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Abstract

A comparison has been made between thin film and bulk sol-gel derived matrices produced from the same reaction mixture. Th
was carried out by the incorporation of various concentrations of rhodamine 6G and monitoring the dyes fluorescence behaviour usir
both steady state and time-resolved fluorescence spectroscopy. Measurements were performed on matrices, which were considered t
in a stable condition and unlikely to undergo any further major structural changes. In the thin film matrices the fluorescence decay we
non-exponential and appeared to relate to different environments for the dye molecules. This was supported by anisotropy measureme
thatimply that dye is present adsorbed to the silica matrix as well as solvated within some of the pores. In the bulk matrices the time-resolve
fluorescence decay was monoexponential (decay time 4.34 ns) and on increasing the rhodamine 6G concentration the main phenome
observed was that of self-absorption. Evidence was found for the presence of solvent within the bulk matrix and time-resolved fluorescen
anisotropy indicated the existence of two main environments of differing viscosity (7 and 195 mPas), which can relate to different pore
sizes. Measurements of energy transfer from rhodamine 6G to malachite green showed a much greater than expected efficiency at |
acceptor concentrations. This is attributed to confinement of the dye within the pore and reflects a distribution of pore sizes. ©1999 Elsevi
Science S.A. All rights reserved.
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1. Introduction to monitor the sol—gel process [6-8] and also the sol-gel
glass as an environment in which to study the photophysics
The use of glass matrices produced by the sol-gel tech-of dye molecules as well as their interaction with the matrix
nique [1] has increased in a marked manner. There are many{9-14]. For example, aggregation effects have been seen to
factors responsible; for example, the technique is low cost reduce during the gelation process [15] and the photostabi-
and capable of producing uniform glasses of high purity. lity of some dyes has also been found to become enhanced
The sol—gel technique also has the advantage that the glaswhen incorporated in a sol-gel derived matrix [16,17]. There
matrices are produced at a low processing temperature, typi-have been applications, such as solid state lasers [18], sen-
cally several tens of degrees Celsius, as opposed to a coupl€ors [19] and non-linear effects [20]. The use of a sol-gel
of thousand degrees for a 'normal’ glass. This fact allows for matrix also offers the opportunity to isolate molecules and
the inclusion of fluorescent dyes and other optically active to restrict collisional deactivation when studying a relatively
molecules, which could not withstand the higher processing high concentration of dye in a solid matrix. This allows the
temperatures of standard glass production. It is also possiblephotophysics of concentration effects to be studied while
to produce glasses with a high porosity using this technique. minimising collisional interactions between dye molecules.
The matrix may be used as a host for active species and cartHence they can provide suitable matrices for observing ag-
have many applications [2-5]. Utilising the matrix to incor- gregation and self-absorption effects [21,22].
porate and study fluorescent molecules has formed an im- Here we attempt to assess the steady state and time-
portant area of research, both by using the fluorescent dyegesolved fluorescence behaviour of rhodamine 6G encapsu-
lated in both thin film and bulk monolith sol-gel derived
* Corresponding author. glass matrices at various concentrations. It was hoped to as-
E-mail addressgraham@fisica.uminho.pt (G. Hungerford) certain information regarding differences in dye behaviour
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as well as to elucidate any structural differences betweenin volume was observed. By this sample preparation tech-
the two forms of matrix produced from the same chem- nique, crack-free samples of good optical quality could be
ical reaction mixture. To this end we choose to use acid obtained.

catalysed tetraethylorthosilicate (TEOS) derived matrices in
which to incorporate the dye. The matrix was also probed
using rhodamine 6G in conjunction with malachite green to

provide information by the measurement of energy trans-
fer by the Foérster mechanism. Anisotropy measurements
were also performed to provide information concerning the
viscosity of the dye’s microenvironment. In this work we
choose to monitor the final dried matrix at a time when i
was considered to be in a stable condition, when minimal
structural changes should occur, rather than following the
sol—gel process itself. The aim was to produce sol-gel ma-
terials, which were stable in air and of good optical quality,

to study fluorescent dye behaviour.

2.2. Measurements

Absorption spectra were acquired with a Shimadzu
UV-3101 and the fluorescence spectra with a SPEX Fluo-
rolog. Steady state intensity mapping of the bulk sol-gel
t glass sample was performed using an image intensifier
operating in the photon counting mode in conjunction
with a CCD camera mounted to the camera port of a
trans-illumination microscope (Zeiss). This microscope
was also equipped with an optical fibre (1 mm diameter)
with which to channel the excitation light (500 nm) to the
sample. The fluorescence was monitored &t @@ a cut
off filter (530 nm) and photon events were recorded with
a Pulnix TM-6701AN full frame progressive scan camera.
Frames containing the photon events were read into a PC
by a DIPIX FPG-44 framegrabber. To avoid overloading
the intensifier all measurements were performed in the dark
at low light levels.

Fluorescence decays were measured with a time-correlated
single-photon counting apparatus equipped with a hydrogen-
filled coaxial flashlamp excitation source. The excitation
wavelength was chosen either using a monochromator or a
500 nm interference filter (10 nm bandpass). The latter was
mainly used for the anisotropy measurements. The fluores-
cence emission was wavelength selected using Shott glass
550 nm cut-off filter and detected using a Philips XP2020Q
photomultiplier. Unless otherwise stated, the measurements
were carried out with the emission monitored at 90 the

2. Experimental details
2.1. Sample preparation

Sol-gel matrices of Si® were prepared under acidic
conditions by hydrolysis and condensation of TEOS, from
Aldrich, using ethanol (Merck) as solvent with distilled wa-
ter containing hydrochloric acid (Merck) as the catalyst. The
method employed was adapted from Matsui and Usuki [14].
The initial solutions contained variable amounts of the dyes
to be studied, which were dissolved in the ethanol. Rho-
damine 6G was obtained from Merck and malachite green
from DIFCO. All were used without further purification.
The gel-formation reactions can be summarised as follows,

Si(OCyHs) + 4H20 — Si(OH)4 + 4CHs0OH excitation (i.e. the light path through an average bulk sam-
_ _ ple would be about 5mm). In the case of the film samples,
nSi(OH)4 — nSiOy + 2nH20 the measurement geometry was such that they were mea-

sured 'front face’ at 45to the excitation and emission. The
instrumental profile was obtained by replacing the sample
with a scatterer. The time calibration was about 0.1 ns per
channel and decays were measured to 10,000 counts in the
HCI was added. After about an hour of stirring the reac- peak_. The data were analysed using a least squares recon-
volution procedure (IBH Consultants). Errors were taken

tion mixture was transferred to an oven, which was set to as three standard deviations and the goodness of fit was
60°C. Thin films were produced by dipping glass slides at a . 9

constant speed in the solution during the first stages of theJUdge(j in terms of & value and weighted residuals.

gelation process. This was typically after the samples had

spent c.a. 4h at 6C. Film thickness was evaluated from

the wavelength of interference maxima and minima of the 3. Results and discussion

transmission spectra in the region where dye absorption is

negligible (above 800 nm). The average thickness was found3.1. TEOS thin film and bulk matrix characteristics

to be about 1.5m. The remaining reaction mixture could

then be used to form 'bulk’ samples. Prior to the observation of the fluorescence of dyes in-
The bulk monolith samples (with dimensions of c.a. corporated into the two forms of sol-gel matrix a study was

15mmx 5mmx 5mm) were formed by using standard performed on the matrices devoid of dopants. The NIR ab-

10 mm internal pathlength plastic cuvettes as moulds. Thesesorption spectrum of the thin films displayed interference

were covered and kept at 8D for at least 2 weeks. Sam-  fringes, while that for the bulk appeared fairly featureless in

ples were considered ready when no discernible decreasdhe region 350-800 nm, see Fig. 1. At wavelengths below

The mole ratio [HO]/[TEOS] used was 6 and pH was
about 3. Samples were prepared by stirring a mixture of
TEOS and ethanol (containing a volume of a stock solu-
tion of 10-3 M dye in ethanol) to which water acidified with
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Fig. 1. Comparison of the near infrared absorption spectra of a sol-gel monolith with water and ethanol (the pathlength was 2mm for the water an
10 mm for the other samples). The inset shows the absorption for these samples, scaled to a 10 mm pathlength, in the region 850-1300 nm.

350 nm there is an increase in absorption and at wavelengthgrable 1

Ionger than 800 nm several absorption bands could be Ob_Estimates for the composition of the bulk and thin film samples based
. . . . __on the NIR and density measurements showing the extreme values. For

served. Of_ partICUIar interest are the (harmomc) absorptlon the thin film sample case A relates to a scenario where the film contains

bands, which can be found around 970 an_d 1180 nm. Thea similar fraction of liquid as the bulk and case B when no liquid is

former relates to water and the latter to either ethanol or present. The values given are volume fractions. Assuming densities of

TEOS. With the thin film samples it was not possible to 2.3gent? for silica, 0.79 gcm?® for ethanol and 1 gcr? for water

make any judgement because of the thinness of the filmscomposition Bulk (%) Film (%)

(low absorbance) and the fact that the features were ob-

scured by the fringe pattern. In the case of the bulk mono- A B

liths, however, the NIR absorption spectra showed that both Silica 48 17 30
water and ethanol or unreacted TEOS are still to be found in Ethanol 25 25 -
the 'dried’ matrix. This fact was also confirmed using differ- | - 270 3280 7_0

ential scanning calorimetry (DSC), where on scanning from
0 to 300C the presence of the two solvents was detected.
Thermogravometric analysis (TGA) also confirmed this and hydroxyl stretching vibration. At 1459 nm a band (assigned
yielded a value of 20% for the proportion of the weight at- as an overtone of 2919.7 nmy) is seen relating to the
tributable to solvent. From these measurements it appearsstretching vibration of adsorbed water. Thus it appears that
that the most likely origin of the band at 1180 nm is ethanol our bulk sample contains both water bound to the inside of
rather than unreacted TEOS. An estimate made from thethe pore and a large amount of free water and ethanol. Fur-
strength of the absorption bands at 970 and 1180 nm indi- ther analysis of bands at longer wavelengths was hampered
cated that a monolith could contain of 20% water and 25% by the large absorption of the sample.
ethanol by volume. It is assumed that this is locked in the  An estimate of the densities of the two types of sample
pores in the interior of the matrix. Some evidence for this was made and this indicated that on an average the films
has come from anisotropy measurements of rhodamine 6G(assuming a uniform thickness of J.&h) had a density of
in TMOS matrices [23]. about 0.7 gcm?® compared with 1.5 gcn? for a bulk sam-
Although the NIR spectrum for the monolith sample ap- ple. These values are less than that for sintered porous silica
pears dominated by 'free solvent’ there are also bands togels (2.1-2.3 gcr) [1]. Combining the density measure-
be seen, which have previously been related to pore water.ments with the NIR data, assuming densities of 2.3gtm
Literature [1] reviews these and the assignments following for silica, 0.79 gcm? for ethanol and 1 gcm? for water, we
are based on this reference. In our spectrum a small peakobtain the volume fractions presented in Table 1. It should
is observed around 939 nm, which has been assigned to thée noted that these estimates are more likely to be the ex-
3v3 +2voy (a second overtone of 2816.8&r— a stretch- treme cases. However, for the bulk sample if we take the
ing vibration of a Si—O—H bond). Another small, but sharper values presented in Table 1 then the weight fraction of sol-
peak, is seen at 1367 nmy3), which is an overtone of a  vent is about 26%. This is close to the value obtained from
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Fig. 2. The steady state fluorescence spectra of different concentrations of rhodamine 6G in thin films formed by the sol-gel technique. The spectru
for the dye in TEOS with ethanol added to aid solubility is shown for comparison. The inset shows the corresponding absorption spectra for the sol-ge
films, normalised to the highest concentration. Thevalue’ refers to the amount (in ml) of 18M rhodamine 6G stock solution used in the initial
reaction mixture.

the TGA and adds credence to our estimates. The estimategentration. The origin of the shift has previously been at-
of the composition of the thin film sample are also based on tributed to aggregate formation [9,24] and may even be an
the two limiting cases, (case A) where the film contains a artefact of self-absorption. However, because of the geom-
similar fraction of liquid as the bulk and where it contains etry used the latter effect should be negligible. The peak
no liquid (case B). These estimates clearly show that the emission of the higher concentrations of dye coincide with
film sample is more porous than the bulk and contains more that for rhodamine 6G in TEOS (a small amount of ethanol,
voids. However, it should be stressed that these are extremeca. 3% of the total volume, was also added to improve dye
estimates and it is very unlikely that the films will contain solubility), which has a peak emission at 551 nm. This sug-
any significant amount of solvent as the drying process is gests that the origin of the shift is most likely environmen-
very fast. Therefore, in reality, the composition should be tal. A greater number of dye molecules having to occupy a
near to that given in case B. Also there is a possibility that more silica-like environment with increasing concentration
if our bulk samples were to be left for even longer periods could explain this effect. For example, after the filling up
of time a further reduction in the amount of liquid trapped of ‘more favoured’ solvated pores, the drier pores start to

in the matrix might occur. become filled with the rhodamine 6G, which is adsorbed to
the silica.
Time-resolved fluorescence measurements were per-
3.2. Fluorescence behaviour of rhodamine 6G formed on these films and in all cases the decays were found
incorporated in the matrices to be non-exponential. Similar behaviour has been reported
for the same dye in TMOS matrices, except at very low
3.2.1. Thin film matrices concentrations [24], and for a variety of molecules adsorbed

The steady state fluorescence emission and absorptiorto metal oxides [25], however, the reason for this behaviour
spectra for the thin film samples containing rhodamine 6G is still unclear [26]. Analysing the decays as a sum of
are given in Fig. 2. From the absorption spectra of these exponentials allowing the lifetime and pre-exponential pa-
samples (Fig. 2 shown as an inset and scaled) there doesameters to float (Table 2) produces reasonable fits to the
not appear to be any significant indication of aggregation. data. However, there is no discernible trend and the errors
The calculated concentrations for each of the samples (for arecovered are not insignificant. Calculation of a mean decay
film thickness of 1..um and a molar extinction coefficient time shows an overall decrease in the decay time although
of 82,000 [4]) are 0.06, 0.24, 1.6 and 4.9mM. These val- the lower concentration data appear hard to interpret. A
ues were found to correlate well to the amount of dye in the further attempt at analysis (also presented in Table 2) was
initial reaction mixture (concentration (mM) was ca. 0.49 then made fixing one decay time at 4.3 ns. This is the value
times volume (ml) of 102 M stock solution used). obtained for our bulk samples (see later) and also that re-

The fluorescence spectrum for the film samples (Fig. 2) ported in wet silica gels [27] and adsorbed to vesicles [28].
displays a shift to longer wavelengths with increasing con- In this case good fit to the data are found throughout and
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Table 2

Analysis of the time-resolved fluorescence decays for rhodamine 6G in thin film matrices using a biexponential analysis of the form
I1(t) =1 exp(=t/t1) +ap exp(-t/z2). The mean decay time is given calculated from the analysis with all the parameters floating. The pre-exponential
factors are given normalised to 1 and errors as 3 standard deviations

Concentration (mM) All parameters allowed to float 75 fixed at 4.3ns
Decay time (ns) Pre-exponential  x2 Mean decay time (ns) Decay time (ns) Pre-exponential x?2

0.06 2.270.33 0.48 1.10 3.36 2.080.15 0.44 1.07
4.37+£0.21 0.52 4.30 0.56

0.24 3.3740.68 0.72 1.13 3.73 3.180.19 0.47 1.14
4.66+0.05 0.28 4.30 0.53

1.6 1.47+0.65 0.16 1.16 3.36 3.130.19 0.68 1.19
3.72+£0.05 0.84 4.30 0.32

4.9 1.83+0.61 0.61 1.06 2.24 2.2680.06 0.95 1.08
2.72+0.89 0.39 4.30 0.05

Table 3

Datasets given in Table 2 analysed using Férster (3-D) analysis, of thel @rmw exp[(—t/z1) — 2y (t/r1)Y/?] + az exp(-t/t,), wherer is the lifetime
andy =C[(27%/2Ry3N)/3000], for two cases. The first with only one species fluorescing and transferring energy and the second with the monomer (decay
time fixed at 4.3 ns) fluorescing and transferring energy to a fluorescing dimger (

Concentration (mM) Only monomer fluorescing Two fluorescing specigdixed at 4.3ns

T (ns) Y x? o1 14 2 (ns) o2 x?
0.06 5.06+0.21 0.371 1.06 0.55 - 2.070.15 0.45 1.08
0.24 4.18+0.12 0.105 1.17 0.52 - 3.190.18 0.48 1.15
1.6 4.00+0.12 0.130 1.12 0.63 0.240 3.680.06 0.37 1.13
49 2.83+0.12 0.216 1.12 0.25 0.430 2.30.06 0.75 1.08

the contribution of the shorter-lived component is seen to model for the data than that described in Table 2. Assum-
increase with concentration. Although this component has ing a fluorescing monomer and non-fluorescent dimer it is
been attributed to dimer fluorescence [24] the absorption found that except at the lowest concentration the gamma pa-
spectra show no evidence for H dimer formation, as would rameter increases with total concentration, but not as fast as
be indicated by a growth in the shoulder of the spectrum would be expected for a monomer—dimer equilibrium. Other
about 500 nm. Furthermore, these dimers are usually con-attempts (fixing the monomer lifetime at a constant value
sidered to have very low fluorescence yields. Other forms and having a second fluorescent species) yield no better fits
of dimer (oblique or J-type) have been reported for rho- to the data than those given in Table 2. We conclude that
damine 6G in sol-gel media [29], but the similarity between the most likely explanation is that fluorescence from dye
their spectrum and that of the monomer makes it difficult molecules in different environments is being detected.
to obtain evidence of their presence. In any case these To see if any further information concerning the dyes en-
dimers would only be present in appreciable amounts for vironment could be elucidated a time-resolved anisotropy
dye concentrations much higher than those used here. Whameasurement was performed on the 0.24 mM sample. Due
appears clear is that the amount of the shorter-lived com-to the signal strength measurement of the lowest concentra-
ponent is linked to a red shift in the emission maximum. tion sample was precluded. The raw data and the calculated
Self-absorption effects, which could offer an explanation, anisotropy decay are presented in Fig. 3. The anisotropy de-
are unlikely, as they should result in an increase in the cay shown in the figure still contains instrumental distortions
mean decay time, which is contrary to what is observed. and so the data was analysed using an impulse response
The decay time for rhodamine 6G in TEOS, with ethanol reconvolution program (IBH Consultants). This yielded a
added to enhance solubility, was found to be 3.7 ns. This is value of 0.37 for the initial anisotropy(), a rotational corre-
a little higher than the values obtained for the shorter-lived lation time of 2.35+0.66 ns and a limiting anisotropy.()
component, but may hint, like the steady state fluorescenceof 0.238. The goodness of fit as reflected in #ifevalue was
data that the dyes behaviour is influenced by the environ- 1.09. If the rotational time is used to provide an indication
ment, e.g. an increasing amount becomes adsorbed to thef the viscosity of the probes’ environment then this can be
silica displaying different photophysical parameters. calculated as 13.2 mPa s [30,31]A previous study probing
Narang et al. [24] have explained the time-resolved flu- a bulk TMOS matrix found the existence of two rotational
orescence behaviour by assuming that an efficient energy
transfer from monomers to d!mers takes place. An attempt 1 -\ ated using = (¢, KTV, whereV is the effective volume of the
was made to fit the data to a Forster model for energy transfergye molecule (calculated using a radius of 5.6 &fhe temperature and
(Table 3) to ascertain if such kinetics could provide a better k the Boltzmann’s constant.
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o ' S any meaningful result. Again it appears most likely that the
N rhodamine 6G is reporting on different environments in the
film matrix. One in which it could be partially solvated and
able to rotate and another where it is adsorbed to the silica
and any rotation is severely hindered. This observation is in
agreement with our steady state and time-resolved data.

10000 |

anisotropy

1000

o2 3.2.2. Bulk monoliths

melne As with the film samples different concentrations of rho-
damine 6G were incorporated in the sol-gel monoliths. Due
to the high concentrations used it was only possible to record
the absorption spectra for the lower concentration samples
(data not shown). As the film data suggests that there is a
good correlation between the concentration of dye in the
initial reaction mixture and that in the final ‘dried’ matrix
we assume the same to be true for the bulk samples. This
assumption appears to hold for the samples that we were

counts

100

10

1 P R T T S able to measure and any indication of concentration is esti-
0 10 20 30 40 50 mated on this basis. As with the film samples the spectra we
time / ns were able to obtain did not provide evidence of aggregation
Fig. 3. Time-resolved anisotropy data for rhodamine 6G (ca. 0.24 mM) in a effects.
thin film matrix showing the vertical-vertical (VV) and vertical-horizontal The fluorescence spectra from these samples (measured
(VH) polarisation data. The calculated anisotropy decay is presented in in a right-angle geometry) are shown in Fig. 4. Here a pro-
the inset. The time origin is arbitrary. nounced red shift in the emission maximum can be seen.

As there is an overlap between the absorption and emission

bands in rhodamine 6G this behaviour is clearly indicative
times, which were attributed to two pore environments of of self-absorption. Also this effect was found to be not as
differing viscosity [23]. The large, value suggests a hin-  pronounced when the measurement geometry was changed
dered rotation and is most likely because of dye adsorbed toto front face. Further evidence for self-absorption and sec-
the silica. In case this value was masking a longer rotational ondary emission is seen in the time-resolved data (presented
time, which is difficult to resolve because of the relatively in Table 4). At the lowest concentration, unlike with the thin
short decay time of the probe, an attempt was made tafix  film samples, a monoexponential decay yielding a lifetime
to zero and to analyse the data again adding a second rotaef 4.34 ns is obtained. However, on increasing the dye con-
tional time. This form of analysis, however, did not produce centration there is a trend for the decay time to increase.
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Fig. 4. Normalised steady state fluorescence spectra, recorded gedMetry, for various concentrations of rhodamine 6G in bulk samples. The excitation
wavelength was 490 nm.
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Fig. 5. Schematic representation for the observation of fluorescence intensity made using a photon counting fluorescence microscope. Thasintensity w
monitored along the centre of the sample parallel to the excitation ahd(&0 The response from a sol-gel derived bulk sample containing a dilute
amount of rhodamine 6G. (b) The response obtained with a concentrated sample.

Table 4 formed using a fluorescence microscope to observe the flu-
Fluorescence decay time as a function of rhodamine 6G concentration yrascence and an optical fibre to channel the excitation light
:cn a bulk monolith. The negative sign in front of the pre-exponential -, yhe sample. The cone of light exiting the fibre had an an-
actor indicates a ‘rise-time’. ‘+' indicates concentration measured from . . .
the absorption spectrum, other values are estimates gle of 57. In order to quantify any self-absorption effect it

is preferable to use parallel light, but the set up used serves

ion (M D i Pre- ial x2 L ! T .
Coneentration (M) ecay time (ns) re-exponential x well for a qualitative demonstration. This is represented in
4.0x 1(T2+ 4.34+£0.02 1.09 Fig. 6. For a low concentration of dye the behaviour is quite
21x107+ 5.56+0.02 113 yniform with distance from the excitation source, curve (a).
2.1x 104 2.95+0.84 —-0.13 1.08 . . .

6.184 005 0.87 However, for the sample with the higher concentration of
1.2% 10-3 6.21+0.03 112 dye (b) this is clearly not the case. The behaviour that we
2.0x 1078 0.33+0.24 —-0.33 1.18 observe is similar to that seen with a fibre-optic-based flu-
6.37+£0.03 0.67 orimeter where inner-filter effects are observed [32]. The

sol—gel glass provides an ideal matrix for studying this type
of phenomenon as the matrix structure prevents collisional
Also some of the data requires the use of a second exponende-excitation of the fluorescent dyes within it. At this point
tial containing a rise time (negative pre-exponential factor) of time it appears that the use of the sol-gel derived mono-
to obtain a satisfactory fit. This is needed to fit the slightly lith shows promise in the study of self-absorption effects and
convex shape of the fluorescence decay, which again is in-we hope to provide a fuller treatment of this in the future
dicative of a self-absorption process occurring. It should also (Fig. 5).
be noted that as the self-absorption effect appears to be the As with the film matrices a time-resolved anisotropy mea-
dominant process there is also the possibility that it may be surement was performed using the lowest concentration of
masking other concentration effects like those seen in thedye to avoid any self-absorption effects. Fig. 6 shows the
thin film samples. raw data along with the anisotropy decay. Again the data was
To assess the usefulness of this type of matrix to investi- analysed in the same way as with the films. However, in this
gate the self-absorption phenomenon, the effect of distancecase the use of a second rotational time and firipdo zero
from excitation source on the fluorescence intensity of the seemed to provide the most meaningful result and provides
rhodamine 6G at both dilute and high concentrations when a marginally better fit to the data. Justification for this also
incorporated in the bulk matrix was observed. This was per- comes from the fact that the anisotropy decay still appears
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b ' AOT /trimethylpentane/water system [33] gives estimates for

™ pore sizes of diameter about 2 nm (from the higher viscosity
value) and over 20 nm (from the lower viscosity value). The
former value, which would constitute the majority of the
pores that we could probe in this manner, is close to that
expected for silica sol-gel derived glasses [1,11]. In reality
there is likely to be a distribution of sizes with the average
size close to the lower value that we estimate.
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100 | 3.3. Energy transfer between rhodamine 6G and malachite
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To further investigate the matrix we choose to perform a
time-resolved fluorescence study using energy transfer be-
tween rhodamine 6G and malachite green. This was only
attempted using the bulk samples, as a simple exponential
decay of the donor was required to facilitate the analysis

and the bulk samples were able to provide a better fluores-
T e w w = cence signal. Energy transfer measurements have been pre-
time / ns viously used by Black and co-workers to monitor ageing in
wet silica gels [27]. In all cases the data was analysed using
Fig. 6. Time-resolved anisotropy data for rhodamine 6G (ca18~°M) a 3-D Forster model. A value f@ (the critical transfer dis-
in a bulk m.atm.( showing the vertlcal—vertlcgl (VV) and vertlgal—horlzontal. tance) was first calculated and found to be about 43 A%34]
(VH) polarisation data. The calculated anisotropy decay is presented in - .
the inset. The time origin is arbitrary. from the overlap of the emission spectrum of rhodamine 6G
and the absorption spectrum of malachite green measured at
low concentration in sol-gel matrices. This is slightly lower

to be decreasing with time (not the case with the film sam- than the value of 48 A previously calculated for the system
ple) and that this behaviour has previously been reported for ysjng glycerol [35].

bulk matrix arero=0.37, a rotatipnal time of 121.5ns The main part of this figure shows the change in the re-
(0.16) ar21d a second rotational time of 34.:6.7ns (0.84)  covered gamma parameter with increasing acceptor (mala-
with a x value of 1.12. The figures in parentheses repre- chite green) concentration. In this case the concentration of
sent the relative proportions. The goodness of the data isfhodamine 6G in the stable bulk sample was determined as
limited by the lifetime of the probe molecule on the longer c5 4% 10~ M from the absorption spectrum. In this analy-
timescale and by the resolution of our equipment in rela- sjs the recovered decay time appeared to remain reasonably
tion to the shorter times. If we use these rotational times t0 ¢onstant, close to that obtained in the absence of malachite
determine the viscosity then the values obtained are aboutgreen, so collisional de-excitation is unlikely. An estimate
7 and 195mPas, respectively from the short and long rota-for the diffusion length in ethanol gave a value of 24 A,
tional times. This suggests that the rhodamine 6G is located\yhich is less than th&, value, substantiates this fact and
in solvent, which is not unreasonable as evidence exists forihe use of an energy transfer model. The analysis of the
the presence of ethanol and water in this form of the matrix. sample without any malachite green yielded an insignificant
However, even the lower viscosity value of 7 mPas indicates \5|e of gamma, thus, negating donor—donor energy migra-
that the solvent is more viscous than would be expected thantion, Initially with small amounts of acceptor added there is
if it had normal bulk properties. The second environment is g rather sharp increase in the gamma value, which then be-
an even more viscous one. This contrasts with the film sam- cgmes less pronounced. Although the data can be fitted in
ple in which most of the dye appears adsorbed and unablehe ysual manner with a simple straight line (this giveRgn
to rotate freely. o . ~ value of 91 A), in this case it seems more appropriate to fit
If one makes the analogy Wlth inverse m|(?elle§ to WhICh two regions separately. From the first regionRyof 104 A
the pore structure has been likened, especially if as in ourjs recovered and the other region yields a value of 67 A for
case a majority of the pores in the bulk matrix are filled with R, The first value is far greater than the calculated value of
liquid, then a rough estimate of pore size can be made from43 A which indicates that the energy transfer process is a lot
the viscosity data. This of course assumes that the viscositymqre efficient (ca. 200 times) than expected. The valtRyof

is just affected by pore size and that the fluorophore is not gptained from the second region is also larger than expected:
adsorbed to the surface of the pore, which is filled with water

and spherical in shape. Although not a rigorous treatment, 2cajculated usingRo=9.79x 16° (x2n*dJ)Y/6 assuming k2= 2/3,
using our viscosity values compared to those obtained for a®=0.95,n=1.5 and withJ=6.02x 10-14,
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Fig. 7. Plot of gamma versus concentration of malachite green for a low concentratioh0(# M) of rhodamine 6G in a bulk matrix. The inset shows

the behaviour for a higher concentration of rhodamine 6G %2105 M).

here the efficiency is about 14 times higher. In order to fur- ' T i

ther investigate this a larger concentration (2.10~° M) 100 - (@) 7

of rhodamine was used (to produce a better fluorescence *

signal) along with correspondingly higher concentrations of 075 1= ]

malachite green. The variation of gamma with acceptor con-

centration is shown as an inset in Fig. 7. Here it seems re- 050 1= T

alistic to fit the data to a linear regression. This yielded a =

value of 61 A forRy, which is close to that obtained in the § 025 ]

second region in the main plot. This value is very similar to S [/ T

that obtained experimentally (62 A) for this combination of § 000 5= 508 o 015

dyes adsorbed to the surface of a vesicle [28]. § — : : : :
These data are consistent with the matrix playing an im- 8 (b)

portant part in confining the dye molecules. The data can § S 7

be interpreted in several ways and we assume that energy E

transfer does not occur between dye molecules located in ol . i

different pores. Itis possible to consider that there is a higher 2

‘effective’ acceptor concentration present, which gives rise

to the largerRy values. Assuming that the value of 43 A 051 T

for Ry is correct enables a comparison between the added -

acceptor concentration (obtained from the absorption spec- 0.0 5 0'1 s 0'2 : 013 . 0'4 : 0'5

tra of the samples) and the effective acceptor concentration
(calculated from the deviation of the data from the assumed
Ry value of 43 A) to be made. This comparison (made for Fig. 8. Plot of the effective concentration of malachite green obtained
both datasets) is displayed in Fig. 8 and shows that for afrom the Ry values compared to that from the spectral data; (a) for the
small addition of acceptor molecules there is a sharp in- 4> 107°M R6G concentration data, (b) the 210-°M R6G concen-
crease in the effective concentration. As both the donor andtratlon dataset. The dashed line represents 1:1 equivalence.

acceptor have comparable molecular structures it would be

expected that their affinities for particular locations in the

matrix should be similar. It could be that the observed be- confine the donor and closer than would occur in an isotropic
haviour can be explained by either the acceptor moleculesmedium.

initially taking up positions in more favourable environ- It is also likely that there is a distribution of pore sizes.
ments, which happen to be close to the donors or thereThe anisotropy data indicate that most will have a diameter
could be a distribution of pore sizes. Considering the former in the order of 2nm, although it also indicates the exis-
case the more favourable environments could include sol-tence of pores with diameters 10 times larger. The ratio be-
vent filled pores or sites within the pores themselves, which tween theses two sizes is approximately 5.25 (0.84/0.16).

added concentration / mM
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