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ABSTRACT

Deconvolution method isapplied to infrared (IR) absorption spectraof some
prepared undoped and transition metals doped soda-lime-silicate glassesin
theregion of 400-4000 cm2. IR spectrawere analyzed to determine and dif-
ferentiate the various vibrational modes by applying the deconvolution
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method to the IR spectra from which the first sight reveals close similarity
between the different transition metals (TM’s) -doped samples, but careful
inspection indicates some minor differences depending on the type of TM
ions. These observed data are correl ated with the similarity of the 3d orbitals
inthe neutral atoms and when the atoms areionized, the 3d orbitals becomes

more stable than the 4s orbitals.

1.INTRODUCTION

Vibrational spectroscopy hasbeen employed over the
|ast decadesto investigate the structure of glassesand
specifically theidentification of the main structural
groups*4. Infrared spectroscopy, in particular, was
proven very useful becauseit providesameansto de-
terminelocal structureof building unitswhich consti-
tutesthe glassnetwork, some of the propertiesof the
steshosting themodifying metd cations, and theinter-
actions between charge carriers and network seg-
ments®,

Over thefull scale, quantitative IR spectroscopy
comprisestwo stagesof spectrumtrestment implyinga
reconstruction of the spectraand the description of the
spectrum under study intermsof individual band pa-
rameters.
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Over thelast few decades, great importance has
been devotedfor glassdoped withtranstion metd ions
because of theintens ve spectroscopic propertiesof their
3d electrond®”. Thephysica properties, viz, eectricd,
optica and mechanicd properties®? of varioustransi-
tion-meta ionsdoped glasses have been under investi-
gationin recent yearsin view of their technological ap-
plicationsespecially inlasers, phosphors, solar energy
converter, plasmadisplay panelsand in anumber of
electronicdevices.

Theloca network structureand formation of glass,
though being studied for decades, aredtill puzzling prob-
lems?. Liquidsor melts quenched with different cool -
ing rate, or having different thermal histories, provide
glasseswith different structuresand properties®®. The
local structureof silicate glassesisrather well known,
the“building units” are similar to that of the crystalline
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counterparts (SO, tetrahedra), but at intermediate
range, thetetrahedraarelinked together in adisordered
or non-periodic fashion with abound angle distribu-
tion, which hasbeen shown to depend onthermal his-
tory inglassy silicd™. Modifiersinducebreaking of in-
ter-tetrahedral bounds. Thisphenomenonisoftenre-
ferredtoas ‘depolymerization’ of glassy network. Not
much informationisknown about thestructureat larger
scale,

Sodalimesilica(SLS) glasses have been known
for ther highinsulating properties*, good and accept-
able mechanical®'2'4 and chemical propertieg®1519,
Also, they have been used asradiation-sensitive do-
smeter glassesdoped with transition meta iongd*"*8 or
rareearthiong®®, SLSglassesare attractivematerias
for thefabrication of low cost integrated optical ampli-
fierd'¥ and other commercial tableware and sheet
glasses.

ElBatal, F.et al?2% measured the IR absorption
spectraof undoped and Ni- or Co-doped ternary sili-
cate glassesand concluded that thel R absorption spec-
tradightly changewith theintroduction of TMsoxide
and themain structural building vibrationsdur tomain
slicategroupsareidentical . They attributed the dight
changeto thelow doping level content (0.1%) of NiO
or CoOtothebasesodalimesilicaglass.

Themain objectiveof thiswork isto study thein-
frared absorption spectraof nominally pure undoped
and transition metal s-doped (3d: Ti—Cu 0.1%) soda
limeslicate(SLS) glassesintherangefrom 400t0 4000
cm?,

2.EXPERIMENTAL

2.1. Preparation of glasses

Glassesof thesodalimesilicasystemwiththeba:
sic composition SIO, 75% - Na,0 15%, CaO 10%
(mol %) undoped and transition metal doped samples
of thesamenomina composition were prepared from
chemicaly pureraw materias. PulverizedA. R. qudity
quartz was used asthe source of silicawhilesodaand
limewere added intheform of their respective anhy-
drous carbonates. 3d transition metals(Ti—Cu) were
added (0.1%) separately to therespectivebatchinthe
form of their oxidesin each batch, respectively.
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The prepared batchesweremeltedin platinum cru-
ciblesinan dectricfurnaceat 1400° + 10°Cfor 2 hours
after thelast traces of the batches had disappeared.

Each melt wasrotated several timesevery 30 min-
utesto promote homogeneity. Themeltswerecast into
preheated stainlesssted moldsin therequired dimen-
sions. The prepared glass sampleswereimmediately
transferred to an annealing mufflefurnaceregulated at
450°C. After 1 hour, the muffle was switched off and
thesampleswereleft to cool inddethemufflegradudly
at arate of 30°C/hour to room temperature.

2.2. Infrared absor ption measurements

Infrared absorption spectral measurementswere
carried out on powdered glass samplesdispersedin
KBr asamatrix material by afixedratio 1:100 at the
same conditions. IR measurements were performed
using aspectrometer (Jasco-Japan) with instrument
resolution of about (1 cm®), inthewavenumber region
from (400-4000 cnm?).

A quantitativeandysisfor theinfrared spectrumhas
been carried out by acareful deconvolution of theab-
sorption profiles utilizing a computer based
program[ PeskFit program] which definesahidden pesk
asonewhichisnot respongblefor aloca maximumin
thedatastream. Thisdoesnot mean that ahidden peak
isnot discernibleto your perception. (Jandel scientific
peakfit, copyright© 1990 AISN Software.)

First IR spectrawere corrected for the dark cur-
rent noi sesand background using two point baseline
corrections. Many successivetrialshave been carried
out using different band shapes until best fitted data
obtai ned using spectra Gaussian peaks. The position,
full width at half maximum (FWHM) and intensity of
each band are adjusted automatically by the program,
on the basisof the minimization of thedeviationsbe-
tween experimental and simulated spectrum.

Band deconvolution of infrared spectra

A number of studieshave used curve-fitting tech-
nique to separate unresol ved bandsinto several com-
ponents?224,

In non-periodic or disordered systems, adistribu-
tion of individual geometriesexists, whichresultsina
distribution of vibrational wavenumbers. At the same
time, avibrationd coupling with somedegree of coher-
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ence between vibrating unitsisexpected, which a'so
affect the observed band shape.
Inorder that thefit beasredlisticaspossible, itis
found profitableto useinthefirst sageaminimum num-
ber of bands corresponding to the number of distinct
featuresobserved in theexperimenta spectrum suchas
resolved maximaand well devel oped shoulders. To
improvethefit, inthe second stage, weaker bandsare
added which obey thefollowing criteria
a. ThelR spectrum revea ed an asymmetric modethat
could be present in the Raman spectra.

b. Totakeinto account the structura groupspresentin
gmaller quantitiesfor acompaogtion butinlargequan-
titiesfor another one.

2.3. Density measur ements

Thedensities of doped and undoped glasseswere
determined by theArchimedesmethod using xyleneas
abuoyancy liquid, thetwicereproducibility of there-
sultsare+ 2%.

3.RESULTSAND DISCUSSION

Figurelillustratesthefull asmeasured IR absorp-
tion spectrabefore any treatment of the undoped and
TM-doped sodalimesilicate glassesextending from
400-4000 cnt. Thewhol e spectrum of dl the samples
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Figurel: IR absor ption spectraof sodalimesilicateglasses
undoped and doped with first raw transition metal oxides
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seemsto berepetitiveto that obtained from the base

undoped glass. Also, it isobviousthat the spectrum as

awholeisdivided into two sections, thefirst onecom-
prisesthe main sharp distinctiveand characteristic ab-

sorption bandsextendinginthemid IR region from 400

to about 1400 cn?, and the second part revealsonly

small peaks, two peaks at about 1450 and 1640 cm'?

and two other small peaks at about 2840 and 2950

cm* followed by abroad band within thefar IR region

centered at about 3480 cnmt. Someof the curves show
an additional small band around 2400 cm'™.

Itisevident that the spectrum existing from 400 to
1400 cmrt comprisesthe absorption dueto main sili-
cate network groupsvibrationswith different bonding
arrangements and therest of the spectrum from 1400~
4000 cnrtisobvioudy (pertaining) consisting of vibra-
tionsdueto water, hydroxyl, SIOH or similar groups.

Basiccharacterigticsof slicateglassesstructurehave
generally been agreed upon*222, Earlier IR spectro-
scopic studieson akali silicate glasseshavereveaed
that the structure of such glassesisgenerally indepen-
dent upon the content of theakali oxideand the consti-
tutionretainsthetetravaent vadencefor themanslicon
ion™224, Thefundamental building block isthe SO,
tetrahedrd unit, dl the oxygensare shared betweentwo
tetrahedra, forming afully polymerized network?. Al -
kali (Na") or alkaline earth (Ca?*) cations act as net-
work modifiers, bresking bridging oxygen bondstoform
non-bridging oxygens(NBOs) and residing insitesin-
terdtitid totetrahedrd network inthevicinity of thenega:
tively charged NBOs.

The principle absorption frequenciesusually ob-
servedin sodalimeslicateglassesareidentified asfol-
| OWS, [1,2,18,22-25]

1. Bandsat 400-505 and 600 cm®, aregenerally cor-
related with S-O-Si and O-Si-O bending modes.

2. Bands around 770-820 cn?, are attributed to Si-
O-Si symmetric stretching of bridging oxygen be-
tween tetrahedra.

3. Bandsaround 970-1095 cm?, arerelated to Si-O-
S antisymmetric stretching of bridging oxygenwithin
thetetrahedra.

Regarding the other absorption bandsintheregion
1400-4000 cm', different authorshave correlated the
observed bandsasfollows; 2528
1. Band at 1460 cm’?, isrelated to carbonate groups.
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2. Band at 1640 cm?, can berelated to molecular water
or hydroxyl related band.

3. Bands around 2800-2980 cm, are attributed to
asymmetric and symmetric stretching modes of in-
terdtitial H,O molecules.

4. Bandsaround 3400-3500 cm'?, are dueto molecu-
lar water.

5. Bands around 3600-3950 cmt, are attributed to
different stretching modesof silanol Si(OH) groups.

Experimentd IR dataindicatethat only very small
variations are observed when transition metal oxides
are separately introduced i nto the composition of the
glasses. Thesesmall changesarenot in asystematic
order in correspondenceto the number of unpaired eec-
trons (3d"level) or to the atomic number of the respec-
tivetransition meta cation asshownin TABLE 1and
theexperimentd IR spectraareredized and interpreted
inthefollowingpoints

1. Themainabsorption bandsof dopedtranstionmetals
aredmost thesameindicating that structurd slicate
unitsare persistent without any indication of varia-
tion with theaddition of any transitionmetd at low
doping level (0.1%).

2. Eight peaks could be identified by the use of the
deconvolution processtakinginto consderationthe
first derivativeof the spectrum and literature survey
for previouswork insilicateglassesand usng aver-
age position and minimum number of bands deter-
mined.

Eight peakscould beidentified at thewavenumbers

(cnd).

Peak Peak Peak Peak Peak Peak Peak Peak
QO @ B @ OB ®’ @O ®
449- 488- 640- 725- 779- 924- 1023- 1153-
468 512 668 758 793 936 1040 1174

3. The area under the peaks mostly decreases from
peak 1to 5thenincreasesin both 6 and 7 followed
by adecreasein peak 8.

4. Thedifferenceinthe position of each of the eight
peakswith the nei ghboring peak rangesbetween 50
cm't - 150 en without constant or continuousvaria:
tion.

5. Themaximum differencefor each specific pesk with
thetransition metalsrangesfrom 16 cm - 21 cm'?
except the peak 3 and 4 which reaches 33 cm™.

The|R absorption spectraof the studied glasses
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Figure 2: (a) A typical deconvolution of IR spectra of
undoped SL Sglass; (b) Residual of IR deconvolution of

data of undoped SL Sglass

1380

TABLE 1: Transtion metal ionsand 3d"levels

Transition Transition Transition Transition
level (d") level (d")
) ! metal . ! metal
configuration configuration
Titanium (111), Manganese
1 Ti*® 5 (), Ti*?
3d Vanadium (1V), 3d [ron (I11),
V+4 Fe+3
2 Titanium (111), 6 Iron (1),
3d Ti+3 3d Fe+2
3 Chromium (I11), 7 Cobalt (I1),
3d Cr+3 3d C0+2
4 Manganese(l11), 8 Nickel (1),
3d Mn+3 3d Ni+2
o Copper (11),
3d Cu+2

appear to be somewhat complicated dueto their over-
lapping bands or nearby positionsand, from first sight,
appear to begenerally moreor lesssimilar for al stud-
ied samples. To realize and confirm that the network
structure is somewhat affected by the type of TMO
added, a quantitative analysis is carried out by
deconvol ution of theinfrared absorption profileutilizing
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Figure3: Atypical deconvolution of | R spectraof TM-doped SL Sglass
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the “Peak Fit” program. A typical deconvolution, in  sampleisillustratedinfigure (2-a) toreved thequdity
Gaussian bands, of an IR spectrum of thebase SLS  of fitted data. It isfound that the difference between
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TABLE 2: Density data of the soda limesilica glass (gm/cm?3)

C0,0, Ni,O, Cr,05 MnO, V.05
2.5016 2.5065 2.5082 25104 2.5001

Blank
2.4948

Fe03
2.5100

CuO
2.5083

Ti,03
2.5084

experimental and smulated curvesislessthan 0.05%
ascanbeseeninfigure(2-b). Itisfound to befruitful to
restrict thedeconvol ution treatment to the spectrum part
intherange 400-1400 cmr* whichisdueto themain
building silicatenetwork and omitting therest spectrum
comprising thebandsduemainly towater, OH groups.

It is obvious that O-Si-O and Si-O-Si bending
modes, exhibiting position lower than 500 cn gppears
inthefitted spectraat 460 cn? asprevioudly reported
by EfimoviZ39,

The presence of interstitial oxygenisseento be
characterized by aband at 515 cm* whichisknown to
bedueto vibrationa modes of anon-linear molecular
unit of Si-O-Si vibrationg®,

Therelativeintensity of the deconvoluted band at
660 cmtisstronginthisglassand can beattributed to
Si-O-Caasymmetric bending modethat existsinthe
glasswhichisin agreement with theexpected increase
innon-bridging concentrationintheslicanetwork which
isbdlieved to bedepolymerized by calcium. Thethree
shoulderswithinthis closerange aredueto the asym-
metry in the Si-O-Cabond distribution asarange of
environmentswhich can dso exist intheglassy materi-
as?.

Semi-empirical caculaionsof thespectraof akali
di-slicatecrystals point out that therange of the Si-O-
Si asymmetric stretches can extend down to 900 cn?,
whereastherange of SI-O stretchesnever extendsto
frequencieslessthan 1000 cm. Therefore, based on
thework of Mirogrodskii et a*¥, the above assign-
ment of the components should bereversed.

Thefundamental Si-O stretching band at ~1100
cmr isthe predominant structural bandin IR absorp-
tion spectrum of silicaglass. After the pioneering com-
putationa work of Bell et al.*, structurd modelswere
devel oped by variousresearcherswhich showed that
the position of the Si-O stretching band depends pri-
marily ontheaverage Si-O-Si bond angleintheglass
sructure.

The somewhat complicated absorption between
(800-1400 cm't) with one maximum and two shoul-
ders, whichmay beresolved into three Gaussian pesks
at nearly 930, 1020 and 1160 cm®, wherethelast two

peaksareattributed to asymmetric S-O stretching trans-

verseoptica modeand asymmetric S-O stretchinglon-

gitudina optical mode®.,

A changeinthefictivetemperatureand all other
physical propertiesisassumed and observed to be cor-
related withthestructural changesinsilicate glasses®”
which aredetected by ashiftinthe Si-O stretchingin-
frared band located at 1150~1170 cm'* by addition of
trangtion meta oxides.

Thequitesomewhat smilarity of thelR absorption
gpectraof thedifferent 3d transition meta -doped glasses
can becorrel ated with:

1. Theenergiesof the3d orbitalsintheneutral atoms
arequitesimilart® so that whilethe configurations
areof the 3d'° 4s' type, the exchange-energy stabi-
lization of filled and ha f-filled shdlsgives 3d° 4s! for
Cr and 30°4s! for Cu, whenthe atomsareionized,
the 3d orbita sbecomes appreciably more stablethan
thedsorbitalsand theionsall have 3d" configura:
tions.

2. The presence of 3d TMsin low doping percent
(0.1%) whichisvirtually not expected to cause any
obvious change regarding the number of themain
structurd slicatebuildingunitsor their arrangement.
Thetransition metal ionsare not expected to form
separate structural units. It can beassumed that the
trangtion metd ionsasthislow level behaveasnet-
work modifier and assuch their vibrational modes
arelocated intherange 100-400 cm* as other net-
work modifier (Na', Ca2*).

Density data

TABLE 2 depictsthedensty datafor undoped and
TM-doped samples. Itisobviousthat introducing any
of TM ionsto the base glasscompositionincreasesthe
density but thetabul ated datadid not show any specific
tendency or rel ation to the atomic number of thetrans-
tion meta or to the number of unpaired e ectronsinthe
3d subshells. Thisbehavior can berelated to thefol-
lowingfactors:

a. The percent of transition metal added (0.1%) is
seemingly low inthe doping level and cannot be
expected to cause obvious changein the network
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sructure.

b. The3dtransition metdspossessvarying possible
vdencdeswithinthehost sudied basesodalimeslica
glass. Most or even all of these TMsexhibit two
coordination states with different surrounding
oxygen’s which virtually affect the packing or com-
pactnessof the structure.

c. Thedensity valuesrepresent the massesfor each
volume unit for each glasswhich cannot beeasily
compared or represented especia ly when dealing
with dopinglevel content of TMs.
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