Chem. Mater2005,17, 1521-1528 1521

Phase Separation Behavior of Poly(methyl
methacrylate-co-dimethylaminoethyl methacrylate)/Methyl
Silsesquioxane Hybrid Nanocomposites Studied by Dansyl

Fluorescence

Q. R. Huang,®* Curtis W. Frank,* David Mecerreye§,Willi Volksen,® and
Robert D. Miller*$

Department of Chemical Engineering, Stanford u#msity, Stanford, California 94305,
Department of Food Science, Rutgers Lémsity, New Brunswick, New Jersey 08901, and
IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120

Receied July 27, 2004. Résed Manuscript Receéd Naember 24, 2004

Ultralow dielectric constantkj materials K < 2.0) are generally prepared by the sacrificial
macromolecular porogen route. Dansyl steady-state and time-resolved fluorescence have been used to
study the phase separation behavior of methyl silsesquioxane (MSSQ) and poly(methyl methacrylate-
co-dimethylaminoethyl methacrylate) [P(MMAs-DMAEMA)] hybrid nanocomposites, which are
promising candidates for spin-on, ultralow dielectric constant applications. Resins MSSQ-HI and MSSQ-
LO, which differ mainly in the concentration of SIOH (silanol) present in the uncured samples, are
used to study the effect of endgroup functionality on the phase separation behavior of the hybrid
nanocomposites. Fluorescence results reveal that, for MSSQ-LO resin, a single emission band located in
the range of 428456 nm is observed for P(MMA&o-DMAEMA) loading levels up to 20 wt %. With
further increase in polymer loading, a second emission band located at higher emission energy ranging
from 408 to 422 nm appears, and the amount of this higher energy band increases with polymer loading.
By contrast, for MSSQ-HI, the composition-dependent high-energy band does not appear until polymer
loading levels exceed 50 wt %. We infer information about local environment from the emission band
position with the low-energy band associated with dansyl surrounded by MSSQ, and the composition-
dependent high-energy band associated with dansyl surrounded by P@MNDMAEMA). Thus, our
fluorescence results suggest that both increasing the polymer loading level and lowering the amount of
silanol endgroup in the uncured MSSQ promote phase separation in the hybrid nanocomposites. This is
evidenced by the increase in the proportion of the high-energy band, which we interpret as indicating
that the probe molecules avoid the phase boundary region and seek a polymer-rich environment. This
migration results in the formation of larger polymer domains and ultimately translates into larger size
pores upon polymer burnout. Our interpretation is consistent with previous pyrene fluorescence, small
angle neutron scattering, transmission electron microscopy, and small-angle X-ray scattering results.

Introduction decrease in wiring dimension and pitch, dielectric constant
targets of 2.6-2.9 and 2.6-2.2 for the 130 and 100 nm
technology nodes, respectively, are required.

The search for ultralow (k < 2.2) materials has attracted

The miniaturization of microelectronic devices to sub-100-
nm dimensions generally results in substantial increase in
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rimetry'® dynamic mechanical analysi%,and dielectric

materials® Nanoporous insulators can be created through spectroscopy’ the advantages of fluorescence spectroscopy
sol—gel polymerization, based on the hydrolysis and con- lie in its low cost as well as its high sensitivity to local
densation of organosilicate precursors such as metal halidesnicroenvironments.

and alkoxides, to form an interconnected three-dimensional

network?
To be used as ultralosk materials, the average pore

One promising organosilicate resin for the ultralkw-
applications is methyl silsesquioxane (MSSQ) with the
general formula (MeSigy),. Fully cured MSSQ is intrinsi-

diameter inside the porous insulators should be 15 nm or cally hydrophobic, thermally stable at temperatures higher
less. However, controlling the pore size and shape throughthan 450°C, and has dielectric constant substantially lower
sol—gel reactions to achieve the desired morphology presentsthan that of silica (2.62.9 vs 4.0). For these reasons, MSSQ

a considerable challenge. Three methods have been comhas attracted considerable attention in recent years as an
monly used to produce porous silica: (1) surfactant-templated alternative to silicon dioxide, and substantial effort has been
hydrolysis/condensation of orthosilicate esters such as TEOSmade to develop routes for generating nanoporous MS8Q.

and TMOS with the use of cationic, nonionic, and polymeric

Previously, star-shap&d and hyperbranchégP poly(e-

surfactants, followed by the thermal removal of the surfac- caprolactone) (PCL), poly(alkylene ether) homo or copoly-

tants® (2) formation of optically clear nanocomposites of

mers, and nanoparticles produced by intramolecular cross-

organosilicates with compatible organic polymers through jinking of linear polystyrene, methyl methacrylate, and
fspeC|f|c.|nteract|ons such as hydroge_n bonding and/or ionic caprolactone containing pendant polymerizable acrylate
interactions; and (3) use of spherical nanoparticles of fnctionality by free radical initiation in ultradilute solutio#,

polystyrene containing various surface functionalities along pave peen used to produce nanoporous MSSQ. Examples
with templated hydrolysis/condensation of TEOS resulting ¢ poly(alkylene ether) materials include poly(propylene

in porous silica containing spherical pores equivalent to the glycol) (PPG), poly(ethylene oxide) (PEO), PRGPEOQ18:4

size of the original polystyrene nanoparticl€\o matter

and PEOblockPPOblockPEO®e Very recently, linear

which method is used, the final pore morphology in porous (5ndom copolymers of poly(methyl methacrylaéi-
insulators is essentially determined by the polymer domain methylaminoethyl methacrylate [P(MMae-DMAEMA)]
sizes that are controlled by t_he phase separation processesroduced by the radical copolymerization of methyl meth-
before the polymer burnout. It is necessary to have technlques.acryme (MMA) andN,N-dimethylaminoethyl methacrylate

that are sensitive to the nanosize scales in order to understangD

the phase separation behavior occurring in the organic

MAEMA), have successfully been used to generate
nanoporous MSS®Our interest in P(MMAeo-DMAEMA)

inorganic hybrid nanocomposites. In this paper, we show iginates from the fact that the porous MSSQ films formed
that fluorescence spectroscopy becomes the method of choice

due to its convenience and intrinsic sensitivityCompared
with solid-state NMR!? small-angle neutron scatterifg),
small-angle X-ray scattering, differential scanning calo-
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Dansyl Fluorescence Study of Hybrid Nanocomposites

by using P(MMA€o-DMAEMA) as a porogen show superior
film-coating quality, and such defect-free films are required
for on-chip insulator applications. Copolymers containing at
least 15 mol % DMAEMA are highly miscible in uncured
MSSQ films, and high-quality, defect-free, ultraldwk <
2.0) nanoporous MSSQ thin films are produced upon
polymer burnout. On the basis of our experience, P(MMA-
co-DMAEMA) containing 20-30 mol % of DMAEMA
comonomer provides optimal coatings and foaming efficien-
cies?

Our previous study on MSSQ/P(MMAe-DMAEMA)
hybrid nanocomposites showed that the miscibility between
MSSQ and P(MMAeo-DMAEMA) was due to the strong
hydrogen bonding interactions betweeSiOH end groups
in MSSQ before MSSQ cross-linking and the tertiary amino
substituent in P(MMAeo-DMAEMA).° The average pore
sizes in porous MSSQ are partly determined by the initial
MSSQ end group functionality: i.e., at similar porogen
loading levels, resins with relatively more SiOH (silanol)
functionality initially yield substantially smaller pore sizes.
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Figure 1. (a) Representative types of molecular structures in methyl
silsesquioxane (MSSQ). (b) Synthesis of dansyl-labeled P(MIA-
DMAEMA) by atom transfer radical polymerization (ATRP). BiPyr refers
to 2,2-bipyridine.

relevant to an interfacial region can be substantially different

To develop a molecular-level understanding of the phase from that of the bulk polymers, as indicated by the higher

separation occurring in MSSQ/P(MMée-DMAEMA) hy-

brid nanocomposites, we carried out modulated differential
scanning calorimetry (MDSC) and pyrene fluorescence
studies of the miscibility in MSSQ and P(MMAe-
DMAEMA) hybrid nanocomposite¥ MDSC results showed
the existence of a single glass transition temperatilige (
for P(MMA-co-DMAEMA) loading levels up to 70 wt %,
indicating apparent miscibility for length scales of 10 nm
and above. The existence of a singlemay also be due to
the fact that MDSC is not sensitive enough to distinguish
two phase separated domains with simillgrComplementary

results were obtained from pyrene excimer fluorescence,

which occurs when an electronically excited-state pyrene
approaches within aboé A of aground-state pyrene in the
proper geometry. The excimer-to-monomiefi,) ratios for

the MSSQ with higher initial silanol concentration were
higher compared to those of the MSSQ with low silanol

T, for polymer in the nanocomposites than in the bi3HA
better understanding of the local environment found in these
materials will give us the ability to prepare materials with
controlled phase behavior or materials with controlled
homogeneity for use in microelectronics and chemical
sensors. Because the fluorescence emission energy of dansyl
is strongly dependent on the polarity of its local environment,

it can be used to study the interfacial structure of the organic/
inorganic hybrid nanocompositésin this paper, we have
chemically attached a small amount of fluorescent dansyl
substituents into some of the methacrylate side chains. We
report the effects of two variables, polymer loading and
endgroup functionality of uncured MSSQ, on the fluores-
cence emission that affect the structure of the hybrid
nanocomposites. We use the fluorescence signal from labeled
polymers to monitor the local environment of polymers
dispersed in MSSQ and the formation of polymer-rich

concentration at the same polymer loading, suggesting thedomains due to phase separation.

formation of larger polymer domains for the former. How-
ever, the application of pyrene excimer fluorescence is
limited by the fact that it is insensitive to hybrid nanocom-
posites with polymer domain sizes larger thaB nm?°

In an effort to further the exploration of photophysical
approaches to study the organinorganic hybrid nanocom-

Experimental Section

Materials. Two methyl silsesquioxane (MSSQ) prepolymer
samples (see Figure 1la) from two different manufacturers were
examined. MSSQ-HINl, = 1816; PDI= 3.46) and MSSQ-LO
(M, = 1625; PDI= 5.65) have similar molecular weights, as

posites, we carried out dansyl (5-dimethylaminonaphthalene- getermined by gel permeation chromatography (GPC), and are
1-sulfonamide) fluorescence studies of the miscibility in distinguished primarily by the amount of silanol present in the
MSSQ/P(MMA-co-DMAEMA) hybrid nanocomposites. This  uncured samplesThe designations MSSQ-HI and MSSQ-LO refer
work is motivated in part by the recent studies that have to resins with larger or smaller amounts of silanol groups,
shown that, in organic/inorganic hybrid nanocomposites, a respectively. The former was obtained from Techniglas (GR-650)
large fraction of the polymer is influenced by the interfacial whereas the latter was produced by Dow Corning. Here PDI refers

interactiong® Polymer behavior at the nanometer scale © the polydispersity index\{./M,). The solvent propylene glycol
methyl ether (PMOH, 98%) was purchased from Aldrich Chemi-

cal Co. (Milwaukee, WI) and used as received.

Synthesis of Dansyl-Labeled P(MMAeo-DMAEMA). To
synthesize the dansyl-labeled P(MMA&-DMAEMA), we first
prepared the functional monomer 1-dansyl methacrylate by reacting
dansyl chloride with 2-hydroxyethyl methacrylate, which was
catalyzed by triethylamine and 4-(dimethylamino pyridine) in
dichloromethane at room temperature for 5 h. Subsequently,

(19) (a) Huang, Q. R.; Mecerreyes, D.; Hedrick, J. L.; Huang, E.; Kim,
H.-C.; Volksen, W.; Frank, C. W.; Miller, R. DMacromolecule2003
36, 7661. (b) Huang, Q. R.; Frank, C. W.; Mecerreyes, D.; Hedrick,
J.; Volksen, W.; Miller, R. D.Mater. Res. Soc. Symp. Praz002
726, 211.

(20) (a) Ha, C.-S.; Park, H.-D.; Frank, C. \@hem. Mater200Q 12, 839.
(b) Goda, H.; Frank, C. WChem. Mater 2001, 13, 2783. (c)
Leezenberg, P. B.; Frank, C. WChem. Mater1995 7, 1784.
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extraction, autoevaporation, and column chromatography were 7000 P 7000 o
performed to purify the product (yield-80%). Dansyl-labeled 6000 R 6000 i o

bcd © ©
P(MMA-co-DMAEMA) was then prepared by controlled atom 5000 gy @11% | sogo | 9 i) 70%

(e) 15% o N ho ()100%

transfer radical polymerization (ATRP) (see Figure 1b). An initiator, = 4000 3 4000

ethyl 2-bromoisobutyrate; the catalyst, CuBr,'hipyridine; and S 2000 S ol ¢ ‘
dansyl methacrylate were charged into a flask. The flask was then 2000 i
closed with a three-way stopcock and a vacuum-nitrogen cycle was 1000 j e ¢

repeated three times to remove the oxygen. Methyl methacrylate,
dimethylaminoethyl methacrylate, and anisole were added using a %60 400 440 480 520 560 600 %0 400 a4 480 820 560 600
syringe, and the reaction was heated af@0or 3 h. To remove A (nm) A (nm)

the copper catalyst, the polymer was diluted with THF and then gigre 2. Fluorescence emission spectra of hybrid nanocomposites formed
passed through a small silica column, concentrated by solventpy dansyl-P(MMAeo-DMAEMA) with MSSQ-LO at different polymer
evaporation, and precipitated in hexanes. Finally, the copolymer loading levels cured at 18TC.

was dried in a vacuum oven to constant weight. GPC analysis

(polystyrene standard) show4, = 3000 g/mol, PDI= 1.20. The oo () 3% 0000 o 0 26%
1H NMR result indicates that the dansyl-P(MMz#&-DMAEMA) s000 1 im | 5000 j i
copolymer contains 74 mol % MMA, 24 mol % DMAEMA, and ~_ 4000 oo | 4000 0 0%
2 mol % dansyl-labeled MMA. 3 3000 3 3000

Film Preparation. Samples for fluorescence measurements were = . = 2000
prepared as follows. Solutions of MSSQ and dansyl-P(MBbtA- 1000 1000
DMAEMA) in PMOH (20 wt % solids) were loaded into a
disposable syringe and filtered through a pra-Millex PTFE filter 060 400 440 480 520 560 600 O0. 400 440 450 520 560 600
(Millipore, Inc) directly onto a clean single-polishétiO0Iprime A (nm) A (nm)

Siwafer. The coated substrate was spun at 3000 rpm for 30 s, EaChFigure 3. Fluorescence emission spectra of hybrid nanocomposites formed
sample was hegted at’@/rmn gnder.argon to 18tC and held for by dans.yI—P(MMAeoDMAEMA) with MSSQ-HI at different polymer

2 h before cooling. The final film thicknesses ranged from 400 to |gading levels cured at 18tC.

600 nm, depending on porogen loading.

Steady-State Fluorescence MeasurementShe emission and  transitions?* self-organizing systen®s, surfaces® and the
excitation spectra of the hybrid nanocomposites were measuredpiological system8’ Leezenberg and Frank showed that
usi_ng a fluorescence sp_ectrometer (FS 900CDT spectrometer,qansyl could also be used as a rigidochromic probe that
Edinburgh Instruments) with a 450-W steady-state xenon arc lamp. o pjtored the local viscosifif® They found that the rigidity
Films were excited in a front-face arrangement to minimize self- 41y influenced dansyl fluorescence emission by hinder-
absorption. All spectra were taken with 0.5-mm slit widths and . . .
0.5-s dwell time. ing rearrangement of.the naphthglene group and increasing

) the energy (blue shift), which is related to the twisted

Time-Resolved Fluorescence Measurement$he system for . .

intramolecular charge-transfer character of 1-aminonaphtha-

fluorescence lifetime measurements has been described elsé\"/\/here.I in th ited Th dv is f d
The time-correlated single photon counting technique was used to enes in the excited state. The present study Is tocused on

measure fluorescence lifetime. In this approach, the frequency- Studying the phase separation behavior |QS|de the MSSQ/
doubled output of a Spectra Physics mode-locked, Nd:YAG laser P(MMA-co-DMAEMA) hybrid nanocomposites by taking
was used to synchronously pump a dye laser, which was cavity advantage of the solvatochromic property of dansyl.
dumped with a Bragg cell to produce a single pulse at 640 nm.  Steady-State FluorescenceFigures 2 and 3 show the
The single pulse was then frequency doubled to give the excitation flyorescence emission spectra for hybrid nanocomposites
pulse, which typically had a duration of 10 ps at 320 nm, as detected formed by dansyl-P(MMAco-DMAEMA) with MSSQ-LO
by a Hamamatsu R1645U-01 microchannel plate detector. The (Figure 2) and MSSQ-HI (Figure 3) cured at 180 as a
instrument response at 320 nm was a Gaussian curve with a typicalfunction of dansyl-P(MMAeo-DMAEMA) loading. The
half-width of 50 ps. - yer( 9.

excitation wavelength is 325 nm and all spectra are normal-
ized to compare the fluorescence behavior within each
system. Here, the dansyl fluorescent probe has been chemi-
Dansyl, or 5-dimethylaminonaphthalene-1-sulfonamide, is cally attached to the PMMA side chain. Direct attachment

a fluorescent dye that is mainly used as a solvatochromicis more attractive than simple dispersion because of the
probe because its emission is strongly influenced by its diﬁiCU“Zy of controlling the precise location of a small probe
surrounding environmert. The energy of the emitting state ~ Within the matrix due to possible aggregation effects. For
of dansyl decreases (red-shifts) with the increase of solventthe MSSQ-LO/dansyl-P(MMAso-DMAEMA) hybrid nano-
polarity. Because of this solvatochromic behavior, dansyl has

been used to probe the microenvironment in volume phase(24) (a) Hu, Y.; Horie, K.; Ushiki, HMacromoleculed 992 25, 6040. (b)
Hu, Y.; Horie, K.; Ushiki, H. Tsunomori, F.; Yamashita, Macro-

moleculesl992 25, 7324.
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Results

Phys. Chem1996 100, 7646. (b) Stein, A. D.; Peterson, K. A.; Fayer, 1991, 24, 4255.
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R. D.; Lurio, L. B. Appl. Phys. Lett2002 81, 2232. Anal. Chim. Actal981, 131, 263.
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may originate from the local environment of dansyl sur-
rounded by the P(MMAco-DMAEMA) phase. Figure 4
clearly indicates that the contribution from the high-energy
band for MSSQ-LO is significantly larger than that for
MSSQ-HI, suggesting the formation of larger polymer
domains inside the MSSQ-LO matrix, which ultimately
o . . . . ; transform into larger pores upon polymer burnout. This

360 400 440 480 520 560 600 640 conclusion is consistent with our previous SAXJEM,%2

A (nm) and pyrene excimer fluorescence restflts.

Fi 4. Deconvolution of fluorescence emission spectra for hybrid By deconvolution of the fluorescence emission spectra,
gure p y . . .
nanocomposites formed by dansyl-P(MM&-DMAEMA) with MSSQ- we can obtain the relative peak areas and peak frequencies.
LO (a) and MSSQ-HI (b) cured at 18C. Both hybrids contain 50 wt % Figure 5 shows the plot of the percentage of the area for the

dansyl-P(MMA€o-DMAEMA). The solid circles are experimental data, feai i
the solid curves are overall fits, and the dashed curves are two—Gaussianﬂuorescence emission band centered at hlgh energy (e'g"

4000
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fits. ~417 nm) as a function of polymer loading for both MSSQ-
LO (solid circles) and MSSQ-HI (empty circles). For MSSQ-
composites shown in Figure 2, at low polymer loadir@(Q LO hybrid nanocomposites, at low loading levets2Q wt

wt %), the emission spectra shift to lower frequency (red- %), the emission spectra are fitted reasonably well by one
shift) with increasing polymer loading, and the bandwidth Gaussian, which suggests the dansyl probes are mainly
increases, which may be attributed to a larger distribution surrounded by the MSSQ phase. With the increase of
of environments experienced by the dansyl chromophore. polymer loading to above 20 wt %, two Gaussians are needed
Further increases in polymer loading to above 20 wt % causeto obtain good fits, and the percentage of areas of the high-
the appearance of a second band centered at higher freenergy band increases with polymer loading, which may
quency. The peak position of the emission spectrum of pureindicate the formation of larger polymer domains. By
dansyl-P(MMA<€o-DMAEMA) is located at~417 nm. For contrast, MSSQ-HI hybrid nanocomposites behave very
the MSSQ-Hl/dansyl-P(MMAco-DMAEMA) hybrid nano- differently with small shoulders located 400 nm appear-
composites shown in Figure 3, at polymer loading levels ing in the emission spectra even at polymer loading levels
lower than 21 wt %, similar to MSSQ-LO, the emission as low as 12 wt %. The %Peak areas decrease slightly with
spectra also red-shifts. However, the emission spectra arepolymer loading at loading levet52 wt % before increasing
nearly unchanged for polymer loading level ranging from dramatically.
21 to 52 wt % before blue-shifting te417 nm at 70 wt % The behavior of the high-energy band for MSSQ-HI
loading level. The emission spectrum of the hybrid with 70 hybrids at loading level<50 wt % is not completely
wt % polymer loading is very similar to that of the pure understood. It is hard to imagine that the polymer domain
dansyl-P(MMAco-DMAEMA) (see curve j in Figure 2). sizes at 10 wt % polymer loading can be larger than those
To have a clear comparison between MSSQ-HI and at 50 wt % loading. Since the contribution from this high-
MSSQ-LO, we fit the emission spectra of the hybrid energy band at this loading range is relatively small (between
nanocomposites formed by dansyl-P(MMA-DMAEMA) 9 and 15%) and the peak frequency is located at higher value
with MSSQ-LO (Figure 4a) and MSSQ-HI (Figure 4b) with  (~401 nm) than that of pure dansyl-P(MM#e-DMAEMA),
two Gaussian bands, as shown in Figure 4. Both nanocom-this high-energy emission band may be due to the hetero-
posites contain 50 wt % dansyl-P(MMé&e-DMAEMA). The geneity of the functional group inside MSSQ-HI, which
two Gaussian bands correspond to the relative populationscauses the formation of a small amount of either unusually
of dansyl in two different local environments. The low- rigid or hydrophobic shell surrounding the dansyl probes.
energy band, which dominates at low polymer loading, is Note that the dansyl emission behavior can also be strongly
reasonably attributed to the local environment of dansyl influenced by the local rigidity° If a dansyl probe is locked
surrounded by the MSSQ phase; in contrast, the high-energyin a rigid environment, solvent dipoles may not relax around
band, which becomes significant at high polymer loading, the excited molecules and lower its emission. In addition, a
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rigid environment may also hinder the arrangement of the E‘I‘j’ng\’/‘% Aﬁ?&gﬁﬂ&%'gigwfgan‘éigsr‘;;g;’i'é’gi'u'roe%d':tglfgyv'SSQ
dimethylamino and naphthalene groups, preventing relaxation

and causing emission from a higher energy st¥t&he Time-Resolved Fluorescencerigure 7 shows the time-
significant increase in %Peak area at 70 wt % loading may resolved fluorescence decay curves for MSSQ-HI/dansyl-
indicate the formation of larger polymer domains because, P(MMA-co-DMAEMA) hybrid nhanocomposites cured at 180
at this loading level, dansyl-P(MM&e-DMAEMA) changes °C. The time-resolved fluorescence intensity can be satis-
from the minority phase to the majority phase, thus exhibiting factorily fitted with single William-Watts (WW) stretched

phase reversal. exponential function given by
Figure 6 shows the emission maxima of the emission peaks P
for both high- and low-energy bands for hybrid nanocom- I(t) = 1o exp[=(t/7)] (1)

posites formed by dansyl-P(MMA&e-DMAEMA) with ) , )
MSSQ-LO (Figure 6a) and MSSQ-HI (Figure 6b) cured at Herelp represents the preexponential factois the excited-
180°C. Both MSSQ-HI and MSSQ-LO show significant red- state lifetime, ang is the distribution parameter originating

shifts for the low energy band as polymer concentration from the distribution of local environments of dansyl probes

increases from 0 to 12 wt % before reaching a steady Statesurrounded by MSSQ phase. For a uniform local environment
of dansyl, 5 = 1.0. For a distribution of dansyl local

at ~455 nm. As noted above, this low-energy band corre- . i o
sponds to the local environment of dansyl surrounded by environments, G< g < 1. The average excited-state lifetimes
the MSSQ phase. Since MSSQ is intrinsically hydrophobic, <7> are calculated by using

with its hydrophobicity originating from the methyl group T(1/8)

in MSSQ, the red-shift in the low-energy band, which is <r>= 5 2)
related to the local polarity increase, may indicate the dansyl-

P(MMA-co-DMAEMA) distributes preferentially into the  whereI'(x) is aT” function.

—0O—Si—0O— region over the—CHjs region. Whereas the Figure 8 summarizes the effects of polymer loading on
high-energy band also shows a red-shift, the main differencethe dansyl time-resolved fluorescence intensity decay kinetics
between MSSQ-LO and MSSQ-HI is that, for MSSQ-LO, within the MSSQ-HI/dansyl-P(MMAco-DMAEMA) hybrid

the red-shift starts at-30 wt % loading before reaching nanocomposites cured at 180. Before 12 wt % polymer
steady state at 50 wt %. For MSSQ-HlI, in contrast, the peakloading level, the average excited-state lifetime> de-
position remains constant and the red-shift only occurs for creases significantly with polymer loading level. The de-
loading levels above 50 wt %. For both MSSQ-HI and crease in<t> then becomes more gradual with further
MSSQ-LO, the peak frequency at 70 wt % loading level is increases in polymer loading, antt> eventually reaches
~418 nm, corresponding to that of pure dansyl-P(MMA- 3.3 ns for pure dansyl-P(MMAo-DMAEMA). Since the
co-DMAEMA), which again suggests the formation of large fluorescence transient decays were monitored at 460 nm,
polymer domains. which reflects the local environments of dansyl probes
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surrounded by the MSSQ phase, the decrease<in suggest that both increasing polymer loading and decreasing
suggests the increase in polarity of local environments of silanol concentration of the uncured MSSQ cause greater
dansyl surrounded by MSSQ phase and is consistent withimmiscibility between MSSQ and P(MMA&e-DMAEMA),
the steady-state fluorescence results discussed previouslywhich ultimately translates into larger pores upon porogen
burnout, as evidenced by the TE®{% FE-SEM, and
Discussion SAXS 2?2 However, none of the above approaches provides

The phase separation behavior of organic/inorganic hybrid the information about the location of the polymer inside the

. . . . M matrix.
nanocomposites is determined by the thermodynamics of SSQ mat

phase separation in a two-component system as well as by The chan_ge in the micropolarity s_ur_rounding the dansyl
kinetic factors, and the formation of nanoscale polymer probes can induce changes in the emitting states of the dansyl

domains inside the organosilicate matrix can only be groups. Thus, the solvatochromic properties of dansyl groups
achieved by using components (porogeresin) that initially prowde us anew route. to study the phase separatlon behavior
strongly interact with each other by hydrogen bonding or n the _organlclln_orga_nlq hybrid nanocomposites. Dual p_eak
other attractive force€ Our previous FTIR results showed emission behavior similar to thaF of thes_e MSSQ hybrids
hat strong hydrogen bonding interactions occur between thewa.IS also observed_for the poly(dimethylsiloxane) (F.’DMS)/
t—SiOH egndygro%ps in MSgSQ and the tertiary amino silica nanocomposite®¢ In that paper, the two emission

substituents in P(MMAso-DMAEMA) in films at 25 °C.9 bands were interpreted as due to the existence of dansyl

i probes in two different local environments: the low-energy
Thus, MSSQ. and P(MMA:-DMAEMA) readily form emission band at around460 nm was related to the local
nanocomposites.

. environment of dansyl probes unaffected by the silica phase;
The structure and morphology of nanocomposites formed yp y b

: . on the other hand, the high-energy band locatee-290
by methyl silsesquioxane (MSSQ) and poly(methyl meth- h | h
acrylateeo-dimethylaminoethyl methacrylate) [P(MM#Ae- nm was caused by the dansyl groups that were surrounded

: by the more rigid and polar interface. A similar interpretation
DMAEMA)] have recently been studied by several tech- . : :
niques, such as small-angle X-ray scattering (SA%Sj, 's also applicable to MSSQ/P(MMAe-DMAEMA,) hybrid

. . . . nanocomposites. The dansyl probes may exist in two different
atomu? force microscopy (AFI\/B,moduIateq differential local environments: the hydrophobic P(MMz#e-DMAE-
scanning calorimetry (MDSCllja,a.pyrene excimer fluores- MA) domains and the rigid but “polar” MSSQ (because
cence 1§p§ctroscoﬁ9, transmission electron microscopy dansyl may locate preferentially closet®—Si—O— rather

a,ld9a - 1 1 -
((-:-Ir-lisl\,/gi’on sc;nnr:ﬁ:lga(;glcetrgﬁ%rig?ossgggyer(ﬁg gg%l;'ﬁfs than methyl group) phase. For a particular polymer loading
- ) ' range, there exists an interfacial region at the polymer-MSS
been found that copolymers containing 20 to 30 mol % of 9 9 poly Q

; : . boundary in which polymer molecules interpenetrate the
.DMAE.M.A comonomer provide Opt'”.‘a' coatlpgs and foa”.“ MSSQ matrix, or the mixed purity domains, rather than two
ing efficiencies’> An important materials design element is

that there exist strong hydrogen bonding interactions betweenloure individual components. The phase purity in a phase-
. : . separated nanocomposite can be discovered by monitorin
the —OH end groups in MSSQ and the tertiary amino groups b pos! IScov y froring

. o . the dansyl emission band shift, as shown in Figure 6. For
in P(MMA-co-DMAEMA) in films before the silanol cross- ) : : o . -
links. In addition, the amino substituent in P(MM#o- MSSQ-LO hybrids with 30 wt % polymer loading, the high

. energy band peak frequency is located at a higher value than
DMAEMA) can act as a catalyst for the condensation and - : -
C . that with 70 wt % pol loading, ting that the local
cross-linking of MSSQ. MDSC results show only a single & wi wit 7o polymer ‘oading, suggesting that the foca

= . environments of the dansyl for the former are less mobile
observable glass transition temperaturg (n all the hybrid y

: . . than that of the latter. In addition, the increase of %Peak
nanocomposites Wlth P(MMAOPMAE.MA) loading level area for the high-energy band in MSSQ-LO hybrid nano-
up to 70 wt %, which is an indication of the apparent

L composites as shown in Figure 5, which may suggest the
mlsf'b'“tty at the Iength s;ale of 10 nm ";r.]dh abd¥eln h increase in polymer domain size, is also consistent with the
con Irast, pyreﬂe ex?l[m;r ¢ Lt|orescence, whic hOCCUTS WNENSANS results on similar systems but with partially deuterated
an electronically excited-stale pyrene approacnes n P(MMA-co-DMAEMA). 132 The larger polymer domain size
A of a ground-state pyrene in a proper geometry, provides

: : —~ at higher polymer loading is easy to understand because, as
an alternate probe of the hybrid nanocomposites formed with P(MMA-co-DMAEMA) loading increases, less chain exten-
MSSQ and pyrene-labeled P(MMéo-DMAEMA). The ._sion of MSSQ will occur before phase separation is
pyrene fluorescence results reveal that pyrene exCImerthermodynamically favored. This trend continues until the
formation occurs at P(MMﬁquMAEMA) loading Ievgls P(MMA-co-DMAEMA) loading is high enough to cause
above 6 wt %, and the excimer-to-monomé#/Ig) ratio

) ith ool loading. At a fixed pol loadi phase inversion, with MSSQ dispersing in a P(MM#é&-
Increases with polymer loading. At a fixed polymerioading, DMAEMA) matrix. At lower degree of chain extension, the
the higher the initial silanol concentration in the uncured

MSSO. the | the/I i tina th i viscosity of the system is also lower, which allows greater
MSSQ, the larger thae/ly ratio, suggesting the greater migration of P(MMA-co-DMAEMA) through the matrix to
immiscibility. The pyrene excimer fluorescence is limited

o) " . .~ form larger phase-separated domains.
by the fact that it is insensitive to hybrid hanocomposites gerp P
with polynlwger domain sizes Ia_rger tharb nm as determined Summary and Conclusions
by SANS The pyrene excimer fluorescence results also
In summary, we have carried out both steady-state and

(28) Chujo, Y.; Saegusa, RAdv. Polym. Sci1992 100, 11. time-resolved fluorescence studies on the phase separation
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behavior of cross-linked MSSQ/P(MM&e-DMAEMA) wt % and pure dansyl-P(MMAo-DMAEMA) phase forms
hybrid nanocomposites, in which the polymer domain at~50 wt % polymer loading level. For the low-energy band,
structures are similar to the final pore morphology upon decreases in both emission energy and average excited-state
polymer burnout. We have covalently attached dansyl probe lifetime suggest that the dansyl molecules distribute prefer-
molecules to the non-nitrogeneous methacrylate side chainentially around the polar-O—Si—O— rather than around

in P(MMA-co-DMAEMA) copolymer at a~2 mol % level, methyl groups in MSSQ. The %Peak area for the high-energy
and used the solvatochromic properties of dansyl to examineband increases with polymer loading, implying the formation
the morphology of dansyl-P(MMAo-DMAEMA)/MSSQ of larger polymer domains. This study suggests that both
nanocomposites. Two different resins, MSSQ-HI and MSSQ- increasing the polymer loading level and lowering the amount
LO, were used to study the effect of silanol concentration of silanol endgroup in the uncured MSSQ promote phase
in the uncured MSSQ on the phase separation behavior ofseparation in the hybrid nanocomposites. This is because the
the hybrid nanocomposites. Two emission bands were probe molecules avoid the boundary region and seek a
observed on the dansyl fluorescence spectra: the high-energyolymer-rich environment, resulting in the formation of larger
band was interpreted as due to the hydrophobic P(MMA- polymer domains that ultimately transform into larger size
co-DMAEMA) domain, and the low-energy band was due pores upon polymer burnout. The conclusion has been
to the rigid but relatively “polar” MSSQ (O—Si—0—) verified by previous SANS, SAXS, and TEM results.
phase. Dansyl fluorescence results show the significant
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