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Oyes. which are commonly used in the food induslry. werc incorporated al two different concelllrntiolls into SiO,! coatings prepared using
Ihe sol-gel I1lcthod. The optical absorption, Ihe excitation amI cmission spectra of the colored gl<lsScoalings were used to characterize the
optic<ll trnnsilions in lhe UV.Vis region. Thc rcsllhs reveal the existencc of discrete energy [evels in the systems stlldied. A simple qunnlllm
mechanical model is prescnted Ireating the organic molccules as l\Vo-dimensional potcntial wells for electrons. The analysis made give a
reasonahlc agrcemelll with the cxperimenlal oplÍc<l1transitions detcrmincd frOlll absorption t1lldcmission spcclra.

Kl'YIt'orc1s: Dye; sol-gel; coatings; emission and absorplion

Pigmentos org:ínicos comúnmente usados en la induslri<l alimenticia fueron incorporados en dos concentraciones diferentes a recuhrimientos
de SiOl prcpamdos usando el mélodo sol-gel. Los espectros de absorción óptica, lIe excitación y emisión de los recuhrimientos de vidrios
coloreados fueron utilizados para caracterizar las transiciones ópticas en el rango UV. Vis. Los resultados revelan la existencia de niveles de
energía discreta en el sistema estudiado. Se presenla un modelo mecánico.cuántico simple que trata ti las moléculas orgánicas como pOLOS
de potencial hidimensionales para e1eclrones. Los análisis hechos concuerdan razonahlemente con las transiciones ópticas experimenlales
determinadas de los espectros de absorción y emisión.

LJescriptort,s: Pigmentos orgánicos. sol-gel. recubrimientos, emisión y absorción

PACS: ~1.20.Fw: 7X.40.-q: 7X.55.Mh

1. Inlroduclion

During the Iwo last decades a considerahle amount 01' inves-
tigations have been carried out on sol-gel glasses doped with
organic and inorganic dyes. One of the main interests is lhe
application of these systems in the fabricalion 01' new tunahle
dye lasers {l-U]. An essenlial progress has heen developed
in the understanding of lhe oasic properties amI in lhe polen-
tial applications of lhese malerials [1-11]. It is now gcnerally
accepled Ihat ¡¡felime and stahility 01' dye molecules are en-
hanccd when lhey are embedded in inorganic malrixes 13J. In
particular. {he SiOl sol-gel glass provides a slable and cas-
ily made matrix for lhis purpose, In lhe lasl few years many
difTerenl types 01' organic and inorganic dyes have heen de-
veloped and only few of them have been investigated as ac-
live clements inside a stahle matrix. To our knowledge. no
attempts so far have heen made to utilize in lhis f1eld the well
knowll food dyes which are produced in hig ljuantities. are
cheap. and safe in handling.

Several models have heen used lO corre late the optical
properties 01' organic and inorganic dyes with lhe energy
spectra of lhe eleclronic cxcitations of the molccule. The
rnost frequent approaches are, the free eiL'r.:tron molecular or-
hital (FEMO) and lhe linear comoination 01' alomic orbital
(LCAO) [12-161. So me authors upply lhe eharge transler or
cxcilOIl conccpts lo analyze Ihe oplical clcclronic transitions

in organie dyes (9, lO, 1,]. Wilh the exeeption 01 lhe FEMO
model. al! lhe approachcs mentioned. demand lhe delailed
informal ion abouI lhe eleclronic molecular struclure of Ihe
dye. These model, are teehnicalIy eompliealed and require
a number 01' assumplions restricting their usage. Many of lhe
reports descrihing these models indicate some limilalions and
rOinl ollllhe need of further invesligalions.

The purpose 01' lhe present work is lo demonstrate lhe
possibility of incorporalion 01' some organic dycs. used in
lhe fnod indllslry. into Si02 coalings prcpared by the sol-
gel Illclhod. The oplical properties of lhese coatings have
heen investigaled hy measuring the optical ahsorplion and
Ihe emission and cxcitation spectra of samples having lwo
differcnt conccntralions 01' Ihe dyes. A model is proposed to
explain lhe observed oplical eleclronic transitions. Ihe model
considers the organic dye l110lecule as a two-dimensional
quantum wel!. It is fOllnd that lhe energy speclra of the 1r-

eleclrons. confined lo Ihe oox with constant polential inside.
agrccs wcIl wilh Ihe elcctronic Iransilions observed in the
Illeasurcd oplical spcclra.

2. Experimental: materials and methods

The colored glass films wcrc prepared hy mixing the precur-
sor soltJlion composcd oftctraethyl orthosilicate (TEOS), wa-
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FIGURE 2. Emission spcctra nI' the coatings containing diffcrent
oyes al 1% \\'1. concentration. 111C subscript in the Icttcrs that iden.
tify the typc nI" oye corresponds to the \••..avclenglh (nm) of the raoi.
¡¡[ion uscd for excitation. Thc inscrt al the uppcr right comer show
[he 700 11m emission bano excited with thc 488 nm ¡i!le 01"a He.Ne
I¡¡ser rOl" lhe Bk colorant al [hree difl"crcnt concentrations: 8.5.4 ..1
ano 1.8% w1.

all [he emission lines in Ihe near UV and in lhe visihle ranges,
¡he speclra were lllcasurcd lIsing radiation with a w<l\'elength
il1 lile range of 210 lo ,100 11m. rol' lhe cxcitation. In Fig.
2. Ihe emission spectra is labeled with the Iclters that iden-
tify Ihe l!ye incorporaled in Ihe coating and Ihe numhcr that
each Ic!ter shows, as suhscript, indicales the wavclength, in
nanolllelers, 01' Ihe radialioll lIscd for cxcitation. In all cases
lhe emission speclra excilcd wilh radiation having a wavc.
lenglh longer Ihan -100 nm. shO\v only Ihe hanJ al about 700
nm. \Vilh Ihe incrcase 01' the doping levels, Ihe individual
Illolccules inlernct among lhem; Ihe general resull nI' Ihis in-
teraclion shollld he a hroadcning anl! lowering of the encrgy
levcls liue to Ihe !llutual pcrturbalioll. This ellecl givcs a red
shift 01" alllhe excilatioll and cmission hands. An examplc 01'
Ihat is shown hy Ihe insert at Ihe lIpper righl comer 01' Fig, 2.
In that, (he iOO nm emission band exciled with Ihe ,188 nm
line of an Argon laser (Lexel !J;'j Ion Laser) ror Ihe Uk col-
oranl al threc dilfcrent conccnlraliolls: 8.5 .• 1.-1and 1.8% wt
is shown. As can he scen, Ihe position 01' thal hand !lloves
toward longcr wavelenglhs when lhc dyc concenlralion is in-
crcase(i .

Figure 3 shows the excitation ami optical ahsorption spec-
Ira. in the rangc uf 2:30-IO(j I1Il1 1'01' Ihe coatings conlaining
lhe R. B. G ami Bk dyes. Curves ¡;orresponding (o Ihe ex.
citalion slh:ctra have. as ¡¡ suhscripl, (he wavclcngth al Ihe
111.1 X illlurn inlensily 01" the urigi nalcd ernission hand in Fig. 2.
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FI(;URE 1. Molecular structure 01"Ihe investigateo oyes: The figure
shows the struclUre of the a) R. b) Bk. e) G ano o) Boyes.

•'. Reslllts amI disellSSi()1I

Figure 2 shows the typical cmission speclra, in the range 01"
:~(JO-S{){)nlll, rol' sol-gel coatings containing lile four investi.
galL'd dyes al Ihe coneenlralioll 01' 1% wl. In onler 10 ohserve

ler and elhanol. The elhano! to TEOS and water lo TEOS
l1lolar ratios werc 4: I amI I 1: l. respectively. The clhanol and
TEOS \"'ere mixed using magnelic slirrer ror U; minules. The
dyc was dissolved in waler ami added lo the cthanol-TEOS
¡Jlltlmixcd ror anolhcr 15 minules.

Pour ditlerent types 01' dycs \vcre used. Iheir molecular
struclures are depicted in Fig. 1, Ihe common names 01' these
dyes are: a) PD&C red No. 3 (crylhrosine), h) hrilliant hlack
BN. e) FD&C grccn No. 3 and d) FD&C hlllC No. 1; in Ihe
folluwing sections, these dyes will he denoled hy R, Bk, G
¡¡lid B. respectively. Notice lhal lhe molecular dilllensions of
dyes G and B are similar. Coatings with two different con-
celltratinns nI' Ihe dyes \\'('re used in Ihe starting so!tllinns. for
[hL' delails scc below.

To ealalyze the hydrolysis-condensation reactions. lhe
solution was acidified wilh He!. After mixing, the colored
slartillg solulions wcre placed al room telllperalure inside
a closcd stainless stcel container until its viseosily was' 01'
3 cenlipoises. \Ve have fUlInd that this is a proper viscosily lo
ohlain good quality coatings Oll glass slides suhslniles. Two
seh 01' s<.lmples were prcpareJ: one wilh 1 weighl perccnl and
[he olher wilh 10 weighl percenl 01' dye in dry hases, that is,
Ihe \\'cighl perccnlagc of lhe dye in Ihe cualing aftcr it has
hL'ell dried. The colorcd coatings 01' aboul XOO nm lhick werc
oh¡;¡ined whcn Ihe glass sllbstrate was illllllcrscd in Ihe solll-
[ioll lIsing a dip coating apparatlls ami removed al a COllstant
sJlecd 01' S.S lllm/s. AII films were dried al DOpe ror 1 hour in
an ovcn al atmospheric air condilions.

The room lemperature cmission and excilation spcctra
werc carricd out in a FllIoromcter Fluoromax SPEX. The 01"'-
lieal ahsorption spcctra \\'ere oblained using a UV- Vis spcc-
In)lllelcr Perkin-Ellller spectromeler Lambda 2.

1\('1'.Mn. ¡:ú. 46 (1) (:2()()O) h7-71
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TAHI.E 1. Experimental ellergy speclra (cV) for Jiffcrcnl dycs in
glZlss (oating". It shows lhe peak position frmll excilalion (Exc.).
Zlhsorptioll (Ahs.) :1I1dcmission (Ex.) spcctra.
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4.1. The n'l'tan~lIlar pott'ntial ,.•.l'Il

For rectangular 01' circular hoxes, this cquation then has
a tcxlhool\ sollltioll. \Ve shall 1001\ rOl' Ihe solulion \Vith Ihe

.¡. Orl(anic lIIoleClIle as a two-dimensional
'I"anhlm weJl

Lct the pOlel1lial energy inside lhe molecllle he el)ual (o zcro;
ils si/e is dClcrmined by lhe values L.r.y corresponding 10 lhe
axcs ".C" and "y". The Schrildingcr"s cqllation rOl" an electron
wilh a mass 111in lhis \\'cll is

( 1 )=EIj;._ 1/ (D''.'' 011')
'211I D.r'.! + Dy"!.

lions l.:orrcsponding lo a pOlential wcll with inlinile deplh. \Ve
lind this appmxima(ion lo he ovcr-simplified rOl' 1\\'0 rcaSOllS:
(1) lhe real dcpth 01' lhe molecular potcntial \Vell is compara-
blc lo lhe scparalion hClwcen lhe lowcr cnergy levcls and thus
is 1inile. and (::n lhe J110lccllles lIsllally are not linear, so lhe
real shape ollghl to he tal\ell inlD account. We will sho\\' lhat
taking these faclors illto accollnt illlltlediately leads to reslllts
dilTerellt (han those gi\'ell by the (radilional appmximalion
aJl(1 in hetler agrecmelll \vilh Ihe experiment.

In Ollr case (see Fig. 1), \\'e have consiJered the molecules
as two-dimcllsional pOlenlial wells. Por lhe molcclIle in
Fig. la. a circular shape has heen consitlered ano a rectan-
gular shape 1'01'lhe other lhree. The dcplh of Ihe wells is not
inllnile. so lhal ir is laken inlo account the finile probahilily of
an eh:ctron 10 he found oUlside the Illoleculc; this means lhat
Ihe hOllndary condilions are dilTcrent fmm those Iraditionally
lIsed. Belo\\' \Ve presel11 a simple descriplion 01' such a model
and its applicalion to lhe dyes stlldied.

The curves denolcd by the letlers without subscripts corre-
sponll to lhe ahsorplion speclra Illeasured lIsing op(icallr:lJls-
mission. These speclra wcrc only ob(aincd in (he range 01'
:3GO-700 nm.

Table 1 sho\\'s lhe posilion al the maximulll intensity of
the hanJs in the cxcilation, cmission and absorption spcclra.
COllsidering a simple absorption ami rclaxation proccss, onc
cxpects lhal Ihe energy valucs in Tahlc I correelly rc!lect the
clcclmnic Iransition in the organic lJ1oleclllc.

h is \viddy acecpled ¡:l..L 71 IhalIhe organic Illolcculcs
crnhcdded in Ihe sol.gel glass malrix are lrapped inside the
rores servillg as lhe solid Jiclectric cages. Dye molecu!cs
separaled fmm each olhcr exhihit an energy spectrurn, t.Ieler-
llIilled hy lhe molecular Slruclurc. which has to correspond lo
u'ansitions bClweelllhe t1iffcrent energy slates. Some of lhese
Iransilions can be detennincJ Illeasuring lhe ahsorptioll and
emission spectra 01" Ihcse molecllles. The concentration cf-
fccls could he accounlet.l rOl"on Ihe hases of lhe perturhation
Ihcory.

A simplest modcl lo delermine Ihe cnergy spcclra of
organic Illolcculcs is fhe "particle in Ihe hox" mollel.
This model considcrs the elcclrons delocaliled inside (he
Illolecllle, so thal Ihe molecular dimellsions delermine Ihe
spc<:tra 01' Ihe allowed ellcrgy values. This model has been
uscd hefore to eSlimate Ihe energy speclra of other lypes
of Illo!ccules r 12-15]. However, in mosl cases, lhe one-
dimcnsional approximation is uscd, with lhe boundary condi-

Fl(jUHE J. Excilalion and ahsorplion speclra ror coalings cOlll;lin-
ing ditTererll dycs al 1% 1,1,"1. conccnlralion. The suh"cripl in (he
leller" Ihal idl,'ntify (he lypc nI" dyc, correspnnd" to lhe wavelcnglh
(in 11m) 01"lhe originaled emission hand in Fig. 2. The curve" \\'ilh
!cUcrs wi(hou( subsc.:ript corrcsp0I1l.J lo lhe ahsorplion spcclr;¡

Re,'. M<'X. rú. 4(. ( 1) (20()(J) 67-71
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variables scparatcd:

1.5.15 0.959

.1.729 3.154 2,19~

4..105 .1.729 2.77 0.576
5.264 ~.MW .1.729 1.535 0.959
9.945 9 ..169 8.41 6.215 5.64

1052 9.9-l5 8.985 6.791 6.215

1t.48 1IJ.904 9_945 7.75 7. t75

EI,2 1.128

EI.1 .1.0118 I.XX

E'l.1 2.1>7 1.542 0338

E:.!,:.! J.79X 2,(17 0.79

1::2,"\ 5.678 4.55 2.67

E.1.1 7.12 5.992 4.112

E:J,2 X.24X 7.12 5.24

E;3,:J 1IJ.I2X 9 7.12

TABL[ 11. Ca!clllatcu cncrgics of c1ectronic transitions for
Illo!c('ulcshaving rectangular shapc (B,G & Bk dyes) and lhe cir-
cular shapc (FD&C Reu No. J dye). Each number represcnts the
energy diffcrencc hcl\\'cen Ihe levels indicating the corresponding
raw amI column

1.128

J.OOX I.XX

4.45 .1..122 1.442

5.578 4.45 2.57 1.128

7.458 6.33 4.45 J.()OX I.XX

Rectangular \Vell 1 1 x 2.8 nm2 (Bk Oye)
EI,2 0.576
EI,3

E2.!

E2.2

E2,.1

E
'
.1 4.681

E,., 5.256 0.576

EJ ..1 6.2t5 1.535 0.959

Circular \Vell r := fl.91!J nm (FO&C Red No. 3 dye)

Reclangular \Vell 1.3 x 2.0 nm2 (B & G Oyes)

El.I E1,2 EI,3 E:u E2,2 E2,3 E3,1 E3.2

(3 )

(5)

(4)

(2)

11' (n' n')E = 2111 Li + Lt '

Bacll ufthe 1\1,.'0 funcrion 1fJ1,'2 has a form

whcre 1lx and Hy are any intcgers starting [mm l.
Thc cncrgy Icvcls are gi\'cn by lhe cquation:

whcrc e is a conslan! and r can be :J: or y in Wl Of 1/12.rc-
spcctively. lhe wa\'c vector 1\" is different ror [he two cases.
furthcrrllOfc.

\Ve gel

One c<luld sec tha1 Ihe cncrgy spcctrum of Ihe SYSlCIll is
tlctcrmincd by Ihe valucs nI' ¡':x,y; lhe latter dcpcnd on lhe
houndary condilions. Having uscd lhe mosl general Born-
Carman (pcriodic) houndary conditions implying thal

..•.2. The circular pnteutial wel!

whcre l/qt is the I-Ih rool orille regularsphcrical Besscl func-
lion

(Id)" (s¡nx)j,(.I')=(-.r)" -- --,
I .1'd.t .1'

antl Aq\ is a nOflnalizcd constant. For Ihe spccific case of Ihe
dyc in Fig. la. the circular motlel gives heltcr rcsuIts Ihan Ihe
oblained using lhe reclangular lllodel. For this case the esti~
rnated a value is O.U19 IIltL

Eco EJ.I EJ.2 Ei,3 E2•o E2,1 E2,2

El,l I.X(,2

El,:.! 4.2U 2 ..151

EI,:l 7.1131 5.lhX 2.X17

E:,¡,o 5.343 J.4X 1.13 1(,88

Eh.! X.9HX 7.126 4.775 1.95X .1.645

EJ•2 13.146 11.283 X.9J3 h.115 7.8113 4.15X

E-¿.:I 17.8 15.938 13.587 10.769 12.457 8.812 4.158

According lo (5) ami (6) the dimcnsions of the moleculc
delermine thc cncrgy speclrurn. This model has been previ.
ollsly applicd lo somc hydrocarbon molecules and the Iheo-
relical elcctronic densitics have been calculated [18J.

Frolll thc chclllicai slructurcs 01' Ihe food dyes shown
in f'ig. l. Ihe cstilllateu dilllensions 01' the molccules were:
(/) Ihe raJius (/ = 0.919 11m.h) 1.1 x 2.8 nm'. e) & d)

¡.3 x 2.0 11m'. \Ve havo takel1 the honJ Icngth in ¡he henzene
ring as O.3D 11111 ano added, as it is generaIly accepted [12J.
onc hond length al each sitie of lhe ringo From Eqs. (5) and
(6). the cncrgy spcctra for lhe four dyes invesligatco werc cal-
culalcd ami arc col/ecleu in Tahlc 11.Thc hold numbers in Ihis
Tahlc, correspond lo cnergy valucs Ihat faH within the encrgy
range in which our experimenlal spcclra were taken. As can
hl' scell. Ihcre is a good agn:elllent betwecn Ihcse valucs ano
lhose in Tahlc 1.

(6)
') .. )J¡- llqt

E(ll=~-.,.
011'" 111 a-

and \\lC musl !lote Ihal ¡his exprcssion givcs lhe cncrgy values
which are ,t times lurger than (hose ohtaincd in lhe "infinitc
wcll" approximtllion [12, 13J; Ihis is lhe immediate con se-
qucnce of Ihe hountlary contlilions uscd.

In sOllle cases, the struclure orthe Illolecule is closer lo a cir-
cular shapc, such as the FD&C Red No. :3 tlye (Fig. 1a); in
Ihis case, the Sollllion of Schrüdinger's equation for a circu-
lar hox is a bcller approximalion. For a circular molecule 01'
radills a. and \Vith Ihe lv/o following boundary condilions for
¡I" i) ¡I,(,. < a) is finile anJ. ii) ¡ll(a) = O; the soJutions ofthe
Schr6dinger's equation are

ReJ'. Mex. Fi.I-. 46 (1) (200m 67-71
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TABLE 111.The first calumn shows the experimental values and lhe second the possiblc transitions betwecn quanlum states that could account
fm {he ohscrvcd transilions in (he photoluminesccnce specLra.

Energy(cV)
3.81

2.98-3.02

2.64-2.68

1.85-1.89

B&GDyes

Transilion

22-11

3-12.14-12.13-11

23-13,14-13,21-11

13-12,23-22,14-22

Energy(eV)
3.74

3.08-3.16;2.78

2.35-2.39; 2.2

1.73-1.43

Bk Dye

Transition
23-13.22-12.21-11

15-13.21-12: 22-13

14-12,23-14; 21-13

15-14.23-21.13-1 J. 22-14

R Dye

Energy(eV)
3.594. 3.18

3.42

2.88-2.774

2.3.2.11

1.828

Transition
21-20

20-11

13-12

12-11

11-10,21-13

Analyzing lhe experimental cxcitation and ahsorption
speelra 01'lhe moleeules sludied (in Table 1), we can see lhal
Ihe main hands in lhe spcctra can be accountcd for by transi.
tions from lhe ground 10 one 01'lhe excited sIates calculatcd
from Eqs. (5) and (6). The relalively weak band around 4.5
eV (380 nm), presenl in parl 01'lhe speelra for green and blue
dyes, eould be relaled wilh lhe lransilion from lhe firsl ex-
cited slatc E1'1 lo Ihe statc E14 (sccond arder opticaltransi-
lion); lhe slale El2 oughl lo be reasonably populaled nol only
al lhe expense of Ihe immediatc cxcitation frorn lhe ground
state. out also pccausc of lhe lumincscent transitions cnding
in lhis statc. This slalc should also takc part in the ahsorption
spcctra 01" lhe colored glass, accounting for lhe hands in the
region 1.7-2.2 eY.

The emission spectra are also in a good agreemenl with
(he ca!Culaled molecular cnergy speclra. The energy orthe lu-
minescenl transitions hetween highcr and lower cxcitcd s(a(cs
can be found in Table IlI. Column one corresponds 10 Ihe
experimental cncrgy values and colurnn two to the possi-
hle transitions betwcen ca!Culated energy levcls, which could
originate lhe cxperimcntally onserved emission nands.
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S. Conclusions

We have incorporated sorne molecular dyes commonly useo
in lhe food induslry into Si02 coatings prepared using the 501-
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