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The decay of the excited singlet state of an aromatic molecule such as naphthalene adsorbed 
to the surface of silica is nonexponential. This nonexponential decay is shown to result 
from a multipolar interaction between the excited adsorbate and the intrinsic defects of silica. 
We present experimental evidence for direct energy transfer between the donor molecules, 
naphthalene and 2-methoxynaphthalene, and acceptor defects sites of a crystalline silica zeloite 
(silicalite) . The principal condition for direct energy transfer, spectral overlap between 
the optical absorption of the defects and the fluorescence emission of the adsorbate is 
demonstrated for this system, and the nonexponential relaxation of the donor is shown 
to be described by a Forster-type stretched exponential. Based on the spectral overlap and 
energy transfer rate determined, the intrinsic defect density of silicalite is calculated to 
be 3 &2x 102’ cme3. 

INTRODUCTION 

The dynamic properties of molecular probes in micro- 
porous and microheterogeneous systems have received a 
great deal of experimental’-I2 and theoretical’3-‘8 atten- 
tion. Systems studied have included zeolites, silica gels, 
micelles, polymers, and biopolymers, porous glass and 
mixed crystals.‘-‘2 Models have been developed to treat the 
role of spatial restrictions on the dynamics of these systems 
and to characterize the morphology of these structures.‘3”4 
In addition to spatial restrictions, the interactions between 
the probes and the substrate have been found to contribute 
to the complexity of the observed behavior.10-‘2 

In this paper, we present experimental evidence which 
suggests that under the appropriate conditions, the excited 
state of a molecule adsorbed to a silica zeolite (silicalite) 
interacts with the intrinsic defect sites of the silica leading 
to a nonexponential survival probability a(t) . The inter- 
action is proposed to be an energy transfer quenching re- 
action 

WC f9 
D*+A + A*+D, (1) 

where the adsorbed aromatic molecules are the donors 
(D*,D) and the defect sites are the acceptors (A,A*). 
W(r) describes the hierarchical one step energy transfer 
rate which depends on the distance r between D* and A. 

It is not obvious a priori which mechanism, a multipo- 
lar or an exchange interaction, dominates the energy trans- 
fer process in our system. We show that when the basic 
requirement for either energy transfer mechanism is ful- 
filled there is a spectral overlap between the fluorescence 
emission of the adsorbed donor molecule and a sub- 
bandgap absorption of the intrinsic silica defects specifi- 
cally dangling peroxide radicals (SiO,* > and peroxide 
bridges (Si-O-O-Si) . To determine which energy transfer 
process gives rise to the nonexponential decay observed, we 

fit the measured survival probability data for each donor to 
model decay laws for each mechanism. Because dipolar 
and exchange energy transfer depend in unique ways on 
the separation between D* and A, W(r) gives decay laws 
that are distinctly different. 

The formal derivation of these decay laws can be found 
in the literature and we present a brief description of how 
each energy transfer process leads to different form of the 
donors survival probability. The general form of the sur- 
vival probability for a donor in the presence of acceptors 
isl,l3,14 

QD( 00) =exp -p 
i s 

drpdr) 

XCl-exp[-IUr-ro)t]} , 1 
(2) 

where we exclude the position of the donor ro, and p is the 
fraction of the total number of acceptor sites that are oc- 
cupied. We consider the case where the energy transfer 
[Eq. ( 1 )] is a one-step process with no significant back 
transfer and ~41. For donor-acceptor interaction in re- 
stricted geometries such as porous silicas, it is necessary to 
identify the form of the site density function pa(r) which 
describes the spatial agrrangement of the acceptors around 
the donor. pa(r) is essentially the two-point correlation 
function on the confining structure. Therefore, for each 
geometry, one must evaluate the integral appearing in Eq. 
(2) 

JW0) = s drp&)Cl-exp[ - W(r-r,)t}. (3) 

In the case of silicalite as the host geometry, we will make 
a number of assumptions about the approximate form of 
pa(r) which do not compromise our general conclusions. 
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We now must consider the form of W(r) for each of 
the energy transfer mechanisms. For multipolar interac- 
tions, 

where for dipole-dipole interactions S=6, r. is the isolated 
donor lifetime, k is the anisotropic factor containing the 
angular dependence of the dipolar interaction, and R. is 
the critical transfer radius or Forster radius. R. is defined 
(is1,13-16 

R;= 
9000 In lO& 

J- 
FD(Y)Q(Y) 

128rrbn4N, v4 dv, (5) 

where N,, is Avagadro’s number, n is the refractive index 
of the medium, FD(y) is the fluorescence intensity of the 
donor in wave numbers normalized as JFD(v)dv= 1. QD is 
the quantum yield of the donor fluorescence and Ed is 
the acceptor molar extinction coefficient. In the limit of an 
infinite system with a random acceptor distribution ro(r) 
=ro, we recover a general form of the survival probability 
for multipolar interactions in a three-dimensional sys- 
tem 1,13-M 

where d is the dimension of the embedding medium, I’ is 
the gamma function, and the prefactor A0 is equal to’P’3-‘6 

II , 

(7) 

(6) 

which defines the number of acceptor defect sites in a 
sphere of radius R. with C a constant that depends on the 
dimension d (e.g., for d = 3, C=4/3). From Eq. (5 ), it is 
clear that when the interactions between the excited aro- 
matic molecules and the defects of silica are dipolar, the 
normal exponential decay is modified at early times. The 
decay curves under the assumption of a dipolar interaction 
have the characteristic form of a stretched exponential 
with exponent a damped by an exponential’t’3-‘7 

Ao =ppoC&, 

@(t)=exp(s)exp[ -Ao(i)a]. 

This stretched exponential nature of a(t) originates from 
the hierarchy of donor-acceptor distances and from the 
scaling behavior of W(r) [see Eq. (4)]. 

(8) 
long times by an enhanced power of the formI 

Q(t) =exp -i t-Altn(‘/ro)ld-t. 
( ) 

It should be noted that neither Eq. (13) nor Eq. (14) are 
analytical at t=O. This is due in part to the approximation 
in the integral expression equation (2). However, both 
equations describe exchange in the long time limit; when 
d > 1, Eqs. (13) and (14) describe a relaxation which de- 
cays slower than a stretched exponential and faster than an 
algebraic. 

When the donor-acceptor interactions are exchange in 
origin, the temporal nature of the donor survival probabil- 
ity is not stretched exponential in character. For exchange 
interactions, the transfer rate W(r) between donors and 
acceptors depends exponentially on their separation dis- 
tance 

where E is a measure of the range of the exchange interac- 
tion. Substituting the form of W(r) given by Eq. (9) into 
Eq. (2) as done in Refs. 18 and 19 yields 
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FIG. 1. The survival probability of 2-methoxynaphthalene, excited at 325 
nm (30 770 cm-‘) with emission at 340 nm (20 412 cm-‘), adsorbed in 
silicalite which is deoxygenated and under vacuum ( 1 mTorr). 

@(t) cexp-; exp[ --Agd(at) 1, (10) 

where A is a time-dependent constant 

A = FQJ~~E-~, (11) 

with vd the volume of the interaction space. In the limit of 
at%4 

gd(at) =hd(at). (12) 
The survival probability for exchange takes the form of an 
exponential logarithm damped by the isolated donor life- 
time’&‘9 

*(t)=exp($)exp( -Alnf). (13) 

The exchange term can be shown to be approximated at 

The work presented here will focus on the fluorescence 
emission from excited naphthalene and 2- 
methoxynaphthalene adsorbed to silicalite. The fluores- 
cence survival probability is found to be nonexponential, as 
shown for 2-methoxynaphthalene in Fig. 1. Nonexponen- 
tial decay of the emission from molecules adsorbed to the 
surface of oxides of Si and Al has been observed by other 
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investigators.P‘” We provide experimental evidence which 
suggests that under the appropriate conditions, the excited 
state of the adsorbed molecule undergoes energy transfer to 
intrinsic defect sites of the silica and this interaction gives 
rise to the nonexponential survival probability observed. 
Furthermore, we will demonstrate that the required spec- 
tral overlap exists between the emission from naphthalene 
and 2-methoxynaphthalene donors and the absorption of 
silicliate defect acceptors. We will also show that the donor 
relaxation is well described by the dipolar mechanism, 
while the exchange mechanism fails to capture the essential 
features of the decay process. Values for the lifetime r. and 
the prefactor are determined, and 7. is shown to depend on 
the interactions of the adsorbed molecules with the surface. 
Values for R. and the defect density p. are also determined 
based on the spectral overlap and the value for the energy 
transfer prefactor. The value for R. for both the adsorbed 
naphthalene and02-methoxynaphthalene is found to be ap- 
proximately 10 A and the defect concentration is approx- 
imately 3 j= 2 X lo*’ defects cmM3. This is an order of mag- 
nitude greater than the maximum defect density found in 
quartz u)-23 but is on the order of the number of Al substi- 
tutional disorder (l/unit cell) in silicalite and is less than 
the number of dangling bonds shown to be on the silicalite 
interior by nuclear magnetic resonance (NMR) and Fou- 
rier transformation infrared (FTIR) measurements.24 

EXPERIMENT 

Sample preparation 

Silicalite used for these studies was Union Carbide 
S115 with an Al203 impurity content no greater than 0.4 to 
1.6 wt. %  and a mean particle size of approximately 1 ym. 
Silicalite is synthesized by crystallizing a silica-organic 
template and removing the organic component by chemical 
or thermal decomposition.25 Prior to use, the as received 
silicalite was heated to 600 “C! under dry air for 20 h to 
remove any residual template molecules and to dehydrate 
the surface. 

Naphthalene and 2-methoxynaphthalene were ob- 
tained from Aldrich and used without further treatment. 
These were adsorbed to the silicalite from iso-octane solu- 
tions. As it is difficult to desorb solvents from silicalite, we 
choose iso-octane to avoid solvent contamination in our 
samples, since it has been demonstrated previously that 
iso-octane does not adsorb into silicalite pores in apprecia- 
ble quantities even at elevated temperature.26 Adsorption 
was allowed to take place in sealed air tight vials where the 
samples were allowed to sit without agitation until equilib- 
rium was reached (approximately 300 h) . Equilibrium was 
determined by measuring the uptake of naphthalene as a 
function of time over a two week period. The supernatant 
was decanted from the samples and the wet powder was 
dried under vacuum at 50 “C for 30 min. The uptake of the 
organic by the solids was calculated from the difference 
between the optical absorption of the starting solutions and 
that of the supernatant. To remove any adsorbate remain- 
ing on the silicalite particle surface dried silicalite samples 
were washed in neat iso-octane (5 ml per gram of solid) for 
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FIG. 2. A schematic diagram of the photothermal deflection apparatus. 

30 min. The wash was decanted and measured for adsor- 
bate content, while the samples were dried for 1 h as above. 

The naphthalene samples used for these studies con- 
tained between 3 and 10 PM/g adsorbate and the 2- 
methoxynaphthalene samples contained 54 PM/g. The 
samples were stored in air tight vials at room temperature. 
The 2-methoxynaphthalene samples were stored in the 
dark to avoid photodegradation. We found that all samples 
could be kept for months without any change in their pho- 
tophysical behavior. 

Photothermal deflection measurement 

The absorption spectrum of silicalite defects from 278 
nm (35 970 cm-‘) to 337 nm (29 674 cm-‘) was mea- 
sured using photothermal deflection spectroscopy.27’28 The 
silicalite was pressed into a < 500 pm thick disk and sus- 
pended in iso-octane solution at room temperature. As 
shown in Fig. 2, the 10 ns output of a 10 Hz Nd Yag 
pumped dye laser was frequency doubled and used to ex- 
cite the defects. The temperature change in the iso-octane 
due to nonradiative thermal relaxation of the excited de- 
fects at the surface of the sample was probed using a HeNe 
(632 nm, 15 924 cm-‘) beam focused ( < 50 ym diameter) 
100 ,um away from the surface of the sample. The deflected 
beam was then passed over a knife edge 35 cm from the 
sample. The a.c. component of the deflection signal was 
detected using a photomultiplier tube (PMT) and lock-in 
amplifier referenced to the Q switch of the YAG laser. The 
signal was collected and averaged for 100 s and was cor- 
rected for the intensity of the excitation source at the sam- 
ple. The energy density used in these experiments was ap- 
proximately 7.5 mJ pulse-’ cm-*. The deflected signal was 
shown to depend linearly with energy density for values 
under approximately 10 mJ pulse-’ cm-*. This is impor- 
tant because high energy densities of UV light have been 
shown to produce defects in quartz through multiphoton 
processes.2’~29~30 
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Time-resolved emission measurements 

The decay of the sample luminescence was monitored 
using time-correlated single photon counting (TCSPC). A 
Coherent mode-locked argon ion laser synchronously 
pumping a cavity dumped dye laser provided a 757 kHz 
train of 5 ps [full width at half-maximum (FWHM)] 
pulses at 575 nm (17 391 cm-‘) which was frequency dou- 
bled to 287.5 nm (34 783 cm-‘) and used to excite the 
sample. The energy density of light used for these experi- 
ments was < 1 nJ pulse-’ cmw2. The emission was col- 
lected through a 320 nm (31 250 cm-‘) cut-off filter and a 
monochromator set to the desired wavelength. Emissions 
was detected with a Hamatsu R2023M two stage micro- 
channel plate photomultiplier tube. The signal was col- 
lected by an Ortec 50 time-to-amplitude converter (TAC) . 
The anode pulse was amplified and fed to a Tennelec 454 
constant fraction discriminator which created a start pulse 
for the TAC. The stop pulse was provided by the laser 
pulse to insure a stop pulse for every start pulse. The cor- 
relation photon count rate ( ~2000 cps) from the TAC 
was transferred to a pulse height analyzer (Tracer TN- 
1750). During the measurements, the samples were under 
vacuum ( < 1 mTorr). 

The temporal dependence of sample luminescence de- 
cay was fit to the model discussed below by a nonlinear 
least-squares optimization using a Marquadt-Levenberg 
algorithm. Minimization was done on the x2 function and 
the calculated values of the theoretical model were used as 
weighing factors. Different statistical functions including 
x2( =l and 1.5), the Durbin Watson (DW= 1.7-2), the 
skewness factor (SK=O), the kurtosis factor (Kur=3), 
the weighted residual, and the autocorrelation of the 
weighted residual were calculated to determine the unique- 
ness of the fit to the model equations. 

Steady-state emission measurements 

Steady-state emission spectra of the samples were 
taken using an SLM 4800s emission spectrometer with a 
mercury/xenon lamp and monochromator as the source. 
Sample emission was collected at a 90” angle to the excita- 
tion beam through a monochromator and detected by a 
photomultiplier tube. The emission level was normalized to 
the intensity of the excitation light using a Rhodamine B 
quantum counter. The spectra were corrected for the wave- 
length response of the detection system. For this study, the 
spectra were obtained at room temperature. Samples were 
contained in sealed quartz tubes that had been evacuated 
for 1 h at < 1 mTorr as described above. The silicalite 
samples prepared this way contained some residual oxy- 
gen. This affected only the signal intensity and not the 
spectral information. 

RESULTS AND DISCUSSION 

The system investigated is comprised of organic probe 
molecules, naphthalene, and 2-methoxynaphthalene ad- 
sorbed to silicalite, a crystalline silica zeolite. Silicalite has 
a density of 1.76 g/cm3 and a refractive index of 1.39.*’ It 
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FIG. 3. A schematic representation of the pore network of silicalite with 
naphthalene in the b channel. 

is similar to the ZSM-5 zeolites, although it has a much 
lower Al content (SiO,/Al,So,> 200). Five five- 
membered rings and one six-membered ring make up the 
basic repeat unit of silicalite. The repeat units are arranged 
to form a regular network of channels 5.5-5.8 A in diam- 
eter. There are two types of channels-straight B channels 
and sinusoidal A and C channels-which intersect the B 
channels every 10 A. The unit cell of silicalite is defined by 
96 Si(04)1,2 tetrahedra of our 10 A segments of each the 
A, B, and C channels, This is illustrated in Fig. 3 which is 
a schematic of the silicalite pore network with an adsorbed 
naphthalene.26 

While silicalite has a highly connected pore network, 
simulations have indicated that aromatic adsorbates lie pri- 
marily in the B channels and are sterically hindered from 
going into the A and C channels.31 A ChemX representa- 
tion of 2-methoxynaphthalene adsorbed in the B channel of 
silicalite is presented in Fig. 4 and shows that the silicalite 
pore width is only slightly larger than the molecular width. 
Adsorption studies indicate that the adsorption isotherm 
for naphthalene saturates around 100 ,uM/g or 0.6 mole- 
cules per unit cell, which is significantly less than the the- 
oretical maximum of four per unit cell. The samples used 
for these studies had significantly less than the maximum 
adsorbate levels. At loadings higher than 100 PM/g, we 
found that the dynamic characteristics changed and this 
change is attributed to aggregation of adsorbates on the 
crystallite surfaces. 

Recent work investigating the silicalite in the absence 
of adsorbates has shown that there are defects throughout 
the silicalite just as there are in all silica substance.32 The 
defects may be in the form of nonbridging oxygen atoms 
Si-0, peroxide radical and bridges S&O2 and Si-O-O-Si 
and oxygen vacancies =Si-Si=, and the E’ center.33’34 
Many studies have been conducted on these defects to 
show that they absorb subbandgap light.30*33-36 They also 
emit light in the range 300-650 nm (33 333-15 385 cm-‘). 
Assignments of the different defect types to distinct absorp- 
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FIG. 4. The optical absorption spectrum of the silicalite defects measured 
by photothermal deflection spectroscopy. The steady state fluorescence 
emission spectrum of naphthalene adsorbed in silicalite (excitation 34 843 
cm-’ and 287 nm). 

tion and emission bands are not completely understood 
and are the subject of continuing research. 

We have conducted a series of experiments to measure 
the absorption of silicalite using photothermal deflection 
spectroscopy.32 We find overlapping peaks at approxi- 
mately 293 and 283 nm (34 130 and 35 336 cm-‘) (see 
Fig. 5) that we assign to a peroxide radical or peroxide 
bridge defect. Such defects have recently been identified in 
quartz using electron-spin resonance (ESR) techniques37 
and theoretical calculations show that their absorption en- 

I*2 * 

0. 2 

ergyis in the range we have probed.38 These defects are 
known to be caused by the reaction of molecular oxygen at 
oxygen vacancy defect sites.37*39 Our heating of the silicate 
under oxygen gas may have enhanced the production of 
these defects in the system. 

Defects in zeolites may also be located at impurity sites 
such as Al, Ge, and Fe. In silicalite, the primary impurity 
is Al and the SiOz/A1203 ratio of the silicalite used in these 
studies indicates that the Al density is as high as one atom 
per unit cell, or that as many as 1% of all Si atoms are 
replaced by Al. In the crystal, the Al impurities are asso- 
ciated with Na+ or H+ counterions creating a large dipole 
moment of approximately 10 D at the defect which is sim- 
ilar in size to the dipole moment created in the excited 
aromatic molecule. Some studies have suggested that ab- 
sorption and emission properties may be attributed to these 
sites.33*34 

The spectral overlaps in the region 408-287 nm (24 
500-36 000 cm-‘) between the absorption of silicalite and 
the emission from naphthalene and 2-methoxynaphthalene 
are shown in Fig. 5. For the silicalite absorption to the red 
of 337 nm (29 674 cm-‘), we have extrapolated from the 
data by fitting the absorption edge to an exponential func- 
tion in keeping with the Urbach mode1.40*41 The overlap 
between the sjlicalite and the adsorbate emission is signif- 
icant, confirming that the dipole-dipole coupling model 
may be appropriate to describe the interaction. In order to 
evaluate R. with these data, we estimate the molar extinc- 
tion coefficient E for the silicalite. Value for both the abso- 
lute absorption a (cm-‘) , and the concentration of defects 
in the silicalite pA are obtained. Photothermal deflection 
(PTD) spectroscopy allows us to estimate the value for a, 
but we have found that it is difficult to obtain a suitable 
reference standard to calibrate the instrument, as scatter- 
ing effects vary widely for different materials and are dif- 
ficult to account for quantitatively. Estimations for both a 
and pA are determined below by using both the spectral 
overlap data and the survival probability results. 

The survival probabilities of the excited naphthalene 
and 2-methoxynaphthalene adsorbed to silicalite are shown 
in Fig. 6. In both cases, the relaxation is clearly nonexpo- 
nential and is fit to Eq. (6), where d=3 and S= 6. By 
setting d=3, we ignore the excluded volume suggested by 
the pore geometry as will be addressed below. Figure 7 
shows the same data as in Fig. 6 fit to the model for an 
exchange interaction [Eq. (13)]. Clearly, unlike the 
dipoltiipole coupling model, the exchange model does 
not describe the basic temporal features of the relaxation 
process. 

I.......~.......~.......~.......~.......1 
Boo0 25000 29000 33000 37000 41000 

ENERGY (cm-l) 

FIG. 5. The optical absorption spectrum of the silicalite defects measured 
by photothermal deflection spectroscopy. The steady state tluorescence 
emission spectrum of 2-methoxynaphthalene adsorbed in silicalite (exci- 
tation 34 843 cm-’ and 287 nm). 

In the case of naphthalene, fitting the fluorescence re- 
laxation to Eq. (6) yields A,=0.80*0.06 and rc=68.0 
a2.3 ns, while in the case of 2-methoxynaphthalene, A, 
=0.98&0.02 and TV= 14.3 *O. 1. These values are 
independent of the adsorbate loading within the range l- 
100 @ I/g. For very low loadings, the silicalite emission 
contributes a large fraction to the total emission, and at 
high loading, adsorbate aggregation alters the dynamics. 
We should also note that the silicalite absorption overlaps 
with the naphthalene absorption, but has a significantly 
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FIG. 6. Survival probability of naphthalene measured at 340 nm (29 410 
cm-‘) with excitation at 287 nm (34 843 cm-‘). The survival probability 
is fit (solid line) using two adjustable parameters rc and A,, to the dipole- 
dipole energy transfer model [Fq. (6)] where d=3 and S=6. The fit to 
the data is shown by the residuals and their autocorrelation and x2= 1.19, 
DW= 1.88, SK=0.22, and Kur=3.33. The narrow peak near the origin 
is the instrument response function to the excitation pulse. 

smaller cross section (sax< 100 for silicalite compared 
with emax= 6000 for naphthalene), so that even with the 
population of silica defects greater than that of the adsor- 
bates, most of the light is absorbed by the adsorbates. We 
have demonstrated that for the samples used in these stud- 
ies, the silicalite contributed (1% of the total emission, 

Based on Eqs. (5) and (6), the values for p. and R. in 
the system may be calculated using the values measured for 
A0 and the overlap integral. Again, the value of the abso- 
lute absorption must be estimated in order to carry out the 
analysis. We used a value of 100 cm-’ for amax and quan- 
tum yield values of 0.2 for naphthalene and 0.38 for 2- 
methoxynaphthalene. We find that p. is 3 * 2 X 10” cmm3, 
R,= 10 a for naphthalene donors, and R,=10.5 %, for 
2-methoxynaphthalene donors. Given these results, the 
value for E,, is calculated to be 300 cm-’ M-l. This value 
is consistent with that observed by Devine who has studied 
multiphoton effects in quartz.” He has found that for a 
defect density of 3-6X 10” cmw3, a,,(258 nm) =0.002, 
which is equivalent to E,, of 200-400 cm-’ M- *. Natu- 
rally, this comparison does not verify our results as the 
absolute values of a and p. in silicalite and quartz differ by 
five orders of magnitude from those found by Devine. 

The value of pA determined (2X 102’ cmm3) is equiv- 
alent to 1 defect/unit cell or a defect on 1% of all Si atoms 
(0.25% of all Si-0 bonds). Defect density values reported 
for quartz vary from 10’4-1020 depending on the sample 

4 

3 
r\ 
l-l 

; 

Y2 

1 

0 
I 

0 
j 1  I I I 8  

10 20 30 40 50 SO 
TIMECnanorocondr> 

FIG. 7. Survival probability of 2-methoxynaphthalene measured at 340 
nm (29 410 cm-‘) with excitation at 325 nm (30 770 cm-‘). The sur- 
vival probability is fit (solid line) using two adjustable parameters rc and 
A0 to the dipole-dipole energy transfer model [Eq. (6)] where d=3 and 
S=6. The fit to the data is shown be the residuals and their autocorrela- 
tion and ~=1.60, DW= 1.70, SK=0.07, and Ku=3.62. The narrow 
peak near the origin is the instrument response function to the excitation 
pulse. 

and the technique used.2G23133 Woolery et al. have recently 
performed NMR and FTIR studies on silicalite and ZSM-5 
samples with varying amounts of A1.24 They find that the 
number of dangling bonds on the silicate interior increases 
significantly with decreasing Al content. For extremely low 
Al content ( Si02/A1203=26 000), they found that as 
many as 7% of the internal Si atoms had dangling bonds. 

For a defect density of 2X 10” cmm3, the average dis- 
tance between defects is approximately 9.3 A, or on the 
order of one channel spacing. The size of the defects can be 
estimated to be on the order of Si-0 bond length (2.5 A) 
for the lattice defects and slightly larger for the Al impu- 
rity defects. On the average, the adsorbate molecules inter- 
act with defects across one or more channel. Temporally, 
the system behaves as donors and acceptors embedded in a 
uniform three-dimensional lattice. The adsorbates probe 
the defect density and the energy transfer may be used to 
characterize the defect distribution in the silicalite. 

For dipole-dipole energy transfer, we may calculate 
the maximum time of the energy transfer process t,,,, 
which is determined by the radiative damping process TV 
The maximum distance probed by the energy transfer R,, 
may be defined as R,,,=$d( ~/T~)R~.‘~‘~~‘~ We can show 
that R,,,- 1.45 R,, which is calculated to be 15 A for the 
interaction of naphthalene and 2-methoxynaphthalene 
with the defects. This means that the excited donor will 
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FIG. 8. Survival probability of 2-methoxynaphthalene is the same as in 
Fig. 7, but fit to the exchange energy transfer model  [Fq. (13)] using two 
adjustable parameters rc and  A, where d=3. The goodness of the fit to the 
data is given by 2=11.71,  DW=0.31,  SK=0.03, and  Kur=3.23. 

interact primarily with defects between two channels. The 
form of the distribution of the acceptor defects will depend 
on the adsorption site, whether the molecule is in the B 
channel or an intersection. This will determine the arrange- 
ment of SiOZ units and of the excluded volume or probe 
space around the probe. 

For porous media, dipolar energy transfer processes 
can exhibit a  crossover in dimensionality. This crossover is 
associated with a characteristic time tcross, which in this 
system is related to a relaxation behavior crossing over 
from d < 3 to d=3, where excluded volume effects are 
less important. tcross 
R,) ‘%o, 

may be approximated by (2Rd 
1*14,16 where R, is the pore radius which is approx- 

imately 2.8 A. Based on the values we determine for R, 
and ro, tcm- 2 ns for naphthalene and 0.33 ns for 2- 
methoxynaphthalene, which confirms that the model with 
d=3 will describe the survival probability. 

Finally, the lifetimes determined for the adsorbates us- 
ing the dipole+.lipole coupling model indicate that the ad- 
sorption may also affect the inherent f luorescence lifetime 
of the naphthalene probes. For comparison, we have mea- 
sured the fluorescence lifetimes of naphthalene and 2- 
methoxynaphthalene in solution. The value obtained for 
naphthalene in nonpolar iso-octane solution is 104.0*0.5 
ns, in acrotic acetonitrile it is 93.4hO.3 ns, and in ethanol 
it is 93.9 j~O.2 ns. The lifetimes are very sensitive to dis- 
solve oxygen, and these values represent the best results 
obtained by removing oxygen by a freeze-pump-thaw 
method. They may be compared to the value of 31.1~1~ 1.0 
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ns obtained in air-equilibrated ethanol. The lifetime of 2- 
meIhoxynaphthalene in iso-octane is 14.3*0.1 ns, while 
that in acetonitrile is 13.1 *O.l ns. Clearly, the naphtha- 
lene lifetime is shorter for the adsorbed molecule (68.0 
k2.3 ns) than for that in solution, while the 2- 
methoxynaphthalene lifetime ( 14.3 f 0.1 ns) is unaffected 
by adsorption. The steady state emission spectrum for the 
adsorbed naphthalene is similar to that measured in aceto- 
nitrile, indicating that the adsorption process does not af- 
fect the emission energy. 

CONCLUSIONS 

We have demonstrated that lattice defect sites may 
interact through a dipolar energy transfer mechanism with 
excited organic molecules adsorbed in a porous silica (sil- 
icalite). We  have shown that the silicalite defect absorption 
overlaps the adsorbate emission and that the survival prob- 
ability of excited adsorbate molecules may be fit by the 
dipole-dipole coupling model. The critical radius R. for 
the interaction between naphthalene donors and the defect 
acceptors is found to be approximately 10 A and that for 
2-methoxynaphthalene donors is approximately 10.5 A. 
Although R,-, is small, suggesting that an exchange mech- 
anism may be significant, the survival probability of the 
excited donor is not described by an exchange mode, and 
we may conclude that the dipolar interaction dominates 
the energy transfer in this system. From the parameters 
measured, we estimate the defect density to be on the order 
of 3*2x lo*’ cmw3. 
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