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Composites of ordered colloidal crystals of amorphous monodisperse silica particles in
amorphous poly(methyl acrylate) (PMA) films selectively Bragg diffract visible light. The
153 nm diameter colloidal silica particles coated with 3-(trimethoxysilyl)propyl methacrylate
form colloidal crystals in methyl acrylate (MA) monomer, and the crystal order is locked
into place by polymerization of the MA. Bragg diffraction from the films is detected
spectrophotometrically as narrow peaks of low percent transmission of visible light normal
to the film plane. The diffraction wavelength is tuned by varying the d spacing of the crystal
lattice and by varying the Bragg angle. Variation in the lattice spacing is achieved via the
particle size or particle concentration, uniaxial stretching of the composite, and swelling
the composite with monomers such as styrene or MA followed by photopolymerization of
the imbibed monomers. Films that diffract from 434 to 632 nm have been prepared.

Introduction

Silica—polymer composites often have improved me-
chanical and thermal properties relative to the unfilled
polymer.? In all previous composites, the silica has been
present as randomly distributed colloidal silica or silica
fiber. The colloidal silica may be preformed or prepared
in situ by either basic or acidic hydrolysis and conden-
sation of tetraethyl orthosilicate (TEOS) or tetramethyl
orthosilicate (TMOS).! Previously, we have trapped the
ordered monodisperse amorphous colloidal silica in poly-
(methyl methacrylate) (PMMA) films.?

Monodisperse charged colloidal particles in aqueous
and nonaqueous dispersions can self-assemble into a
three-dimensional lattice known as a colloidal crystal.
Several factors govern the formation and orientation of
colloidal crystals, such as the size, surface charge, and
concentration of particles and the ionic strength of the
medium.2=5> The crystals are generally face-centered
cubic (fcc) at high particle volume fractions and low
surface charges, and body-centered cubic (bcc) at low
particle volume fractions and high surface charges.36-8
Since the lattice spacings usually exceed 100 nm, the
dispersions efficiently diffract visible light according to

Bragg eq 1,273 where 4 is the wavelength of diffracted
A=2dnsin 6 Q)

light, d is the interplanar spacing, n is the refractive
index of the dispersion, and 6 is the Bragg angle.
Consequently, colloidal crystalline materials may be
used in optical devices such as rejection filters, limiters,
and switches.10-13 Qur silica—polymer composite films
are more robust than any previous colloidal crystalline
materials. Ordered silica—PMMA films are thermo-
plastic like the parent polymer, and the narrow diffrac-
tion peaks in spectra of the films are retained even after
heating to 150 °C.2 The aim of the research reported
here is to create films that will allow tuning of the
diffraction wavelength by stretching and swelling.
Diffraction wavelengths from liquid colloidal disper-
sions have been tuned by varying the particle size,5
particle concentration,>° and Bragg angle.1°~12 A gradi-
ent of particle concentration, and consequently of dif-
fraction wavelength, can be created by particle sedi-
mentation.’®* The diffraction wavelengths of poly-
acrylamide gels containing colloidal crystals of polysty-
rene latexes have been tuned by mechanical stress.1415

® Abstract published in Advance ACS Abstracts, July 15, 1996.
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Diffraction of Visible Light by Composite Films

Here we show that the diffraction wavelength decreases
by photopolymerizing silica—MA (MA = methyl acry-
late) dispersions to form polymer composites and by
uniaxially stretching the composites, and that the
wavelength increases by swelling the silica—PMA com-
posites with monomers.

Experimental Section

TEOS and TPM were vacuum distilled, and absolute ethanol
was distilled shortly before use. Ammonium hydroxide, MA,
and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were used
as obtained. Styrene was distilled under vacuum and stored
at 4 °C. Dialysis employed 22 mm diameter Spectra-Por
cellulose ester membrane tubing (Spectrum Catalog no. 132130)
with a molecular weight cutoff of 50 000. The polarizing
microscopic studies were done on a Nikon OPTIPHOT-POL
polarizing microscope. The UV—visible spectra were obtained
with the incident light normal to the plane of the glass cell on
a Hewlett-Packard 8452A spectrophotometer with a diode
array detector having a resolution of 2 nm. The cell was
mounted on a stage that rotates around axes parallel and
normal to the light. Rotation about the vertical axis was
carried out in 2° steps.

TPM-Silica Particles. Colloidal silica was prepared from
TEOS, and TPM was grafted to the particles as described
before.?1617 The number average particle diameter was 153
nm by transmission electron microscopy (TEM), with a poly-
dispersity (standard deviation/mean) of 0.07 and was 171 nm
by dynamic light scattering.*® The dispersion of TPM—silica
in ethanol was transferred to methanol by dialysis>*® and
concentrated to a 56 wt % particle dispersion.

Cell Preparation. Microscope slides were silylated over-
night by immersion in a solution of 10% dichlorodimethylsilane
in cyclohexane, washed with cyclohexane and water, and dried
at 110 °C. To make a cell, one plain slide and one with two
drilled holes at one end were wiped clean with Kimwipes and
a lint-free brush, sandwiched and clamped around two Teflon
spacers of 132 um thickness each, and sealed on two sides and
one end using Devcon 5-Minute epoxy. After the epoxy dried,
the Teflon spacers were removed, and the remaining end was
sealed with the epoxy, leaving the holes open for filling the
dispersions.

TPM-Silica in MA Dispersion. A concentrated disper-
sion of 48 wt % TPM—silica in MA was made by dialyzing the
methanolic dispersion with MA. After five replacements of
MA, the dispersion contained <1% methanol as analyzed by
IH NMR. Silica contents were analyzed by measuring 250 uL
of the concentrated dispersion into a tared aluminum pan, air
drying, oven-drying at 90 °C, and weighing the dried particles.

The desired particle concentrations of 35, 40, and 45 wt %
were made by diluting the 48 wt % dispersion with more MA.
For example, a MA dispersion of 40 wt % particles and volume
0.6 mL was prepared from 0.5 mL of 48 wt % dispersion and
0.1 mL of MA in a vial which contained 9.0 mg (~0.2 wt % to
the monomer) of photoinitiator, DMPA. The DMPA was
dissolved by vortex mixing for a minute and syringed into the
cell through the holes. A cover-slip with Duro Quick-Gel glue
was used to seal the holes quickly, followed by sealing with
5-Minute epoxy. The cell was kept horizontal at 25 4+ 1 °C for
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crystallization and growth. Visible spectra were obtained with
the cells vertical. The orthoscopic images between crossed
polarizers were observed with the plane of the cell at an angle
of 40—55° to the light beam of a polarizing microscope.

Photopolymerization. After 6—8 h, when a narrow peak
was observed in the spectrum, the cell was placed horizontally
in a water bath at 27 &+ 1 °C and irradiated for 3.5—4 h using
a medium-pressure 450 W Hg lamp. The films were removed
from the cells for stretching and swelling experiments.

Stretching of PMA Composite Films. The films were
stretched with a homemade device having clamps attached to
a micrometer with a least count of 0.001 in. The initial
distance between the clamps holding the film was 1.0 cm. The
transmission spectra before, during, and after stretching were
observed with the film normal to the incident light beam. The
spectrum and the length of the film were measured after each
stretch until only a weak peak remained in the spectrum. After
release of stress, the films returned to their original dimen-
sions in 2—4 h.

Swelling of PMA Composite Films. Toa 35wt % TPM—
silica—PMA composite film between glass slides held apart by
two 132 um pieces of Teflon at each end, a solution of 1 wt %
DMPA in MA monomer was transferred by capillary action.
The sample was kept horizontally above MA monomer in a
closed glass dish, while MA diffused into the composite.
During swelling, the sample was removed from the dish
periodically, and the visible spectrum was measured. More
MA with 1 wt % DMPA was added between the slides, and
after further swelling, the excess MA was removed by wiping
with Kimwipes, and the film was irradiated for 3—4 h. The
swollen and repolymerized film was slightly thicker than the
two Teflon spacers.

Scanning Electron Microscopy (SEM). Composite films
were microtomed normal to the surface, followed by coating
the surfaces with Au—Pd under vacuum. The samples were
examined on a JEOL JSM-35U scanning electron microscope
at 25 kV and 20 000 magnification.

Results

Colloidal Crystals in MA. Scheme 1 gives the
chemical structure of the TPM—silica particles. Disper-
sions of 35, 40, and 45 wt % 153 nm diameter TPM—
silica in MA in silanized glass cells were placed hori-
zontally in an oven at 25 °C for nucleation and growth
of the colloidal crystals. After 6—8 h, all MA dispersions
showed narrow peaks in UV-—visible spectra with
percent transmission (%T) at the wavelength of mini-
mum transmittance (Amin) between 582 and 528 nm
depending on particle concentration. Since these crys-
tals have weak interparticle interactions, the cells were
handled carefully to minimize external forces36.13 that
could disrupt the crystals. Iridescence from colloidal
crystals was observed within 1—2 min after filling 264
um thick cells. As the colloidal crystals developed, the
%T and the bandwidths decreased. Figure 1 shows
UV—visible transmission spectra of the dispersions, and
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Figure 1. Transmission spectra of 264 um thick dispersions
of 153 nm TPM-silica particles in methyl acrylate: (a) 35,
(b) 40, and (c) 45 wt %.

Table 1. Transmission of 153 nm TPM-Silica in MA
Dispersions and PMA Composites

before polymerization
Wt % Amin (NM) bandwidth? (nm) Amin (nm) bandwidth? (nm)

after polymerization

35 582 4 502 15
40 556 6 482 13
45 528 6 466 14

a8 The bandwidths were measured at the half-peak height on
the absorbance (log lo/l) scale.

Table 1 gives the measured Amin and bandwidths from
the MA dispersions.

The structures of colloidal crystals of silica spheres
in ethanol/toluene mixtures at concentrations of 0.344—
0.380 g mL~! are reported to be either fcc or a mixture
of fcc and hep (hexagonal close packed).3® We observe
hexagonal planes of particles parallel to the surface in
scanning electron micrographs of polymerized films,
which means that the corresponding planes in the
TPM-—silica—MA dispersions could be 111 planes of fcc
or 100 planes of hcp. The di11 spacings calculated from
transmission spectra using the theory of Bragg diffrac-
tion27 for an fcc structure are given in Table 2. The
entire 20 x 70 x 0.264 mm cell showed the same Amin
at a given particle concentration using a 9 mm circular
spectrophotometer beam profile. For example, a 35 wt
% silica MA dispersion showed Anmin between 580 and
582 nm at edges, top, center, and bottom of the cell with
bandwidths at half-height of 4—6 nm. These band-
widths are slightly larger than the values of 3—4 nm
calculated theoretically by dynamical diffraction theory
using eq (15) in ref 7b.

Jethmalani and Ford
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By optical microscopy, no light normal to the cell was
transmitted through the MA dispersions between crossed
polarizers due to crystal planes parallel to the cell
plane.261% Upon rotation of the cells 40—55°, brilliant
blue and green colored 50—200 um crystallites appeared
throughout the cell. The crystallites were smaller in
45 than in 35 wt % dispersions.

We have also ordered 142 and 330 nm TPM—silica
particles in MA dispersions. A 40 wt % 142 nm TPM—
silica MA dispersion shows a 4 nm wide %T band with
Amin @t 490 nm, while a 40 wt % 330 nm TPM—silica
MA dispersion shows a 35—50 nm wide band at 600 nm.
Increasing the particle size leads to greater scattering
of light and broader peaks, as previously observed with
polystyrene spheres in water.”

PMA Composite. After 6—8 h to develop the col-
loidal crystals, MA dispersions containing 0.2 wt %
DMPA were irradiated using a medium-pressure Hg
lamp.2 Copolymerization of the TPM groups on silica
and the MA yields the composite as shown in Scheme
2. The transmission bandwidths of the polymerized
composites increased with increasing initiator concen-
tration in the range 0.2—5.0%. Figure 2 shows the
transmission spectra from 35, 40, and 45 wt % TPM—
silica in PMA composite films, and Table 1 reports Anmin
values and bandwidths. The dj;; spacings calculated
using the theory of Bragg diffraction?” from transmis-
sion spectra of the PMA composites are given in Table
2. On photopolymerization, (a) Amin shifted to the blue,
(b) transmittance at Amin increased, (c¢) bandwidths
increased, and (d) Amin and bandwidths varied from one
region to another within a single sample. The Amin
values varied 10—20 nm, and the typical bandwidths
varied within one sample. The best samples had
bandwidths of 8—12 nm throughout, and the worst 8—12
nm in ordered regions and up to 30 nm elsewhere. For
comparison, the bandwidths of published spectra of
colloidal crystals of polystyrene latexes in polyacryl-
amide gels are 13—18 nm.14.15

Stretching the Composite Film. Figure 3 shows
the effect of stretching on the transmission spectra of

Table 2. Properties of MA Dispersions and PMA Composites

MA dispersion

PMA composite

wt % ns obsd d1112 (nm) caled dj11° (nm) obsd di112 (nm) caled di11¢ (nm) decrease in di11 (%)
35 1.4112 206 195 1.4721 171 171 17.3
40 1.4125 197 186 1.4712 164 164 16.8
45 1.4142 187 178 1.4700 159 157 16.0

a From the Bragg equation, 2 = 2n.d sin 6, where ns is the dispersion refractive index. ® From wt % TPM-silica and assumed fcc structure
using eq 3 in ref 2b. ¢ Based on observed d spacing of MA dispersion, shrinkage during polymerization, and assumed change in d spacing

proportional to thickness of film.
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Figure 2. Transmission spectra of 264 um thick composite
films of 153 nm TPM—silica particles in PMA: (a) 35, (b) 40,
and (c) 45 wt %.
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Figure 3. Transmission spectra of 153 nm TPM-silica in
PMA (a) before and (b) after uniaxial stretching to L/Lo = 1.35.
Intermediate spectra are from the film at 1 < L/Lo, < 1.35.
The initially 228 um thick film contained 40 wt % TPM-—silica.

the 40 wt % TPM—silica—PMA composite. As a film of
original length Lo = 1.00 cm was stretched to L = 1.35
cm, Amin shifted from 486 nm to 440 nm. With further
stretching, the spectral peak became much weaker and
broader. Figure 4 shows Amin and bandwidths versus
the strain (L/Lo). The 35 and 45 wt % TPM-—silica—
PMA composite films had similar spectra with blue
shifts of Amin from 502 to 448 nm and 466 to 434 nm,
respectively, at L/Lo = 1.35. All of the composite films
retracted to their original lengths in 2—4 h after
releasing the applied stress and showed Amin within 2—4
nm of that observed from the unstretched films. Re-
peated stretching eventually tore the films.

Swelling the Composite Film. The spectral peak
was red-shifted by swelling the composites with mono-
mers such as MA and styrene containing 1 wt % DMPA.
Table 3 shows Amin Observed from a 40 wt % TPM—
silica—PMA composite swollen with MA, Table 4 shows
similar data from a 35 wt % TPM-—silica—PMA com-
posite swollen with styrene, and Figures 5 and 6 show
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Figure 4. Amin (nm) and bandwidth (nm) versus strain from
spectra of Figure 3.

Table 3. Transmission of a 40 wt % 153 nm TPM-Silica in
PMA Film Swollen with MA

obsd calcd
time dllla d111 bandwidth
dimensions (mm) (h)  Amin (NmM) (nm) (nm) (nm)
70 x 20 x 0.264° 0 556 197 186° 6
9.0 x 9.0 x 0.228d 0 506 172 164° 11
11.0 x 11.0 x 0.295¢ 24 652 (655) 226 227f 13
10.5 x 10.5 x 0.2879 24 632 (637) 214 216F 14

a Calculated from the Bragg equation. ® Dimensions of the entire
sample of MA dispersion. ¢ From Table 2. ¢ Dimensions of a piece
of the polymerized composite. ¢ Swollen with MA and 1 wt %
initiator. f Calculated from the swollen dimensions of the compos-
ite. 9 After photopolymerization. The Amin values in parentheses
are calculated from the swollen dimensions of the composite.

Table 4. Transmission of 35 wt % 153 nm TPM-Silica in
PMA Film Swollen with Styrene

time (h) Amin (NM) bandwidth (nm)
0 502 12
4 6802 23
24 740b 14
24 724¢ 24
24 5504 19

aSwollen with styrene. ? Swollen with styrene and 1 wt %
initiator. ¢ After photopolymerization. 9 After thermal polymeri-
zation of imbibed styrene.

their transmission spectra. Initially diffusion of a band
of styrene into the TPM—silica—PMA composite gave a
film with two peaks, which at one time appeared at 502
nm for the unswollen region and at 644 nm for the
partly swollen region, as shown in spectrum b of Figure
6. After styrene diffused throughout the film, there was
only one Anmin at 680 nm. From the MA-swollen com-
posite, only one red-shifted peak appeared at 652 nm,
and in 2—3 h of swelling, it was weaker than that of
the styrene-swollen film. On swelling, the bandwidths
increased, and the styrene swollen composite was less
transparent than the MA swollen composite at wave-
lengths away from the Amin due to the greater difference
in refractive indexes between the composite and styrene.
By swelling, the composite film with initial glass transi-
tion temperature (Tg) near room temperature became
a gel with a much lower Ty
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Figure 5. Transmission spectra of 153 nm TPM—silica—PMA
composite (a) before and (b) after swelling with methyl
acrylate. Before swelling the film contained 40 wt % TPM—
silica and was 228 um thick.

100 7
80 1

.

Q

.4

S 604

[

=

>

wn

E 404 b

=t J b

S

& o0l P ¢
]
O-m

450 550 650 750

WAVELENGTH (nm)

Figure 6. Transmission spectra of a 153 nm TPM—silica—
PMA composite film swollen with styrene after (a) 0, (b) 2,
and (c) 4 h. Before swelling the film contained 35 wt % TPM—
silica and was 228 um thick.

After 6—8 h, the composite films were allowed to swell
further with MA and styrene containing 1 wt % DMPA.
During this second period, the fully swollen size of the
TPM-—silica-cross-linked film was reached, and Amin of
the styrene-swollen film increased from 680 to 740 nm.
After irradiation for 3—4 h, polymerization of the MA-
swollen film was complete, while that of the styrene-
swollen film was incomplete resulting in a gel. Heating
at 90 °C evaporated the remaining styrene. Figures 7
and 8 show the transmission spectra before and after
photopolymerization of the 35 wt % TPM—silica—PMA
composites swollen with MA and styrene, respectively.
The thickness, length, and width of the sample before
and after swelling with MA and photopolymerization
are reported in Table 3. The Amin at 506 nm from an
unswollen PMA composite film of thickness 228 um was
red-shifted to 632 nm after swelling with MA and
further polymerization to a thickness of 287 um. Figure
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Figure 7. Transmission spectra of a 153 nm, 35 wt % TPM—
silica—PMA composite swollen with methyl acrylate (a) before
and (b) after polymerization.

IOOW
80
60 7

40

% TRANSMITTANCE

20 1 a

0 +—————TF+——T1T T

500 600 700 800

WAVELENGTH (nm)

Figure 8. Transmission spectra of a 153 nm, 35 wt % TPM—
silica—PMA composite swollen with styrene (a) before and (b)
after photopolymerization and (c) after heating at 90 °C.

9 illustrates the dimensional changes of the composite
film from photopolymerization, swelling, and photopo-
lymerization of the imbibed monomer. No macroscopic
or microscopic phase separation was observed in ortho-
scopic images of the new composite between crossed
polarizers. Figure 10 shows the orthoscopic images of
composite films held at an angle of 40—55° from the
incident light before and after swelling.268 No light was
transmitted normal to the film plane, indicating that
crystal planes were parallel to the film plane. The
dimensions of the crystals were 50—200 um. The varied
colors of the swollen composite are probably due to
varied crystal orientations. The regions transmitting
no light in Figure 10 did transmit light at different
angles of incidence, which proves that there were
colloidal crystals throughout the length and width of
film.

Rotating the Composite Film. The Anin shifts by
rotating the film away from normal to the incident light
of a UV—visible spectrophotometer.1-12 Figures 11 and
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Figure 9. Dimensional changes during photopolymerization,
swelling with MA and photopolymerization of imbibed MA of
a 40 wt % silica—PMA composite. Measured dimensions are
in Table 3.

12 show transmission spectra obtained by rotating a 40
wt % 153 nm TPM-silica in MA dispersion and PMA
composite, respectively. Table 5 shows the Amin and
spectral bandwidths from a 40 wt % TPM—silica—MA
dispersion and a 40 wt % TPM—silica—PMA composite
film with light at different incident angles. Similar
results were obtained from 35 and 45 wt % TPM—silica
PMA composite films. The shifts of 1min are consistent
with the Bragg eq 1 and the angle of incidence from
Snell’s law of refraction:

6 = cos [(cos 6,)/n] 2)

where 6 is the corrected Bragg angle, 6; is the observed
glancing angle, and n is the refractive index of the
dispersion or the polymer composite, as previously
observed for polystyrene latexes in water.? Figure 13
compares observed and calculated diffraction wave-
lengths with sin 8 for MA dispersion and PMA compos-
ite.

SEM Analysis. Figure 14 shows SEM images of the
surface layers of 40 wt % TPM—silica particles in the
unswollen PMA film and the MA-swollen, repolymerized
PMA composite film. Figure 14b shows two planes of
particles, and only the lower plane contains the complete
number of particles of a hexagonal plane. The films
were microtomed normal to the film plane, and SEM
images of the microtomed surfaces are in Figure 15. The
film surface has regular hexagonal arrays of silica
particles similar to those observed by SEM of the surface
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200 pm

Figure 10. Orthoscopic images of a 153 nm TPM-silica—
PMA composite film tilted 40—55° to the incident light between
crossed polarizers before (top) and after (bottom) swelling with
methyl acrylate.

layer of TPM—silica in a PMMA composite film,? and
by freeze fracture electron microscopy of polystyrene
latexes in hydrogels.?°

Discussion

Analogy to previous colloidal crystals formed from
high concentrations of silica particles with low surface
charge® suggests that the 35—45 wt % TPM-silica
particles in MA dispersions crystallize into fcc lattices.
Wavelengths and bandwidths of peaks in visible spectra
fit diffraction theory for fcc di11, hep 100, or a mixture
of fcc and hcp planes parallel to the surface of the glass
CE||S.2’7’10_15

After photopolymerizing the monomer dispersions,
visible spectra of the composite films indicate that

(20) (a) Goodwin, J. W.; Ottewill, R. H.; Parentich, A. J. Phys. Chem.
1986, 84, 1580. (b) Cohen, J. A.; Scales, D. J.; Ou-Yang, H. D.; Chaikin,
P. M. J. Colloid Interface Sci. 1993, 156, 137. (c) Kamenetzky, E. A;
Magliocco, L. G.; Panzer, H. P. Science 1994, 264, 207.
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Figure 11. Transmission spectra of a 40 wt % 153 nm TPM—
silica in MA dispersion as a function of angle of incidence: (a)
90° and (b) 66°. Film thickness = 264 um. Data are in Table
5.
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Figure 12. Transmission spectra of 40 wt % 153 nm TPM—
silica—PMA composite as a function of angle of incidence: (a)
90° and (b) 68°. Film thickness = 228 um. Data are in Table
5.

Table 5. Transmission of 40 wt % 153 nm TPM-—Silica in
MA Dispersion and PMA Composite as a Function of the
Glancing Angle, 6;

MA dispersion PMA composite

Amin bandwidth Amin bandwidth

61 (deg) (nm) (nm) (nm) (nm)
90 556 7 490 14
84 554 8 490 14
82 552 7 488 14
80 550 8 486 13
78 548 8 486 12
76 546 8 482 13
74 544 9 480 13
72 540 9 478 12
70 538 9 476 12
68 534 9 472 11
66 530 9

crystallinity and the hexagonal planes parallel to the
film plane are maintained. A blue-shift of the diffrac-
tion wavelength occurs from all of the composite films
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Figure 13. Plot of diffracted wavelength versus sin 6 for the
MA dispersion and PMA composite given in Table 5.

because of decrease of the film thickness and thus the
interplanar spacing.? Polymerization of MA to PMA
occurs with a decrease in specific volume from 1.046 to
0.820 cm3 g~1.21 The shrinkage occurs entirely in the
thickness of the film, not in the length or width, because
the composite adheres to the epoxy used to seal the
sandwiched glass slides and not to the poly(dimethyl-
siloxane)-coated glass surface. Assuming affine defor-
mation, if the crystals are fcc in the monomer dispersion,
shrinking only normal to the d;1; plane leaves a rhom-
bohedral structure, or if the crystals are hcp in the
monomer dispersion, shrinking leaves a more com-
pressed hcp structure in the polymer film.

The d spacings calculated from transmission spectra
of the silica—PMA films are in good agreement with the
d spacings calculated by assuming monomer shrinkage
only in the film thickness, as seen in Table 2. The Amin
of the polymerized film varies from one region to
another probably due to nonuniform decrease in thick-
ness, such that thinner regions have smaller d spacing
than thicker ones. The intensities of the diffraction
peaks of the composite are less than those of the MA
dispersion in part due to a smaller refractive index
difference between the silica and the matrix. The
broader bandwidth from the composite is primarily due
to decrease of inter- and intracrystalline order during
photopolymerization.

With an increase of the particle concentration from
35 to 45 wt %, the crystal cell dimensions decrease, and
the decrease of d spacing causes a blue-shift of the
diffraction wavelength from the monomer dispersions
and the polymer films. The blue-shift is similar to that
observed from colloidal crystals of silica in ethanol/
toluene or polystyrene latexes in water.36-813

The blue shift of Amin in Figure 3 indicates that the d
spacing of the colloidal crystal decreases as the films
are stretched uniaxially to L/Lo = 1.35. On further
stretching, severe broadening of the spectral peaks
suggests that either the uniform orientation of the
crystallites or the order within the crystallites deterio-
rates.!* Similarly, even at 1 < L/Ly < 1.35, the increase

(21) Scientific Polymer Products, Inc., Catalog, Ontario, New York,
1991-92.
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Figure 14. SEM image of a surface layer of a 40 wt % 153
nm TPM-silica—PMA composite film (a) before and (b) after
swelling and photopolymerization of MA. Film thickness = 228
um before swelling and 287 um after second polymerization.

of the bandwidth is probably due to decrease of inter-
or intracrystalline order. As long as the film of 40
weight percent silica in PMA is not stretched to L/L, >
1.35, it behaves as an elastomer with a very slow
recovery, regaining its macroscopic dimensions and its
crystal dimensions, as measured by visible spectra,
within 4 h after releasing the stress. These silica—PMA
composites provide convenient control of the diffraction
wavelength by stretching and are mechanically stronger
than polyacrylamide gels containing polystyrene la-
texes. 1415

We have not been able to grow colloidal crystals of
153 nm monodisperse silica in MA or MMA at concen-
trations of less than 35 wt %, and consequently the
diffraction wavelengths of the initially polymerized films
are limited to <510 nm. This problem has been solved
by swelling colloidal crystalline silica—PMA films with
more monomer. The crystalline order is retained, and
polymerization of the imbibed monomer gives a robust
film with Anmin = 632 Nnm as shown in Figure 7. The red-
shifts of Amin in the spectra of Figures 5—8 show that
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500 nm

Figure 15. SEM image of a microtomed section of a 40 wt %
153 nm TPM-—silica—PMA composite film (a) before and (b)
after swelling and photopolymerization of MA. Film thick-
nesses are the same as in Figure 14.

swelling the composite matrix with MA or styrene
increases the d spacings of the crystal lattice. The d
spacing of 226 nm calculated from the Bragg equation
and Amin of the MA swollen composite agrees well with
the d spacing of 227 nm calculated from the thickness
of the film assuming affine swelling of the crystal lattice.

On photopolymerization of added monomers, blue-
shifts of diffraction wavelengths are due to shrinkage
of the thickness of the composite as discussed above.
The agreement between d spacing of 214 nm calculated
from transmission spectra and d = 216 nm calculated
from the film thickness indicates that photopolymeri-
zation shrinks the swollen crystal lattice in proportion
to the polymer matrix.

Since the films between crossed polarizers are not
birefringent to light normal to the surface and blue-
green crystallites appear when the film is tilted 40—
55°, the lattice plane causing diffraction is parallel to
the plane of the glass, as observed previously with a
silica—PMMA composite.2 The shift of diffraction from
blue-green to red through crossed polarizers when the
polymer composite swells is due to the increased d
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spacing, but the multicolored image of Figure 10b shows
that not all of the crystal planes are parallel to the
surface. The hexagonal order observed in the SEM
images of the surface layer and the microtomed layer
also indicates that planes of the crystals in Figures 14
and 15 are parallel to the film plane and that the
particle order is trapped by photopolymerization.2-2°
The tuning of diffraction wavelengths of a silica—PMA
film by stretching and swelling is due to its elastomeric
properties. The PMA matrix is linked to the silica
particles by copolymerization with the methacrylate
groups of the silane coupling agent TPM, so that the

Jethmalani and Ford

silica effectively acts as a cross-linker. This prevents
the polymer film from dissolving in more monomer and
provides the elastic force to restore the stretched film
to its original dimensions after stress is released.
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