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Surface Characterization of Silanized Glass Fibers by 
Labeling with Environmental Sensitive Fluorophores 
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Glass fibers have been treated with -y-aminopropyl-triethoxysilane (APES) through different silanizating procedures, which 
include APES aqueous solutions and APES vapor adsorption. Transmission Fourier transform IR (FTIR) measurements 

have been performed on the silanized samples to characterize the silanization reaction. Dansyl-sulfonamide conjugates 
have then been formed by reaction of dansyl chloride in dimethylformamide solution with the amine functionality's 

immobilized on the glass fiber surface. Steady-state and time- resolved fluorescence measurements have been 
performed on dansylated samples. A de- pendence of the fluorescence intensity and the wavelength of the  maximum  
emission  on the silanization procedure has been observed. Good fits of the fluorescence decays of dansyl labels are found 

when biexponential functions are used  for  deconvolution,  whereas  the decay of dansylamides in fluid solution is 
single exponential. A two-state model  for the solid solvent relaxation seems to apply for this samples. Several surface 

structural changes produced by the different silanization methods have been proposed.  FTIR  results support the 
conclusions drawn from fluorescence measurements.

INTRODUCTION 

Glass fibers are probably the most widely used rein- 
forcing fillers in polymer composites. On an indus- 
trial scale, they are usually obtained by melt spin- 
ning. Because of their high abrasiveness, they are 
surface treated with complex chemical formulations 
that include lubricants, film formers, and adhesion 
promoters as main components. A general handling 
improvement is attained when glass fibers are coated 
in this way, and the presence of coupling agents en- 
hances also the adhesion and durability of the fiber / 
polymer matrix interface. 1 

-
3

 

Among the great variety of coupling agents, or- 
ganotriethoxysilanes are of prime importance. In 
acidic or, more commonly, basic conditions, ethoxy- 
silanes hydrolyze and condense with surface silanol 
groups. Initially, it was assumed that this equilib- 
rium chemical reaction contributes to form chemical 
links between the glass substrate and the organic 
functionality of the silane residues; successive con- 

densation steps would form a polyorganosiloxane 
layer all around the fibers. Unfortunately, it has been 
proved that triethoxysilanes condense over glass fi- 
bers, but instead of uniform layers they form islands 
of irregular  and heterogeneous structure and, prob- 
ably, composition; at least such is the case for -y- 
aminopropy 1-triethoxysilane  ( APES ) .4-7

The accessibility of the organic functionality once 
the silane is condensed on the  glass fiber surface, 
the diffusion of matrix polymeric chains into the 
polyorganosiloxane layer, and the structure of the 
silanized surface at a molecular and supramolecular 
level are topics of current interest, both in applied 
and basic research, s- 11 because of their important 
role in determining the mechanical and durability 
properties of composites. Techniques as quantitative 
Fourier transform IR ( FTIR ) , X-ray photoelectron 
spectroscopy, inelastic electron tunneling spectros- 
copy, secondary ion mass spectroscopy, X-ray pho- 
toelectron spectroscopy, and positron annihilation 
spectroscopy were usually used in this type of stud- 
ies. On the other hand, fluorescence techniques are 12 
becoming powerful tools in studying polymer sys- 
tems as the polyorganosiloxane fiber coatings here 
considered. 
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The aim of this work is to analyze the surface 
structure of silanized glass fibers using molecular 
fluorescence techniques and correlating them with 
FTIR measurements. APES is used as the silani- 
zating agent; and several silanization methods are 
used to develop different coating structures on com- 
mercial glass fibers. The fluorescent probe selected 
for this work has been dansyl chloride because its 
ability to form stable fluorescent adducts with the 
amine functionality's of APES, which are sensitive 
to the polarity of the fluorophore environment. 

EXPER IMENTAl 

Materials 

E- type commercial glass fibers from Vetrotex were
used. APES and 5-dimethylamino-1-naphtalene- 
sulfonyl chloride ( DNS ) were purchased from Dy- 
namic Nobel and ICN, respectively, and used with- 
out further purification. Toluene was distilled over
sodium just before use. The other solvents were high
quality products of fluorimetric grade.

Sample Pretreatments 

Before silanization, glass fibers were calcinated at 
450°C for 1 h to remove organic matter from the 
surface. Regeneration of surface silanol groups was 
performed by treating the fibers with a boiling 10% 
HCl aqueous solution for 3 h. After activation, sam- 
ples were washed with distilled water for complete 
removal of Cl - and then dried at 120°C for 1 h. 

Silanization 

Table I summarizes the different silanization pro- 
cedures used to develop different layer structures: 
APES vapor adsorption, which was performed by 
treating the fibers with an APES saturated airstream 
at 150°C ( 60% RH ) ; reflux in APES toluene solu- 
tions; and room temperature treatment of fibers with 
a 2% APES aqueous solution. 

In the first method, silanization time was varied 
in the range 10 to 60 min. In the toluene reflux 
method, silanization time was kept constant and 
high ( 16 h ) ; assuming that glass fibers contain 6 
silanol groups / nm2 and that their BET specific sur- 
face is 100 m2 / g ( after acidic activation ) , the num- 
ber of silanol groups/ g of fiber is estimated as 1 
mmol / g. The concentration of APES in the silan- 
izating toluene solution was set so as to be approx- 

imately stoichiometric with respect to the fiber sil- 
anol content. 

The whole silanization process consisted of the 
following steps: silanization reaction through the 
different methods mentioned above; heating  at 
120°C for 1 h, for polycondensation of ethoxy res- 
idues and drying; extraction of unreacted silane with 
dried toluene for 3 h; and vacuum drying at room 
temperature  for  14 h. 

Dansylation 

Well-dried silanized glass fibers were put in contact 
for 1 h, at room temperature, with DNS solutions 
( 10-2 M ) in dimethylformamide ( DMF ) . Then, the 
fibers were exhaustively washed with solvent and 
vacuum dried for at least 14 h. 

FTIR Measurements 

Transmission FTIR measurements were performed 
on a Mattson Galaxy 3000; samples were grinded, 
diluted with KBr, and press molded in an evacuated 
press at 20 atm to form disks of 18 mm diameter. 
The spectral conditions were 100 scans, ranging from 
400 to 4000 cm- 1 , and 2 cm-1 resolution. 

Fluorescence Measurements 

Steady-state fluorescence measurements were per- 
formed on a Perkin-Elmer LS-3 fluorimeter. An op- 
tical fiber device, designed in our laboratory, was 
used to either excite or collect fluorescence. Spectral 
conditions were 10 nm excitation and emission 
bandpass, and ,\Exe = 354 nm; uncorrected spectra 
were recorded from 360 to 600 nm. 

Fluorescence decays of dansyl adducts were ob- 
tained by time-resolved fluorimetry using the single- 
photon counting technique on a modified PRA flu- 
orimeter. An Edinburgh nF900 flashlamp was used 
with N 2 as filling gas. The optimum lamp conditions 
were 1.5 atm, 30 kHz, 6 kV; the typical fwhm of the 
lamp pulse was 1.8 ns. Front face excitation was 
used for solid samples; the excitation  wavelength 
was set at 354 nm and the emission wavelength at 
the maximum obtained in the steady-state spectra. 
In some experiments, other wavelengths were used 
as stated in the text. Counts of 104 were collected, 
at least, in the maximum. 
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RESU LTS AN D DISCUSSION 

FTIR Spectra 

The effect of the calcination and activation treat- 

(a) 

/ \,.,, 
ments is shown in Figure 1( a ) , where the high fre- 
quency region of the spectra for the received com- 
mercial samples, calcinated samples, and activated / 

samples are compared. Calcination substantially re- 
duces the water content of the fibers as reflected by 
the reduction of the water band ( 3400-3500 cm -l ) .

The water content is recuperated in the activation 
step. The small shoulder at 3620-3630 cm-1

, which 
is assigned to stretching of globular silanols, i:i re- 
veals  that  fiber  activation  increases  the  Si -OH i 
surface content. Calcination  and activation  also in- '

duce some changes in the low frequency region  of 

(i) 

the FTIR spectra, as shown in Fig. 1( b ) . The band 
centered at 1050 cm- 1,which is assigned to stretch- 
ing of Si -0 -Si bonds, broadens and shifts about 
20 cm- 1 to low frequencies with calcination. After 
acid activation, this band sharpens, recovering its 
initial shape. This broadening effect may be due to 
formation of strained siloxane cyclics, associated to 
the high temperature dehydrating treatment. 14 The 
spectra of the activated samples shows a band at 
520 cm- 1 , which is present as a shoulder of the 470 
cm- 1 band in the commercial samples but is absent 
in the calcinated ones. As will be seen later, the band 
at 520 cm -I disappears also when the activated sam- 
ples are silanized no matter what silanization time 
or procedure are used. This result suggests that this 
band may be associated with the presence of silanol 
groups. 

In Figure 2, the FTIR spectra of samples silanized 
by vapor adsorption of APES, at different reaction 
times, are presented. For the purpose of comparison, 

4000 3500 3000 2500 

Wavenumber (cm-1) 

Figure 1 High (a) and low (b) energy FTIR spectra of 
glass fibers: (i) as received samples, (ii) calcinated at 450°C 
for 1 hour, (iii) activated fibers with boiling 10% HCI for 
3 h. 

the spectrum of activated fibers is presented also. 
All spectra are normalized, taking as a reference 15

the Si -0 deformation band at 470 cm-1 • As it can 
be seen, in the first step of the process, the water 
that is contained in the vapor stream is preferen - 
tially adsorbed over the fiber surface, as reflected by 
the enhancement of the water deformation band at 
3400 cm-I. The disappearance of the shoulder at 
3630 cm -I ( silanol signal ) and the broadening of the 
Si -0 -Si stretching band show that some silane 
becomes grafted to the surface. At longer silanization 

Table I  Silanization Procedures and Experimental  Conditions 

Silanization 
Time 

Polymerization 
Temperature Sample 

Silanization Method (min) (oC) Code 

APES vapor adsorption (150°C) 10 120 VAPlO 
30 120 VAP30 
60 120 VAP60 

Reflux of APES toluene solution 800 120 TOL120 
60 TOL60 

APES aqueous solution (2%) 5 120 AQ5-120 
15 120 AQ15-120 
30 120 AQ30-120 
5 60 AQ5-60 

15 60 AQ15-60 
30 60 AQ30-60 

(b) 

1000 500 

I \ 
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(a) (b) relative intensity of the bands mentioned above. The 
enhancement of the methylenic signals at 2850 cm-1 

and 2935 cm-1 [ Fig. 3( a ) ] reveals a great amount 
of grafted organic matter. In this region of the spec- 
tra, there are also present the stretching bands  of 
the protonated and unprotonated amine groups that 
overlap with the water bands and do not allow its 
study. For this reason, it is more convenient to study 
the deformation region around 1600-1500 cm-1• In 
Fig. 3 ( b ) , a small band can be observed at 1640 
cm- 1 for the spectrum of the activated sample, which 
is assigned to water deformation. This band is also 
present  as a small shoulder for the samples treated 
5 and  15 min, but  for this sample a stronger band 

(i) j \ 
,/" ,,.   - - \r 

at 1500 cm 1 is observed. This band is assigned to 

4000 3500 3000 2500 1500 1000 500 
of NH! groups. It is interesting to note that for the 
samples silanized by vapor adsorption [ Fig. 2 ( b ) ], 

Waven u mber (cm- 1)

Figure 2 High (a) and low (b) energy FTIR spectra of 
glass fibers silanized by APES vapor adsorption, at dif- 
ferent reaction times: (i) activated samples, (ii) 10 min, 
(iii) 30 min, (iv) 60 min.

times, the adsorbed water becomes displaced by 
APES and more intense bands due to organic groups 
are found. For example, in the high frequency region 
of the spectra and overlapped with the water band, 
it can be observed as a broad band ( 3000-3500 cm-i )

that is assigned to asymmetric and symmetric ali- 
phatic N-H stretching vibration; at 2935 cm- 1,

the typical asymmetric vibrations of CH2 groups are 
observed also. In the low frequency region of the 
spectra, it can be observed that the Si -0 -Si 
stretching band becomes greatly deformed due to 
the contribution of the Si -0 -C stretching of 
uncondensed ethoxy groups ( very strong ) , Si -C 
deformation of propylamine groups, and C -N 

there is no absorption band at 1500 cm- 1 , although 
a small band at 1570 cm- 1 can be detected. This last 
band is assigned to unprotonated amine deformation 
vibrations. 

The distortion of the Si -0 -Si stretching band 
allows a discussion of the grafting of APES onto the 
fiber surface,  as in the case of samples silanized by 
vapor adsorption. InFigure 3 ( b ) , it can be observed 
that the fraction of uncondensed residues grows with 
the reaction time; the greatest amount  is found  for 
the  greatest  silanization  time  ( 30  min ) ,  revealing 

(b) 

/ I f •  ! I 

/ / ! \ ',i','IV I \ I I 
f\

stretching of primary aliphatic amine functionality's (ti1I I i I ' \ '1 I  I 
! ; \ '.v ,'     I \ I f     ' 

Si -0 -Si band for the three reaction times shows 
that at 10 and 30 min, a great number of uncon- 
densed ethoxy residues are grafted onto the fiber 

. !"  (/ 
Irv '\, II '       \j /\ 

surface. At 60 min, this band becomes less deformed, 
indicating that the contribution of the more intense 
Si -0 -C2H5 stretching band decreases. This fact 
suggests that during the adsorption step, either 
grafting or polymerization of APES simultaneously 
occur. 

4000 3500 3000 2500 

Waven u mber (cm-1)

\) 

500 

Silanization by a 2% APES aqueous solution at 
room temperature does not give rise to any new sig- 
nal in the FTIR spectra [ Fig. 3 ( a ) and ( b ) ] , but 
significative changes are observed in the shape and 

Figure 3 High (a) and low ( b) energy FTIR spectra of 
glass fibers silanized by a 2% APES aqueous solution, at 
different reaction times: (i) activated samples, (ii) 5 min, 
(iii) 15 min, (iv) 30 min. Polymerization at 120°C.

(a) 

\ 
\ 
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that, as expected because of the low temperature 
used, there is no appreciable polymerization during 
the silanization process. 

For a group of samples silanized by aqueous so- 
lution of APES, a low polymerization  temperature 
( 60°C, 1 h ) was used also to check if a polymeriza- 
tion temperature below the boiling temperature of 
water was a critical  parameter.  The  FTIR  spectra 
of this samples ( not shown ) are almost identical to 
the samples polymerized at high temperature, but 
differ in the higher fraction of uncondensed ethoxy 
groups. 

In Figure 4, the FTIR spectra of samples silanized 
by the different methods discussed above are pre- 
sented for the purpose of comparison. With respect 
to the spectrum of the sample silanized by reflux of 
a dry toluene APES solution, which is presented 
also, no appreciable signal of protonated or unpro- 
tonated amine deformation vibrations ( 1500 and 
1570 cm-1 , respectively ) are observed. On the con- 
trary, the absence of the characteristic silanol signals 
at 3620 cm- 1 and at 520 cm- 1 ,and the characteristic 
distortion of the Si -O -Si stretching band, which 
resembles the one of samples silanized 30 min by 
vapor adsorption, indicate that some APES con- 
densation has taken place, although the coating 
content may be very small. 

The comparison of the three  methods presented 
in Figure 4 allows the next main conclusions. First, 
in all the three methods, APES chemically grafts 
onto the fiber surface via surface silanol condensa- 
tion. Second, the maximum polyorganosiloxane 
content is obtained by reaction with APES aqueous 
solutions, although this method leads to a slightly 
crosslinked coating with a great fraction of uncon- 
densed ethoxy residues ( under our experimental 
conditions ) . Third, the maximum crosslinking de- 
gree of the polyorganosiloxane layer is obtained by 
the vapor adsorption method. Finally, only in the 
APES aqueous solution method is observed proton- 
ated  amine. 

Steady-State Fluorescence 

Dansyl chloride is a well-known polarity-sensitive 
fluorophore. 16 It has been widely used in polymer 
studies 11 19 as well as in polar site determinations 
and energy transfer  studies in  well-characterized 

(a) 

4000 3500 3000 2500 

Wavenumber (cm- 1 

Figure 4 High (a) and low (b) energy FTIR spectra of 
glass fibers silanized by different methods: (i) activated 
samples, (ii) silanization by reflux of dry toluene APES 
solution, (iii) silanization by APES vapor adsorption (30 
min ), (iv) silanization by a 2% APES aqueous solution 
(30 min). 

( DMF ) , strong fluorescence of dansyl chloride so- 
lutions is observed, probably due to exciplex emis- 
sion; some care must therefore be taken to com- 
pletely remove the solvent before analysis of the 
amine  conjugate. 

Amine functionality's are expected to be ran- 
domly distributed through the fixed polyorganosi- 
loxane layer, so that dansyl emission should reflect 
the average properties of the layer. Since the latter 
is a consequence of the silanization procedure, dif- 
ferent fluorescence responses should be expected for 
the different silanization treatments used. 

Figure 5 depicts the fluorescence spectra of dan- 
sylated glass fibers silanized by vapor adsorption at 
different reaction times. In Figure 6, fluorescence 
spectra of dansylated fibers silanized by aqueous 
APES solutions are presented. Samples silanized by 
reflux of a toluene solution ( second method of the 
experimental part ) did not give any emission at all, 
meaning that silanization was so inefficient that no 
dansylamide could be formed and therefore any flu- 

silica  supports.20- It is not  fluorescent  unless  it orescence spectra could be measured. The fact that 
reacts with nonprotonated amines. The resulting 
amide conjugates are strongly fluorescent, having 
large Stokes shifts along with environmental sen- 
sitive quantum yields and emission maxima. In cer- 
tain  solvents such  as the  one used  in this  work 

no measurable signal of amine was found by FTIR 
may explain the nonfluorescent behavior of this 
sample. 

In the two figures mentioned, which correspond 
to fluorescent samples, a unique broad band peaking 

(b) 

1500 1000 500 
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Figure 5 Steady-state fluorescence spectra for dansy- 
lated fibers silanized by adsorption of APES vapor at dif- 
ferent reaction times. 

in the range 440-460 nm, and with a bandwidth of 
3700 ± 150 cm- 1, is observed. This band is assigned 
to the fluorescence emission of the sulfonamide 
formed by reaction of the propylamine residue of 
the coupling agent and the dansyl chloride group. 

In  Table  II,  the  wavelength  at  the  maximum 
( AMA X ) and the maximum intensity (IMA X ) for all 
the samples studied in this work are presented. The 
main results that can be considered from inspection 
of Figures 5 and 6 and Table II can be summarized 
as follows. Samples silanized by vapor adsorption 
give the maximum fluorescence intensity when 
compared with  other treatments;  a slight red  shift 
is observed when increasing silanization time from 
10 to 30 min, remaining practically constant at 60 
min. Samples silanized by treatment with APES 
aqueous solution show a more pronounced red shift, 
independently of the polymerization temperature. 
The fluorescence intensity of samples polymerized 
at 120°C is about 25% higher than samples poly- 
merized at 60°C. The wavelength at the maximum 
for samples silanized by APES aqueous solutions is 
lower than the corresponding to vapor adsorption 
treatment,  independently  of the reaction  time. 

The increasing trend of the fluorescence intensity 
with reaction time  for all the sample sets may be 
due simply to an increase in the grafted APES con- 
tent and, therefore, in the number of amine groups 
susceptible to form the dansylamide adduct. Nev- 
ertheless, as mentioned in the above discussion of 
FTIR results, it would be expected to find the max- 
imum fluorescence intensities in the samples with 
the maximum polyorganosiloxane  content,  that  is 
to say, in the samples silanized by APES aqueous 

Figure 6 Steady-state fluorescence spectra for dansy- 
lated fibers silanized by a 2% APES aqueous solution and 
polymerized at 60°C (AQ5-60, AQ15-60, and AQ30-60) or 
120°C (AQ5-120, AQ15-120, and AQ30-120). 

solutions, and that is not the case. The reason of 
this discrepancy may be due to the great amount of 
protonated amine groups that are present in the 
samples silanized by aqueous solutions; as stated 
above, dansyl chloride may form stable adducts with 
free aliphatic amines at basic pH.16 The conditions 
used in this work for making the adducts were se- 
lected to prevent hydrolysis of the siloxane grafted 
onto the fibers and may be not so basic so as to 
neutralize the protonated amine groups. As a result, 
only a small fraction of the amine groups may be 
forming stable conjugates and therefore only the 
general trends in the fluorescence intensity varia- 
tions may be compared between the two methods 
and not the absolute values. 

With  respect  to  the  differences  found  in  AMAX , 
let us fix our attention to the samples silanized by 

Table II   Wavelength at the Emission Maximum 
and Maximum Intensity for Dansylated Samples 

,\MAX /MAX 

Sample (nm) (a.u.) 

VAPlO 458 ± 2 239 
VAP30 462 ± 2 607 
VAP60 461 ± 2 820 
AQ30-120 450 ± 2 408 
AQlfi-120 445 ± 2 303 
AQfi-120 441 ± 2 107 
AQ30-60 452 ± 2 306 
AQ15-60 447 ± 2 213 
AQfi-60 438 ± 2 80 

.·\_ AQ30-120 

A030-60 

VAP60 

VAP10 
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aqueous solutions of APES. The wavelength at the 
maximum for the dansyl group in pure APES, at 
room temperature, has been measured and resulted 
to be 461 ± 2 nm. The same value is obtained for 
cyclohexane, which has approximately the same 
solubility parameter 23  ( bcH  = 16.8 MPa 112 , bAPES

= 17.1 MPa 112 ) . In this low viscosity solvent, the 
emission of the dansyl moiety corresponds to a re- 
laxed state, in which solvent molecules surrounding 
the excited fluorophore orient its dipoles in a time 
scale lower than the dansyl lifetime. The emission 
of dansyl attached to fibers is blue shifted with re- 
spect to the emission from solutions of pure APES. 
The fact that the environment surrounding the flu- 
orophore in the fibers is really rigid and considering 
that the polarity, in terms of the solubility param- 
eter, is scarcely changed by the polycondensation 
reaction, allows the assumption that the observed 
blue shift effect reflects that the dansyl group at- 
tached to the fibers emits from a high energy un- 
relaxed state 24 ; that is to say, the surrounding di- 
poles of the solid solvent relax in a time scale com- 
parable or larger than the lifetime of the fluorophore. 

To check if this model explains our experimental 
results, some time resolved fluorimetric measure- 
ments, which are discussed below, have been per- 
formed. 

Time Resolved Fluorimetry 

The initial attempt of fitting the decays gave the 
optimum fit for triexponential functions of the form 

A  +   B;exp{-:; } with  a very  high  short time 
1 

component ( <0.3 ns ) ; this component was assigned 
to reflection due to the glass nature of the substrate. 
After mathematical treatment of the data for elim- 
inating the reflection component, good fits were 
found for biexponential functions, with residuals 
without trend ( Fig. 7 ) . Table III summarizes the 
lifetimes T; and integrated  amplitudes  w;  ( defined 
as T ; B; / LT ; B; and expressed as percentage ) ; in the 
last two columns of Table III, average fluorescence 
lifetimes, ( T; ) ( defined as LT   B;/ LT ; B; )  and re- 
laxation times, TR , which will be discussed below, 
have also been presented. 

The reported lifetime for dansyl sufonamides 16

is 12.2 ns in hexane solution. The free sulfonic acid 
derivative has a fluorescence lifetime of 13 ns in 
alkaline aqueous solutions and shows a monoex- 
ponential decay.25 This and many others are ex- 
amples of fluorescent probes placed in a homoge- 
neous environment for which a monoexponential 

decay is expected because of the absence of complex 
photophysical processes like excimer or exciplex 
formation, long range energy transfer, or diffusion- 
controlled quenching. In heterogeneous systems, a 
multiplicity of interactions with different local en- 
vironments is quite likely to give raise to a multi- 
plicity of decay times and therefore to a continuous 
distribution of lifetimes.26 Nevertheless, as will be 
discussed below, in our samples it is not justified to 
explain the photophysical results in terms of a dis- 
tribution of environmental sites at which the dansyl 
moiety is attached. 

In Table III, it can be observed that fluorescence 
lifetimes have values around 4.5 and 14 ns. This fast 
and slow components change its contribution be- 
tween 16 and 593 for the former and between 41 
and 843 for the later. In accordance with the two- 
state model, 27 the longest component Tz may cor- 
respond to the emission from the relaxed state and 
therefore its contribution must be the highest when 
decays are collected in the red-edge of the emission 
spectra ( around 495 nm for this samples ) . For the 
samples silanized by aqueous APES solutions, either 
polymerized at low or at high temperature, this is 
just what it is observed. Also in accordance with this 
model, it is observed that the shortest component 
T 1 has its maximum contribution when decays are 
collected in the blue-edge of the emission spectra, 
although the longest contribution is always higher 
with the exception of sample VAPlO. 

If it is assumed that the two-state model operates 
in this system and that Tz corresponds to the emis- 
sion from the relaxed state, then the solvent relax- 
ation  lifetime  T R  may be calculated  according to 27 

T I? 1 = T I' - T 21
• The results from this calculation 

appear in the next to last column of Table Ill. For 
the samples silanized in aqueous solutions, T R re- 
mains almost constant around 7.7 ns, within the 
experimental error, independently of the silanization 
time or polymerization temperature.  These  values 
are of the same order of magnitude, although slightly 
greater, than the dielectric relaxation time of pure 
APES, 28 which is 1.8 ns, meaning that in the relax- 
ation process the APES moiety probably is involved 
as a whole and that the mechanism of molecular 
relaxation must be the same for all the samples. 
Therefore, at the very local level from which the 
dansyl probe provides information, the microenvi- 
ronment is not altered by the two preparative vari- 
ables used in this work: silanization time and po- 
lymerization temperature. In other words, this two 
preparative variables modify the structure of the 
polyorganosiloxane layer ( in accordance with our 
FTIR  results )  but  in a length  scale larger than the 
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Figure 7 Fluorescence decay of a representative sample. The line represents the best 
three exponential fitting function. Points scattering around the line represent the sample 
response; the lamp profile appears superimposed. Weighted residuals are drawn below. 

characteristic scale length for photophysical relax- 
ation. 

The samples silanized by vapor adsorption of 
APES show some differences when compared with 
aqueous treatments. It seems that silanization time 
effectively modifies the dansyl microenvironment, 
although a two-state model  for this sample seems 
to operate also; at short treatment times, it is found 
to be a very great contribution of 72 ( 60% ) , and, as 
a consequence, this sample displays the shortest av- 
erage lifetime ( 6 ns ) and the shortest relaxation time 

( 4.3 ns ) of all samples studied in this work. This 
result indicates a more pronounced flexibility of the 
polymer layer that may be due to a small coverage 
degree. On the other hand, at long treatment times 
the contribution of 71 is very high ( almost the same 
that sample AQ30-120 ) and the relaxation time 
seems to be also very high, indicating a more rigid 
environment of the probe. This is in accordance with 
our previous FTIR result, since for this sample it 
was observed a high crosslinking degree of the coat- 
ing layer. More work is being planned to check if 
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Table III  T , Integrated Amplitudes w, Relaxation Time TR, Average Lifetime (T), and Chi Square 
Values for Biexponential Fittings of Dansylated Samples 

,\EM Ti T2 W1 W2 TR <T> 
Sample (nm) x2 (ns) (ns) (%) (%) (ns) (ns) 

AQ30-120 420 1.042 6.5 ± 0.5 14.1 ± 0.5 32 ± 9 68 ± 9 
455 1.143 4.9 ± 0.2 14.0 ± 0.1 16 ± 2 84 ± 2 7.5 ± 0.5 12.5 ± 0.2 
496 1.091 5.2 ± 0.3 15.4 ± 0.2 20 ± 3 80 ± 3 

AQ15-120 417 1.019 4.8 ± 0.3 13.7 ± 0.4 38 ± 8 62 ± 8 
452 1.082 5.3 ± 0.3 14.8 ± 0.3 26 ± 5 74 ± 5 8.3 ± 0.8 12.3 ± 0.4 
495 1.032 5.5 ± 0.3 16.0 ± 0.3 22 ± 4 78 ± 4 

AQ5-120 451 1.092 5.3 ± 0.2 15.9 ± 0.2 33 ± 4 67 ± 4 8.0 ± 0.5 12.4 ± 0.3 
AQ30-60 420 0.970 3.4 ± 0.2 13.l ± 0.2 33 ± 7 67 ± 7 

45;3 0.885 4.6 ± 0.3 14.6 ± 0.2 24 ± 4 76 ± 4 6.7 ± 0.7 12.2 ± 0.4 
495 1.027 4.3 ± 0.3 14.9 ± 0.2 18 ± 3 82 ± 3 

AQ15-60 417 0.988 3.3 ± 0.1 12.7 ± 0.3 49 ± 8 51 ± 8 
452 1.020 4.7 ± 0.2 14.9 ± 0.3 32 ± 5 68 ± 5 6.9 ± 0.5 11.6 ± 0.3 
495 1.141 3.8 ± 0.1 14.9 ± 0.1 22 ± 2 78 ± 2 

AQ5-60 448 0.986 5.5 ± 0.6 15.4 ± 0.7 35 ± 11 65 ± 11 8.6 ± 1.7 12   ± 1 
VAPlO 459 0.976 3.0 ± 0.1 10.1 ± 0.2 59 ± 7 41 ± 7 4.3 ± 0.2 5.9 ± 0.3 
VAP60 458 0.977 5.7 ± 0.2 14.0 ± 0.1 18 ± 3 82 ± 3 9.6 ± 0.6 12.5 ± 0.2 

the vapor adsorption method may be a good form 
for obtaining more uniform coating layers with se- 
lectable thickness as a function of treatment time, 
even with trifunctional silanes. 

CONCLUSIONS 

Silanization of glass fibers by reflux of a toluene 
APES solution is not an efficient process. Silani- 
zation with APES aqueous solutions at their natural 
pH yields a slightly crosslinked polysiloxane fiber 
coating, leaving the amine residues mostly in its 
protonated form. Silanization time ( for t higher than 
5 min ) or polymerization temperature ( between 60 
and 120°C) do not change the coating microstruc- 
ture at a length scale of the order of the dansyl 
moiety diameter. Silanization by APES vapor ad- 
sorption gives a place to polymer coats with a cross- 
linking degree that may be a function  of treatment 
time. From a photophysical point, a two-state model 
for the solid solvent relaxation seems to apply for 
this  systems. 
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