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ESR spectroscopy - an analytical tool for the glass industry
A C H I M ELVERS ARID RUDOLF W E I ß M A N N

Institut für Werkstoffwissensehaften 3 (Glas und Keramik), Universität Erlangen-Nürnberg, Erlangen (Germany)

In the past, wet chemical methods have been developed for the quantitative analysis of polyvalent Clements in glasses. The major
disadvantage of these chemical methods is that all structural information is lost during analysis. In addition, the analysis of species
by wet chemical methods is unreliable due to possible redox reactions during the decomposition process. Therefore, the emphasis is
on the physical methods which can directly detect species in bulk glasses. Especially optical and ESR spectroscopy are suitable
methods due to their wide ränge of applications and sensitivity. Concerning quantitative measurements, no comparison between
ESR results and chemical analysis of species has been published so far. This work discusses the possible application of ESR
spectroscopy in the glass industry by focussing on routine interpretation, the correlation to chemical procedures and quantitative
analysis. Results are presented and discussed for iron and chromium in packaging glasses. For example an excellent correlation was
found between the Fe^^ ESR signal and the chemically determined Fe-^^ concentration in glass.

ESR-Spektroskopie - ein Analyseverfahren für die Glasindustrie

In der Vergangenheit wurden hauptsächlich naßchemische Methoden zur quantitativen Bestimmung polyvalenter Elemente in Glä-
sern entwickelt. Der Hauptnachteil dieser chemischen Methoden ist, daß durch die Analyse die strukturelle Information verloren
geht. Zusätzlich kann es während des Auf Schlußverfahrens zu einer Redoxreaktion kommen. Daher sind physikalische Methoden
vorzuziehen, die direkt die Elementspezies im Glas nachweisen. Insbesonders die optische und die ESR-Spektroskopie sind geeignete
Verfahren wegen ihres weiten Anwendungsbereiches und ihrer hohen Empfindlichkeit. Was quantitative Messungen betrifft, so
wurde bisher noch kein Vergleich zwischen den Ergebnissen der ESR-Spektroskopie und der chemischen Elementanalyse publiziert.
Diese Arbeit untersucht die möglichen Anwendungen der ESR-Spektroskopie für industrielle Fragestellungen, vor allem als Routine-
verfahren für eine quantitative Alternative oder als Ergänzung zu den naßchemischen Methoden. Untersucht wurde speziell der
Eisen- und Chromgehalt von Verpackungsgläsern. Im Falle des Eisens ergab sich eine sehr gute Korrelation zwischen dem Fe^^-
Signal und dem naßchemisch bestimmten Fe^^^-Gehalt der Gläser.

1 . INTRODUCTION

POLYVALENT TRANSITION METALS IN GLASSES HAVE AN EFFECT ON

THE MACROSCOPIC PROPERTIES. ALTHOUGH THE CONCENTRATION

OF THE TRANSITION METALS IS OFTEN ONLY IN THE P P M RÄNGE,

THEY HAVE, FOR EXAMPLE, A SIGNIFICANT INFLUENCE ON THE O P -

tical PROPERTIES. N O T ONLY HAS THE na ture OF THE metal an
i m p o r t a n t EFFECT ON GLASS COLOR, BUT ALSO THE oxidation

State and THE MICROSTRUCTURE INFLUENCE THESE PROPERTIES.

I N THE PAST, CHEMICAL METHODS HAVE BEEN DEVELOPED

FOR THE QUANTITATIVE ANALYSIS OF POLYVALENT CLEMENTS IN

GLASSES. A T PRESENT, MOST OF THE RESEARCH ACTIVITIES CON-

CENTRATE ON THE IMPROVEMENT OF THESE METHODS [1 AND 2 ] .

T H E MAJOR DISADVANTAGE OF THESE CHEMICAL METHODS IS
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THAT ALL STRUCTURAL INFORMATION IS LOST DURING ANALYSIS. IN

ADDITION, THE ANALYSIS OF SPECIES BY WET CHEMICAL METH-

ODS IS UNRELIABLE DUE TO POSSIBLE REDOX REACTIONS DURING

THE DECOMPOSITION PROCESS. THEREFORE, THE EMPHASIS IS ON

THE PHYSICAL METHODS WHICH CAN DIRECTLY DETECT SPECIES IN

BULK GLASSES. THESE PHYSICAL METHODS ARE IMPORTANT FOR

THE VERIFICATION OF THE WET CHEMICAL METHODS FOR ANALYZ-

ING Clements IN THE P P M ränge. TABLE 1 SHOWS THE poten-
TIAL OF SEVERAL IMPORTANT METHODS THAT CAN BE USED TO

ANALYZE TRANSITION METALS IN GLASSES. ESPECIALLY OPTICAL

AND E S R SPECTROSCOPY ARE SUITABLE METHODS DUE TO THEIR

WIDE RÄNGE OF APPLICATIONS AND SENSITIVITY. IN THE CASE

OF E S R SPECTROSCOPY NOT ONLY GLASS PRODUCTS BUT ALSO

CERAMICS, GLAZINGS AND RAW MATERIALS CAN BE ANALYZED BY

THIS METHOD ALONE IF THEY HAVE RELEVANT PARAMAGNETIC

CENTERS SUCH AS TRANSITION METALS OR STRUCTURAL defects [3

AND 6 ] . TABLE 2 SUMMARIZES THE MOST IMPORTANT OXI-

DATION STATES THAT CAN BE DETECTED BY E S R .

CONCERNING QUANTITATIVE MEASUREMENTS, NO COMPARI-

SON BETWEEN E S R RESULTS AND CHEMICAL ANALYSIS OF SPEC-



Table 1. Overview of several important characterization meth-
ods and their power for analysis of oxidation states; - = poor,
Ο = fair, + = good, + + = excellent.

method

NMR
Mössbauer
ESCA
Optical
ESR

species defects structure sensitivity

+
+
Ο

+ + 
+ + 

+
+ + 

+ + 
+ + 

Table 2. Important oxidation states that can be analyzed by
ESR. The species marked by RT can usually be detected at
room temperature. To analyze the LT-indexed Clements, low
temperature measurements have to be carried out.

ZRI^ Nb
Hf Ta

Ce^i P r i i

Cr^^V^-

Mo^V^-

Nd^i

Tc
Re

Fe^i
Ru
Os

S M I I

Rh
Ir

Pd
Pt

C U I I

Ag
AU

GdH THU 

IES HAS BEEN PUBLISHED YET. ALTHOUGH IN THE PAST MANY

E S R INVESTIGATIONS HAVE BEEN CARRIED OUT ON LABORATORY

MELTS, ONLY A FEW INDUSTRIAL GLASSES HAVE BEEN ANALYZED

IN DETAIL. T H I S WORK DISCUSSES THE POSSIBLE APPLICATION OF

E S R SPECTROSCOPY IN THE GLASS INDUSTRY BY FOCUSSING ON

ROUTINE INTERPRETATION, THE CORRELATION TO CHEMICAL PRO-

CEDURES AND QUANTITATIVE ANALYSIS.

T H E MAIN OBJECT WAS TO COMPARE THE WET CHEMICAL

ANALYSIS WITH THE RESULTS OF E S R SPECTROSCOPY AND TO

SHOW THE DETECTION LIMITS OF THE METHODS. FOR THIS PUR-

POSE WE HAVE PREPARED LABORATORY MELTS WITH DIFFERENT

CONCENTRATION OF TRANSITION METAL IONS. FURTHER, WE HAVE

RESTRICTED OUR WORK TO THE QUANTITATIVE MEASUREMENTS OF

THE IRON AND CHROMIUM CONTENT IN GLASSES. IRON IS THE

MAIN IMPURITY IN GLASSES DUE TO THE RAW MATERIALS, AND

THE REDOX RATIO OF FQ^'^/FQ^^ PLAYS AN IMPORTANT ROLE IN

THE COLORATION OF GREEN AND AMBER GLASSES. C H R O M I U M

HAS BEEN CRITICALLY DISCUSSED IN VIEW OF ITS TOXIC EFFECT [7

AND 8 ] . THEREFORE, THERE IS A GREAT NEED ON THE PART OF

THE Container GLASS INDUSTRY TO DEVELOP A reliable and

SENSITIVE DETECTION METHOD FOR CR^+ IONS IN THE P P M

RÄNGE.

2 . E x p e r i m e n t a l p r o c e d u r e s

2 . 1 P r e p a r a t i o n of t h e g l a s s e s

TWO SERIES OF GLASSES WITH DIFFERENT CONTENTS OF IRON AND

CHROMIUM WERE PREPARED BASED ON A MODEL GLASS, WITH

THE COMPOSITION (IN WT%): 7 6 S I O . , 1 4 N A 2 0 , 1 0 C A O .

BATCHES TO GIVE 3 0 0 G OF GLASS WERE PREPARED FROM RE-

AGENT-GRADE N A 2 C 0 3 , C A C 0 3 AND S I 0 2 POWDER. T H E

BATCHES WERE MELTED IN PLATINUM CRUCIBLES IN AN ELECTRIC

FURNACE IN NORMAL ATMOSPHERE AT 1 5 0 0 ° C FOR 6 H. W H E N

THE MELTING WAS COMPLETED, THE GLASS WAS POURED INTO A 

GRAPHITE FORM AND ANNEALED AT 5 5 0 ° C FOR 2 H. FINALLY THE

GLASS BLOCKS WERE PULVERIZED IN AN AGATE BALL MILL. IRON

AND CHROMIUM AS Fe203 AND Cr203 WERE ADDED TO THIS

BASIC FRIT TO PROVIDE GLASSES WITH APPROXIMATELY O.OL;

0 . 0 2 ; 0 . 0 5 ; 0 . 1 ; 0 . 2 5 ; 0 . 5 ; 0 . 7 5 AND 1.0 W T % TOTAL IRON AND

CHROMIUM. 5 0 G OF EVERY COMPOSITION WERE MECHANICALLY

MIXED AND MELTED IN PLATINUM CRUCIBLES AT 1 4 0 0 ° C IN

NORMAL ATMOSPHERE ALSO FOR 6 H. T H E MELT WAS POURED

AGAIN INTO A GRAPHITE FORM AND ANNEALED AT 5 5 0 ° C FOR

2 H.

T H E F E ^ ^ AND THE C R ^ ^ CONCENTRATIONS WERE ANALYZED

WITH THE METHODS DEVELOPED AT OUR INSTITUTE BY H A H N [ 9

AND 1 0 ] . THESE METHODS WERE TESTED IN A ROUND ROBIN

EXPERIMENT PERFORMED BY THE SUBCOMMITTEE "GLASS

ANALYSIS" OF TECHNICAL COMMITTEE I : PHYSICS AND C H E M -

ISTRY OF GLASS OF THE G E R M A N SOCIETY OF GLASS TECHNOL-

OGY ( D G G ) . FOR THE F E ^ + ANALYSIS O-PHENANTROLINE IS AD-

DED DURING THE COLD CONDITIONING OF THE GLASS. T H E O-

PHENANTROHNE COMPLEXATES THE F E ^ + IONS AND SHIFTS THE

REDOX POTENTIAL OVER THE OXYGEN REDOX POTENTIAL, SO THAT

THE ANALYSIS NEED NOT BE CARRIED OUT UNDER INERT GAS AT-

MOSPHERE. T O DETERMINE THE CONCENTRATION OF THE C R ^ ^

IONS, FME GLASS POWDER ( 1 0 0 P M ) IS DISSOLVED IN A MIXTURE

OF H F / H 2 S O 4 . DIPHENILCARBAZIDE SOLUTION IS ADDED,

MIXED AND THE MOLECULAR ABSORPTION OF C R ^ ^ IS MEASURED

PHOTOMETRICALLY AT 5 4 0 N M . T H E RESULTS OF THE MEASURED

FE^^^ AND C R ^ ^ CONCENTRATIONS ARE COLLECTED IN TABLE 3 .

FOR COMPARISON WE ALSO INVESTIGATED IRON AND CHRO-

M I U M CONTAINING GLASSES PREPARED BY THE INSTITUT FÜR S I -

LIKATTECHNIK, TECHNISCHE UNIVERSITÄT FREIBERG ( G E R M A N Y )

[ 8 ] . T H E BASIC GLASS COMPOSITION WAS (IN W T % ) : 7 0 S I 0 2 ,

2 0 N A 2 0 , 1 0 C A O . T H E WET CHEMICALLY DETERMINED FE^^^

AND C R ^ ^ CONCENTRATIONS ARE LISTED ALSO IN TABLE 3 

(SAMPLE NOS. F L TO F 2 1 ) .

2 . 2 E S R n n e a s u r e m e n t s

W E USED A BRUKER E S P 3 0 0 E SPECTROMETER WITH X - B A N D

MICROWAVE FREQUENCY ( 9 TO 1 0 G H Z ) . FOR ACCURATE M E A S -

UREMENTS A DOUBLE RECTANGULAR RESONATOR WAS CHOSEN. IT

ALLOWS ONE TO COMPARE THE SPECTRUM OF AN UNKNOWN

SAMPLE WITH A REFERENCE SAMPLE IN THE SAME CAVITY UNDER

IDENTICAL EXPERIMENTAL CONDITIONS. GLASS POWDER SAMPLES

WITH DIFFERENT GRAIN SIZE FRACTIONS WERE TESTED. QUARTZ

GLASS TUBES WERE USED AS SAMPLE HOLDERS. T O EXAMINE THE

EFFECT OF DIFFERENT E S R PARAMETERS ON THE SIGNAL INTENSITY

/ AND THE HNE WIDTH AH OF THE FE-'^+ SIGNAL AT ̂  = 4 . 3

(FIGURE 1 ) , WE VARIED THE MODULATION AMPLITUDE, THE

MODULATION FREQUENCY AND THE MICROWAVE POWER. FOR

THIS PURPOSE ONE PARAMETER WAS VARIED AND ALL THE OTHER 

PARAMETERS WERE FIXED. IN THAT WAY Optimum CONDITIONS

FOR THE E S R MEASUREMENTS WERE FOUND (TABLE 4 ) . ALSO

THE INFLUENCE OF THE SAMPLE PREPARATION, PARTICLE SIZE AND

THE SAMPLE WEIGHT OF THE GLASS POWDER WERE INVESTIGATED.



Table 3. Fe^+ and Cr^^ content of the gl asses; sample nos. Fl
to F12 were prepared by Technische Universität Freiberg.

sample no. [Fe^^] given as [Cr^"^] given as
[Fe203] in wt% [Cr203] in wt%

1 0.008 0
2 0.016 0
3 0.037 0
4 0.196 0
5 0.356 0
6 0.560 0
7 0 0.003
8 0 0.011
9 0 0.007
Fl 0 0.006
F2 0 0.060
F3 0 0.070
F4 0.001 0.069
F5 0.09 0.0009
F6 0.23 0.038
F7 0.23 0.048
F8 0.23 0.06
F9 0.317 0.0013
FlO 0.324 0.0012
E l l 0.340 0.016
F12 0.340 0.053
F13 0.42 0.018
F14 0.47 0.046
F15 0.80 0.0026
F16 0.82 0.026
F17 0.88 0.0024
EIS 0.90 0.038
F19 0.90 0.038
F20 0.95 0.0024
F21 0.001 0.069

Table 4. ESR Instrument parameter.

microwave power 63.6 mW
modulation frequency 100 kHz
modulation amplitude 0.1 mT
delay time 10.24 ms
resolution 0.114mT

t 70

200 400 600
— Sample weight in mg -

800

Figure 2. Intensity of the Fe^+ signal in dependence on the
sample weight.

measurements v^ith 100 and 600 mg glass powders shows
that the deviations are much smaller in the case of
600 mg. Therefore, all the following ESR measurements
were carried out with a sample quantity of 600 mg.
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Figure 1. ESR spectrum of an iron-containing glass.

Best results were obtained when the glass was ground
and a grain size fraction 75 to 150 pm was sieved. The
intensity of the Fe^^ signal at ^ = 4.3 increases with
increasing sample weight up to 300 mg. In this case the
maximal filling height of the resonator is reached at
about 300 mg (figure 2). For each concentration the
measurement was repeated four times, so that the Stat-
istical error could be estimated. The comparison of the

3 . Results
3.1 ESR spectra of Fe3+
Figure 3 shows the first derivative of ESR spectra of
glasses with different Fe^^ concentrations. With increas-
ing content also the signals at g = 2 and g = 4.3 in-
crease. For lower concentrations (0.1 to 0.25 wt%) the
signal at g = 4.3 shows a strenger increase compared
with the signal at g = 2. At higher concentrations
(>0.25 wt%) the I43/I2 ratio decreases, that means the
signal at g = 2 becomes more and more distinctive. This
Observation is in accordance with the investigations of
Camara and Rüssel [11 and 12].

To determine the signal intensity and the line width,
only the signal at g = 4.3 was used and compared with
the wet chemically determined Fe^^ concentrations. The
line width A H and the peak-to-peak value Δ/ were meas-
ured because these signal values can be detected very
easily and exactly.

The area under the ESR signal is a measure for the
number of the paramagnetic centers and with that for
the Fe^^ concentration. At lower concentrations the
peak shows a Lorentzian line distribution, at higher con-
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3. ESR spectra of glasses with different Ee^^ content
0.356, 0.560 wt%).
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Figure 5. Line width AH of the Fe^+ signal in dependence on
the Fe^^ concentration.
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Figure 4. Product of line width AH and intensity Δ/ of the Fe^+
SIGNAL in dependence on the Fe^+ concentration.

CENTRATION A GAUSSIAN HNE FORM. T H E AREA IS, IN THE FOR-

MER CASE, DETERMINED BY THE PRODUCT LINE WIDTH TIMES

SIGNAL INTENSITY, IN THE LATTER BY THE SQUARE OF THE LINE

WIDTH TIMES THE SIGNAL INTENSITY. BOTH POSSIBIHTIES WERE

CHECKED TO FIND WHICH OF THE TWO APPROXIMATIONS AGREES

WITH THE ACTUAL DATA.

IN THE SECOND CASE THE INTENSITY OF THE E S R SIGNAL IS

PROPORTIONAL TO

I ^ - AI - {ΑΗΫ .

T H E COMPARISON OF THE CALCULATED SIGNAL INTENSITIES WITH

THE WET CHEMICAL RESULTS YIELDED NO LINEAR CORRELATION. IN

CONTRAST TO THIS THE RELATIONSHIP

4 ~ Δ / · AH 

SHOWS A LINEAR DEPENDENCE ON THE CONCENTRATION OF THE

F E ^ ^ IONS WITH A REGRESSION COEFFICIENT OF DETERMINATION

= 0 . 9 7 5 (FIGURE 4 ) .

T H E REASON FOR THIS IS THE HNE WIDTH OF THE SIGNAL.

T H E LINE WIDTH OF THE F E ^ ^ SIGNAL AT G = 4 . 3 SHOWS AN

OBVIOUSLY LINEAR COHERENCE (FIGURE 5 ) IN DEPENDENCE ON

THE F E ^ ^ CONCENTRATION. T H E LINEAR INCREASE OF THE LINE

WIDTH IS EXPLAINED BY THE DIPOLE-DIPOLE INTERACTION OF THE

TRANSITION METAL IONS. T H E LINE WIDTH IS DETERMINED BY

THE INTERACTION OF THE ELECTRON SPIN WITH THE SURROUNDING

MEDIA BY THE SPIN-LATTICE AND THE SPIN-SPIN INTERACTION.

T H E STRENGTH OF THE INTERACTION DETERMINES TWO CHARAC-

TERISTIC LIFETIMES ίχ ASSOCIATED WITH THE SPIN-LATTICE INTER-

ACTION AND t 2 WITH THE SPIN-SPIN INTERACTION. T H E WHOLE

LIFETIME t IS GIVEN BY:

t ~ tx t2 

T H E LINE WIDTH IS PROPORTIONAL TO l l t . \ / t i DETERMINES THE

NATURAL LINE WIDTH OF THE E S R SIGNAL AND IS INDEPENDENT

OF THE CONCENTRATION OF THE F E ^ ^ IONS. T H E SPIN-SPIN IN-

TERACTION TERM 1/^2 DEPENDS ON THE AMOUNT OF THE DIPOLE-

DIPOLE INTERACTION. T H E LINEAR DEPENDENCE ON THE ION

CONCENTRATION SHOWN IN FIGURE 5 MEANS THAT THE DIPOLE-

DIPOLE INTERACTION IS ALSO PROPORTIONAL TO THE F E ^ ^ CON-

TENT. T H I S RESULT IS IN ACCORDANCE WITH THEORETICAL INVESTI-

GATIONS OF KITTEL ET AL. [ 1 3 AND 1 4 ] . T H E LINEAR RELATION-

SHIP IS ONLY GIVEN FOR A PURELY STATISTICAL DISTRIBUTION OF

THE F E IONS IN THE GLASS NETWORK. A S OUR RESULTS SHOW

THAT THE LINEAR DEPENDENCE EXISTS U P TO A CONCENTRATION

OF 0 . 9 5 WT%, THE FORMATION OF IRON CLUSTERS CAN BE EX-

CLUDED. NORMALLY IRON CLUSTERS INDUCE SPIN EXCHANGE

INTERACTION THAT LEAD TO A NONLINEAR BEHAVIOR. T H E LINE

WIDTH SHOWN IN FIGURE 5 CAN NOW BE DESCRIBED BY THE

FOLLOWING LINEAR RELATION:

A H = A H o + α • C(FQ^^) 

WHERE C ( F E ^ ^ ) IS THE FE"^^ CONCENTRATION IN W T % AND α IS

THE PROPORTIONAL FACTOR. AHQ MEANS THE NATURAL LINE

WIDTH WHICH IS THE INTERSECTION OF THE CORRELATION LINE

WITH THE ABSCISSA AT 2 . 7 5 M T . T H E IMPORTANT RESULT OF OUR

INVESTIGATION IS THE CORRELATION BETWEEN THE E S R SIGNAL

/ E = Δ / · A H AND THE F E ^ ^ CONCENTRATION C ( F E ^ ^ ) IN

FORM OF THE FOLLOWING LINEAR CALIBRATION CURVE (FIGURE 4 ) :

IE = b - C ( F E ^ + )
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Eigure 6. ESR spectrum of a chromium-containing glass.
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Eigure 7. Product of line width AH and intensity Δ/of the Cr^^
signal in dependence on the Cr^^ concentration; • = low iron
content, Δ = high iron content.

W^HICH ALLOWS THE DETERMINATION OF THE F E ^ ^ CONTENT IN

THE GLASS MATRIX VIA E S R MEASUREMENTS. T H E LINEAR COR-

RELATION IS VALID BETWEEN 0 TO 0 . 9 5 WT%, WHICH COVERS THE

WHOLE RÄNGE OF F E ^ ^ CONCENTRATION IN PRACTICE. WITH THE

HELP OF STATISTICAL ANALYSIS OF LINEAR REGRESSION METHODS

THE LOWER DETECTION LIMIT CAN BE ESTIMATED FOR THE E S R

SPECTROSCOPIC ANALYSIS OF F E ^ ^ CONCENTRATION. ASSUMING

A 9 5 % CONFIDENCE INTERVAL THE DETECTION LIMIT IS ABOUT

0 . 0 2 WT%.

T H E LINEAR RELATIONSHIP BETWEEN THE E S R SIGNAL AND

THE F E ^ ^ CONCENTRATION HOLDS FOR ALL MEASURED SAMPLES

ALTHOUGH THE GLASSES DIFFER IN THEIR BASIC COMPOSITIONS OF

S I 0 2 , N A 2 0 AND C A O . T H I S IS AN IMPORTANT RESULT FOR

PRACTICAL APPLICATIONS BECAUSE CONTAINER GLASSES ALWAYS

DIFFER SLIGHTLY WITH RESPECT TO THEIR COMPOSITIONS. ALSO

THE CHROMIUM IONS HAVE NO INFLUENCE ON THIS RESULT.

T H E E S R SPECTROSCOPY ALLOWS A QUANTITATIVE DETERMI-

NATION OF THE F E ^ ^ CONCENTRATION WITHOUT AND WITH CHRO-

M I U M IONS. BUT IT IS NECESSARY TO CALIBRATE THE SYSTEM

CAREFULLY. T O M I N I M I Z E THE ERROR OF WET CHEMICAL ANALYSIS,

THE CONCENTRATIONS OF EACH CALIBRATION GLASS HAVE TO BE

MEASURED SEVERAL TIMES TO OBTAIN A RELIABLE MEAN VALUE.

FURTHER, IT IS IMPORTANT TO USE EXACTLY THE SAME QUANTITY

OF THE GLASS SAMPLE BOTH FOR DETERMINATION OF THE CAH-

BRATION LINE AND FOR THE MEASUREMENT OF THE UNKNOWN

GLASS SAMPLE.

3 . 2 E S R SPECTRA OF C R ^ +

UNLIKE F E ^ + IONS IT IS NOT POSSIBLE TO DETECT CR^+ IONS

DIRECTLY WITH THE HELP OF E S R SPECTROSCOPY. THE E S R

SPECTRA OF CHROMIUM ION CONTAINING GLASSES SHOW TWO

PROMINENT E S R SIGNALS AT G = 5 AND G = 1 . 9 8 (FIGURE 6 ) .

T H E BROAD PEAK AT G = 5 BELONGS TO CR^"^ AND THE SHARP

LINE AT G = 1 . 9 8 TO C R ^ ^ . A S , HOWEVER, IN GLASSES THE C R ^ ^

CONCENTRATION IS IN EQUILIBRIUM WITH THE C R ^ ^ CONCEN-

TRATION, IT SHOULD BE POSSIBLE TO DETERMINE THE C R ^ ^ CON-

TENT VIA THE C R ^ ^ E S R SIGNAL. THEREFORE, THE OBJECTIVE

WAS TO PRO VC THE CORRELATION BETWEEN THE C R ^ ^ E S R SIG-

NAL AND THE WET CHEMICALLY DETERMINED CR^+ CONCEN-

TRATION AND TO DETERMINE HOW FAR THE LINE WIDTH OR SIGNAL

INTENSITY OF C R ^ ^ WILL BE INFLUENCED BY THE F E ^ ^ SIGNAL

AT G = 2 . A S BEFORE THE LINE WIDTH AND INTENSITY WERE

TAKEN AS PEAK-TO-PEAK VALUES FROM THE C R ^ ^ SIGNAL AT

G = 1 .98 . THESE VALUES OF THE C R ^ ^ SIGNALS WERE COM-

PARED WITH THE WET CHEMICALLY DETERMINED DATA AND THE

LINEAR CORRELATION BETWEEN THE TWO VARIABLES TESTED.

T O TEST THE INFLUENCE OF THE IRON CONCENTRATION ON THE

LINE WIDTH, ONLY THE E S R SPECTRA OF THE IRON-FREE GLASSES

(TABLE 3 : NOS. 7 TO 9 AND F L TO F 2 1 ) WERE RECORDED. T H E

RESULT WAS THAT IN CONTRADICTION TO IRON THE LINE WIDTH OF

THE CR^+ SIGNAL REVEALS NO SIGNIFICANT DEPENDENCE ON THE

IRON CONCENTRATIONS. THAT MEANS IN THE CASE OF CHROMIUM

IONS THE DIPOLE-DIPOLE INTERACTION IS TOO WEAK IN ORDER

TO INFLUENCE THE LIFETIME.

T H E COMPARISON OF THE PRODUCT Δ / · Δ ^ WITH THE

CONCENTRATION OF THE WET CHEMICALLY DETERMINED C R ^ ^

IONS REVEALS A MORE COMPLICATED CORRELATION AS SHOWN IN

FIGURE 7 . COMPARED TO IRON NO UNIVERSAL STRAIGHT LINE EX-

ISTS. T O UNDERSTAND THIS BEHAVIOR ONE HAS TO DISTINGUISH

BETWEEN THREE TYPES OF GLASSES: GLASSES WITHOUT IRON,

GLASSES WITH LOW IRON CONTENT AND GLASSES WITH HIGH IRON

CONTENT RELATIVE TO THE CHROMIUM CONCENTRATION. GLASSES

WITHOUT IRON OR WITH LOW IRON CONTENT SHOW A LINEAR DE-

PENDENCE ON THE C R ^ ^ CONCENTRATION. DEVIATIONS FROM

THIS DEPENDENCE APPEAR IN CONNECTION WITH HIGH IRON

CONTENTS.

T H I S BEHAVIOR IS MAINLY DUE TO THE SUPERIMPOSITION

OF THE CR^+ SIGNAL WITH THE F E ^ + SIGNAL AT G = 2 (FIGURES

8A AND B ) . IN THE CASE OF GLASSES WITHOUT IRON OR WITH

low IRON CONTENT THE E S R SIGNAL OF F E ^ ^ IS VERY LOW.

THEREFORE, IT IS POSSIBLE TO SEPARATE THE CR^+ SIGNAL FROM

THE BROAD F E ^ ^ HNE AND TO MEASURE THE SIGNAL INTENSITY

VERY PRECISELY.

ALSO THE EVALUATION OF THE SIGNAL INTENSITIES IS POS-

SIBLE FOR GLASSES WITH M E D I U M C R ^ ^ AND F E ^ ^ CONCEN-

TRATION, THOUGH THE Statistical UNCERTAINTY BECOMES
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Eigures 8a and b. ESR spectra of chromium-containing glass
with low iron content; figure a) sample no. E4, figure b) sample
no. F12.

QUANTITATIVE MEASUREMENT OF THE FE-^"^ CONCENTRATION.

T H E LOWEST DETECTION LIMIT FOR F E ^ ^ IS 0 . 0 2 W T % . T H E HNE

WIDTH ITSELF ALSO SHOWS A LINEAR DEPENDENCE ON THE F E ^ ^

CONTENT. T H I S P H E N O M E N O N IS EXPLAINED BY THE DIPOLE-

DIPOLE INTERACTION OF THE IRON IONS.

C R ^ + IONS, THE DETECTION OF WHICH IS IMPORTANT FOR

THE CONTAINER GLASS INDUSTRY DUE TO THEIR TOXICITY, CAN NOT

BE PROVED BY E S R SPECTROSCOPY. THEREFORE, AN INDIRECT

PROOF WAS TESTED, NAMELY THE LINEAR CORRELATION OF THE

WET CHEMICALLY DETERMINED C R ^ + CONCENTRATION WITH THE

INTENSITY OF THE C R ^ ^ E S R SIGNAL. T H E COMPARISON OF THE

RESULTS OF THE ESR-SPECTROSCOPIC MEASUREMENTS WITH THE

CR^"^ CONCENTRATIONS SHOWS A MORE COMPLICATED RELATION-

SHIP COMPARED TO THE CASE OF IRON. FOR IRON-FREE GLASSES

THE LINEAR CORRELATION IS EXCELLENT. T H E DETECTION LIMIT IS

ABOUT 0 . 0 0 5 W T % FOR THIS CASE. FOR GLASSES WITH IRON THE

E S R SPECTRA SHOW A SUPERIMPOSITION OF THE C R ^ ^ SIGNAL

AT G = 1 .98 WITH THE BROAD F E ^ ^ SIGNAL AT G = 2 . T H I S

EFFECT DECISIVELY INFLUENCES THE DETECTION LIMITS. Α LINEAR

CORRELATION HOLDS ONLY FOR A F E ^ ^ / C R ^ ^ RATIO < 6 .

These investigations were conducted with the kind support of
the Arbeitsgemeinschaft industrieller Forschungsvereinigungen
(AiF) Köln (AiF-No 11458N), by agency of the Hüttentechni-
sche Vereinigung der Deutschen Glasindustrie (HVG), Frank-
furt/Main, through the resources of the Bundesminister für
Wirtschaft. The authors are indebted to Dr. Wolfgang Dusdorf,
TU Freiberg, for preparing the glass samples.

STRENGER. A S FIGURE 8 B CLEARLY SHOWS A DETERMINATION OF

THE C R ^ ^ CONTENT AND THEREFORE OF THE C R ^ ^ CONTENT IS

IMPOSSIBLE FOR HIGH IRON CONTENTS. T H E LINEAR DEPENDENCE

EXISTS IF THE RATIO OF F E ^ ^ / C R ^ ^ IS < 6 . AT HIGHER VALUES

THE STATISTICAL UNCERTAINTY IS TOO HIGH FOR A PRECISE RESULT.

T H E LOWER DETECTION LIMIT DEPENDS ON THE IRON CONTENT IN

A DECISIVE WAY. FOR IRON-FREE GLASSES THIS VALUE IS ABOUT

0 . 0 0 5 W T % C R ^ + .

4 . Conclusions
T H E AIM OF THIS WORK WAS TO SHOW IF E S R SPECTROSCOPY

CAN BE USED AS A QUANTITATIVE ANALYTICAL INSTRUMENT FOR

PRACTICAL PURPOSES IN THE GLASS INDUSTRY. T H E NECESSARY

STUDIES WERE CARRIED OUT ON GLASSES WITH IRON AND CHRO-

M I U M CONTENT DUE TO THEIR INDUSTRIAL IMPORTANCE. FOR

THE SPECIAL CASE OF IRON THIS COULD OBVIOUSLY BE PROVED.

FOR THE E S R SIGNAL AT G = 4 . 3 THE PRODUCT OF LINE

WIDTH TIMES SIGNAL INTENSITY SHOWS A LINEAR DEPENDENCE

ON THE WET CHEMICALLY DETERMINED FE'^^ CONTENT. T H I S

PROPORTIONAL RELATIONSHIP HOLDS FOR THE F E ^ ^ CONCEN-

TRATION REGION BETWEEN 0 TO 0 . 9 5 WT% AND IS INDEPENDENT

OF THE F E ^ ^ / C R ^ ^ RATIO. N O INFLUENCE OF THE E S R SIGNAL

OF THE CHROMIUM IONS ON THE SIGNAL OF IRON AT G = 4 . 3

WAS OBSERVED. THEREFORE E S R SPECTROSCOPY ALLOWS A 
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