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Transparent silica-block copolymer composites have been used as host matrices for optically limiting dye
molecules to increase dye solubility and photophysical stability. For a given concentration, tetraphenylporphyrin
(TPP)-doped mesostructured BPO,0EO;os—silica composites exhibited improved optical limiting properties
compared to wholely inorganic TPP-doped silica hosts. Increased TPP solubility within theFERDblock
copolymer allows higher concentrations of TPP to be incorporated without dye aggregation, enhancing optical
absorption of incident laser light. In addition, the silica framework provides increased damage resistance to
a series of intense laser pulses compared to wholely organic host matrices.

Introduction networks. Results have shown that higher dye concentrations
can be achieved in ORMOSILs than in silica glasses, yielding
improved optical limiting properties, while maintaining some
of the properties of wholely inorganic hodfs2° ORMOSILs,
however, are inherently disordered blends, in which the organic
nd inorganic moieties are intimately mixed at a molecular level.

Optical limiting materials and devices are of interest for
applications in laser safety, sensor and vision protection, and
optical switchingt These rely on the optical absorption proper-
ties of species that allow light at low intensities to pass

essentially unobstructed, while higher intensities are attenuate h | ol - hus difficul |
much more strongly. Although a number of organic dye e resultant materials properties are thus difficult to contro

molecules show acceptable optical limiting properties in |ndepend_ently. For examplt_e, increasing the dye solub|I|t_y
solution2-10 solid-state systems tend to be more suitable for "€quires increasing the fraction of covalently bonded organic
technological applications. It is therefore desirable to disperse MOi€ties in the ORMOSIL matrix, which can have adverse
the dye species in a transparent host material. effects on the mechanical properties of the material.

The selection of a suitable host matrix generally involves  An alternative approach is to use self-assembled mesostruc-
tradeoffs between absorptivity (dye concentration, solubility) tured inorganie-organic composites as host materials for organic
and robustness (mechanical, laser damage resistance). Absorpdyes. For example, mesostructured silica-block copolymer
tivity is maximized by a high and macroscopically uniform dye composites provide substantial versatility for combining desir-
concentration. High dye concentrations, however, risk exceedingable properties of the dissimilar inorganic and organic
dye solubility limits in a given host matrix, particularly in  components!~26 At sufficient concentrations, amphiphilic block
inorganic sot-gel glasses. Previous studiés 16 have shown copolymers locally separate into distinct hydrophilic and
that organic dye species occluded in inorganic silica glasseshydrophobic regions with uniform dimensions and periodicities
retained their optical limiting behavior and exhibited good in the range of 550 nm, according to the composition,
photophysical stability. However, the extent of optical limiting structure, and lengths of the copolymer blocks. Selective
was restricted by low dye solubilities in the relatively hydro- incorporation and polymerization of soluble inorganic precursor
philic sol-gel-derived silica hosts. Alternatively, purely organic  species within the hydrophilic regions of the self-assembled
hosts, such as poly(methyl methacrylate) (PMMA), provide good copolymer blocks yield structures that combine the heightened
solubilities for hydrophobic dye molecules but tend to be thermal and mechanical stabilities of the inorganic framework
physically damaged at high laser intensities, decreasing theirwith the high dye solubilities of the copolymer components.
utility for optical limiting applications'’ Unlike non-mesostructured organic/inorganic materials, where

One means of compromise between the superior stabilitiesthe domain sizes of organic and inorganic species can vary from
of inorganic hosts and the higher dye solubilities presented by angstroms to micror&,the structures of mesoscopically ordered
polymers is the use of organically modified silica (ORMOSIL) plock copolymer/silica composite solids are typically uniform
and adjustable. Such self-assembled systems allow the mesoscale
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mer composited? In addition, such materials can be prepared wavelength of 1.448 A, and the beam was collimated to a
with high degrees of macroscopic alignmént®-32 which can diameter of 0.5 mm. Diffraction patterns were collected on
be exploited to produce anisotropic optical properties for suitably phosphor image plates and scanned with a pixel size of
large dye guest species. Furthermore, mesostructured organic 200 um x 200 um, with an exposure time of-15 min. The
inorganic composite materials are processable into macroscopicsample-to-detector distance was calibrated using silver behenate
fibers 32 films,293234and monolith$>-37” which can be integrated  (doo1 = 5.838 nm). Monolith samples were positioned with the
into a range of devices for optical applications. X-ray beam perpendicular or parallel to the plane of the disks
Here, the properties and suitability of transparent mesostruc-to probe for orientational ordering of the mesophase structures.
tured silica-block copolymer composites as host matrices for Measurements of optical limiting properties were performed
the incorporation of optically limiting tetraphenylporphyrin  using the second harmonic of a Nd:YAG laser at 532 nm with
(TPP) guest molecules are examined. Porphyrins in general arel0 ns pulse widths and intensities of up to 4 mJ/pulse at a
one of the most intensely studied classes of organic dyes,frequency of 2 or 10 pulses/s. The beam was typically focused
because of their importance and abundance in many naturalto a spot approximately 1 mm in diameter, and the transmitted
processe& The large delocalized conjugateelectron systems  intensity was measured with a Melectron power meter relative
of macrocyclic porphyrins often exhibit significant nonlinear to the incident light intensitylandlincia- Samples were prepared
optical responses, which impart good optical limiting properties. to contain bulk dye concentrations of>810~* M TPP, based
Optical limiting in porphyrins is typically the result of reverse on bulk densities of 2.6 g/chfor fully condensed silica and
saturable absorptiol, which may occur if the excited state 1.0 g/cnd for the F127 triblock copolymer species. To compare
absorption cross-section of the dye species is higher than thatthe optical limiting and damage resistance properties of different
of its ground state. For such systems, at low light intensities, samples, the dye concentration of each region probed was
absorption occurs almost exclusively from the weakly absorbing normalized according to its absorbance at 532 nm, as measured
ground state, and light is transmitted with little loss. At higher by UV—vis spectroscopy over the wavelength range from 280
light intensities, the population of the excited state increasesto 1100 nm.
and, because of its higher absorption cross-section, the light
transmittance decreases significantly. The reverse saturableResults and Discussion
absorption properties of tetraphenylporphyrins and their deriva- . . ] )
tives in solution and also incorporated into wholely inorganic ~ Mesoscopic Ordering of the Host Matrix. Prior to perform-
networks (e.g., aluminosilica setel and borate glasses) have ing optical limiting measurements, the extent of mesoscopic
been studied previoush43%-41 Organic/polymeric hosts doped ordering in each of the composite materials was determined by
with porphyrins have also been investigdfed* but without using small-angle X-ray diffraction measurements. It has bgen
emphasis on photostability, which is generally poor under Previously demonstraté®®’ that the degree of mesoscopic
intense irradiatiod”45 The mesostructurally ordered block ordering in transparent silica/PE®PO-PEO monoliths de-

copolymer/silica composites considered here combine thePends on the concentration of the block copolymer. X-ray
beneficial physical robustness of inorganic materials with the diffraction measurements of such transparent monoliths without

high solubility of organic dyes such as TPP, leading to an and with low (8 x 10~* M) concentrations of organic dye

improved combination of optical and stability properties. species show increased extents of mesoscopic organization at
higher concentrations of the structure-directing block copolymer
Experimental Section species. Figure 1 shows two-dimensional (2D) XRD patterns

collected for a series of silica/BRPO,EO10s composite

Transparent block-copolymer/silica composites were synthe- monoliths containing 8< 1074 M tetraphenylporphyrin dye
sized using acidic silica selgel solutions containing nonionic  species and different concentrations of the F127 triblock
poly(ethylene oxide}poly(propylene oxide)poly(ethylene copolymer species. Corresponding integrated azimuthal intensity
oxide) (EQoePOr0EO 06 Pluronic F127, BASF, Mount Olive,  plots accompany the 2D XRD patterns, which were acquired
NJ) amphiphilic triblock copolymers in various concentrations. with the X-ray beam perpendicular to the plane of each disk
In a typical synthesis, 4.5 mL of tetraethoxysilane, (TEOS, monolith. As shown in Figure 1a, the composite containing 35
Aldrich Chemicals) was hydrolyzed with 2.1 mL of HCl wt % F127 yields only a single weak ring of scattering intensity
(pH = 1.4) and stirred until homogeneous. Subsequently, at ad-spacing (2/q) of approximately 10 nmg ~ 0.62 nnt1).
between 0 and 1.45 g BGPO,0EO106 (COrresponding to 655 This is indicative of a structure that is partially locally phase-
wt % relative to SiQin the final product) was added, followed  separated, but with little long-range mesoscopic ordering. As
by a quantity of tetraphenylporphyrin (TPP) in chloroform to expected, increasing the PE@PO-PEO triblock copolymer
obtain the desired concentration of TPP in the final composite content to 45 wt % and then to 55 wt % F127 results in increased
(~8 x 1074 M). After mixing with the highly acidic silica/ diffraction intensity and narrower diffraction peaks, as well as
block copolymer solution, the initially red TPP became dark the appearance of higher order reflections, as seen in parts b
green, indicating protonation to TPEH.%6 The combined  and c of Figure 1, respectively. Thiespacings increase with
solutions were then transferred to Petri dish molds (4 cm in block copolymer content to 11.2 nrg ¢ 0.56 nnT1) at 45 wt
diameter) and loosely covered for 3 days. At the end of this % and 13.1 nmd ~ 0.48 nnTY) at 55 wt % F127. The 2D
period, during which solvent evaporation and silica cross-linking XRD pattern obtained from the 45 wt % F127 monolith consists
occur, the products had shrunk by -180% in diameter,  predominantly of a diffuse halo, along with a few discrete spots.
resulting in~1-mm thick,~2.5-cm diameter transparent green This indicates that, although the monolith has appreciable
disks. mesoscopic order, the organization does not persist over large

The degree of mesostructural ordering was evaluated by domains. By comparison, the 2D XRD pattern of the 55 wt %
conducting two-dimensional (2D) X-ray diffraction (XRD) F127 monolith consists of a number of discrete spots at small
experiments at the D43 experimental station of the LURE scattering angles, establishing that the regions probed by the
synchrotron facility (Orsay, Franc&)as previously describe. X-ray beam €1 mn¥) contain large well-ordered mesostruc-
A single bent Ge monochromator was used to select a tured domains. The presence of a higher order peafatmes
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Figure 1. Small-angle X-ray diffraction patterns obtained from
transparent silica/EQPOr,EO106(F127)/8 x 1074 M tetraphenylpor-
phyrin (TPP) composite monoliths containing different weight percents
of the amphiphilic triblock copolymer: (a) 35, (b) 45, and (c) 55 wt %
F127. Plots of intensity versus scattering vector modaluspresent
azimuthal integrals of the 2D scattering patterns obtained with the X-ray .
beam oriented perpendicular to the planes of the disk monoliths. The
small inset in part c is the pattern obtained for the 55 wt % F127 sample
with the X-ray beam oriented parallel to the disk plane. The extent of (C)
mesoscopic organization increases with increasing block copolymer
concentration over the range of compositions examined.

Intensity (a.u.) =~

the reciprocal lattice spacing of the primary reflection suggests

that the ordered regions of the 55 wt % F127 sample exhibit a

cubic mesostructure. Furthermore, scattering patterns collected

with the X-ray beam parallel to the monolith disk plane show

Fhat .the m.eSOStrucmre of the mpnohth containing 55. Wt.% F127 Figure 2. Optical micrographs (5 magnification) of silica/E@egPOro-

is orientationally ordered. The inset pattern shown in Figure 1¢ g, composite monoliths containing»8 10-4 M tetraphenylporphyrin

reveals a large number of discrete spots that are indexable(Tpp) dye species and (a) 0, (b) 35, and (c) 55 wt % of the F127 triblock

according to a cubitm3m symmetry with the [110] direction  copolymer species. The micrographs reveal macroscopically phase-

oriented perpendicular to the disk plane. separated 5@m aggregates of TPP in the composites containing 0
Dye Distribution. The distributions of the TPP dye species and 35 wt % F127 and a more homogenous dye distribution in the

within the bulk silica/PEG-PPO-PEO composite materials s_ample containing 55 wt % F127. Each micrograph shows a representa-

) A . tive area of 9 mrh

depend on their block copolymer contents. The optical micro-

graphs in Figure 2a,b, for example, show clearly that the dye that could be homogeneously incorporated inte-g@l-derived

species are not homogeneously distributed within bulk com- silica glass containing 0 wt % F127 before macroscopic TPP

posites containing relatively low concentrations of the triblock aggregates formed was approximately 2 10* M. By

copolymer species. Macroscopic aggregates of the TPP dye withcomparison, the optical micrograph in Figure 2c of the 55

characteristic sizes on the order of &M are observed as dark  wt % F127 triblock copolymer/silica/TPP composite shows no

spots in the micrographs for the 0 and 35 wt % F127 triblock detectable opacity or evidence of dye aggregation atB*

copolymer/silica materials, which have little or no mesoscopic M.

order. Such macrophase separation into TPP aggregates that are UV —vis absorption spectra, shown in Figure 3, indicate that

on the order of the wavelength of light leads to increased the TPPH?" molecules are preferentially associated with the

scattering of incident light, reduced transparency, inhomoge- amphiphilic triblock copolymer species in the F127/silica

neous optical properties, and reduced overall performance.composites. The U¥vis spectrum of TPP incorporated into

Under the conditions used to prepare the TPP/F127/silica sol—gel-derived silica glass (0 wt % F127) exhibits an absorp-

composites discussed here, the maximum concentration of TPRion maximum at wavelengthma= 654 nm, corresponding to
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Figure 3. Stacked UV-vis absorption spectra of silica/E§P O o
EO06 (0, 20, and 55 wt % F127) composite monoliths containing 8 8 Ky
10* M TPP and of homopolymers PEO and PPO containing B * c 80%1% ° increasing
M TPP. The spectra are offset vertically for clarity. S polymer
_ _ _ _ € content
the absorption of diprotonated TPP dimers in wathanol L 60%:- °
solutions?® By comparison, TPP incorporated into the separate © ¢ e,
PEO and PPO homopolymers and all of the TPP/F127/silica ~ °° ., .
composites exhibit absorption maxima af.x = 660 nm; 40%1 A
representative spectra for the 20 wt % and 50 wt % F127 A g
monoliths containing & 10~ M TPP are shown. This indicates 0% na o
0

that the I_ocal environments of the TPP m_olecules in _the_ different 0 100 200 300 400 500
composite samples are equivalent within the sensitivity of the )

measurements, though different from TPP in silica glass. The Energy Flux (mJ/cn’)

absorption spectra of TPP in hydrophilic and hydrophobic Figure 4. Optical transmittances plotted as functions of incident light
environments are expected to be different, due to the differing intensity for 1-mm thick TPP-doped (8 10~* M) silica/EQ.0ePOro-
extents to which the excited state is stabilized. Such stabilization EQwe composites containing various concentrations of the triblock

. . . copolymer species: GX), 29 ©), 45 (»), and 55 wt % F1270). The
can resultin a red shift of the maximum absorbance Wavelengthdata are presented both on (a)+4dgg and (b) linear scales to illustrate

ora Change in the sideband intensities, according to Ioca_l threshold and limiting transmittance behaviors, respectively. Optical
interactions between the solvent and the dye molecules in theirjimiting is clearly evident above a threshold intensity of incident light

excited state¥ Although these data support preferential as- of approximately 30 mJ/ctnThe two samples with higher concentra-
sociation of the TPP species with the triblock-copolymer tions of the structure-directing block copolymer (45 and 55 wt % F127)
components, as opposed to the inorganic framework, differencesdisplay significantly lower limiting optical transmittances compared

: : L to the samples without mesostructural order (0 and 29 wt % F127).
in local TPP environments due to solvation in PPO, versus PEO The measured light transmittances were corrected for small differences

rich regions, could not be distinguished. Efforts are underway i, their respective concentrations of TPP arising during the synthesis
in our laboratory to examine in greater detail the molecular process, as described in the text.

environments and dynamics of the porphyrin dye species within
self-assembled block copolymers and block copolynsdica depend on the degree of microphase-separation of the composite
composite monoliths. material. The 45 and 55 wt % BGPO,:EO;odsilica/TPP
Optical Limiting Properties. Optical limiting measurements  composites absorb approximately 75% of the incident laser light
establish that highly mesostructurally ordered silicaig®Oro- at high intensities {400 mJ/crf), whereas the composites
EO106 composites yield enhanced light absorption responses for containing 0 and 29 wt % F127 block copolymer absorb only
a given TPP concentration, compared to less ordered composite$0% or less at the same incident light intensities. As the bulk
or wholely inorganic silica glasses. Figure 4 shows the optical TPP loadings in the different composites are identical, the
limiting properties measured for TPP-doped mesostructured differences in the limiting transmission values are most likely
block copolymer-silica composites and sgkel-derived silica due to differences in the local environments and dispersions of
glasses with similar bulk dye concentrations. All of the materials the TPP species, particularly with respect to dye aggregation.
exhibit optical limiting behaviors for incident light intensities  The presence of macroscopic dye aggregates in the TPP/F127/
greater than approximately 30 mJ&nas evident from the  silica composites is expected to have a deleterious effect on
logarithmic plots of transmittance versus incident light intensity the optical limiting properties of the materials for at least two
shown in Figure 4a. Above this threshold of incident light reasons. First, dye aggregation within composites containing
intensity, the transmittances drop sharply, with the correspondinglower amounts €40 wt %) of F127 can lead to excited states
differential decreases correlated with the amount of F127 in with shorter lifetimes, as exciterexciton annihilation becomes
the composites and the corresponding extents of TPP dispersiona possible relaxation pathway in aggregated strucfuréss
Greater dispersion of the TPP dye species in the 45 and 55 wtexplanation has also been invoked, for example, to account for
% F127-silica composites leads to increased absorption ofthe absence of optical limiting behavior in solid samples gf C
incident laser light and, thus, improved optical limiting proper- fullerenes’® Second, the formation of large, on the order of
ties for these mesostructured materials. 50-.um, phase-segregated TPP aggregates leads to inhomoge-
Up to incident light intensities of 200 mJ/@&nincident light neous distributions of dye molecules in the regions probed by
is increasingly attenuated, whereas above this intensity, the lightthe incident light beam, with localized areas of high dye
transmittances allowed by the materials level off. As shown in concentration and large areas of relatively low concentration.
Figure 4b, the apparent limiting values of transmitted light do Such a distribution leads to an overall reduction in optical
not scale linearly with block copolymer content, but rather absorption efficiency, because light transmittance is exponen-
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tially dependent on concentratidgandlincia = €<, wherelyand PR L
lincia is the ratio of the transmitted and the incident light Rt B )
intensitiesp is the sample thicknessjs the molar absorptivity, . BL "l S
andc is the concentration of the absorbing species. The total (I B TR SR,
transmittance is therefore not a simple average over all QT A MRS B R TR
molecules, as areas with high concentration will absorb less bk b AT R L S et
incident light per molecule than areas of low concentration. b T ¢ 7 TSN
Enhanced dispersion of the TPP dye species within the (a) + E AR At ORI
mesostructured 45 and 55 wt % P O,0EOsod/silica com- -2k e e 2 A T |
posites correlates strongly with the improved optical limiting gl I s 1e %
properties of these materials. o LG T AN A
Optical Stabilities. Having established the increased disper- SRR J R WY
sion and enhanced optical absorption of TPP dye species within S AT o BT
the mesoscopically ordered E§PO;0EO;od/silica composites e LT By, SO S |
(45 and 55 wt % F127), compared to samples exhibiting little
or no mesoscopic ordering (0 and 35 wt % F127), the damage
resistances of these materials to intense laser light were assessed.
Representative optical micrographs are shown in Figure 5 of
the 0, 35, and 55 wt % F127/silica composites after exposure
to 3000 pulses of laser light, each with an incident energy of
approximately 100 mJ/ctnNotably, evidence of macroscopic
mechanical damage is clearly observed in regions of the 0 and
35 wt % EQodPOr0EOspd/silica/TPP composites (Figure 5a,b)
after exposure to repeated intense laser pulses. The macroscopic
cracking is likely due to local heating induced by the laser
pulses, which produce large temperature gradients and ac-
companying stresses within the cross-linked silica network.
Residual solvent contents (such as adsorbed/occluded water, up
to approximately 10 wt %5 could also contribute to localized
mechanical stresses as a result of rapid laser-induced solvent
desorption/vaporization. After similar prolonged laser pulsing, P PO L S TS T
no discernible macroscopic fracturing is observed in the 55 10 Wl L
wt % F127 triblock copolymer-silica composite (Figure 5c). The \ A Rl ptiJ
lighter bleached area indicates partial photodecomposition of ' i o ‘.’«')‘.:F“.
the TPP; however, the host matrix does not appear to be Vo il _' 1"
damaged. This is consistent with the greater mechanical ! ¥ W . d"J'
elasticity of the materials expected at higher triblock copolymer ¥ ]
contents, which appear thus to better accommodate thermally (c) - L
induced structural stresses. L #* ‘ fi
Prolonged exposure to intense laser irradiation has a measur- T
able, although minor, effect on the optical responses of the ta e A
various composites. As shown in Figure 6, the optical stabilities A v3 i
of all of the samples were high, with none showing changes in s :
transmitance of more than approximately 1% after 3000 laser '-,‘_'51 4
_pul_ses. For the laser intensities, pulse rates, and nu_r_nber Olg:igure 5. Optical micrographs (& magnification) showing laser-
|nC|dent_pulses used_here, th_e_ mesostructured F127/silica/TP damaged areas of different silica/§PO,EO.0s cCOMposites containing
composites show optical stabilities that are comparable to thoseg , 10-4 M TPP and different triblock copolymer compositions: (a)
of the wholely inorganic glass systeffiffNevertheless, samples 0, (b) 35, and (c) 55 wt % F127. Each micrograph depicts an area of
with higher block copolymer contents display slightly more 9 mn?, following exposure to 3000 10-ns incident laser light pulses
sensitivity to damage, consistent with the lower damage (532 nm, 97 mJ/cf) at 10 Hz.
resistances of dyes incorporated into wholely organic host

matricest’:>4-56 compared to inorganic glassésl’ posite, leading to improved optical limiting properties. Further-
. more, the optical damage resistance of the TPP dye species
Conclusions incorporated in the EQ#PO;0EO10s block copolymer-silica
In summary, mesostructured PEGPO-PEO/silica com- composites remains significantly better than for wholely organic

posites are suitable host matrices for optical limiting tetraphen- host matrices.

ylporphyrin (TPP) dye species, combining many of the benefi-  The mesostructured PEEPPO-PEO/silica composites are
cial properties of setgel-derived silica glasses and wholely in many aspects superior to strictly organic or inorganic host
organic polymer host systems. Compared to the inclusion of systems for optical limiting dyes and an interesting alternative
TPP in amorphous silica glass, the presence of the mesostructo ORMOSILS. The 45 and 55 wt % F127/silica/TPP compos-
ture-directing PEG-PPO-PEO triblock copolymer species ites, for example, allow relatively high TPP concentrations to
permits higher concentrations of dispersed TPP dye moleculesbe incorporated without formation of undesirable dye aggregates,
to be incorporated into the composites. The amphiphilic triblock while maintaining good damage resistance properties. The
copolymer species promote better dispersion of the dye mol- sensitivity to photobleaching and optical property degradation
ecules within the organic regions of the mesostructured com- is relatively low, and the mesostructured composite host matrices
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Figure 6. Optical transmittances plotted as functions of the number
of incident laser pulses for TPP-dopedx8L0~*M) silica/EQy0dP Oro-
EO106 composites containing different concentrations of the triblock
copolymer species (same as in Figure 4): 3),(29 @), 35 ),
45 (x), and 55 wt % 4). Transmittances were measured at 532 nm
with 10 ns laser pulses at 10 Hz, with an incident intensity of 97
mJ/cn?. The plots are offset vertically for clarity.

maintain their integrities even under repeated exposure to intens

(100 mJ/cr) laser pulses. For many applications, optical
limiting would not be required for thousands of intense pulses;
rather a few laser bursts at high intensity might generally be

anticipated. Consequently, the 45 or 55 wt % F127/silica/TPP
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