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Th e resul ts of com parat ive stu dies of the e˜ect of hydro genation upon

structural and optical prop erties of the commercial soda -lime silicate glasses
dop ed either w ith mono valent silver or copp er have been presented . T he sam-
ples were characterised by means of the scanning and transmission electron
microscopy and the U V -V IS-I R absorption spectroscopy . I t has b een show n

that the annealin g of suitably ion- exchanged specimens in gaseous hydrogen
atmosphere could b e considered as an e˜ective pro cedure for obtaining com-
p osite materials of expected prop erties correlated with the induced changes

of the morphology of both the glassy matrix and the dopant.

PACS numb ers: 61.43.Fs , 64.75.+ g, 68.37.Lp, 78.20.{e, 78.40.H a

1. I n t rod uct io n

D uri ng the last years, com posite glasses conta ining nanoclusters of either
noble or tra nsiti on metals have been ra ised a lot of interest owi ng to thei r poten-
ti al opti cal appl icati ons. The nonl inear opti cal susceptibi l i ty and the pi cosecond
response ti me at hi gh exci tati on intensi ti es of such com posites are com parabl e
wi th tha t characteri stic of crysta l l ine m ateri als [1{ 3]. For thi s reason, i t is of fun-
dam ental im porta nce to develop pro cessestha t allow contro l l ing the size, shape,
concentra ti on and di stri buti on of the m etal { clusters inside the glassy m atri x.

Prel im inary investigati ons of com mercial m ulti com ponent soda-l im e silicate
(SLS) glassesexchanged either wi th m onovalent silver or copper have shown tha t
the structure- sensi ti ve properti es of such m ateri als could be a˜ected by both the
m icrostructure of the glassy m atri x and the peculiar behavi our of the quantum
dots related wi th the dopants [4{ 7].

(559)
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One of the most used to ols for inv estigati on of such systems is the opti cal
absorpti on (OA) spectroscopy. The surface plasmon resonance band (i ts shape and
positi on), exhi bi ted by the embedded meta l nanocl usters, give inf orm ati on on the
structure and di stri buti on of the nanoclusters as well as on di electri c functi ons of
the m etal and m atri x form ing the composite. Transmission electron microscopy
(T EM)- observati ons are also of great importa nce f or studi es of the doped SLS
glasses.

T o obta in an insight into the processeswhi ch contro l the structure- sensiti ve
pro perti es of SLS glassesexchanged either wi th silver or copper ions, OA- m easure-
m ents were accom pani ed by TEM- observati ons and selected area electron di ˜ra c-
ti on (SAED ) as well as hi gh resoluti on tra nsmission electron m icroscopy (HRTEM)
analysis. The aim of the work described was to compare the e˜ect of hydro genati on
up on the m icrostructure and opti cal absorpti on of doped SLS glassesof di ˜erent
ori gin.

2 . Sam pl es an d exp er im ents

Two typ es of comm ercial multi component SLS glasses, the compositi on of
whi ch corresp onds to the m iscibi l it y-gap in the SiO2 À Na 2 O system [8], have been
used. The m ain com ponents of both glasseswere as fol lows (in m ole %): SiO2 / 74,
Na 2 O/ 13, Ca O/ 6.4, and Mg O/ 4.5. Di ˜erent glass-m aking procedures resul ted in
slightl y di ˜erent contents of the Al , Fe, Mn, and K ions in glasses of typ e I (pre-
pared as 1 m m-thick sheets) and I I (prepa red as 5 m m -thi ck plates). Opti cal char-
acteri stics of these materi als in the as-prepared state are shown in Fi g. 1. Glasses

Fig. 1. T he optical absorption of SLS glasses I (curve 1) and II (curve 2) in the U V

spectral range; the inset show s absorption related to the dopants (F e) and impuriti es

( N i/ Mn) present in these glasses.
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of typ e I wi th lesspota ssium and no m anganese have been exchanged wi th silver
ions, whereas glasses of typ e II gave the copper-exchanged composites.

The ion-exchange pro cedure com pri sed di ppi ng of the host m atri x in the
respect ive m etal sal t bath. Ei ther m ol ten AgNO 3 at 670 K or Cu 2 Cl 2 at tem per-
atures between 720 K and 940 K for di ˜erent ti m e interv als have been used; for
m ore deta i l see [6, 7]. The copp er was also intro duced by empl oyi ng the CuCl 2

bath. The concentra ti on of exchanging ions insi de the glass-m atri ces wa s m on-
i to red by the Phi l ips scanni ng microscope (SEM 515) wi th a roentg enographic
analyser (ED AX 9800) worki ng at 20 kV. Penetra ti on proÙles of the sodi um , sil-
ver, and copper ions inside the glassesof typ e I and I I are shown in Fi gs. 2 and 3,
respect ively. In the case of the copper-exchanged glasses of typ e II, the character
of the proÙle depends on the exchange tem perature but not on the typ e of the
sal t- bath (Cu 2 Cl 2 or CuCl 2 ) used for the exchange process. Al so hydro genati on of
sam ples is not changing the qual i ta ti ve character of the penetrati on pro Ùles.

Fig. 2. C oncentration of the sodium (part a) and silver (part b) ions versus their

p enetration depth in glasses of typ e I.

Af ter ion exchange, the specimens have been annealed in a conti nuous stream
of dry hydro gen at temperatures ranging between 373 K and 773 K at the atm o-
spheri c pressure. In a typi cal exp eriment, the sam ple was Ùrstl y Ûushed wi th hy-
dro gen at room tem perature (RT) for 30 m in. Then, it was heated in the hydro gen
(heati ng rate was between 6 deg/ m in and 20 deg/ min) up to the requi red tem per-
ature. The anneal ing ti m e ranges between 1 m in { 50 h. Af ter hydro genati on, the
sam ples were either quenched or slowl y cooled to RT wi tho ut passivati on.

Some of the silver-exchanged and hydro genated glasseshave been deform ed
in a hom e-made apparatus [9]. The sampl ewa s dri ven at di ˜erent velociti es (1500{
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Fig. 3. Concentration of copp er (Â ; r ) and sodium (full Â , full r ) versus their p en-

etration depths in samples I I exchanged at 723 K (part a), 833 K (part b), and 943 K

(part c) w ith mono valent copp er, resp ectively . T he up- and dow n-triangles corresp ond

to the data ta ken for tw o surf aces of the exchanged samples.

2 0 0 ñ m/ m in) thro ugh a narrow heati ng zone (about 37-m m long) at 873 K under
a constant load equal to 98 N.

Opti cal absorpti on of the glass-sam ples was m easured at RT in the range
between 250 and 2500 nm by using a Vari an (Ca rry 5E) spectro photo meter. For the
deform ed sam ples l inearl y polarised l ight in a di recti on para l lel or perpendi cular
to the tensi le axi s was used.

For electron m icro scopy studi es a tra nsmission electro n m icroscope (TEM,
Phi l ips-CM 20) was used at 200 kV wi th 0.24 nm point- to -point resoluti on. Shad-
owed carbon- and extra cti on-repl icas have been prepared f rom sam ple surf aces
selecti vely etched in di luted water soluti ons of HF. The HR TEM and SAED anal -
ysis accom pl ished the TEM- studi es.

3. R esul t s an d d iscu ssio n

3.1. Phase separat ion

It has been stated tha t glasses of typ e I are separated into two phaseswi th
a rem ark able di ˜erence in the chemical dura bi l i ty . Thi s phase-separati on pro ba-
bl y occurs al ready duri ng the glass-making pro cedure. Thei r etchi ng was possible
wi th rather weak (hydro Ûuoric acid (HF) + water)- soluti ons. From shadows of the
repl icated surfaces it was inf erred tha t the com positi on of the dispersed phase is
low sil ica, whereas tha t of the m atri x phase is the high silica one. The separated
parti cl es have been tenta ti vel y ascribed to Na2 O- rich parti cles. Af ter hydro gena-
ti on secondary phase separati on phenomena were detecte d, and the new elements
of the glass structure were etched together wi th the ori ginal ly separated phase
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suggesting tha t both are of comparable chemical dura bi l i ty and pro babl y also of
sim i lar compositi on.

The glass of typ e I I was separated into phaseswi th a less pronounced di ˜er-
ence in the chemical dura bi l i t y, and stronger (HF + H 2 O)- soluti ons were requi red
for thei r etchi ng. The di ˜erence in the chemical dura bi l i ty of both SLS glassescould
be the consequence of the di ˜erences in chemical compositi on of the phasesand in
techno logical parameters of the glass-maki ng pro cedures. Mo reover, the presence
of K 2 O probably reta rds the phase separati on sim i lar to the e˜ect observed for
colorati on of these glasses[10].

3.2. Struct ural charact er ist ics obtained from transmi ssion elect ron mi croscopy

For the sake of clari ty , the TEM- observati ons are presented as Ùrst, since
they show directl y the structura l changes, whi ch could a˜ect the OA data of the
doped SLS glasses.

Fi gures 4 and 5 present typi cal sets of TEM- m icrographs of the carb on repl i-
cas obta ined for specim ens I. There are shown the matri x m orpho logy (Fi g. 4)
and the behavi our of silver (Fi g. 5) in these glassesafter hydro genati on (parts b
in both Ùgures) and after deform ati on (parts b and d in both Ùgures). Anneal ing

Fig. 4. C haracteristic T EM- micrographs of etched glasses I. T he matrix- morpholog y

is show n for not deformed (lef t column) and deformed (right column) samples in the

as-prepared state (part a) and after hydrogenation (parts b{d).
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Fig. 5. C haracteristic TEM- micrographs of etched glasses I. Silver particles are show n

for not deformed (lef t column) and deformed (right column) samples in the as-prepared

state (part a) and af ter hydrogenation (parts b{d). T he insets present electron di˜ractio n

patterns related to silver particles, the shap e, quantity , and size, w hich are di˜erent in

samples treated in a di˜erent w ay.

in hydro gen yi elds an increase in size of Na2 O- rich dro plets, the secondary phase
separati on and reducti on of the silver ions to ato m s. Subsequent di ˜usi on of these
ato m s leads to the f orm atio n of spheri cal Ag -nanoparti cles. Thei r size increases
wi th anneal ing at T Ñ 6 7 0 K, probably as a consequence of the Ostwa ld ri pening.

Esp ecial ly interesti ng are the e˜ects of deform ati on of these specim ens. The
largest silver parti cles becom e elongated in the di recti on of the sam pl e-tensi on,
whi lst the smal lest remain not deform ed in the surro undi ng of the deform ed ones.
The stretchi ng a˜ects parti cles wi th a diam eter larger tha n 5 ñ m , interpreted as
a thresho ld size, at least for the stresses used in the described work. Thi s bim odal
size-distri buti on and the change of spheri cal silver parti cles into pro late spheroids
im ply new appl icati ons of such com posites.

For the copper-doped and hydro genated glasses I I, the parti cles are of var-
ious shapes and size (see Fi g. 6). The smal lest parti cl es are nearl y of equal size
and spheri cal in shape, whi le the largest are i rregular in shape and exhi bi t the
presence of many stacki ng faul ts. Accordi ng to the electron di ˜ra cti on pattern,
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Fig. 6. TEM- micrographs of the etched surf aces of glass I I exchanged with copp er.

T he matrix morphology (part a), copper- nanop arti cles (part b) and the H RT EM- picture

(part c) w ith the lattice elements of crystalli ne Cu- and C u2 O-nanoparticl es are show n.

crysta l l ine Cu- and Cu 2 O-parti cles have been evi denced in these specimens. The
smal l parti cles enti rely correspond to Cu 2 O, seethe fri nges B 1 / 0.302 nm related to
(110) pl anes and the B 2 / 0.247 nm / (111) ones. The largest parti cles are composed
of the m etal l ic Cu- core, see fri nges A/ 0.209 nm =(1 1 1 ), surro unded by a layer of
semiconducti ng Cu 2 O, see fri nges B 2 =0 : 2 4 7 nm / (111) and B 3 / 0.214 nm / (200). It
seemed reasonabl y to supp ose tha t the col loida l Cu- parti cles form ed duri ng hy-
dro genati on are hi ghly reacti ve wi th respect to the surro undi ng ai r-atm osphere.
Accordi ng to our kno wl edge, thi s is the Ùrst evidence of the form ati on of col loidal
Cu 2 O nanoparti cles in ion-exchanged SLS glasses. Thi s coul d be interesti ng for
studi es of the quantum conÙnement e˜ects tha t are exp ected when the nanopar-
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ti cles are small enough. Mo reover, prepa rati on of semiconducti ng-nanostructures
in a glassy matri x can be expl oi ted for obta ini ng novel glass-ceram ic m ateri als.

3. 3. Opti cal absorption spect ra of t he mi crost ruct ur al ly ani sotropi c glasses

Opti cal absorpti on spectra of the ion-exchanged and annealed glassesI and I I
are shown in Fi gs. 7 and 8. There are shown the spectra of as-prepared (curves 1
in both Ùgures) and hydro genated (curves 3{ 5 in Fi g. 7 and curves 2{ 5 in Fi g. 8)
sam ples. In the latter case, the OA bands are located at about 420 nm and at
about 560 nm . These bands corresp ond to the surface{pl asmon resonance of the
Ag - and Cu- parti cles, respecti vely [11, 12]. W i th an increase in annealing T , the
absorpti on related wi th the copper and silver nanoparti cles showed a blue shift,
whi ch can be attri buted to the change in parti cl e size and/ or vo lume fracti on.

Fig. 7. Optical absorption spectra of glasses I in as-prepared (curve 1), exchanged w ith

silver (curve 2), hydrogenated after exchange (curve 3), and deformed af ter exchange

and hydrogenation (curves 4, 5) states. T he 370 nm- shoulder (see curve 2) relates to the

presence of atomic silver. For the deformed samples light polarised either perp endi cul ar

(curve 4) or parallel (curve 5) to the tensile axis w as employed.
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Fig. 8. Optical absorption spectra of glasses I I exchanged w ith mono valent copp er at

723 K and isochronally (5 h) annealed in a hydrogen atmosphere. Curves 1, 2, 3, 4,

and 5 corresp ond to as-prepared (1), annealed at 373 K (2), 473 K (3), 573 K (4), and

673 K (5) samples, resp ectively .

Fi gure 7 (part a) shows opti cal absorpti on of the SLS glasses of typ e I be-
fore the ion exchange (curve 1), after exchange (curve 2), and af ter hydro genati on
(curve 3). In the last case, the 420 nm -band is characteri stic of the spheri cal silver
col loids yi elding a yellow-browni sh colorati on of the glasses.The silver- species are
characteri sed by the band-positi on (Ñ ), the area under the band (g ivi ng the con-
centra ti on) and the parti cle diam eter (2 R ) obta inable from the empi rical rela ti on
between Ñ and the hal f-wi dth of the absorpti on band (£1 = 2 ) [13]. It has been found
tha t the di ameter of the nanosized Ag-parti cles is between 2 and 11 nm increasing
wi th the di stance from the exchanged surface.

The part b of Fi g . 7 givesthe OA spectra induced by deform ed silver nanopar-
ti cles and m easured wi th l ight l inearl y polari sed in a di recti on para l lel (curve 5)
and perpendi cular (curve 4) to the tensi le axi s. The separati on of the detecte d
bands increasesby increasing the deform ati on degree, i .e. by increasing the eccen-
tri city of the pro late spheroida l silver parti cl es.Mo reover, for sam ples annealed in
hydro gen a doubl ing of the long Ñ -band into two Lorentzi an components occurs,
suggesting som e periodi cal size and/ or shape changes (m odulati ons) of the par-
ti cles. The weaker band, located at the shorter wa velength, coul d be related to
the smal l spherical silver parti cles, whi ch are not a˜ected by deform ati on; see the
resul ts of TEM- observati ons.
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T o interpret the OA- spectra of copper (Fi g. 8), one has to emphasise tha t
after exchange, copper in the SLS glassesis present in the form of cupro us (+1 ) and
cupri c (+2 ) ions. Onl y the cupri c ions create colour centres wi th a bro ad absorpti on
band (at about 780 nm ) induci ng the blue/ green colour of the glasses. The shift
of the fundam ental absorpti on edge to wards lower energies is pro babl y due to
the presence of an absorpti on band related wi th cupro us ions. Hydro genati on of
sam ples at T Ñ 5 7 0 K resul ts in the form ati on of ato m ic copper in a surface layer
who se thi ckness increaseswi th ti me and tem perature of hydro genati on. The copper
nanoparti cles induce a red/ ruby colour of sam ples, and thi s colour is related to
the nonsym m etri cal absorpti on band located at about 560 nm due to the surface
pl asmon resonance of the col loidal m etal nanoparti cles [11]. The evoluti on of thi s
band wi th increasing reducti on ti m e and/ or tem perature reÛects the changes in
size of these parti cles. The bro ad absorpti on band, located at the hi gh-energy side
of the col loida l-Cu2 + -band has been attri buted to the presence of nanosized Cu 2 O
parti cl es shown by TEM observati ons. Accordi ng to our kno wl edge, i t is the Ùrst
evi dence of the form ati on of col loida l Cu 2 O-nanoparti cles in the SLS-glass m atri x.
It could be interesti ng for studi es of the quantum conÙnement e˜ects tha t are
exp ected when the semiconducti ng-parti cles are small enough.

4. Co n cl u d i ng r em ar ks

Co mbined opti cal absorpti on and electron micro scopy studi es demonstra ted
tha t the colour changes of doped SLS glasses are contro lled by the ini ti al reduc-
ti on of the dopant- ions to the ato mic state and by subsequent di ˜usi on of the
ato m s to the growi ng nucl ei whi ch increase in size wi th the ti me of trea tm ent. The
extra ordi nari ly stro ng polarizabi l i ty of the m etal clusters at the surface plasmon
frequency could result in m ark ed nonl inear properti es of such composites.

The presence of a secondary phase separati on in these glasses instead of a
parti al devi tri Ùcati on, characteri stic of pro longed appl icati on of electri c Ùeld [14]
or i rradi ati on [15], suggests tha t the perm eati on of hydro gen al lows not only the
reducti on of the dopant but a lso a˜ects the glass-netwo rk. Ho wever, the form ati on
of free hydro xyl ions, suggested in the l i tera ture, e.g. [16], was not evidenced. In-
stead, i t seems be reasonabl e to assume tha t the oxi dati on of monovalent copper
ions inside the m atri x and/ or at the glass-surface is of great importa nce. D uri ng
reacti on of the typ e: 2Cu+ + 2Na + + " oxyg en" ) 2Cu++ + Na2O, new am orpho us
Na 2 O parti cles ari se givi ng the secondary phase separati on detected by TEM ob-
servati ons. For conÙrmati on of thi s hyp othesis, further work is necessary .

The step-l ike penetra ti on proÙle, detected for suita bly copper-exchanged
glasses, and the deform ati on- induced di chroism of the opti cal absorpti on of the
glassesconta ining col loida l silver parti cl es could be expl oi ted for new appl icati ons,
especial ly in the Ùeld of integrated opti cs.
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