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Immobilizing a Fluorescent Dye Offers Potential to Investigate
the Glass/Resin Interface?
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Silane coupling agents are commonly applied to glass fibers to
promote fiber/resin adhesion and enhance durability in composite
parts. In this study, a coupling agent multilayer on glass was doped
with trace levels of the dimethylaminonitrostiloene (DMANS) flu-
orophore. The fluorophore was immobilized on the glass surface
by tethering the molecule to a triethoxy silane coupling agent,
creating the DMANS/silane coupling agent molecule (DMSCA).
DMSCA was then diluted with commonly used coupling agents
and grafted to a glass microscope coverslip to create a model com-
posite interface. A 53-nm blue shift in fluorescence from the im-
mobilized DMSCA can be followed during cure of an epoxy resin
overlayer, giving this technique potential to monitor the properties
of the fiber/resin interface during composite processing. Contact an-
gle measurements on these coupling agent layers were similar in the
presence or absence of the DMSCA molecule, suggesting that trace
levels of the fluorescent probe did not affect the structure of the
layer. The immobilized DMSCA molecule behaved similarly to
the DMANS precursor in solution. Both showed longer wavelength
fluorescence in more polar environments.  © 2000 Academic Press
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INTRODUCTION

Recent advances in fiber reinforced composites have made
themavalid alternativeto traditional material s such aswood and
metal. The mgjor advantages of composite products include a
high strength-to-weight ratio, corrosion resistance, and thermal
and electrical insulating properties (1). These advantages have
led to the increasing use of composites in many areas, includ-
ing the transportation, aerospace, defense, construction, marine,
electronics, and sporting goods industries (1).

1 | dentification of any commercial products is made only to facilitate exper-
imental reproducibility and describe experimental procedure. It does not imply
endorsement by NIST or imply that the particular product is necessarily the best
for the experiment.

2 To whom correspondence should be addressed at National Institute of Stan-
dards and Technology, Bldg. 224 Rm. B108, Rt. 270 and Quince Orchard Road,
Gaithersburg, MD 20899.

Processing difficulties can increase cost and hinder the ad-
vancement of these materialsinto widespread industry use. The
final properties of a fiber reinforced composite depend on the
fiber properties and architecture, the extent of resin cure and
resultant matrix properties, the quality of the mold filling, and
the properties of the fiber/resin interface (2, 3). In generadl, it
is poorly understood how processing conditions will influence
these factors, so process optimization is largely determined by
expensive and time consuming empirical techniques (4). To
complicate matters, batch-to-batch variations of fiber and resin
quality make reproducibility difficult. One approach to over-
coming these complications is the development of sensors to
monitor and optimize composite properties.

Fluorescent probe molecules have been used to monitor the
properties of polymer and composite materials. For example,
dimethylaminonitrostilbene (DMANS) was used to measure the
glasstransition of a cured epoxy resin and to study the physical
aging of the resin below the glass transition (5). Fluorescence
monitoring has al so been used to study water sorption and diffu-
sionin polymers(6, 7), polymer reaction kinetics (8, 9), and the
onset of gelation during cure of thermosetting resins (10, 11).

Some research groups are devel oping practical sensor devices
by combining fiber optic technology with fluorescence probe
molecules. For example, after doping the resin with trace levels
of afluorescent dye molecule, both distal and evanescent mode
fiber optic fluorescence methods have been used to measure the
cureof epoxy (11-15) and polyurethane (11) resins. In onestudy,
the position of the fluorescence maximum from the dye was ob-
served to shift during the resin cure (11). In other work, the
intensity changes from a fluorescing dye were monitored, via
fiber optics, to follow the curing of an epoxy resin system (15).

These and other fluorescence methods for composite moni-
toring involve dissolving the fluorophore directly into the bulk
resin. Thiscan create problemsin amanufacturing environment.
First, an extra processing step may be required to mix the dye
into the resin. Second, a small concentration of dye can drasti-
cally changetheresin color, which could be undesirable. Finally,
since the dye is dissolved in the bulk resin, the fluorescence re-
sponse comes mainly from the bulk, and the behavior of the
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FIG.1. TheDMSCA coupling agent.

fiber/resin interface is ignored. Even if evanescent wave fiber
optics are employed to focus on the interface, the evanescent
wave may dtill propagate a micrometer or more into the resin,
and much of the sensor responsewill befromthebulk resin (16).
The fiber/resin interphase region can make up a large frac-
tion of the composite and thus have a dramatic effect on the
final properties of the material (17-19). The size of the inter-
phase region is approximately 100 to 500 nm and may contain
composition or property gradients between those of the fiber
coating and the bulk resin. The type of coupling agent used to
coat the fiber, the properties of the coupling agent layer, and
the interaction between the resin and coupling agent influence
the interfacial region (20-22). In addition, different cure con-
ditions may exist near the interface due to the presence of this
coupling agent layer or the preferential diffusion of reactants
to the surface (19). These effects can lead to aresin structure
near the interface which is different from that of the bulk resin
(23). Because it is difficult to relate the bulk resin structure to
the interfacial properties, and since the fiber/resin interface is
critical to the mechanical properties of the final composite part,
it is advantageous to directly study thisinterfacial region.
Immobilizing a fluorescent dye onto fiber optics has been
used in a variety of sensors (24) including oxygen, glucose,
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(25), and calcium (26) sensors. In order to make a sensor that is
sensitive to the composite glass/resin interface, a fluorescently
labeled silane coupling agent (DM SCA) has been chemically
grafted to glass surfaces. DMSCA is a molecule that contains
the dimethylaminonitrostilbene (DMANS) fluorophoretethered
to atriethoxy silane coupling agent asillustratedin Fig. 1. When
the fluorophore is covalently bonded at the glass surface, the
fluorescence response of DM SCA can be used to directly study
the glass/resin interface. In order to graft the fluorophore to the
glass, the ethoxy functionalities on the silane end of DMSCA
must be converted to hydroxyl groups. These hydroxyl groups
can then condense with hydroxyl groups already present on the
glass surface, forming covalent siloxane bonds (17).

Coupling agents are commonly used in industry to promote
fiber/resin adhesion and enhancedurability of the composite part
by preventing water adsorption at the fiber/resin interface. The
DMSCA dyeisdiluted in the deposition solution to trace levels
(mole fraction <0.2%) with another coupling agent, and this
mixed coupling agent solution is grafted to the substrate. The
other coupling agents used are glycidoxypropyltrimethoxysi-
lane (GPS), isocyanatopropyltriethoxysilane (IPS), propyltri-
ethoxysilane (PTS), and octyltriethoxysilane (OTS). The chem-
ical structures are shown in Fig. 2. The technique is general
for any coupling agent. These coupling agents were chosen to
study the fluorescence behavior of DM SCA inavariety of chem-
ical environments. Diluting the dye with another coupling agent
provides amodel composite interface since trace levels of DM-
SCA at the surface are not expected to change the structure of
thisregion. Creating this model interface is very important, be-
cause the presence of acoupling agent layer on the glass surface
can affect the structure of the interphase region. Diluting the
DMSCA dye at the glass surface makes possible direct investi-
gation of curedifferencesthat can occur near theinterface dueto
the presence of this coupling agent layer. These cure differences
may affect the development of the fiber/resin interphase region
during processing and affect the quality of adhesion and dura-
bility of the composite. Diluting DMSCA at the glass surface
with another coupling agent only provides a simple model for

H,C,0
H,C,0 — Si— CH,CH,CH,N=C=0
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H,C,0
H.C,0 — Si— CH,CH,CH,

Propyl triethoxy silane (PTS)

FIG. 2. Coupling agents used in the dilution of the DMSCA dye at the glass surface.
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a composite interface because fibers are usually coated with a
sizing package, which may also contain a lubricant, anti-static
agent, and binder in addition to the coupling agent (18, 22, 27).
Diluting the DMSCA fluorophore also helps avoid inner filter
effects. An inner filter effect is a decrease in fluorescence in-
tensity dueto high dye concentrations. (28) If the concentration
of dye becomes high enough, fluorescence from the dye can be
absorbed by the solution beforeit is detected. This can skew the
fluorescence curve and decrease its intensity.

Thegoal of thiswork isto devel op asensor techniquethat can
monitor changesin thefiber/resin interphase region during com-
posite processing. To do this, asilane coupling agent layer on a
glassmicroscope coverdip was doped with small amounts of the
DM SCA fluorescent probe. Fluorescence from the immobilized
DMSCA was then monitored when the coated coverslip was
immersed in an epoxy resin. If fluorescence changes from the
DM SCA canbefollowed during thecuring of theresin overlayer,
then the technique hasthe potential to monitor theglass/resinin-
terface during composite processing. In order to make an actual
sensor, the fluorescence changes from DM SCA must berelated
to the physical changesin the interphase region during process-
ing. The work in this paper has focused on demonstrating the
potential to make a sensor using DM SCA and on understanding
the fluorescence behavior of the grafted dye probe.

DMSCA SYNTHESIS

The triethoxysilyl functional fluorophore was prepared by
reacting  4-[(6-hydroxyhexyl)methylamino]-4' -nitrostilbene
(HMANS), first described by Robello (29), with 3-isocy-
anatopropyltriethoxysilane (IPS) to form a carbamate linked
reactive fluorophore (DMSCA). Thisreaction, shown in Fig. 3,

is analogous to that used by Chaput et al. (30, 31) in the
synthesis of atriethoxylsilane functional Disperse Red 1.

Unlessotherwise specified, all reagentswere used asreceived.
| socyanatopropyltriethoxysilane (IPS) was a gift from Union
Carbide. HMANS was prepared using a literature procedure
(29). We aso used asample of HMANS graciously provided by
Dr. Douglas Robello of Eastman Kodak. Pyridine was distilled
and stored over 4-A molecular sieves prior to use.

A 50-mL round-bottomed flask outfitted with an air condenser
and maintained under a static nitrogen atmosphere was charged
with 25 mL of dry pyridine, 1.03 g (2.91 mmol) of HMANS,
and 0.720 g (2.91 mmoal) of IPS and amagnetic stirring bar. The
mixture was heated to 60°C and stirred overnight. An aliquot of
the reaction was analyzed viainfrared spectroscopy to ascertain
whether complete reaction had occurred as monitored by the
disappearance of theisocyanate peak (2230 cm—1). Thepyridine
was removed in vacuo and the remaining red, resinous solid
washed with toluene and dried in a vacuum oven overnight. Its
spectroscopic characteristics were consistent with the desired
structure. This material was used without further purification.

Carbamate linkages are subject to alkaline hydrolysis. If this
hydrolysis reaction occurs in the DMSCA molecule, then the
DMANSfluorophorewould nolonger becovalently boundinthe
coupling agent layer. The moleculewould then befreeto diffuse
away from the glass surface into the curing resin. The extent of
diffusionwould depend onthekineticsof theresin cure. Inasiow
reacting system the DMANS probe could possibly diffuse into
the bulk resin. In faster reacting systems, the molecule may not
have enough time to diffuse away from the interphase region.
To avoid hydrolysis conditions that can break this carbamate
linkage, the DMSCA dye is stored in a dessicator to prevent
water absorption.
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FIG. 3. A fluorescent dye is reacted with atriethoxy silane coupling agent to generate the DM SCA molecule.
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MATERIALS AND METHODS

All other chemicals were used as received from Aldrich
Chemical Company (Milwaukee, WI), except the coupling
agents which were obtained from Gelest (Tulleytown, PA).

Two deposition procedures were used to graft the coupling
agent layers to glass microscope coverslips. Water based and
organic based deposition procedureswere used to graft DM SCA
layers when the dye was diluted with either GPS, IPS, or PTS.
Because of thelow solubility of OTSinthewater based solution,
only the organic based procedure was used to graft the layers
when OTS was the diluting coupling agent.

Before any deposition procedure, all glassware was cleaned
overnight in a NoChromix/sulfuric acid cleaning solution. The
glassware was then thoroughly washed with water, rinsed with
spectral grade acetone, and dried in an oven at 100°C until use.
The glass microscope coverslips were immersed in the same
cleaning solution for 1 h, washed with water, rinsed with spec-
tral grade acetone, and dried in an oven at 100°C prior to the
deposition.

For the water based deposition procedure, 0.02 mmol of
DMSCA dye was weighed into a clean glass vial. Then 50 mL
of an ethanol/water solution (5% water, v/v) was added to the
vial. The mixture was stirred while 125 uL of 1 mol/L HCI in
water was added. Then, 11 mmol of either GPS, IPS, or PTSwas
added to the mixture. Thisgave aDMSCA mole fraction of less
than 0.2% relative to the diluting coupling agent. The deposi-
tion solution was stirred for 5 h at room temperatureto allow for
hydrolysis of the ethoxy bonds on the silane end of the coupling
agents. After the hydrolysis time, clean glass microscope cov-
erslips were added to the deposition mixture. The hydrolyzed
coupling agents could then adsorb to the glass surface. After
allowing 10 min for adsorption, the coated slides were removed
and placed vertically in separate vials. The vials containing the
coated dlides were then placed in an oven to cure for 2.5 h at
100°C. This curing process dries the layer and promotes the
formation of covalent siloxane bonds. These bonds attach the
coupling agent to the glass surface and cross-link the coupling
agentsonthesurface (17, 32). After curing, the coated coverdlips
weresealedinavial and stored in adark place until fluorescence
and contact angle measurements were made the following day.

A two-step organic deposition procedure (33) was used to
graft DMSCA when diluted with the OTS coupling agent. For
this procedure 0.02 mmol of DM SCA was weighed into aclean
via and 50 mL of tetrahydrofuran was added. Then 125 uL of
1 mol/L HCI in water was added, while the deposition mixture
was stirred. Next, 500 L of water was added to the tetrahy-
drofuran solution. Finally, 11 mmol of OTS was added to the
solution. This solution was stirred for 22 h at room tempera-
tureto alow for hydrolysis of the ethoxy bonds on the coupling
agent. A longer hydrolysis time is required because the wa-
ter concentration is much lower in this procedure than in the
ethanol/water based deposition. After hydrolysis, 5 mL of the
final tetrahydrofuran deposition solution was added to 45 mL
of clean cyclohexane. This cyclohexane solution was allowed

to sit for 15 min. Then, clean glass microscope coverslips were
added to this solution, and 10 min was allowed for adsorption of
the coupling agents to the glass surface. The coated slides were
removed, placed vertically in aclean vial, and dried in an oven
for 2.5 h at 100°C. Again, the coverdlips were sealed in aviad
and stored in adark place until measurements were made on the
samples.

The organic deposition procedure was al so used to graft some
coupling agent layers when DMSCA was diluted with GPS,
IPS, or PTS. However, when these coupling agents were grafted
using thetetrahydrofuran based technique, only 5 mmol of either
GPS, IPS, or PTS were added to the 50 mL of tetrahydrofuran.
In addition, the percentage of DMSCA relative to the diluting
coupling agent was higher, a mole fraction of approximately
0.7%, when the organic procedure was used to deposit these
coupling agents.

Control experiments were run using the same deposition pro-
cedures described above. However, for the control experiments
only the diluting coupling agent and no DM SCA was added to
the deposition mixture.

The chemical functionality of the coupling agents can change
during the deposition procedure. For example under acidic con-
ditions the epoxide ring on GPS can open to form adiol. Also,
theisocyanategroup on |PS can hydrolyzetoformanamine. The
chemical functionality of the coupling agent layerswasnot stud-
ied after the deposition procedure. Thefocus of thiswork wasto
immobilize afluorescent probe on the glass surface and examine
the potential use of this technique as an interface sensitive sen-
sor. Ongoing work focuses on understanding how the chemical
functionality of these grafted layerswill influence adhesion and
will beimportant for interpreting the fluorescent response of the
DM SCA probe.

A schematic of the fluorescence experiments is shown in
Fig. 4. The DMSCA was grafted to a glass microscope cov-
erdlip with a diluting coupling agent. Light at a wavelength of
460 nm was used to excite the immobilized DMSCA. The flu-
orescence response of the DM SCA was then collected in a de-
tector at right angle geometry from the excitation light. In some
experiments, the coated slide was immersed in an epoxy resin.
The fluorescence response was then measured in the presence

460 nm Fluorescence
Excitation Response
Light

g Resin Polymer Network P /

4l esmssﬁz%@s

Glass Surface
Diluting

Coupling Agent Grafted

DMSCA Dye

FIG. 4. A schematic of the fluorescence experiments.
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FIG. 5. The amine hardened epoxy resin system is shown above. The top
structure is Tactix 123. The bottom structure is Jeffamine D400.

of the resin overlayer. The epoxy/amine resin system used in
this study, shown in Fig. 5, was composed of 10 g of diglycidyl
ether of bisphenol A (Tactix 123, Dow Chemica Company)
mixed with 5.6 g of poly(propylene glycal) bis(2-amino propy!
ether) (Jeffamine D400, Aldrich Chemical Company). The two
componentswere mixed together usingamechanical stirrer. The
resin mixturewasthen degassed under vacuumfor 10 min before
use. Figure 4 shows only amonolayer of the DM SCA and dilut-
ing coupling agent bound directly to the surface. In reality the
grafted layersaremultilayers (~3 umthick) wherethe DMSCA
dye and diluting coupling agent can potentially bond with each
other in addition to the glass surface.

Contact angle measurementsin water were made on the sam-
plesusingaCAHN DCA 322 Dynamic Contact Angle Analyzer
(Madison, WI). For each sample, four cycles were run on the
contact angle. The data in this paper are from the final cycle.
Each cycleinvolved the following steps: (i) tare the balance, (ii)
detect the sample contact with water, (iii) advance the sample
into the water a length of 4 mm, (iv) hold the sample in this
position for 2 min, and (v) recede the sample out of the water
and return the motor to the starting position. The advancing and
receding speed was 80 um/s. Samples for contact angle mea-
surements consisted of both the grafted coupling agent layers
and the same layers after a 30-min acetone wash. After contact
angle measurements on theinitial sample, the same sample was
soaked in acetone for 30 min. During this soak, the acetone was
gently stirred every 5 min. Prior to making a contact angle mea-
surement on the washed layer, the sample was dried in an oven
at 100°C for 20 min.

Fluorescence datawere measured using aSpex Fluorolog Flu-
orimeter (Edison, NJ) in the right angle geometry collection
mode. In order to minimize the amount of excitation light that
was reflected into the detector, samples were placed at a 60° an-
gle relative to the incidence light. The excitation and emission
dit widths were 5 mm.

RESULTS

The results shown in Fig. 6 demonstrate the potential to use
the grafted DMSCA dye as an interface sensitive cure moni-
toring sensor. Both a fluorescence intensity change and a blue
spectral shift (to shorter wavel engths) from the grafted DM SCA

can be followed when an epoxy resin cures over the mixed
coupling agent layer. For Fig. 6, DMSCA was diluted with
the epoxy functional coupling agent, GPS. This mixed silane
layer was then grafted to the glass microscope coverslip using
the ethanol /water based deposition procedure. Scanning electron
microscopy (SEM) showed that the layer thickness was approx-
imately 3+ 1 um. When the coated coverdip is immersed in
uncured epoxy resin, the DMSCA fluoresces with maximum
intensity, Am, a a wavelength of 632+ 1 nm. While still im-
mersed in the uncured resin, the same coverdlip was then put
in the oven for 4 h at 100°C to allow the epoxy resin to cure
over the GPS'DMSCA grafted layer. The sample was removed
from the oven and cooled to room temperature. When fluores-
cence from this layer was measured in the cured epoxy, Am had
shifted to 579 4+ 4 nm. The uncertainties given are standard de-
viations. This 53-nm blue shift in fluorescence, during the resin
cure, givesthe grafted dye technique potential to monitor acom-
posite fiber/resin interface during processing. However, to make
a practical sensor, the magnitude of this spectral shift must be
related to structural or chemical changesin the interphase prop-
erties during cure. The intensity values are shown in counts per
second (cps). The cps values are relative since the intensity can
be scaled by adjusting the detector voltage. The same detector
voltage was used for all the fluorescence measurements.

Two controlswererunfor Fig. 6. First,aGPS/DM SCA coated
coverslip was subjected to the same 4 h, 100°C heat treatment,
but was not immersed in the epoxy resin. The fluorescence from
thiscontrol showed no spectral shift or intensity change after the
heat treatment, demonstrating that the spectral shift was not due
tothe heat treatment of the coupling agent layer. The second con-
trol was a coverdlip coated only with GPS that wasimmersed in
the epoxy resin. The spectrum of the second control is shown on
Fig. 6. The GPS coated coverslip showed a small fluorescence

1e+7
—&— GPS/DMSCA in cured epoxy

—&— GPS/DMSCA in uncured epoxy
—&— GPS in cured epoxy
—%¥— GPS in uncured epoxy
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7e+6 -

6e+6 -

5e+6 -
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FIG.6. A blue shift is observed from the grafted DMSCA dye during cure
of an epoxy overlayer.
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TABLE 1

Contact Angle Data for Samples Containing DMSCA
before and after an Acetone Wash

Before wash After wash
Sample fa (degrees) Or (degrees) 6a (degrees) Or (degrees)
None 37.4+29 82+25 33.1+20 8.2+04
GPS/IDMSCA 68.9+2.0 40.3+22 72.7+31 38.9+0.8
IPSDMSCA 76.1+2.0 53.3+22 75.9+16 54.7+31
PTS/'DMSCA 96.7+4.2 68.1+1.6 100.7+1.4 70.6+3.8
OTSIDMSCA  111.3+3.0 779+16 110.3+3.0 76.1+6.0

intensity when immersed in the epoxy. Since GPS itsdlf does
not fluoresce, the background fluorescence from this control is
probably due to small amounts of fluorescent impuritiesin the
industrial grade epoxy resin that was used in this study. Fluores-
cent impurities are often present in industrial grade resins (4).
Thefluorescence background of the GPS control, in epoxy resin,
was small when compared the fluorescence of the GPS/DM SCA
coated coverdip, in epoxy resin, and did not contribute to the
spectral shift.

Dynamic contact angle measurementswere used to character-
izethemixed silanelayersand assess|ayer stability. The contact
angleswere measured in water and are shown with standard de-
viationsin Tables 1 and 2. Both the advancing (6,) and receding
(6r) contact angles are shown. The contact angle measurements
were made both before and after a gentle 30-min acetone wash.
The contact angle data for samples before and after this wash
are shown in Table 1. If the contact angle of the sample after
the wash was similar to that of an uncoated slide, then the layer
was unstable and completely removed by the wash. However,
because the contact angles are similar before and after the ace-
tone wash for each sample, this suggeststhat at least part of the
layer is stable and bound to the glass surface.

Contact angle data for the control samples are shown in
Table 2. Thesimilarity betweenthe contact anglesof thecontrols
and the contact angles of the corresponding samples containing
DMSCA (Table 1) suggests that the presence of small amounts
of the dye did not change the surface energetics of the layer and
did not have a dramatic effect on the layer structure. Tables 1
and 2 show only contact angle datafrom the ethanol/water based
deposition procedure when GPS, IPS, or PTS are used. Similar
contact angleswere obtai ned when the organi ¢ method was used
to deposit theselayers. Dueto thelimited solubility of OTSinthe

TABLE 2
Contact Angle Data for Control Samples with No Wash
Sample fa (degrees) or (degrees)
None 37.4+£29 82+25
GPS 69.9+2.2 443+19
IPS 79.3+£0.9 58.6+25
PTS 95.4+45 69+1.4
OoTS 107.4+£29 80.6+1.2

7e+5

GPS/DMSCA

Be+5 - before wash

S5e+5

4e+5

GPS/DMSCA
after wash

3e+5 -

2e+5

Fluorescence Intensity (cps)

1e+5

Oe+0 T T T T
600 620 640 660 680

Wavelength (hm)

700

FIG. 7. A decrease in fluorescence intensity is observed from the grafted
GPS/DMSCA layer after an acetone wash.

ethanol/water mixture, only the organic procedure was used to
deposit thelayers containing OTS. Contact angle datawastaken
from at least eight samples of each coupling agent layer.

Fluorescence measurements were also made before and af-
ter the acetone wash. Figure 7 shows a typical result for the
GPS/'DMSCA grafted layer. The wavelength of the intensity
maximum from the grafted layer before and after the wash is
the same, suggesting that the layer has the same basic nature
after washing. However, the relative fluorescence intensity de-
creases by nearly 50% after the wash. This suggests that part of
the grafted layer washed off with the acetone, but some of the
layer remained on the slide. The decrease in fluorescence inten-
sity is probably due to afraction of the GPS/'DMSCA mixture
that physically adsorbed to the surface and did not form covalent
siloxane bondsin the interphase. Table 3 shows the average flu-
orescence intensity decrease from these layers after an acetone
wash. The intensity data are shown with standard deviations.
Theintensity decrease after the acetone wash was measured asa
percentage of the fluorescenceintensity beforethewash for each
sample. Then, the average intensity decrease was calculated for
the entire sample set. At least eight samples of each coupling
agent layer were used to calculate the intensity decrease after
washing.

To study how the chemical nature of the coupling agent layer
affects the DM SCA fluorescence, the probe was diluted with
OTS, PTS, IPS, or GPS. These mixed coupling agent solutions
werethen grafted to glassmicroscope coverdlips. Figure 8 shows
typical fluorescence emission spectra from these grafted layers
before the acetone wash. The control slides showed no fluores-
cence and had an insignificant background intensity. The fluo-
rescence response from theimmobilized DM SCA isdueonly to
thepresenceof thediluting coupling agent, becausethesegrafted
layers were not immersed in aresin overlayer. When DMSCA
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TABLE 3
The Fluorescence Intensity Decrease Due to Washing the Layer in Acetone

Intensity (cps)

Intensity (cps) Average intensity

Sample before wash after wash decrease (%)
GPS/DMSCA (8.86+2.71) E4+5 (3.59 E+5) + (9.02 E+4) 56+9
IPS'IDMSCA (3.36+1.47) E+6 (2.18+1.07) E+6 35+12
PTS'DMSCA (2.19+1.53) E+6 (271+£1.51) E+4 98+2
OTS/DMSCA (2.96 E+6) & (7.26 E+5) (2.41+1.21) E+5 91+5

Note. Intensity is given in counts per second (cps).

isdiluted with PTSor OTS, the fluorescence maximum, Amax, IS
near 560 nm. The organic functionality of both PTSand OTSis
anakanechain. Thus, itisexpected that theinteractionsbetween
the dye and coupling agents are similar in these layers, and the
position of Amax OcCcurs near the same wavelength. However,
when the organic functionality of the diluting coupling agent is
changed to the more polar isocyanatopropy! group (1PS), theflu-
orescence emission occurs at longer wavelengths and has a A max
of 593 nm. Even longer wavelength fluorescence is observed
for the GPS/DM SCA mixed layer, which has a A max Of 642 nm.
This figure shows that the chemical functionality surrounding
the DM SCA fluorophore has a significant effect on the position
of the fluorescence emission from the grafted layer. The stan-
dard deviations of the position of the curvesin Fig. 8 are given
by the error bars for the fluorescence maximum in Fig. 9. The
standard deviations of theintensitiesfor the curvesin Fig. 8 are
givenin Table 3.

Figure 9 shows a plot of the fluorescence wavel ength maxi-
mum from DM SCA verses the advancing contact angle of the
particular mixed coupling agent layer. The datain Fig. 9 were
from samples produced by the organic and water based deposi-
tion procedures, both before and after the acetone wash. Error
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FIG.8. Grafted DMSCA fluorescence when diluted with different coupling
agents.

bars are displayed on the graph for each coupling agent layer
and each deposition procedure to show the standard deviations
of the contact angle and fluorescence maximum. Thedatashow a
clear trend. When the surface energy of the layer is high (small
contact angles), the DMSCA fluoresces at long wavelengths.
The GPS/IDMSCA mixed layer has contact angles near 68°.
Theselayerswere the most hydrophilic of thelayersused in this
study and had afluorescence maximum at |ong wavel engths near
638 nm. Asthe surface energy of the mixed layer decreases (in-
creasing contact angles), the fluorescence intensity maximum
from DMSCA occurs at shorter wavelengths. On the other ex-
treme is an OTS/DMSCA mixed layer. The organic group on
OTSisavery nonpolar eight-carbon chain. These layers have a
large contact angle near 111°, representing an extremely nonpo-
lar surface. The fluorescence maximum from DM SCA diluted
inthislayer occurs at wavelengths near 557 nm. Figure 9 shows
that the fluorescence response from the grafted DMSCA dyeis
afunction of the layer surface energetics and not the deposition
procedure. Both the organic and the aqueous based depositions
gave layers that showed the same fluorescence behavior. The
structure of the coupling agent layer could be different, when
different deposition techniques are used, but in this case, the
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FIG. 9. Position of the fluorescence emission of the grafted DMSCA as a

function of the layer surface energetics and the deposition procedure.
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FIG. 10. Fluorescenceintensity at Amax for DMANS dissolved in avariety
of solvents at different concentrations.

fluorescence response from DM SCA is not sensitive to these
structural changes.

To verify that the DMSCA fluorophore is fluorescing as ex-
pected even when constrained to a glass surface, we chose to
study fluorescence emission from the DMANS precursor to
DMSCA in avariety of solvents. Figure 10 showsthe DMANS
fluorescence intensity, at the wavelength maximum, plotted
against concentration in the various solvents. Two important
trends are shown by Fig. 10. First, the fluorescence intensity
from DMANS increases as the solvent dielectric constant de-
creases. |n methanol, the solvent with the highest dielectric con-
stant, DMANS shows low intensity fluorescence. However, in
butanol, which has alower dielectric constant, the fluorescence
intensity ismuch higher. Figure 10 also showsthat the DMANS
fluorescenceintensity isextremely dependent on thefluorophore
concentration. At high concentrations, thefluorescenceintensity
can actually decrease. Thecurvesin Fig. 10 could bereproduced
within 6% of the intensity for a given concentration.

Figure 11 plots the DMANS fluorescence maximum in var-
ious solvents versus the dielectric constant of that solvent. A
larger dielectric constant represents a more polar solvent envi-
ronment. The position of the fluorescence maximum had a stan-
dard deviation of +1 nm and did not change with concentration
over the range shown in Fig. 10.

DISCUSSION

Asthe epoxy resin cures, afluorescenceintensity increaseand
blue shift in Amax Was observed from DMANS, when the dye
was bound in the layer by the DMSCA coupling agent. These
changes in fluorescence emission are due to both an increase in

theresin viscosity and a decrease in the resin dielectric constant
during cure.

When a fluorescent molecule absorbs a photon, the dipole
moment of the molecule increases and the moleculeis sent to a
higher energy level. A solvent relaxation process occurs, where
the solvent molecules reorient their dipole moments around the
new dipole moment of the excited molecule. This reorientation
of the solvent cage can dissipate the excited state energy of the
dye molecule and offer a nonradiative pathway to the ground
state. When the epoxy resin reacts, the dielectric constant of the
resin decreases due to a decrease in the dipole moments of the
resin molecules. As the dipole moments decrease, the solvent
relaxation process is not as effective at this energy dissipation.
More of the excited state molecules are forced to release the
energy through fluorescent pathways. This causesanincreasein
the quantum yield and an increase in fluorescence intensity.

It has been observed that the fluorescence quantumyield from
DMANS increases as the polarity of the solvent decreases, up
to an intermediate polarity. After this intermediate polarity, the
guantum yield will decrease again asthe solvent polarity isfur-
ther decreased (34, 35). The change in quantum yield with sol-
vent polarity is due to two nonradiative processes. One pro-
cessisthe transto cisisomerization around the stilbene double
bond. The transisomer is more polar than the cisisomer. In ex-
tremely low polarity solvents, the cisisomer isfavored because
of its nonpolar nature. Since the cis isomer does not fluoresce,
the quantum yield of DMANS is small in very low polarity
solvents. As the solvent polarity increases, the trans isomer is
stabilized and the quantum yield increases because the transiso-
mer is fluorescent. When the solvent polarity further increases,
DMANS molecules can form twisted internal charge transfer
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FIG. 11. Position of the fluorescence maximum from DMANS when dis-

solved in solvents of different polarity.
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states (TICT). These TICT states result from rotations around
the single bonds of DMANS. The TICT states are usually non-
fluorescent and stabilized in polar solvents. So, as the solvent
polarity further increasesthe quantum yield will decrease again.
In acohol solvents the trans to cis isomerization is negligible
due to the low polarity of the cis isomer (35). Since the glass
surface and the coupling agent layer may contain many hydroxyl
groups, we expect to bein the higher polarity regime, wherethe
DMANS fluorescence intensity will decrease with increasingly
polar environments.

Theviscosity increaseinthe epoxy resin during cureal so con-
tributes to the increase in fluorescence intensity. Both the trans
to cisisomerization and TICT formation are nonradiative path-
ways that require a certain amount of free space for rotations to
occur around the bonds of DMANS. The free space is provided
by the free volume of theresin (36). Astheresin reacts, the free
volume decreases. As the free volume decreases, the efficiency
of these reactions is reduced. More of the DMANS molecules
are forced to release the excited state energy through the fluo-
rescence pathway. This increases the fluorescence intensity.

In addition to intensity, the position of the fluorescent emis-
sion will also be affected by the decrease in the dielectric con-
stant and increasein viscosity during cure. The Lippert equation
(Eq. [1]) predicts how a decrease in the solvent dielectric con-
stant will cause ablue shift in Amax (28),

L 2(e—-1
Vg — Vf = — —
AT T " he\2e+1 2n2+1

n° -1 ) (An)* +const, [1]

a3

where ¢ is the solvent dielectric constant, n is the refractive in-
dex of the solvent, c isthe speed of light, h is Plank’s constant,
a® isthe volume occupied by the fluorophore, Ay isthe dipole
moment change of the fluorophore between the ground and ex-
cited state, and v, and v; are the wave numbers (cm™?) of the
absorption and emission intensity maximum, respectively. The
Stoke's shift is defined as the difference between the absorption
and emission intensity maximum of the fluorophore. Itisamea-
sure of the energy dissipated from the excited state molecule
before releasing a fluorescence emission. The refractive index
contribution accounts for the ability of the solvent electrons to
reorient themselves in order to stabilize the dipole moment of
the fluorophorein the excited state. The dielectric constant term
accounts for the solvent relaxation process, which will decrease
the energy difference between the ground and excited states. The
constant term in Eq. [1] accounts for additional mechanisms of
energy dissipation, such as vibration to lower energy excited
states.

Asthe epoxy resin reacts, the dipole moments of theresin are
weakened, which causes a decrease in the dielectric constant
(37). Equation [1] predicts that thiswill generate a blue shift in
fluorescence. In addition, the refractive index of the epoxy resin
increases during cure. Again, Eq. [1] predicts that this change
in refractive index will cause a blue shift. Typically, the refrac-
tive index changes from 1.5 to 1.6 during cure of epoxy resins

(38). The dielectric constant can decrease by nearly 10 times
the change in the refractive index (37). By assuming some typ-
ical numbers for the dielectric constant and refractive index of
epoxy resins, the blue shift can be estimated from Eq. [1]. The
parametersfor the DM SCA dye must also be estimated. The ab-
sorption maximum for DMANS in epoxy occurs near 445 nm.
For DMANS the dipole moment change between the ground
and the excited state has been estimated between 6.7 x 10~%°
and 1.5 x 10~ C-m (34, 39). The value of a for DMANS has
been estimated to be 8 A (34). After including a1000 cm~1 shift
due to vibrational dissipation of energy, and using a value of
1.2 x 102 C-m for the dipole moment change from DM SCA,
adi€lectric constant of 15, and a refractive index of 1.5 for the
uncured epoxy resin, Eq. [1] predicts a fluorescence maximum
of 624 nmin uncured epoxy. Using adielectric constant of 10and
arefractive index of 1.6 for the cured epoxy, Eq. [1] predicts a
fluorescence maximum of 580 nm in the cured epoxy. The blue
shift, predicted by Eq. [1] using typical dielectric and refrac-
tive index values for epoxy resin systems, qualitatively agrees
with the experimental data observed in Fig. 6. These calcula
tions are only an estimate, because the dielectric and refractive
index values were not measured for this resin system. In ad-
dition, the presence of the diluting coupling agent could affect
these numbers. Finally, Eq. [1] accountsonly for general solvent
effects, not for specific interactions between the resin and dye.
Equation [1] alsoignoresthe effects of viscosity on fluorescence
emission.

Increasing viscosity at the glass/resin interface during cure
may also contribute to the blue shift in fluorescence observed
fromthegrafted DM SCA. Two effects contributeto the viscosity
changeat theinterface. First, an increasein the epoxy molecular
weight and cross-link density occur during polymerization. Sec-
ond, the aminefunctionality on the Jeffamine D400 curing agent
can cross-link with the epoxy group on the GPS coupling agent.
Viscosity induced shifts have been observed for dye molecules
in vitrified solvents (28, 35). Huge viscosity changes are neces-
sary to induce these shifts. At gelation of thermosetting resins
the viscosity divergesto infinity, so the viscosity contribution to
this blue shift could be significant near or after gelation.

Theviscosity induced blue shift occurs as the relaxation time
of the polymer, t,, approaches the fluorescence lifetime of the
excited statedyemolecule, ty. Whentheresinviscosity increases
so that 7, is approximately zqy, then the solvent relaxation pro-
cess occurs on the same time scal e as the fluorescence emission.
When ,, is much larger than 74, then no solvent relaxation oc-
curs to dissipate the excited state energy of the dye. The dyeis
forced to release fluorescence from a higher, unrelaxed energy
level. This results in a blue shift in the fluorescence emission.
Thefluorescencelifetimefor DMANS in low viscosity solvents
is approximately 1-3 ns depending on the solvent (40). The ki-
netics of excited state reactions (i.e., for stilbene dyes trans—cis
isomerization or TICT formation) can decrease during cure of
epoxy resins(36). Thisisbecausethefreevolumeof theresin de-
creases during cure, which hindersthese excited state reactions.
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Sincethese reactions often provide nonradiative pathwaysto the
ground state, a decrease in the kinetics of these reactions would
increase the fluorescence lifetime of the dye molecule. Because
of this, it islikely that g4 increases significantly for DMANS as
the epoxy resin cures. However, for epoxy thermosets, atypical
relaxationtime (tp) can be on the order of seconds, or even hours
for the long term relaxation processes (41, 42). Sinceitislikely
that 7, for a cured epoxy thermoset will be much larger than
74 for DMANS in the resin, the viscosity increase during cure
probably contributes to the blue shift in fluorescence.

The goal of thiswork isto make apractical fiber optic sensor
device to monitor the properties of the composite resin, and in-
terphase region during processing. Although thefluorescencein-
tensity increase from grafted DM SCA islarge during the epoxy
resin cure, monitoring the blue shift in Ama ismorepractical. To
measure the fluorescence peak position, the only requirements
are (i) to have a good signal-to-noise ratio and (ii) to account
for the instrumentation function. In order to accurately measure
intensity changes, the thickness of the coupling agent layer, and
the concentration of DMSCA in the layer must also be known.
In addition, fluctuations in the excitation power supply and the
effects of photo-induced degradation must be corrected. Finally,
the effects of quenching on the fluorescence intensity need to
be estimated. Oxygen is a common fluorescence quencher. In
order to estimate its quenching effect on DMANS, the solubility
of oxygen in epoxy must be known, at different temperatures
and extents of cure. So, it is potentially difficult to make an in-
tensity based sensor, where the fluorescenceintensity accurately
reflects the resin structure.

The Beer Lambert Law, Eq. [2], can be used to show how the
DM SCA surface concentration and layer thicknessinfluencethe
fluorescence intensity,

|
absorption = Inl—O = oCt, [2]

where |g is the intensity of the incoming light and | isthein-
tensity of light after it has traveled through the sample, C isthe
dye concentration, o isthe extinction coefficient of the dye, and
t is the thickness of the coupling agent layer. In a nonscatter-
ing system, the amount of photons absorbed by the DMSCA
dyeis proportional to the difference between the incoming and
outgoingintensity of light. Inthe Beer Lambert regime, thefluo-
rescenceintensity isalso proportional to the amount of photons
absorbed by the DMSCA dye. This proportionality constant is
called the quantum yield of the fluorophore. The fluorescence
intensity, F, becomes

F=g¢(lo—1)=¢lo(1—e"°), 3]

where ¢ is the quantum yield of the fluorophore in that layer.
Equation [3] shows how thickness or concentration variations
between the samples influence fluorescence intensity.

Table 3 showsthe fluorescence intensity measured before and
after the acetone wash. The decrease in fluorescence intensity

after the acetone wash can be attributed to weakly bound cou-
pling agent materia that was washed from the surface. The
IPS'DMSCA and GPS/IDMSCA layers were more stable than
layers containing PTS or OTS. The relative stability of these
layers can be explained by the ability of the organic end of the
coupling agent to interact with hydroxyl groups on the glass sur-
face and on neighboring coupling agents. Both the isocyanate
group on | PS and the epoxy group on GPS can interact strongly
with a hydroxyl group. However, the hydrocarbon ends on PTS
and OTS cannot. The extra reactive site on IPS and GPS may
lead to a more cross-linked and stable grafted layer. Experi-
mental evidence from the organic based deposition procedure
supported this conclusion. With solutions of IPS in tetrahydro-
furan, the coupling agent would precipitate from solution, where
as the solutions containing GPS, PTS, or OTS showed no pre-
cipitation. Because the tetrahydrofuran solvent tends to prevent
condensation of coupling agents (33), this precipitation could
be due to areaction between the organic group on the coupling
agent and the hydroxyl group on neighboring coupling agents
generating small oligomers. Eventualy the oligomers formed
would be large enough to precipitate from solution.

In addition to the reactivity of the organic end of these cou-
pling agents, the orientation of the coupling agent molecules
on the glass surface may have a significant effect on layer sta-
bility. The PTS and OTS layers were extremely unstable and
lost over 90% of their fluorescence intensity during the wash.
This could be due to preferential alignment of the nonpolar or-
ganic end of these coupling agents away from the glass surface
and into the organic solvent. The hydroxyl groups on the cou-
pling agents would then be next to the glass surface, and the
remaining coupling agents would have very few hydroxyl sites
on which to adsorb. The result would be a thin layer of cova-
lently bound material close to the glass surface, with the rest of
thelayer physically adsorbed. This physically adsorbed material
isweakly attached to the surface and would be easily removed
during the wash. Experimental evidence supported this specula-
tion when PTS or OTS was grafted using a modified version of
the organic deposition procedure described in the experimental
section. For the modified procedure, after adsorption the coated
glass coverslip was washed in clean cyclohexane to remove ex-
cess and physically adsorbed coupling agents. X-ray reflectivity
measurements on these samples did not detect a coupling agent
layer, but contact angle measurements on the samples gave ad-
vancing contact angles of greater than 90°. The large contact
angle suggest that the alkane chains of the PTS or OTS were
aigned away fromtheglasssurface. X-ray reflectivity can detect
layersasthinas25 A. Sincethe X -ray reflectivity measurements
did not detect a layer, this suggests that only a monolayer was
present with the alkane chains facing away from the surface.

In order to measure the fluorescence of these layers using
a standard fluorimeter and to demonstrate the principle of this
fluorescence cure monitoring technique, the grafted layers in
this paper have been made much thicker than typical coupling
agent layers used in the compositesindustry. Because the layers
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are very thick, a larger portion of the coupling agents may be
physisorbed to the surface. The stability of the grafted layer is
important. In order to make a practical sensor device, these lay-
ers must be grafted to a glass fiber optic which can be inserted
into the composite mold. The layer must be able to withstand
the resin injection process, in order for the sensor to work. We
are currently devel oping afiber optic evanescent wave fluorime-
ter that will measure the fluorescence from very thin, grafted
DM SCA layers. For future experiments we will graft layers ap-
proximately 100 nm thick, which is a reasonable thickness for
coupling agent sizing packages applied onto the fiber preforms
used in industrial composite materials. (18, 22, 43)

Figures 8 and 9 show that the fluorescence response of the
grafted DMSCA depends on the chemical functionality of the
diluting coupling agent. Asthe polarity of the diluting coupling
agent increases the fluorescence response from that layer occurs
at longer wavelengths. Thistrend is predicted by Eg. [1] and was
discussed previously. The intensity variations for the different
layersin Fig. 8 could be due to the chemical functionality of the
diluting coupling agent, which would affect the quantum yield
of the DM SCA, or to thicknessand DM SCA surface concentra-
tion variations between the layers. Thickness and concentration
differencesbetween thelayerscould occur dueto adsorption dif-
ferences between the coupling agents. Current work is focused
ondeveloping infrared spectroscopy techniquesto measuretrace
levels of DMSCA in the coupling agent layer. The adsorption
behavior and its effect on layer thickness is also being studied
further.

A similar trend was observed when the DMANS fluorophore
was not grafted to the surface, but free in a bulk solvent.
Figures 10 and 11 again show that as the solvent polarity in-
creases, thefluorescence response occursat longer wavel engths.
A direct comparison between the grafted and free DMANS flu-
orescence behavior was not made in this study. However, Fig. 9
and 11 show that the dependence of Ana On solvent polarity
is qualitatively similar whether DMANS isin abulk solvent or
grafted to the glass surface. The specific effect that covalently
grafting DMSCA in the coupling agent layer has on its fluo-
rescence response is currently being studied. Figure 10 shows
that the fluorescence intensity is extremely dependent on the
DMANS concentration. Since we expect the grafted DMSCA
to behave in a similar manner, the surface concentration of the
dye must be known in order to make an intensity based sensor.

The fluorescence changes from grafted DM SCA during resin
cure give the technique potential to monitor thefiber/resin inter-
face during composite processing. In order to make a practical
sensor device, the magnitude of this spectral change must be
related to the physical properties of the interfacial region, such
asthe extent of cure, cross-link density, glass transition temper-
ature, modulus, or interfacial shear strength. Because the dye
is immobilized on the glass surface, the fluorescence response
is sensitive to the properties of the interphase. These interphase
properties are critical to the quality of the fiber/resin adhesion.
Contact angle data can be used to determine when aresin should

wet the fiber. When measured in water, a large contact angle
represents a low energy surface, and a smaller contact angle
represents a higher energy surface. Minimization of fiber/resin
surface energy isthethermodynamic driving force that promotes
fiber wetting and quality adhesion at thefiber/resininterface. Al-
though other factors, such as the presence of areactive coupling
agent or the extent of interphase formation, may also contribute
theinterfacial strength, if theresin doesnot wet thefiber, thenthe
interface will be weak. Figure 9 shows that the fluorescence re-
sponse from theimmobilized DM SCA is sensitiveto the surface
energetics of the coupling agent layer. This result suggest that
the DM SCA fluorescence response can be related to the ability
of the resin to wet the fiber and the quality of the fiber/resin
adhesion.

SUMMARY

The DMSCA fluorescent dye probe can be grafted to the
glass surface with a diluting coupling agent. A blue shift and
fluorescence intensity increase from the grafted DMSCA can
be followed during the cure of an epoxy overlayer, giving this
technique potential to monitor the fiber/resin interface during
composite processing. These fluorescence changes are due to
the combined effect of a decrease in the dielectric constant of
theresin and an increase in the interfacial viscosity during cure.
However, monitoring the spectral shift from the grafted dye
would be more practical than monitoring intensity changes in
fluorescence. Contact angle data showed that the presence of
DMSCA in the coupling agent layer had a negligible effect on
the surface energy of the layer. The fluorescence response of the
DMANS fluorophoreis qualitatively similar when the molecule
isdissolvedinasolvent orimmobilizedin acoupling agent layer.
Inanincreasingly polar environment, the fluorescencefrom both
DMANS and the grafted DMSCA occurs toward longer wave-
lengths.

Inorder to makeapractical sensor deviceusing thistechnique,
three requirements must be met. First, a fluorescence change
from DM SCA must be measurable during resin cure. Thiswork
has demonstrated that requirement. Second, the coupling agent
layers should be made thinner and be grafted to a glass fiber
optic. The fiber optic could then be inserted into a composite
mold and used as an in situ cure monitoring sensor. Since the
DMSCA dyeisgrafted to the glass surface, the technique would
be sensitive to the critical interfacial region in a composite ma-
terial. Finally, in order to interpret the sensor response, the mag-
nitude of these spectral changes must be related to physical
changes in the interphase region. The results of Fig. 9 suggest
that the fluorescence response of the grafted dye can be related
to the resin adhesion to the surface.

Many variables can influence the fluorescence response from
the grafted DM SCA molecule. For example, the chemical func-
tionality and reactivity of the diluting coupling agent, the layer
stability, surface roughness, density, and thickness can all affect
the ability of theresinto penetrate and interact with the coupling
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agent layers and thus affect the dye response. The relationship
between the structure of the coupling agent layer and the qual-
ity of the fiber/resin adhesion is the focus of ongoing research.
Thegoal of thiswork isto relate the fluorescence response from
theimmobilized DM SCA to the structural changesthat occur in
the interphase region during processing and to use this fluores-
cence response to predict the quality of the adhesion.
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