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The exceptional properties of organosilicon compounds
to form siloxane polymers remain the basis for the-gs|
techniquel Hydrolysis and condensation of monomeric
silicon alkoxide precursors upon addition of water can be
described by the following three equations.

Hydrolysis:
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A series of luminescent sobel-encapsulated Ru(bp@l,6H,O and EuC-6H,O mixtures with
Zn(NGOs),*6H,O were assembled and characterized in terms of their steady-state and time-dependent
photophysical properties. UWis absorption, steady-state emission, and FT-IR spectra were measured
for the materials both in rigid and fluid media. Time-resolved luminescence measurements were also
performed in order to determine radiative decay times. The samples described in this study were prepared
without the addition of excess water. This was achieved by allowing the hydrolysis and condensation
reactions to only consume hydration water, thus utilizing the metal salts as reactants rather than passive
dopants in the system. By using this approach, the amount of hydroxyl quenchers is minimized, which
can be expected to yield luminescent materials with higher luminescence quantum yields than a
conventional setgel entrapment procedure. The emission bands of both chromophores studied here,
Ru(bpy}?*" and Ed", were found to exhibit higher emission intensities, hypsochromic shifts in the emission
bands, and increased decay times upon sol-to-gel conversion, which can be attributed to rigidochromism.
In the case of setgel-encapsulated Ru(bpy), the complexes are thought to be surrounded by solvent
molecules that interact with the silanol groups of the gel network. Thus, the Fr&ukdon excited
state of the complex is relaxed to a lesser extent, giving rise to the observed hypsochromic shift of the
luminescence associated with the materials upon sol-to-gel conversion. A similar mechanism is proposed
to be in effect for the Eti-functionalized materials.

1. Introduction In 1992, Sjdlon? et al. showed that hydrolysis and
condensation of monomeric silicon alkoxide precursors into
three-dimensional gels can occur with water replaced by
hydrated metal sattsin this case copper nitrate was used.
A subsequent study by the same grbujetermined the
hydrolysis and condensation rates of tetramethyl orthosili-
cate (TMOS) in alcohol solutions of Ca(Nfg4H,O and
Ni(NO3),:6H,0. Here, the reactions were monitored as a
=Si—OR+ H,0 = =Si—OH + ROH (1) function of time using FT-IR spectroscopy, and multiple
linear regression was used to calculate the rate constants from

Water condensation: the time evolution of spectra. The authors concluded that

Alcohol condensation:

=Si—OH + =Si—OH==Si—0—-Si=+ H,0 (2)

both the hydrolysis and condensation rate constants were
proportional to the amount of hydration water and that the
identity of the metal in the salts had a pronounced effect on
the overall reaction rate. This latter observation was attributed

=Si—OR+ =Si—-OH==Si—0-Si=+ ROH (3) to differences in the dissociation states in the two metal

complexes studied here.

where R is an alkyl group @1, _ Selected rare earth and transition metal ions have lumi-
The pH of the reaction environment highly affects the nescence properties that make them useful as optical probes
outcome. Low pH values yield fast hydrolysis and slow of the sol-gel process, structure and properties of den-
condensation, resulting in a three-dimensional gel. High pH yitic encapsulation and energy transféras well as for
yields slow hydrolysis rates and rapid condensation, resulting |, minescence and lasing applicatidfisRuthenium polypy-

in a suspension of particles, in most cases with a monodis—ridw complexes, and particularly Ru(ll) tris(2;Bipyridine)

perse particle size distribution.
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(Ru(bpy}?"), are among the most widely studied organo-
metallic molecules in recent years due to their variety of

Chem. Mater., Vol. 17, No. 22, 2005513

a wide variety of Eu(lll) systems as follows (see, e.g., Kirby
et al?® and references therein): TRE, < D, emission is

attractive properties, such as strong luminescence, longrelatively strong, largely independent of the ligand environ-

excited-state lifetime, relatively high thermal and chemical
stability, and appreciable reactivity of the excited state in
electron and energy transfer reactiéfdsThe luminescent
excited state of Ru(bpy)" is assigned to the metal-to-ligand

ment, and primarily magnetic dipole in characté , 4 —

5Dy emissions are essentially purely electric dipole in

character, and their intensities are very sensitive to ligand
structure and ligand field symmetry, with the characteristic

charge transfer (MLCT) state, whose properties are very “europium red” luminescencé-, < ®Dy (~610 nm) being

sensitive to the polarity and viscosity of the environment

the strongest of théF; < 5Dy transitions’* The "F; < 5Dg

due to the MLCT character. These unique features makeemission exhibits mixed electric dipole and magnetic dipole

ruthenium polypyridyl complexes attractive for a number of
applications, including optical sensdfs!’” photosensitizers
in solar energy conversion scheni&®’ and as probe
molecules for surface quantification on metallic nanopar-
ticles202

Among the trivalent lanthanide ions, Eu(lll) is especially
useful as an optical probe of ligand or crystal field perturba-
tions on 4f electron energy levels and radiative transition
properties due to its informative luminescence specfitfh.
Both the ground-state multiplet’Hp) and the principal
emitting state (primarilyDo) of this ion are nondegenerate.
Thus, the initial states in thé= — 5D, absorption spectra
and ’F; < °Dy emission spectra of Eu(lll) systems remain

character, and the (usually weak) intensity is also modulated
by the details of the ligand environmenttsg < 5Dy
emissions are generally very weak and have not been
characterized in the same detail as the othigr— °Dg
transitions.

A basic requirement for practical systems is that the active
molecules should be immobilized in (or on) some sort of
solid matrix?> Immobilization provides mechanical stability,
as well as enabling the introduction of subtle modifications
of the dopant properties due to specific hogtiest interac-
tions. One of the most often used techniques for immobiliza-
tion of active molecules into solid matrixes is sgel
encapsulation. Numerous reports exist on encapsulation of

uncomplicated even in the presence of low-symmetry ligand Ru(ll) polypyridyl complexes in Si@gels and glassé811.2534

environments. Moreover, in emission each of the— °Dg

thin films 8121315253538 gnd mixed Si-Ti oxides3® Also for

transitions originates from separately observable spectralEu(lll), there are a multitude of reports on sgjel encap-

regions. In absorption, however, th& — °D;-, transitions

sulation in SiQ materials, both on systems where Eu(lll) is

are sometimes obscured by intense, low-lying ligand-to-metal the sole dopaft“®4tand on systems where a codopant, such

charge transfer (LMCT) transitions. The relative intensities
of the ’F; — 5Dy transitions in Eu(lll) systems are of

as aluminum, is introduced'? 44 The prevalent conclusion
from these studies is that the excited-state properties of

particular interest for characterizing the mechanisms respon-Ru(ll) polypyridyl complexes and Eu(lll) are dramatically

sible for 4f— 4f radiative transition probabilities. The set
of "F; < °Dy transitions have been classified according to

altered by the gel matrix. Specifically, sajel encapsulation
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causes hypsochromic (blue) shifts of the absorption andor Ru(bpy}?" only. This latter observation can probably be
emission bands, as well as longer radiative lifetimes and attributed to differences in bulk viscosity between the mixed
increased quantum yield upon sol-to-gel conversion. This and simple solutions, respectively. The results have implica-
effect can be attributed to what was originally termed tions for the development of chemically integrated photonic
rigidochromisn® Detailed studies since have shown this to materials.

be a general phenomenon caused by decreased rotational

freedom of the entrapped molecules interacting with the 2. Experimental Section

silanol groups of the network and by dipole reorientation
time scaleg® The latter can be described as follows: Dipoles

Itn ttf;]e chmlt{jpfta cf;]romop_horle thSt r eo;Ienttate 'T‘ ;espodnze (I1) nitrate hexahydrate (98%), and tetramethyl orthosilicate (99%)
0 the iImmediate change In electronic Structure INauced by e e purchased from Acros Organics. Methanol (analytical grade)

light excitation. In liquids, this reorientation is rapid, and \ya5 purchased from Lab-Scan Ltd. All chemicals were purchased
the chromophore emits light from a relaxed excited state. In immediately before use and were used as received.

the solid state, or in viscous media, dipole reorientation times 2 B. Gel Preparations.Ru(ll) tris(2,2-bipyridine) and Eu(IIl)-
often become competitive with the excited-state decay, functionalized Si@gels were prepared at room temperature using
resulting in hypsochromic shifts in the emission spectra.  a procedure adopted from @ye et¥vherein TMOS was rapidly
The general procedure for sajel encapsulation of an  added to a MeOH solution of the metal salts Zn@bH,0 +
active species can be summarized as foll8%&o a mixture M, where M = EuCk:6H,0 or Ru(bpy)Cl>-6H,0. The mixture
of water (adjusted to the appropriate pH using concentratedWas then p_Iaced in an uItrasoni_cator to achieve cqmplete diss_olu-
HCI) and ethanol (containing the desired dopant complex), tion and mixture of the salts with TMOS: In a typical syn.theS|s,
tetraethyl orthosilicate (TEOS) is added dropwise until the Z"(NOs)2"6H:0 (~40 wt % of total solution) and the optically
desired water/TEOS ratio is reached. Follogvit h of active metal salt M (M= EuCk-6H,0 (~1 wt % of total solution)

i h lution i d and all d | and or Ru(bpy}Cl,:6H,0 (~0.1 wt % of total solution)) were dissolved
stirring, the solution Is covered and allowed to gel and age j, \;ooH. TMOS was then added so as to yield the desired

at constant temperature for a period of up to 3 weeks, beforey, o/ Tmos ratios, varying from 2.5 to 6.5. The total mass of each
the sample containers are opened to allow for evaporationsample was-7 g. Following thorough mixing, a fraction of each
of excess solvent. Another common monomeric silicon sample was transferred & 1 cmpath length polystyrene cuvette.
alkoxide precursor used in seyel encapsulation is tetra- Samples were then allowed to age for at least 1 week prior to
methyl ortosilicate (TMOS). characterization.

Here, we report the synthesis and characterization of 2.C. Spectroscopic Characterization.UV—vis spectra were
sol—gel SiQ, encapsulation of the systems Zn(j&" + collected using a Shimadzu UV-2401PC spectrophotometer.
Ru(bpy)?* and Zn(NQ),2* + Eu(lll) by direct hydrolysis FT-IR spectra were acquired in absc_;rbance_ mode using a Tensor
and condensation of TMOS with the hydrate water of the 27 (Bruker) FT-IR spectrometer equipped with an MCT detector.
metal salts, thus forming photonic active sglel materials. The cell was a single-reflection ATR dlamond_crystal (MKII Golden
By allowing the reaction to only consume the hydration C2t€: SPecac). All spectra were measured in the region of-4000

600 cnt?, with an optical resolution of 1 cm, and 32 scans were
\évszslré:)heGﬂe(t)a)ﬂ Z?eltsre(E;Sn%?%;\?:;?{hilﬁlcééizz\% 3ggants made for each measurement. Background measurements were made
2° 2

‘ ) without sample on the ATR crystal before acquiring each spectrum.
in the system. Moreover, by not adding water to the system The software used was OPUS 4.2 from Bruker.

and by expending significant amounts of the existing hydrate 2 p. Luminescence CharacterizationTime-resolved fluores-
water throughout the sol-to-gel conversion, the radiative cence decays were recorded using an IBH 5000 U fluorescence
quantum yield can be expected to increase, as the concentratifetime spectrometer system with maximum 1 nm resolved
tion of hydroxyl quenchers decreases significantly. Zinc excitation and emission monochromators (5000 M). Typically, a
nitrate was used as a nonoptically active “filler” to enable resolution of 8-16 nm was chosen for the time-resolved measure-
the reaction to proceed while keeping the concentration of ments reported here. The system was equipped with a TBX-04
the active species (Ru(bp$) or Eu(lll)) low enough so as picosecond photon detection mo_dule. Luminescence emission
to allow transmittance through the materials and prevent self- SPecta were recorded by scanning the monochromator of the
guenching. To optimize the conditions for isotropic distribu- detector. _ )

tion of the active ion, metal salts with the same number of The phosphorescence measurements were carried out using the

hvdrate waters were chosen. as the kinetics of the Sol-to- elIBH 5000XeF submicrosecond xenon flashlamp for Multichannel
y w W ’ inetl 9 Scaling (MCS) measurements @é§—ms decay times. The shorter

conversion_ ha_s been Shown to be highly_ dependent on thedecay times prominent for Ru(bpyy were measured using time-
water-to-Si ratic’ The mixed sol-gel materials were found  correlated single-photon counting (TC-SPC) using an IBH Nano-

to exhibit blue-shifted emission spectra and significantly |ED as the excitation source with an excitation wavelength
longer radiative lifetimes as compared to those of liquid 443 nm.

solutions of the metal salts. Radiative lifetimes were also  The experimental data were analyzed using the IBH Data Station
strongly affected by the #/TMOS ratio. Interestingly,  version 2.1 software for operation of the spectrometer and decon-
in mixed solutions of zinc nitrate and either Eu(lll) or volution and analysis of time decays.

Ru(bpy)?*, the emission spectra were blue-shifted, and the

radiative lifetimes were longer than for solutions of Eu(lll) 3. Results

2.A. Materials. Europium(lll) chloride hexahydrate (99.9%), tris-
(2,2-bipyridine) ruthenium(ll) chloride hexahydrate (98%), zinc-

(45) Wrighton, M.; Morse, D. LJ. Am. Chem. S0d.974 96, 998. 3'Aj Ste_ady'St'_ate SpeCt_raS'A'l' System 1. RU(_bI@Y)
(46) Marcus, R. AJ. Phys. Chem199Q 94, 4963. Functionalized Si@ Photonic Gels.Steady-state emission
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Figure 1. Phosphorescence spectra of Ru(pyunder different condi-
tions: in MeOH solution alone, with Zn(Ngl in MeOH solution, and in
gels with varying HO/Si molar ratios. The concentrations of Ru(kgy)
and Zn(NQ), were 0.1 and 40 wt %, respectively. The excitation wavelength
was 443 nm. The molecular structure of Ru(kgy)s shown in the inset.

spectra of Ru(bpyj" in methanol solution (alone and in the
presence of zinc nitrate) and immobilized in Sigels with
zinc nitrate as a codopant are shown in Figure 1. The
emission maxima centered at 59600 nm can be attributed
to phosphorescence from the triplet MLCT excited state
(®MLCT) to the ground stat®. The mixed solution of
Ru(bpy)}?" and zinc nitrate exhibits an20% increase in
emission intensity as compared to that of Ru(pypnly.
Emission intensities of the gel samples are significantly

Chem. Mater., Vol. 17, No. 22, 2005515

Gel (Ru + Zn) H,0:Si = 6
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Figure 2. Infrared absorption spectra of Ru(bgd) under different
conditions: in MeOH solution alone, with Zn(NJ in MeOH solution,
and in gels with varying bD/Si molar ratios. The concentrations of
Ru(bpy}?™ and Zn(NQ), were 0.1 and 40 wt %, respectively. An expanded
view of the 1000 cm! region is shown as an inset.

bend 1440 cm?), symmetric and asymmetric -GH
stretches (centered at2830 and 2940 cnt, respectively),
and a broad band from-3100 to 3500 cm! from O—H
stretched$® The latter band also contains contributions from
O—H stretches in the hydrate water3000-3600 cn1?).
Hydrate water is also observable through the (weak) band
emanating from GH bending, centered at1640 cn1?!
(1610-1720 cn1?). In the samples containing zinc nitrate,
a band from O-NO, stretches £1259 to 1389 cm?)

higher than liquid-state samples and are strongly dependententered at-1317 cntt is also observabl The gel samples

on the ratio of hydrate water to Si; increasing thgO#Bi
molar ratio results in higher emission intensities. For the
H,O/Si ratios shown in Figure 1,48/Si= 4 and HO/Si=

6, the ground state— 3MLCT intensities were found to
increase by factors of1.8 and 4.5, respectively, compared
to that of a methanol solution of Ru(bg$) only. The

contain several characteristics of-%) bonds; the peak/
shoulder centered at+940 to 950 cm? is attributed to
stretching vibrations of SiOH and Si-O~ bonds!® whereas
the bands centered at800 and~1070 cmt are attributed

to symmetric and antisymmetric stretching vibration, respec-
tively, of the Si-O—Si bonds? In addition, O-H stretching

emission maxima of the gel samples are shifted toward highervibrations from the silanol groups contribute to the broad

frequencies compared to that of the methanol solution of
Ru(bpy)?* only, with the magnitude of the blue shift being
proportional to the KLO/Si molar ratio; a water-to-silicon
molar ratio of 6 correspond®ta 5 nmshift in emission
maximum, from 600 to 595 nm. Due to these systems being
optimized for emission studies with respect to luminophore
concentration, we were not able to collect Uvis spectra

of the ruthenium(ll) tris(2,2bipyridine) samples. However,
earlier reportd33 on comparable Ru(bpy)~ systems show
no change in the absorption profile upon sol-to-gel conver-
sion.

Figure 2 shows the infrared absorption spectra of
Ru(bpy)?" in methanol solution (alone and in the presence
of zinc nitrate) and codoped with zinc nitrate in 3igels
with varying HO/Si molar ratios. For the methanol solu-
tions of the hexahydrate metal salts (Ru(k@})-6H.O and
Zn(NGs)*6H,0), the main observable bands are contribu-
tions from methanol and the hydrate water. From methanol,
the bands can be identified (in order of ascending energy)
as C-0 stretch (intense peak centered-d020 cm?), O—H

(47) Durham, B.; Caspar, J. V.; Nagle, J. K.; Meyer, TJJAm. Chem.
S0c.1982 104 4803.

band observable fromy3000 to 3600 cm. Differences in

the H,O/Si molar ratios as shown in Figure 2 B{Si= 4

and 6, respectively) can also be seen in the silan@40
cm™1) and siloxane £1070 cnm?) bands; the silanol and
siloxane peak intensities of the,®/Si = 6 gel sample are
49.8% and 46.3%, respectively, higher than those of the
corresponding bands of the;B/Si = 4 gel sample.

3.A.2. System 2: Eu(lll)-Functionalized Si®hotonic
Gels. Ground-state UVvis absorption spectra of Eliin
methanol solution (alone and in the presence of zinc nitrate)
and codoped with zinc nitrate in Si@els with varying
H,O/Si molar ratios are shown in Figure 3. The detected
bands can, in order of descending energy, be assigned as
7Fo i 5G3,4‘5 ("‘360 nm),7FO i 5L5 ("*390 nm),7FO i 5D2
(~460 nm), and’Fy; — 5D; (~525-540 nm). In the gel
samples, a weak band centered~at15 nm can also be
observed, which has been assigned to the — 5D3
transition?® Also notable in Figure 3 is that all the spectra

(48) Silverstein, R. M.; Webster, F. XSpectrometric Identification of
Organic Compoundsth ed.; John Wiley & Sons: New York, 1998.

(49) Almeida, R. M.; Guiton, T. A.; Pantano, C. G. Non-Cryst. Solids
1990 121, 193.

(50) Galeener, F. LPhys. Re. B: Solid Statel979 19, 4292.
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Figure 3. UV —vis absorption spectra of Etiunder different conditions:
in MeOH solution alone, with Zn(Ng), in MeOH solution, and in gels
with varying HO/Si molar ratios. The concentrations offE@nd Zn(NQ)
were 1 and 40 wt %, respectively.
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Figure 4. Steady-state emission spectra offEwnder different condi-
tions: in MeOH solution alone, with Zn(Ng)» in MeOH solution, and

in gels with varying HO/Si molar ratios. The concentrations ofEwand
Zn(NOg), were 1 and 40 wt %, respectively. The excitation wavelength
was 390 nm.

of zinc nitrate-containing samples (both liquid-state and solid-
state samples) exhibit bathochromic (red) shift8 ém) and
broadening of théFy — 5Lg (~390 nm) band and a slight
red shift ¢~2 nm) and increased intensity of thig, — 5D,
(~460 nm) transition.
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Figure 5. Infrared absorption spectra of Euunder different conditions:
in MeOH solution alone, with Zn(Ng), in MeOH solution, and in gels
with varying HO/Si molar ratios. The concentrations ofEand Zn(NQ),
were 1 and 40 wt %, respectively.

at 610 nm, the maximum emission intensities are even more
affected by addition of zinc nitrate and by sa@el encap-
sulation, with the maximum intensity being increased by
factors of 3.3 and 4.5 for the mixed Euand zinc nitrate
solution and the gel samples, respectively, as compared to a
methanol solution of Ef only. No significant effect of
varying the HO/Si molar ratio could be observed in the
steady-state emission spectra of-sgél-encapsulated Etl

As can be seen in Figure 4, the peak position of fhe—

5Dy transitions in the mixed (B and zinc nitrate) solution
and the gel samples exhibit hypsochromic shifts-G) nm
compared to that of the methanol solution ofEanly, from
~691 nm to~681 nm.

Infrared absorption spectra of Euin methanol solution
(alone and in the presence of zinc nitrate) and codoped with
zinc nitrate in SiQ gels with varying HO/Si molar ratios
are shown in Figure 5. IR band assignments are the same as
for the ruthenium(ll) tris(2,2bipyridine) systems in the
above section. Upon gel formation, characteristie GH and
Si—O—Si bands can be observed, as described above. As
was determined for the Ru(bpy) systems, differences in
the HO/Si molar ratios (HO/Si= 4.5 and 6.5, respectively)
can also be seen in the silanet440 cn1?) and siloxane
(~1070 cm?l) bands of the setgel-encapsulated Eu

The corresponding steady-state emission spectra of theSystems. However, for the Eusystems, the differences in

Ew*t samples are shown in Figure 4. The excitation

wavelength was 390 nm using the flash lamp and mono-

chromator port of the spectrometer. The prominé@ft—

band intensity do not match the corresponding bulk values
as closely as was observed for the Ru(kpypystems; the
silanol and siloxane peak intensities of theG#Si = 6.5

5Dy transitions have been assigned according to Matthewsgel sample are 25% and 12%, respectively, higher than the

and Knobb#& as’F, < °Dy (weak band at-572 nm),’F; <—

Do (~585 nm), the characteristic “europium red” transition
F; < 5Dg (~610 nm), and’F, < Do (broad band from
~670-700 nm). In the E# in MeOH only sample, the weak
’F3 < Do (~643 nm) transition can also be identified. The
mixed solution of E&" and zinc nitrate exhibits a 60%
increase in emission intensity of thE; < 5Dg (~585 nm)
transition as compared to that of Euonly, whereas
maximum emission intensities of the gel samples are
significantly higher than liquid-state samples, being 90%
increased as compared to that of a methanol solution ¥f Eu
only. For the “europium red” transitioriR, < °Do) centered

corresponding bands of the;BI/Si = 4.5 gel sample.

3.B. Time-Resolved DataTime-resolved emission data
were obtained for both the solution-state samples and the
gel samples of each system. Measured lifetimes and other
essential characteristics are listed in Tables 1 and 2 for the
Ru(bpy)?* and Ed* systems, respectively. The values listed
are derived from single-exponential decays.

3.B.1. System 1: Ru(bpyrunctionalized Si@Photonic
Gels. Figure 6 shows time-resolved emission data for
Ru(bpy}?" in methanol solution (alone and in the presence
of zinc nitrate) and codoped with zinc nitrate in Sigels
with varying HO/Si molar ratios. The corresponding radia-
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Table 1. Emission Decay Times of Ru(bpyf" in Methanol Solutions . T T T
and in SiO, Gels Measured at 600 nri 10 i
decay time
sample identification LD/Si 7 (ns) 10°
Solution Samples
0.1 wt % Ru(bpy¥* 205.7
0.1 wt % Ru(bpy¥?™ + 40 wt % Zn(NQ)2» 363.1 2 o
0.4 wt % Ru(bpy¥* + 28 wt % Zn(NQ), 266.6 §
Gel Samples + Solution Eu™*
0.1 wt % Ru(bpy)* + 40 wt % Zn(NQ), 4.0 4426 | m solution Eu + zniNo,) i TN
0.1 wt % Ru(bpy)** + 40 wt % Zn(NQ), 6.0 506.8 0 5 Gel(Eu+zn)H,081 =45 s ot WL
1.5 wt % Ru(bpy3?* + 23 wt % Zn(NQ), 2.7 307.7 > Gel (Eu+Zn)H,0:Si = 65 T L el
0.5 wt % Ru(bpy}™ + 36 wt % Zn(NQ), 5.7 4135 e
L 10° | PR
aThe excitation wavelength was 443 nm. | | |
05 1.0 1.5x10°

Table 2. Emission Decay Times of E¥ in Methanol Solutions and )

in SiO, Gels Measured at 585 and 609 nf Time (ns)
Figure 7. Time-resolved emission decay curves fromPEmeasured at
585 nm under different conditions: in MeOH solution alone, with ZngNO

decay time  decay time

sample identification bO/Si 7 (us) 585 nm 7 (us) 609 nm in MeOH solution, and in gels with varying 2/Si molar ratios. The
Solution Samples concentrations of Ef and Zn(NQ), were 1 and 40 wt %, respectively.
1wt % E¢* 254 262 The excitation wavelength was 390 nm. Experimental data are shown as
1wt % EF' + 40 wt % Zn(NQ)2 272 270 markers, and the fits are shown as lines (solid, dashed, or dotted).
Gel Samples ) )
1wt % E@t + 40 wt % Zn(NQ), 4.5 337 379 decay time (442.6 ns versus 506.8 ns, respectively). As can
+ . . .
1wt% EF" +40wt% Zn(NQ). 6.5 339 340 be seen from Table 1, varying the concentration of zinc
aThe excitation wavelength was 390 nm. nitrate in the gel samples affects the radiative decay time of
" . Ru(bpy)}*" more than tuning of the ¥D/Si molar ratio.
~ Solution Ru(bpy),2* 3.B.2_. System 2: Eu(_III)_-FunctionaIized _Si@hotonic
1000 m Solution Ru(bpy),”" + Zn(NOy), _| Gels. Time-resolved emission data for Euin methanol

O Gel (Ru+2Zn)H,0:Si=4

Gel (Ru + 2 H.0:Si = 6 solution (alone and in the presence of zinc nitrate) and

codoped with zinc nitrate in Sigels with varying HO/Si
molar ratios are shown in Figure 7, with corresponding
excited-state decay times being listed in Table 2. The excited-
state decay of the Eti systems is adequately described by
single-exponential kinetics at both wavelengths where emis-
sion data was collected; 585 and 609 nm, respectively.
Analogous to the Ru(bpy)" system, mixed solutions of the
luminescent metal salt (in this case3Euand zinc nitrate
exhibit significantly longer decay times than a corresponding
solution of E¥" only. Also, gel-encapsulated Eusamples
Figure 6. Time-resolved emission decay curves from Ru(epymea- exhibit SUb,Stamia"y Io_nger.decay timgs than those of the
sured at 600 nm under different conditions: in MeOH solution alone, with corresponding Etr + zinc nitrate solutions (see Table 2),
%EEEN(%;I)‘IZC igﬂ':/rl:t%l: 5‘33@%}5@? Z\n%elzsn\/(v,i\fg;/axg:gz?f;ngglzg re\,ﬂotj with the decay ti_me being further tunable by varying the
respectively. The excitation wavelength was2 443 nrﬁ. Experimentar’data H,O/Si molar ratio, as was the case for SyStem_ 1: For the
are shown as markers, and the fits are shown as lines (solid, dashed, ofEW" samples, both the absolute values of the radiative decay
dotted). times (for all samples) and the overall trend for thgO¢Si

ratio relationship of the gel samples are dependent on what
emission band was exploited (see Table 2). When monitoring
the ’F, — 5Do (~585 nm) transition, the decay time of the
gel-encapsulated samples increases with increasi@y3i

Counts

Time (ns)

tive decay times are given in Table 1. In the systems studied
here, the excited-state decay of Ru(kfy)is adequately
modeled by single-exponential kinetics (see the fit in Figure

6). From the calculated decay times (Table 1), it can be molar ratio as for the Ru(bpy)t system, albeit with the
concluded that methanol solutions of Ru(kgy)and zinc e ay time being tunable within a much smaller range. This

nitrate exh_ibit sign_ificantly longer deca_y time_s than a and is reversed for the seuropium red” transitid® —
corresponding solution of Ru(bpyy only, with the increase 5Dy (~610 nm), however; here, the excited-state decay time

in decay time being proportional to the concentration of zinc is reduced upon increasing the®!Si molar ratio.
nitrate (decay time of Ru(bpy)™ only was 205.7 ns, vs 266.6

ns and 363.1 ns with 28 wt % and 40 wt % zinc nitrate,
respectively). The decay time of gel-encapsulated Rugbpy)

is substantially longer than that of the corresponding Sol-to-gel conversion was confirmed both visually/physi-
Ru(bpy)}?" + zinc nitrate solutions (see Table 1). For the cally and by IR spectroscopy for both the Ru(bgy)and

gel samples in this system, the decay time is further tunablethe Ei#"-functionalized silica gels (Figures 2 and 5, respec-
through the HO/Si molar ratio; an increase of the,®ISi tively). As was described in the Results, upon gel formation,
ratio from 4 to 6, results in an15% increase of the radiative  several spectral characteristic of Si@®etworks appeared

4. Discussion
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Franck-Condon

excited state
Thermally relaxed
1 excited state
MLCT
Energy
J
3
MLCT
:
7
% . \Y
? Inteyystem crossing
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Ground
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\/

Coordinate

In fluid media In rigid media

Figure 8. Schematic representation of the energy vs nuclear configuration
for the electronic transitions of Ru(bpy} in fluid and rigid media (adapted
from Innocenzi et af).

which are absent in spectra of the fluid solutions. These
characteristic features include a banc-@&40 to 950 cm?
attributed to stretching vibrations of SDH and S+O~
bondg® and two bands centered @800 and~1070 cni?,
originating from symmetric and antisymmetric stretching
vibration, respectively, of the SIO—Si bonds®

Ever since Wrighton and Mor&areported that Ru(bpy)
emits light at higher frequencies and exhibits longer radiative
lifetimes in a rigid matrix than in fluid solution, there have

Glomm et al.

the shift being proportional to the,B/Si molar ratio of the
sample (Figure 1). Hypsochromic shift of the Ru(hgy)
emission peak throughout the sol-to-gel conversion is a well-
documented phenomenon in silica gels, monoliths, and thin
films,82526,28,3234.3951 gnd is mainly attributed to rigido-
chromism. Within the concentration regime studied here,
detailed U\V+vis spectra could not be obtained, and thus we
were unable to determine whether the sol-to-gel conversion
was accompanied by shifts in the MLCT absorption band.
However, in earlier studies on thin silica filfhand sot-gel
glasse® doped with Ru(bpyf*, the authors report that
the MLCT absorption profile was unaltered as a result of
sol-to-gel conversion. Assuming this holds true for the
Ru(bpy}?" system studied here, this means that the change
in the surrounding media only affects the relaxation of the
MLCT excitation state without changing the FrangRondon
(unrelaxed) excited state.

When in a fluid solution, the Ru(bpy)” complexes are
surrounded by solvent molecules which can easily reorient
when Ru(bpyy#" obtains a dipole moment upon photoex-
citation. For sot-gel-encapsulated Ru(bp§) complexes,
there are two possible states; they are either (1) still sur-
rounded by solvent molecules, or (2) completely entrapped
in the gel network, i.e., directly bonded to and fully sur-
rounded by silanol groups. Castellano et“ahave re-
ported emission anisotropy measurements on systems where
Ru(bpy}?" incorporated into monolithic silica aquogels.
Here, the authors concluded that the Ru(gpyyomplexes
have a residual freedom of rotational motion due to the
complexes still being surrounded by solvent molecules
(ethanol and water) in the silica gel. However, it should be
noted that the solvent molecules surrounding the Rugbpy)
complex are not fully free to move or rotate due to possible
interactions with the silanol groups in the surrounding
network. The environment of the Ru(bp3/) complexes can
be said to experience a fluid-to-glass transition upon sol-to-

the effect originally termed “rigidochromisn§2>32-34 While
the charge distribution of ground-state Ru(kgy)is sym-

of the solvent molecules would cause the rigidochromism
and corresponding hypsochromic shift of the emission peak

metric, its solvated excited state has an asymmetric chargeff the Ru(bpy¥* complex on sol-to-gel conversion. Whereas

distribution due to the single-ligand localization. In a fluid

solution, reorientation of solvent molecules after excitation
of the complex occurs rapidly and solvate the new, highly
polar MLCT excited state which is then allowed to thermally
relax prior to radiative de-excitation. The thermal relaxation
of the Franck-Condon (unrelaxed) excited state is schemati-
cally illustrated in Figure 8. In other words, in a fluid solution

the excited state of the complex is stabilized relative to the

the solid (gel) state of Ru(bpyy complexes doped into
monolithic SiQ aquogels can be thought of as a-sgél
entrapment where the complexes are surrounded by a “cage”
of solvent molecules, the samples described in the present
study are more likely to be directly bonded to and completely
surrounded by silanol groups, as the hydrate water surround-
ing the metal salts is the only water present in the system.
Thus, hydrolysis and condensation occurs solely around the

ground state by the surrounding solvent dipoles, and the Nydrated metal salts, resulting in consumption of hydrate
complex emits light from a relaxed excited state. On the other Water and complete entrapment of the metal salts within the

hand, in a rigid matrix, the solvent is not free to reorient,
and thus the FranekCondon (unrelaxed) excited state is not
completely stabilized or relaxed within its lifetime. Hence,
emission occurs from a higher energy level in a rigid state
than in a fluid solution. This corresponds to a hypsochromic

silica network. Moreover, as water is consumed from the
environment surrounding the emitter, the emission quantum
yield can be expected to increase, as the solvent is removed
or at the very least replaced by a less polar solvent.

Unlike Ru(bpy)?**, the Ed' ions do not have bulky

shift of the emission when the surrounding media experience ligands, and consequently there is no asymmetric charge

sol-to-gel transition or freezing, as illustrated in Figure 8.

distribution from single-ligand localization causing solvent

In the present study, phosphorescence peak shifts werereorientation from the photoexcitation-induced dipole mo-
detected upon sol-to-gel conversion, with the magnitude of ment. However, the basic premise of rigidochromism is still
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fulfilled, as solvent dipoles in the vicinity of the chro-
mophore, here BU, must reorient in response to the

Chem. Mater., Vol. 17, No. 22, 2005519

Ru(bpy}?*" system, the decay time was further tunable
through varying the concentration of zinc nitrate and by

immediate change in electronic structure caused by light altering the HO/Si molar ratio. These findings can also be

excitation. As for the Ru(bpy)" system, setgel encapsula-
tion restricts the translational and rotational freedom of the
solvent molecules, thus giving rise to rigidochromism. The
emission spectra of the Eusamples (Figure 4) clearly show
that the’F, < 5Dy transition (~670 to 700 nm) is blue-shifted
~10 nm upon sol-to-gel conversion, confirming rigido-
chromism. Interestingly, this shift is also observed for the
mixed methanol solution of Bt and zinc nitrate (1 and 40
wt %, respectively). We believe that the shift observed for
the mixed solution also can be attributed to rigidochromism,
as the addition of 40 wt % zinc nitrate is going to
significantly increase the solution viscosity, thus altering the
time scale for solvent reorientation toward longer relaxation
times, just as for the sol-to-gel conversion. A similar effect
has been reported by Matsui et®3lwhere they monitored
the maximum emission wavelength of sglel-encapsulated
Ru(bpy}?*™ as a function of viscosity for different J/Si

explained within the rigidochromism framework; in rigid
media, the efficiency of nonradiative decay pathways is
lowered compared to that in the fluid state. In the case of
Ru(bpy)?*, the longer decay times of samples in rigid media
have been explained as follows. The excited-state properties
of polypyridyl complexes of Ru(ll), such as Ru(bg¥), are
often complicated by the existence of low-lying dd or ligand
field states of configurationstbdo*. 475556 Typically, these
states are formed following metal-to-ligand charge transfer
(MLCT) excitation followed by a thermally activated surface
crossing to the dd state. Once populated, they undergo rapid
nonradiative decay or ligand loss photochemistry, which
greatly limits the use of Ru(bpy)" in molecular assemblies

for energy conversion and related studi¢fowever, in rigid
media, temperature-dependent decay time data have been
aquired which suggest an increase in the activation barrier
for the MLCT — dd surface crossing.:>?>This increase of

molar ratios. Here, the authors concluded that an increasethe MLCT— dd activation barrier will in turn result in longer

in viscosity was followed by a hypsochromic shift of the
emission maximum, which confirms well with the results
obtained in this study.

From Figure 4, it is evident that the emission intensities,
particularly of the’F; < 5Dg (~585 nm) and the character-
istic “europium red”’F, < 5Dy (~610 nm) transitions,
increase significantly upon sol-to-gel conversion of the BuCl
containing samples. Matthews and Knobbéave also
studied EuGl-doped silica gels prepared via a conventional

approach, wherein the lanthanide salt was added to a premade

acidic solution of water, alcohol, and silicon alkoxide
precursor. With the use of this approach, the EBtddiped

silica gels exhibited highly quenched luminescence, converse

to what was found in the present study. This difference
highlights the advantages of letting the hydrolysis and

condensation reactions take place directly on the hydrate
water instead of letting the reaction occur on the excess wate
added to the system. As discussed above, the latter, con
ventional approach leaves the chromophore trapped in a cag
surrounded by excess water, providing efficient nonradiative

deactivation of the excited state via vibronic coupling with
the vibrational states of the -@H oscillators®>5* The

luminescence properties of the chromophore are strongly

dependent on the concentration of quenchersHKQbscil-
lators) in the proximity of the emitting species, and so by

allowing the hydrolysis and condensation reactions to take
place directly on the hydrate water, the local environment
of the emitter is modified so as to reduce nonradiative decay

mechanisms from the excited state of the chromophore.

Both the Ru(bpyf* and the E&" systems were found to
exhibit significantly longer radiative decay times upon

r

decay times for the samples where Ru(gpyjesides in rigid
media, namely the selgel-encapsulated samples and the
mixed Ru(bpyy*" + zinc nitrate solutions. The latter
category is included, as the presence of high concentrations
of zinc nitrate results in a significant increase of viscosity
as compared to that of a dilute (0.1 wt %) methanol solution
of the chromophore.

5. Conclusion

A series of luminescent seel-encapsulated Ru(bp¥)

+ Zn(NGs), and Ed" + Zn(NGy), silica gels were as-
sembled, and their steady-state and time-dependent optical
properties were measured. The sol-to-gel conversion was
confirmed both by visual inspection and by FT-IR spectros-
copy. Unlike a conventional approach, wherein the chro-
mophore is added to an acidic aqueous solution of alcohol
and silicon alkoxide precursor, the samples described in this

study were prepared without the addition of excess water.

This was achieved by allowing the hydrolysis and condensa-

tion reactions to only consume hydration water, thus utilizing
the metal salts as reactants rather than passive dopants in
the system. By using this approach, the amount of hydroxyl
guenchers is minimized, which can be expected to yield
luminescent materials with higher quantum yields than a
conventional setgel entrapment procedure. Zinc nitrate was
used as a nonluminescent “filler” in order to boost the
concentration of hydrate water in the system enough to enable
the hydrolysis and condensation reactions to proceed, while
keeping the concentration of chromophore low enough so
as to allow transmittance through the materials and avoid
self-quenching. The selgel materials assembled using this

sol-gel encapsulation, as was expected given the vastapproach were found to exhibit higher emission intensities,

number of preceding reporisl®.2426.2831344041L51Eqr the

(51) Mongey, K. F.; Vos, J. G.; MacCraith, B. D.; McDonagh, C. M.;
Coates, C.; McGarvey, J. J. Mater. Chem1997, 7, 1473.

(52) Haas, Y.; Stein, GJ. Phys. Cheml1971, 75, 3668.

(53) Haas, Y.; Stein, GJ. Phys. Chem1971, 75, 3677.

(54) Haas, Y.; Stein, GChem. Phys. Lettl972 15, 12.
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be attributed to rigidochromism. Mixed methanol solutions
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of chromophore and zinc nitrate (6-:1 and 40 wt %, also determined to be tunable by altering the Zn{NO
respectively) also exhibited ridogochromism (longer decay Ru(bpy)?* and HO/Si molar ratios.

times for both systems, and hypsochromic emission shifts
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