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Five new chemiluminescence (CL) analysis procedures have been

developed and are presented: 1) the Co(II) lophine system with its

associated Chelex 100 ion exchange sample preparation method, which is

capable of the determination of Co(II) at the 0.1 PPB level in natural

waters and biological samples without interference from common cationic

or anionic species, 2) the OC1 luminol and 0C1 H202 CL systems

which are capable of the determination of 0C1 in natural waters at the

0.25 PPB and 4.0 PPB levels, respectively, 3) the Cr(VI) lophine CL

system and its associated Bio Rex 5 anion exchange sample preparation

method, which is capable of the specific determination of Cr(VI) in

natural waters at the 0.3 PPB level without interference from common

cationic or anionic species, and 4) the humic acid Mn04 CL system,

capable of the determination of humic acid (HA) at the 0.5 PPM level

with excellent correlation of response for HA's from different sources.

Extensive optimization and interference study data are presented for

these CL systems, as well as CL spectra for the OC1 luminol, 0C1

H
2
0
2'

and Cr(VI) lophina reactions. In all cases, results of side by



side CL and nonCL analyses of real natural water and biological

samples are presented and compared.

This investigation also presents several instrumental improvements

to a basic discrete sampling CL photometer, including: 1) the develop

ment of an 81 KIMR 6502 microprocessor control and data acquisition

system (hardware and software), capable of analog to digital (A/D) peak

height and area measurements, voltage to frequency (V/F) peak area

measurements, and photon counting (PC) peak area measurements, 2)

hardware and software for the determination of CL spectra using a 512

element intensified diode array system under direct memory access (DMA)

control, and 3) the use of a cooled (211° K) 1P28 photomultiplier tube

in conjunction with KIMR controlled photon counting to lower the

detection limit of a dark shot noise limited CL determination.

Critical comparisons of peak height vs peak area data acquisition

show there is no S/N advantage in taking peak area measurements unless

a cooled PMTPC system is used with a dark shot noise limited CL

system. In addition, the limiting noise sources of the discrete

sampling CL photometer in the absence of a background CL reaction are

identified as 1) dark shot noise from the detection limit to ca. 50X

the detection limit, and 2) CL flicker noise from ca. 50X the detection

limit on up. No signal shot noise limited region is observed.
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ANALYTICAL CREMILUMINESCENCE MEASUREMENTS
AND INSTRUMENTATION

INTRODUCTION

Chemiluminescence (CL) may be defined as the process occurring

when a chemical reaction produces a species in an electronically

excited state which emits light as it returns to the ground state.

Currently, over 192 organic species are known to engage in this

phenomenon, and the list is growing (1). CL may be employed for

analytical purposes when the species to be determined is either a

necessary reactant or a catalyst in the chemical processes leading to

the production of radiation. CL methods of analysis are highly

attractive for several reasons. First, the instrumentation required

for a basic CL photometer consists simply of a sample cell, detector,

and amplifierreadout system: no monochromator is required unless

spectral information is desired. Secondly, since all of the radiation

observed arises from the product or an intermediate of the reaction,

spectral interferences are usually absent. Thirdly, detection limits

are normally quite low, with calibration curves for the species of

interest often linear over orders of magnitude. Fourthly, the sample

may be turbid or unfiltered. Finally, often only specific oxidation

states of metals are involved in the CL reaction, making chemical

speciation possible.

The greatest drawback of CL methods of analysis, however, lies in

its lack of specificity: often many species may activate or deactivate

a given CL reaction. Nevertheless, CL methods have become the basis of

standard analysis techniques for gaseous pollutants such as NO, NO2,
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and 0
3

(2-4), and for the determination of ATP and biomass with the

luciferin luciferase bioluminescence reaction (5,6). Thus, it is

apparent that CL methods of analysis show great promise for the

standard determination of other species.

This investigation is concerned with some applications and

improvements of CL methods of analysis, both with respect to the

instrumentation used and with respect to the methods by which samples

are prepared prior to CL analysis to eliminate chemical interferents

and increase specificity. Specifically, five new CLbased analysis

systems are presented: 1) the Co(II) lophine system with its

associated Chelex 100 ion exchange sample preparation method, which is

capable of determining Co(II) at the 0.1 PPB level in natural waters

and biological samples without interference from common cationic or

anionic species; 2) the 0C1 luminol and 0C1 H202 systems which

are capable of the determination of 0C1 in natural waters at the 0.25

PPB and 4 PPB levels, respectively; 3) the Cr(VI) lophine system and

associated Bio Rex 5 anion exchange sample preparation method, capable

of the specific determination of Cr(VI) in natural waters at the 0.3

PPB level, and 4) the humic acid Mn0
4

system, capable of the

determination of humic substances at the 0.5 PPM level, with excellent

correlation of response for humic acids from different sources.

Although very low detection limits may be achieved with a basic

discrete sampling CL photometer (8-11), improvements in the instrumen

tation help to lower detection limits and increase the ease of

analysis. This investigation is also concerned, therefore, with

instrumental improvements to the basic CL photometer, including the
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development of an 8K KIMR 6502 microprocessor control and data

acquisition system (hardware and software) capable of analog A/D peak

height and area measurements, analog V/F peak area measurements, and

photon counting peak area measurements. In addition, a KIMR 6502

control and data acquisition system for the determination of CL spectra

using a 512 element intensified diode array (IDA) system under direct

memory access (DMA) is discussed, and CL spectra of the Cr(VI)

lophine, 0C1 luminol, and 0C1 H
2
0
2

reactions are presented.

Finally, a critical comparison of the analog and photon counting

data acquisition modes is made with and without cooling (211° K) of the

photomultiplier tube (PMT) detector to allow identification of the

limiting noise sources in the discrete sampling CL system. Data

acquired with this system for humic acid show that the use of a cooled

PMT computer controlled photon counting system lowers the detection

limit for this dark current shot noise limited system by a factor of

10, and that a net S/N advantage exists for photon counting peak area

determinations as opposed to analog V/F peak area determinations when

cooled PMTs are employed.
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HISTORICAL

Introduction

The phenomenon of chemiluminescence (CL) has been known of since

1877 when Radziszewski observed the emission of light during the

oxidation of the lophine (2,4,5,triphenylimidazole) molecule (11).

The general reaction sequence involved in this production of light via

chemical means may be represented by:

*
A + L + X > I + --4 I + hy --+ P + B + D (1)

where L is the initial form of the luminescing species, X represents

other necessary reagents (usually an oxidizing agent and base), A is a

species which may accelerate or retard the rate of the reaction, B is

*
the final form of A, I is the luminescing species, I is this same

species in its unexcited ground electronic state, P is the final form

of I (which is often, but not always equal to I), and D represents all

products formed from L by nonluminescent reaction paths, including any

I or P formed directly from L.

The quantity of light emitted during this reaction is expressed by

the CL quantum efficiency, 4CL' defined as:

4 = hv (Einsteins)/moles of L reacted
CL

(2)

which is in reality the product of two distinctly different quantities,
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the excited state production quantum efficiency, 4Es, defined as the

number of moles of excited state species, I , produced per number of

moles of L reacting, and the fluorescence quantum efficiency, 4F, of the

excited state species I (12, 13). Note that 4
CL

may be low in spite of

a high value for 4F if the predominant reaction product is D rather than

I , or if most L forms I or P by a nonluminescent reaction path. Or

4
CL

may by low in spite of the preferential formation of I if 4
F

is

small. Clearly, to maximize 40., one must optimize the values of 4Es and

4F. Since both quantities will depend on the chemical system as a

whole, optimization of the chemical environment of the reaction is one

very good way to achieve this.

In terms of the intensity of the light produced by a CL reaction,

one may derive an expression (13):

I
4ES 4F kl

[A]a[L]l[X]x (3)

where a, 1, and x may or may not be equal to one, depending on the rate

limiting step in the reaction, and ki is the rate constant of this rate

limiting step. Hence, the intensity of the radiation produced will be

a function of the concentration of the luminescent precursor, the

accelerating or retarding species A, and of the other necessary

reactants X. Thus, if it is assumed that [X] and [L] are "constant"

([X] and [L] >> (A]), the light intensity of the reaction will be a

function of the concentration of species A only, and a determination of

this concentration may be made. Similarly, a determination of the

concentration of L in the presence of a fixed concentration of A and X
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may be made. It is on this basis that the technique of analytical CL

is founded, both for reactions in the gaseous and liquid phases.

A consideration of the energetics of the general CL reaction is

important in defining the spectral region over which radiation will be

emitted. The frequency of this light is restricted by:

hv < AH (4)

where AH is the enthalpy of the reaction leading to CL (12). Referring

to Figure 1, we see that in order for CL to occur, the initial reaction

must be sufficiently exothermic to produce I in an excited electronic

state. Once in the first excited electronic state, I may deactivate

by any of the methods common in fluorescence (ie. vibrational

relaxation, internal conversion, quenching, or luminescence). Hence,

the spectral distribution of the emitted radiation should be fairly

broad, and closely follow that of the fluorescence spectrum of the

species I. If P = I, then the fluorescence spectrum of one of the

products of the CL reaction will match the CL spectrum of the reaction.

This is indeed exactly the case for luminol (14). In addition, for

this radiation to occur in the visible region, the initial reaction

must provide at least 40 kcal/mole of energy (12, 13). For example, if

blue light is emitted in the reaction, X = 450 nm and E must be 63.5

kcal/mole; in the case of green light, X = 500 nm and E must be 57.1

kcal/mole; for red light, X = 600 nm and E must be 47.6 kcal/mole

(12) .
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Figure 1. Energetics of a CL reaction. Dotted line illustrates
reaction path.
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Chemiluminescence Instrumentation

The majority of useful analytical techniques have been developed

for liquid phase analysis in both aqueous and nonaqueous systems.

Unlike gas phase analysis, the techniques of reagent mixing and sample

introduction have provided sufficient difficulty to lead to the

development of three principal and distinct CL instrumental methods.

These instrumental methods and the forms of signal detection used will

first be described.

The earliest used and apparently most popular method of analysis

is the "pulse" or "guillotine" technique, which consists of the

addition of all CL reagents, including the sample or blank, to a cell,

and the initiation of the CL reaction via injection of the final

reagent, which may be the luminescent precursor, base, oxidant, or

accelerating species (7-10, 15-17). Commercial instruments of this

type are available for ATP determinations. Other methods of sample

introduction and mixing include flow cells (18-20) which introduce the

sample as a "slug" into the reagent stream and reaction vessel, and a

centrifugal analyzer which mixes a subcontainer of sample with the main

container of reagents by centrifugal action (21). A recent review (7)

of the merits and disadvantages of each method exists.

Some novel, recent developments in the area of sampling technology

include two variations on the flow cell method, the first of which

employs a microporous membrane to separate the reagent stream from the

sample stream, allowing effective control over the sample concentration

in the cell via changes in applied pressure (22). A second novel
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introduction is that of a mathematically modeled flow cell for the

minimization of self absorption effects in some CL systems (23).

The signal detection methods employed in CL analysis vary from the

use of photographic detection, used by many of the Soviet investigators

(2), to the use of the typical PMTcurrenttovoltage converter chart

recorder or storage oscilloscope combination (7-10). The advantages

inherent in using a PMT rather than photographic film should be self

evident.

In addition to the acquisition of nonwavelength discriminated CL

signals, instruments for the "pointbypoint" acquisition of wavelength

discriminated CL spectra have been constructed (24, 25). Although

their use is tedious, acquisition of a complete CL spectrum yields

valuable information concerning the nature of the luminescing species,

and provides the operator with data to make the final choice of a

particular PMT (i.e. red sensitive, blue sensitive, etc.). Recently,

a major advance in the ease of acquisition of CL spectra was achieved

via the use of a 512 element Tracor Northern TN-1710-21 DARSS

intensified diode array (IDA) system, which allowed the collection of

CL spectra from 197 to 823 nm, and provided the complete spectra of the

lucigenin and pyrogallol CL systems (26).

Physical Properties and Applications of Pertinent CL Substances

Although indirect methods of CL analysis, such as the use of CL

systems as indicators in acid base, redox, and complexometric

titrations, have been in use since 1955 (2), they will not be discussed
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here. Instead, the more recent methods of direct CL analysis in both

the gas and liquid phases will be briefly reviewed, with "direct CL

analysis" referring to the actual participation of the species of

interest in the CL reaction as either a luminescent precursor or

accelerating or retarding species.

CL analysis in the gas phase is commonly based on the analyte

being the luminescent precursor. Commercially available detectors

exist for the determination of NO, NO2, and 03 (2-4). The

determination of NO is based on:

NO + 0
3
--+ NO

2
+ 0

2
--4 NO

2
+ 0

2
+ hv (600-2800 nm) (5)

Detection limits of 1.0 PPB NO are reported. Sulfur containing

products (S02, H2S) may be determined at the PPM level using a hydrogen

rich flame in a novel reductive luminescence reaction:

SO
2
+ 2H

2
--+ S + 2H

2
0

S + S --+ S
2

--+ S
2

+ hv (300 425 nm)

(6)

(7)

Commercial units are available (4, 27). In addition to these classic

methods, several less well accepted techniques have been developed for

species such as CO, B02, CHC13, CC14, and CH3I (2).

The development of solution CL methods for the determination of

cations, anions, and organic species has accelerated in past years

until techniques have now been reported for a vast number, of species

(1, 2, 13, 28, 29). As a consequence, only systems relevant to this
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investigation will be explored further, both in terms of their reaction

mechanisms, physical characteristics, and analytical applications.

The CL of lophine (2,4,5triphenylimidazole) has been investigated

by several workers in terms of its mechanism and the effects of

derivatization of the parent molecule on the reaction rate (30-33).

Referring to Figure 2(A), the rate limiting step in the lophine CL

reaction has been determined to be the attack of H
2
0
2

on the oxidized

form of lophine (II), and the principal product and luminescing species

is dibenzoylbenzamidine (V), as evidenced by the agreement between the

CL spectrum of lophine and the fluorescence spectrum of the amidine

salt (V) (30). The intermediate dioxetane (IV) has been proposed by

White (33), and the lophyl hydroperoxide (III) has been isolated and

its structure confirmed (31). An alternate proposal for a freeradical

mechanism (Figure 2(B)) has been made, although tests with ESR have

proven negative (30).

Since it has been determined that metal species "activate" this

reaction (some investigators incorrectly use the word catalyze, even

though the metal species is usually consumed), the question of how

naturally arises. In the case of Co(II), it has been asserted that the

formation of a Co H
2
0
2
bridge complex is essential in a similar

reaction (34). Moreover, Cotton attests to the definite existence of

such an unlikely species, mentioning the actual isolation of such spe

cies as [(CN)
5
CoO0Co(CN)

5

-6
as moderately stable salts (35). Other

investigators, however, argue that metal catalysis occurs through a

HaberWeiss mechanism and free radical attack of 0
2
H (13, 36):
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(B) Proposed free radical attack.

Figure 2. Lophine CL reaction mechanism.
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0
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+ M
+n
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H
2
0
2

+ M
+ (n+1)

--+ H
+
+ .0

2
H + M

+21

(8)

(9)

13

Relevant physical data on lophine and many lophine analogs is

conveniently summarized in a recent publication (1), and briefly

reviewed here. The lophine CL spectrum in ethanolic KOH spans the

range from 470 to 600 um with a maximum at 530 nm. The overall CL

quantum efficiency, 4
CL'

is 10
-6

10
-7

. The fluorescence maximum for

lophine occurs at 438 nm, with an absorption maximum at 367 nm. Hence,

it may be concluded that self absorption by the parent lophine molecule

is not a problem in this CL system. It has also been found that

increased quantum yields are obtained by increasing the delocalizing

(resonance) ability of the substituted phenyl groups, providing support

for the oxidative formation of lophyl hydroperoxide (III), or radicals

in the ring.

Lophine has been used with stop flow techniques in the CL

determination of 0C1, Co(II), Cr(III), Cu(II), and V0(II) with

detection limits in the 50 to 300 PPB range (37), and with the

conclusion drawn that the emission intensity is a function of the

reduction potential of the analyte, although the authors' data for

Co(II), Cr(III), and Ag(I) do not bear this conclusion out.

The chemiluminescence of luminol (5-amino-2,3-dihydrophthal-

azine-1,4-dione) has been extensively investigated in terms of its

mechanism and the luminescence behavior of its derivatives (1, 12,

34-48). Referring to Figure 3(A), it can be seen that the dianion of

luminol is first formed in strong base (K1 = 10-6, K2 = 10-13) (42),
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Figure 3. Luminol CL reaction mechanism.
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followed by an oxidation to the diazaquinone (II) which has been

isolated (48). Attack by 02
2

then generates the endoperoxide (IV),

proposed by Hodgson (12, 45, 46). Finally, the luminescing species

(III), 3aminophthalate dianion, is formed and luminescense is

produced. Confirmation of the luminescing species was provided by

Seliger (14), who matched the fluoresence spectrum of 3aminophthalate

to the CL spectrum of luminol.

As in the case of lophine, other workers maintain that a free

radical process leads to the production of (III) (45), in spite of the

fact that ESR studies show no free radical intermediates in the

oxidation steps (Figure 3(B)) (42). The peroxide attack on the

diazaquinone (II) appears to be rate limiting (42), and again, the

question of metal activation of the reaction arises. Both mechanisms

(i.e., metal H
2
0
2

complex formation and HaberWeis radical formation)

have been advanced, just as in the lophine case, with the conclusion

that metal H
2
0
2

complex formation is the more likely case (34).

The question of anionic activation, as in the case of the luminol

0C1 reaction, has been investigated in detail by Seitz (49), who has

concluded that 0C1 is more "efficient" than H
2
0
2

in the attack on the

diazaquinone (II), but makes no statement concerning the nature of any

proposed intermediates, or how 3aminophthalate is formed.

Relevant physical data for luminol, its isolated intermediates,

and the 3aminophthalate dianion are listed in several publications (1,

14, 34, 40, 43, 44, 46, 47) and briefly reviewed here. The CL spectrum

of luminol extends from 360 to 580 nm with an intensity maximum at 424

nm. The overall CL quantum efficiency,
4CL'

is quite high at 2 x 10-2.
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Because the acid solution fluorescence maximum for luminol is 430 nm,

it was believed that luminol itself was the luminescent species, until

Seliger showed that the fluoresent quantum efficiency of luminol is

zero at pH > 9.0, and 3aminophthalate dianion was responsible for the

luminescence (14). The absorption maximum of the parent luminol

molecule at pH 14 occurs at 345 nm and extends to 400 nm. Hence, some

self absorption does take place during the CL reaction. Other workers

have claimed that "in the luminol system, neither the reactants nor the

products absorb significantly over the region of maximum CL intensity"

(23), citing Lee and Seliger's work (47) which presents absorption

spectra for 3aminophthalic acid (V) not luminol. While it is true

that this reaction product absorbs over the 300-350 nm region, and

hence presents no self absorption problem, this is not true of luminol.

It has been concluded (1) that electron release by resonance in

substituted luminols increases dm, in complete agreement with the

results for lophine.

The analytical applications of the luminol system are staggering.

The more important systems investigated include the determination of

Co(II), Cu(II), Ni(II), Cr(III), V(IV), Mn(II), and Fe(II) in the

presence of H202, and 0C1, Br2, 12, Mn04, Fe(II), and V(II) in the

absence of H
2
0
2

(20). Many organic substances including cystine,

hemoglobin, "Sarin" nerve gases, vitamin B-12, and "Isopestox"

insecticides have also been determined (2,50). Some success has been

achieved in the determination of bacteria in water (2), and of H
2
0
2

in

ambient air samples (51). Perhaps one of the most novel and promising

applications of the luminol system is in its application as a detector
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for high pressure ion exchange chromatography. Fully 22 cations may be

determined (52, 53) and a 100 microliter dead volume detector chamber

has been described (54).

The analytical applications of CL arising from the production in

solution of singlet oxygen, 0
2

(
1
A ), appear to be rather limited at

present. The physical nature of 0
2

(1Ag) has been investigated in the

gas phase, and emission band assignments have been made (55). Work in

the liquid phase has produced spectra of 0
2

(

1
A ) in the red region of

the spectrum (56-58). Figure 4 illustrates the transitions involved

and the generally accepted mechanism for the production of 0
2

(
1
A
g
) by

0C1 (59), where the production of 00C1 is rate limiting (k = 2.8x103

1 moles
-1

s
-1

). Since transitions from the
1E and

1
A states to the

3
E

g g g

state are forbidden on the basis of both spin and symmetry, the

radiative lifetimes are long: 12 seconds for and d 45 minutes for 1Ag

in the gas phase (60). As shown in Figure 4, the emission at 633.4 nm

resulting from a two molecule, one photon process, and the emission at

762.1 nm resulting from a
1r

8
to

3t
8
transition are the only ones

commonly observed in solution work. These peaks are quite narrow

compared to the broad band luminescence of luminol or lophine, with

widths at half height of 10.0 and 12.5 nm, respectively (56). To date,

singlet oxygen CL has not been employed analytically, but has remained

a phenomenon relegated to classroom demonstrations.
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Methods of Determination for Pertinent Analvtes

A brief review and comparison of CL and non-CL methods for the

determination of species pertinent to this work, and of the existing

techniques used to increase the specificity of the CL determination of

Co(II), Cr(IV), and humic acid (HA) will now be undertaken.

Table I is a summary of the non-CL methods commonly employed in

the determination of Co(II) (8). As can be seen, the best detection

limit available for Co(II) by these methods is of the order of 0.1 PPB,

unless one is willing to invest 47 hours per sample for a bio-assay.

Table II compares the currently available CL methods of Co(II) analysis

and their most serious interferents. As can be seen, very low

detection limits are achievable by CL, but interferences by Mg, Mn, Fe,

and in some cases Ca, make these methods much less attractive. A

separation method involving the liquid - liquid extraction of Co(II) as

its 1-nitro-2-naphthol complex has been developed to isolate Co(II)

from Fe and Mg, but extraction efficiencies vary from 61% to 100% (8).

The determination of 0C1 in water has been extensively studied

(15, 62-68). In the case of the determination of 0C1 in water

intended for human consumption, a rather important differentiation is

made between "free chlorine" existing as HOC1 or 0C1, and "combined

chlorine", consisting of various chloramines (NH2C1, NHC12, NC13).

This is due to the vast difference in disinfecting power between the

"free" and "combined" forms. In this situation, then, the principal

interferents in the determination of 0C1 in water are the chloramines,

and, to a lesser extent, C10
2

(63). Table III lists the principal
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Table I. NonCL methods for Co(II) determination.

Method Detection Limit, PPB

Atomic Absorption Flame
Atomic Absorption Carbon Rod
Inductively Coupled Plasma Emission
Colorimetry (NitrosoR Salt)
XRay Fluorescence
Neutron Activation

*Anodic Stripping Voltammetry
Bioassay (Rhizobium meliloti)

5.0
1.0
0.1

2.0
1.06 ng
0.5
3.0

0.005

Requires 47 hr incubation

Table II. CL methods for Co(II) determination

System Detection Limit, PPB Interferences Ref.

Luminol H
2
0
2

0.01 Al, Sn, Pb, Cu, Fe, (22)

Cu, Zn, Ag, Mn
Lucigenin H202 0.02 Fe, Ni, Ag, Cu, Cr, (8,9)

Mn, Pb, Mg
Gallic acid H

2
0
2

0.4 Mn, Ag, Cd, Pb (61)

Pyrogallol H
2
0
2

0.5 Ca, Mg, Mn, Fe (10)

*Lophine H
2
0
2

47.0 Cr, Cu, Ag, Pb (37)

Work published 11-79, after this study.



Table III. Standard methods of OCL determination

Method Detection Limit,

PPB

Response R.S.D. Interferences

Residual Chlorine Electrode 50 Cl2, OM, HOC1 4% NH
4 C1

I2 titration 40 Cl2, 0C1, HOC1 27% Fe(III),

Mn(II), NOi

Amperometric titration 25 Cl2, NH2 C1' NHC12'

0C1, HOC1

27% Cu(II), Ag,

C1O2, NC1
3

Orthotolidine colorimetric 10 Cl2, OC1, HOC1 44% Br2, CI02' I2'

MnOi
'
NH

2
Cl

Orthotolidinearsenite

colorimetric

10 Cl2, 00, HOC1 38% Br2, C10
2' I 2'

Mn04

Ferrous DPD titration 50 00, HOC1 22% Mn64' Cu(II),

NH
2 Cl

*
DPD colorimetric 50 0C1, HOC1 23% MnO-di

'
Cu(II),

NH
2 Cl

LuminolH
2
0
2

CL 16 HOC1, 0C1, C12, C1O2 6% no data

Luminol CL 0.5 00, HOC1 no data no data

*Apparent method of choice.
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methods now in use for the determination of "free" (0C1, HOC1) and

"total" (0C1, HOC1, NH
2
C1' etc.) chlorine (15, 49, 62, 63, 68). As

can be seen, the relative standard deviations are high, most probably

due to the instability of dilute 0C1 solutions (15), which can undergo

disproportionation (35):

30C1 2C1 + C10
3'

K = 10
27

According to Chapman, Oa is most stable at pH 13.0 (69).

(10)

Note that three researchers, Isaccson and Wettermark (15, 62) and

Sietz (49) have determined OC1 with luminol in the presence and

absence of H202, respectively. Unfortunately, Isaccson and Wettermark

achieved poor detection limits in the presence of H202, and Seitz's

work was purely mechanistic in nature, providing no interference data

or precision information for his flowcell study. Nevertheless, Seitz

noted a 0.5 PPB detection limit for Oa which is better by a factor of

100 than that achieved with the most often used DPD colorimetric

method.

The determination of Cr has received much attention (70-89).

Table IV is a summary of the pertinent results of the current

analytical techniques being employed for the determination of Cr. Note

that most methods 1) require a preconcentration step when applied to

natural waters, 2) have unfavorably high detection limits (>0.5 PPB),

or 3) respond to both Cr(III) and Cr(VI). From the standpoint of

environmental analysis, this last point is the most unfortunate of the

three, since the species most often of interest is Cr(VI), which has



Table IV. Current methods for the determination of Cr.

Method Preconcentration % Recovery Reponse Detection Limit,
PPB

Ref.

Graphite Furnace A.A none Cr(III) + Cr(VI) 0.1 (71)
Graphite Furnace A.A Fe(OH)3 coppt. 92 Cr(III) + Cr(VI) 0.04 (70)
Flame A.A. 5 fold evaporation 96 Cr(III) + Cr(VI) 4.3 (73)
Flame A.A. MIBK extraction no data CR(III) + Cr(VI) 1.7 (72)
Flame A.A. ion exchange 90 Cr(VI) 10. (74)
Flame A.A. MIBX extraction 100 Cr(III) + Cr(VI)a 6.0 (75)
Visible absorption
(diphenylcarbizide)

MIBX extraction 97 Cr(III) + Cr(VI)a 1.2 (76)

Gas chromatography HTFABenzene ext 95 Cr(III) + Cr(VI) b 0.1 (77)
Gas chromatography HTFABenzene ext 123 Cr(III) + Cr(VI)b 0.6 (78)
Liquid chromatography none Cr(VI)c 0.8 (79)
XRay Fluorescence ion exchange 100 Cr(III) + Cr(VI) 1.3 (80)
Neutron activation none Cr(III) + Cr(VI) 0.5 (81)
Differential Pulse none Cr(VI) 10. (82)
Polarography
Luminol none Cr(III) 0.005 (7)
Chemiluminescence

a) Method involves oxidation of Cr(III) to Cr(VI).
b) Method involves reduction of Cr(VI) to Cr(III).
c) With coulometric detector.
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been associated with carcinogenic hazards (90, 91) and is currently

limited by the World Health Organization and the Safe Drinking Water

Act to an absolute maximum concentration of 50 PPB in surface water

intended for the abstraction of drinking water (92, 93). Cr(III) on

the other hand is of substantially less concern, and is in fact

necessary for the maintenance of a normal glucose tolerence factor (94,

95). As can be seen, only the liquid chromatographic method, one ion

exchangeflame AA method, and a differential pulse polarographic method

respond directly to Cr(VI). Of these, the only one with a respectable

detection limit is the LC method with coulometric detection.

Unfortunately, although a CL method exists for Cr, it responds only to

Cr(III) (7).

Because of the difficulties of tailoring an analytical method to

the specific determination of Cr(VI), several workers have employed ion

exchange separation techniques with conventional methods of Cr analysis

for the purpose of specificity rather than for preconcentration as is

the case in Table IV. Table V is a compilation of the more important

methods developed to date. As can be see, all investigators appear to

have chosen strong anion (quarternary ammonium) exchange resins, and

used very harsh, concentrated eluents to recover the Cr(VI). Some have

even resorted to oncolumn reduction of the Cr(VI) to Cr(III).

The determination of humic acid (HA) has been investigated to a

very minor extent (96-99), in spite of the potential importance of this

species as a vehicle for the mobilization, transportation, and immobi

lization of organic compounds, some of which may be toxic pollutants,

and despite its proven ability to engage in the complexation of potent



Table V. Anion exchange isolation methods for Cr(VI)

Resin Used Elution % Recovery Ref.

Zerolit FF strong anion none: Cr(VI) by
subtraction from
total Cr

97 (of Cr(III)) (83)

AG1X4 strong anion 1 M NaCl after reduction
to Cr(III)

90 (74)

AG1X4 strong anion 4 N H
2
SO

4
: some

reduction occurs
quantitative recovery

no data (86)

"not possible"

IRA-400 strong anion 10% Na
2
CO

3
(saturated) 99.8 (87)
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ially toxic heavy metals (98, 100). This is principally due to the

uncertain nature of this species (98, 101) and its inherently

"operational definition" as the hydrophobic acid fraction of humus

precipitating at pH 2.0 after extraction at pH 13-14 (96). Figure 5

illustrates the principal functionalities present in HA. Both of the

prevailing methods of determination of HA are spectral, one based on

the absorption of HA at 430 nm, in spite of the fact HA absorbs from

200 nm to 850 nm with no absorption maxima (98), and the other based on

a fluorometric procedure with excitation and emission wavelengths of

270 and 460 nm, respectively (96). Both methods have detection limits

of 0.25 PPM, and both are ultimately based on the assumption that the

molar absorptivity of the HA molecule is a constant at a given

wavelength. Unfortunately, molar absorptivities of HA's from different

sources differ by up to 273% (99).

The CL of HA was first reported in 1967 and will be discussed

later. Although its analytical possibilities were mentioned, nothing

has been done to date to pursue the matter further (97).

Analytical Techniques to Increase CL Specificity

The major drawback to CL methods of analysis is undoubtedly their

lack of specificity, due in part to the fact that several common

species with high CL detection limits are nevertheless present in real

samples at high concentration levels relative to the analyte (e.g. Ca,

Mg, and Fe in natural waters). In this respect, a brief review of the

methods developed to date to increase specificity is in order.



Figure 5. Proposed structure of HA molecule according to Christman and Ghassemi.
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Several svecific CL techniques already exist. The determination

of Cr(III) via luminol CL (20), which is based on metal interferent

EDTA complex formation at a much greater rate than Cr(III) EDTA

complex formation, and the determination of Fe(II) with luminol in the

absence of H
2
0
2

(20) are two examples. In the case of Cr(III), the

interferents are "masked", not removed, while in the case of Fe(II) the

elimination of H
2
0
2
prevents the many interferent species which

activate the H
2
0
2

luminol reaction from having any effect, although

they are still present in the reaction mixture. An extraction method

for Co(II), which is subsequently determined by lucigenen CL (8,9) is

an example of the physical removal of the interferents from the sample

prior to the CL determination of the analyte. Unfortunately, one of

the most powerful sample preparation techniques for the removal of

interferents and isolation of the analyte appears to have been

neglected to date ion exchange. While Seitz and Hercules have spoken

of the future promise of using ion exchange for sample preparation

(20), no one appears to have done so to date, in spite of the current

popularity of such cation exchange resins as Chelex 100. This

chelating iminodiacetic acid resin has been extensively studied for its

use in preconcentration (102-107) and for the separation of transition

metals from Mg and Ca (108), known interferents in many CL systems (8,

9, 10, 22, 37, 61). Clearly, much of the work of developing ion

exchange sample preparation systems has already been done, and all that

remains is the application of this technology to CL analysis.
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CHEMILUMINESCENCE INSTRUMENTION

Introduction

The basic CL photometer used in the past for investigations of the

luminol, lucigenin, lophine, and pyrogallol CL systems is illustrated

in Figure 6 and described in detail in several publications (7-9, 109).

Its operation, advantages and disadvantages will now be briefly

reviewed.

A discrete sampling system was originally selected by Hoyt (109)

for several reasons. A flow cell system requires pumps for the reagent

solution and N
2

gas for mixing. In addition it is more difficult to

clean reaction products from a flow cell. The discrete sampling

instrument is inexpensive, rugged, and may be easily modified. On the

other hand, Hoyt has claimed that the electronics used for peak

detection and/or integration are complicated (7, 109).

The heart of the system is the aluminum sample chamber which is

basically a light tight box fitted with a brass temperature control

jacket connected to a thermostated water bath, and provided with a

magnetic stirrer, and PMTshutter assembly. A sample cell (standard

1.0 cm quartz, glass, or plastic) is secured within the temperature

control block and provided with a small Teflon
R

stir bar. The lid of

the box is raised to prepare for a run, and the CL reagents (usually

sample or blank, oxidant, and luminescence precursor) are placed in the

cell from thermostated reservoirs with Eppendorf
R

pipets. The lid is

then closed, the PMT shutter is opened, and the pneumatic syringe
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Figure 6. Basic discrete sampling CL photometer. I/V = current to voltage converter.



31

(which has since been modified to accept TTL pulse activation) is

manually operated to inject the final CL reagent (usually base or

buffer) which begins the reaction. As CL light strikes the exposed

PMT, the current to voltage converter (I/V) and the noise filter

process the CL signal for display on a chart recorder. The PMT shutter

is then closed, the cell cleaned, and the process repeated.

The CL signal is invariably defined as the CL peak height of a

sample run minus the peak height of a blank run. Figure 7 illustrates

typical peak shapes obtained with this instrument. A major problem at

this point is that a great deal of manual interaction is required in

the interpretation of these peak shapes. Only peak height data may be

conveniently acquired from a recorder tracing, and the data for the

individual runs must be averaged and statistics worked out "off line"

with a calculator, increasing the total time of analysis and

restricting the options of the operator to the most rudimentary of data

acquisition techniques. Although Hoyt developed analog peak height and

peak area detectors for the instrument, manual activation of the

circuitry was required, and "off line" data processing was still

necessary (109).

Hence, to realize fully the potential of the discrete sampling

method, it was decided to incorporate a microprocessor control and data

acquisition system into the design of the simple system described to

allow the operator the versatility of software modification of the CL

experiment, and to permit instant "on line" CL data processing. The

remainder of this section, then, will deal with the design of a BIM'

6502 microprocessor CL system, the design and interfacing of the
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Figure 7. Typical discrete sample CL peak shape. Curve A is 2.0 PPB Co(II) using optimized Co lophine

system. Curve B is a blank for the same system. [KOH] = 0.5 H, [lophine] = 4 z 104 H,

[H202] = 5.9 x 10-3 M.
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microprocessor's many data acquisition and control peripherals, and the

two "total" operating systems developed using the KIMR and its

peripherals: 1) KCLOS, for the versatile acquisition of CL data using

analog peak height/peak area software with an A/D, or peak area

software with a V/F or photon counting unit, and 2) CLIDA for the high

speed acquisition of complete CL spectra using an intensified diode

array (IDA) system under direct memory access (DMA) control. Due to

the nature of the circuitry involved, a thorough understanding of

digital and analog electronics must be assumed throughout this

discussion.

The KIMR 6502 Microprocessor System

The heart of the microprocessor (MP) control system that was

developed is a single board KIMR 6502 MP produced by MOSR Technology.

The features and operation of this computer are documented in detail in

several manuals (110) and will be reviewed in brief here.

The KIMR is an eight bit microprocessor equipped with 1) 15 I/O

bits that are bidirectional and individually programmable, 2) a

cassette tape interface for program and/or data storage, 3) a 20 mA

current loop Teletype
R

(TTY) interface, 4) 1K static RAM, 5) an

interval timer, and 6) a 2K ROM operating system. The buss structure

of the KIMR consists of 1) a unidirectional 16 bit address buss,

capable of addressing 64K of memory, 2) a control buss containing the

1.0 MHz system clock, read/write (R/W) timing signals, reset signal,

etc., and 3) an eight bit bidirectional data buss. Interrupt
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capabilities include one maskable and one nonmaskable vectored

interrupt (NMI). The 6502 MP has 13 machine language programming modes

and a 56 member instruction set. Limited interaction with the MP is

possible without a TTY through a hexidecimal keypad and display

provided with the KIMR.

All address, data, and control buss lines of the KIMR are brought

out to a 44 pin edge connector designated as the expansion connector

(EPC) which provides access to the ready (RDY) line, the 41 and 42

clock lines, and the read/write (R/W) line. Because these control

signals are of particular import in the application of direct memory

access (DMA), they will be briefly discussed.

The 41 and 42 clock lines are 1 MHz, 50% duty cycle clock signals

that control the address and data busses of the KIMR, respectively. 41

is 180° out of phase with 42. On each positive 41 edge, the address

lines change their values. 0.5 is later on the positive 42 edge, the

data lines change their values. At the same time that the address

lines are changing, the R/W line may change from a logic zero (write

cycle) to a logic one (read cycle). This line controls the direction

of data transfer on the bidirectional data buss between the 6502 and

system RAM. The RDY line is normally high and unused by the KIMR.

When RDY is pulled low, the 6502 will halt on the next positive edge of

42, providing that R/W is high.

All I/O port bits, the tape interface lines, and the TTY interface

lines of the KIMR are brought out to a second 44 pin edge connector

designated as the application connector (APC). It is to this connector

that the experimenter normally makes physical connections.
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The KIMR as received from MOSR Technology is, in fact, designed

for the home hobbyist, and has four principal failings. First, the

TTY/CRT interface hardware is inadequate for use with a TTY. It

provides a very "noisy" interface to the typical ASR 33 TTY, since the

TTY side of the interface consists of reed relay switches, that provide

a great deal of contact "bounce" which the KIMR interface simply can

not tolerate. Second, the KIMR's address buss is unidirectional,

making it impossible to employ any outside system control such as DMA

to the onboard KIMR RAM. Third, the onboard 1K RAM and I/O

capabilities of the KIMR are insufficient for serious experimental

applications. Fourth, no provision is made on the KIMR board for the

possible addition of ROM or EPROM containing important operating

programs (BASIC, FORTH, etc.). This requires the operator to load

these very long programs from cassette tape, a tedious affair.

Fortunately, one may overcome all of these problems by the

addition of three external (off the the main KIM' board) devices: 1)

an optoisolated TTY interface, 2) a TRISTATE
R

address buss buffer

board, and 3) a commercially available SE memory, I/O, and EPROM

expansion board. The incorporation of these devices and a description

of the completed 8K KIMR system will now be presented. In all cases,

these devices were constructed using printed circuit technology, the

details of which will not be presented here. All resistors are 1/4

watt, 5% tolerance, and all capacitors are 50 volt ceramic disk, unless

otherwise noted.

Figure 8 is a schematic of the optoisolated TTY interface con

structed for the KIMR, along with the vital connections to the KIMR's
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Figure 8. Optoisolated TTY interface and ASR 33 conversion.

Component Type or Value

IC1, IC2 TI 111 optoisolator

Ti, T2, T3 2N3904

R1, R2 150 0

R3, RS, R11 220 0

R4 68 0

R6, R10 2.2 kg

R7 820 0

R8 470 0

R9 1 kg

S1 SPST

S2 4PDT

CN1 44 pin KI1# APC

CN2 15 pin edge connector

CN3 7 pin amphenol plug, female

CN4 7 pin amphenol plug, male

CN5 ASR 33 barrier strip
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existing TTY interface circuitry and to a full duplex ASR 33 TTY. The

switch (S2) selectable conversion of a half duplex 0S3 TTY (in common

use at 0.S.U.) is also illustrated. The basic purpose of this circuit

is to isolate the KIMR +5 V line from TTY noise. It does so by using

the KIMR +12 V line to provide current for the TTY send and receive

loops, and by interfacing this current loop data through optoisola

tors. A TTL level zero from the KIMR (logic one at pin U) turns Ti on,

turning on the LED and transistor of IC1. This turns T2 off and

creates a no current condition in the TTY send loop, equal to a logic

zero. A logic one at Ti creates a current flow condition in the TTY

send loop, equal to a logic one.

On the receive loop, a no current condition at T3 turns it off,

turning the LED and transistor of IC2 off, and creating a logic zero at

the KIMR TTY input. A condition of current flow produces a logic one.

The entire system has proven reliable at up to 1200 BAUD (about 12 kHz)

with CRT terminals, and very stable with slower 110 BAUD TTY's. Con

nections for the slower 110 BAUD ASR 33 TTY are shown in Figure 8 using

the wire color coding scheme of the manufacturer (111). The optoiso

lated TTY circuit board outputs (pins D, E, and L) are connected dir

ectly to a seven pin amphenol plug (CN3) which can be connected to a

similar male plug (CN4) on any TTY or CRT in our laboratory.

Modification of the KIMR address buss was accomplished using a

TRISTATE
R
buss buffer (TSBB) circuit illustrated in Figure 9. Five

74126 quad TRISTATE
R buffers were mounted on a PC board with a 44 pin

edge connector (CN2) to buffer the 16 address lines and R/W line of the

KIMR to an 8K RAM expansion board. If the ready (RDY) line of the
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Figure 9. TRISTATE
R

address buffer board.

Component Type or Value

IC1 ICS 74126 quad buffer

CN1 KIMR 44 pin EPC

CN2 44 pin edge connector

CN3 37 pin female amphenol connector

CN4 Memory PlusR 44 pin MEPC

NOTE: Common connections for IC1 ICS

are shown in the dashed box.
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KIMR is pulled low for any reason by an external device, the TRISTATE
R

buffers will enter a high impedance (high Z) state, effectively

disconnecting the KIMR address and R/W lines from the 8K expansion

board and allowing some other device to gain control of these lines via

an external connector. This is in fact what occurs when the DMA unit

(to be discussed later) gains control of the KIMR address and data

busses.

Expansion of the KINK's memory and I/O capability was accomplished

with a commercial 8K RAM expansion board, Memory Plus
R

, purchased from

the ComputeristR, and documented in detail in their publication (112).

Briefly, the features of this board include 1) 8K of static RAM, 2) a

6522 versatile interface adaptor (VIA) chip which provides 16 more

bidirectional I/O lines, two 16 bit timers, a serial shift register,

and versatile handshaking and interrupt capabilities, and 3) sockets

and address decoding for 8K of EPROM (2K X 8, Intel
R
2716 or

equivalent). A crude EPROM programmer is also provided. As with the

KINK, 44 pin edge connectors provided for access to the address lines,

data lines, and control lines (MEPC), and for access to the 6522

versatile interface chip I/O lines (MAPC). The address boundries of

the 8K of RAM and 8K of EPROM are selectable within 8K boundries:

i.e., the RAM or EPROM may be placed in locations $2000 $3FFF (2000

HEX to 3FFF HEX), $4000 $5FFF, $6000 $7FFF, $8000 9FFF, $A000

BFFF or $0000 $DFFF. In addition, the EPROM only may be placed at

$E000 IFFFF if the KIMR reset vector locations are redecoded (112).

Both the RAM and EPROM address boundries were made switch selectable,

as well as the KIMIt reset vector DECODE function necessary for EPROM
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use in the upper 8K of KIMR address space. A truth table for these

switches is provided in Figure 11.

The completed system (KIMR, modifications and 8K RAM board) plus

its associated 8K floating point BASIC package in EPROM will now be

briefly discussed. The KIMR, optoisolated TTY interface, Memory

Plus
R

, and TRISTATE
R

buffer boards were securely mounted in an

aluminum case and provided with a small fan for cooling. The power

supply requirements for this KIMR microcomputer system (KMS) were 8

volts unregulated D.C. at ca. 3 A, 12 volts D.C. at ca. 500 mA, 5

volts D.C. at ca. 1 A, and, if the EPROM programmer is to be used, 27

volts D.C. at ca. 200 mA. A suitable commercial power supply (KL

Power Supplies model 512) was used to provide KMS power.

Figures 10 and 11 provide a memory map and physical configuration

diagram for the completed microcomputer. Connections were provided in

the form of banana plug jacks for the I/O port bits and power inputs,

while the audio tape and TTY connections were brought out on cables

fitted with appropriate amphenol jacks. As Figure 11 indicates, the

I/O port bits were organized into four ports, denoted as A, B, VIAA,

and VIAB. While ports A, VIAA, and VIAB contained eight bits each,

port B contained only three bits due to the dedicated use of bits one,

two, three, six, and seven for the Memory Plus R expansion board. The

handshake lines for these I/O ports were organized into four rows

directly adjacent to the four I/O port rows as indicated in Figure 11.

The DMA/EXPANSION jack is a 37 pin female amphenol with connections as

illustrated.

The 8K floating point BASIC used by the KIMR was provided by
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Figure 11: CL KIM Physical Configuration

DMA/EXPANSION Pinout:

Function Pin # Function Pin #

42 21 GND 19
R/W 20 RST 1

Address Bit 0 37 NMI 2

1 36 IRQ 3

2 35 41 4

3 34 SYNC 5

4 33 RDY 10
5 32 Data Bit 0 11
6 31 1 12
7 30 2 13

8 29 3 14
9 28 4 15

10 27 5 16
11 26 6 17

12 25 7 18
13 24

14 23

15 22

RAM/EPROM (S3, S4) Address Boundary Truth Table:

Bit 1 2 3 4 5 6 7 Addresses Notes

1 0 0 0 0 0 0 $2000 $3FFF 1= ON
0 1 0 0 0 0 0 $4000 $5kkk 0= OFF
0 0 1 0 0 0 0 $6000 $7FFF S5 in DECODE
0 0 0 1 0 0 0 $8000 $91.kk Position for
0 0 0 0 1 0 0 $A000 $BFFF EPROM at
0 0 0 0 0 1 0 $C000 $DFFF $E000 $FFFF
0 0 0 0 0 0 1 $E000 $1(FFY

S3 = SPST 8 bit DIP switch: RAM Addresses.
S4 = SPST 8 bit DIP switch: EPROM Addresses.
S5 = SPST decode switch.
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Microsoft
R

and fully documented by Johnson Computer (113). Briefly,

this BASIC resides in EPROM from locations 12000 13kkt. User memory

(RAM) must be contiguous with BASIC: i.e., it must have 14000 as its

lowest address. Upon entering BASIC at location 13E91, BASIC performs

a cold start memory test to determine how much RAM is available in an

unbroken block from location 14000 to IFFFF. After performing this

check, BASIC will ask the operator MEMORY? A (CR) at this point will

tell BASIC to use all available RAM for the BASIC user program.

Entering an artificial upper address limit in decimal, followed by a

(CR) prevents the BASIC user program from occupying any RAM with an

address larger than that entered, reserving space for data storage or

machine language subroutines.

The memory map of Figure 10 includes those locations occupied or

used by BASIC. Note in particular that only 15 locations in page zero

are unused by BASIC. Hence, the zero page addressing capabilities of

any machine language subroutines used with BASIC are severely limited.

The actual use of these subroutines with BASIC will be discussed later.

KIMR 6502 Peripherals

By itself, the KIMR microcomputer was inadequate for use in the

control of a CL experiment as it had no facilities for acquisition or

output of analog data. Hence, the necessity of developing several

peripheral modules for the KIMR arose. In every case, these circuits

were constructed using single or double sided printed circuit boards

designed and manufactured by the author, and were encased separately,
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along with a dedicated power supply. The details of the printed

circuit technology employed in this work will not be discussed here,

although schematics and operational information for modules constructed

are presented in detail.

For the most part, these peripheral modules operate in conjunction

with the KIMR I/O ports, whose addresses are given in Figure 10. As a

brief review, each I/O port is controlled by a data direction register

(DDR) which allows the programmer to choose the direction (input or

output) of each I/O bit individually. The ports and their control

registers behave exactly like any RAM location: i.e., one may write to

or read from the I/O ports directly, and once data is placed in a port,

it remains there until the location is rewritten. More information on

the KIMR I/O ports is provided in great detail elsewhere (11).

8/12 Bit A/D

Of primary concern in the use of the KIMR for data acquisition was

some way of transforming real world analog signals into digital inform

ation for storage and processing. For this purpose, the analog to dig

ital (A/D) converter pictured in Figure 12 was constructed. Based on

an Analog Devices
R AD7501 one of eight analog multiplexer and an Ana

log Devices
R AD574 eight or twelve bit A/D, the device is capable of 1)

selecting one of eight analog channels for digitization, 2) performing

an eight bit conversion in 16 gs or a 12 bit conversion in 25 gs, and

3) transferring the resulting data into the KIMR using eight I/O lines

and multiplexing to deliver the high eight and low four bits of the
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Figure 12. 8/12 bit A/D.

Component Type or Value

IC1 Analog Devices AD574

IC2 Analog Devices AD7501

R1, R5 100 1E11 10 turn pot

R2 100 11 10 turn pot

R3 10011

R4 100 k11

S1 DPDT

CN1 44 pin edge connector

CN2 25 pin female Amphenol connector

BNC1BNC8 BNC jacks
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conversion in two transfers, using eight I/O lines. In addition, the

operator may choose either a unipolar 0 to +10 V range or a bipolar 10

V to +10 V range with a switch. The A/D is connected to the I/O lines

of the KIMR system with a length of ribbon cable with a 25 pin male

=phenol connector on one end and banana plugs on the other end. A

total of 15 I/O lines are required: eight for the multiplexed data,

one for the mode control, one for the start conversion command, one for

the end of conversion signal, one for the analog multiplexer enable

signal, and three for channel selection control. The A/D module is

powered by a 5 V, 500 mA and ±15 V, 200 mA internal supply. Figure 13

provides a collection of truth tables and timing diagrams for the A/D's

operation, which will now be discussed.

The A/D has the capacity for making eight or 12 bit conversions

depending on the status of the mode control (MC). If MC is held low

prior to and during a conversion, a 12 bit, 25 gs conversion results.

If MC is held high, an eight bit 16 gs conversion results. After

completion of a conversion, if MC is held low during a data transfer,

the upper eight bits of the data are obtained. If MC is then held

high, the lower four bits of the data are obtained. If the KIMR places

the upper eight and lower four bits in two locations denoted as DMH and

DML, respectively, the 12 bit word may be rearranged into a more

convenient upper four lower eight form using the machine language

software shown in Figure 13. This program simply acts to 1) move the

lower four bits of the data into the lower four bits of DML, 2) move

the lower four bits of DMH into the upper four bits of DML, 3) move the

upper four bits of DMH into the lower four bits of DMH, and 4) load the



MODE CONTROL

START CONVERT
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0.4 ;.is MINIMUM

END OF CONVERSION 25 us
(PROVIDED BY A/D)

DATA BITS 4-11

DATA BITS 0-3

ANALOG SWITCH CONTROL

HIGH Z

HIGH

Bit 12 Al AO EN Input Line
x x x 0 High Z
0 0 0 1 1

0 0 1 1 2

0 1 0 1 3

0 1 1 1 4

1 0 0 1 5

1 0 1 1 6

1 1 0 1 7

1 1 1 1 3

HIGH Z

DATA VALID

A/D DATA OUTPUT FORMAT

Range V in MSB LSB
10 V 0 000000000000

100000000000+5

10 111111111111
-10 V -10 000000000000

0 100000000000
+
10 111111111111

REARRANGEMENT SOFTWARE

Before Rearrangement: LDX #4
GO CLC

DMH Bit 12 Bit 4 LSR DMH

DML Bit 3 1111 ROR DML
DEX

After Rearrangement: BNE GO

DMH 0000Bit 12..Bit 8
DML Bit 7 Bit 0

Figure 13. A/D operation for a 12 bit conversion.
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upper four bits of DMH with zeros. If one is in the :110 V mode, the

resulting word must be EXOR'ed with the number 10400 to correct the

data to the signed format used by the KIMR.

12 Bit Latched DAC

Besides doing analog to digital transformations, it was desired to

be able to perform digital to analog (D/A) conversions. Figure 14

presents a 12 bit range programmable latched digital to analog

converter (DAC) based on a BurrBrown DAC 80CB1. Latching of the DAC

inputs prevents the DAC output from changing when the latch input data

changes and the latch strobe is low. Figure 15 presents input and

output truth tables for the DAC, as well as the range programming truth

table. Note that the output code of this DAC is not compatible with

the numbering code used by the KIMR. When operating in a unipolar mode

(+10 or +5 V full scale), all data must be EXOR'ed with IOFFF, and when

operating in a bipolar mode (±10, ±5, or ±2.5 V full scale) all data must

be EXOR'ed with 107FF in order for the DAC output to agree with the raw

KIM data.

The DAC module is selfpowered, containing a +5 V, 500 mA, ±15 V,

200 mA supply. Interconnection with the KIMR I/O ports is via a length

of ribbon cable with a 25 pin male amphenol connector on one end and

banana plugs on the other end. Careful analysis of Figure 14 will

reveal that a total of 13 I/O lines are required for the DAC: twelve

for data, and one for the DAC strobe.
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Figure 14. 12 Bit multirange DAC.

Component Type or Value

IC1 DAC8OCB1

IC2 IC4 7475 quad latch

R1, R2 270 ke

R3 3.9 kO

R4, R6 50 kO 10 turn pot

R5 3.9 MO

Cl 0.01 gF ceramic

C2 C4 1 gF tantalum

S3 S8 8 pole DIP switch, SPST

CN1 25 pin female Amphenol connector

CN2 44 pin edge connector
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LATCH INPUT
DATA 0-12

LATCH OUTPUT DATA
SEEN BY DAC INPUTS

DAC Output Truth Table

RANGE, V INPUT OUTPUT.

+10

+10

000000000000
100000000000
111111111111
000000000000
011111111111
111111111111

+9.9976
.3.0

0.0

+9.9931
0.0

-10.0

DAC Output Range Programming

RANGE, V SWITCH 3 4 5 6 7 3

+10 1 0 1 0 1 0

+5 0 0 1 0 0 1

+2 .5 0 1 1 0 0 1

+10 0 0 0 1 0 1

+5 0 1-0 1 0 1

Figure 15. DAC programming, timing, and software.
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8 Bit XY DAC Module

A second DAC constructed for the KIMR is illustrated in Figure 16.

This module contains two eight bit Hybrid Systems
R

3368 internally

latched DACs and is intended for applications requiring xy plots on

either an xy recorder or an oscilloscope. In addition, one DAC may be

used alone in conjunction with a simple strip chart recorder if

desired. The output codes and range programming connections for this

xy DAC module are shown in Figure 17. Note that, depending on the

output range being used, one is again required to EXOR the KIMR data to

achieve compatability with the DACs. In this case, when one is using

the unipolar +10 V range, EXORing the data with OF achieves the

desired result. When using the bipolar ±10 or ±5 V range, the data must

be EXORed with t7F.

This DAC module is also selfpowered, and contains a +5 V, 500 mA,

±15 V, 200 mA supply. Interconnection with the KIMR I/O ports is via a

length of ribbon cable with a 37 pin male amphenol connector on one end

and banana plugs on the other end. Careful analysis of Figure 16 will

reveal that a total of 17 I/O lines are required for the xy DAC:

eight for data for each of the DACs, and one for the DAC strobe, which

loads the two DACs simultaneously on a positive pulse.

KIMR Direct Memory Access Module

Data acquisition rates with the KIMR and an A/D are normally

limited to a significant extent by the speed of the A/D. However, in
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DAC Output Truth Table

DIGITAL INPUT
ANALOG OUTPUT

UNIPOLAR BIPOLAR
+10 V -10 V +10 V +5 V

00000000 +9.961 0.0 +10.0 +5.0
00000001 +9.922 -0.039 +9.922 +4.961
01111111 +5.0 -4.961 +0.078 +0.039
10000000 +4.961 -5.0 0.0 0.0
11111110 +0.039 -9.922 -9.843 -4.922
11111111 0.0 -9.961 -9.921 -4.961

DAC Output Range Programming

DAC RANGE, V FRONT PANEL BANANA JACK CONNECTIONS

IC1 (Y DAC) +10 16 - 15, 8 - 4
-10 16 - 2, 8 - 4
+5 8 - 4
+10 NO CONNECTION (DEFAULT)

IC2 (X DAC) +10 14 - 13, 9 - 5
-10 14 - 2, 9 - S
+5 9 - 5
±10 NO CONNECTION (DEFAULT)

Figure 17. DAC 3368 transfer truth tables and programming.
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those cases where a very fast A/D is employed, data acquisition rates

are limited by the rate at which the 6502 microprocessor can load and

transfer the data to memory. The loading and storing of a single 16

bit word requires 30 Its without page crossing (110), and 46 gs with page

crossing, providing a maximum data collection rate of 221 bytes/s for

over 128 16 bit data words. This rate limitation was circumvented

through the use of direct memory access (DMA) which is basically

concerned with "stealing" the address and data buss from the 6502 and

writing directly into system RAM under hardware control, beginning at

the highest address of a page selected by the operator, and loading

data in successive memory locations down from the initial address until

the lowest address of a page selected by the operator is filled.

Figures 18 and 19 are schematics of the address generation and data

manipulation portions of the device constructed for this purpose.

The address and data control sections of the DMA module were

constructed on seperate PC boards, and interconnected with a 16 DIP

jumper. The entire assembly was encased in an aluminum box provided

with an LM340T-5 five volt regulator and banana jacks for the input of

unregulated eight volt power from the KIMR system supply. Three 37 pin

amphenol connectors on the aluminum case provide connections between

the DMA and 1) the DMA jack on the KIMR system case, 2) the data

outputs of some external device such as a fast A/D, and 3) 19 KIMR

system I/O lines, which control the DMA upper and lower page boundaries

(8 lines each), the programmable read/write line (PR/W), and the DMA

8/16 bit control line, all of which will be discussed later. The

operation of this DMA module will now be discussed.
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Figure 18. DMA address generation circuitry.

Component Type or Value

IC1 IC4 74191 UP/down counter

IC5, IC12, IC20 7404 hex inverter

IC6 IC9, IC19 74126 TRISTATER buffer

IC10, IC11 7485 4 bit magnitude comparator

IC13 7408 AND gate

IC 14, IC 17 7474 dual D flip flop

IC15 7407 open collector buffer

IC16, IC18 7400 NAND gate

IC21 74121 one shot

R1 1.2 Id/

R2 1 kfl

R3 2 kO, internal to 74121

Cl 40 pF ceramic

CN1 37 pin female Amphenol connector

to KIMR I/O parts

CN2 44 pin edge connector

CN3 37 pin male Amphenol connector

to KIMR DMA jack

CN4 16 pin DIP jumper

to data control circuitry
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Figure 19. DMA data control circuitry.

Component Type or Value

IC22, IC23 74112 J/K flip flop

IC24, IC26, IC31, 7408 AND gate

IC32

IC25, IC30 7404 hex inverter

IC27 7432 OR gate

IC28, IC29 DM 7123 TRISTATER one of two gate

IC33 IC36 74126 TRISTATER buffer

CN1 37 pin male Amphenol connector

to external data source

CN2 44 pin edge connector

CN3 37 pin male Amphenol connector

to KIMR DMA jack

CN4 16 pin DIP jumper

to address generation circuitry

CN5 37 pin female Amphenol connector

to KIMR I/O ports

62
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As mentioned earlier, the KIMR was provided with a TRISTATER

buffered address buss and 8K of external RAM. Referring to Figure 19,

when RDY is pulled low, the KIM is effectively disconnected from the

external RAM address buss and R/W line. In addition, the 6502 is

halted when RDY is pulled low provided that 1) R/W is high (a read

cycle) and 2) 42 goes through a positive edge. Referring to Figure 18,

IC14-1C17 act to pull the RDY line low on the zero to one transition of

an external device "done" bit and generate a buss available (BA) signal

when the above requirements are met. This "done bit" signal appears at

the clock (CL1) input of IC14, and drives Q1 high, providing that

preset one (P1) is high. When R/W is high and is NANDed with the

output of 01 at IC16, a low signal is presented to data two (D2) of

IC17. On the next positive 42 transition, CL2 clocks in this data,

driving Q2 high and Q2 low. This simultaneously generates the buss

available (BA) signal and pulls RDY low through IC15. Note that a high

on BA "locks" IC17 in the event that R/W changes during the DMA

operation. If 01 of IC14 is still high and BA is high at IC18, C2 of

IC17 is forced low, "locking" BA high and RDY low. If at some later

point, P1 of IC14 is driven low, 01 will go low and the BA and RDY

lines will be "unlocked". This occurs during the DMA "handshake" (HS)

operation, to be discussed later. At the same time, P2 of IC17 is

driven low, forcing BA low and RDY high and returning control of the

data and address busses to the 6502.

The four 74191 updown counters (IC1IC4) and two 7485 parity

checkers (IC10, IC11) constitute the address generation portion of this

circuit. An initial page address (starting point for data read or
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write operation) from 120 to 1FF is selected and loaded into IC1 and

IC2 via eight KIMR I/O bits. The lower address page (final address for

data read or write operation) is loaded into IC10 and IC11 in the same

manner. As an example, if 13F is loaded into IC1 and IC2 and tlF is

loaded into ICIO and IC11, address I3FFF through 12000 will be accessed

by the DMA. After 12000 has been accessed, the DMA will halt all

operations and return control to the 6502 until reprogrammed.

Once a device triggers the DMA and BA goes high, IC6-1C9 are

enabled, and the first 74191 address is placed on the bus, which occurs

while 42 is high. The address will decrement by one when 42 goes low

(rising edge of 41). If it is desired to write or read only one address

per "done" bit (8 bit transfer), IC21 is programmed to send out a short

pulse just after the rising edge of 41, "handshaking" the triggering

device and returning control of the buss to the 6502. This is

accomplished with the 8/16 bit control line, which is under KIMR I/O

control, and IC22-1C27 (Figure 19) which will be discussed later.

Control is passed to the KIMR when Q of IC21 drives P1 of IC14 and P2

of IC17 low, which drives BA and RDY high. At the same time, 0 of IC21

"handshakes" (resets the "done bit" of) the original triggering device.

Note that one selects a DMA read or write (data transfer from or

to KIMR RAM,respectively) by setting or clearing, respectively, the

programmable read/write line (PR/W), which is done by using another

KIMR I/O bit. The status of the PR/W bit is independent of the 6502

R/W status.

By making use of two 7123 TRISTATER oneoftwo selectors (IC28,

IC29, Figure 19), the DMA may read or write 1) consecutive eight bit
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words in consecutive RAM locations, or 2) the low eight bits followed

by the high eight bits of a 16 bit word in consecutive RAM locations.

Using another KIMR I/O bit, one may set the 8/16 bit DMA line low,

resulting in the consecutive eight bit transfer of data. If 8/16 is

set high, the triggering device "handshake" and BA clear pulse are

generated every other 42 positive edge, allowing two addresses to be

generated and two eight bit words to be transfered per DMA cycle. If

the 8/16 bit control line is set low, each 42 clock pulse passes

through IC26 and IC27, triggering IC21 of Figure 18 and "handshaking"

the original triggering device. In addition, Cl of IC23 and C2 of IC22

are forced low, essentially disabling IC23 and forcing Q2 of IC22 low,

which forces IC28 and IC29 to deliver only the data present on the "A"

lines to the KIMR. If the 8/16 bit is set high, 42 is blocked from

IC27 by IC26. Instead, IC23 "toggels" every 42, resulting in a

"handshake" every other 42. In addition, Q2 of IC22 "toggels",

resulting in "A" data and "B" data being presented to the KIMR on

alternate 41 edges.

The timing diagrams of Figure 20 summarize the above discussion

and illustrate the speed of DMA data transfer. In this example, a 16

bit data word is being taken every 3.5 gs, a worst case figure, since

the triggering device "done" bit requests a DMA just after a read cycle

and just before a write cycle. A best case figure would be 1.5 gs.

Even so, this results in a data acquisition rate of 571K bytes/s, a

factor of 25 faster than obtainable under 6502 control of the data

transfer. Detailed programming of the DMA and its use with a fast

(2 gs) A/D will be explored later.
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Three Byte Multiplexed Up/Down Counter

When one is engaged in a counting experiment (e.g. photon

counting) a different sort of data acquisition is required. One no

longer needs to generate analog to digital conversions, but to keep

track of large binary numbers representing "counts", whether of photon

events or some other quantity. This may be accomplished using cascaded

binary counters with the KIMR system controlling the "gate" time,

i.e. how long the counters are allowed to count. For a photon counting

(PC) experiment, counts of over one million events/s can occur, and so

at least a 17 bit counting peripheral is required. In order to insure

a large count capacity, a 24 bit counter would be advantageous. In

addition, the ability to count up or down would allow one to perform a

hardware subtraction of "dark" counts from "signal" counts, creating a

net signal counter. Finally, with 24 bits of data to move into the

KIMR, some method of I/O line minimization is necessary if all of the

KIMR I/O lines are not to be tied up.

The module pictured in Figure 21 was constructed to fulfill these

purposes, and is a three byte multiplexed up/down counter (UDC). This

module is selfpowered, containing a +5 V, 800 mA supply. Interconnec

tion with the KIMR I/O ports is via a length of ribbon cable with a 25

pin amphenol connector on one end, and banana plugs on the other end.

Careful analysis of Figure 21 will reveal that a total of 14 I/O lines

are required for

(BC) logic which

one for the gate

the UDC: eight for data, three for the Buss Control

will be described later, one for the down/up control,

control, and one for clearing the binary counters.
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Figure 21. Three byte multiplexed UDC.

Component Type or Value

IC1 IC6 74193 binary up/down counter

IC7 IC12 74126 TRISTATER buffer

IC13 IC15 7408 AND gate

IC16 7404 inverter

Cl 22 gF electrolytic

CN1 44 pin edge connector

CN2 25 pin female Amphenol connector
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Referring to the truth table of Figure 22, one notes that the KIMR can

control the direction of the count, gate the pulse train into the UDC,

and clear all of the counters by using I/O bits in conjunction with

IC13-1C16 and the clear pins of the 74193 counters (IC1IC6).

Once the KIM' has gated a pulse train and allowed a count to

accumulate, the data is transferred into the KIMR through eight I/O

bits by employing TRISTATE
R
multiplexing of the data lines. IC7-1C12

are under the control of three KIMR I/O bits, Buss Control (BC) 1, 2,

and 3. When BC1 is high, IC11 and IC12 are enabled and data bits zero

through seven are presented to the KIM I/O port for transfer into

memory. When BC2 is high, IC9 and IC10 are enabled and bits eight

through 15 are presented, and when BC3 is high, IC7 and IC8 are enabled

and bits 16 through 23 are presented. Figure 22 summarizes the BC

function as a truth table, and presents the gate, clear, and up/down

logic required to accumulate a count, as well as the machine software

necessary to transfer the resulting 24 bit number into the KIMR in the

shortest possible time (48 gs).

ECL/TTL Converter Unit

As mentioned, the UDC is very useful for data acquisition in

counting experiments such as photon counting (PC). Unfortunately, most

commercial photon counting units are not designed to interface directly

with external TTL counting circuitry since they employ ECL (emitter

coupled logic) devices for the first few stages of PC due to the rapid

rate of arrival of photons at high count rates. Since the Ortec
R

model
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9315 photon counter in our laboratory consisted of separate

preamplifier, amplifier/discriminator, and ECL count/display modules,

it was felt that minor modification of the ECL count/display module

would allow one to use the Ortec
R

essentially as a pulse amplifier and

discriminator, while the ECL photon count was converted to TTL levels

and directed to the UDC. Since the UDC is under KIMR control, this

process would essentially provide one with a computer controlled photon

counter.

Figure 23 illustrates the modifications made to the Ortec
R

count/display module, along with the device constructed to adapt the

rapidly responding ECL signals to slower, TTL compatible signals. This

ECL/TTL converter module was carefully constructed on a ground plane PC

board, and placed in a case grounded aluminum box. Power for this

device was acquired via regulation of the Ortec
R

+12 and 12 V supplies

to +5 V and 5.2 V with an LM340T-5 and an LM320T-5.2, respectively.

The output of IC2 in the Ortec
R

9315 scaler A circuit (114) was tapped

and carefully brought out on 50 ohm coax cable to the adaptor unit,

consisting of an MC10198 ECL monostable (1C3) and an MC1039 ECL/TT1

level converter (IC4). The pulse width of IC3 is adjusted to 100 ns

minimum with R4 in order to insure TTL compatability. IC4 then

converts the 0.9 V ECL signals to +5 V TTL signals, and the 1.75 V

ECL signals to 0 V TTL signals for output to the UDC. For KIMR control

purposes, the maximum photoelectric count rate with the UDC is 10 MHz.

This is more than adequate for investigations requiring PC detection in

the first place i.e., low light level experiments with count rates of

less than about 105 photoelectrons/s.
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Figure 23. Ortec
R
modifications and ECL/TTL conversion.

Component Type or value

*
IC1, IC2 MC10105 OR gate

IC3 MC10198 ECL monostable

IC4 MC1039 ECL/TTL converter

*IC5A MC10131 ECL D flip flop

R1, R2, R3 1.5 k0

R4 400 SI 10 turn pot

RS, R6 1 kfl

Cl 47 pF ceramic

D1 1N4305

*
OrtecR's designation (114).
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Keyboard/Printer Module

Detailed interaction between the KIMR and the experimenter was a

highly desirable feature for the purpose of "on line" operator control

of the experiment. As mentioned, interaction between the operator and

the KIMR was possible using an ASR 33 TTY. However, the necessity of

developing an inexpensive, small, reliable hardcopy unit for dedicated

use with the KIMR became apparent as the number of microprocessors used

by other investigators grew, straining access to commercial TTYs.

The unit depicted in Figure 24 was developed to interconnect with

the KIMR in place of an ASR 33 TTY. This device is a UART (universal

asynchronous receive and transmit) based "TTY" which employs a

commercially available keyboard and electostatic printer (George Risk
R

model 753 ASCII encoded keyboard kit, Panasonic
R

model EUY10E011L line

printer, and a Panasonic
R
model EUYPUD7001L parallel ASCII decoder/

printer driver). Both the commercial keyboard and printer are,

unfortunately, designed to work with parallel, TTL level ASCII data.

The KIMR TTY line, however, delivers 20 mA current loop serial ASCII.

Hence, the UART (IC1) is necessary to transform the parallel ASCII from

the keyboard into serial ASCII, and the serial ASCII from the KIMR into

parallel ASCII for the printer.

The circuit operates as follows. When a key is struck on the

keyboard, IC2 delivers a 15 gs pulse, strobing seven bit parallel ASCII

data into IC1. The 555 timer (IC3) then shifts this data out of IC1 at

pin 25, along with the two stop bits provided by the UART at 1.7 KHz

(106 BAUD). IC8, T2 and T3 then transform this TTL level data into 20
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Figure 24. DART keyboard/printer interface.

Component Type or Value

IC1 AY5013A DART

IC2 74121 one shot

IC3 555 timer

IC4 7404 hex inverter

IC5, IC7 7400 NAND gate (2 gates for 1C7)

IC6 7420 NAND gate

IC8, IC9 TI111 opto isolator

T4 2N3904

R1 2.2 MI

R2 39 k0

R3 27 MI

R4, R5, R8 10 kg

R6 220 0

R7 100 0

R9 270 k/

Cl 0.01 gF ceramic

C2 0.02 gF ceramic

C3 0.01 gF tantatum

CN1 15 pin edge connector

to George RiskR #753 keyboard

CN2 30 pin edge connector

to DART interface

CN3 30 pin edge connector

to PanasonicR #EUYPUD701L interface

CN4 7 pin female amphenol connector

to seven pin male TTY connector of

KIMR
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mA current loop data for the KIMR.

Data from the KIMR enters IC9 and T4 in 20 mA current loop form,

is translated to TTL level serial data, and is shifted into the second

half of IC1 at 1.7 KHz. When the seven bits of the ASCII word are

received, IC1 delivers a strobe to the Panasonic' printer interface via

Ti. After the seven bit parallel ASCII data word is accepted by the

printer, a "handshake" pulse from the printer interface (ACK) resets

IC1, which will then accept new ASCII data.

IC4 inverts the ASCII data bits for printer compatability, while

IC5, IC6, and IC7 act as decoding logic to transform certain ASCII

control codes into spaces (NULL and LF in particular), and all ASCII

letters into upper case. The Panasonic' printer cannot accept lower

case ASCII letters. If ASCII bit seven is high, the character just

received by the UART is a letter, and the output of IC4a is low,

forcing the output of IC5 high regardless of the status of ASCII bit

six. Hence, ASCII bit 6 (output of IC5) which goes to the printer is

high, and ASCII bit six is translated by the printer as being low.

Since any seven bit ASCII character with bit six low and bit seven high

is an upper case letter, an upper case letter is printed. If a control

code is transmitted to the UART, bits five, six and seven will be low,

forcing three inputs of IC6 high. If ASCII bit one is high, the forth

input of IC6 will be low, and bit 8 to the printer will remain high,

resulting in the control code being passed on to the printer without

modification. This is the case for all odd ASCII control codes (such

as CR). Any control code reaching the UART with bit one low, however,

causes the output of IC6 to go low, causing bit -8- to the printer to go
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low, and resulting in a space being printed. ASCII codes with bit one

low include NULL and LF. One must perform this decoding because the

commercial printer interface decodes every ASCII control code as a

PRINT command (115). Since the KIMR transmits each line of data as

NULL, NULL, NULL, NULL, NULL, NULL, DATA, CR, LF, one would receive

eight print commands per line of data without this decoding logic. The

six NULL characters are an advantage once translated to spaces,

however. While the printer is printing, the Panasonic
R

printer

interface will not accept any new data into its buffer (115). Typing

RETURN on the keyboard will cause the printer to print, while the KIMR

1) advances one line and 2) transmits the address of the new line and

its contents while the printer is printing. Inclusion of six spaces

(translated NULLs) in this KIMR data transmission allows the printer

enough time to finish printing before any real data arrives, providing

that the transmission rate is < 110 BAUD, preventing the loss of some

of this data.

The UART interface board, along with a George Risk
R

753 ASCII

keyboard, a Panasonic
R LUYPUD7011L interface unit, and a Panasonic

R

EUY10E011L line printer were encased in an aluminum box along with a

dedicated power supply delivering +5 V at 800 mA, 12 V at 400 mA, and

24 V at 1.5 A. Connection to the KIMR was made via a seven pin female

amphenol connector, designed to mate with the seven pin male amphenol

connector of the KIMR opto isolated TTY interface (Figure 8).
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KIMR IDA Adapter

The last peripheral requiring some explanation is the KIMRIDA

adapter, constructed to provide KIMRDMA compatability with an IDA

system described in detail elsewhere (116). Originally designed to

operate with a PDP
R

11-20 computer, the IDA system contains timing

circuitry which is totally unnecessary for KIMRDMA operation.

Although bypassing of all of the IDA system circuitry would have been

the most efficient method of providing a simple KIMRDMA interface, the

constraint of preserving the system in its present form for use by

others prevented this approach. Hence, the adaptor unit pictured in

Figure 25 was constructed to allow for the operation of the IDA system

by the KIMR using DMA with no modification to the circuitry of the IDA

system itself. As a prelude to a discussion of what this device does,

a brief description of the IDA and a review of the timing signals in

the IDA system circuitry is in order (Figure 26).

Basically, the IDA system consists of two principal parts: 1) a

logic and timing control section to generate begin of scan (BOS) and

system clock (SC) signals to run the Tracor NorthernR TN1223 optical

detector unit in our laboratory, and 2) a fast sample and hold (S/H)

and 2.0 is 12 bit A/D module for transformation of the IDA video line

information into digital data.

The system clock (SC) and begin of scan (BOS) pulses are all

that are required from the KIMR to run the IDA. The IDA system, as it

exists, stretches the (BOS) pulse as shown. In addition, both the

A/D and the sample and hold (S/H) of the IDA system are usually
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Figure 25. KIMR IDA adapter.

Component Type or Value

IC1, IC2 7405 open collector inverter

IC3, IC4 7474 dual D flip flop

IC5 7475 D flip flop

IC6 74121 one shot

R1 10 kg, 10 turn pot

Cl 0.001 'IF ceramic

CN1 44 pin edge connector

CN2 CN7 banana jack connector
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triggered continuously. Numerous delays are introduced by the IDA

system circuitry so that the S/H pulse is delayed by 0.6 is with

respect to the negative edge of SC and is made 0.4 gs wide, with the

result that its negative edge occurs 1.0 is after the negative edge of

SC. When the S/H trigger signal is high, the S/H will accept data on

the video line. The falling edge of the S/H trigger begins the A/D

conversion in the existing IDA system.

What the circuit of Figure 25 does is principally to undo a great

deal of the foregoing. By using the S/H signal as a new system "clock"

and preventing any A/D conversions until the second S/H negative edge

after EOS (end of scan) and BOS go high, the device 1) allows A/D

conversions only when valid data are present, and 2) cancels the effect

of a stretched out BOS pulse that is no longer necessarily synchronized

with the SC.

The purpose of running the A/D only when valid data are available

is simple: if the A/D ran continuously and were interfaced with the

DMA, the DMA would always have control of the KIMR and fill its RAM

with meaningless data. Referring again to Figure 26, the BOS start

pulse from the IDA is applied to the preset pin of IC4, driving Q low.

Directly after the pulse, the data input of IC4 is low and the next

falling edge of the S/H pulse train drives Q of IC4 high. Provided

that EOS is high, this clocks Q of IC5 high, enabling IC6. The next

falling edge of the S/H pulse train will then trigger IC7, producing a

short (1.4 gs) A/D start pulse. When all 512 diodes in the array have

been dealt with, EOS goes low, setting Q of IC5 low and halting the A/D

start pulses. Careful analysis of the pulse widths noted in Figure 26
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will show that, in conjunction with the DMA, one may clock through the

array at 137 KHz, resulting in a complete spectrum in 3.7 ms.

The KIM' IDA adaptor was encased in an aluminum box. Power for

the unit was provided by the IDA system power supply. A detailed

description of the KIMR I/O lines used with this device will be

presented in the next section, when the softwarehardware system

required to run the IDA is explored.

KIMR 6502 Software Hardware Data Acquisition Systems

Obviously, when interfacing a microprocessor to an experiment,

software development in conjunction with hardware implementation is

required. Two operating systems, consisting of appropriate BASIC and

machine language software packages in conjunction with the

aforementioned peripherals, were developed: 1) KCLOS, designed for

versatile data acquisition in nonwavelength discriminated experiments,

and 2) CLIDA, for the DMA acquisition of complete CL spectra using an

IDA system described elsewhere (116). These two systems will now be

discussed.

KCLOS Data Acquistion

Figure 27 presents block diagrams of the three possible configur

ations of the CL instrument for KCLOS operation. In Figure 28, the

actual I/O lines from the KIMR system that are used are specified for

the various acquisition modes of KCLOS. Using a single operating
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Figure 27. Possible block configurations for KCLOS. Note that (a) or (b) may be chosen.
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Figure 28. I/O port configurations for KCLOS. A = amphenol pin number.
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program, the investigator has a choice of taking analog data with the

12 bit A/D, or of performing a counting experiment using either a

voltage to frequency converter (V/F) and standard "analog" PMT

equipment with the UDC previously described, or the modified PC

apparatus described earlier in conjuction with the UDC. In both types

of experiment the KIMR, on operator command 1) takes dark current data

for a time T, 2) injects the final CL reagent, 3) takes CL signal data

for a time T, and 4) performs all calculations with the data, providing

the operator with instant feedback on his reproducibilty, calibration

curve linearity, etc.

Referring to Figures 29 and 30, which present a flowchart for

KCLOS and a listing of the program, respectively, one sees that the

programs construction is that of a BASIC "skeleton" for interaction and

sophisticated computation, with an extensive machine language

subroutine network for I/O control and data acquisition. The two are

connected by BASIC USR, PEEK and POKE commands. The operator enters

KCLOS by starting BASIC at location i3E91 ($3E91 6), and defining his

MEMORY = 22015 and WIDTH = 37. The KCLOS program is loaded from

cassette tape by LOAD (CR). No I.D. number is needed. When the BASIC

portion of KCLOS is loaded, the operator loads the machine subroutines

(I.D. 40B). Finally, BASIC is warm started at location 0 ($0000 G).

Memory from $4000 to $5799 is occupied by KCLOS, which leaves locations

$57A0 to i5FFF free for data storage and manipulation. Hence, up to

537 data points/run may be taken in the A/D mode (537 double precision

dark and 537 double precision signal values, total = 2150 bytes). Upon

entering KCLOS, the operator is asked whether an analog (A/D) or
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"ENTER A,ANALOG OR
C, COUNTING
EXPERIMENT."

INPUT A OR
C.

YES

"ENTER GATE TIME T
NUMBER OF RUNS
N.

INPUT T,

3=1

-13=8+1
B<N

(YES

"READY?"

INPUT Y OR
N.

NO

NO

USR :ES

COUNT DOWN
T, INJECT,

COUNT UP T,
COLLECT DAT.

CTS

TRANSFORM #
TO FLOATING
POINT 5(3)

INTEGRALS."

C=1
NO

C<N
C.C+1

YES

S (C)

I=ES(C)

"AV= ";I/N

U(4). (:r5(C)-I/N)` 1
1/2

N-1

"S.D.= ";U(4)
-1

...-----'(

"MORE OF
SAME?"

.....-/--

INPUT Y OR
N.

Figure 29. KCLOS flow chart.



"ENTER ACQUISITION
TIME T, NUMBER. , .

OF DATA PTS. N(1)"

INPUT T,
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D(N,0)=a0K.
M(N,1)=SIG. MAX.
S(N,1)=ESIG.-ZDK.
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G=L(S(N,1)/N(0))

4

U(0)...,z(M(N,1)-E) .1/2
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W=0

W=W+1
W<N(0)
-1
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Figure 29. Continued.
START



10 'EM P0C1C CLDATA 310 0(1/.0)=(B-L) /5 680 PRINT S(Z.1) 1070 B=0:',=1E33:1=01
20 PPINT"ENTER A FOR ANALOG." 320 s(N,I)=0:M(N.1)=0 690 NEXT 7 1080 F07 L= I -0 !:
30 PRINT"C FOP COUNTING EXP." 330 P=2355 700 PRINT"AV- "10 1110 I=S(0)+1
40 INPUT A$(0) 340 FOR H=I TO 0 STEP -2 710 PPINT"S.D. CL= "111(1) 1120 NEXT 0
50 IF Al(0)="A" GOTO 80 350 v=PEEK(P-II) 720 PPINT"S.D. DK= "I11(2) 1130 PPINT"AV= ":171/
60 IF A$(0)="C" GOTO 780 360 J=PEEK(P-11 *1) 730 PRINT 1131 (4)=0
70
80

GOTO 20
PPINT"ENTER ACQUISITION TIME"

370
380

V=J*256+v-A(N,0)
IF V=M(N.1) THEN M(N.1) =v

740 PPINT"MORE OF SAME?"
745 INPUT A$(0)

1132
1133

FOP P=1 TO N
,1(4)=(S(R)-1/N),2+u(4)

82 PPINT"1N MS. FROM 100 TO" 390 S(14,1)=S(N,1)+V 750 IF A$(0)="Y" GOTO 145 1134 NEXT r
84 PPINT"30.000." 400 NEXT H 760 IF A$(0)="N" GOTO 20 1135 F1(4)=S0R(9(4)/(N-1)
90 INPUT T 410 NEXT N 770 GOTO 740 1140 PPINT"5.D. CL="111(4)
92 PPINT"ENTER IsR1MBEP OF POINTS" 420 FOR J=0 TO 2 790 REM PHOTON COUNTING CL 1150 PPINT"THEOP. S.D.="1
93 PPINT"TO GATHER FROM 60" 430 B(J)=011.(J)=1E38 790 PRINT"ENTER PC GATE TIME" SOR(ABS(I/N))
94 PPINT"TO 512." 440 NEXT J 800 PPINT"IN MS. FROM 10 TO" 1155 PRINT
95 INPUT NM 450 E=0:G=Otli=0 805 PPINT"60.000." 1160 PPINT"MORE OF SAME?"
96
III
112
113
114
122

T=INT((T*IE3)/(N(1)+16))
POKE 590,T-INT(T/256)*256
POKE 591. INT(T/256)
POKE 584,(N(I)-1)-INT((N(1)- 1)/256)+256,
POKE 595.INTUN(1)-1)/256)
POKE 11.00

460
520
524
526
530
540

FOR 0 =0 TO N(0)-1
H=5(0,0)/N(0)+H
E=E+M(0,1)/N(0)
G=G+S(0,1)/N(0)
NEXT
11(0).0

810 INPUT T
830 POKE 590,T-INT(T/256)*256
840 POKE 591,INT(T/256)
860 PPINT"ENTEP NUMBER OF RUNS"
870 INPUT N
330 For A=1 -o

1180
1190
1200
1210
1220

INPUT AS(0)
IF A$(2)="Y" 30TO 380
IF A$(0)="N" GOTO 20
GOTO 1160
ENE

123 POKE 12,86 542 FOP Z=0 TO N(0)-1 890 L(A)=01N(A)=0
124 X=USR(Y) 544 11(0)=(M(Z,1)-E)12.0.1(0) 900 NEXT A
130 PPINT"ENTER NUMBER OF RUNS" 546 NEXT Z 905 POKE 11.240
140 INPUT N(0) 548 U(0)=SQR(U(0)/(N(0)-1)) 906 POKE 12.86
145 For N=0 TO N(0)-1 570 PRINT 907 X=flsR(Y)
147 PPINT"READY" 590 PPINT"PEAK SIGS & S.D. DK" 908 FOR 13=1 TO N
150 INPUT A$(0) 600 FOR 1,' =0 TO N(0)-1 910 PRINT"PEADY"
160 IF A$(0)<>"Y" GOTO 147 610 PRINT M(Y.1) D(Y,O) 920 INPUT A%(0)
170 POKE 11,29 620 NEXT W 930 IF A$(0)<="Y"GOTO 910
180 POKE 12,86 630 PPINT"AV= "1E 950 POKE 11.60
190 X=MSP(Y) 640 PRINT"S.D. CL= "111(0) 960 POKE 12,87
200 S(14.0)=0:13=0:L=32765 650 PRINT 970 X=UFP(Y)
210 P=24574 660 PPINT"PEAK INTEGRALS" 980 L=PEEK(24575)
215 1=2*N(1)-2 661 11(1)=001(2)=0 990 M=PEEK(24574)
220 FOP H=I TO 0 STEP -2 662 FOP P=0 TO N(0)-1 1000 H=PEEK(24573)
230 V=PEEK(P-H) 663 II(1)=(S(P,1)-G),2+"(1) 1010 5(0)=H*65536+M*256+L
240 J=PEEK(P-H*1) 664 NEXT P 1011 IF 5(B)<8388608 GOT01020
250 V=J*256+v 665 11(1)=S0RCI(1)/(N(0)-1)) 1012 5(13)=5(13)-16777216
260 IF V=B THEN B=V 666 FOR P=0 TO N(0)-I 1020 NEXT B
270 IF V<L THEN L ='I 667 fl(2)=(.5(11,0)-H)12*-!1(2) 1030 PPINT"PC PEAK INTEGRALS"
280 S(N,0)=V+S(N.0) 668 NEXT P 1040 FOP c=1 TO r
290 NEXT H 669 11(2)=ror((2)/(m(0)-1)) 1050 PRINT S(C)
300 A(N.0)=S(N,0)/N(1) 670 FOR l=f1 -o 1060 NEXT r

Figure 30(A). KCLOS BASIC listing.



LINE # LOC CODE LINE 7040 56IC 60 nTr, 0080 5673 r:r. 71 16 INC "IAA
0041 56I0 A9 00 DATA LDA #S047 0081 567D AD 01 16 W61T2 LDA "IAA

0002 0000 TOP=S5FFF 0042 561F 85 EO 7T6 068111 0082 567E 30 Fn rt.!! l'61 "2

0003 0900 TIML=S024E 0043 5621 85 E2 STA SIGL 0083 5680 20 CD 56 JSR ACQ
0004 0000 TIMM=S024F 0044 5623 A9 SF LDA #S5F 0084 5683 AD 413 02 LDA TEMPH
0005 0000 NUML=50248 0045 5625 85 El STA DAPKH 0085 5686 91 E2 STA ( SIGL),Y
0006 0000 FETCM=S2F04 0046 5627 A9 50 LOA ossn 0086 5688 88 DEY
0007 8088 NMMII=50249 0047 5629 85 E3 'TA 71Gm 0087 5689 AD 4A 02 LDA TEMPL
0008 0000 "IAA=51601 0041 5620 20 CO 56 DRK JS7 INCNT 0088 568C 91 E2 STA (SIGL),Y
0009 0000 miAr=s16(,0 0049 5527 A7 rr LDY #SFF 0089 568E 88 DEY
0010 000e vichy51603 0050 5630 20 A9 56 G03 Jrr CL" 0,090 568r 98 TYA
0011 0000 UICO=S1602 0051 5633 CE 01 16 rirr "IAA 0091 5690 C9 Fr Cmr /SEE
0012 0000 TIL=51608 0052 5636 EL 01 16 INC V1AA 0092 5692 DO 02 DNE SKIP3
0013 0000 TIM=51609 0053 5639 AD 01 16 'JAITI LDA "IAA 0093 5694 C5 E3 DEC ris8
8014 0000 OMTA=51700 0054 563C 30 FD PHI WAIT1 0094 5696 CE 4C 02 rtur3 DEC C0'?NTL
001 5 0000 OUTD=S1702 0055 5631 :0 CD 56 0095 5699 AD 4C 02 LDA C0'INTI.
0016 0800 CNTA=S1701 0056 5641 AD 4D 02 LDA TEMPO 0096 569C C9 FF CM, NSFF
0017 0000 CNTD=1I703 M5 7 5644 91 CO STA (DARKL),Y 0097 569E DO 05 DNE SK1P4
0018 0000 ACR=S1600 0058 5646 89 DEY 0098 5660 CE 4D 02 DEC COmNTH

'0019 0000 1ER=S160E 5359 5647 AD 4A 22 LDA TEMPL 0099 5663 30 03 PM! DONE
:0020 0000 DAIIKL=S00E0 0060 5646 91 E8 STA (PAPKL),Y 0100 5665 4C 72 56 SKIP4 JMP G04
0021 0000 DARKM=S00E1 0061 564C 88 rF- 0101 5663 4('' DONE 'ITS
0022 0000 SIGL=S00E2 0062 564D 98 Tyn 0102 5669 A2 10 CLK LDY //lIS

0023 0000 SIGM=S00E3 0063 564E C9 Fr CM^ #1,FF 0103 56AD AD 4E 02 MOPE Lrn TIML.
0024 0000 COMNTH=S024D 0064 5650 DO 02 ONE rKiri 0104 56AE 8D ea 16 STA TIL
0025 0000 COMNTL=S024C 0065 5652 C6 El DEC DARKM 0105 562I AD 4F 02 LDA TIMM
0026 0000 TEMPL=S024A 0066 5654 CE AC 02 SKIP1 DEC CO"NTL 0106 5684 88 09 16 STA TIM
0027 0000 TEMPH=S0240 0367 5657 AD 4C 02 LDA cOmNTL 0107 5687 AD 09 16 VAIT LDA TIM
0028 0077 =55600 0068 565A C9 FF cmr #SFF 0108 560A 10 FD nrL wniT
0029 5600 A9 7F LDA 0S7F 0069 565C DO 05 DNE SKIP2 0109 560C CA DEY
0030 5602 8D 77 16 ''TA !r- 0070 565E CE 4D 02 DEC CO "NTH 0110 5600 DO EC DNE MOPE
0031 5605 EA NOP 0071 5661 30 03 DMI SIG 0111 560F 60 rTS
0032
0033
0034
0035

5606
5609
560C
560E

BD
8D
A9
8D

83 16
01 17

05
01 16

STA "ICA
STA CNTA
LDA 01.5
STA "IAA

0072
0073
0074
0075

5663
5666
5669
566D

4C
20
AO
EA

30
CO
FF

56
56

'KIr2
7IG

JMP
JSP
LDY
NOP

G03
INCNT
SW'

0112
0113
0114

56C0
56C3
56C6

AD
BD
AD

49
nn
48

02
02
02

INCNT LDA
STA
LDA

NmMI1

COmNTM
NUNL

0036 5611 A9 00 LDA #S0 0076 566C EE 00 17 INC I:PITA 0115 56C9 BD 4C 02 STA COUNTL
0037 5613 8D 02 16 STA VICP 0077 566F CE 00 17 DEC OMTA
0038 5616 8D OD 16 STA AC7 0078 5672 20 A9 56 G04 Jsrt CLK
0039 5619 BD 00 17 176 omTA 0079 5675 CE 01 16 DEC "IAA

Figure 30(B). KCLOS machine language subroutine listing.



8116 56CC 60 PTS 0160 572F 0E 01 16 AsL VIAA

0117 56CD AD 00 16 AC9 LDA "IAB 0161 5732 EA NOP

0118 5600 80 40 02 sTA TEMPI/ 0162 5733 EA 1/OP

0119 5603 A9 07 LDA 0S7 0163 5734 EA NOP

0120 5605 81) 01 16 STA VIAA 0164 5735 Al) 00 16 LDA l/lan
0121 5608 AD 00 16 LDA VIAB 0165 5733 8D ED 5F STA TOP-?

0122 5606 SD 4A 02 STA TEMPL 0166 5730 60 "TS

0123 560E A9 05 LDA OS5 0167 573C 20 03 57 PIP JS'` INCL1C

0124 56F.0 81) 01 16 STA VIAA 0168 573F A9 20 LDA OSPO

0125 56E3 A2 04 LOX OS4 vitro 7 I e51, 01 to STA VIAA

0126 56E5 18 G02 CLC
0170 5744 A9 00 LDA OS00

0127 56E6 4E 411 02 Is" TEMPI,
0171 5746 80 01 16 'TA VIAA

0128 56E9 6E 4A 02 P0" TEMPL 0172 5749 EE 01 16 INC VIAA

0129 56EC CA DEX 0173 574C 20 6D 57 JSR TIME

0130 56ED DO F6 ONE G02 0174 574F CE 01 16 DEC 'I IAA

0131 56EF 60 "TS 0175 5752 20 08 57 JSR INCLIC

0132 56EC Al 7F INIT LDA OS7F 0176 5755 A9 02 LDA OS02
0133 56F2 81) 0E 16 ''TA IF^ 0177 5757 OD 01 16 STA ulAA
0134 56F5 En NOP 0178 575A EE 00 17 INC OUTA
0135 56r6 8D 03 16 STA VICA 0179 575D CE 00 17 DEC OUTA
0136 56F9 8D 01 17 STA CNTA 0180 5760 EE 01 16 INC VIAA
0137 56FC A9 00 LDA OSO 0181 5763 20 6D 57 JSR TIME
0138 56FE 80 02 16 STA vICO 0182 5766 CE 01 16 DEC '(IAA

0139 5701 80 013 16 STA AC^ 0183 5769 20 15 57 JSR AC91
0140 5704 8D 00 17 STA 0/1TA 0184 576C 60 015
0141 5707 60 "TS 0185 576D A9 E7 TIME LDA IF F.7

0142 5708 AD 4E 02 INCLK LOA TIML 0186 576F 00 MI 16 "TA T1L
0143 5700 EID 4C 02 STA C0 "NTL 0187 5772 A9 03 LDA 11,03

0144 570E AD 4F 02 LDA 711111 0188 5774 80 09 16 STA TIN
0145 5711 81) 4D 02 STA COUNTN 0169 5777 AD 09 16 VAIT3 LDA TIM
0146 5714 60 ^TS 0190 577A 10 FD ort. 'WA' T3

0147 5715 A9 04 AC91 LDA OSO4 0191 577C CE 4C 02 DEC COUNTL
0148 5717 OD 01 16 STA VIAA 0192 517F AD 4C 02 LDA COUNTL
0149 571A EA NOP 0193 5782 C9 FF cmr ISFF

0150 5710 EA mor 0194 5784 DO E7 ONE TIME
0151 57IC EA OOP 0195 5786 CE 4D 02 DEC CONNTII

0152 571D AD 00 16 LDA VIA0 0196 5789 AD 4D 02 LDA COUNTH
0153 5720 ID Fr 5F STA Tor 0197 573C C9 FF COP OSFF
0154 5723 0E 01 16 AsL "IAA 0198 5713E F0 08 13E9 ONT

0155 5726 EA NOP 0199 5790 A9 FF LDA IEEE
0156 5727 EA NOP 0200 5792 8D 4C 02 STA COuNTL
0157 5728 EA NOP 0201 5795 4C 6D 57 JMP TIME
0158 5729 AD 00 16 IDA VIA11 0202 5798 60 OUT rTs
0159 5720 80 FE SF STA TOP-1 0203 5799 END

Figure 30(B). Continued.
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counting (V/F or PC) experiment is underway. If an analog experiment

is chosen, the total time for data acquisition, T, number of data

points to take in this time, N(1), and number of CL runs to make, N(0),

are entered. The analog I/O initialization routine is then entered at

line 124 in BASIC (USR to location 15600). Upon returning to BASIC,

the query READY? is made. At this point the operator pipets the

necessary reagents into the cell, closes the lid, opens the PMT shutter

and replies with Y(CR). The KIM then exits at line 190 and goes to the

data gathering subroutine at location *561D where 1) N(1) "dark" points

are taken in time T and stored, 2) the final CL reagent is injected,

and 3) N(1) signal points are taken in time T and stored. The time

between each of these steps is effectively zero i.e., as soon as the

last dark data point is taken, the next computer command is to inject,

and as soon as the inject command is caried out, the first signal data

point is taken. Upon returning to BASIC, the KIMR searches the "dark"

file and calculates the standard deviation of the dark signal, D(N,0),

and the average dark signal value A(N,0). The signal file is then

searched and the net peak height, M(N,1) = maximum signal A(N,0), and

net peak area, S(N,1) =EM(N,1) are calculated. The KIMR then asks the

operator if he is ready for the next run (READY), and the process is

repeated N(0)-1 times. After the N(0) runs are completed, each

individual peak height M(W,1) and standard deviation of the dark D(W,0)

are printed, along with the average peak height, E, and standard

deviation of the peak heights, U(0). The net signal areas, S(N,1), are

then printed along with the standard deviation of the signal areas,

U(1), and the standard deviation of the dark areas, U(2). The entire
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process may then be repeated as before for another set of runs, or any

and all parameters may be changed, if desired.

On the counting experiment side, the UDC gate time, T, and number

of runs, N, is entered, after which the KIMR initializes the I/O ports

for a counting experiment (line 907 BASIC to location *56F0). Upon

returning to BASIC, the READY query is again made, the operator fills

the cell, and Y(CR) is entered, at which time BASIC departs at line 970

for location *5736. At this location, a subroutine is entered which 1)

commands the UDC to count down for time T, 2) injects the final CL

reagent, 3) commands the UDC to count up for time T, and 4) shifts in

the three byte result of the counting operation, which is a number

proportional to the net CL peak area. Upon returning to BASIC, this

number is translated into signed floating point notation and stored as

S(B). The entire process is then repeated for the remaining N-1 runs.

The KIM then prints the individual peak integrals, S(C), followed by

the average peak area, I/N, and the standard deviation of the peak

areas, U(4). The entire process for another set of runs may then be

repeated if desired, or any and all parameters may be changed.

CLIDA Spectra Acquisition

Figures 31 and 32 illustrate the physical setup and I/O port

configuration of the KIMR for CLIDA operation. This operating program

allows the user to collect and sum N net CL spectra from 198 to 838 nm

under DMA control, and then to plot the resulting spectrum using a

simple chart recorder. In addition, a "peak maximum" routine is
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Figure 32. CLIDA I/O configuration. These connections are made simultaneously. They are shown
separately for clarity.
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provided to aid the operator in determining the wavelength(s) of

maximum CL intensity of the reaction under study.

Referring to Figures 33 and 34, which present a flowchart for

CLIDA and a listing of the program, respectively, it can be seen that

the same philosophy of construction was followed as in KCLOS: i.e.,

all difficult interaction and calculation is accomplished in BASIC

while machine language subroutines are used for I/O port control, DMA

control, and plotting of the spectrum.

Upon entering CLIDA, the operator is asked to provide the number

of scans, N, to be summed (equal to the number of CL runs) and the

array integration time, T. BASIC then departs at line 115 and performs

an I/O initialization routine at location 0200. Upon returning to

BASIC, the operator is asked if he is READY?, at which point all CL

reagents are added to the cell, the lid is closed, the shutter opened,

and Y(CR) entered into the KIMR. BASIC then jumps from line 205 to

location 0247, where a machine language subroutine does a DMA scan of

the array to clear it prior to the experiment. This "refresh" scanning

is done three times, since it has been determined that a single

interrogation of the array is insufficient to totally discharge the

diodes after an extended period of time has elapsed (116).

To avoid loading this meaningless data into memory under DMA, the

DMA is simply programmed to load nonexistent locations in KIMR RAM.

Upon returning to BASIC, the DMA is reprogrammed for real RAM, and

BASIC jumps from line 223 to location 0259, where a machine language

subroutine 1) allows the array to integrate dark noise for a time T, 2)

interrogates the array under DMA, 3) injects the final CL reagent as
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"ENTER # OF
SCANS , N"

INPUT N

"ENTER ARRAY
INTEGRATION
TIME,T, IN

INPUT T

USR
INITIALIZE
I/O, CLEAR
SUP.NED SCAT

REGISTER

"=N

RTS

Z Z -

vN NO

J=1
J <3

NO

RTS

USR
WAIT T MS., DO
DARK SCAN; INJECT;
WAIT T MS., DO

RTS SIGNAL SCAN. TAKE
DIFFERENCE, ADD TO
SUMMED SCAN
REGISTER.

"PLOT
SPECTRUM?"

INPUT Y OR
N. NO

"TURN ON RECORDER,
V. F.S., 5 IN./

MIN. READY?"

INPUT Y OR
N.

NO

OFFSET DATA; PUT
IN DAC FORMAT;
OUTPUT ONE PT.
EACH 0.2 SEC.

I RTS

"WANT TO CONTINUEv00
TO ACCUMULATE
SPECTRA?"

INPUT Y OR
N.

YES

"ENTER NUMBER
OF ADDITIONAL
SPECTRA, N."

......---....r.---"".

INPUT N

"ASSIGN VALUE
TO LEVEL
DISCRIMINATOR

INPUT D

D=D0.4095

'DIODE,NM,
lET 'W"

Z=510

Z=2-1

(YES

EXAMINE DIODE
DIODE-I,
DIODE+1.

NO

YES

INO

EXAMINE
DIODE+2,
DIODE-2

DIODE #,
WAVELENGTH,
VALUE IN MV.

i

"CHANGE D AND
GO AGAIN?"

INPUT Y OR
N.

Figure 33. CLIDA flow chart.

"WANT TO
CONTINUE?"

100



10 REM CLAM CA'IC 410 rEm BEGIN CPMNCH 890 IF COI or C<E OR C<D THEN 60101000
40 PPINT"ENTER NUMBER OF SCANS." 420 PRINT "PLOT SPECTRA?" 900 G=PEEK(P.4)
50 INPUT N 430 lwrwr As(0) 910 A=PEEK( p+3)
60 rPINTENTEP APPAY INTEGRATION" 440 IF AS(0) ="Y" GOTO 47P 920 A=4.256+G
62 PrINT"TIME IN mr." 450 IF AS(P) = "N" GOT0610 925 IF A.32767 THEN A.32767-A
70 INPUT T 460 GOTO 420 930 G =PEEK(P -4)
75 T=10.T 470 nEm PLOT "OuTINE 940 H.PEEK(P-5)
80 POKE 765,T-INT(T/256).256 480 rrINT-TuPN ON PECOPPEr. 10- 950 11=25601+G
90 POKE 764,INT(T/256) 481 rntn--,U Full 'CALE, 5IN/MIN.- 955 IF 11 .32757 THEN 11=32767-H
t00 POKE 223,00 482 PSINT ""fAr"?" 960 IF C<A OR C<H THEN GOT01000
110 POKE 224,87 490 tmr,t AY(0) 970 K=J+1.25+200
112 POKE 11.00 500 IF AS(0)<>"" 10TO 497 980 rrinT "K" -C.2.4414
114 POKE 12,02 550 POKE 228.87 990 J=J+1:0 =P-2
115 X = "SP(Y) 560 POKE 759,33 1000 NEXT 7
116 FOr 7,..1.1 TO 1 STEP -1 570 roKE 11.57 1040 PRINT-Do YOU WISH TO CHANGE"
117 PPINT"READY" 530 POKE 12.03 1042 PRINT"DISCRIMINATOP AND GO"
118 INPUT AS(0) 590 X=uSR(Y) 1044 PPINT "AGAIN?"
119 IF AS(0)<>"Y" GOTO 117 610 PrINT"WANT TO CONTINUE TO" 1050 INPUT AS(0)
120 FOP J.I TO 620 PP1NT"ACCuMuLATE SPECTRA ?" 1060 IF AS(0) = "Y" GOTO 680
125 POKE 762.99 630 INPUT AS(0) 1070 PRINT"WANT TO CONTINUE?"
130 POKE 5633.99 640 IF AS(0)="N" GOTO 680 1080 INPUT 11%(0)
140 POKE 761.95 645 IF AS(0><,"Y" GOTO 610 1090 IF AS(0) = "Y" G0T020
150 POKE 5888,95 650 PPINT"ENTEP NUMBER OF" 1100 END
158 POKE 11,60 651 PRINT-ADDITIONAL nrEcirn-
159 POKE 12.02 660 INPUT N
160 x.mrn(y) 670 GOTO 116
185 POKE 229.01 680 PEM WAMELENGTH MAX
190 POKE 11,71 690 PRINT"ASSIGN VALuE TO LEVEL"
Nie POKE 12,02 700 PPINT"DISCPIMINATOP IN Mu."
205 X.USPCY/ 710 PPINT"FPOM 3 '0 1000."
210 NEXT J 720 INFT)T
211 POKE 760.95 730 D.D..4095
212 POKE 5633.95 737 PPINT
213 POKE 761.87 750 P=22523
214 POKE 5888.87 765 PPINT"DIODE NM. NET MU."
215 POKE 229.02 770 FOP 2=510 TO 0 STEP -1
216 POKE 11.60 780 J=3
217 POKE 12.02 800 G=PEEK(15)
218 x.uSP(Y) 810 C=PEEK(P-1)
219 POKE 11.89 820 C=C+256+G
221 POKE 12,02 825 IF C.32767 THEN C=32767-C
223 X.TISP(Y) 830 G=PEEK(04.2)
350 POKE 226.95 840 ElmrEEK(r+i)
360 POKE 225.00 850 B.-B.256.G
370 POKE 11,160 355 IF 8.32767 THEN 3.32767-11
380 POKE 12.02 860 G=PEEK(P-2)
390 Y=u5P(Y) 870 E.PEEKCP-3/
395 IF 0.1 THEN 2=0 880 E=E.256+G
nee NEXT 585 IF E '32767 THEN E=32767-E

Figure 34(A). CUBA BASIC listing.



LINE I LOC CODE LINE 0049 0222 A9 7F LDA #170 0099 028D EA NOP
0050 0224 SD OE 16 5TA (Er 0100 028E EA NOP

0002
eee3

0000
ewe

SCANTL = S02FF
SCANTH= Se2FE

0051
0052

0227
0228

EA
A2 04 CLEAT,

NOP
LDY 04

0101
0102

028F
0290

EA
EA

NOP
uor

0004 0000 INTTL SO2FD 0053 0224 AO FF G02 LDY 1100 0103 0291 EA Nor
0005
eee6

0000
0000

1NTTH . SO2FC
OUTTL = S0208

0054
0055

022C
022E

A9 00
91 DF

001 LDA
STA

#0
( NETL),Y

0104
eles

0292
0293

EA
EA

NO"
NOP

0007 0000 O "TTH = S02FA 0156 0230 go DEY 0106 0294 EA NOP
0008 0000 PIA . 5I7V0 0057 0231 98 TYA 0107 0295 EA Nor
0009
orle

evga
0000

Pip . (1702
^CA .. (1701

0058
0059

0232
0234

C9 FF
DO F6

CMP
ONE

P1 FT

GO!
0108
01 09

0296
0297

EA
AD 02 17 TEST8

Non
LDA Pip

0011 eeee O"TPB = swe 0060 0236 C6 CO DEC NEIN 01 10 029A 30 FD '0"1
0012
0013

0000
0000

(SUTRA . 31601
DDPB . S1602

0061
0062

0236
0239

CA
DO ET

DEX
DNE GOP

0111
0112

029C
029D

SS
DO AD

DE"
ONE INJECT

0014 mule ODRA . (1603 0063 023B 60 PI'S 0113 029F 60 PTS
0015 cm! TICL = S1604 0064 023C A9 06 GATHER LDA #16 0114 02A0 A9 5B LDA #1513
0016 0000 TICH . si6pc 0065 023E SD 00 16 STA C0ITRD ells 0242 85 E4 STA DATBAN
0017 0000 T2CL = 11101 0066 0241 49 04 LDA 04 0116 0244 A9 00 LDA #0
0018 0000 T2CH = $1609 0067 0243 ID re 15 STA 0,1TnI4 .0117 0246 85 E3 STA DATDAL
0019 0000 ACR = $1600 0068 0246 60 PTs 0118 0248 85 DE STA NEIL
0020 0000 PCR . S160C 0069 0247 Ah E5 FANDD LPY FAX" 0119 0244 A9 57 LDA 1157
0021 0000 IFP $160D 0070 0249 4C 71 02

'lig\

FAKE 0120 02AC 85 E0 CTA NFID
0022 0000 IER S160E 0071 0240 A9 24 INJECT 0124 0121 024E A2 04 Lr PA
0023 0000 NETL . SOODF 0072 024E SD 00 16 STA 01/TPD 0122 0200 Ae FF G04 LDY #344
0024 0000 NETH.S00E0 0073 0251 A9 04 LDA 0S4 0123 0202 38 NET SEC
0025 0000 DMAL . 141209 0074 0253 8D 00 16 STA WITRI3 0124 0203 DI E3 LDA (DATDAL).Y
0026 0000 DMAH = $021-8 0075 0256 4C 5D 02 JMP DATA2 0125 02135 F1 El 5BC (DRAL),Y
0027 0000 DEAL=S00E1 0076 0259 A4 E5 DATA LDY FAKY 0126 022,7 91 E3 STA (DATDAL),Y
0028 0000 DBA11 ..S00E2 0077 025D A2 64 DATA2 LDX 1100 0127 02(39 88 PE"
0029 0000 DATBAL.S00E3 0078 025D AD FD 02 G03 LDA INTTL 0125 02134 DI E3 LDA (DATDAL),Y
0030 0000 DATBAH.S00E4 0079 0260 SD 08 16 rTA T2CL 0129 02DC Fl El SVC (DPAL),Y
0031 0000 FAKY=S00E5 0080 0263 AD FC 02 LDA INTT11 01 30 OPPE EA 110"
0032 0000 EOF . S0207 0081 0266 8D 09 16 FTA T2CH 0131 02130 EA Nor
0033 0000 DOL = S0206 0082 0269 AD 09 16 CHECK LDA 72CH 1,:C
0034 0000 DOH . S02F5 0083 026C 10 FD DPL CHECK 0133 02C1 EA Nor
0035 0000 4,=. $200 0084 026E CA DEY 0134 02C2 CA NOP
0036 0200 A9 ro INIT LEA OSOA 0085 026F DO EC ONE GO3 0135 02C3 91 E3 51(1P2 STA (DATDAL),Y
0037 0202 6D FF 02 FTA erAN.q, 0086 0271 A9 CO FAKE LDA 0SCO 01 36 02C5 C8 INY
0035 0205 A9 08 LDA 11 0087 0273 11) OP 16 5,4 ACP 0137 02C6 IS CLC
0039 0207 8D FA 02 STn uOTTA VOWS 02Th AV ft 02 LDA ICANTL 01 38 02C7 DI E3 LDA (DATDAL),Y
0040 020A A9 FF ',DA ssrF 0084 0279 8D 04 16 STA T1CL 01 39 02C9 71 DE ADC (NETL),Y
0041 020C 8D 03 16 STA DEPPA 0090 027C AD FE e2 LCA 'CAMTH 0140 02CC 91 CF STA (NETL),Y
8042 020i 80 81 17 :TA rcil 0091 027F 81) 05 16 STA TICiI 0141 02CD 88 DEY
0043 0212 A9 Er LDA 'SEE 0092 0252 EE 00 16 INC (01TPD 0142 02CE r1 E3 LDA (PATTI/1L),',
0044 0214 SD 02 16 STA DE0,18 0093 0285 CE 00 16 DEC ouTro 0143 02[13 71 DF ADC (NETL),Y
0045 0217 A9 00 LDA 00 0094 0288 EA NOP 0144 0207 91 DF STA (NETL),Y
0046 0219 8D FD 02 STA O'JTTL 0I795 0289 EA NOP 0145 0204 88 DEY
0047 021C SD FE 02 STA SCANTII 0096 028A EA NOP 0146 02(35 98 TYA
0049 02IF SD 00 16 STA ouTro 0097 0280 EA

far;
0147 021)6 C9 FF CMP 0SFF

0098 028C EA 0148 0208 DO DS DNE NET

Figure 34(B). CLIDA machine language subroutine listing.



0149
0150
0151
0152
0153
0154

02DA
02EC
02DE
02E0
02E1
02E3

C6
C6
C6
CA
DO
60

EO
E4
E2

CB

DEC NETH
DEC DATBAH
DEC DDAH
DE`!

PNE G04
rTc

0155 02E4 *=1339
0156 0339 EA PLOT Nor
0157 033A EA Nor
0158 033D A9 00 LDA 00
0159 033D 85 E3 STA DATBAL
0160 033F A9 00 LDA
0161 £341 9D 07 15 STA 0'17,3
0162 0344 Al FF GOA LDY *RFT
0163 0346 A2 64 009 LP" #101
0164 0348 Al) FH e2 007 Lurk UUTTL
0165 034B 8D 08 16 STA T2CL
0166 034E AD FA 02 LDA 0TTH
0167 0351 SD 09 16 STA T2CII
0168 0354 AD 09 16 CHECK2 LtA T2CH
0169 0357 10 FP ort, CUECK2
0170 0359 CA DFY
0171 035A ne rc PHE G07
0172 035C 18 CLC
0173 035D A9 99 Lrn /TIP
0174 035F 71 13 ADC (DHTBAL),Y
0175 0361 49 FF EOr 'SEE
0176 0363 8D 00 17 STA ^IA
0177 0366 88 REY
0118 0367 A9 01 LDA #01
0179 0369 71 E3 ADC (DATBAL),Y
0180 0368 49 FF FOR OEFF
0181 036D 8D 01 16 STA OHTPA
0182 0370 A9 40 LDA #140
0183 0372 8D 00 16 STA WIRD
0184 0375 A9 00 LDA #100
0185 0377 8D 00 16 STA ErrErP
0186 037A 88 DEY
0187 0378 98 TYA
0188 037C C9 FF cmr #SFF
0139 037E DO C6 DNE 009
0190 0380 C6 E4 DEC DATDAH
0191 03E12 AS Eh LDA DATPAH
3192 0354 CD F7 02 CMP EOF
0193 0387 DO BB DNE con
0194 0389 60 "'
0195 038A .EWE

Figue 34(B). Continued.
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soon as step 2) is completed, 4) allows the array to integrate signal

radiation for a time T, and 4) interrogates the array under DMA control

again. The result is a single IDA "dark" spectrum and signal spectrum

stored in separate 111 blocks of KIM RAM. Upon returning to BASIC,

another machine subroutine is entered at location 02A0 which does a

point by point subtraction of the "dark" spectrum from the signal

spectrum, and adds the result to a "net" spectra block of RAM. This

entire process is then repeated N-1 times, producing a spectrum in the

"net" block of RAM which is equal to the sum of N individual CL

spectra.

Once N spectra have been taken and summed, the operator is asked

if he would like to plot the net spectrum. Answering Y(CR) causes

BASIC to instruct the operator to turn on a chart recorder at a set

scale (10 V, the range of the DAC used), and to ask him if he is

READY?. Replying Y(CR) causes BASIC to exit at line 590 for a PLOT

subroutine at location 0339, which adds a small DC offset to each data

point (0.1 V) to insure that negative dark noise values produced during

the point by point subtraction are plotted, and then outputs one point

each 0.2 s. This rate of data output was purely arbitrary, and was

chosen to allow the recorder sufficient time to respond while output

ting the data as fast as possible. Upon completion of the plot, the

operator is asked if he wishes to accumulate more spectra, and if so,

how many? Answering Y(CR) sends the operator back to line 116, where N

more spectra are taken for addition to the previous contents of the

summed spectra bank. Once all of the spectra desired have been taken,

summed, and plotted, BASIC executes a "peak maximum" search which
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compares the signal from each diode to its four nearest neighbors and

to an operator defined "discriminator", D, which may be viewed as the

minimum signal value a diode must have to even be considered as a

maximum. Inclusion of D merely speeds up the peak maximum search. If

a diode signal is greater than all four nearest neighbors, its number,

wavelength, and value in mV are printed. If the operator wishes to

change D and try again, he is then given the option of doing so.

Finally, the operator is asked whether he wishes to continue or not. A

reply of Y(CR) results in a jump back to the beginning of the program,

where more spectra may be taken, provided that no value in the "net

spectrum" bank exceeds 2
12

, which is the full scale range of the DAC.

If it is not desired to take more spectra, a reply of N (CR) ends the

program.

The CLIDA program occupies memory from $4000 to $53FF, leaving

3072 bytes free for data storage. This amount of memory is totally

consumed by the double precision, 512 point "dark" spectrum, signal

spectrum, and "net" spectrum, which leaves one with no room for any

other spectra unless more RAM is interfaced to the KIMR.

It should be noted that although 16 I/O lines are required for DMA

address programming, these same I/O lines may be used for the DAC

i.e., the DMA and,DAC data I/O lines of Figure 32 may be placed in

common. This may be done since the DMA and DAC are both strobe

controlled by separate I/O lines which load these devices at totally

different points in the program, allowing these common I/O lines to

perform a double duty.

The results obtained with ECLOS and CLIDA will be examined and
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discussed in the next section, which deals with the development of

several new CL analytical systems.
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CHEMILUMINESCENCE ANALYTICAL METHODS DEVELOPMENT

Introduction

In general, the methods to be described in this section were

developed before or concurrently with the instrumental development

described in the previous section. As a consequence, the simple CL

instrumentation shown in Figure 6 was used for a majority of the work

to be discussed. Because the general methodology followed in the

development of the analytical methods to be discussed was very similar

for all of the systems described here, a brief outline of the general

procedures followed is in order.

All solutions in this work were prepared, unless otherwise stated,

.

using Millipore
R

(Milli Q) reagent grade deionized water (MW) with a

resistivity of greater than 10 MO/cm. All glassware was cleaned with a

wash of 50% (v/v) reagent grade HNO
3

, followed by repeated MW rinses,

and final storage in MW. All plastic labware (tips for Eppendorf
R

pipets) was disposed of after use, as it was found that the cleaning

procedure established for these items was insufficient to totally

eliminate some contaminants (117).

H
2
0
2

solutions used in this work were prepared using reagent grade

30% H
2
0
2

(Mallinckrodt #5240, unstabilized) in MW adjusted to pH 4.0

with 10
-2

M HNO3. Solutions of KOH were prepared from reagent grade

KOH pellets (Baker #5-3140) dissolved in MW. Solutions of metals were

prepared by standard dilution from stock solutions prepared according

to the procedures outlined in the "Handbook of Flame Spectroscopy"
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(118). All chemicals used were reagent grade unless otherwise stated.

Blanks used were prepared in precisely the same manner as analyte

solutions without the species of interest. All pH measurements were

made with a Chemtrix
R
model 60 digital pH meter.

The instrumental conditions employed during analysis were as

follows, unless otherwise noted: PMT type; RCA 1P28, Bias voltage;

680 V, 1/V gain; 10
6
-10

7
V/A, noise filter cutoff frequency; 0.5

Hz., reagent, sample, and cell temperature; 250 C. All CL signals are

reported as photoanodic currents in nA unless otherwise noted. The

noise filter cutoff frequency was set as low as possible without

producing CL peak attenuation, and the chart recorder sensitivity was

adjusted to keep all CL peaks on scale.

Prior to usage, all reagent solutions, samples, and blanks were

equilibrated to 250 C for one hour, and maintained at this temperature

throughout the analysis by immersion of the solution containers in the

same water bath from which water was circulated through the temperature

controlled cell holder.

The general procedure followed for analysis was to perform five

blank runs by the addition of one mL of blank to the CL cell (plastic

or glass, as noted), followed by 0.5 mL portions of all remaining CL

reagents, except for the reagent required to initiate the reaction.

With the reaction vessel lid closed and the PMT shutter open, the final

CL reagent (0.5 1.5 mL) was injected into the sample cell using the

Hamilton
R
pneumatic injector. CL peaks were recorded and their peak

heights taken as the blank signal. Sample (analyte standards or

unknowns) runs were conducted in precisely the same manner with the
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substitution of one mL of sample for the blank. The average of five

sample run peak heights minus the average of five blank run peak

heights was taken as the analytical signal, with the standard

deviations of sample and blank CL signals also calculated from this

data. In all cases, the analyte detection limit is calculated as the

concentration of analyte required to produce a signal equal to twice

the standard deviation in the blank:

2a
BLANK

1

where m = the calibration sensitivity (slope) of the analyte working

curve near the detection limit.

In the case of interferents, the procedure followed was to

determine the detection limit of an interferent in the absence and the

presence of the analyte. To obtain the detection limit of an

interferent in the absence of the analyte, 1.0 mL of the interferent

was substituted for the analyte. To obtain data in the presence of the

analyte, 0.5 mL of analyte and 0.5 mL of interferent were substituted

for 1.0 mL of sample in the forgoing procedure, with the concentration

of each assumed to have been halved. The detection limit of the

interferent is defined as in equation 11, while the interference level

(C
1

) was defined as:

2a
BLANK

CI
M

(12)

where M is the slope of the enhancement or depression curve, ACL
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signal/A[interferent] in the presence of a fixed amount of the analyte,

chosen as [analyte] = 10 X Cl. The quantity C1 is simply the

concentration of interferent required to produce a change in the

analyte CL signal at the analyte detection limit equal to twice the

standard deviation in the blank. The concentration of interferent was

lowered until both C
1

and C
I
were reached.

The discussion of CL methods developed for Co(II), OCI, Cr(VI),

and humic acid is organized as follows: any deviations from the gen

eral experimental procedure will be noted, followed by a discussion of

the optimization of the CL system in question, the nature and degree of

any interferents, methods of interferent elimination, and the results

obtained with the final CL method for artificial and real samples. In

all cases, the results of the CL method of analysis are compared with

the results obtained by some "standard" method for the same samples.

The final portion of this section is devoted to an evaluation of

the KCLOS operating system and the effects of peak height vs peak area

data acquisition. The effect of acquiring peak area data by "analog"

V/F counting methods vs PC counting methods, with a PMT at both ambient

(293° K) and low (211° K) temperatures will also be discussed.

The Determination of Co(II) by Lophine CL

Introduction

Because previous work (119) had suggested that trace metal

analysis might be possible using lophine CL, it was decided to attempt
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to determine Co(II) via this method. As a first step in the trace

analysis of Co(II), therefore, the reagent concentrations of lophine,

H202, and KOH were optimized to produce the lowest possible Co(II)

detection limit. Secondly, an interference investigation to determine

the specificity and practical utility of the method for the

determination of Co(II) in natural samples was conducted. Thirdly,

based on the results of the interference investigation, a procedure for

the isolation of Co(II) from its principal interferents was developed.

Finally, the determination of Co(II) in natural waters and NBS #1577

bovine liver by lophine CL following the Co isolation step was

conducted, and the results compared to those obtained by pyrogallol CL

and neutron activation analysis.

Experimental

Instrumentation and Reagents

All measurements were obtained with the discrete sampling CL

photometer system described earlier. Instrumental variables were set

as previously indicated, except that the 1P28 PMT was biased at 660 V.

Lophine (Aldrich #T8320-8) was used with further purification. Lophine

solution preparation and storage proved to be somewhat critical. Best

results were obtained by degassing reagent grade methanol via boiling

followed by dissolution of the lophine in the hot methanol. Lophine

solutions were refrigerated when not in use. KOH stock solutions (2.0

M, Baker #53140) and H
2
0
2

stock solutions (0.1 M, Mallinkrodt #5240)
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were refrigerated when not in use. Co(II) standards were prepared by

dilution from a 200 PPM stock using 10
-2

M HNO
3.

The stock solution

was prepared by dissolution of 200.0 mg of Co metal (shot) in a minimum

amount of HNO
3'

followed by dilution to 1 L with MW. All other

solutions were prepared with 10
-2

M HNO
3'

which was also employed as

the blank solution.

Analysis Procedure

The general analysis procedure consisted of addition with

EppendorfR pipets of the following quantities of the equilibrated

solutions into the reaction cell: 1.0 mL sample or blank, 0.5 mL

lophine solution, and 0.5 mL H
2
0
2

solution. The contents of the

reaction cell were allowed to mix for 10 s prior to injection of 0.5 mL

of KOH solution with the pneumatic dispensing syringe (total cell

volume, 2.5 mL). The base solution was injected last to initiate the

reaction because this was always found to provide the best detection

limits and precision in previous studies of other CL systems (8, 9,

10).

The cell was then evacuated and rinsed twice with 0.1 M HNO
3

followed by two MW rinses. This wash solution proved to be critical in

elimination of memory effects and insuring reproducibility. The CL

signal was recorded until the peak maximum had passed. Typical peak

shapes for blank and Co runs are shown in Figure 7. The CL signal

actually lasts for over 15 minutes. If all solutions were prepared,

typically 60 runs could be made per hour.
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Optimization Procedure

The solvent for lophine, reagent concentrations, and temperature

were optimized for the lowest detection limit for a 1 PPB Co(II)

solution and for the least interference from certain species. Rough

optimization values were obtained by trying various combinations of the

three reagent concentrations. This was done with lophine dissolved in

three different solvents. The best lophine solvent was then chosen and

the reagent concentrations were reoptimized one at a time while holding

the other two reagent concentrations at their approximate optimum

values. H
2
0
2'

lophine, and KOH concentrations were optimized in order

as it had been determined that the H
2
0
2

concentration played the

greatest role in the optimization of lophine CL analysis (119).

Subsequent to each optimization, the last reactant optimized was left

at its now determined optimum value. All concentrations are reported

as final cell concentrations after mixing, except for analyte solutions

which are reported as initial concentration.

For this work the standard deviation of the blank signal was

determined by the irreproducibility of the blank signal (about 5 10%

relative standard deviation (RSD)) and not by noise in the dark current

or background CL signal. For optimization plots, the detection limit

(DL) plotted is the extrapolated value from a 1 PPB Co(II) CL signal.
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Interference Studies

The general procedure followed for the interference study was to

first obtain a calibration curve for each species by substitution of a

solution of the potentially interferring species for the Co(II)

solution in the standard analysis procedure. Generally the study was

started at 100 PPM and carried down to the detection limit for the

species. The detection limit was calculated with respect to the blank

reaction. Also for some species, 0.5 mL of both a 2 PPB Co(II)

solution and a solution of a potential interfering species were

substituted for the 1.0 mL Co(II) solution in the standard analysis

procedure. This indicated the interference level (C
1

) of the species.

Results and Discussion

Optimization Studies

Because lophine is sparingly soluble in water, it was found that a

water miscible organic solvent was helpful in making the lophine stock

solution. The use of organic solvents in analytical CL measurements

has not been explored much even though there are potential advantages:

i) higher concentrations of the CL reagent in the reaction mixture may

provide better detection limits, ii) water insoluble reaction products

may be kept in solution and increase precision and prevent memory

effects, iii) reaction kinetics and the CL quantum efficiency may be

changed to provide better detection limits and selectivity. For this
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study, lophine stock and test solutions were prepared in 95% ethanol,

DMSO, and methanol. Methanol was found to be the optimum solvent

because it provided a detection limit for Co(II) over an order of

magnitude lower than with the other two solvents and because the stock

lophine solutions exhibited reasonable time stability. Lophine is the

least soluble in 95% ethanol (-2 x 10
3

M). Also in 95% ethanol the

lophine decomposed as evidenced by a decreasing CL signal over even one

day. In DMSO the CL signals were much smaller than in the other two

solvents.

The results of the final H
2
0
2

solution optimization are shown in

Figure 35. The maximum CL signal and minimum detection limit for

Co(II) occur at a final cell concentration of 5.9 x 10
-3

M H
2
0
2

(3.0 x

10
2 M initial concentration) which was chosen as the final optimum

H
2
0
2
concentration for this system. Note the sharp reduction in the

Co(II) CL signal at concentrations of H
2
0
2
below 5.9 x 10

3
M, and the

relatively slow decrease of CL signal at greater concentrations.

Results of the lophine solution optimization are presented in

Figure 36 (curves ac). The maximum CL signal and best detection limit

occur at a lophine concentration of 8 x 10
-4

M (4.0 x 10
3
M initial

concentration). The final concentration chosen for analysis was,

however, 4 x 10
4 M lophine, for reasons to be discussed later. The CL

signal actually starts to fall off at higher lophine concentrations,

but this is not due to self absorption, as lophine absorbs at 367 nm,

fluoresces at 438 nm, and the CL signal is at a maximum at 530 nm, as

previously mentioned. A similar situation occurs with the luminol

Co(II) system, and was attributed to the formation of a Co luminol
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complex at high luminol concentrations (7). The effect could also be

due to the absorption of a product or nonluminescing intermediate.

The results of the KOH solution optimization are presented in

Figure 37 (curves ac). Again, maximum CL intensity and best Co(II)

detection limits occur at one KOH concentration, 0.2 M (1.0 M initial

concentration). For reasons to be discussed later, however, a final

cell concentration of 0.5 M KOH was selected for use in this analysis.

Note that the Co(II) CL signal falls off rapidly as the KOH

concentration drops below 0.1 M until no CL of Co(II) is observed below

pH 12. At high base concentration, the CL signal diminishes. A

similar effect in the luminol Co(II) system was attributed to an

increase in formation of Co(OH)
2

(7).

Finally, Figure 38 presents a calibration curve for Co (II) run

under the aforementioned optimum conditions. With (lophinel = 4 x 10
-3

M, [KOH] = 0.5 M, and (11
2
0
2
] = 5.9 x 10

-3
M, the loglog plot is linear

(slope = 1.0), from a detection limit of 0.1 PPB (experimentally

measured) up to 10 PPB Co(II). The RSD's for 1 and 10 PPB Co(II) CL

signals are typically 2% and 890, respectively. It is interesting to

note that the departure from linearity observed at ca. 10 PPB is not

due to reagent "starvation". The concentrations of lophine and H202

are about 1000 times greater than that of the Co(II) on a mole basis at

the 10 PPB level.

The effect of temperature was briefly studied with the procedure

previously described (8). The background and Co(II) CL signals

approximately doubled in going from 20° to 30° C. The detection limit

was not significantly changed so for convenience 25° C was chosen for
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all measurements.

Interference Studies

The detection limits and interference levels for many metals,

nonmetals, anions, and common complexing agents are summarized in Table

VI. The calibration sensitivity or slope is measured near the

detection limit. A negative slope indicates that the species depresses

rather than enhances the blank CL signal. It can immedidately be seen

that a large degree of correlation within a family of elements is

certainly lacking, and that the generalization made for the lnminol

Co(II) system that the lower oxidation state of a metal is most active

(20) does not apply to the lophine system (note the difference between

Cr(III) vs Cr(VI)). Some correlations, however, do exist. For

example, all of the depressants listed are also depressants for the

lucigenin Co(II) system, and have similar detection limits (8).

Although most species influence the CL signal at some level, only

Mg(II), Cr(VI), Fe(III), Os(IV), Co(II), Ir(IV), Cu(II), C10,

Fe(CN)6
3

, and Mn04 have detection limits below 1.0 PPM. The ratio of

the Co(II) detection limit to the detection limits of species likely to

be found in natural systems is over 10
4

for most species except for Mg,

Cr, Fe, and Cu for which the ratio is over 10
3

.

The interference levels of most of the species tested (mainly

depressors) are fairly close to their detection limits, with only a few

2
notable exceptions. Humic acid, Cl , SO4, and EDTA probably form

complexes with Co(II), making their interference level for Co(II)
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Table VI. Detection limits and interference levels.

Species C
1

(PPM) C
1

(PPM)

Calibration
Sensitivity
(nA/PPM)

Na(I) > 10,000

Mg(II) 0.10 0.17 0.7

Ca(II) 3.0 2.0 0.025

Sr(II) 440 0.00016

La(III) 4.0 0.017

Ti(III) 29 0.024

Zr(IV) 38 0.0039

HMV) 52 0.0029

V(IV) 5.0 0.028

Cr(III) 0.25 6.2

Cr(VI) 0.005 29

Mo(VI) 33 0.0034

Mn(II) 15 0.0049

Fe(III) 0.20 0.484

Ru(III) 6.0 0.013

Os(IV) 0.003 33

Co(II) 0.001 660

Rh(IV) 28 0.0032

Ir(IV) 0.56 0.13

Ni(II) > 10

Cu(II) 0.17 0.4

Ag(I) 10 0.0021

Zn(II) > 100

Cd(II) 100 100 0.004

Hg(II) 34 50 0.0023

Al(III) 5.0 0.012
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Table VI. (continued)

Species C
1

(PPM) C
1

(PPM)
Calibration
Sensitivity
(nA/PPM)

Pb(II) 10 0.0092

As(V) 25 0.0022

Sn(II) 5.0 4.0 0.004

Ce(III) 1.0 0.071

F 70 0.0010

Cl 10,000 200 7.8 x 105

C10 0.15

Br 35 > 5,000 0.002

CO
3
2 8.0 1.0 0.0055

NO
3

10,000

SO 2 92 38 0.00048

P0743 5.0 50 0.016

NH4 2.0 0.026

CN 21 0.0014

3BO
3

> 10,000

Si0i3 50 0.0011

Fe(CN)63 0.24 0.175

Mn0
4

0.048 1.0

Citrate 50 0.002

EDTA 8.0 1.0 0.007

Burnie acid 37 0.5 0.0012
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determinations lower than their detection limit. P043, however, has

an interference level that is greater by an order of magnitude than its

detection limit. Phosphate enhances the blank reaction at any

concentration over 5 PPM, and yet does not affect the Co(II) CL signal

until it reaches the 50 PPM level, at which point the blank and Co(II)

signals are nearly equal. The reason for this behavior is uncertain.

It is interesting to note that following the publication of the

above data, Nieman released a paper on much the same subject (37).

Nieman's detection limit for Co(II) was, however, 47 PPB, a factor of

about 500 larger than that achieved here. In addition, only about ten

interferents were studied, and the previously reported Mg(II)

interference ignored.

Chelex 100 Interference Elimination

In natural waters and biological samples, Ca, Mg, and Fe are the

most likely metal interferences because of the high concentrations of

these elements relative to Co. Standard techniques such as flame

atomic absorption can be applied to the samples to evaluate if the

concentrations of these metals are at their interference levels. All

of the above metals except Mg cause enhancement effects so that it is

possible to correct the measured CL signal for the effects of these

metals with a proper blank. The Mg interference is most critical

because it depresses the blank and Co CL signal such that the Co

detection limit is dramatically reduced in the presence of PPM levels

of Mg. Since the concentration of Mg(II) in natural water is typically
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in the 1 10 PPM range, a means of masking or eliminating Mg(II) in

the Co(II) reaction becomes highly desirable. As a consequence, a

portion of this research was dedicated to the investigation of the

masking effect of P042, P2074 and F on Mg(II) and Co(II), an attempt

to reoptimize reagent concentrations to eliminate or greatly attenuate

the Mg(II) effect, and an an investigation of the possibility of

eliminating Mg(II) from the sample prior to CL analysis via ion

exchange.

P043
'

P2074, and F have been used as masking agents for Mg(II)

(120) and all exhibited very similar effects on the combined Co(II)

Mg(II) system. At lower concentrations of masking agent (typically 500

PPB), all masking agents were ineffective in decreasing the Mg(II)

depressive effect, while at PPM levels, the Co(II) CL signal was

attenuated to a great degree, while the Mg depression was only slightly

improved. The end result was to cause the Co(II) and Co(II) + Mg(II)

CL signals to approach each other and the blank. It was concluded that

masking would not solve the Mg(II) interference problem.

Since previously it had been shown that reagent concentrations in

the lophine system affected the detection limits for certain metals

(119), the effect of reagent concentrations on the Mg(II) interference

was investigated. Curves A and D in Figure 36 illustrate how the

Co(II) and Co(II) + Mg(II) CL signals vary with lophine concentration,

respectively. The Co(II) and Co(II) + Mg(II) CL signals approach each

other most closely at a lophine concentration of 4 x 10
-4

M, but

unfortunately they do not merge. A similar study for KOH concentration

is illustrated in curves A and D in Figure 37. At a KOH concentration
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of 0.5 M, the Co(II) and Co(II) + Mg(II) CL signals again approach each

other closely but do not merge. H
2
0
2

reoptimization was attempted, but

no improvement was seen at higher H202 concentrations, and the CL

signal simply disappears at lower H
2
0
2

concentrations. The net result

was that the Mg(II) interference could only be partially alleviated,

which was determined to be an unsatisfactory situation.

As previously mentioned, the ion exchange work of Kingston, et

al. (108) had shown that it was possible to separate Mg(II) and Ca(II)

from several transition metals, including Co(II). These investigators'

work was basically concerned with the separation of transition elements

from Ca(II) and Mg(II) in seawater samples. While Fe(III) was retained

at the 93% level in Kingstons work, it was felt that a modification of

his Chelex 100 ion exchange procedure might allow the separation of

Co(II) from Mg(II), Ca(II), and Fe(III). Specifically, it was felt

that the addition of an Fe(III) selective chelating species to the

ammonium acetate (NH
4
Ac) wash solution used to remove Mg(II) and Ca(II)

from the resin could aid in the removal of Fe(III) at the same time.

This would minimize or eliminate the Mg(II), Ca(II), and Fe(III)

interferences, providing Co(II) could still be retained on the Chelex

resin. Hence, work was begun to attempt to modify and improve the

Chelex 100 separation method for sample preparation of Co(II)

solutions. The procedure finally developed, and the results obtained

will now be explored.

Chelex 100 (Bio Rad Laboratory, 100-200 mesh) was prepared in the

following manner: ca. 100 g of resin in the Na form was placed in a

beaker and washed twice with MW, followed by treatment with 2.5 M HNO3
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for five minutes. The resin was then washed twice more with MW and

treated with 2.0 M NH
4
0H for five minutes to convert it to the NH

4

form. The NH
4
OH was then removed and the resin washed with four

portions of MW, after which the resin was covered with a fifth portion

of MW, and stored.

Polypropylene ion exchange columns (Bio Rad #731-1110, 0.7 cm x 4

cm) were inserted in the mouths of 25 mL polypropylene bottles with

their bottoms removed and the assembly sealed with a heat gun. The

resulting column and reservoir was then washed with 50% HNO
3

and rinsed

with MW prior to use. This assembly proved to be reusable, durable,

and inexpensive (<t2.00).

Preparation and use of the Chelex columns followed a single

sequence throughout this work: 1.0 mL of resin was pipeted into the

column, with a Pipetman
R

adjustable pipet, washed with 10 mL of 2.5 M

HNO
3'

rinsed with a 10 mL portion of MW, treated with 10 mL of 2.0 M

NH
4
OH to reconvert the resin to the NH

4
form, and rinsed with 10 mL of

MW. 25.0 mL of sample were then added to the column and allowed to

drain to the level of the resin. At this point, the elution of CL

interferents was accomplished with 20 mL of 1.0 M NH4Ac buffer adjusted

to pH 5.3, and containing various complexing agents (e.g. Na4P207,

dimethylgloxime, 8hydroxyquinoline-5sulfonic acid (OXSA)). Following

this step, the resin was washed with a 10 mL portion of MW to remove

any excess interferent eluent, and the Co eluted from the resin into a

25.0 mL volumetric flask with 10 mL of 2.5 M HNO3. Following dilution

to the mark with MW, this solution was analyzed for Co and any added

interferents by flame AA or lophine CL.
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Initial studies with various interferent eluents to determine Co

and interferent yields in the Co fraction were conducted with

artificial samples containing 1.0 PPM Co along with various interferent

cations. The Co fractions were analyzed for Co and the interfering

ions by flame AA using a Varian
R
model AA6 with instrumental conditions

as outlined by the manufacturer (121). Final CL determinations were

made on artificial samples containing 5 PPB Co, 10 PPM Ca, 10 PPM Mg,

and 1 PPM Fe to simulate the concentrations of these interfering

cations in real samples. In addition, samples of tap water and NBS

1577 Bovine liver were analyzed. All CL standards were prepared in a

matrix of 1.0 M HNO
3

and 500 PPM NH
4

(as NH
4
NO

3
) to match the final

sample matrix. This necessitated an increase in the concentration of

the KOH used in the lophine CL system to 3.0 M to insure a cell

concentration after acid neutralization of 0.2 M, the optimum

concentration with no sample pH adjustment.

Bovine liver samples were prepared by dry ashing 0.5 g samples at

550° C for 48 hours, followed by acid digestion in 25 mL volumetric

flasks and final pH adjustment to 5.3 with 3 M KOH and 1 M NH4Ac

buffer. After dilution to the mark, these samples were subjected to

Chelex 100 treatment and their Co content determined by lophine CL.

Table VII is a summary of the various eluents studied for

interferent removal. As can be seen, a combination of 1 M NH
4
Ac 0.25

M Na
4
P
2
0
7

at pH 5.3 successfully eliminated Mg, Ca, Fe, Mn and most of

the Al present in a sample while 100% of the Co, Cu, and Ni was

retained on the resin. Attempts to eliminate Cu and Ni can be seen to

have been rather unsuccessful as Co is lost in the process. Of the
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Table VII. Eluent efficiencies for Chelex - Co preparation.

Interferent
Eluent

Elements Original Solution % Remaining
Tested Concentration Co Fraction

(PPM)

1 M NH4Ac - 0.25 M Na4P207 Co(II) 1.0 100.5 ± 2

pH 5.3 Fe(III) 10 undetected

Mg(II) 100 0.04

Ca(II) 100 0.34

Mn(II) 10 1.6

Ni(II) 10 99.1

Cu(II) 10 100.0

Al(III) 10 3.0

Cr(III) 5.0 92.0

1 M NH4Ac 0.25 M Na4P207 Co(II) 1.0 56.0

0.1 M dimethylgloxime Ni(II) 10 47.8

pH 5.3

1 M NH4Ac 0.25 M Na4P207 - Co(II) 1.0 71.2

0.2 M NaF - pH 5.3 Ni(II) 10 72.5

1 M NH
4
Ac 0.25 M Na

4
P
2
0
7

- Co(II) 1.0 61.0

0.01 M OXSA - pH 5.3 Ni(II) 10 17.2

Cu(II) 10 14.3
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Cu Ni eluents tested, OXSA showed the most promise, but caused a

ca. 40% loss of Co. For this reason, further work on Cu and Ni

elimination was abandoned and all further analyses were performed with

the NH
4
Ac Na

4
P
2
0
7

eluent.

Determination of Co in Real Samples

Table VIII is a presentation of the results of artificial and real

water sample determinations of Co by lophine CL after Chelex sample

preparation. Unfortunately, Co levels in the pure tap water samples

were below the CL detection limit of 100 PPTR, necessitating the use of

500 PPTR Co spikes (0.1 mL of 500 PPB Co per 100 mL sample) for yield

determination purposes. As can be seen, ca. 100% of the Co is

recovered from the tap water matrix while the CL interferents are

removed. In addition, the synthetic sample data indicate that the

removal of Ca(II), Mg(II), and Fe(III) may be accomplished with 100%

retention of the Co(II).

Finally Table IX is a presentation of the NBS Bovine liver

results. Previous pyrogallol CL and neutron activation analysis data

for Co in this sample (10) agree well with those obtained by lophine CL

after Chelex treatment, although the uncertified NBS value for Co in

this sample is 0.18 PPM, a value 33% lower than that obtained by three

independent methods with three independent operators.

It is apparent, then, that use of the Chelex 100 sample

preparation procedure in conjunction with the lophine CL determination

of Co(II) allows one to determine Co(II) in natural waters and/or
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Table VIII. Results of Co(II) water sample analyses.

Sample CL Signal,
nA

5 PPB Co CL
Signal, nA

% Co Yield

Artificial Samples:

5 PPB Co 10 PPM Ca

10 PPM Mg 1.0 PPM Fe 34.2 34.2 99.9

Pure Tap H2O 0.0

Tap + 500 PPTR Co (1) 3.8 3.8 99.4

Tap + 500 PPTR Co (2) 3.2 3.2 99.7

Table IX. Results of Co(II) in Bovine Liver analysis.

Bovine Sample Sample Weight, g [Co], PPM

1 0.4999 0.262

2 0.5024 0.235

3 0.5010 0.250

Mean 0.249 ± 0.027

Pyrogallol CL 0.240

Neutron Activation 0.280

Analysis

NBS Uncertified Value 0.18
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biological samples at the 0.1 PPB level with little or no interference

from other species. The sample cleanup procedure developed is fast

(< 10 minutes), and provides 100% recovery of the Co(II) in a sample.

In addition, this method of CL interferent removal is directly

applicable to other CL systems for the determination of Co(II), as well

as to any nonCL method of Co(II) determination where Mg(II), Ca(II),

and/or Fe(III) are interferents. The detection limit of 100 PPTR

achieved with this CL method is a factor of five greater than that

achieved with lucigenin CL. However, it is a factor of five lower than

that achievable with gallic acid CL, pyrogallol CL, or neutron

activation analysis (Table I), and is about the same as that obtained

using an ICP or xray fluorescence technique.

It is interesting to note that, besides Co(II), a low detection

limit was achieved for Cr(VI). The luminol system, as mentioned,

cannot even detect Cr(VI) (20), and the lucigenin system can only

detect it in the PPM range (9). Reoptimization of the lophine CL

system for Cr(VI) analysis was therefore felt to be worth looking into.

The results of that investigation will be explored later.

The Determination of 0C1 by Luminol CL

Introduction

Although the determination of OC1 by luminol CL had been

investigated in flow systems in the presence of H202 (15,62), and

briefly examined in flow systems in the absence of H202 (20), a serious
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investigation of the utility of the discrete sample determination of

0C1 in the absence of H
2
C
12

with luminol had not been made until the

question of determining 0C1 in water by a CL method had arisen in our

laboratory. Because many cations in the presence of H202 and base will

catalyze the luminol CL reaction, it was desirable to eliminate H202

from the reaction mixture in a 0C1 determination, especially since

even "reagent grade" H202 contains ca. 500 PPB Fe, 100 PPB Cu and Ni,

and 100 PPB of other heavy metals (122), which could (and do) create

quite a blank reaction in the system (15,62). Hence, the determination

of 0C1 in water via luminol CL in the absence of H
2
0
2
was investi

gated, with a concurrent investigation of the preservation and

stability of dilute MC solutions, which appears to have presented

somewhat of a problem for previous investigators.

Experimental

All CL measurements were obtained with the discrete sampling CL

photometer system described earlier. Because the luminol OC1 CL

peak is much faster than that obtained with Co(II) and lophine, the

noise filter cutoff frequency was set at 1.0 Hz. Luminol

(5amino-2,3dihydro-1,4phthalazinedione, MCB #AX8939128) was used

without further purification. Solution preparation was somewhat

critical due to solubility problems. In the optimization portion of

this work, Me0H (reagent, Baker #79070) was employed as a luminol

solvent. Later work, however, showed that dissolution of the luminol

in pH 10.0 borate buffer eased dissolution problems, as well as
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providing other benefits to be described later. A buffer concentration

of 0.05 M, created by dissolving 9.53 g Na2B407 (Baker #3568) in 500 mL

MW and adjusting the pH with HNO3 or 4.0 M KOH and the digital pH meter

previously described, was employed throughout this study for luminol

dissolution and CL pH adjustment.

Standard 0C1 solutions were prepared from 5% Na0C1 (Baker) after

standardization with KI and Na
2
S
2
0
3

(63). Chloramine T (1CH
3
C
6
H
4
-4

SO2NC1 Na31120, reagent, Fisher #1779) was used as a source of

monochloramine. All monochloramine solution concentrations are

expressed as PPB of NH2C1, calculated on a mole ratio basis. 3% C102

solution (technical, Crown Zellerbach) was used as a source of C10
2

after standardization with KI and Na2S203. Oa, NH
2
C1, and C10

solutions were prepared just prior to use via fast, successive

dilutions in pH 4.0 (HNO3) MW. The choice of such a solvent will be

discussed later. During analysis, these solutions were stored in a

brown glass, stoppered bottle. All glassware was carefully cleaned

with 50% HNO
3

to prevent trace contamination that might accelerate the

decomposition of OM.

The general analysis procedure was modified during the course of

this investigation. During the optimization studies, 0.5 mL of borate

buffer and 1.0 mL of 0C1 sample were added to the CL cell with

Eppendorf
R
pipets, followed by the injection of 0.5 mL of luminol

solution (in Me0H). In light of the results of the Oa stability

study to be discussed later, the general procedure was changed. 1.0 mL

of 0C1 sample was added to the CL cell, followed by the injection of

1.5 mL of luminol dissolved in pH 10.0 borate buffer. Spot checks of
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the previously determined optimization curves indicated that no optima

changes had occurred as a result of this modification.

In all cases, it was found that fresh luminol solutions yielded a

CL signal ca. 5% smaller than the same solutions after 24 hours of dark

storage at room temperature. The reason for this situation is unclear.

In any case, solutions of luminol prepared in pH 10.0 borate buffer

remained stable at room temperature for a minimum of three weeks.

Colorimetric DPD (diphenyl carbazone, Hatch Chemical #14070)

analyses were carried out using a Turner
R

single beam spectrometer

(model #330-005) in conjunction with an Analog DevicesR model #12051

four digit DVM to improve readout resolution. The standard DPD (63)

and luminol CL procedures were carried out for two tap water samples

obtained on two consecutive days. In each case, OC1 determinations

were made within 3 minutes of each other. The same procedure was

followed in the analysis of an artificial monochloramine OC1

"sample" of known concentration. DPD samples were run without

dilution, while luminol samples were run after a 1:10 dilution in pH

4.0 MW, for reasons to be discussed.

Results and Discussion

Optimization Studies

The pH of the luminol OC1 reaction mixture was adjusted with

borate buffers of several different pH values in order to maximize both

the CL signal and signal to background ratio (S/B). To insure that
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sufficient buffer capacity was being used, all pH's were taken before

and after completion of the CL reaction, and the final cell pH's used

for the optimization plot.

Figure 39 illustrates the results of the pH optimization. Several

points are worth noting. First, a blank reaction between MW, buffer,

and luminol begins to occur as pH 10.5, and steadily increases with

increasing pH. Thus, although a maximum in CL signal exists at pH

11.0, the signal to background ratio (S/B) is unfavorable. Next, the

CL signal drops off very sharply from the maximum at pH 9.0 as the pH

is reduced. Small changes in pH cannot be tolerated here. As a

consequence, pH 10.0 was chosen as an optimum value, since no blank

reaction occurs and variations of up to ca. ±0.5 pH unit can be

tolerated with little change in the CL signal.

It is of interest to examine the general shape of the optimization

curve. The right hand portion of Figure 39 closely resembles Seliger's

(14) plot of the fluorescence quantum yield of aminopthalic acid, the

luminescing species in this reaction, as a function of pH. The left

hand portion of Figure 39 closely resembles a plot of the (0C1 MHOC1]

ratio as a function of pH ([0C1 MHOC1] = 3.4 x 10-8/[e]) (35),

leading one to conjecture that only the Oa ion is effective in

producing the luminescing species.

With the pH of the reaction mixture fixed at 10.0, the luminol

concentration was adjusted. The results are graphed in Figure 40.

Note that a plateau is reached at ca. 1 x 10
-3

M (cell concentration)

luminol, indicating that is desirable to work at this or a slightly

higher concentration. For solubility reasons, a luminol cell
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concentration of 2 x 10
-3

M was chosen as optimum (precell

concentration of 3 x 10
3

M).

As mentioned, the above optimizations were carried out with

separate luminol and buffer solutions. The reason for the

aforementioned combination of the two solutions into a single solution

of luminol dissolved in buffer will become obvious upon examination of

Figure 41, a plot of % 0C1 remaining in a 40 PPB sample after a 10

minute "incubation" in MW of various pH values. Contrary to Chapman's

(69) conclusion that 0C1 is most stable at pH 13.0, it was determined

that dilute solutions of OC1 are most stable at pH 4.0. It is

presumed that this is due to the tendency of the hypochlorite ion to

disproportionate in solution: 3 0C1 --+ 2 Cl + C10
3'

for which K

is 1 x 10
27

(35). In light of this data, addition of a pH 10.0 buffer

to the OM sample prior to luminol injection could (and did) result in

poor reproducibility of the CL signal due to the finite and somewhat

variable time between buffer addition and luminol injection. Injection

of luminol and buffer together served to reduce the relative standard

deviation in the CL signal from 11% to 1% at the 2 PPB level. At the

higher OC1 concentrations normally found in tap water, the rate of

OC1 decomposition is much lower. Providing that the sample is stored

in a brown glass stoppered bottle, ca. 3% of the OM decomposes in 10

minutes.

Finally, using the optimized OM luminol system with simul

taneous luminol buffer injection, very fast CL peaks of the type

pictured in Figure 42 resulted. Note that the entire reaction occurs

in ca. 0.8 s. Fortunately, a check with a storage oscilloscope
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verified that our fast chart recorder was not attenuating these

signals. Using the peak height as a relation to OC1 concentration,

the calibration curve of Figure 43 was generated. The curve is linear

from a detection limit of 200 PPTR up to ca. 500 PPB, at which point it

begins to level off. This leveling off, however, is not a self

absorption effect.

Figure 44 is a spectrum of the luminol 0C1 CL reaction obtained

with CLIDA (ten scans, 800 ms integration time, full scale gain with 25

PPM 0C1). For comparison, the relative absorption spectra of OC1 and

luminol, taken with a Cary
R
model 118 spectrophotometer, are provided.

As can be seen, the OM spectrum does not overlap with the CL spectrum

of the reaction. Hence, the leveling off of the OM calibration curve

at high 0C1 concentrations is a purely chemical effect. A quick check

of the mole ratio of Oa to luminol at this point indicated that, at

the beginning of curvature, [0C1]/[luminol] was 1.96 to 1, indicating

that the system is simply limited by the amount of luminol present.

The 2:1 stoichiometry observed agrees with Seitz's proposed 0C1

mechanism for luminol CL (49), which has a first order rate limiting

step. Hence, to extend the dynamic range of this method, one could use

a more concentrated luminol solution, although the solubility limit of

luminol precludes any dramatic improvements.

Interference Studies

Table is a list of interferents along with Cl, m, C
1

, and M

(previously defined). Of the species listed, those that could possibly
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Table X. Interferents in the 0C1 luminol system.

Interferent C1 (PPM)
1

m (nA/PPM) C1 M (nA/PPM)

Fe(III) 0.17 0.24 0.11 0.38

Fe(II) 0.00006 660 0.00009 440

Cu(II) 0.11 0.29 0.47 0.08

Zn(II) >100 -- 5.0 0.020

Mn(II) >100 5.0 0.007

Mg(II) >100 -- 5.0 0.008

Ca(II) >100 -- 7.0 0.007

Co(II) 0.32 0.12 0.45 0.088

Cr(III) >100 1.0 0.037

Cr(VI) >100 -- 1.0 0.036

Ni(II) 60 3.4 x 10-4 --

Os(IV) 3.0 0.008 --

Pt(IV) 55 4.0 x 10-4 -- --

Mo(VI) 8.0 0.003

C1 3500 7.9 x 10-6 -- --

I0
4

23 0.0012

I0
3

19 0.0036

Br 30 0.0010

Mn04 0.002 13

C032 55 3.7 x 10 4

NH2 C1 0.006 4.5 --

C102 0.0002 410

Cations with C1 > 100 PPM, Anions with Cl > 1000 PPM:

Na(I), K(I), Al(III), Sn(IV), Hg(II), Pb(II), Ag(I), V(IV), Ti(IV),

Sc(III), Rh(IV), Ir(IV), In(III), Cd(II), As(III), As(V),

W(VI), Pd(II), Ba(II), Rb(I), Sr(II), La(III), Ga(III), Ge(IV), Nb(V),

Ta(V), Re(VII), F, C1074, S2, S0742, POV, I, NH4, Hnmic

Acid.



146

cause interference in a water sample analysis may be narrowed to

Fe(III), NH2C1, and C102, since Fe(II) may only be present in reducing

waters which would destroy any 0C1. Since a 1:10 dilution of a tap

water sample is required to bring the OC1 concentration (typically

500-800 PPB) onto the linear portion of the calibration curve, Fe(III)

at typical levels in natural waters is diluted to a value below C1 or

Cl, and is no longer a problem. C102 is not often used in water

chlorination due to the problems of onsite generation incurred with

this explosive gas. C102 also appears to be a universal interferent

for all approved OC1 methods (63). Monochloramine, however, is

present in most natural waters, and does interfere in the absence of

0C1 , although its detection limit is 30 times higher than that of

OM. In the presence of °CC, however, it is not a serious

interferent, as will be shown in the DPD luminol comparison study

that follows.

Determination of 0C1 in In H2O2

Two tap water samples, taken on two separate days were analyzed

for 0C1 via both the DPD colorimetric procedure (63) and the luminol

CL procedure. In addition, a synthetic "unknown" containing 660 PPB

NH
2
C1 and 656 PPB OC1 was analyzed for Oa via the two procedures.

Results appear in Table XI.

It is apparent from this data that the results of the DPD and

luminol analyses are the same within experimental error (relative

standard deviations for the DPD and luminol CL method were 5% and 1.5%,



Table XI. Results of CL tap water analyses.

Sample I0C1] DPD,
PPB

E0C1] CL,
PPB

RSD %
DPD CL

Relative
Difference, %

Absolute Error %
DPD CL

Tap water 1 885 882 6.2 1.3 0.3

Tap water 2 578 585 5.1 0.9 1.2

Synthetic 647 663 4.8 2.0 2.5 1.4 1.0
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respectively). Furthermore, equal NH2C1 and OCL levels lead to only a

ca. 1% error in both methods. However, the luminol method has a

distinct advantage over the DPD method, with a detection limit of 200

PPTR vs ca. 50 PPB, an improvement of two orders of magnitude. It is

thus apparent that the 0C1 luminol CL method for the determination of

OC1 in water is both free of major interferences and capable of the

determination of OC1 at levels 100 times lower than those achievable

by the standard DPD method of OC1 analysis. In addition, comparison

of the luminol OC1 method developed here with other methods of 0C1

determination (Table III) shows that no method developed to date has

the high precision and low detection limit of this CL method, including

previously investigated luminol CL systems.

The Determination of 0C1 hy Singlet - CL

Introduction

Although the H202 OM singlet oxygen CL reaction had been known

of since 1960 and investigated in terms of its mechanism and

spectroscopic theory, any investigation into its analytical utility had

been neglected. Because the luminol 0C1 reaction had indicated some

degree of susceptibility to interference by monochloramine, it was

desired to develop a confirmation technique for 0C1 of, perhaps, less

sensitivity toward 0C1 , but greater immunity toward monochloramine

interference.

Because it had been reported that the 0C1 H 0
2

reaction
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produced light in the red portion of the spectrum (56), a

confirmational CLIDA spectrum was produced to see if this was indeed

the case. Figure 45 presents the CLIDA singlet oxygen CL spectrum

obtained using an integration time of two seconds with maximum gain and

five summed scans. The features of the spectrum agree well with those

of Than and Kasha, i.e., two sharp peaks at ca. 633 nm and 703 nm due

to a two molecule, one photon 1Ag to
3
E transition and a simple 1Eg to

3Eg transition, respectively (56). This is the first spectrum ever

obtained of singlet oxygen CL using a multichannel detector.

Unfortunately, a 1P28 PMT is not very sensitive in this region of the

spectrum (123). But, although a 4840 red sensitive PMT yielded a

factor of three increase in the CL signal, it also yielded a factor of

ten increase in dark noise over a 1P28. Hence, in spite of the 1P28's

lack of red sensitivity, its greater S/N ratio justified its continued

use for this work.

Experimental

All CL measurements were obtained with the discrete sampling CL

photometer system described earlier, with a noise filter cutoff

frequency of 1.0 Hz. H202 (30% Baker unstabilized reagent) was used

without further purification in spite of its high trace metal content

in an effort to simplify the procedure. Standard dilute solutions of

MC, C10
2'

and chloramine were prepared in pH 4.0 MW, for reasons

previously described. Sources and standardization techniques for these

species were also as previously described. 0.05 M Borate buffers,
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Figure 45. CLIDA spectrum of H202 0C1 singlet oxygen CL. [0C1] = 0.1 M, [11202] = 0.1.M, pH = 8.0.
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adjusted with HNO3 or KOH, were used throughout. All other solutions

(e.g. interferents) were prepared as previously described.

The general analysis procedure consisted of the addition of 0.5 mL

buffer followed by a 1.0 mL of 0C1 sample to the sample cell with

Eppendorf
R pipets, followed by the injection of 0.5 mL of H

2
0
2

solution. The peak height of the CL reaction was then taken as being

proportional to 0C1 concentration. The addition of buffer to the

sample prior to the injection of H202 resulted in poorer

reproducibility than that obtained via the luminol method for reasons

previously discussed, but was unavoidable as H
2
0
2
proved to be unstable

in such a buffer, resulting in significantly poorer reproducibility if

the H
2
0
2

and buffer solutions were mixed and injected simultaneously.

The colorimetric DPD analyses were conducted as previously

described for the luminol Mr system. Analyses of tap water samples

were conducted in such a manner as to minimize the period between DPD

and H
2
0
2
CL determinations (< 3 minutes) in order to avoid 0C1

decomposition in the sample between analyses.

Results and Discussion

Optimization Studies

The pH of the H202 MC reaction mixture was varied with 0.05 M

borate buffers of several different values in order to maximize both

the CL signal and S/B ratio. To insure that sufficient buffer capacity

was maintained, cell pH's were taken before and after reaction
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completion, and the final cell pH's used for the optimization plot.

Carbonate buffers, prepared with 0.05 M KHCO3 adjusted with 4 M KOH,

were used in place of the borate buffers for high pH values. Figure 46

illustrates the results obtained. It can be seen that borate buffers

give somewhat greater CL signals than CO32 buffers. In addition, a

slight blank reaction (ca. 0.15 nA) occurs at all pH values with the

CO
3

-2
buffers, but is absent with the borate buffers. Since pH 8.0

represents a reasonable maximum on the borate buffer curve, this value

was chosen as being optimum.

With the pH of the reaction mixture fixed at 8.0, the H202

concentration was varied to maximize the CL signal. Figure 47

illustrates the results of this study. Note that the CL signal rises

rapidly from 10
-4

M to about 5 x 10
-3

M H
2
0
2

(cell concentration),

after which a plateau is reached and little gain is achieved in further

increasing the H202 concentration. To avoid working on the "knee" of

this curve, an optimum cell concentration of 5 x 10
2
M H

2
0
2

(0.2 M pre

cell concentration) was chosen.

The end result of the optimization study was to produce rapid (ca

1 s wide) CL signals with a relative standard deviation of about 6% at

the 10 PPB level. While the reproducibility was not as good as that of

the luminol method (about 1%), it was to be expected as a consequence

of buffer decomposition of the sample prior to injection. Finally,

using the optimized H202 0C1 system, the calibration curve of Figure

48 was prepared, and peaks of the type pictured in Figure 49 resulted.

Note that in the optimized system, no blank reaction occurs. Hence, C1

is determined by the noise in the dark current for this system. The
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Figure 46. pH optimization. [buffer] = 0.05 M, [0C1-] = 25 PPB, [H202] = 0.5 M.
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curve of Figure 48 is linear from a detection limit of 4 PPB up to

ca. 100 PPB, after which curvature and eventual decline are exhibited.

The reason for this decline in signal with increasing 0C1

concentration is not immediately explainable, but closely resembles the

self absorption effect encountered in fluorescence, although 0C1 does

not absorb in the region of CL of this reaction (Figure 44).

Furthermore, the ratio of H
2
0
2

to 0C1 at this point is > 2000, so that

the reaction does not appear to be limited by the H
2
0
2

concentration.

It should be mentioned that although the 4 PPB detection limit for °CC

by this method is a factor of 20 worse than that by the luminol method,

it is still an order of magnitude lower than that of the DPD

colorimetric method.

Interference Studies

Table XII is a list of common interferents in natural waters,

along with their detection limits and interference limits in the 0C1

8202 CL system. Note that of the listed species, none occur in

sufficient concentration in common natural waters to cause

interference, provided a 1:10 dilution of the sample is performed.

Since free residual MC exists at typical levels of 400-900 PPB in

treated waters, this dilution is required in any event to insure

working on the linear portion of the 0C1 calibration curve (Figure

48). Note particularly that monochloramine would have to be present in

the original sample at concentrations exceeding 170 PPM in order to

interfere, a very high concentration for this species. Unfortunately,
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Table XII: Interferencts in the 0C1 - H
2
0
2

CL system.

Interferant C1 (PPM) m (nA/PPM) C
1

(PPM) m (nA/PPM)

Mg(II) >100 - 2.0 -0.019

Ca(II) 1.0 0.046 4.5 0.0092

Fe(III) >100 - 0.22 1.1

Fe(II) >100 - 25 -2.0 x 10-3

Ba(II) 10 0.0046 0.30 0.16

K(I) 580 6.9 x 105 229 1.7 x 10-4

Cs(I) >100 20 -0.0022

Pb(II) >100 - 0.75 0.053

Ag(I) >100 6.0 -0.0064

Cd(II) >100 - 10 -0.0042

Co(II) 22 0.0018 0.11 -0.035

Ca(II) >100 - 2.7 -0.016

Ga(III) >100 - 0.15 -2.7

Rb(I) >100 - 0.85 -0.047

F- >1000 - 72 -5.5 x 10 4

Br- >1000 - 4.0 0.01

I >1000 0.09 -5.4 x 10-4

NH4 >100 - - -

S
-2 >100

Mn0
4

4.0 0.013 10 0.0038

NH
2
C1 17 0.0033 -

C102 0.000080 490

SPECIES WITH C1 > 100 PPM, CI > 100 PPM ([ ] = C1 > 1000 PPM,

C
1

> 1000 PPM):

[Na(I)], [Cr], [NO3], Cr(III), Cr(VI), Mn(II), SO:12, C032,

Ni(II), Zn(II), Sr(II), Al(In), Ti(IV).
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C
1
values for S

-2
, NH4, and monochloramine were unobtainable due to

reaction with the 0C1 present in the sample cell, a condition

evidenced by relative standard deviations of ca. 50 75% between runs.

Reaction with these species in real samples is, of course, not a

problem, as one is measuring the 0C1 residual after such reactions

have occurred.

The only species present in Table XII that could, in some cases,

cause interference is C102, used very rarely in water chlorination due

to the problems associated with onsite generation of this toxic,

highly explosive gas. As previously mentioned, C10
2

appears to be a

universal interferent in OC1 determinations (63), although Issacson

and Wettermark have developed a CL method involving a luminol flow

system to distinguish between OC1 and C102 (62).

In any case, the H202 0C1 CL systems appear to be free of any

major interferences, and, as shall be seen, to be quite suitable for

OC1 determinations in real samples.

Determination of OC1 in Tan H 02

As a check on the applicability of the H202 0C1 CL system to

the analysis of real samples, a comparison was made between the

standard DPD colorimetric method for MC (63) and the H
2
0
2

OC1 CL

method via the analysis of OC1 in tap water samples. The samples were

run without dilution through the DPD procedure, and were diluted 1:10

in pH 4.0 MW when analyzed via the CL method. Results are shown in

Table XIII, and agree within experimental error. Clearly, the H202



Table XIII. Results of DPD and 0C1 H
2
0
2

tap water analyses.

Sample # [0C11 DPD, [0C1] CL,

PPB PPB DPD

RSD, %

CL

Relative Difference, %

1 601 592 5.2 1.6 1.5

2 735 743 5.0 1.4 1.0
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OC1 CL system is capable of determining OC1 in real samples.

Hence, it can be seen that the H
2
0
2

0C1 CL system is free of

major interferences, including monochloramine, and yields results on

real samples comparable to those of the DPD colorimetric method, as

well as possessing a detection limit an order of magnitude lower than

that obtainable with DPD. In addition, comparison with other standard

0C1 analysis proceedures in Table III indicates that, once again, a CL

proceedure has been developed with a detection limit lower than Any of

the standard methods, and with a degree of reproducibility (ca. 1.5%

for tap water levels of OM) much better than even the residual

chlorine electrode. Freedom from serious NH
2
C1 interference is an

added plus. Finally, this CL method of OM determination (as well as

the luminol CL method) is fast. About 30 samples per hour can be run

with five analyses per sample. The 0C1 H202 CL system may thus be

considered to be a powerful method for the routine analysis of 0C1 in

water.

The Determination of Cr (VI) by Lophine CL

Introduction

As previously mentioned, several methods are currently in use for

the determination of chromium in natural waters (70-89). However, most

appear to be limited by one or more of the following: 1) total

chromium or Cr(III) is determined (71, 75, 76, 78, 81, 84, 85, 88, 89),

2) time and sample consuming preconcentration is mandatory due to poor



162

chromium detection limits (70, 72-75, 80, 82, 83), 3) overly harsh

sample preparation techniques are employed which could alter the

natural Cr(VI)/Cr(III) ratio by oxidation or reduction (73, 75, 76,

82). Hence, a fast, gentle, highly selective technique for the

determination of Cr(VI) in natural waters without the necessity of time

consuming (and occasionally nonreproducible) preconcentration appeared

to be lacking.

Since previous work in our laboratory with the lophine CL system

for Co had indicated a selective and sensitive response for Cr(VI) over

Cr(III), it was decided to reoptimize the lophine system for maximum

Cr(VI) response. In addition, previous work with the cation exchange

preparation of Co samples for subsequent CL analysis was so encouraging

that it was thought that anion exchange might be useful for the

elimination of potential interferents in the CL determination of

Cr(VI), especially since most potential interferents would probably be

cations. Hence, a concurrent investigation was undertaken to determine

the utility of a fast (<15 minutes) anion exchange sample cleanup

procedure for the Cr(VI) lophine system. As mentioned in the

historical section, other workers have employed strong (quarternary

ammonium) base anion exchange resins for preconcentration and

experienced problems with the quantitative recovery of Cr(VI) due to

its tendency to remain on the resin unless such harsh treatment as

conversion to Cr(III) with Fe(II) or elution with 4 N H
2
SO

4
is

employed. For this reason, it was decided to employ a medium strength

(mixed quarternary tertiary ammonium) anion exchange resin, BioRex

5. Consisting of mixed RN+(CH3)2C1 and RN+(CH3)2(C2H4OH)C1 groups,
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this resin is intended for use in the purification of organic acids

(124). Its use as an inorganic ion exchange resin, however, proved

quite satisfactory, as shall be seen, resulting in the quantitative

recovery of Cr(VI) with much milder eluents than those employed with

the strong base resins.

Experimental

All CL measurements were obtained with the discrete sampling CL

photometer system desired earlier. Lophine (2,4,5triphenylimidazole,

Aldrich) was used without further purification. Solutions were

prepared in a manner somewhat different than that described earlier for

Co in that the disolution of lophine was accomplished with 0.2 M HNO3

in methanol (reagent). The necessity for an acidic lophine solution

will be explored later. In any case, it was found that acidic methanol

solutions, prepared by dissolving a quantity of lophine in 25 mL of 2.0

M HNO
3

and diluting to 250 mL with reagent grade methanol, greatly

enhanced the ease of disolution of lophine.

Standard Cr(VI) solutions were prepared via quantitative dilution

in MW from a 1001 PPM Cr(VI) stock solution prepared by disolving

2.8308 g of previously dried K2Cr207 (primary standard, Baker #1-3093)

in 1.0 L of MW. H
2
0
2

solutions were prepared by dilution of 30% H
2
0
2

in 10
-2

M disodium dihydrogen EDTA (primary standard, Fredrick Smith

Co. #8991). It was found that addition of EDTA aided in lowering the

blank CL signal by a factor of five, presumably by complezation of the

metal impurities contained in the H202 (122). No pH adjustment to the
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H
2
0
2

solutions was necessary, as the optimum pH of 4.0 was roughly

achieved by the buffering action of the added EDTA.

Bio Rex 5 anion exchange resin (50-100 mesh, Cl form, Bio Rad

Labs) was prepared by washing 3 times in MW. Following this step, the

resin was placed in a polypropylene ion exchange column (0.7 cm I.D. x

4 cm length, Bio Rad #731-1110), washed again with MW, and used without

further purification.

All other solutions (e.g. interferent cations, anions) were

prepared as previously described. The general CL analysis procedure

consisted of addition with Eppendorf pipets of the following quantities

of the temperature equilibrated solutions to the reaction cell: 1.0 mL

sample or blank, 0.5 mL H202 solution, and 0.5 mL lophine solution,

followed by final injection of 0.5 mL KOH solution with the pneumatic

syringe to initiate the CL reaction. The CL signal was taken as the

difference in peak height between sample and blank runs. Cell

cleaning, as before, proved critical to good reproducibility. An

improved wash solution consisting of 1 M HNO3 in methanol was employed

throughout this study. A single rinse with this solution, followed by

two MW rinses eliminated any memory effects and provided a RSD of 2% at

the 10 PPB Cr(VI) level.

Interference studies were conducted with 3 PPB Cr(VI) as

previously described, where the definitions of detection limit (C1),

interferance level (C1), calibration sensitivity (m), and interferent

calibration sensitivity (M) were also as previously defined. For this

work, the standard deviation of the blank signal was determined by the

noise in the dark current, and not by the irreproducibity of the blank
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signal.

Graphite furnace atomic absorption (GFAA) data was obtained by

Roger Henderson of the Corvallis branch of the EPA on a Perkin Elmer

model 403 atomic absorption spectrometer with an HVA 2100 graphite

furnace at a wavelength of 3578.7 X and cycle parameters of: 40 s dry

120° C, 40 s ash 400
o
C, 7 s atomize 2500

o
C. The N

2
flow rate

was 30 L/minute, the gas interrupt was consistently off, and the sample

size was 10 gL.

Both CL and GFAA measurements were performed on tap water and

Willamette River water samples collected in 1 L Nalgene
R
CPE poly

bottles which had previously been cleaned with 50% HNO
3
and rinsed 15

times with MW. In addition, the river water sample was filtered

through a 1.2 micron Millipore
R

filter to remove particulate matter

prior to any analysis. CL and GFAA measurements were made within 48

hours of each other to minimize the chances of Cr(VI) adsorption on the

container walls.

Results and Discussion

Optimization Studies

Figure 50 illustrates the results of the SOH concentration

optimization study. As can be seen, no real peak or plateau in CL

response is evident. Examination of the blank signal, however, reveals

a region of approximately constant background signal between 0.1 and

0.8 M KOH concentrations (cell concentration), followed by a rise in
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the blank signal at higher KOH concentrations. For this reason, as

well as the inconvenience of preparing highly concentrated KOH

solutions, an optimum point was chosen at 0.8 M KOH (this represents a

precell concentration of 4.0 M)

Figure 51 illustrates the results of the H
2
0
2
concentration

optimization study. In this case, a definite plateau exists at a H202

cell concentration of 0.02 M or greater. To insure a constant CL

signal level in the event of some small amount of H202 decomposition

with time, an optimum H202 cell concentration of 0.04 M was chosen (0.2

M pre cell concentration).

Figure 52 illustrates the results of the lophine concentration

optimization study. Again, a plateau in CL response is evident at

lophine concentrations greater than ca. 2 x 10
4
M (cell concentra

tion). To conserve lophine and still operate on this plateau, a final

optimum cell concentration of 4 x 10
-4

M was chosen (2 x 10
-3

M

precell concentration).

The acidity of the lophine solution deserves some mention at this

point. When acidified lophine is added to a Cr(VI) sample in the

presence of H202, the peroxo species Cr0(02)2 is formed (35):

HCr0
4

+ 2H
2
0
2

+ H
+
--4 Cr0(0

2
)
2
+ 3H

2
0 (13)

as evidenced by the formation of an intensely blue species in the

reaction cell when Cr(VI) concentrations greater than 50 PPM are used.

Note that an acidic environment is required for this reaction to

proceed. A pH optimization study of this preCL reaction indicated
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that a maximum CL signal was achieved with acidic preCL cell

conditions. Hence, the lophine was prepared in 0.2 M HNO3 to achieve

acidic cell conditions prior to the initiation of the CL reaction.

Acidification of the H
2
0
2

solution was not considered, as this would

have led to solution stability problems. It is interesting to note

that in this particular CL method, visual conformation of the actual

reacting species has been obtained. Though Cotton mentions that the

blue Cr0(0
2

)

2
species "decomposes fairly readily" (38), the intense

blue coloration of the solution in the reaction cell has been observed

by the author to persist for ca. 2 minutes with agitation in the

absence of any KOH. Addition of KOH destroys this coloration

instantly, presumably by initiating the CL reaction between Cr0(02)2

and lophine.

Figure 53 represents a calibration curve for Cr(VI) obtained with

the optimum reagent concentrations and conditions just mentioned. The

loglog plot is linear with a slope of 1.007 from the detection limit

of 300 PPTR up to 100 PPM, a dynamic range of better than five orders

of magnitude. It is interesting to note that no curvature is evident

in Figure 53 until the cell concentration of Cr(VI) is approximately

equal to that of the lophine on a mole basis. To insure that the

curvature observed was indeed a purely chemical effect and not due in

part to the absorption of CL radiation by the Cr(III) produced during

the reaction, a CLIDA spectrum of the lophine Cr(VI) reaction was

obtained (100 PPM Cr(VI), full gain, 2.5 s integration, five summed

scans) and compared to the relative absorption spectrum of Cr(III) in

0.8 M KOH. These spectra are presented in Figure 54. It is apparent
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Figure 53. Cr(VI) calibration curve. Elophinel .---- 4 x 10-4 M, [1OH] = 0.8 M, [H202] = 0.04 M.



WAVELENGTH, NM

Figure 54. CLIDA spectrum of lophine Cr(VI) CL vs. relative absorption spectrum of Cr(III).



173

that some absorption of the CL radiation probably occurs at very high

Cr(VI) concentration due to the increased production of Cr(III), a

weakly absorbing species. Fortunately, this effect is undoubtedly

minor, as evidenced by the wide linear dynamic range of Figure 53.

Figure 55 illustrates the typical peak shapes obtained with this

CL system. Note that faster peaks are achieved than with the Co(II)

lophine system.

Interference Studies

The detection limits and interference levels of several cationic

and anionic species commonly found in natural waters are presented in

Table XIV. Since these are values determined in the absence of any

anion exchange sample preparation procedure, they represent a

worstcase situation. Of the cations tested, Ca(II) and Cr(III) could

cause some interference in the absence of any sample cleanup. Being

cations, however, they would not be retained to any appreciable extent

on an anion exchange resin in the absence of anionic complexing groups.

Of the anions listed, only OC1 (present in tap water at typical levels

of ca. 400 PPB) appears to interfere. Fortunately, however, 0C1

decomposes or is not retained on the anion exchange resin employed in

this work, as will be demonstrated later. Hence, when coupled with an

anion exchange cleanup routine, there are no apparent interferences in

this method.
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Table XIV. Potential interferents in the Cr(VI) lophine CL system.

Species C1 (PPM)
1

m (nA/PPM) C1 M (nA/PPM)

Mg(II) 150 -6.7 x 10-4 55 -1.8 x 10-3

Ca(II) 8.5 1.4 x 10-2 20 5.9 x 10-3

Fe(III) 2.4 5.0 x 10-2 3.2 4.0 x 10-2

Fe(II) 2.7 4.5 x 10-2

Cr(III) 0.05 1.6 0.017 4.7

Co(II) 0.001 100 0.004 32

Se(IV) 300 2.7 x 10-4

V(V) 0.86 5.6 x 10-2

Ga(III) 15 5.4 x 10 3

Cu(II) 24 1.6 x 10-3 -

Al(III) 3.7 2.1 x 10-2 -

C1 >10,000 - 1000 -8.4 x 10-5

Br- >100 - 8.6 -1.2 x 10-2

I- >100 9.6 -1.0 x 10-2

Mn04 0.03 2.7 0.01 7.8

0C1- 0.035 2.3 0.05 1.6

Fe(CN)63 0.02 4.7 x 10 3

Au(C1)74 2.5 4.9 x 10 2

Burnie Acid 8.7 9.2 x 10-3 9.3 -8.6 x 10-3

Species for which C1 > 100 PPM, CI > 100 PPM:

Sn(IV), Na(I), K(I), Ti(IV), SO42, P0743, Si032 S2, SeO2,-i As(V),

As(III), Zn(II), Cd(II), Sr(II), Rb(I).



176

Ion Exchange Studies

Although very little data is available from Bio Rad concerning Bio

Rex 5, the similarity of this resin to strong (quarternary ammonium)

anion exchange resins allowed some initial assumptions to be made as to

a selectivity order. For strong resins (eg. AG 1X8, Dowex 1X8, IRA

400, etc.) the selectivity order for some singly charged anions is: F

< OH < Ac < H
2
COO < I03 < HCO3 < Cl < NO

2
< HS0

3
< CN < Br <

NO
3

< C10
3

< HSO
4

< phenylate < I (124). This order should be

roughly followed by a mixed tertiary quarternary ammonium group

resin. Hence, to insure quantitative removal of the Cr(VI) present in

the samples, the resin was converted to the easily displaced OH form

with 10 bed volumes (about 30 mL) of 1.0 M NH4OH, followed by 10 bed

volumes MW to remove excess OH.

Artificial samples containing 100 PPB Cr(VI) were then placed on

the resin, washed with 20 bed volumes of MW (to simulate real sample

washing), and eluted with different displacing solutions. The eluents

were subsequently analyzed via lophine CL to determine the Cr(VI)

yield. Of the strongly retained anions listed above, solutions of

potential buffers or reducing agents were deemed unacceptable and were

not investigated, due to their tendency to introduce subsequent pH

interference in the CL analysis or reduce Cr(VI), respectively. These

restrictions narrowed the field of potential eluents considerably.

Of the solutions employed, only Na2SO4 and KNO3 showed promise.

10 bed volumes of 1.0 M Na
2
SO

4
provided an 88% yield of Cr(VI), but the

2
high SO

4
content also introduced some attenuation of the CL signal,
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necessitating careful matrix matching of the standard Cr(VI) solutions

employed for the CL calibration curve. 10 bed volumes of 2 M KNO3,

however, yielded 90% of the Cr(VI) with no subsequent CL signal

attenuation or enhancement. Hence, 2 M KNO
3

appeared to be the better

eluent for this work, though the Cr(VI) yield was less than

satisfactory.

To increase the yield, the resin volume was reduced from 3.0 to

1.0 mL, and the quantity of eluent was doubled to 20 bed volumes of 2.0

M KNO
3'

which resulted in the following modified anion exchange

procedure; 1.0 mL of Bio Rex 5 was converted to the OH form with 10.0

mL 1 M NH4OH, washed with 10.0 mL of MW to lower the pH of the resin to

<9.0, and 25.0 mL of sample was placed on the column and allowed to

pass through the resin. Following this, the resin was carefully washed

with 2 10 mL portions of MW, and the Cr(VI) eluted into a 25 mL

volumetric flask with 2 10 mL portions of 2.0 M KNO
3'

Following

dilution to 25 mL with MW, the sample was analyzed via lophine CL.

Results of these determinations are shown in Table XV. Clearly, 100%

yield of Cr(VI) is obtained via this treatment. In addition, initial

sample treatment provides for no harsh treatment of the sample during

the time that Cr(VI) and Cr(III) are together in solution, insuring

minimal upset of their natural distributions. Finally, the total time

required for this clean up procedure is less than 15 minutes, and as

sample 4 illustrates, the enhancing effect of OC1 (usually present in

tap water samples) is destroyed during the anion exchange routine.
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Table XV. Cr(VI) recovery from Bio Rex 5.

Run # [ Cr(VI)] taken,

PPB
[Cr(VI)] recovered,

PPB
RSD, %

1 100 101 1.5
2 100 98 1.5
3 100 100 1.5
4 100 + 1 PPM OC1 99.7 1.4

Mean 99.7 1.4

Table XVI. Cr(VI) lophine CL vs. GFAA results.

Water Sample [Cr] GFAA, [Cr(VI)] CL,
PPTR PPTR

C
1
GFAA C1 CL

Tap
Willamette River

410 560
1100 760

260 300

Table XVII. Preconcentration studies with Bio Rex 5.

Cr(VI) taken,
PPB

Sample, Preconcentration
mL

Cr(VI)
recovered, PPB

% Error

2.0
0.1

Tap Water

125 5x
500 20x
250 10x

10.2
1.98
4.75

1.7
0.8
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Determination of Cr(VI) in River and Tap H2O2

Samples of Willamette river water and tap water were then analyzed

for total Cr by GFAA and for Cr(VI) by lophine CL. Results of the

analyses are presented in Table XVI. Considering that the values

obtained are ca. 2x the detection limit of each method, the results are

encouraging. Cr(VI) values for tap water agree well with those for

total Cr. Indeed, one would expect the majority of Cr in chlorinated

tap water to be in the Cr(VI) state. Cr(VI) values for river water

indicate that ca. 70% of the total Cr is in the Cr(VI) state, a

reasonable figure given the wide variation (from 16 to 90%) in the

percentage of Cr in the Cr(VI) form in other nonchlorinated water

sources (70). It should be noted that the CL values in Table XVI,

obtained after the anion exchange sample cleanup procedure, are only

about 20% lower than those obtained with dechlorinated tap water and

raw river water without any sample preparation, indicating only a very

small enhancement of the Cr(VI) CL signal at or near the Cr(VI)

detection limit, presumably by Ca in the water samples, which is

typically present at ca. 15 PPM. Thus, if one is concerned only with a

screening procedure for Cr(VI), the anion exchange sample cleanup may

be eliminated entirely. As indicated in the Historical section of this

work, the upper limit for Cr(VI) in water intended for drinking water

is 50 PPB, making this CL method an execllent one for sample screening

with no sample preparation.

Finally, in order to investigate the possibility of ultratrace

Cr(VI) determinations by this method, recovery tests on two artificial
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samples preconcentrated on Bio Rex 5 were performed, followed by the

analysis of a preconcentrated tap water sample. The procedure followed

was identical to the one just described, except for the larger sample

sizes employed. Results are given in Table XVII. As can be seen,

preconcentration is possible by at least a factor of 20, and results

for the CL analysis of the tap sample after Bio Rex 5 preconcentration

agree well with those obtained by GFAA.

It is apparent in reviewing the data just presented that the

lophine CL method for Cr(VI) speciation is a powerful one that is both

fast (< 30 minutes with sample pretreatment, < 5 minutes without),

sensitive (C
1
= 300 PPTR without preconcentration), and specific. In

addition, the method yields results for Cr(VI) in real samples that

agree well with the total Cr content of those samples as determined by

GFAA. Referring to Table IV, it can be seen that this CL method of

Cr(VI) determination has a lower detection limit than any method devel

oped for Cr(VI) to date. Although GFAA, GC, and luminol CL possess

lower detection limits for total Cr, these methods lack the specific

Cr(VI) response of the lophine CL method. Clearly, this method should

find broad application in the speciation of Cr(VI) in natural waters.

The CL Determination of Humic Acid

Introduction

Little work appears to have been done in the area of improved

methods for the determination of humic substances in natural waters.
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HA is still commonly "determined" by molecular absorption or

fluorescence, even though, as mentioned previously, no wavelength of

maximum absorption exists for HA in the 200 nm to 600 nm region, and in

spite of the fact that molar absorptivity coefficients for HA's from

different sources differ by up to 273% at 430 nm (99). Hence although

these methods are blessed with reasonable linearity over the 0.2 50

PPM range, the overall accuracy of these methods may be questioned when

HA is determined using "standard" HA from a different source than that

of the unknown. Hence, an analytical method for the determination of

HA in natural waters that is relatively insensitive to differences in

the makeup of HA's from different sources would find broad

application.

Since previous work by Slawinska had shown that HA could be made

to chemiluminesce (97), work was undertaken to develop a CL procedure

for the quantitative determination of HA in the hope that such a method

would be less sensitive to the structural differences of HA's from

different sources than the current photometric methods were. In

addition, once an optimized CL system had been developed, it was

decided to evaluate the response of several organic model compounds in

an effort to relate relative CL response to structural features in

order to determine which functionalities on the HA molecule were

responsible for the chemiluminescence, and to what extent. Finally,

the HA Mn0
4

CL system was evaluated in terms of response to HA's

from three different sources, and to HA in a river water sample. These

results were then compared to those obtained by molecular absorption.
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Experimental

All CL measurements were obtained with the discrete sampling CL

photometer system previously described with the noise filter cutoff

frequency adjusted to 1.0 Hz to avoid attenuation of the fast HA CL

peaks. Humic acid (Aldrich, tech grade #H1-6752) was used without

further purification. Dissolution of HA samples was accomplished with

a minimum of KOH and no subsequent pH adjustment for CL work, while

adjustment to pH 10 was necessary for all molecular absorption studies.

All other solutions were prepared from reagent grade materials via

simple dissolution in MW.

The general CL analysis procedure consisted of addition with

Eppendorf
R pipets of the following quantities of the equilibrated

solutions into the reaction cell: 1.0 mL sample on blank, 1.0 mL KOH

solution, and final injection of 0.5 mL Mn04 solution with the

pneumatic syringe to initiate the reaction. Since no blank reaction

resulted in this method (the analyte is the luminescence precursor),

the CL analytical signal was taken as the difference in the CL peak

height of an analyte run and the dark current level. After completion

of the CL reaction the cell was evacuated and rinsed once with methanol

and three times with MW.

Visible absorption work was conducted on a Cary model 118

spectrophotometer at a wavelength of 430 nm. All standards, samples

and blanks were adjusted to pH 10.0 with 0.5 M KOH solution prior to

absorption analysis.
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The choice of oxidant for this work was investigated by observing

the action of several species on HA samples in 2 M KOH. Although

Slawinska used H
2
0
2

in his work, it was found that the CL signal

obtained with H
2
0
2
was unacceptably small. Attempts at enhancement of

this signal with common CL activators (Co, Cu, etc.) showed no

improvement. Fe(CN)63 was then tried, and provided a much more intense

signal than H202. However, an equally intense blank reaction resulted

with this reagent, yielding an overall CL signal of about the same

magnitude as that obtained with H202. Mn04 showed the most promise, as

it provided a large (ca. 20X greater than H202) CL signal with no blank

reaction. Unfortunately, initial attempts at addition of Mn04 to to the

cell along with the HA sample, followed by KOH injection, showed some

small reaction prior to base addition. Alteration of the procedure to

allow for Mn04 injectioninjection eliminated this problem, and Mn04 was chosen

as the best oxidant for this work. It should be mentioned that 0
S
0
4

was not tried as an oxidant due to its toxicity and expense, even

though it has been claimed that oxidation with Mn04 is almost always

inferior to oxidation with 0 0
S 4'

Figure 56 illustrates the results of the concentration

optimization of Mn04. Although a rather odd curve results, a clear

maximum in CL signal intensity is observed at 2 PPM Mn0
4

(cell

concentration). This signal drops off at higher Mn04 concentrations,
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Figure 56. Permanganate optimization. [KOH] = 1.5 M, [HA] = 100 PPM.
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presumably due to absorption of the CL radiation by the Mn04. The

drop off at lower Mn0
4

concentrations undoubtedly results from

decreased reaction efficiency due to Mn0
4

"starvation". Hence, the

2.0 PPM level of Mn04 was chosen as optimum (10 PPM pre cell

concentration).

Figure 57 illustrates the results of the concentration

optimization of KOH at a fixed Mn0
4

concentration. In this case, no

clear peak or plateau is evident, and the CL signal continues to

increase with the KOH concentration. Since a 2 M (cell concentration)

KOH solution provides the greatest signal, and since this represents a

precell KOH concentration of 5 M, precluding any effective increase in

base concentration by solubility considerations, the 2 M KOH level was

chosen as optimum.

Figure 58 presents an HA calibration curve run under these optimum

conditions. It can be seen that a disturbing "dip" occurs in the 30

80 PPM region, possibly due to competing reactions of different

functional groups on the HA molecule. Nevertheless, the curve exhibits

sufficient linearity from a detection limit of 1.0 PPM to allow the

determination of unknown HA concentrations with fairly close standard

bracketing. It should be mentioned that, although it is not apparent

on this figure, analysis of HA samples at the 200 and 500 PPM level

indicate a negative deviation in the CL signal at high HA

concentrations, an effect directly analogous to the behavior exhibited

by most of the phenolic model compounds to be discussed. Since HA

absorbs over the DV and visible region from <200 nm to ca. 600 nm, it

is presumed that this is a selfabsorption effect.
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Finally, Figure 59 illustrates the typical peak shape obtained

with the optimized HA Mn04 CL system.

Interference Studies

The detection limits and interference levels of several cationic

and anionic species commonly found in natural waters are presented in

Table XVIII. As can be seen, none of the species tested are normally

present in sufficient concentration in natural waters to be above their

interference or detection limits, and hence, should not interfere in a

HA determination.

Model Compound Studies

In addition to investigating some common inorganic interferents, a

study of the CL response of several organic model compounds similar to

some of the proposed functional groupings of HA was conducted in order

to determine those functionalities of the the HA molecule that were

responsible for chemiluminescence, and to what extent. Figure 60 pre

sents the results of this investigation. Several trends, particularly

among the polyphenols, are evident. First, a dramatic lowering of the

detection limit (increased 4
CL

) is achieved in progressing from simple

phenol to catechol. Secondly, meta substitution of the hydroxyl groups

(resorcinol) appears to provide a greater reactivity than ortho or pars

substitution by about a factor of two. Strangely, the trisubstituted

phenols (pyrogallol, phloroglucinol) appear slightly less reactive,
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Figure 59. Typical HA CL peak shape. [HA] = 10 PPB, [KOH] = 2.0 M,
[MnOTO = 2 PPM.
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Table XVIII: Potential interferents for HA CL

SPECIES C
1

(PPM) m(nA/PPM) C
1

(PPM) M(nA/PPM)

Ca(II) > 500

Mg(II) > 500

Fe(III) > 23

Co(II) > 500

Al(III) > 10

SO 2 > 50

Cl > 10,000

Br > 50

I > 50

F > 50

PO
4
3 > 500

0032 > 5000

NO-
3

> 50

0.0016

> 500

> 500

2.0 0.02

> 500

> 10

> 50

> 10,000

4.6 0.0052

14 0.0023

> 50

600 5.2 x 10-5

3,500 9 x 10-6

> 50
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Figure 60. CL response of polyphenolic model compounds.
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even on a mole basis. Addition of an acid functionality an electron

withdrawing, meta directing group appears to enhance reactivity

(salicylic acid vs. phenol), while the acid functionality itself

appears unreactive (benzoic acid). Increased size and rigidity also

appears to enhance luminescence (tyrosine vs. phenol), while secondary

amines by themselves do not react (glycine, C1 > 500 PPM). Finally, a

combination of these effects polyphenolic substitution with acid or

ester ring substituents and a fairly large and rigid structure

produces the effect noted in tannic acid which has a detection limit a

factor of 100 smaller than that of HA. Since these polyphenolic and

acid substituted phenolic groups are proposed to exist within the HA

structure, these portions of the molecule are most likely the ones

producing chemiluminescence.

Although Table XIX does not illustrate this fact, it is worth

noting that all of the polyphenols tested exhibited a negative

deviation in the CL signal at moderately high concentrations (ca. 10

20 PPM), an effect also observed in the HA molecule.

Determination of HA in River Water

HA's from three different sources were compared using CL and

visible absorption (VA) by constructing a calibration curve with one HA

(Aldrich Chemical) and determining the concentration of the other HA's

(Chemicals Procurement Laboratories #115820 and "North Carolina HA",

isolated by Duane Chase (101)) as "unknowns" in order to evaluate the

absolute error inherent in the two methods. The results are summarized
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in Table XIX. It is apparent that the response of the three different

HA's is virtually identical when CL is used, but when VA is used, a 58%

and 38% error, respectively, is incurred, presumably due to the

difference in molar absorptivities of the two HA's (99).

Table XIX also presents the results of an analysis of Willamette

River water for its HA content. As can be seen, depending on the

analytical method used, values for the HA content of the water differ

by 39%. In this case, the HA value obtained by CL was determined both

by standard and standard addition methods, with the HA concentration

agreeing between the two methods, indicating virtually identical

calibration sensitivity between the standard HA and Willamette HA.

Unfortunately, the only, independent means of confirming the HA content

of the river water is an absorption or fluorescence method, both of

which depend on the molar absorptivities of the sample and standard

HA's being the same. The data obtained for the artificial HA

"unknowns" in Table XX illustrate the validity of this assumption.

It is apparent, then, that the CL analysis method for HA provides

an alternate method of HA determination that is both accurate and

sensitive, as well as being free of any common interferents.

Approximately 30 samples per hour may be determined with five runs per

sample, making the method a very fast one. Although no work has been

done on the subject, the possibility of estimating the DOC content of

natural waters whose principle carbon containing species is HA also

seems possible. Clearly, this method should find broad application in

the determination of humic substances in natural waters.
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Table XIX. Determination of HA by CL vs. VA.

Method Sample [11A] taken,
PPM

[HA] determined,
PPM

% Error

CL Chem. Proc. 11 11 0

HA

VA Chem. Proc. 5.0 8.0 58.0

HA

CL North Carolina 10 9.9 1.0

HA

VA North Carolina 5.0 3.7 35.0

HA

CL Willamette River 2.5

H20

VA Willamette River 1.8

11
2
0
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Evaluation of KCLOS Results

Introduction

In order to evaluate the KCLOS versatile data acquistion system

previously described, the HA Mn04, Cr(VI) lophine, and Co(II)

lophine CL systems just mentioned were employed. It was felt that the

peak shapes obtained with these CL systems were quite representative of

the different types of peaks commonly obtained in discrete sampling CL:

i.e., a fast (<2 s) peak with no observable blank, a fast peak with a

blank, and a slow (>30 s) peak with a blank, respectively. Each system

was studied using the analog mode of KCLOS (with the A/D converter),

and the S/N ratios and detection limits obtained compared for peak

height and peak area data for two different cutoff frequency settings

of the CL noise filter. A critical comparison between peak height and

area data acquisition has not been made by any investigator to date.

In addition, the HA CL system was studied using the V/F and photon

counting peak area data acquisition mode of KCLOS. Studies were

conducted with a 1P28 PMT at ambient temperature (293° JO and at a low

temperature (211° K) in order to evaluate the S/N and detection limit

benefits of cooling the PMT to reduce the dark noise for a CL system

whose detection limit was limited by dark noise.

Experimental

The CL instrumental configurations were as illustrated in the
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discussion of KCLOS (Figure 27). An 1P28 PMT was used throughout at a

potential of 680 V for the analog mode study, and at a potential of

1000 V for the V/F photon counting study. All CL system parameters

(concentration, mixing orders, etc.) were exactly as previously

described.

The general procedure followed for the analog data acquisition

study was as follows. Five runs were first made without opening the

PMT shutter to evaluate the standard deviation of the difference

between two dark runs for N = 5. Following this, five blank runs were

made to establish the blank signal level (if any) and the standard

deviation between blank runs. Finally, standards were run at or near

their detection limits and the average net CL peak height and area

calculated, along with the standard deviation of the peak heights and

areas for N = 5.

The procedure followed for the V/F and photon counting study was

the same as outlined above, with the exclusion of any peak height data.

Cooling of the PMT was accomplished with a liquid N2 heat exchanger in

a manner previously described (109). The temperature of the PMT was

accurately determined with an 1015600 (National Semiconductor
R

) solid

state temperature transducer in conjunction with a digital voltmeter as

previously described (109). Desired temperatures were reached and

stabilized by varying the flow rate of the N2 cooling gas passing

through the liquid N2 and PMT housing.
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Table XX presents the results of a comparison of analog, V/F, and

photon counting data acquisition for a 2.0 PPM HA sample. Analog data

is for a 100 point, one second acquisition as a function of the noise

filter cutoff frequency while V/F data is for a 0.5 Hz noise filter

cutoff frequency as a function of gate time. A 1.0 s gate time is

sufficient to allow the great majority of the HA peak to be counted,

while a 3.0 s gate time allows one to look at virtually all of the

peak, including the "tail" region where little signal is available. As

can be seen, there appears to be little, if any, significant difference

between any of the peak height or peak area S/N ratios, especially when

one considers that the values listed have a variation of about 5055 at

the HA concentration used for this study.

Table XXI, which presents analog data for a 0.2 PPB Co(II) sample

and a 0.5 PPB Cr(VI) sample show that the results are the same for both

slow and fast peaks with blanks: peak height and peak area data yield

essentially the same detection limits. This is a rather disappointing

result considering the effort expended to acquire this data.

Fortunately, one consolation that arises is that the total analysis

time is reduced to about 20% of that required with a "manual crunch" of

the CL data.

A significant detection limit improvement is seen for an HA CL

determination using a cooled PMT. Table XXII presents a S/N comparison



Table XX. S/N results for HA CL.

Analog V/F PC

1 Hz 0.5 Hz 1.0 s 3.0 s 1.0 s 3.0 s

S/N Height 7.0 5.3

S/N Area 3.5 3.6 4.6 5.5 5.5 6.1

Cl Height, PPM 0.57 0.76

Cl Area, PPM 1.1 1.1 0.88 0.73 0.73 0.66
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Table XXI. S/N results for analog Co(II) and Cr(VI) CL.

0.2 PPB Co(II)

1 Hz 0.5 Hz

0.5 PPB Cr(VI)

1 Hz 0.5 Hz

S/N Height 3.2 8.7 1.5 1.1

S/N Area 3.8 6.5 1.8 1.6

C
1

Height (PPB) 0.13 0.045 0.67 0.91

C
1

Area (PPB) 0.11 0.061 0.56 0.63

Table XXII. Cooled PMT V/F vs. PC results.

Method S/N 293° IC C
1,

PPM S/N 211° 1 C
1,

PPM

V/F 1.5 2.6 4.2 0.95

PC 1.8 2.2 19 0.21
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between V/F and PC peak integral determinations at 293° K and 211° K

for a 2.0 PPM HA sample. Recalling that the detection limit of HA is

limited by the noise in the dark current, one sees that using a cooled

PMT to reduce the dark current shot noise results in about a factor of

three decrease in the HA V/F detection limit, and better than a factor

of ten decrease in the HA PC detection limit. While the total dark

noise is lowered from 277 counts at 293° K to 93 counts at 211° K in

the V/F mode, the analog circuitry produces 72 counts of noise per 2 s

gate time. Hence, the dark shot noise is reduced by a factor of

(277 72)1(93 72), or about a factor of ten. Recorder tracings

indicate that a dark noise decrease of a factor of eight occurs without

the V/F converter, indicating that the V/F converter module is the

principle source of readout noise in the analog circuitry. Hence,

there is about a factor of five advantage in using PC peak area

detection for dark shot noise limited CL systems when cooled 1P28 PMTs

are used, principally due to the fact that when the dark shot noise of

the PMT is reduced, the noise in the analog electronics used with V/F

peak area determinations becomes limiting. PC, due to its inherently

"digital" nature, suffers from much less amplifier readout noise than

the V/F method, producing a higher S/N ratio and lower detection

limits.

Limiting Noise Source Studies

In order to evaluate the limiting noise sources of the discrete

sampling CL method, extensive CL signal and S/N data were accumulated
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with KCLOS for the Cr(VI) lophine system, which has a linear response

of over five orders of magnitude. Figure 61 presents this data for

both peak height and peak area determinations. Note that, while the HA

study could not definitively confirm that peak height and peak area S/N

ratios were about equal, Figure 61 can, at least for the lower Cr(VI)

concentrations. Note also that two very distinct regions are evident:

one region with a slope slightly less than one, and a second region

with a very small slope. These represent 1) a dark shot noise and

amplifier noise limited region from C1 to about 50 X Cl, and 2) a

region dominated by flicker noise, which, in a CL system, can only be

caused by "sample flicker" i.e., the flicker noise associated with

run to run variations in both the peak signal intensity and peak area

intensity of CL due to chemical and physical factors within the system

such as rate of injection, which part of the solution luminesces first

and where this light strikes the PMT, etc. Note that, in the "sample

flicker" region, peak height detection is consistently slightly better

than peak area detection in terms of the S/N. One would have expected

the opposite case to be true, unless the overall course of the

reaction, and not the initial rate, is more subject to "sample

flicker".



2.0

1.5

1

0.5

0

SLOPE 0.98 PEAK AREAfa/

hk SLOPE 0.95 PEAK HEIGHT

1 2 3 4

LOG (VI] , PPB

SLOPE 0.09

SLOPE .0.08

5

N
Figure 61. S/N vs. signal for analog CLIDA Cr(VI) determination. [lophine] = 4 a 104 M, (KOH] = 0.8 M,

[11202] = 0.04 M.
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CONCLUSIONS

CL Instrumental Development

Interfacing a microcomputer to the basic CL photometer (KCLOS)

with its associated peripherals) has greatly increased the speed and

versatility of the CL pulse technique. KCLOS has also provided the

analyst with an "on line" data crunch facility, resulting in a major

reduction in total analysis time. It has been shown for the first time

that there is no significant difference between the detection limits

generated by peak height or peak area data. However, the use of photon

counting peak area data acquisition in conjunction with a cooled PMT

does lower the detection limit in CL systems limited by dark shot

noise, as is evidenced by the results obtained for HA Mn0
4

CL.

It is evident that the CLIDA operating system with associated KIMR

peripherals has played a valuable part in the identification of

spectral interferences in CL reactions by allowing CL spectra to be

easily obtained, as in the case of the luminol 0C1, 0C1 H202, and

Cr(VI) lophine systems. In conjunction with simple visible

absorption spectral studies, this KIMR based system has helped to

identify a new sort of interference, heretofore largely ignored by

other workers, that might be termed the reactant (or product) filter

effect, caused by the absorption of CL radiation by "dark" products of

the CL reaction, or aquo or organic complexes of the metallic products

of the reaction. While Nan and Nieman have recognized the problem of

self absorption of the luminescence precursor (22), no one has taken
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this thought to its logical end: i.e., no one has considered the

absorption of interferent metal luminescence precursor species or

product species, "dark" product species that are produced in ever

greater quantities as the analyte concentration increases, or aquo or

organic complexes of the metallic products of the reaction. Although

this seems obvious, workers continue to ignore the problem. The cure

for these potential interferences lies, to a certain extent, in

improved cell design: a thinner cell with a minimum amount of solution

to act as a filter could result in an extended dynamic range for such

systems as HA Mn04 or, perhaps, 0C1 H202. The potential for this

sort of interference also exists when "masking" of cationic

interferents with selective organic ligands is used, or when organic

residues from liquid liquid extractions are present in the CL sample,

indicating that the technique of interference removal by ion exchange,

as employed in the Co(II) lophine and Cr(VI) lophine systems, is

far superior to any other means of interferent "neutralization". This

method of CL sample preparation should be extended to other CL systems

as well.

In a more general sense, the interface of an 8K KIMR with floating

point BASIC to the CL device has provided the potential for a great

deal of experimental modification for future workers. Experiments with

multiple reagent injection, with only the sample pipetted for

convenience, may be envisioned, as well as KIMR control of pumps for an

automated flow cell reagent optimization. The microcomputer definitely

provides the capability of universal versatility via simple

modification through software.
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CL Analytical Methods Development

Several specific CL ultratrace analysis procedures have been

developed in this work. The development of the Co(II) lophine CL

system with associated Chelex 100 ion exchange sample preparation is

illustrative of several of the procedures developed. The approach of

fast interferent removal by ion exchange should become a general

technique for other CL systems. Masking of potential interferences

has, in general, been unsuccessful and the potential for the formation

of interferent metal organic complexes that absorb in the region of

CL exists. Physical removal of the interferent species eliminates this

potential interference. "Masking" can make the problem worse by

introducing more organic ligands into the sample. The determination of

Co(II) in real samples not simple laboratory reagent solutions

shows that the method will, in fact, operate in real world situations.

The "interference prone" brand that has been placed on solution CL

analytical techniques may be dispelled by relatively simple means, and

the superior detection limits of solution CL methods used for routine

analyses.

The ability to determine OM residuals in drinking water at the

PPTR level by 0C1 luminol or 0C1 H202 CL provides one with two

more weapons in the arsenal of techniques employed to maintain the

quality of the water we consume. As the EPA places further demands on

chemists through the Toxic Substances Control Act (TOSCA) to develop

methods for the ultratrace determination of toxins or toxic precursors

in water, the shift toward the development of specific CL techniques
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for environmentally important species like 0C1, Cr(VI), and humic acid

must be accelerated.

The specific determination of Cr(VI) down to 0.5 PPB levels in

river water with an instrument as simple as the CL system described

again shows the power of discrete sampling CL. When coupled with an

ion exchange sample preparation method, ultratrace levels of Cr(VI) may

be separated from the potential CL interferents in a sample, and a

determination made in 30 minutes. Without sample pretreatment, routine

determinations of Cr(VI) at slightly higher levels may be made in five

minutes. Recent inquiries into the retention of Cr by GFAA tubes (125)

illustrate again that solution CL is not only simpler than many

prevailing methods, but often less prone to inaccuracies.

Finally, the development of the HA Mn04 CL system illustrates

the potential power of solution CL when applied to organic analysis.

Although this system is limited by a detection limit of 1.0 PPM (0.2

PPM with photon counting and a cooled PMT), it is nonetheless more

accurate than any other existing method of HA determination based on

absorption or fluorescence, due to its similar response to HA's from

different sources. Hence, organic solution CL shows great unexplored

promise, since simple, inexpensive techniques for ultratrace organic

analyses are rare and desperately needed (again, refer to TOSCA). One

may even envision a CL detection system for organic LC similar to the

one employed for inorganic LC (52). Figure 60, showing the detection

limits of 15 different organic species, certainly illustrates the

potential that exists for the selective detection of polyphenols.

Tannic acid, for example, can be detected at a concentration of three
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nanomoles/liter, a respectable level for an LC detector.

In conclusion, then, it is generally apparent that the foregoing

work has expanded the capabilities of discrete sampling solution CL,

both in immediate terms and in terms of the future potential of the

method. Although much work remains to be done in the area of specific

CL methods, this is not a new situation for a relatively young

analytical technique. Much the same state of affairs existed for gas

chromatography in the 1950's.



209

BIBLIOGRAPHY

1. Kayser, E.G.; Hall, T.N. "A Survey of Recent Literature on
Chemiluminescence and Fluorescence in Solution"; U.S. Naval
Ordnance Laboratory, NOLTR 68-71: White Oak, Maryland, 1968.

2. Isaccson, U. Wettermark, G. Anal. Chim. Acta 1974, 68,
339-362.

3. Stevens, R.K.; Hodgeson, J.A. "New Instrument for Measurement of
Gaseous Pollutants"; Int. Air Pollution Control and Noise
Abatement Conf., Jankoping, Sweden, 1971.

4. Stevens, R.K.; Hodgeson, J.A. Anal. Chem. 1973, 45, 443A-460A.

5. Strehler, B.L. "Methods of Biochemical Analysis"; Glick, D.,
Ed.; Vol. 16; Interscience: N.Y., 1968; pp 99-179.

6. De Luca, M. "Advances in Enzymology"; Moister, A., Ed.; Vol.
44; Wiley: N.Y., 1976; pp 37-68.

7. Hoyt, S.D.; Ingle, J.D., Jr. Anal. Chim. Acta 1976, 87,
163-175.

8. Montano, L.A.; Ingle, J.D., Jr. Anal. Chem. 1979, 51, 926-931.

9. Montano, L.A.; Ingle, J.D., Jr. Anal. Chem. 1979, 51, 919-925.

10. Miller, R.J.; Ingle, J.D., Jr. "Determination of Co by
Pyrogallol Chemiluminescence"; Anal. Chim. Acta, submitted.

11. Radziszewski, B. Chem. Ber. 1877, 10, 70-72.

12. Hercules, D.M. "The Current Status of Liquid Scintillation
Counting"; Bransne, E.D., Ed.; Grune and Stratton: New York,
1970; chapter 32.

13. Shlyapintokh, V.Y. "Chemiluminescence TechniqUes in Chemical
Reactions"; Emanuel, N.M., Ed.; Consultants Bureau: New York,
1968; chapter 1.

14. Seliger, H.H. "Light and Life"; McElroy, W.D.; Gloss, B., Ed.;
John Hopkins Press: Baltimore, MD., 1961; pp 200-205.

15. Isaccson, U.; Wettermark, G. Anal. Chim. Acta 1976, 83,
227-239.

16. Neufeld, H.A.; Conlkin, C.J.; Towner, R.D. Anal. Biochem.
1965, 12, 303-309.



17. Babko, A.K.;
Chim. 1968,

18. Seitz, W.R.;
44, 957-961.

210

Markova, L.V.; Lukovskaya, N.M. Zhur. Anal.

23, 401-404.

Suydam, W.V.; Hercules, D.M. Anal. Chem. 1972,

19. Seitz, W.R.; Hercules, D.M. Anal. Chem. 1972, 44, 2143-2145.

20. Seitz, W.R.; Hercules, D.M. "Chemiluminescence and
Bioluminescence"; Cormier, M.J.; Hercules, D.M.; Lee, J., Ed.;

Plenum: New York, 1973; pp 427-449.

21. Bowling, J.L.; Dean, J.A.; Goldstein, G.; Dale, J.M. Anal.

Chim. Acta 1975, 76, 47.

22. Nau, V.; Nieman, T.A. Anal. Chem. 1979, 51, 424-428.

23. Steig, S.; Nieman, T.A. Anal. Chem. 1978, 50, 401-404.

24. Seliger, H.H. Anal. Biochem. 1960, 1, 60-65.

25. Santini, R.E.; Pardue, H.L. Anal. Chem. 1970, 42, 706-712.

26. Ryan, M.A.; Miller, R.J.; Ingle, J.D., Jr. Anal. Chem. 1978,

50, 1772-1777.

27. Crider, W.L. Anal Chem. 1965, 37, 1770-1773.

28. Chappelle, E.W.; Piccilo, G.L. "Analytical Applications of
Bioluminescence and Chemiluminescence"; NASA SP -388; National

Aeronautics and Space Administration, Wash.: D.C., 1975.

29. Babko, A.K.; Dubovenko, L.I.; Lukovskaya, N.M.

"Chemiluminescent Analysis"; Teknika, Kiev: USSR, 1966.

30. White, E.H.; Harding, M.J.C. Photochem. and Photobio. 1965, 4,

1129-1155.

31. Sonnenburg, J.; White, D.M. Anal. Chem. 1964, 36, 5685.

32. Philbrock, G.; Maxwell, M.; Taylor, R.; Totter, J. Photochem.

and Photobio. 1965, 4, 1175-1183.

33. White, E.H.; Harding, M.J.C. Anal. Chem. 1964, 36, 5686.

34. Burdo, T.G.; Seitz, W.R. Anal. Chem. 1975. 42, 1639-1643.

35. Cotton, F.A.; Wilkenson, F.R.S. "Advanced Inorganic Chemistry",
3rd ed.; Interscience: New York, 1972; pp 878-879, 477-479.



211

36. Kharasch, M.S.; Pauson, P.; Nudenberg, W. J. Org. Chem.

1953, 18, 322-327.

37. McDonald, A.; Chan, K.W.; Neiman, T.A. Anal. Chem. 1979, 51,

2077-2081.

38. Haas, J.W. J. Chem. Ed. 1967, 44, 396-402.

39. McCapra, F. Quart. Rev. 1966, 458-495.

40. White, E.H. "Light and Life"; McElroy, W.D.; Gloss, B., Ed.;

John Hopkins Press: Baltimore, MD., 1961; pp 184-195.

41. Shevlin, P.B.; Neufeld, H.A. J. Org. Chem. 1970, 35,

2178-2182.

42. White, E.H.; Zafiriou, 0.; Hagi, H.; Hill, S.H. J. Am. Chem.

Soc. 1964, 86, 940-941.

43. White, E.H.; Bursey, M.M. J. Am. Chem. Soc. 1964, 86,

941-942.

44. White, E.H.; Brundrett, R.B. "Chemiluminescence and

Bioluminescence"; Cormier, M.J.; Hercules, D.M.; Lee, J., Ed.;

Plenum: New York, 1973; pp 231-240.

45. Hodgson, E.K.; Fridovich, I. Photochem. and Photobio. 1973,

18, 451-455.

46. Rauhut, M.M.; Semsel, A.M.; Roberts, B.G. J. Org. Chem.

1966, 31, 2431-2436.

47. Lee, J.; Seliger, H.H. Photochem. and Photobio. 1970, 11,

247-258.

48. Gunderman, K.D. "Chemiluminescence and Bioluminescence";

Cormier, M.J.; Hercules, D.M.; Lee, J., Ed.; Plenum: New York,

1973; pp 209-227.

49. Seitz, W.R. J. Phys. Chem. 1975, 79, 101-115.

50. Sheehan, T.L.; Hercules, D.M. Anal. Chem. 1977, 49, 446-450.

51. Kok, G.L.; Holler, T.P.; Lopez, M.B.; Nachtrieb, H.A.; Yuan,

M. Environmental Sci. and Tech. 1978, 12, 1072-1076.

52. Hartkoph, A.; Delumyea, R. Anal. Lett. 1974, 7, 79-88.

53. Delumyea, R.; Hartkoph, A. Anal. Chem. 1976, 48, 1402-1405.



212

54. Neary, M.P.; Seitz, R.; Hercules, D.M. Anal. Lett. 1974, 7,
583-590.

55. Arnold, S.J.; Orgyzlo, E.A.; Witzke, H. J. Chem. Phys. 1964,

40, 1769-177.

56. Khan, A.U.; Kasha, M. J. Chem. Phys 1963, 39, 2105-2106.

57. Khan, A.U.; Kaska, M. J. Am. Chem. Soc. 1966, 88, 1574-1576.

58. Seliger, H.H. J. Chem. Phys. 1964, 40, 3133-3134.

59. Connick, R.E. J. Am. Chem. Soc. 1947, 69, 1509.

60. Shakhashiri, B.Z.; Williams, L.G. J. Chem. Ed. 1976, 53,

358-361.

61. Steig, S.; Neiman, T.A. Anal. Chem. 1977, 49, 1322-1325.

62. Isaccson, U.; Wettermark, G. Anal. Lett. 1978, A11(1), 13-25.

63. Franson, M.A. "Standard Methods for the Examination of Water and
Wastewater"; 14th ed.; American Public Health Association;
Washington: D.C., 1976; pp 309-358.

64. Palin, A.T. J. Amer. Water Works Ass. 1957, 49, 873-881.

65. Rigdon, L.P.; Moody, G.J.; Frazer, J.W. Anal. Chem. 1978, 50,

465-469.

66. Jenkins, R.L.; Baird, R.B. Anal. Lett. 1979, 12, 125-141.

67. Haukebo, T.; Bernius, J. Environ. Sci. and Tech. 1977, 11,

870-872.

68. Manabe, R.M. "Measurement of Residual Chlorine Levels in Cooling
Water Amperometric Method"; EPA-660/2-73-039; U.S.

Enviromental Protection Agency; Corvallis: OR, 1974.

69. Chapman, R.M. J. Am. Chem. Soc. 1934, 56, 2211.

70. Cranston, R.E.; Murray, J.W. Anal. Chim. Acta 1978, 99,

275-282.

71. Davidson, I.W.; Secrest, W.L. Anal. Chem. 1972, 44, 1808-1813.

72. Gilbert, T.R.; Clay, A.M. Anal. Chim. Acta 1973, 67, 289-295.

73. Thompsom, K.C.; Wagstaff, K. Analyst 1979, 104, 224-231.



213

74. Pankow, J.F.; Janauer, G.E. Anal. Chim. Acta 1974, 69, 97-104.

75. Feldman, F.J.; Knoblock, E.C.; Purdy, W.C. Anal. Chim. Acta

1967, 38, 489-497.

76. Agterdenbos, J.; Van Brookhaven, L.; Jute, B.A.; Shuring, J.

Talanta 1972, 19, 341-345.

77. Lovett, R.J.; Lee, G.F. Anal. Chem. 1976, 10, 67-71.

78. Gosink, T.A. Anal. Chem. 1975, 47, 165-168.

79. Larochelle, J.H.; Johnson, D.C. Anal. Chem. 1978, 50, 240-243.

80. Leyden, D.E.; Channell, R.E.; Blout, C.W. Anal.Chem. 1972, 44,

607-610.

81. Sabu, B.; Steinners, E. Anal. Chem. 1975, 47, 1011-1016.

82. Crosmun, S.T.; Mueller, T.R. Anal. Chim. Acta 1975, 75,

199-205.

83. Cresser, M.S.; Hargitt, R. Anal. Chim. Acta 1976, 81, 196-198.

84. Sleater, G.A.; Freeman, D.H. Anal. Chem. 1970, 42, 1666-1668.

85. Mulokozi, A.M. Mosha, D.M. Talanta 1975, 22, 239-244.

86. Strelow, F.W.; Bothma, C.J. Anal. Chem. 1967, 39, 595-599.

87. Mulokozi, A.M. Analyst 1972, 97, 820-822.

88. Sebastian, D.G.; Hilderbrand, D.C. Anal. Chem. 1978, 50,

488-490.

89. Hiraide, M.; Yoshida, Y.; Mizuike, A. Anal. Chim. Acta 1976,

81, 185-189.

90. Calnan, C.D. Chem. Ind. London 1978, 1482.

91. Snell, F.0.; Snell, C.T.; Snell, C.A. "Colorimetric Methods of

Analysis", Vol. IIA; Van Nostrand: N.Y.; p 273.

92. EEC Directive; Official Journal of the European Communities;
75/444/EEC, July 1975.

93. Federal Register; 1975, 40, No. 248.

94. Schwarz, K.; Mertz, W. Arch. Biochem. Biophys. 1959, 85,

292-293.



214

95. Schwarz, K.; Mertz, W. Arch. Biochem. Biophys. 1957, 83,
515-517.

96. Brun, G.L.; Milburn, D.L. Anal. Letters 1977, 10, 1209-1219.

97. Slawinska, D.; Slawinska, J. Nature March 4, 1967, 902-903.

98. Gjessing, E.T. "Physical and Chemical Characteristics of Aquatic
Humus"; Ann Arbor Science: Ann Arbor, Mich., 1976.

99. Schnitzer, M.; Khan, S.U. "Humic Substances in the Environment";
Marcel Dekker: New York, 1972; pp 55-67.

100. Thiele, H.; Affeldt, H.; Ryhiner, G. Scien. Proc. of the
Royal Dublin Soc. 1960, 1(4), 81-84.

101. Chase, D.S. Thesis, Oregon State Univeristy: Corvallis, 1979.

102. Florence, T.M.; Batley, G.E. Talanta 1977, 24, 151-158.

103. Florence, T.M.; Batley, G.E. Talanta 1976, 23, 179-186.

104. Madhulika, A.; Bennet, R.B.; Stumpe, J.G.; D'auria, J.M. Anal.
Chem. 1975, 47, 924-927.

105. Riley, J.P.; Taylor, D. Anal. Chim. Acta 1968, 41, 175-178.

106. Riley, J.P.; Taylor, D. Anal. Chim. Acta 1968, 40, 479-485.

107. Paklaus, P.; Batley, G.E.; Cameron, A.F. Anal. Chim. Acta
1978, 99, 333-342.

108. Kinston, H.M.; Barnes, I.L.; Brody, T.J.; Rains, T.C.; Champ,
M.A. Anal. Chem. 1978, 50, 2064-2070.

109. Hoyt, S.D.; Thesis, Oregon State University; Corvallis: Oregon;
1976.

110. KIM-1 Microcomputer Module; Publications 6500-15B, 6500-10A,
6500-50A; MOS Technology, 950 Rittenhouse Rd.; Norristown: PA;
1976.

111. Teletype Corporation; Bulletin 310B; Teletype Co; Skokie:
Illinois.

112. Memory Plus
R

Data Sheet; The Computerist; S. Chelmsford: MD;
1978.

113. Microsoft 6502 BASIC Version 1.1; Johnson Computer; Medina:
OH; 1978.



215

114. Ortec
R
Model 9315 Photon Counter Manual; Publication

22720.5C0575; Ortec Inc.; Oak Ridge: Tennessee; 1975.

115. Panasonic Model LUVUD700 Application Sheet; Panasonic Co.;

Secaucus: New Jersey; 1979.

116. Ryan, M.A.; Thesis, Oregon State University; Corvallis: Oregon;

1980.

117. Montano, L.A.; Thesis; Oregon State University; Corvallis:

Orgegon; 1978.

118. Parsons, M.L.; Smith, B.W.; Bently, G.E.; "Handbook of Flame

Spectroscopy"; Plenum; New York: N.Y.; 1975.

119. Chan, K.; B.S. Thesis; University of Illinois; 1977.

120. Perrin, D.; "Masking and Demasking of Chemical Reactions";
WileyInterscience; New York: N.Y.; 1979; pp 158-177.

121. "Analytical Methods for Flame Spectroscopy"; Varian Techtron;

Palo Alto: Calif.; 1972.

122. Fisher Chemical Index 71C; Fisher Scientific Company;

Pittsburgh: PA.

123. RCA IF28/V/ Data Sheet; RCA Co.

124. Bio Rad Catalog; Edition E; Bio Rad Labs; Richmond: Calif.;

4.

125. Veillon, C.; Guthrie, B.E.; Wolf, W.R. Anal. Chem. 1980, 52,

457-463.


