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Systematic IR and NRA investigations were performed for two series of glasses with very different water contents. The glasses 
had the composition (in mol%): 16 R2O · 10 CaO · 74 Si02 (R = sodium, potassium). The IR absorption coefTicients of the 
OH bands were found to be linearly correlated with the total hydrogen content obtained by the NRA measurements. Using 
the hydrogen concentration values from NRA, the total water contents were calculated and so-called practical IR extinction coefTi­
cients were deduced. The values found for the soda-lime-silica glasses are 381 · mol~^ · cm~^ for the band at 3550cm~^ and 
561 · mol~' · cm~^ for the band at 2800cm~^ The values for the potassium-lime-silica glasses are 231 · mol~^ 
band at 3550 cm"^ and 781 · mol"^ · cm~^ for the band at 2800 cm~^ Also, Scholze's two-band method was ap 
good agreement between the water contents of the glasses derived from the IR and the NRA measurements. 

Bestimmung des Wassergehaltes von Alkali-Kalksilicatgläsern mittels IR-Spektroskopie unter Verwendung der Kernreak­
tionsanalyse zur Kalibrierung 

An zwei Serien von Gläsern der Zusammensetzung (Stoffmengenanteil in %): 16 R2O · 10 CaO · 74 Si02 (R = Natrium, Kalium) 
mit sehr unterschiedlichen Wassergehalten wurden systematische IR- und NRA-Untersuchungen durchgeführt. Es wurde ein linearer 
Zusammenhang zwischen den IR-AbsorptionskoefTizienten der OH-Banden und dem mittels NRA-Messungen erhaltenen absoluten 
Wasserstoffgehalt gefunden. Aus den mit der N R A bestimmten absoluten Wasserstoffkonzentrationen wurden die Gesamtwasserge­
halte berechnet und zur Bestimmung der sogenannten praktischen ExtinktionskoefTizienten verwendet. Für Natron-Kalksilicat-
gläser wurden die Werte 381 · mol~^ · cm~' für die Bande bei 3550 cm~^ und 561 · mol~^ · cm~^ für die Bande bei 2800 cm~^ 
ermittelt. Die entsprechenden Werte für Kah-Kalksilicatgläser betragen 231 · mol"^ · cm~^ für die Bande bei 3550 cm~^ bzw. 
78 1 · m o r ^ · cm~^ für die Bande bei 2800 cm" ^ Zusätzlich wurde die Zwei-Banden-Methode nach Scholze angewendet. Die damit 
erhaltenen Wassergehalte der Gläser stimmen gut mit den entsprechenden aus den NRA-Messungen abgeleiteten Wassergehalten 
überein. 

1 . I n t r o d u c t i o n 

Near ly all types of commerc ia l glasses con t a in a certain 
a m o u n t of water. T h e t e r m "water" , as used here, in-
cludes molecular, more or less associated water as well 
as b o u n d water in form of silanol groups . T h e structure 
and many proper t ies of Silicate glasses sensitively depend 
on the water con ten t . T h e water con ten t is e.g. of special 
interest for opt ical glasses. Besides opt ical a n d infrared 
propert ies , also the viscosity a n d thus the ability to be 
processed, the format ion of bubbles as well as the tend-
ency to separate in to different phases, a n d the tendency 
to crystallize depend on the inser t ion of water into the 
glass ne twork . Also bubble defects a n d heat balance 
within the melt are touched . Prerequisi te for the techno-
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logical mastery of the problems ment ioned is funda­
menta l knowledge of structural insertion of water into 
glasses. 

I R spectroscopy is a very fast, inexpensive and con-
venient me thod for determinat ion of water contents in 
glasses. But the results are only relative ones. The water 
contents of various glasses can be compared accurately, 
but the absolute water content canno t be determined 
wi thout calibration [1]. Me thods used for calibration of 
I R spectroscopic results are for example vacuum bo t ex-
tract ion (VHE) or gas bubbling with subsequent quant i ­
tative water analysis by gravimetric methods [2 to 5], 
mass spectroscopy [4, 6 and 7], measurements of vapour 
pressure [8 to 10], N M R spectroscopy [11 to 15], or 
other methods . 

As an alternative method , nuclear reaction analysis 
( N R A ) should be suitable. The objective of the present 
work is to examine the practical usefulness of N R A for 
obtaining a calibration. Nuclear interact ions are insensi-



Table 1. Description of the glass samples 

glass 
no. 

sample 
description 

SLS 
glasses 

PLS 
glasses 

nitrogen-dried 
nitrogen-dried 
basic glass 
water-enriched 
glass with 
bubbles 
water-enriched 

nitrogen-dried 
nitrogen-dried 
basic glass 
water-enriched 

tive to the kind of chemical binding in a sample. This 
means in the present context that the tota l hydrogen 
content in a glass sample is measured, independent of 
its distr ibution over different types of O H bondings. The 
N R A method utilized here is the ^^N technique; perti-
nent examples of its application are the determinat ion 
of the hydrogen content of thin films [16 and 17] and of 
minerals [18 and 19] and the study of glass/water interac­
tions [20 and 21]. The ^^N technique is a very sensitive 
and non-destructive working method; however, it re­
quires a relatively high expenditure of equipment . Α 
necessary condi t ion for the applicability of N R A for 
calibration of I R extinction coefTicients is that all hydro­
gen in the materials belongs to the hydroxyl groups. This 
condit ion is fulfilled for the glasses studied here. 

2. Experimental 

2.1 Glass preparation 

Α s o d a - l i m e - s i l i c a (SLS) glass and a p o t a s s i u m - l i m e 
- s i l i ca (PLS) glass with the composi t ion (in mol%) 
I6R2O · 10 C a O · 74 Si02, R = sodium, potassium, 
were prepared. The glasses were mol ten from raw mate­
rials in a pla t inum crucible in an induct ion furnace at 
1500 °C. T h e water content of the basic glasses was be­
low 0.05 mass%. The basic glasses were treated in vari­
ous ways in order to get two series of glasses of different 
water content (table 1). Α par t of the basic glasses was 
dried by nitrogen bubbling th rough the glass melt, an­
other par t was enriched with water by bubbling with 
steam. The exact condit ions of glass melting and glass 
t reatment and a scheme of the appara tus for the differ­
ent t reatments are published in [7]. For the I R spectro­
scopic investigations, the glasses were prepared into thin 
plates of various thicknesses (0.3 to 10 m m ) and water-
free polished on bo th sides. 

2.2 Infrared spectroscopic measurennents 

The measurements were carried ou t on the F T I R vac­
uum spectrometer I F S 66v (Bruker G m b H , Karlsruhe 

(Germany) ) . T h e spectra were measu red in the wave 
n u m b e r region 4000 to 2000 cm~^ us ing the t r ansmis s ion 
technique. Near ly the whole sample a rea of a b o u t 10 t o 
lOOmm^ was i l luminated by the I R b e a m . T h u s , t he 
water concen t ra t ion deduced from the m e a s u r e m e n t is 
the average over the sample. I t was shown tha t the wa te r 
concen t ra t ion of the glass samples was p r o p o r t i o n a l t o 
the sample thickness. T h a t means , water a d s o r b e d o n the 
sample surface can be neglected. 

Systematic er rors of F T I R spect rometers are smal l 
( abou t 2 t o 3 % ) . E r ro r s of I R spectroscopic resul ts a re 
m o r e likely caused by sample p repa ra t ion a n d s a m p l e 
handl ing . T h e homogene i ty error was de t e rmined by I R 
microscopy. Devia t ions from sample homogene i t y a re 
be low 5 % for the glasses investigated. In teg ra t ion over 
the sample a rea led to reduc t ion of homogene i ty er rors . 
Α special p rob lem concern ing errors is the b a c k g r o u n d 
cor rec t ion for the glass ne twork (see sect ion 4) . T h e 
Overall er ror of the H2O concentration deduced f rom I R 
measu remen t s a m o u n t s t o abou t 1 0 % . 

2.3 NRA measurements 

T h e to ta l a m o u n t of hydrogen in the glass samples was 
de te rmined by the ^^N technique which relies o n the res-
o n a n t nuclear reac t ion ^H(^^N,a y)^^C. W i t h this tech­
n ique the hydrogen concen t ra t ion versus d e p t h is o b ­
ta ined by measur ing the yield of the character is t ic y rays 
from this reac t ion versus the b e a m energy. D e p t h p r o -
files can be ob ta ined u p to a d e p t h of a b o u t 3 μ m in 
glasses. T h e ^^N measu remen t s were carr ied o u t w i th a 
low-level set-up for hydrogen analysis which provides a 
sensitivity of a b o u t l O a t o m p p m H . T h e b e a m c u r r e n t 
was abou t 150 n A a n d the b e a m spot size was 3 m m in 
diameter . 

Before the measurements , the glass samples were 
e tched in di luted hydrofluoric acid for several m inu t e s in 
o rde r to remove a possibly existing surface layer c o n t a i n ­
ing water incorpora ted in to d a m a g e sites ar is ing f rom 
the pol ishing t rea tment . Two representat ive hydrogen 
d e p t h proflies are shown in figure 1. A t d e p t h s larger 
t h a n abou t 500 n m , the profiles are Hat indica t ing t ha t 
there the hydrogen concen t ra t ion remains c o n s t a n t . T h e 
scatter of the da t a po in t s is due to coun t ing stat ist ics; 
Statistical errors of Single da t a points were between 7 
a n d 15 %. Some of the samples with low hydrogen c o n ­
tent were analyzed a second t ime for improv ing t he Sta­
tistical accuracy. Fo r ob ta in ing the hydrogen c o n t e n t of 
a given sample, the da t a po in t s in the flat reg ion were 
averaged. This resulted in a Statistical error of 3 % (6 % 
for the samples with low hydrogen con ten t ) . Toge the r 
with a systematic er ror of a b o u t 7 %, originating f rom 
the uncer ta in ty of the s topp ing power of the ^^N ions, 
the Overall error of the hydrogen conten ts is a b o u t 9 % 
for all samples. 

T h e Unit for water concentrations in glass is usual ly 
m o l · (1 mo l · ^ 0 .72mass%) . N R A resul ts are 
ob t a ined in uni ts of a t o m p p m H . T h e convers ion fac tor 
between a t o m p p m Η a n d m o l · H2O depends o n the 
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Figure 1. Depth profile of the hydrogen concentration of glass 
no. 1 (nitrogen-dried) and glass no. 5 (water-enriched) deter­
mined by NRA. 

m o l a r compos i t ion of the glass sample. 1 a t o m ppm Η 
cor responds to 6 . 0 4 · 1 0 ~ ^ m o l · 1 " ^ H2O in the case of 
SLS glasses a n d to 5 . 5 6 · 1 0 " ^ m o l · H2O in the case 
of P L S glasses. 

3 . D e t e r m i n a t i o n o f w a t e r c o n t e n t b y I R 

s p e c t r o s c o p y 

T h e vibra t ional b a n d s of O H groups are observed in the 
wave n u m b e r region between 4 0 0 0 a n d 2 2 0 0 c m ~ ^ In 
S i l i c a t e g l a s s e s wi th w a t e r con ten ts below 1 mass%, all 

water exists in form of silanol g roups [ 2 2 ] . T h e spectra of 
SLS a n d P L S glasses con ta in three different I R bands: at 
abou t 3 5 5 0 , 2 8 0 0 a n d 2 3 0 0 c m " ^ These three bands are 

character ized by different types of s t ruc tura l insertion of 
O H groups in to the glass ne twork [ 2 3 ] : 

3 5 5 0 cm~^: O H groups in form of silanol, very weakly 
associated, by Scholze [8] : "free" O H 
groups ; 

2 8 0 0 cm~^: strongly associated O H groups ; 
2 3 0 0 cm~^: very strongly associated O H groups, con-

nect ing isolated S i04 an ions wi th the glass 
ne twork . 

T h e water con ten t of the glass samples can be deter­
mined from their I R spectra by using the Beer-Lambert 
law: 

Ε = ε · c · d. (1) 

In this expression, Ε is the extinction (dimensionless), 
d is the thickness of the glass sample (in cm) , c is the 
concent ra t ion (in mo l · 1 ~ ^ ) , a n d ε is the m o l a r extinction 
coefficient (in 1 · mol~^ · cm~^) . T h e p r o d u c t ε · cis also 
called absorp t ion coefficient α (in cm~^) . 

The extinction coefficient ε has to be determined exper­
imentally by calibration using another independent 
method . According to Scholze [8], there are two different 
ways to deduce the water concentrat ion of the glass 
sample from the measured extinctions: 

First, the so-called practical extinction coefficient 
£pract(v) is used. In this case, only one of the IR bands 
has to be evaluated (either the band at 3 5 5 0 or the band 
at 2 8 0 0 cm~^). The practical extinction coefTicients for 
SLS glasses for the bands at 3 5 5 0 and 2 8 0 0 c m " ^ are 

found in literature (table 2 ) . The use of a practical ex­
tinction coefficient implies that the total water content 
is correlated with the extinction of one IR band. This 
me thod will only lead to correct results if the ratio be­
tween the IR bands remains constant , in dependence on 
the water content . 

Second, the two-band me thod by Scholze [8] can be 
appHed. This me thod considers the band at 3 5 5 0 as well 
as the band at 2 8 0 0 c m " ^ The par t of the total water 
a m o u n t which is represented by the first band at 
3 5 5 0 c m " ^ is considered independently from the par t 
represented by the second band at 2 8 0 0 c m " ^ The ex­
tinction coefTicients ε(ν) of these two bands used by this 
me thod are different from the practical extinction coef-
ficients eprac t (^ ) - The par t of the water content of the 
third band is estimated by Scholze to amoun t to one 
third of that of the second band so that the total water 
a m o u n t of the glass sample can be determined by the 
following formula: 

<^Η2θ -

with 

(V3550) , Ö^max 

^3550 

(V28O0) _^ J_ Q^max(V2800) 

3 ^2800 ^2800 
( 3 ) 

^2800 = 1 5 0 1 · mol ^ · cm ^ and 

£3550 = 7 0 1 · m o l " ' · c m " ' [8]. 

In contras t to the use of the practical extinction coef­

ficient, in the case of the two-band method the mutua l 

overlapping of the bands has to be considered. For this 

reason, band Separation has to be carried out. The pre­
requisite for the applicabihty of the two-band method 

to glasses of different composi t ion is that the extinction 

coefficient for water in glasses depends on the wave num­

ber but no t on the glass composi t ion. Scholze applied 

the two-band me thod to glasses of very different compo­

sition with Si02 acting as ne twork former in all cases. 

The objective of this work is the determinat ion of 

practical extinction coefTicients for SLS and PLS glasses 

using N R A for calibration. Besides, the two-band 

me thod by Scholze shall be applied to determine the 

water content of the glasses a n d to compare them with 

the water contents determined by N R A . 



Table 2. Practical extinction coefficients of this work by calibration with NRA and corresponding values of other authors 

wave number 
of the IR 
band in cm"^ 

fiprakt in 1 · mol 

this work Scholze [8] Götz [3] TC14 [24] 

SLS 
glasses 

PLS 
glasses 

3550 
2800 

3550 
2800 

38 
56 

23 
78 

41 
65 

39 
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Figure 2. Absorption coefficient spectra of glasses no. 1 to 5 
(sample description see table 1) and of a theoretical "water-
free" glass A. 
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Figure 3. Pure water spectra of glasses no. 1 to 5 determined 
by subtraction of a theoretical "water-free" glass from the 
measured absorption coefficient spectra of figure 2. 

4. R e s u l t s a n d d i s c u s s i o n 

Figure 2 shows the absorpt ion coefficient spectra of six 
glasses of the SLS type with different water content . 
Each of these spectra is a sum spectrum of the glass 
network spectrum and the water spectrum. In order to 
determine the water content , the pure water spectrum is 
needed. 0 - H bands were mathematically separated 
from S i - 0 bands by means of a numerical band Separ­
ation program. Curve Α is obtained as a result of this 
procedure. It represents the theoretical spectrum of a 
glass which is absolutely free of O H groups. Difference 
spectra between curves 1 to 5 and curve Α are calculated 
and plotted in figure 3. The difference spectra of glasses 
no. 1 to 5 show three bands at 3550, 2800 and 
2300 c m " ' . The measured max imum absorpt ion coef­
ficients «meas = 3550, 2800 c m " ' ) of the glass samples 
no. 1 to 5 are summarized in table 3. Additionally, the 
N R A results of these samples are listed there. 

The measured max imum absorpt ion coefficients 
ö^meas (v = 3550, 2800 c m " ' ) are correlated with the 
water concentrat ion determined by N R A in units of 
mol · 1"' in figure 4. The data of this d iagram were fitted 
by the equation: «meas = ^pract ' in which Spract is the 
slope of the line. The practical extinction coefficients for 

Table 3. NRA and IR results for determination of practical IR 
extinction coefficients 

SLS 
glasses 

PLS 
glasses 

glass 
no. 

NRA 
c(H) in 
atom ppm 

NRA 
c(H20) 
in mol · Γ 

IR 
•-̂ meas 

-1 (V3550) 
in cm~^ 

IR 
^ 2) 

(V28O0) 
in cm~ 

1 190 0.012 0.34 0.62 
2 310 0.019 0.57 0.95 
3 440 0.027 0.85 1.46 
4 1300 0.078 3.09 4.93 
5 2720 0.164 6.12 8.88 

6 130 0.0072 0.11 0.48 
7 180 0.010 0.20 0.79 
8 640 0.036 0.62 2.31 
9 2680 0.149 3.40 11.66 

ö̂ meas (V3550), «meas (v28oo): maximum absorption coefficient 
of the IR band at about 3550cm"' ( 2 8 0 0 c m " a f t e r sub­
traction of the spectrum of a theoretical "water-free" glass. 

the I R b a n d s at 3550 a n d 2800 c m - ' for SLS glasses 
de te rmined by combina t ion of I R a n d N R A m e a s u r e -
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Figure 4. Maximum absorption coefficients, «meas, of the IR 
bands at 3550 and 2800 cm~^ in the spectra of SLS glasses ver­
sus water concentration in mol/1 determined by NRA and deter­
mination of the practical extinction coefficients from the rise of 
the straight lines fitted to the measured points. 
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Figure 5. Absorption coeffiicient spectra of glasses no. 6 to 9 
and spectrum of a theoretical "water-free" glass A. 

men t s are in a g o o d agreement wi th the practical extinc­
t ion coefficients de te rmined by G ö t z [3] a n d Scholze [8] 
(table 2). 

Wi th the results ob ta ined for the P L S glasses, it 
should be possible to de te rmine their pract ical extinction 
coefficients. T h e measu red absorp t ion coefficient spectra 
are given in figure 5. T h e spec t rum of the theoretical 
"water-free" glass is subt rac ted again. T h e difference 
spectra are to be seen in figure 6. Table 3 also contains 
the m a x i m u m I R absorp t ion coefficients a n d N R A re­
sults of P L S glasses. T h e d iag ram in figure 7 shows the 
m a x i m u m I R absorp t ion coefficients in relation to the 
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Figure 6. Pure water spectra of glasses no. 6 to 9 determined 
by subtraction of a theoretical "water-free" glass from the 
measured absorption coefficient spectra of figure 5. 
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Figure 7. Maximum absorption coefficients, «meas. of the IR 
bands at 3550 and 2800 cm~^ in the spectra of PLS glasses ver­
sus water concentration in mol/1 determined by NRA and deter­
mination of the practical extinction coefficients from the rise of 
the straight lines fitted to the measured points. 

N R A results. The da ta of this d iagram were fitted to the 
equat ion •pract c again. The calculated values 
of Cpract are to be seen in table 2. 

In a next step, the two-band method by Scholze is 
applied to the I R results to determine the water content 
of the glass samples. For this purpose, a band Separation 
procedure was applied to all spectra of figures 3 and 6 
to calculate the band profiles wi thout mutua l overlapping. 
The band Separation Computer program "curve fit" from 
the " O P U S " Software (Bruker) was used. As shown in 
figure 8, the b a n d profiles of the three bands are not sym-
metrical in all cases. Asymmetrical bands were ap-
proximated by a sum of two or three symmetrical bands . 
The max imum absorpt ion coefficients a^^xc = 3550, 
2800 c m ~ ' ) , the N R A resuUs, and the water con-
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Figure 8. IR absorption coefficient spectrum of glass no. 5 
(water-enriched) separated into three bands and introduction of 
«meas ^ud «calc-

Table 4. Comparison of water contents deduced from IR meas­
urements using the two-band method by Scholze and from 
NRA 

glass 
no. 

IR 
«calĉ^ 
(V3550) 
in cm~^ 

IR 
«calĉ^ 
(V28O0) 
in cm~ ̂  

IR 
c(H20)4) 
in mol · 1 

NRA 
c(H20) 

^ in mol · 1-1 

1 0.31 0.62 0.010 0.012 
2 0.56 0.95 0.016 0.019 
3 0.71 1.45 0.023 0.027 
4 2.66 4.91 0.082 0.078 
5 5.47 8.85 0.157 0.164 

6 0.07 0.49 0.0054 0.0072 
7 0.14 0.80 0.0090 0.010 
8 0.44 2.32 0.027 0.036 
9 2.72 11.68 0.142 0.149 

SLS 
glasses 

PLS 
glasses 

«caic (V3550), «caic ihsoo)' maximum absorption coeffiicient of 
the IR band at about 3550 cm^^ (2800 cm~0 after band Sep­
aration, spectrum of the theoretical "water-free" glass sub-
stracted before. 
c(H20): water concentration within the glass calculated using 
the two-band method by Scholze [8], calculated according to 
formula (3). 

centrations obta ined by I R using the two-band method 
are summarized in table 4. The results of the two-band 
method are plot ted versus the water concentrat ion ob­
tained by N R A in figure 9. All measured points in this 
diagram are ar ranged near or on a line corresponding 
to the equation ^^^(HsO) = 0.958 γ Ν ^ ^ ( Η 2 0 ) . Tha t 
means, the results of the two-band method using the ex­
tinction coeffiicients given by Scholze agree quite well 
with the N R A results as well for SLS as for PLS glasses. 
In the PLS glasses, the fraction of "free" (very weakly 
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Figure 9. Water concentration of SLS and PLS glasses deter­
mined using IR spectroscopy and the two-band method by 
Scholze versus water concentration of the glasses by N R A 
measurements. 

associated) O H groups is found to be m u c h lower t h a n 
in the SLS glasses, in accordance wi th the obse rva t ions 
by Scholze [23] on b inary alkali silica glasses. 

T h e a u t h o r s ' investigations show tha t N R A is very 
well-suited for the de te rmina t ion of the to ta l wa te r con­
tent in glasses and thus , also for the cal ibra t ion of t he I R 
spect roscopy results. T h e pract ical ext inct ion coefficients 
found in this way are well applicable to the d e t e r m i ­
na t ion of the water con ten t of glasses of the s ame qua l i ­
tative compos i t ion . But table 2 also shows the l imits of 
the applicabili ty of pract ical ext inct ion coefficients: they 
mus t be de te rmined for each type of glass again . H o w ­
ever, as the results of this work on glasses wi th different 
ne twork modifier cat ions ( sod ium a n d po ta s s ium) show, 
the two-band m e t h o d by Scholze [8] seems to be sui ted 
for the de te rmina t ion of water in glasses of different 
compos i t ion . 

T h e results ob ta ined u p to n o w lead to the con -
clusion tha t the m e t h o d of de te rmina t ion of wate r con ­
tents of glasses from their I R spectra developed by 
Scholze already in the fifties is the best m e t h o d still t o -
day. In future, the applicabili ty of the t w o - b a n d m e t h o d 
to o the r types of glasses, especially t o such of p rac t i ca l 
interest (see e.g. [24]) will have to be examined by de te r ­
mina t ion of the to ta l water con ten t wi th nuclear reac­
t ion analysis. 
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