , PARRA YO C+ ARRA Y ; 

( remove minimum offset of analysis pict. gives better stats ) 
: MINADJUST 'PARRAYO MIN-ARRAY SWAP OROP DUP MINVALUE 

MINUS' PARRA YO C + ARRA Y ; 

: O.OSET 0.0 SDVDELTA ! ; 

O.OSET 

: 0.5SET 0.5 SDVDELTA ! ; 



( counts the number of lines with adequate SNR ) 
: S/NTHRESH? 0 HITS ! @#LlNES ' lSCRA TCH ! @#LlNES 0 

DO BINT I 1SCRATCH @ 
BSDV I 1SCRATCH @ 
FI DUP I ELMNT-ARRAY! 
VTHRESH @ FLOAT F> = 
IF HITS 1+! 
THEN 

LOOP; 

( shows 1scratch to check it easily) 
: SDV-SHOW' lSCRATCH DUP I>F 

SDV-CNT @ SWAP! ' lSCRATCH FSHOW-ARRAY; 

( makes the values in sdv-array percentage squared values) 
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: SDV> % 'SDV-ARRAY @ 0 DO I SDV-ARRAY @ FLOAT SDV-CNT 
@ 

FLOAT FI I SDV-ARRAY ! LOOP' SDV-ARRAY I>F; 

( fill wght-var & lscratch with the approp. weighted values) 
: % > WGHT ' 1SCRATCH @ 0 DO I 1SCRATCH @ DUP OM? 

@SDV DUP I WGHT-VAR ! F* I 1SCRATCH ! LOOP; 

( keeps track of possible interferences for checking later) 
: FLAG-ELMNT VJCNT @ EL-FLAG W@ EL-ARRAY! EL-FLAG l+W! ; 

( look and see if any elements are interfering) 
: DUMP-EL-FLAG "FILE# ELEMENT" 

CD>DB EL-FLAG W@ IF EL-FLAG W@ 0 
DO I EL-ARRAY @ IF CR I EL-ARRAY @ DUP 3 I. 7 SPACES 

FILE-ID .NAME THEN LOOP CR CR THEN RST-DIR; 

( collect all the backgnd std devs from that experiment ) 
: SDV-COLLECT TSDV SDV-CNT @ 1SCRATCH ! INC-SDV; 

( calculate a weighted average of the std dev and a weighted 
deviation of the weighting factor ) 
: SDV-ANALYZE '1SCRATCH I>F TSDV SDV-CNT @ DUP 



, lSCRATCH ! ' WGHT-VAR! ( lSCR-ANALYZE) 
0' SDV-ARRAY INIT-ARRAY 0 SDV-CNT l COUNT-OMS 
( OM-SHOW) SDV-LIMIT SDV> % 
o ' WGHT-VAR INIT-ARRA Y % > WGHT 
, lSCRA TCH FVARIANCE-ARRA Y SQRT DROP 
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, lSCRATCH FSIGMA-ARRA Y , WGHT-VAR FSIGMA-ARRA Y FI 
WGHT -SDV ! ( CR " The WEIGHTED backgmd std dev = " 
E." +" E. ) , SDV-ARRAY F>I ; 

( checks for anomolous sdv values replaces with WGHT -SDV ) 
: SDVSIZE? S/NTHRESH? 0 HITS ! @ULINES 0 

DO I ELMNT-ARRAY @ VTHRESH @ FLOAT F> = 
IF BSDV I lSCRATCH @ OM? SDV-CUTOFF @ F< 

IF WGHT-SDV @ BSDV I lSCRATCH ! 
THEN THEN LOOP S/NTHRESH? ; 

: WT-DATA CR " The weighted deviation is " 
4 D! WGHT-SDV @E. CR CR 

( speech output for each element in the array ) 
ALIAS VSPK 
: VSPK-NULL; : VSPK-N'E VSPK-NULL' VSPK! ; 
: > VSPK VJCNT @ VOICE @ EXECUTE; 
: VSPK-Y 'E > VSPK ' VSPK ! ; 
( checks to see if most intense line is in line position 0 ) 
: MAXINT-CHECK 0 ELMNT-ARRAY @ VTHRESH @ FLOAT F> = ; 

( outputs the data about analysis elements) 
: > EL-DATA VJCNT @ 2 I. If ELEMENT LINEU UFOUND If 

CR 7 SPACES DBNAME .NAME @ULINES . HITS @ 7 I. 
>AQSUMMARY 

" SIN Threshold =" VTHRESH @ 3 I. CR CR CR ; 

( keeps track of the elements found present in the analysis ) 
: FLAG-PELMNT VJCNT @ ELP-FLAG W@ ELP-ARRA Y ! ELP-FLAG 

l+W! ; 

: SPACE-OUT 2 0 DO CR LOOP; 



( outputs information about elements computer does not find) 
: EL-NOT-HERE '32 EMIT SPACE-OUT 20 SPACES 

II > > > ***Element Not Found*** < < < II CR CR 
WT-DATA >EL-DATA MASK? ; 

( test for suspect or interfering elements) 
: #RE-TEST SDVSIZE? HITS @ IF MAXINT-CHECK 

IF '32 EMIT SPACE-OUT 13 SPACES 
II > > > ***Following Element Suspect*** < < < II CR CR 
WT -DATA > EL-DATA VSPK SUS-MESS MASK? 
ELSE '32 EMIT SPACE-OUT 11 SPACES 
" > > > ***Possible Spectral Interference*** < < < " CR CR 
WT-DATA >EL-DATA VSPK INT-MESS MASK? 
THEN ELSE EL-NOT-HERE THEN; 

( test for elements present ) 
: #EL-TEST 

S/NTHRESH? HITS @ IF 
HITS @ FLOAT @#LINES FLOAT FI 0.5 F< = 

IF FLAG-ELMNT ELSE FLAG-PELMNT 
'32 EMIT SPACE-OUT >EL-DATA VSPK PRE-MESS MASK? 
THEN THEN ; 

( assumes picture analyzed is in PARRA YO sig. at MOST 
INTENSE line = > DEFINITE identification, relies on the 
initial analysis for bkgnd sdv info to make decisions) 
: RE-ANALYZE 

o SDV-CNT ! 1 !NTIM 6MAX ' ISCRATCH I>F 
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EL-FLAG W@ IF LOAD-DATABASE DBNAME FNAME NAME-MOVE 
CD>DB SRCH-ALL RST-DIR DUP VJCNT ! AQLlNE-SELECT 

ELM-INIT BINT-INIT BSDV-INIT 
@#LINES 0 

DO I AQW-SELECT READ-PIC @VTIM @NTIMTNORM 
BINT SUMPIXELS I 1SCRATCH ! 
BSDV SIGMA-BGND I ISCRATCH ! 

LOOP #RE-TEST THEN; 

: SUSPECT-QUERY 



'32 EMIT DUMP-EL-FLAG 
CR " Would you like to inquire about the presence " 

" of any of the above elements? " YES/NO ; 

( display suspect elements show ones that are chosen ) 
: SUSPECT-LOOP 

BEGIN SUSPECT-QUERY 
IF RE-ANAL YZE 0 RE-ANAL ! 

ELSE 1 RE-ANAL ! 
THEN RE-ANAL @ END ; 

( assumes picture to be analyzed is in PARRA YO uses at least 
3 most intense lines for the analysis) 
: AQ-ANALYZE 

o SDV-CNT! 0 EL-FLAG W! VTIM-CHK 0 ELP-FLAG W! 
1 !NTIM 6MAX TSDV-INIT' lSCRATCH I>F 0' EL-ARRAY 
INIT-ARRAY ELP-INIT OUT-DATE MINADJUST UELMNTS 1 

DO I AQLINE-SELECT @ULINES IF 
ELM-INIT BINT-INIT BSDV-INIT 
@ULINES 0 

DO I AQW-SELECT READ-PIC @VTIM @NTIM TNORM 
BINT SUMPIXELS I lSCRATCH ! 
BSDV SIGMA-BGND DUP I lSCRATCH ! SDV-COLLECT 

LOOP I VJCNT ! UEL-TEST THEN 
LOOP ELP-FLAG W@' ELP-ARRAY! ' SDV-ARRAY F>I 
SDV-ANALYZE SUSPECT-LOOP MINRESTORE ; 

: LPAQGO LP MASK-N VSPK-N AQ-ANALYZE SCREEN; 

: SCAQGO SCREEN MASK-Y AQ-ANALYZE; 

: AQGO DB? CR " Output through Printer? "CR YES/NO 
IF LPAQGO ELSE SCAQGO THEN ; 

: AUTOQ-INIT VIEW-INIT; ;S 
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HPLC DATA ACQUISmON ROUTINE 

( HPLC data aquisition thru integration JDK ) 

FIND -AQUIRE \IF \ LOADF AQUIRE \ 
FIND -HPLC \IF \ LOADF HPLC \ 
FIND -SCPICT \IF \ LOADF SCPICT \ 
FIND -DATNAME \IF \ LOADF DATNAME \ 
FIND -IHPLC \IF \ 
REMEMBER -IHPLC 
1 RLOAD 
SC/INIT CG CP 
10 URE-READS W! 
CR " HPLC data integration aquisition vocab. loaded " 
CR BELL BELL \ 
;S 
06/08/89 JDK 

I 000 ARRAY TINJECT ( inject time) 
85204291200 VARRA Y SDATA (signal data) 
85204 669888 V ARRA Y STIME (signal time) 
, SDATA 8 + @ CONSTANT SDO ' TINJECT 8 + @ CONSTANT TIO 
, STIME 8 + @ CONSTANT STO ' TINJECT @ CONSTANT TI# 
, SDATA @ CONSTANT SD# ' STIME @ CONSTANT STU 
( 9 lines + 1 manip pos ) 9 CONSTANT MAXULINES 
( 15 minutes=9oo s ) 900000000 VARIABLE MAX-IT 
( time btwn pts=3 s ) 3000000 VARIABLE DEL-IT 
( last integration time) 0 VARIABLE LAST-IT 
( data pt counter ) 0 WV ARIABLE LC-CNT 
( inject pointer ) 0 WV ARIABLE INJ-CNT 

SDU CONSTANT TOTAL-D 
TOTAL-D MAXULINES 1 CONSTANT DATSIZ 

9467 632012 V ARRA Y SINTEG 632012 CONSTANT SIO 
9467 1010700 V ARRA Y SDERIV 1010700 CONSTANT SVO 
9467 CONSTANT USI 9467 CONSTANT USV 
6 !PARAM !LC-PNTS 1 ' SDATA INIT-ARRAY 
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6 @PARAM @LC-PNTS 1 ' STIME INIT-ARRAY 
7 !PARAM !INJ-PTS 0 VARIABLE LCLINE 
7 @PARAM @INJ-PTS 

: LC-INC LC-CNT 1 + W! ; 

: INJ-INC INJ-CNT 1 +W! ; 

: LC@ LC-CNT W@; 

: INJ@ INJ-CNT W@ ; 

: MAXT? GET-TIME MAX-IT @ > ; 

: DELT? GET-TIME LAST-IT @ - DEL-IT @ > 

: LC-DATSEL DATSIZ * 4 * DUP SDO + ' SDATA 8 + ! STO + 
, STIME 8 + ! 0 @LC-PNTS ' SDATA ! 0 @LC-PNTS ' STIME ! ; 

: O>8TIME LC@ 0 DO LCLlNE @ LC-DATSEL I STIME @ 
8 LC-DATSEL I STIME! LOOP; 

: LC-ARRAY-INIT 
SDU' SDATA! SDO' SDATA 8 + ! 
STU' STIME! STO' STIME 8 + ! 
USI ' SINTEG! SIO' SINTEG 8 + ! 
USV ' SDERIV! SVO' SDERIV 8 + ! 
TIU ' TINJECT ! TIO ' TINJECT 8 + ! 

: LCW-SELECT 
DATSIZ * LC@ + ; 

( take in data between signal and background ) 
SUBROUTINE IBTWEEN-DUMP 

2 U) D4 MOV, 
HERE AO ) + D3 MOV, 1 D4 SBQ, 

NE B, RTS, C; 

( take in data for the background ) 
SUBROUTINE BACK-DTRMN 

3 U) D4 MOV, 
HERE AO)+ D6 ADD, 1 D4 SBQ, 

NE B, RTS, C; 
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( take in data for the signal ) 
SUBROUTINE SIG-DTRMN 

3 #) D4 MOV, 
HERE AO)+ D5 ADD, 1 D4 SBQ, 

NE B, RTS, 

SUBROUTINE BTWEEN-DUMP 
8 #) AO ADD, RTS, C' , 
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(SAME AS SUM-PIX HOWEVER THIS TAKES LONGER SO NOT USED) 
( <fwa of data> lSUM-PIX <outputs bgnd corrct sig> ) 
CODE lSUM-PIX 

PSP )+ AO MOV, 8 #) AO ADD, 
AO) D7 MOV, D7 AO MOV, 
0#) D5 MOV, 0 #) D6 MOV, 

3 #) DO MOV, 

HERE BACK-DTRMN L) JSR, BTWEEN-DUMP L) JSR, 
SIG-DTRMN L) JSR, BTWEEN-DUMP L) JSR, 
BACK-DTRMN L) JSR, 1 DO SBQ, 
NEB, 
1 D6 ASR, D6 D5 SBX, 
D5 PSP -) MOV, NXT, C' , 

( <fwa of data> SUM-PIX <outputs bgnd corrct sig> ) 
CODE SUM-PIX 

PSP)+ AO MOV, 8 #) AO ADD, 
AO) D7 MOV, D7 AO MOV, 
0#) D5 MOV, 0 #) D6 MOV, 

3 #) DO MOV, 

HERE 3 #) D4 MOV, HERE AO)+ D6 ADD, 1 D4 SBQ, NE B, 
8 #) AO ADD, 
3 #) D4 MOV, HERE AO )+ D5 ADD, 1 D4 SBQ, NE B, 
8 #) AO ADD, 
3 #) D4 MOV, HERE AO)+ D6 ADD, 1 D4 SBQ, NE B, 
1 DO SBQ, NE B, 
1 D6 ASR, D6 D5 SBX, 
D5 PSP -) MOV, NXT, C' , 

: FL-SDATA' SDATA I>F LC@ 0 DO I SDATA @ FLOAT 
I SDATA! LOOP; 

: FX-SDATA' SDATA F>I LC@ 0 DO I SDATA @ FIX I SDATA ! LOOP 



: FL-STIME ' STIME I> F LC@ 0 DO I STIME @ FLOAT 
I STIME ! LOOP; 
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: FX-STIME ' STIME F > I LC@ 0 DO I STIME @ FIX I STIME ! LOOP; 

: FL-SDERIV ' SDERIV I> F LC@ 0 DO I SDERIV @ FLOAT 
I SDERIV ! LOOP ; 

: FX-SDERIV' SDERIV F>I LC@ 0 DO I SDERIV @ FIX 
I SDERIV ! LOOP ; 

: FL-SINTEG ' SINTEG I> F LC@ 0 DO I SINTEG @ FLOAT 
I SINTEG ! LOOP ; 

: FX-SINTEG' SINTEG F>I LC@ 0 DO I SINTEG @ FIX 
I SINTEG ! LOOP ; 

: LC-FLOAT FL-SDATA FL-STIME FL-SINTEG FL-SDERIV; 

: LC-FIX FX-SDATA FX-STIME FX-SINTEG FX-SDERIV ; 

: LC-VAR 'SDATA @ 0 DO I FLOAT I VAR-ARRAY! LOOP; 

( moves data from IHPLC arrays to CALC arrays ) 
( time is in array 8 because CALC arrays exist over top of ) 
( STIME arrays except at 8 no problem other wise) 
: SIZE-TRANS O>8TIME 8 LC-DATSEL 

LC-FLOAT ' SDERIV @ , VAR-ARRAY! LC-VAR 
, STIME @ 'CON-ARRA Y !' STIME' CON-ARRAY MOVE-ARRAY 
, SINTEG @ , SIG-ARRA Y ! ' SINTEG ' SIG-ARRA Y MOVE-ARRAY 
SIG-SIZE; 

: PSV ' V AR-ARRA Y , SIG-ARRA Y PLOT ; 

94672291200 VARRAY COMPACT 94672669888 VARRAY TIMPACT 

291200 CONSTANT COMO 
669888 CONSTANT TIMO 

94672 CONSTANT COM# 
94672 CONSTANT TIM# 

: RST> COMPACT COMO' COMPACT 8 + ! COM# ' COMPACT! 
CR " RC " TIMO ' TIMPACT 8 + ! TIM# ' TIMPACT ! ; 



: SET> COMPACT DUP 
@#SAMPLES * 4 * COMO + ' COMPACT 8 + ! 

@#SAMPLES ' COMPACT! 
@#SAMPLES * 4 * TIMO + ' TIMPACT 8 + ! 

CR " SC " @#SAMPLES ' TIMPACT ! ; 08/29/90 JDK 

: LC > COMPACT @#LINES 0 
DO RST> COMPACT I LC-DATSEL I SET> COMPACT 

@#SAMPLES DUP' STIME! 'SDATA ! 
'SDATA' COMPACT MOVE-ARRAY 
, STIME ' TIMPACT MOVE-ARRAY 

LOOP RST> COMPACT @#LINES @#SAMPLES * DUP 
, COMPACT! ' TIMPACT! ; 

: LC > RESTORE @#LINES 0 
DO RST> COMPACT I LC-DATSEL I SET> COMPACT 

@#SAMPLES DUP' STIME! 'SDATA ! 
, COMPACT' SDATA MOVE-ARRAY 
, TIMPACT ' STIME MOVE-ARRAY 

LOOP RST> COMPACT; 

( removes the slope from a selected portion of integral ) 
: INTEG-ADJ ' CON-ARRAY' SIG-ARRA Y LINFIT 4 D ! 

SLOPE! INTERCEPT! LC@ 0 
DO I STIME @ SLOPE @ F* INTERCEPT @ F+ 

I SINTEG @ SWAP F- I SINTEG t 
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LOOP RESET-SVC' SINTEG ' SIG-ARRA Y MOVE-ARRAY' SIG-ARRA Y 
FMIN-ARRA Y SWAP DROP , SIG-ARRA Y FC-ARRA Y LC-FIX ; 

: LC-TIMER 
11 1 DO 1 SECONDS CR I . BELL BELL BELL LOOP; 

: AQ-SIG RESET -SVC PSV SIG-SIZE ; 

: SIG-VALUE 
CR 4 D t 'SIG-ARRAY FMEAN-ARRAY" Mean= "E. 
CR ' SIG-ARRA Y FVARIANCE-ARRA Y SQRT 



" Std. Dev.= "E. ; 
: INTDAT 

AQ-SIG SIG-VALUE ; 

49 291000 VW ARRA Y FATZERO 1860 CONSTANT FZLIM 
2 CONSTANT UFLU 0 VARIABLE FTV AR 

( flashes led's to get back loss from fatzero after inject ) 
( moved location out of spectral area and adjusted limit to ) 
( an appropriate tested value so that AUTO-BIAS LIMIT is ) 
( reached at A UTO-BIAS location so FZLIM does not = 1500 !! ) 
: FLASH-UP (100 0 DO LOOP; ) 

723077 SQUARE 0 FATZERO READ-CID 
BEGIN 0 FATZERO READ-CID 'FATZERO MIN-ARRAY 
SWAP DROP FZLIM < IF UFLU FLASH AGAIN; 

: GET-FTIME GET-TIME FLOAT 1000000. FI FTVAR ! ; 

: LC@ > PTS @ULINES 0 DO LC@ I !LC-PNTS LOOP 
LC@ !USAMPLES ; 

: PTS>LC@ @ULlNES 0 DO I @LC-PNTS LC-CNT W! LOOP 
@USAMPLES LC-CNT W! ; 

: INJ@> PTS @ULlNES 0 DO INJ@ I !INJ-PTS LOOP; 

: PTS > INJ@ @ULINES 0 DO I @INJ-PTS INJ-CNT W! LOOP; 

: DUMP> PTS LC@ > PTS INJ@ > PTS FL-ANAB ; 

: PTS > RESET PTS>LC@ PTS>INJ@ ; 

( free running integration program for plasma opt. ) 
: OUT-INTDATA @ULINES 0 

DO > RWSIZE I RW-SELECT +SAQUIRE ' SARRA Y 
SUM-PIX FLOAT FTVAR @ FI E. 4 SPACES 

LOOP SAMPO; 
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: > PEAK BEGIN 0 @#LINES 0 
DO > RWSIZE I RW-SELECT WLIMIT? 

IF DROP LEAVE 1 ELSE THEN LOOP END 
CS GET-FflME "D EMIT OUT-INTDATA ; 

: PEAK '32 EMIT 1 RLINE-SELECT '32 EMIT >DATABASE CR CR 
SAMPO 4 D ! 100 0 

BEGIN INJECT 500 MSECONDS RESET-TIME OS > PEAK 
ESCAPE KEY? END ; 

: >LCMENU 
'32 EMIT 5 0 DO CR LOOP 
" 1. .. the integration time is " MAX-IT @ 
60 I 1000000 I . " mins." CR CR 
" 2 ... the time between points is " DEL-IT @ 
1000000 I ." sees. " CR CR 
" 3 ... the number of re-reads is " #RE-READS W@ . CR CR 
" hit a number to change a parameter " CR 
" any other key to continue. " CR CR ; 

: HPLC-ERR CR " Maximum Allowable Lines exceeded, MAL=9 " CR 
" Number of lines entered = " @#LJNES . CR BELL ; 

: MINDEP '32 EMIT 10 0 DO CR LOOP 
" Enter the integration time in mins. " JASKU 
60 * 1000000 * MAX-IT! ; 

: SEC/PT '32 EMIT 10 0 DO CR LOOP 
" Enter the time between points in sees. " 
IASK# 1000000 * DEL-IT! ; 

: ENT/RRDS '32 EMIT 10 0 DO CR LOOP 
" Enter the number of re-reads " JASKU 
#RE-READS W! 

: LC-DONE DROP DROP 1 ; 

3 JUMPLJST LC-DECODE 
'61 , 'E MINDEP ,'62,'E SEC/PT , 
'63 , 'E ENT/RRDS , 'E LC-DONE , 
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: LC-DATABASE '32 EMIT 50 DO CR LOOP HPLC-BASE; 

: LC-HEADER @#LINES 9 > 
IF '32 EMIT HPLC-ERR QUIT 
ELSE BEGIN 0 > LCMENU KEY "7F AND LC-DECODE END 

'32 EMIT THEN; 

( once a line reaches - 8000 adu' s and all lines are read out, 
the intire chip is injected ) 

180000000 VARIABLE INJ-TIME 0 VARIABLE L-INJ 
: INJECT-MARKER 

INJECT LC@ INJ@ TINJECT ! 
INJ-INC GET-TIME LAST-IT! 
FLASH-UP; 

: LC-F>I 
, SDATA F>I ' STIME F>I 
, SDERIV F>I' SINTEG F>I; 

( at the point where a line reaches - 8000 adu's or the time 
between points is reached, all the lines are read out) 

: GET-LCDATA 
@#LlNES 0 

DO > RWSIZE I RW-SELECT +SAQUlRE 
GET-TIME I LCW-SELECT STIME ! 
, SARRAY SUM-PIX I LCW-SELECT SDATA ! 

LOOP GET-TIME LAST-IT! SAMPO ; 

: OLD-DSTORAGE DUMP > PTS @#LINES DATSIZ * DUP 
, SDATA ! ' STIME ! INJ@ , TINJECT ! CLOSE/ALL 
'SDATA {SHPLC WR-ARRAY' STIME {THPLC WR-ARRAY 
, TINJECT { JHPLC WR-ARRA Y ; 

( checks to see if line reaches - 8000 adu's if so read out LC 
data and inject chip else check to see if time between points 
is reached if so read out LC data then then go to next point) 
: INTEGRATE-DATA 

BEGIN 0 @#LlNES 0 
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DO > RWSIZE I RW-SELECT WLIMIT? 
IF GET-LCDATA INJECT-MARKER LEAVE DROP 1 

ELSE DELT? 
IF GET-LCDATA LEAVE DROP 1 

THEN 
THEN 

LOOP END; 

: INJECT-QUERY CR" hit cr when ready to start aquiring " 
" data, wait for BELL before injecting " CR KEY DROP 

LC-TIMER CR " make the injection now " CR ; 

( take in data integration style data is in SDATA and STIME ) 
: OHPLC LC-DATABASE LC-HEADER 0 LAST-IT! ' SARRAY F>I 

INJECT-QUERY SAMPO 0 LC-CNT W! 
o INJ-CNT W! LC-ARRAY-INIT AUTO-BIAS OS RESET-TIME 
BEGINMAXT? 

IF 1 
ELSE INTEGRATE-DATA LC-INC 0 
THEN END CS 1000' STIME C/ARRAY' SDATA MIN-ARRAY 

SWAP DROP 1-' SDATA C-ARRAY OLD-DSTORAGE; 

( reset all arrays to original values then fills them and ) 
( readjusts them) 
o VARIABLE SMTIMES 0 VARIABLE #SMT 

: OLD-HPLCDAT CLOSE/ALL LC-ARRAY-INIT LC-F> I 
LD-ANAB PTS>RESET @#LINES DATSIZ * DUP 

, SDATA ! ' STIME! 
, SDATA {SHPLC RD-ARRAY 
, STIME {THPLC RD-ARRA Y 
INJ@ , TINJECT ! 
, TINJECT { JHPLC RD-ARRA Y ; 

: LINE? '32 EMIT > ANAB 
CR " LINE#" IASKH DUP LCLINE ! LC-DATSEL; 

: LCDATA-RESET LC@ DUP DUP DUP , SDATA ! ' STIME ! 
, SDERIV ! ' SINTEG ! INJ@ , TINJECT ! ; 

: INJECT -ADJ ' TINJECT @ 0 DO ' SDERIV @ I TINJECT @ - > 3 
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IF I TINJECT @ 1+ DUP DUP 1 + SWAP 
1 - SDERIV @ SWAP SDERIV @ + 2 I SWAP SDERIV ! 
ELSE LEAVE THEN LOOP; 

: TAKE-DERIV ' SINTEG @ , SDERIV ! 
, SINTEG @ 1 

DO I SINTEG @ I 1- SINTEG @ - I SDERIV! LOOP INJECT-ADJ 
SMTIMES @ 1 = IF 1 SDERIV @ 0 SDERIV ! 
ELSE' SDERIV MEAN-ARRAY #SMT ! SMTIMES @ 1 + 0 

DO #SMT @ I SDERIV ! LOOP THEN ; 

o VARIABLE ADDON 0 VARIABLE #TINJ 
ALIAS MAKE-INTEG 

(MAKE-INTEG BY DIRECT OFFSET ADD ON ) 
: OLD-INTEG LCDATA-RESET 'TINJECT @ 1- roNJ ! 

1 SMTIMES ! 'SDATA' SINTEG MOVE-ARRAY 0 roNJ @ 
DO I TINJECT @ ADDON ! 0 LC@ 1 -

DO ADDON@I < 
IF ADDON @ SINTEG @ ADDON @ 1 + SINTEG @ -

I SINTEG @ + I SINTEG ! 
THEN 
-1 +LOOP -1 +LOOP; 
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: NO-INTEG 'SDATA @ , SINTEG ! ' SDATA ' SINTEG MOVE-ARRAY; 

: T-INJ ' TINJECT @ 0= ; 

: PTI ' STIME ' SINTEG PLOT; : PTD ' STIME ' SDERIV PLOT; 

: *INTEG LINE? T-INJ IF NO-INTEG PTI ELSE MAKE-INTEG PTI THEN 
CR " # of injects =" , TINJECT @ . CR ; 

: *DERIV LINE? MAKE-INTEG TAKE-DERIV PTD ; 

: > CONVERT , SDATA @' SINTEG! 'SDATA' SINTEG MOVE-ARRAY 
TAKE-DERIV' STIME' SDERIV PLOT; 

: > ASYST ' CON-ARRAY @ 0 DO I CON-ARRAY @ FIX. CR LOOP 
, SIG-ARRA Y @ 0 DO I SIG-ARRA Y @ FIX. CR LOOP ; 



: > > ASYST LP > ASYST SCREEN ; 

o VARIABLE LC-SUM 
( smooths thru the moving average method ) 
: SMOOTH SMTIMES! LCDATA-RESET O>8TIME 8 LC-DATSEL 

1 ' SDATA INIT-ARRAY LC@ SMTIMES @ 
DO 0 LC-SUM ! SMTIMES @ 0 

DO J I - SINTEG @ 
LC-SUM @ + LC-SUM ! 

LOOP 
LC-SUM @ SMTIMES @ / I SDATA ! 

LOOP SMTIMES @ 0 
DO SMTIMES @ SINTEG @ I SDATA! LOOP 

>CONVERT ; 

( data is stored in compact form ) 
: LC > WRITE CLOSE/ ALL DUMP> PTS @#LlNES DATSIZ * DUP 

, SDATA ! ' STIME! INJ@ 'TINJECT ! 
CR" NEW-STORAGE" LC>COMPACT 
, COMPACT {SHPLC WR-ARRAY 
'TIMPACT {THPLC WR-ARRAY 
, TINJECT {JHPLC WR-ARRA Y ; 
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: > TC SET> COMPACT' TIMPACT ' COMPACT PLOT RST> COMPACT 

: > SC ' CON-ARRAY @ 0 DO I CON-ARRAY @ FIX. 
I SIG-ARRA Y @ FIX. CR LOOP 

: > >SC LP >SC SCREEN; 

( reset all arrays to original values then fills them and ) 
( readjusts them data is unpacked into arrays) 
: LC-RESET-ARRAY CLOSE/ALL LC-ARRAY-INIT LC-F>I ; 

: LC>READ LC-RESET-ARRAY RESET-SVC 
LD-ANAB LD-ANALCOM PTS>RESET @#LINES DATSIZ * DUP 
, SDATA ! ' STIME ! INJ@ 'TINJECT ! 
@#LINES @#SAMPLES * DUP , COMPACT! ' TIMPACT ! 



'COMPACT {SHPLC RD-ARRAY 
'TIMPACT {THPLC RD-ARRAY 
'TINJECT {JHPLC RD-ARRAY 
LC > RESTORE .ANALCOMS; 

( take data by integration, data stored in SDATA and STIME ) 
: IHPLC LC-RESET-ARRAY LC-DATABASE LC-HEADER 0 LAST-IT ! 

, SARRAY F>I SAMPO 0 LC-CNT W! 0 INI-CNT W! 
INJECT-QUERY 1000 0 DO LOOP AUTO-BIAS OS 
RESET-TIME BEGIN ESCAPE MAXT? 

IF 1 
ELSE INTEGRATE-DATA LC-INC 0 
THEN END CS 1000 ' STIME C/ARRAY , SDATA MIN-ARRAY 

SWAP DROP 1-' SDATA C-ARRAY LC>WRITE 

o VARIABLE INJSTRT 4 VARIABLE HINT 
o VARIABLE VINT 1.0 VARIABLE LCDEV 
: RST>TINJ INI@' TINJECT! ; 

: SET> HINT DUP 1 + TINJECT @ SWAP TINJECT @ - DUP 
10 > = IF 50 > = 

IF 20 HINT ! 
ELSE 10 HINT! THEN 

ELSE DROP 5 HINT ! THEN ; 

: RST>INTEG LCLINE @ LC-DATSEL 
SIO' SINTEG 8 + ! ' SDATA @ , SINTEG ! 

: SET> INTEG 1 + HINT @ - 4 * INJSTRT ! 
INJSTRT @ SIO + ' SINTEG 8 + ! HINT @ , SINTEG ! 
INJSTRT @ DATSIZ LCLlNE @ * 4 * + 

STO + 'STIME 8 + ! HINT @ 'STIME ! ; 
: SET>TINJ 

, TINJECT 1+! ' SDATA @ 1- ' TINJECT @ 1- TINJECT ! ; 

(MAKE-INTEG BY DATA VARIANCE METHOD) 
: LC-INTEG LCDATA-RESET 1 SMTIMES ! SET>TINI 

, SDATA ' SINTEG MOVE-ARRAY' TINIECT @ 1- 0 
DO RST> INTEG LC-FLOAT I TINIECT @ SET> INTEG 

284 



, STIME ' SINTEG LINFIT SLOPE! INTERCEPT ! 
, SINTEG FVARIANCE-ARRA Y SQRT LCDEV @ F* 
SLOPE @ DUP 0= IF DROP 0.0 
ELSE DUP DUP F* SQRT FI THEN F* 
RST> INTEG I TINJECT @ SINTEG @ F + 
I TINJECT @ 1 + SINTEG @ F- VINT ! 
I 1+ TINJECT @ 1+ I TINJECT @ 1+ 

DO I SINTEG@ VINT @ F+ I SINTEG ! 
LOOP LC-FIX 

LOOP RST> INTEG RST>TINJ ; 

( MAKE-INTEG BY SLOPE AND INTERCEPT METHOD) 
: VAR-INTEG LCDATA-RESET 1 SMTIMES ! SET>TINJ 

, SDATA ' SINTEG MOVE-ARRAY' TINJECT @ 1- 0 
DO RST> INTEG LC-FLOAT I SET>#INT I TINJECT @ 

SET> INTEG ' STIME ' SINTEG LINFIT SLOPE! 
INTERCEPT ! RST> INTEG 
I TINJECT @ 1 + STIME @ SLOPE @ F* 
INTERCEPT @ F + I TINJECT @ 1 + SINTEG @ F- VINT ! 
I 1+ TINJECT @ 1+ I TINJECT @ 1+ 

DO I SINTEG @ VINT @ F + I SINTEG ! 
LOOP LC-FIX 

LOOP RST> INTEG RST> TINJ ; 

( MAKE-INTEG BY SLOPE AND INTERCEPT METHOD) 

: VAR> INTEG 'E VAR-INTEG 'MAKE-INTEG! ; 

: OLD> INTEG 'E OLD-INTEG' MAKE-INTEG! ; 

: OUT>INTEG 'E LC-INTEG' MAKE-INTEG! ; 

OUT> INTEG 

( MAKE-INTEG BY A VG DIFF OF 2 BEFORE AND 3 AFTER) 
o VARIABLE IV 
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: LC2B IV @ TINJECT @ 1 - SDERIV @ IV @ TINJECT @ 2 - SDERIV @ ; 

: LC2A IV @ TINJECT @ 2 + SDERIV @ IV @ TINJECT @ 3 + SDERIV @ 



: LCOKDIFF LC2B + LC2A + + 4 / DUP IV @ TINJECT @ SDERIV ! 
IV @ TINJECT @ 1 + SDERIV ! ; 
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: LCBADDIFF LC2B + 2 / DUP IV @ TINJECT @ SDERIV ! N @ TINJECT 
@ 1 + SDERIV ! ; 

: LC2SMALL " INJECT OCURRED AT" IV @ TINJECT @ • QUIT ; 

: SUM-DERIV 0 SDATA @ 0 SINTEG ! ' SINTEG @ 1 
DO I 1 - SINTEG @ I SDERIV @ + I SINTEG ! LOOP 
, SINTEG MIN-ARRAY SWAP DROP 1 - ' SINTEG C-ARRAY; 

: TAKE-DIFF ' SDATA @ , SDERIV ! ' SDATA @ , SINTEG ! 
'SDATA @ 1 
DO I SDATA @ I 1 - SDATA @ - I SDERIV ! LOOP 
1 SDERIV @ 0 SDERIV ! ; 

( MAKE-INTEG BY A VG DIFF OF 2 BEFORE AND 3 AFTER) 
: DIFF-INTEG LCDATA-RESET' TINJECT @ 
IF TAKE-DIFF ' TINJECT @ 0 

DO CR I . I IV ! I TINJECT @ 3 < 
IF LC2SMALL THEN I ' TINJECT @ 1 - - 0 = 
IF I TINJECT @ 2 + ' SDATA @ > 

IF LCBADDIFF 
ELSE LCOKDIFF THEN 

ELSE I 1 + TINJECT @ I TINJECT @ - 4 < 
IF LCBADDIFF 

ELSE LCOKDIFF THEN THEN 
LOOP SUM-DERIV 
THEN; 

: DIFF> INTEG 'E DIFF-INTEG' MAKE-INTEG! ; 

5 VARIABLE IRANGE 

: INT -RANGE 5 IRANGE ! ' TINJECT @ 0 DO CR I . CR 
"DELTA TINJECT TIME SIGNAL DTIME DSIGNAL" 



lRANGE @ 1+ lRANGE @ 1 - -1 * DO CR 
15 I. 
J TINJECT @ I + 9 I. 
J TINJECT @ I + STIME @ 9 I. 
J TINJECT @ I + SDATA @ 9 I. 
J TINJECT @ I + STIME @ 
J TINJECT @ I + 1 - STIME @ - 9 I. 
J TINJECT @ I + SDATA @ 
J TINJECT @ I + 1 - SDATA @ - 9 I. 
LOOP 

LOOP; 

: RDUMP 0 lRANGE ! 9 W ! 2 D ! 
CR " PT TIME SIGNAL DATA" CR 
DO I lRANGE @ SDERIV ! 

lRANGE @ SDERIV @ 3 I. 
lRANGE @ STIME @ 9 I. 
IRANGE @ SINTEG @ 9 I. 
IRANGE @ SDATA @ 9 I. 
IRANGE 1 +! CR 
LOOP; 

, SDATA VARIABLE ARINFO 

: AR-INFO ARINFO! CR" SIZE=" ARINFO @ @. 
CR" TYPE= " ARINFO @ 4 + @ . 
CR " START= " ARINFO @ 8 + @ • ; 
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: >TLS @#SAMPLES 0 DO @#LINES 0 DO I LC-DATSEL J STIME @ . 
I LC-DATSEL J SDATA @ . LOOP 
CR LOOP; 

: > AINFO CR " SDATA " , SDATA AR-INFO 
CR " STIME " , STIME AR-INFO 
CR " SINTEG " , SINTEG AR-INFO 
CR " SDERIV " , SDERIV AR-INFO ; 

: OK-SEL CR " Continue? " YES/NO IF ELSE SIG-SIZE THEN; 



: > FLCPC LC > READ CR" Continue with output? " YES/NO 
IF LP @#LlNES . @#SAMPLES . CR SCREEN 
4 D ! 11 W ! @#LINES 0 

DO LC > READ I LCLINE! I LC-DATSEL 
T-INI IF NO-INTEG ELSE MAKE-INTEG THEN 
, SINTEG MIN-ARRAY SWAP DROP' SINTEG C-ARRA Y 
SIZE-TRANS OK-SEL INTEG-ADI 
LP , CON-ARRAY @ 0 DO I CON-ARRAY @ E. 
I SIG-ARRA Y @ E. CR LOOP" $$$ $$$ " CR SCREEN 

LOOP 
LP CR .ANALCOMS > ANAB CR SCREEN 

ELSE QUIT THEN; 

: > LCPC LC > READ CR" Continue with output? " YES/NO 
IF LP @#LlNES . @#SAMPLES . CR SCREEN 
@#LlNES 0 

DO LC>READ I LCLlNE! I LC-DATSEL 
T-INI IF NO-INTEG ELSE MAKE-INTEG THEN 
, SINTEG MIN-ARRAY SWAP DROP' SINTEG C-ARRA Y 
LP , STIME @ 0 DO I STIME @. 
I SINTEG @ . CR LOOP" $$$ $$$ " CR SCREEN 

LOOP 
LP CR .ANALCOMS >ANAB CR SCREEN 

ELSE QUIT THEN; 

: IHPLC-DUMMY SC/INIT CP CG 
CR " LC Data Acquisition Ready " CR ; 

;S 
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