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Figure 7.3.  X-ray diffraction pattern of silicalite-1.

The XRD pattern in Fig. 7.3 showed the peaks characteristic of crystalline silicalite-1 [1].

The zeolitic porosity is demonstrated by the nitrogen sorption isotherm shown in Fig. 7.4.

Figure 7.4.  Nj-sorption isotherm of silicalite-1 nanoparticles.
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The nitrogen adsorption-desorption curves show the typical type IV isotherm in accordance
with TUPAC classification [2]. The rise of sorption at P/Py <0.05 corresponds to the filling
of the micropores belonging to the zeolitic structures. The small increase of amount
adsorbed at relative pressure P/Py = 0.3-0.4 indicates the presence of mesopores. The
hysteresis loop at P/Py > 0.6 is related to the capillary condensation in the inter-particle
voids [3]. The micropore volume was of 0.17 cm’g”' (P/Py=0.05 and the apparent BET

specific surface area was 390 m’g”'. According to literature these are typical values [4].

The zeolite morphology was characterized using SEM (Fig. 7.5).

Figure 7.5. Morphology of silicalite-1 nanoparticles.
From Fig. 7.5 we can see the silicalite-1 nanoparticles have a spherical shape and they tend

to agglomerate during drying [3].

The Raman spectrum of silicalite-1 nanoparticles is shown in Fig. 7.6. The Raman bands to
be considered (when compared with the template tetrapropylammonium — TPA) are: red-
shift of the C-H stretching mode from 2954 to 2937 cm™ and splitting and change in the

relative intensities of the CH, modes in the range 1130-1370 cm™'[4].
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Figure 7.6. Raman spectrum of silicalite-1 nanoparticles.

The prominent band in the Raman spectrum of e silicalite-1 in the fingerprint region (300-
600 cm™) is found at 366 cm™. This band is assigned to the motion of an oxygen atom in a

plane perpendicular to the T-O-T bonds.

Other prominent bonds observed were also assigned (see Table. 7.1). The split bands

typical of MFI structure can be seen in the spectrum (between the 1101.7 and the 1455.2

cm’ peaks), but were not assigned due to their low intensity.
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Raman peak assignments of silicalite-1.

Table 7.1.

Raman Peak (cm™) Functional Group/ Vibration
307.3 T-O-T stretching of zeolite
366.0 T-O-T stretching of zeolite
552.1 C-C-C-N (template)
1101.7 Stretching of Si-O (zeolite)
1455.2 Deformation of CH (template)
2880.7 Stretching of CH, (template)
2933.71 Symmetric Stretching of CH; (template)
2980.7 Asymmetric Stretching of CH; (template)

7.3 SILICALITE-1 NANOCOMPOSITES OPTICAL PROPERTIES

The compatibility of the zeolite particles suspensions with the photopolymer solutions was

first characterized by DLS (Figure 7.7).

Figure 7.7. DLS (number weighted) of: (orange) silicalite-1; (purple) photopolymer

doped with silicalite-1 nanoparticles (freshly mixed); (green) photopolymer doped

with silicalite-1 nanoparticles (24 hours stored at RT).
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After 24 hours a shift in the peak maximum was observed. One possible explanation could
be due to the hydrophobic nature of silicalite-1 zeolite, causing a small shell around the

particle and thus increasing the hydrodynamic diameter of the nanoparticles.

The optical losses (calculated as described before by Eq. 4.1) (thickness of layers of around
40 um)were obtained as a function of concentration of silicalite-1 nanoparticles (see Figure

7.8).

Figure 7.8.  Optical losses of silicalite-1 nanocomposites.

As can be seen in Fig.7.8, the optical losses increase linearly from 2% (undoped
photopolymer) to 7% when we introduce silicalite-1 10%wt. nanoparticles. This maximum
value of 7% is lower than the values observed for zeolite A (40% optical losses for a
doping of 10%wt.) and comparable with zeolite Beta nanocomposites (10% optical losses

for the same level of doping).

The surface morphology of several nanocomposites containing from 0 to 10%wt. of
silicalite-1 zeolites were studied using a white light interferometric (WLI) surface profiler.

In a recent publication [3] it was shown that silicalite-1 nanoparticles are distributed
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randomly on the surface and that there is a correlation between the doping level and height
and density of particles on the surface. The increase of zeolite concentration in the layers
leads to increase of peak heights and a decrease of the distance between them. As described
before, the surface roughness was quantified in five different locations across the sample
and the results are summarized in Fig. 7.9 and Table 7.2. This method was used in the
present work as a measure of how compatible the nanoparticles can be with the
photopolymer, since if they are, for instance expelled to the surface of the photopolymer,

the roughness will increase.

Table 7.2.  Surface roughness measurements (RMS) for silicalite-1

nanocomposites.
Concentration of silicalite-1 (%) Surface roughness (nm)
0 1.2 +0.1
1 1.3 +0.3
2.5 1.9 +0.3
5 2.5 +0.4
7.5 2.8 +0.3
10 2.1 +0.3

Figure 7.9.  Surface roughness dependence on concentration of silicalite-1.
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The undoped photopolymer had a surface roughness of 1nm that increased to 3nm in there
case of 5%wt. nanocomposite. There was a decrease at 10%wt. concentration of zeolite
silicalite-1 (2 nm). The literature [3] refers to an increase of roughness from 1nm to 7 nm
for a concentration of silicalite-1 of 7%wt. The roughness values for silicalite-1
nanocomposites are lower than the ones obtained for the previously studied

nanocomposites, whose size was of 60nm.

Finally the refractive index of the nanocomposites was determined as this parameter is

useful in the calculations of the next section. This was done by Dr. T. Babeva.

Table 7.3. Volume refractive index of silicalite-1 nanocomposites (633 nm).

Silicalite-1 concentration (%owt.) Refractive Index
0 1.499 +0.005
1 1.494 +0.005
3 1.483 +0.005
7 1.447+ 0.005

If one considers silicalite-1 as an effective medium consisting of two phases — air and
amorphous silica one can calculate the volume fraction of the two phases using the
Bruggeman effective media approximation described in detail in [3]. The density of zeolite
MFI (empty pores) was calculated as 1.74 gem®, while the density of zeolite incorporated
in the photopolymer (filled pores) was 1.78 gecm™. On the other hand the pore volume in
zeolites is estimated to be 0.11 cm’g™. In that same study, the pore volume was found to be
0.12 em’g”’, while our determinations suggest a value of 0.17 cm’g” (see Fig. 7.4). This

difference is probably due to differences in crystallinity in the materials.
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The comparison between pore volume of the zeolite before and after addition to the
photopolymer suggests that most probably silicalite-1 pores remain empty after the zeolite

is added to photopolymer, due probably to their hydrophobic nature.

By DLS and surface roughness measurements one could demonstrate that the silicalite-1
zeolite nanoparticles are compatible with the photopolymer, thus homogeneous coating
suspensions can be obtained and homogeneous dry layers of optically transparent material

can be prepared.

7.4 GRATING PERFORMANCES OF SILICALITE-1 NANOCOMPOSITES
The grating performances recorded in silicalite-1 nanocomposites dependence on recording
intensity and concentration of zeolite were studied. Four different recording intensities

were used: 1.75, 5, 10 and 16.7 mWem™?, for a time of exposure of 100 s.

Three gratings were recorded for each of these recording intensities (Nr. 1, 2 and 3) and for

each of the concentration of silicalite-1 added to the photopolymer, from 0% to 10%wt.

(see fig. 7.10). The results are shown in Fig. 7.11.
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Figure 7.10. Typical angular selectivity curves for three different gratings recorded
in 5%wt. silicalite-1 nanocomposite; recording intensity of 5 mWem™ and spatial

frequency of 1000 Imm™.

Figure 7.11. Refractive index modulation as a function of recording intensity for
gratings recorded in silicalite-1 nanocomposites (with concentrations as indicated in

the figure); (1000 lmm'l).
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The first conclusion 1is that silicalite-Inanoparticles improve the refractive index
modulation (n;) for all the recording intensities. The refractive index modulation increases
with the concentration of zeolite. This was previously observed in preliminary results
obtained in [6]. In this study the addition of 60 nm silicalite-1 nanoparticles to the
photopolymer doubled the refractive index modulation from 1.8x107 (undoped
photopolymer) to 3.5x107° (nanocomposite containing 6%wt. concentration of
nanoparticles). Except for the lowest intensity (1.75 mWecm™), where an optimum
concentration of zeolite was observed (7.5%wt. of zeolite) the refractive index modulation
increases linearly with the zeolite concentration for all the other recording intensities.
Calculating an average refractive index modulation for each concentration, we found a
similar result to that previously reported for 60nm nanoparticles: the refractive index
modulation doubled from 1.5x107 (undoped photopolymer) to 3.2x10™ (nanocomposite
containing 10 %wt. concentration of nanoparticles). For undoped photopolymer, the
refractive index modulation decreases as the recording intensity increases. This is expected
for material behavior under high intensity exposure. High intensity produces high
termination rates and therefore short chains, and lower diffraction efficiency is obtained for
the same exposure. This is also the case for a nanocomposite containing 2.5%wt. of
silicalite-1. For higher concentrations of zeolite, we observe an improvement of the
refractive index modulation with increasing recording intensity up to 10 mWem™. One
explanation for the observed improvement of the diffraction efficiency of the nanoparticle-
containing photopolymers at high intensity of recording could be that at higher intensity the
number of shorter polymer chains is expected to be higher and consequently a larger
number of oligomers and/or short polymer chains would diffuse and sweep the

nanoparticles in the desired direction. Another possible explanation could be that the
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presence of porous silica nanoparticles slows down diffusion and restricts loss of short

polymer chains into dark fringe areas thereby improving the diffraction efficiency

Unlike Beta and AIPO-18 which have a hydrophilic nature, the silicalite-1 zeolite is made
of pure silica and thus has a hydrophobic nature. We have seen in section 7.3 that
calculations of pore volume of the zeolite before and after incorporation in the
photopolymer showed that the zeolites are empty. Also, it was also observed that silicalite-
1 nanoparticles are able to undergo redistribution, being expelled from the bright fringes
[7]. The fact that the nanoparticles were redistributed during holographic recording and that
in the case of this nanocomposite, the difference in refractive index is higher due to the
void pores of the zeolite results in a refractive index modulation increase observed, in

contrast to the nanodopants studied previously.

7.5 CONCLUSIONS

A good optical quality material is prepared in the case of the acrylamide-based
photopolymer doped with silicalite-1 nanoparticles. The grating performances recorded in
silicalite-1 nanocomposites were studied and it was found that there is an improvement of
the refractive index modulation with the addition of silicalite-1 nanoparticles for the four
recording intensities studied. It was found that on average the refractive index modulation
doubled from 1.5x107 (undoped photopolymer) to 3.2x10™° (nanocomposite containing
10%wt. concentration of nanoparticles). The addition of silicalite-1 in concentrations
higher than 5%wt. to the photopolymer also inverted the effect of decreased refractive
index modulation at high intensities. The hydrophobic nature of this type of zeolite is

probably the reason why zeolite pores are probably empty after its inclusion in the
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photopolymer (as shown here by refractive index calculations) and this material could be

further improved for use in the fabrication of holographic memories.
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CHAPTER 8: INITIAL STUDIES OF INTERACTIONS

BETWEEN SENSITIZING DYES AND ZEOLITE L

8.1 INTRODUCTION

In this chapter, the characterization of zeolite L (LTL-type structure) is presented. The
interactions between several dye molecules (rose bengal, erythrosine B, rhodamine B,
rodhamine 6G, acroflavin, safranin O and methylene blue) and the different zeolite
molecules used in this project (zeolite Beta, zeolite A, AIPO-18, silicalite-1 and zeolite L)
were studied. Particularly interesting were the effects of interactions between the cationic
dye methylene blue and zeolite L, observed by visible spectroscopy. Because of the
spectroscopic changes observed when the dye molecules and their aggregates are adsorbed
in the zeolite L surface, one can expect to use them in optical materials for holographic
recording, with tunable spectral sensitivity controlled by dye concentrations. The effect of

pH on the spectroscopic changes of MB+ - zeolite L dispersion is discussed as well.

8.2 ZEOLITE L NANOPARTICLES CHARACTERIZATION
Nano-sized zeolite L crystals have LTL framework type structure and this is presented in

Fig. 8.1.

B) : O
Figure 8.1.  Periodic building unit of zeolite L: (A) top view perpendicular to the c-

axis; (B) pore structure of zeolite L (view normal to 001); (C) view along the c-axis.
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Zeolite L crystals consist of cancrinite cages linked by double six-membered rings, thereby
forming columns in the c-direction. Connection of these columns gives rise to 12-
membered rings with a free diameter of 7.1A. As a consequence, zeolite L possesses one-
dimensional channels running parallel to the c-direction through the entire crystal. The free
diameter varies from 7.1 A (narrowest part) to 12.6 A (widest part). The main channels are
linked via non-planar eight-membered rings forming an additional two dimensional

channel system with openings of about 1.5 A [1].

The dynamic light scattering (DLS) results showed that the particle size of Zeolite L was

65nm (Fig. 8.2).
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Figure 8.2.  DLS curve of zeolite L suspension.

The zeolite colloidal dispersion shows a monomodal particle size distribution.

The crystalline nature of the nanoporous zeolite L nanoparticles was investigated by the

XRD (Figure 8.3).
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Figure 8.3.  X-ray diffraction pattern of zeolite L nanoparticles.
The XRD pattern showed fully crystalline zeolite L-type material and the absence of an

amorphous phase and the most intense (100) reflection peak appears at 5.54° 2 0 [2].

The nitrogen sorption isotherm of zeolite L is shown in Fig. 8.4.
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Figure 8.4.  Nj-sorption isotherm of zeolite L nanoparticles.
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The nitrogen adsorption-desorption curves possess the typical type IV isotherm [3]. The
material has BET high surface area of 349 m°g™" which is in good agreement with literature
[4] values for specific pore volume of 0.205 cm’g™’ as synthesized and 0.163cm’g™, lower
values than the ones obtained in the present work, where the total specific pore volume was
0.48 cm’g’ (P/P¢=0.98) and this means that there is more accessible pore volume (free

space) available for species to enter the zeolite.

The Raman spectrum of the nanoparticles is shown in Fig. 8.5.

Figure 8.5. Raman spectrum of zeolite L nanoparticles.

The prominent band in the Raman spectrum of framework type materials are in the
fingerprint region (300-600cm™) and for zeolite L is at 499cm™. This band is assigned to
the motion of an oxygen atom in a plane perpendicular to the T-O-T bonds (framework

vibration) and is the only strong feature.
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8.3 GUEST-HOST SYSTEMS BASED ON ZEOLITES

The channels and cavities of a zeolite framework provide ideal space for incorporation,
stabilization and organization of complex species of organic, luminescent dyes, metal
clusters or semiconductor materials [5]. Host-guest systems based on zeolite crystals have
been under investigation and used in applications such as artificial antenna systems [6],
microlasers [7] and optical sensors [8]. Materials such as AIPO-5 [9], zeolite L [10],
zeolites Y, ZSM-5 and mesoporous material MCM-41 [11] have been used as hosts for the

incorporation of neutral as well as cationic dyes inside their channels.

Interestingly, it has been reported that AIPO-5 modified with methylene blue favors optical

data storage through the effect of hole burning [9].

The types of molecules that fit inside the channels are [10]:
(1) Molecules that are small enough to fit inside a unit cell;
(2) Molecules the size of which makes it hard to guess their position and orientation in
the channel,;
(3) Molecules that are so large that they can only align along the c-axis.
Dyes can be inserted into the cavities of zeolites from gas phase, by ion exchange (if
cations are involved), by crystallization inclusion or by an in situ synthesis inside the

zeolite cages [6].

On the other hand all cationic and neutral dyes have the tendency to be adsorbed at the

outer surface of the zeolite nanocrystals. Cationic dyes form aggregates at the surface of the

zeolite as can be observed by UV-Vis spectroscopy [6].
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In the case of zeolite L, the efficient transport of electronic excitation energy by the chains
of electronically non-interacting chromophores is the most prominent feature of this

material [1].

8.4 INTERACTIONS BETWEEN DYES AND ZEOLITES

Several sensitizing dyes commonly used in holographic recording (except for rhodamine

dyes that were chosen for their size and cationic nature) are listed in table 8.3.

Table 8.1. Dyes used in the present study (dye concentrations is 0.11% wt.).

Name Formula
Anionic dyes
CI
Rose Bengal
Erythrosine B
Cationic dyes
Methylene Blue
o ,CH_-‘
Cor -,C L ” Hs
Rhodamine B ’
COOH
Y
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Name Formula

Rhodamine 6G

Acriflavine

Safranin O @ ol -

Sensitizing dyes usually used in full color holography (methylene blue for recording in the
red, erythrosine B for recording in the green and acroflavine for recording in the blue) were
first investigated. Visible absorption spectra of aqueous solutions (3 mgl™) are presented in

Fig. 8.6.

Figure 8.6.  Visible spectra of aqueous dyes: (EB) erythrosine B; (MB) methylene

Blue; (AF) acriflavine.

208



Then 0.5 mg of different zeolites studied in this work - zeolite A, L, Beta, silicalite-1 and
AlIPO-18 were added to each vial and the visible spectra were measured. Results are shown

for two different solvents: water and photopolymer solution (see Fig. 8.7).

Figure 8.7. Peak position of the maximum intensity absorption in the presence of

several zeolites: water (empty symbols) and photopolymer (filled symbols).

From Fig. 8.7 one can see that the shift of the maximum absorption peak position normally
happens only in aqueous solutions. Only in the case of methylene blue in the presence of
zeolite L and photopolymer solution does a noticeable shift in the absorption maximum
occur. The large size anionic dye, erythrosine, did not show a spectral change in the
presence of any zeolites. Both the other dyes (methylene blue and acriflavine) of smaller
size and cationic type showed a change in shape of the spectral peak as well a blue shift of
its maximum absorption peak. Interestingly, the bigger the zeolite pore size, the greater this
shift, although one can suspect that due to their nature these dyes are adsorbed at the

external surface of the zeolites.
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The greater change in the maximum absorption peak was found for the pair MB" - zeolite
L, where one can immediately observe a purple color when we add the zeolite to the
aqueous solution of MB (Fig. 8.8), most probably due to the formation of aggregates at the

outer surface of the zeolite.

Figure 8.8.  Visible absorption spectra of methylene blue in water and in presence of

zeolite L.

Solutions with different concentrations of methylene blue were analyzed. The effect of

different zeolite concentrations was also studied (see Fig. 8.9).
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Figure 8.9. Influence of the concentration of zeolite L on the absorption intensity of
the maximum absorption peak for several concentrations of methylene blue (0.05,
0.08, 0.20 and 0.41 mmol); maximum absorption intensity peak position was found at

566 =1 nm.

From Figure 8.9 one can see that for the concentrations of methylene blue of 0.04, 0.08 and
0.20 mmol there is initially a linear increase of the absorption maximum as the zeolite
concentration increases and then the values remain fairly constant. For higher concentration
of methylene blue (0.41 mmol) the zeolite concentration seems to have little no effect on

the maximum absorption intensity peak position.

Following these results, several other dyes were studied, this time only in the presence of
zeolite L and different solvents (Fig. 8.10) of interest, namely water, acrylamide based
photopolymer, NIPA based photopolymer (described in more detail in the next section) and

PVA (polyvinyl alcohol).
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(A) (B)

© (D)

(E) (F)
Figure 8.10. Visible absorption spectra of: (A) rose Bengal; (B) rhodamine B; (C)
acroflavin; (D) safranin O; (E) methylene blue; (F) rhodamine 6G in different
solvents (PP AA is acrylamide based photopolymer, PP NIPA is NIPA based

photopolymer and PVA is polyvinyl alcohol.
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In case of methylene blue and rodhamine 6G, there are different forms of the dye in the
presence of the different solvents, since a different absorption spectra are recorded. For the
most part, the position of the maximum absorption peak position changes in the different
environments. These shifts are plotted in Fig. 8.11, where the shift observed in the
maximum absorption intensity peak position for each dye in the different solvents was

compared to its respective value in aqueous solution.

Figure 8.11. Shift of the maximum absorption intensity peak position of each dye
relative to respective position in aqueous solution for different solvents: PP AA
(acrylamide based photopolymer); PP NIPA (NIPA based photopolymer) and PVA
(Polyvinyl alcohol) for different dyes (MB is methylene blue, RS is rose bengal, RB is

rodhamin B, R6 is rodhamin 6G, AF is acrofavin and SO is safranin O).

In the particular cases of two dyes, methylene Blue (Fig. 8.12A) and rhodamine 6G (Fig.
8.12B), a shift in the maximum absorption intensity peak position was also observed when

we added zeolite L nanoparticles to the same solvent.
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A) B)
Figure 8.12. Visible absorption spectra of (A) methylene blue in water without and
in the presence of zeolite L (water + Z); (B) rodhamine 6G in PVA without and in the

presence of zeolite L (water + Z).

The change in water is large because the MB" ion is only adsorbed at the outer surface
where it is surrounded by the water, under which conditions MB" forms aggregates. The
aggregates are readily formed as we can immediately observe the color change. A similar

effect must happen in the case of rodhamine 6G in PVA.

Acrylamide based photopolymer doped with zeolite L (sensitized for recording in red with
methylene blue) was prepared for holographic recording. The aim was to fabricate
materials with tunable spectral properties able to record in the red without zeolite
nanoparticles and in the green in the presence of zeolite L. The samples were prepared as
previously described. After evaporation of the solvent (drying process) however the

changes in wavelength were reversed (see Fig. 8.13).
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Figure 8.13. Visible absorption spectra of acrylamide based photopolymer (0%) and
in the presence of 5% wt. zeolite L nanocomposite sensitized with methylene blue; in

liquid solutions and after drying for 24 hours.

The fact that the spectral change disappears after evaporation of solvent not desirable and

we were not able to record gratings using a green laser.

The pH of the photopolymer solution is around 8. In order to investigate if the wavelength
change could be caused by pH, visible absorption spectra of aqueous solutions of
methylene blue at different pH were taken. First only solutions of methylene blue were

tested, after which 0.5mg of zeolite were added to each vial (Fig. 8.15).
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A)

B)
Figure 8.14. Visible absorption spectra of methylene blue solutions at several pH:

(A) in water; (B) with the addition of zeolite L.

From Fig. 8.14, several species of methylene blue were identified. At very low pH, the
protonated monomer of methylene blue (MBH*") occurs, where the vibronic components
show absorption maximum at 745+1nm, a second maximum at 669nm and a shoulder at
~610nm. In pH range from 5 to 10, aqueous solutions of monomer methylene blue (MB ")

exists with spectra showing the characteristic features of the equilibrium monomer-dimer
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(Fig. 8.16) with a maximum absorption at 665nm (monomer) and a shoulder at ~615-625
nm (dimer). For a pH of 14 there is a broad peak at ~570-620 nm possibly due to the

formation of aggregates of the dye.

Dimer

Figure 8.15. Monomer-Dimer equilibrium of methylene blue [reproduced from Ref.

13].

In the presence of zeolite L in the range of pH 7 to 10, there is a formation of aggregates
trimers with one band at 566+1 nm. In the pH range of 5-10, the formation of methylene
blue aggregates is not dependent on the pH of the solution but occurs due to the presence of
zeolite L. When we add zeolites to the solution, methylene blue can be adsorbed on the
surface of the nanoparticles. In the extreme values of pH it seems the adsorption is very

little.
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8.5 CONCLUSIONS

Colloidal LTL suspensions are characterized in detail. The host-guest interactions between
several sensitizing dyes (erythrosine B, methylene blue, acroflavine, rhodamine B,
rhodamine 6G, rose bengal and safranin O) and several types of zeolite used in this project

(zeolites Beta, A, AIPO-18, silicalite-1 and L) were studied.

The concentration and pH dependences on the methylene blue —Zeolite L visible absorption
spectra were studied. It was found that the presence of zeolite L promotes the formation of
dye aggregates in the range of pH 7 to10 (band at 56641 nm). In the pH range of 5-10, the
formation of methylene blue aggregates is not dependent on the pH of the solution but
occurs due to the presence of zeolite L. When we add zeolites to the solution, methylene
blue can be adsorbed on the surface of the nanoparticles. In the extreme values of pH it

seems there seems to be very little adsorption.

The aim was to fabricate tunable optical materials, but further work is needed to achieve
this since the spectral change is reversible when the photopolymer doped with zeolite L

dries.
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CHAPTER 9: INITIAL STUDIES IN THE DESIGN OF NEW

NIPA BASED PHOTOPOLYMER

9.1 INTRODUCTION
In this chapter we present a new photopolymer with holographic features similar to the

standard photopolymer - acrylamide based photopolymer — but with reduced toxicity.

The acrylamide monomer was replaced by N-isopropylacrylamide (NIPA), and the
composition was optimized in terms of monomer and co-monomer (N,N’-methylene
bisacrylamide) concentrations for holographic recording. The refractive index before and
after polymerization was obtained and it was found that a bigger differences exists in the
case of NIPA photopolymer when compared to acrylamide based photopolymer. Besides a
lower toxicity, the choice of NIPA was also justified because this hydrogel is known to be
sensitive to external stimuli such as temperature [1], which could be useful in the design of

Sensors.

Initial studies in using NIPA photopolymer in holographic sensing were made. NIPA
photopolymer sensitized with methylene blue were used to record reflection holograms.
The temperature response of this material at three different relative humidities (RH) was
recorded in a controlled environment and its spectral changes recorded. It was found that
the swelling of the photopolymer induces a wavelength shift that depends on the

temperature.

9.2 THE NIPABASED PHOTOPOLYMER

The main drawback of the acrylamide based photopolymer is the toxicity of its main
monomer, acrylamide. Acrylamide is a known neurotoxicant, reproductive toxicant, and
carcinogenic substance [2]. N,N’-methylene bisacrylamide, a larger molecule that is not as

readily absorbed through the skin or vaporized into the air, is a suspected mutagen and

220



teratogen, but is not nearly as dangerous as acrylamide [3]. After acrylamide and
bisacrylamide are polymerized, the polymer is safe to handle and use, as long as there is no
residual unreacted monomer [3]. Acrylamide substitutions have been made [4] using
sodium acrylate with toxicity of lower than that of acrylamide and comparable grating
performances were obtained, i.e maximum diffraction efficiency and energetic sensitivity

for these two types of photopolymer.

In our work, we have chosen N-Isopropylacrylamide (NIPA) to replace acrylamide as a
monomer. This compound presents less danger for health than acrylamide [5, 6]. Results
from these studies have shown that the NIPA monomer may have some toxic effects,

thought the resulting polymer is biocompatible.

One of the main reasons for studying this monomer is that fact that it is a thermosensitive
material. Thermosensitive hydrogels can be classified as positive or negative temperature-
sensitive systems. A positive temperature-sensitive hydrogel has an upper critical solution
temperature (UCST). Such hydrogels contract upon cooling below the UCST. Most
hydrogels belong to this category. In the other hand, negative temperature-sensitive
hydrogels have a lower critical solution temperature (LCST). These hydrogels contract
upon heating above the LCST, and are known as thermoreversible hydrogels as the
contraction is totally reversible upon cooling [7]. Poly(N-isopropylacrylamide)
demonstrates a lower LCST at about 32 °C [8], i.e. it shrinks with increasing temperature.
Poly (N-isopropyl acrylamide) forms swollen hydrogels of crosslinked species due to the
presence of both hydrophilic amide groups and hydrophobic isopropyl groups in its
sidechains. The PNIPA hydrogel in an aqueous solution exhibits a rapid and reversible

hydration—dehydration change in response to small temperature changes around its LCST.
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Below this temperature the hydrogel is swollen, hydrated and hydrophilic, whereas above
the LCST, the hydrogel shrinks and forms a collapsed, dehydrated and hydrophobic state
due to the breakdown of the delicate hydrophilic/hydrophobic balance in the network

structure [9].

9.3 INITIALSTUDIES IN NIPAPHOTOPOLYMER OPTIMIZATION
9.3.1 COMPOSITION OF THE PHOTOPOLYMER
In initial investigations concerning the suitability of the NIPA monomer for holographic

recording we have studied compositions with different monomer quantities.

Firstly, several compositions containing different amounts of the monomer — NIPA while
maintaining the other components concentrations constant were prepared (see Table 9.1).

The amount of co-monomer (bisacrylamide) in each composition was 0.2 g.

Table 9.1. Composition of samples prepared with different concentrations of
NIPA.
Sample Nr. Monomer (g) Monomer (mmol)

1 0.2 1.8

2 0.4 3.5

3 0.6 53

4 0.8 7.1

5 1.6 14.2

6 2.4 21.2

The samples were used to record transmission gratings and were compared against gratings
recorded in a material with the standard composition (monomer acrylamide is 0.6 g or 8.4
mmol). The results for the grating performances (Nr. 1 to 6 of Table 9.1) are shown in

Figure 9.1.
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A)

B)
Figure 9.1.  Grating performances obtained for different NIPA monomer quantities
- Table 9.1 where “aa” represents the standard composition with acrylamide: (A)

growth curves; (B) angular selectivity curves (1000 Imm™ and 5 mWem™).

The diffraction efficiency for NIPA photopolymer increases with time until a plateau is
reached. This is the same kinetics as acrylamide based photopolymer. The angular
selectivity curves for the gratings recorded in this material showed that the gratings are in a

typical non overmodulated regime.
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Although one deposited the same amount of solution in the substrate (0.6 ml) the thickness
of the dry layers varied and a better comparison is to observe their refractive index

modulation (See Fig. 9.2), calculated with thicknesses measured by WLI.

Figure 9.2. Refractive index modulation for photopolymers where monomer is:

(blue diamonds) NIPA or (red square) acrylamide (1000 Imm-1 and 5 mWcm-2).

It is seen that the highest refractive index modulation value was observed for 3.5 mmol of
NIPA (0.4 g) and that this value is 11% lower than the one obtained for the standard

composition containing acrylamide.

The next step was to vary the co-monomer concentration. We have prepared several
compositions containing different amounts of the co-monomer, N,N’-methylene bis
acrylamide, while maintaining the other photopolymer components concentrations constant

(see Table 9.2). The amount of monomer NIPA in each composition was 0.4 g.
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Table 9.2.

Composition of samples made with different concentrations of N,N’-

methylene bisacrylamide (co-monomer) and NIPA (monomer).

Sample Nr. Co-Monomer (g) Ratio to monomer
1 0.05 8
2 0.1 4
3 0.2 2
4 0.25 1.6
5 0.3 1.3
6 0.4 1

The samples were used to record transmission gratings and were compared against gratings
recorded in a material with the standard composition, where 0.6g of acryamide and 0.2g of

N,N’-methylene bisacrylamide (ratio of monomer/ co-monomer of 3) was used. The results

for the grating performances (Nr. 1 to 6 of Table 9.2) are shown in Figure 9.3.
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B)
Figure 9.3. Gratinng performances obtained for different NIPA monomer/N,N’-
methylene bisacrylamide co-monomer ratios - Table 9.2, where “aa” represents the
standard composition with acrylamide: (A) growth curves; (B) angular selectivity

curves ( 1000 Imm™ and 5 chm'z).

The diffraction efficiency for grating 1 (ratio between monomer/co-monomer of 8) is very
low (0.8%) and that for grating 2 (ratio between monomer/ co-monomr of 4), the
diffraction efficiency decreases when the laser is off (at 90s). We can also observe that the
initial slopes of the growth curves increase as the quantity of comonomer increases. This
can be explained by the fact that when the concentration of N,N’-methylene bisacrylamide
is increased, the quantity of double bonds in the system increases and thus the

polymerization rate is larger. The gratings are in a typical non overmodulated regime

The maximum diffraction efficiencies obtained are shown in figure 9.4. In this case, the

thicknesses of the gratings were very similar.
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Figure 9.4. Maximum diffraction efficiency as a function of monomer / bis
acrylamide co-monomer ratio where monomer is: (blue diamonds) NIPA or (red

square) acrylamid; (1000 Imm™ and 5 chm'z).

It is seen that the monomer// co-monomer ratio has a large influence on the diffraction
efficiency, the best performance observed being for the pair NIPA 0.4g/ Bisacrylamide
0.3g, where we can observe a final diffraction efficiency of around 83%. Layers were
prepared containing only NIPA and no bisacrylamide but they didn’t dry and hence were

not recorded.

The final composition used to record volume gratings in NIPA photopolymer is presented

in Table 9.3.
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Table 9.3. Composition of NIPA Photoplymer.

Component Molecular Structure Quantity
PVA Stock solution
18 ml
(10%wt.)
TEA 2 ml

N-Isopropylarylamide HN 04¢g

N,N’-methylne o 0
Y s o A 03¢

Bisacrylamide H H

) 4 ml (Transmission)
Dye Solution Stock

Solution (0.11%wt).

or

3 ml (Reflection)

* 1 - Stock solution of 10%wt. polyvinyl alcohol (PVA) solution is prepared by dissolving 10 g of PVA in
100 ml of water under heating and stirring
* 2 - Stock Dye Solution is prepared by dissolving 0.11 g of Dye in 100 ml of water under stirring; For

transmission mode Erythrosine B is use, while for reflection mode Methylene Blue was used

9.3.2 REFRACTIVE INDEX MEASUREMENTS

Refractive index data of polymer films at different wavelengths were measured with the
help of Dr. Yovcheva by critical angle determination using diffraction pattern
disappearance. The polymer films examined contained acrylamide (0.6 g) and NIPA (0.4 g)

photopolymers with 0.2 g of N,N’-methylne bisacrylamide.
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The method was described earlier in detail in [10, 11]. Briefly, the determination of the
critical angle is carried out with the help of a metal grating allowing observation if total
internal reflection at the prism/photopolymer layer interface occurs. The photopolymer
layer is located between a prism of high refractive index and the grating. At lower angles of
incidence, the laser beam is transmitted through the sample and the grating, and a
diffraction pattern is observed. At a critical angle of incidence, total internal reflection

occurs, the beam does not pass to the grating and the diffraction pattern disappears.

The refractive indices of the materials were measured before polymerization. Then gratings
were recorded using a 532 nm laser (spatial frequency of 1000 Imm™, 5 mWem™ for 100 s)
and their refractive indices measured again. The results for the difference in refractive

index (before and after polymerization) — d(RI) are presented in Fig.9.5.

Figure 9.5. Difference in the refractive index for NIPA and Acrylamide (AA)

photopolymers before and after polymerization (1000 lmm'l; 5 mWem™ at 532 nm).

One can observe from fig. 9.5 that the difference in the refractive index before and after
polymerization is higher in the case of NIPA photopolymer. This is promising for obtaining
higher refractive index modulations, but more optimization of this photopolymer needs to

be done.
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9.4 NIPAPHOTOPOLYMER FOR HOLOGRAPHIC SENSING

Our approach was based in the hydrogel (water-swollen polymer networks) characteristics
of PNIPA that undergoes a thermal transition at LCST (32 °C). At temperatures around 35-
40°C this polymer collapses into a denser, more compact structure due to a switch in the
balance of solvation and hydrophobic forces. Through the hydrogel volume change in
response to external physical or chemical stimuli, reflection gratings can optically sense the
variation as observable changes or shifts in its wavelength (color) shift. The hologram acts

both as a sensing element and as a transducer.

The general principle of a holographic sensor is that the volume change alters the fringe
spacing. This causes a change in the wavelength of the reflected light according to the
Bragg equation (Eq. 9.1):

A
A= Eqg. 9.1
2nsin@ (Eq )

where A is spatial period of the grating, n is the average refractive index of the recording
medium, 4 is the recording wavelength and 6 is the half of the angle between the two

recording beams.

When the grating is illuminated with white light, the diffracted light in a specific direction
will be of wavelength A given by Eq. 9.1 and a single colour will be observed. The

principle of operation of such sensor can be given by differentiation of Eq. 9.1:

AA=2sinB(n AN+ A An)+2nAcos@ AG (Eq. 9.2)

A change of the wavelength of the diffracted light could be caused by change of the

average refractive index, change in the grating period or when observing at different angle.
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The optical setup for measuring the spectral characteristics of the light diffracted from the
hologram was assembled in the humidity chamber (see Fig. 9.6). The probe light from a
broad band light source (AvaLight-HAL-S) was fiber guided into the humidity chamber.
The diffracted light was then coupled into a second fiber by a lens and guided to a spectral

analyser, AvaSpec-2048. In order to obtain the humidity or temperature response of a
specific hologram the relationship between the peak wavelength of the light diffracted from
the hologram and the RH or the temperature was determined. The light from the white light
source (WLS) is guided through optical fibers (OF) and collimated by mean of collimating

lenses (CL) to a spectrum analyser (SA).

Figure 9.6. Experimental setup for measuring the humidity and temperature
response of reflection holograms. The humidity and temperature in the chamber are

controlled by a microprocessor.

Two reflection holograms were recorded in methylene blue sensitized NIPA recording
material, for two different exposure times — 15 and 40s. For both, the change of the spectral
response of the hologram as function of temperature was studied at three different levels of

humidity— 20, 40 and 60% RH. The results are presented in Fig. 9.7.
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Figure 9.7. Wavelength selectivity curves for reflection holograms (sensitized with
mthylene blue) for different temperatures (T) at: (A)&(B) 20% RH; (C)&(D) 40%

RH and (E)&(F) 60% RH.
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For both holograms (recorded during 15 and 40s) it can be seen that there is little
temperature dependence of the spectral response of the holograms when the HR is 20%.
For higher RH (40% and 60%), there is a dependence of the position of maximum peak

with the increasing temperature. These results are plotted in Fig. 9.8.

A)

B)
Figure 9.8  Temperature response at constant humidity of reflection holograms

recorded in NIPA photopolymer during (A) 15 s; (B) 40 s.
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The hologram recorded during 15 s exposure time shows a maximum at ~600 nm and a
shoulder around 20 nm higher wavelength values. This spectral feature does not change
with temperature increase or RH change. For the hologram recorded during 40s exposure
time there is an inversion of the absorption bands intensity (see Fig. 9.7D) after the

polymer LCST for RH 0f40%.

When the grating is exposed to low RH again (see Fig. 9.7F), this band absorption pattern
is still present at T=30 °C and is reversed when the temperature is raised above the LCST.
The differences between the two gratings spectral response to temperature could be
explained by differences in PNIPA degree of polymerization. For the sample recorded for
40s more polymerization of the NIPA is expected to occur. In the case of the hologram
recorded during 15s, the difference between the initial position of the maximum absorption
peak (around 20°C) and its final position (around 40°C) is 5, 18 and 24nm for 20, 40 and
60% RH, respectively. For the sample recorded at 40s, this difference is of 4, 15 and 39 nm
for 20, 40 and 60% RH, respectively. There seems to be liitle effect of the exposure time in
terms of the difference between initial position and final position of the maximum
absorption peak position. For an initial temperature of 15 °C and a final temperature of 40
°C the values obtained for acrylamide based photopolymer [13] were of around 5, 5, 15 and
15 nm for 15, 30 and 45% RH. For the same photopolymer at 60%RH the initial
temperature was of 15 °C and a final temperature of 25 °C and the shift of the maximum

absorption peak position was around 15 nm.
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9.5 CONCLUSIONS

A new photopolymer with thermo responsive properties was fabricated using N-
isopropylacrylamide (NIPA) cross linked with bisacrylamide (BA). The monomer/ co-
monomer best ratio was studied by studying the grating performances and it was found that
the composition containing 0.4 g of NIPA and 0.3 g of BA resulted in comparable

diffraction efficiencies to the acrylamide based photopolymer.

Two reflection holograms were recorded in this material, one for 15 s and another for 40 s
and were tested for holographic sensing applications. The temperature response of the
hologram spectral feautures (from around 20 to 40 °C) at three constant relative humidities
20, 40 and 60% RH was characterized. In was seen that at 20% RH the spectral response of
the hologram was not temperature dependent. At higher values of RH (40% and 60%)
spectral changes did occur and the maximum absorption peak position increasingly shifted
to higher wavelengths. For the more polymerized sample (40 s) at higher RH one could

observe a conformational change in the peak shape above the polymer characteristic LCST.
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CHAPTER 10: FINAL CONSIDERATIONS

10.1 CONCLUSIONS
The main challenge of the present work was to find compatible nanoparticles that would
disperse in the polymer matrix with causing high optical losses due to the scattering of the

light.

Five different microporous nanoparticles (zeolite Beta, A, AIPO-18, MFI and L) were used
to fabricate novel photopolymerizable nanocomposites for holographic applications. We
have learned that the inclusion of these nanoporous crystals in photopolymers with the right
choice of zeolite optical and physico-chemical properties is a flexible tool to design
versatile holographic recording materials to be used in applications such as holographic
sensing. Each colloidal suspension was characterized by means of several analytical

techniques such as DLS, XRD, Nitrogen adsorption, SEM and Raman spectroscopy.

We found that the incorporation of different types of zeolites into acrylamide-based
photopolymer produces optical transparent dry layers that can be holographically recorded.
The compatibility of the nanoparticles and the acrylamide based photopolymer was
investigated by DLS which showed no aggregation of the nanoparticles after incorporation
in the photopolymeric matrix. Both the heterogeneity of the whole layer (by light scattering
measurements) and the surface roughness of the photopoymers (by interferometric

techniques measrurements) were used to characterize the nanocomposites.

To understand the influence of the zeolite properties on the grating performances recorded
in the materials developed in the present work, three nanocomposites were compared

containing zeolite Beta (BEA), silicalite-1 (MFI) and AIPO-18 (AEI). These nanoparticles
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differ in their chemical composition and structure, hydrophobic/hydrophilic nature and
dimensions of pores. It was found that although all nanoparticles were partially
redistributed during the holographic recording (as verified by means of Raman
spectroscopy and also by SEM-EDX in the case of Beta nanocomposites), this effect
improves the refractive index modulation only in the case of the silicalite-1 nanoparticles,
while no improvement is observed in AIPO-18 and Beta doped layers. The results can be
explained by the hydrophobic/hydrophilic nature of the nanoparticles and their
interactions/absence of interactions with the host photopolymer. In terms of pore sizes,
zeolite Beta is a large pore, zeolite silicalite-1 is a medium pore size while AIPO-18 is a
small pore material. This allowed us to distinguish between two situations — when the
acrylamide monomer molecules can be trapped inside the nanoparticles (Beta) and when
they are larger than the nanoparticles’ pore size (silicalite-1, AIPO-18). By Raman
spectroscopy, it was indeed proved that the acrylamide molecules bonded with zeolite Beta.
Moreover, by means of *C NMR it was found that interactions also occur with other
components of the photopolymer, such as TEA molecules. In this study, zeolite A was used
for comparison. Zeolite A has similar chemical composition and structure to zeolite Beta,

but smaller pore size.

AIPO-18 material unlike zolite Beta can’t accommodate molecules of the photopolymer
inside its pores due to small pore size also showed no improvement of the refractive index
modulation of gratings recorded in the respective nanocomposites. The explanation for this

was given by the hydrophilic nature of the structure.

Gratings recorded in photopolymers doped with AIPO-18, known for its hydrophilic nature

and its ability to retain water molecules inside its pores unless heated above a given
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temperature were compared with gratings recorded in photopolymer doped with silicalite-1
nanoparticles, a pure silica zeolite whose pores are expected to remain empty due to their
hydrophobic nature, i.e, not having affinity to water. By refractive index calculations
before and after incorporation of zeolites in the photopolymer (see Table 10.1) it was
shown that only hydrophobic silicalite-1 pores remain empty after being added to the
photopoymer, as indicated by the small difference between the pore volume before

(0.12cm’g™") and after addition to the photopolymer (0.11cm’g™).

Table 10.1. Comparison of pore volume of nanoparticles before and after addition to

the acrylamide based photopolymer.

Nanoparticles | Density, Density, filled | Pore volume, Pore volume
before addition | after addition
empty pores | pores, glem? to the to the
nanocompaosite, [ nanocompaosite,
. glem? cm*/g cm?/g
MFI 1.74 1.78 0.12 0.11
AFI 1.83 242 021 0.03
BEA 1.43 224 0.23 0.006

Greater diferences in the refractive index of empty pores (air) and photopolymer vs. filled
pores and photopolymer are responsible for the improvement of the refractive index
modulation (n;) in the presence of silicalite-1. This is according with the predicted values

(see Table 10.2).
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Table 10.2. volume fraction of rdistributed nanoparticles and predicted and measured

refractive index modulation contributed by the nanoparticles.

Vol. Vol.
Nano
fraction in fraction £ cdistributed Nnp -
particles Yowt. Miexpected Nimeasured
the solid Raman % Nphotopolymer
(NP)
layer (%) %
6.34x10 6.1x10™
BEA 5 5.6 40 2.3 0.043
4 * 8x107
1.3x10™
AEI 2.5 0.75 31 0.23 0.085 1.3x10™
© 1x107
1x107
MFI 5 4.6 38 1.75 0.133 2.3x107
“ 1x10™

With this work we contributed to a deeper understanding of the role of porous
nanoparticles during the holographic recording in photopolymerizable nanocomposites.
The modulation of the refractive index 7, is caused by: 1) polymerization by conversion of
the monomer into polymer; 2) density variation due to concentration driven monomer
diffusion from dark to bright fringe areas; 3) density variation due to concentration driven
short/mobile polymer chains diffusing from bright to dark fringe areas; 4) spatial patterning
of the nanosized particles. The latter phenomenon is observed only if the refractive index of
the nanoparticles is significantly different from that of the photopolymer matrix and if the

volume fraction of the redistributed particles is sufficiently large.
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The development of these new materials for use in sensing platforms is demonstrated. An
irreversible humidity sensor (i.e. the diffraction efficiency of the sensor changes
permanently after exposure to high humidity) based on a transmission holographic grating
recorded in AIPO-18 nanocomposite was fabricated. This is important for instance in
situations where, regardless of current (potentially lower) humidity levels, one would like
to know if higher levels of humidity were ever present. The larger pore Beta zeolite could
also be useful in the detection of larger molecules such as volatile orgaic compounds -
VOC, demonstrated here for the detection of toluene, where the addition of 5% Beta
nanoparticles yielded an increase of 20% in the diffraction efficiency difference on

exposure to toluene when compared with the undoped photopolymer.

Finally a photopolymer containing NIPA, a monomer less toxic than acrylamide and with
interesting thermo sensitive properties, showed potential as holographic sensor and initial
studies characterized spectral features response of reflection gratings recorded in this

material to both humidity and temperature.

10.2 SUGGESTIONS FOR FUTURE WORK
Following the preliminary investigations described in this thesis, a number of projects
could be taken up in the future:

1. Develop the studies regarding the interactions between sensitizing dyes and
nanozeolite L. It would be interesting to investigate how and where molecules such
as dyes and water are adsorbed/ absorbed in the zeolite structure. Neutron
diffraction could be used, since neutrons are particularly suited for studying organic
molecules in the voids and channels of zeolite frameworks due to their sensitivity to

hydrogen. These results could be complemented by further NMR experiments.

241



10.3

10.3.1

Performing further studies in chemical sensing, particularly by controlling the
concentrations of chemicals delivered to the polymer and study the response of the
nanocomposites to the exposure to increasing concentrations of chemicals, such as
different VOCs of interest

Continue the optimization of NIPA photopolymer by finding the composition that
gives highest diffraction efficiency and by finding the best experimental conditions
(such as recording intensity and exposure time) to record reflection holograms.

Explore further this formulation as a sensor, for instance as potential biosensor.
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