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ABSTRACT: We investigated the local structure and dynamics of three-dimensionally crosslinked polysiloxane, an MQ-type
silicone resin, using fluorescence depolarization of perylene molecularly dispersed in the resin. Rotational diffusion coefficient,
D,, of perylene was determined in uncured and cured MQ resins and in PMMA over a temperature range of 90—300K. D, in
the uncured MQ resin (a mixture of prepolymers), i.e., an assembly of crosslinked nanometer-scale particles, is 5—10x 108 s~ !
at room temperature and shows continuous drastic decrease with decreasing temperature to 10° s~ 1 at 90K. D, in the cured
MQ resins is 107 s~ ! and almost independent of temperature. D, in the cured MQ resins is thus larger than that in the uncured
prepolymer at 90K. A possible explanation is as follows. The thermal fluctuation of nanoparticles caused by the Si-O-Si
chain flexibility becomes weak with decreasing temperature in the uncured prepolymer, and change in packing and dense
aggregation of the nanoparticles around perylene molecules cause the gradual increase in restriction against rotation of perylene
from room temperature to 90 K. In the cured MQ resins, hydrosilylation curing reaction would fix the spatial position of the
nanoparticles and retain the local space around perylene even at low temperatures. The results of fluorescence depolarization

are compared with those of photoisomerization of azobenzene in the MQ resin in our previous study.
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Silicone resins having three-dimensional crosslinked
structures are widely used as coatings and additives.’
Local structure, e.g., local free volume, local viscosity,
or combination of ecach constitutional unit, is a key to
understand the relationships between chemical process
and macroscopic physical properties for silicone resins.
Many studies have been carried out on crosslink forma-
tion during the hydrolysis and condensation of tetraeth-
yl orthosilicate (TEOS) or tetramethyl orthosilicate
(TMOS) cither theoretically>* or experimentally with
296i NMR*" 7 and GPC.® Macroscopic properties of
siloxane polymers have been reported.” Few reports
have been published on microscopic structural character-
ization of silicone resins, for which the establishment
of the methodology is essential.

The previous study'® used trans-to-cis photoisom-
erization of azobenzene as a probe over the tempera-
ture range of 4—300K to investigate local free vol-
ume and thermal fluctuation of an MQ-type silicone
resin consisting of M (R;Si0;,,) units and Q (SiOy,)
units in comparison with other matrices including line-
ar polysiloxanes and a carbon-based linear polymer,
poly(methyl methacrylate) (PMMA). We believe the
uncured MQ resin or the prepolymer of the MQ resin
to be an assembly of crosslinked nanometer-scale
particles and curing reaction links the nanoparticles.
Local space outside the nanoparticles not inside the
particles was probed by photoisomerization of azo-
benzene. Trans-to-cis photoisomerization was evaluated
mainly from the viewpoint of the final cis fraction after
sufficient UV light irradiation to the photoequilibrium

state. Temperature dependence of the final cis fraction
suggested the following two points: First, the intrinsic
size of local free volume evaluated from the final cis
fraction at 4K in the siloxane polymers including the
uncured and cured MQ resins and linear polysiloxanes
is smaller than PMMA. But the size of the local free
volume in siloxane polymers including the effects of
thermal relaxation of the matrices increases drastically
between 4K and 20K, and thermal fluctuation of the
local free volume in the siloxane polymers is much larger
than that of PMMA. This is consistent with the general
recognition that siloxane polymers are soft material
having large free volume near room temperature. The
fluctuation can arise from relaxation of siloxane Si-O-Si
chain in the uncured prepolymer and linear poly-
siloxanes. Secondly, the aggregation of prepolymer
nanoparticles at low temperatures prevents azobenzene
from photoisomerizing and the curing reaction between
the nanoparticles disturbs the aggregation resulting in
enough space for azobenzene to photoisomerize at 4K.

Positron annihilation on the cured MQ resin'’
indicated that the average diameter of the local free
volume inside the nanoparticles was 0.8nm at room
temperature and 0.6 nm at 50 K. The results of positron
annihilation evaluating inside the MQ resin nanoparticles
complement those of photoisomerization of azobenzene
evaluating local free volume outside the particles.

In the present study, local viscosity and size of local
space in the uncured MQ resin prepolymers and cured
MQ resins were evaluated by fluorescence depolarization
of perylene. Steady-state and time-resolved fluorescence
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have been widely used for high resolution to evaluate
microstructure and molecular motion.!? Fluorescence
depolarization has been used for investigating the
dynamics and orientation in polymer solution and
polymer solids. When a probe chromophore is attached
to a polymer chain, information on chain conformation
and segment mobility of the chain'®~'? is obtained. In
contrast, Brownian motion of doped dye molecules is
affected by local viscosity and local free volume of
matrices.2% 23 Rotational diffusion coefficients, D,, of
doped perylene in the uncured and cured MQ resins and
in PMMA are derived from fluorescence anisotropy ratio
and fluorescence lifetime in the temperature range of
90—300K. At room temperature perylene molecule
rotates freely in the uncured prepolymers while in the
cured MQ resins the mobility of perylene is restricted.
D, in the uncured prepolymers shows continuous rapid
decrease with decrease in temperature, while in the cured
resins it is almost independent of temperature. D, in the
uncured prepolymer is thus smaller than that in the cured
MQ resin at 90K, which is contrary to the results at
room temperature. These results suggest that uncured
prepolymer nanoparticles prevent perylene from rotating
by being packed locally around it at 90K, while the
curing reaction between the nanoparticles retains enough
space for perylene to rotate at 90K. The present
fluorescence depolarization proves the continuous ag-
gregation of the nanoparticles in the uncured pre-
polymer in the temperature range from 300 to 90K
for the first time, which could not be shown in the
azobenzene study.

EXPERIMENTAL

Materials

TEOS (Wako), TMOS, tetramethyldivinyldisiloxane,
and tetramethyldisiloxane (Shin-Etsu Silicone) were used
as received. PMMA (Wako, M, =1.04 x 10°) was used
after reprecipitation in methanol. Perylene (Tokyo Kasei)
was used as received.

Prepolymer (Uncured MQ Resin) Preparation and

Characterization :

A vinyl prepolymer consists of vinyldimethylsiloxy
((CH,=CH)(CH3),Si0,,, M%) units and Q (SiO,,)
units, while an SiH prepolymer consists of hydridodi-
methylsiloxy ((H)(CH3),SiO, ,, M") units and Q units.
Vinyl prepolymers were prepared from TEOS and
tetramethyldivinyldisiloxane by hydrolysis and con-
densation, while Si-H prepolymers were from TMOS
and tetramethyldisiloxane. Each uncured prepolymer
is colorless viscous liquid at room temperature. The
preparation of each prepolymer is described in our
previous paper.'® Gel permeation chromatography
(GPC) curves were obtained by a Tosoh HLC-8020
gel permeation chromatograph equipped with a refrac-
tive index detector. The columns used were TSKgel
GMH,, -L+G1000Hy, with toluene as an eluent. *°Si
NMR spectra were recorded on a Bruker ACP-300
spectrometer in CDCl;. Chromium acetylacetonate was
used as a relaxation agent at 0.02M and a gated de-
coupling in which protons were irradiated only during
the acquisition of FID was used with the pulse width of
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Table I. M/Q feed ratio in moles, M/Q ratio, weight-average
molecular weight, and viscosity of each uncured prepolymer
for preparation of prepolymer mixtures®

M/Q M/Q ¢ )
Prepolymer foed ratio  ratio® M, Viscosity®/cP
Vinyl prepolymer | 1.5 1.7 1500 2780
Viny] prepolymer 2 2 1.9 1200 160
SiH prepolymer 1 L 1.2 2000 520
SiH prepolymer 2 2 1.8 1000 40

a Uncured prepolymer mixture 1 was prepared from vinyl prepolymer
1 and SiH prepolymer 1. Uncured prepolymer mixture 2 was prepared
from vinyl prepolymer 2 and SiH prepolymer 2. ®Obtained by *“Si

NMR. ¢Determined with GPC based on polystyrene standards.

4 Measured at 24°C with density as 1.0 gem ™3,

5.4 us (pulse angle of 45°) and the pulse delay of 10s.
The viscosity, 5, of each prepolymer at 24°C was
measured with an Ubbelohde-type viscometer. Density
was assumed to be 1.0g cm 3.

By changing the feed M/Q ratio in moles, vinyl pre-
polymers 1 and 2 and SiH prepolymers 1 and 2 were
prepared. The feed M/Q ratio in moles, GPC weight-
average molecular weight, M, relative to polystyrene
standards, the M/Q ratio determined by *°Si NMR, and
the n for each prepolymer at 24°C are shown in
Table I. Uncured prepolymer mixture 1 was prepared
by mixing vinyl prepolymer 1 and SiH prepolymer 1
when the molar concentration of the vinyl group was
equivalent to that of the Si-H group. Uncured pre-
polymer mixture 2 was prepared from vinyl prepolymer
2 and SiH prepolymer 2 in the same way.

Sample Preparation

The uncured prepolymer mixture containing molecu-
larly dispersed perylene (4 x 10~ > M) but without catalyst
was placed in a 1-mm thick quartz cell for fluorescence
measurement. The cured MQ resin films containing
molecularly dispersed perylene were prepared as follows.
The prepolymers (6.5g of the vinyl prepolymer 1 and
6.1g of the Si-H prepolymer 1) without solvent were
mixed with a toluene solution of platinum-divinylte-
tramethyldisiloxane complex (15 uL, 2.2 wt%) as cross-
linking catalyst (20—30ppm of total weight of the
mixture) and dichloromethane solution of perylene
(0.4mL, 1.2mM) at room temperature. The mixture
was stirred vigorously before being dried at room tem-
perature for 3 h to eliminate solvents, followed by cast-
ing on a glass plate. Sample films (400—700 um in
thickness) were cured by stepwise heating for hydrosilyla-
tion reaction. After heating at 60°C for 2 h some sample
films were taken out (cured MQ 60). The other films were
further cured at 100°C for 1 h and then at 120°C for 2h
and finally at 150°C for 1 h, giving cured MQ 100, cured
MQ 120, and cured MQ 150 taken out after each heating
step, respectively. The number for each cured resin
sample shows the final curing temperature. Four cured
MQ resins with different degrees of cure were prepared.
The degree of cure was determined by change in the
infrared absorption using an IR spectrophotometer
(Jasco TR-700). The decrease in IR absorption bands at
2138cm ™" (Si-H stretching) and at 1597cm™! (C=C
stretching) was monitored during cure using the ab-
sorption at 2964 cm ~ ' (C-H stretching of methyl groups)
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Table II. Degree of cure for each cured MQ resin
Curing time and temperature is specified in the experimental section

Sample Degree of cure (%)*
Cured MQ 60 11
Cured MQ 100 16
Cured MQ 120 31
Cured MQ 150 47

2 Determined from change in IR.

as an internal standard. The degree of cure of each
cured MQ resin is shown in Table Il. PMMA films
were prepared by the solvent-cast method from a
10wt% dichloromethane solution containing perylene.
PMMA films after being dried at room temperature were
heated under vacuum at 100°C for 12h to eliminate the
residual solvent.

Fluorescence Measurements

Steady-state fluorescence anisotropy ratio, r, was
measured with a Hitachi 650 fluorescence spectrometer
equipped with polarizers in the right-angle configuration.
The value of r was calculated by using eq 1,

= 1

"7 vy +2GIyy M
where G = Iyyy/Iy is an instrumental correction factor.
Ineq 1, Iyy, Iyy, Tny, and Iy are emission intensity,
where two subscripts indicate the vertical or horizontal
orientation of the excitation (first subscript) and emission
(second subscript) polarizers, respectively. Sample films
containing perylene set in a cryostat (Oxford DN-1754)
were excited at 435nm and r was averaged for the
463—473 nm emission range.

Fluorescence decay was measured by single-photon
counting for determination of fluorescence lifetime, T.
Perylene was excited at 337nm from an N, laser (Laser
Photonics LN120) and emission light passing through
a glass fiber was monitored with a streak camera
(Hamamatsu C4334) attached with a monochromator.
FWHM of the instrument response was ca. 1.6ns. To
eliminate scattered exciting light, a color filter (UV38)
was used. Decay curves were analyzed as single ex-
ponential decay using Photolumi ver. 2.47 program
(Hamamatsu Photonics).

RESULTS AND DISCUSSION

Rotational Diffusion Coefficients of Perylene in MQ-Type

Silicone Resins

The prepolymers of MQ resins are proposed to be
an assembly of crosslinked nanometer-scale particles,
where three-dimensionally combined Q units are capped
by M units at the surface. The proposed microstructure
of each M and Q unit combination in the MQ resins
based on M/Q molar ratio with the location of perylene
molecules is schematically illustrated in Figure 1. The
amount of added perylene, ratio of one perylene to 25000
nanoparticles, is much smaller than that illustrated in
Figure 1. Micrographs obtained in the transmission
electron microscope (TEM) observation'® and the re-
sults of molecular modeling®* are consistent with the
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O= Qunit

A = M unit

B = M" unit

—_— hydrosilylation crosslinking
- (~CH,-CHj-)

Figure 1. Schematic illustration of MQ resin and doped dye (perylene)
molecules.

picture in Figure 1.

By fluorescence depolarization, rotation of a probe dye
molecule within the lifetime of the excited state can be
detected and found the local space and local chain motion
in the matrices. Fluorescence anisotropy ratio, r, in
uncured prepolymer mixtures and cured MQ resins is
shown in Figures 2 and 3, respectively. r is very small
(0.011—0.024) in the uncured prepolymer mixtures at
300K, but still ten times larger than r measured in
1 x 10~ 5 M ethanol solution (0.0018). r rapidly increases
with decreasing temperature to 90K in the uncured
prepolymer mixtures up to 0.3 which is near to the
limiting value, ro, of fluorescence anisotropy ratio ob-
served in the absence of rotational diffusion and energy
transfer. r increases markedly with the degree of cure for
cured MQ resins at room temperature, but does not
increase so much with decrease in temperature in cured
MQ resins and PMMA. Measured fluorescence lifetime,
1, shown in Figure 4 was almost independent of
temperature in all matrices with values of 6+ 1ns.

Rotational diffusion coefficient, D,, of perylene was
calculated from r and t using Perrin-Weber equation
given by eq 2 on the Debye-Stokes-Einstein condition??
that perylene molecule is regarded as a hard sphere.

Yo _1+6Ds )
-

Various values of 7, have been reported for perylene in
the range of 0.31—0.37.2673° Among them, 0.34%¢ was
employed. We at first evaluated D, of perylene in ethanol
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Figure 2. Temperature dependence of the fluorescence anisotropy
ratio, r, of perylene in uncured prepolymer mixtures | (@) and uncured
prepolymer mixture 2 (A).
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Figure 3. Temperature dependence of the fluorescence anisotropy
ratio, r, of perylene in cured MQ resins and PMMA: (O) cured MQ
60; ([1) cured MQ 100; (A) cured MQ 120; (<) cured MQ 150; (x)
PMMA.

solution. Measured D, in ethanol solution is 6—8 x 10°
s~ ! at room temperature, which is in agreement with the
reported value ((140.3) x 10° s71).27:31

D, against the degree of cure in the uncured and cured
MQ resins at room temperature are shown in Figure 5.
Figure 5 suggests that the local space is divided finely
with increase in cured links and hence the rotation of
perylene existing between the nanoparticles becomes
much restricted.

D, in the uncured prepolymer mixture 1 and 2, viscous
liquids, are 5x10® s™! and 10x10® s™' at room
temperature. D, in the uncured prepolymers are much
smaller than those in n-pentane (2x10'°s™'), and
n-hexane (1 x10'°s™") calculated from reorientation
time in these solvents reported by Jiang,*? and even
smaller than D, (3x10° s™!) in n-C;¢H;, in their
experiments. In glycerol, anisotropy decay of perylene
was reported to be double exponential and the fast
component of the rotational diffusion coefficient was
3.7x 107 s~ ! at 20°C.2% Viscosity, %, is about 1000 cP
for uncured prepolymer mixture 1 and about 100cP for
uncured prepolymer mixture 2 at 24°C shown in Table
I. At 25°C n is reported®® 1.07¢P for ethanol, 3.03¢cP
for n-C,¢H;,4, and 934 cP for glycerol. Hence, D, in the
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Figure 4. Fluorescence lifetime of perylene in each matrix: (@)
uncured prepolymer mixture 1; (O) cured MQ 60; (OJ) cured MQ
100; (A) cured MQ 120; ( x) PMMA.
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Figure 5. Rotational diffusion coefficient, D,, of perylene at room
temperature in ethanol solution and uncured and cured MQ resins
against degree of cure: () ethanol; (@) uncured prepolymer mixture
1; (A) uncured prepolymer mixture 2; (O) cured MQ 60; ((J) cured
MQ 100; (A) cured MQ 120; (&) cured MQ 150.

uncured prepolymer mixtures are not proportional to 1/5
comparing with these organic solvents. This can be
explained as follows: First, the size of the prepolymer
nanometer-scale molecule is larger than that of the solute
perylene molecule (longer axis is 1 nm). In such case D,
does not reflect the bulk viscosity of the medium, and is
not proportional to 1/n because the surroundings can-
not be regarded as a continuous medium. Secondly, some
prepolymer molecules in the system would not have a
simple shape of a particle but the structure of a linked
particle. For MQ resins prepared from sodium silicate,
29Si NMR, high resolution TEM, and molecular model-
ing data were reported which propose the resin struc-
ture to be interconnected Q20 polyhedral building
blocks.?* This is consistent with our GPC pattern
consisting of several dispersed peaks. Bulk viscosity for
the prepolymers shows a large value for the presence of
such linked particles, and thus does not reflect the
microviscosity around perylene molecules.

Figure 6 shows temperature dependence of D, of
perylene in uncured and cured MQ resins as well as in
PMMA. With decreasing temperature, D, in the uncured
prepolymer mixtures shows continuous drastic decrease.

Polym. J., Vol. 32, No. I, 2000



Fluorescence Study on an MQ-Type Resin

109 T T T T A
A
A
108 o 8
- o o © N [ J
P A O
< 0D g g a 4
(a] A L o
° o
wf o ©° ©
A
x ® x X X
A
108 1 1 1 1
50 100 150 200 250 300
) Temperature/K

Figure 6. Rotational diffusion coefficient, D,, of perylene in each
matrix against temperature: (@) uncured prepolymer mixture I; (A)
uncured prepolymer mixture 2; (O) cured MQ 60; ([1) cured MQ 100;
(A) cured MQ 120; (©) cured MQ 150; (x) PMMA.

D, in the cured MQ resins are smaller than those in the
uncured prepolymer mixtures at 300 K and show only a
slight decrease with decreasing temperature. Therefore,
D, for perylene in the cured MQ resins becomes larger
than in uncured prepolymer mixtures at low temperatures
below 125K. These results would be explained as fol-
lows: Change in packing and the dense aggregation of
the nanoparticles in the uncured prepolymer mixtures
around perylene molecules and gradual restriction on
thermal fluctuation of flexible siloxane chains with
decreasing temperature prevent perylene from rotating
freely in the range of nano-second lifetime of the excited
state of perylene. The change in packing and the dense
aggregation of the nanoparticles is a continuous phe-
nomenon in the temperature range 90—300K, which
causes the continuous rapid decrease in D, for the
uncured prepolymer mixtures with decreasing tempera-
ture. Hydrosilylation curing reactions link the nano-
particles, fix the spatial positions of nanoparticles, and
prevent change in packing conformation and aggregation
during cooling for the cured MQ resins. As a result,
larger local space around perylene is retained even at
90K in the cured MQ resins than in the uncured pre-
polymer mixtures.

In PMMA, D, is much smaller than in the cured MQ
resin system and is independent of temperature. Itagaki
et al. discuss the fluorescence anisotropy ratio of
anthracene and pyrene in PMMA at room temperature
and at 77K.3* They report the same values at room
temperature and 77 K for both chromophore cases. Our
results of perylene in PMMA agree well with their study.
That is, rotation of various organic dyes is considerably
restricted even at room temperature in PMMA. The
difference in D, between the cured MQ resins and PMMA
would be attributed to the effects of flexibility of the
siloxane Si—O-Si chains.

Comparison with the Results of Photoisomerization of
Azobenzene
We investigated the local free volume and thermal
fluctuation in MQ resins using trans-to-cis photo-
isomerization of azobenzene in our previous study.'® The
final cis fraction in the photoisomerization at 4K cor-
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responds to the amount of the local site whose intrinsic
size is larger than the critical size for photoisomerization
of azobenzene. At higher temperatures than 4 K the effect
of local relaxation of the matrix is added to the intrinsic
size of the local site, which appears as fluctuation of size
affecting the photoisomerization behavior of the doped
dye.?>3% The final cis fraction of azobenzene in the
uncured prepolymer mixture was about 80% at 300K
to 20K. In the cured MQ resin the final cis fraction
decreased gradually from 300K to 20K. At 4K the
reverse was observed where the final cis fraction in the
uncured prepolymer mixture markedly decreased to
10% which is smaller than 22% in cured MQ 120.

In the present fluorescence study, change in the packing
of nanoparticles in uncured prepolymer is proven to be
continuous from 300K to 90K for the first time, which
was not noted in our previous azobenzene study. The
inversion of D, between uncured prepolymer and cured
MQ resins at 125 K in the fluorescence study corresponds
to that of final cis fraction at 4 K in the photoisomeriza-
tion of azobenzene. The suggestion that hydrosilylation
curing reactions fix spatial position of the nanoparticles
by linking them resulting in keeping larger local space
around probe molecules at low temperatures holds for
both the present fluorescence and previous photo-
isomerization results.

The excited-state lifetime of perylene is in the order
of nanoseconds, while that of azobenzene, picoseconds
in solution.?” Though the time for fluorescence de-
polarization of perylene is larger than that for photo-
isomerization of azobenzene, the inversion appears at
125K in fluorescence study while at 4K in the photo-
isomerization study. There are two possible explana-
tion for this difference. The first is “‘accumulation effect
in the case of photochemical reaction”. Once frans-
to-cis photoisomerization of azobenzene occurs, the
generated cis-azobenzene accumulates during the ex-
periments (an hour) because of redistribution in con-
formation of polymer chains and resulting generation
of photoisomerizable sites with enough local size,** while
the result of rotation of perylene is not accumulated. The
second is ‘difference in sweep volume”. Sweep vol-
ume?®3? is required van der Waals volume swept out by
moving phenyl group in photoisomerization of azo-
benzene and rotating perylene molecules in fluores-
cence depolarization. The size of a local site where dye
molecules exist affects the photoisomerization or fluo-
rescence depolarization. This size includes intrinsic size
and effects of thermal fluctuation arising from local re-
laxation of the chains within the lifetime of the excited
state of the probe. The sweep volume for photoisomeriza-
tion of azobenzene may be smaller than that for the
rotation of perylene.

CONCLUSION

We investigated the local structure and dynamics of
the MQ resin system from the results of the rotational
diffusion coefficient, D,, of perylene, and compared them
with the results of final cis fraction of trams-to-cis
photoisomerization of azobenzene at various tempera-
tures. In the uncured prepolymer, possibly an assembly
of nanometer-scale particles, perylene rotates with the
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equivalent value of D, to that in C,;¢H;, at room
temperature. The rapid decrease in D, for the uncured
prepolymer with decreasing temperature indicates that
dense packing and aggregation of the prepolymer
nanoparticles restrict the local mobility of perylene
continuously from 300K to 90K. D, in the cured MQ
resins is almost independent of temperature. Perylene
rotates more easily in the cured MQ resin than uncur-
ed prepolymer at 90K contrary to the case at room
temperature. These results suggest that hydrosilylation
cure reaction fixes the spatial position of nanoparticles
and retains the local space around perylene even at low
temperature.
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