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ABSTRACT: Here we report a study of molecular dynamics of (1) four different poly(propylene oxide)/poly
(ethylene oxide) (PPO/PEO) copolymers, two amorphous and two semicrystalline, and (2) the product of the
chemical reaction between these copolymers and a multifunctional polyhedral oligomeric silsesquioxane
(POSS). We refer to the latter group of compounds as “PEGylated POSS”. Experimental results were
generated using broadband dielectric relaxation spectroscopy (DRS) and dynamic mechanical spectroscopy
(DMS) over a wide range of frequencies and temperatures. Amorphous copolymers exhibit the segmental
process (a), the normal mode process (an), and two local processes (f and y), while semicrystalline
copolymers possess segmental (o) and two local relaxations (8 and y). The f process is a secondary relaxation
and the y process is due to the combination of the local motions in PPO and PEO blocks. PEGylated POSS
was synthesized by chemical reaction between the functional end groups on the PPO block (amine) and the
POSS side chain (epoxy). Dynamics of PEGylated POSS were investigated and contrasted with the dynamics
of the corresponding neat copolymers. Covalent bonding between POSS and copolymer slows down the
segmental and the normal mode process but does not affect the time scale of the 5 or the v process. A detailed
account of the effect of molecular weight, PPO/PEO mole ratio, copolymer morphology and covalent
bonding between POSS and copolymer on the molecular origin, temperature dependence, and spectral

characteristics of relaxation processes in copolymers and PEGylated POSS is provided.

Introduction

Nanoparticles play an important role in a wide variety of
applications that include fuel cells,! catalysts,2 coatings,3’4 and
lubricants.’ One particularly promising sector where nanoparti-
cles are projected to have a major impact is biomedicine.5™®
Nanoparticles can be used to deliver drugs and genes,” detect
proteins,'® probe the DNA structure,'' and make tissue scaf-
folds.'> Most nanoparticles used in biological and medicinal
fields are organic materials, such as liposomes'> ™' or polymeric
nanoparticles;'®~"? they are biocompatible, nontoxic, and biode-
gradable. There is, however, a considerable current research
interest in inorganic nanoparticles due to their low weight and
excellent mechanical, electrical and thermal properties.’~>* For
instance, carbon nanotubes (CNT) are used as biomedical
sensors.”* Exciting work on CNT sensors has been recently
reported by the Strano group.> >’ A sensor made of CNT with
attached DNA can be used to trace the cancer-causing toxin in
living cells by following the change in the fluorescent light signal
as a function of the sensor/DNA interactions inside the cell.

Most recently, there have been reports of the use of inorganic—
organic nanoparticles for biomedical applications. Examples of
such nanoparticles, which combine the advantages of organic and
inorganic materials, include a range of inorganic—organic hybrid
core/shell nanostructures.** ** Among inorganic—organic nano-
particles, the family of oligomeric polyhedral silsesquioxanes
(POSS) has received particular attention. POSS compounds
embody a truly hybrid architecture of an inner inorganic frame-
work made up of silicone and oxygen (SiO; s), externally covered
by organic substituents.>> *® POSS can be easily chemically
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functionalized and its derivatives can withstand a variety of harsh
thermal and chemical conditions.*”~*" The interest in the use of
silica-based materials in biomedicine stems from their chemical
inertness and biocompatibility,*'** however, there is a paucity of
data on POSS for the use in this field. In fact there is only one
reported study that has explored a possible use of POSS in drug
delivery.*

Nanoparticles used for biomedical purposes are often PEGy-
lated. The term PEGylation describes the modification of (mostly)
biological molecules by covalent conjugation with polyethylene
glycol (PEG), a nontoxic and nonimmunogenic polymer. PEGy-
lation improves drug solubility and stability, *** decreases
immunogenicity,”’” and reduces proteolysis.**** In addition,
PEGylation controls the transport properties of conjugates, such
as the retention time in blood and the renal excretion. Optimiza-
tion of the nanoparticles’ transportation characteristics requires
an understanding of their molecular motions and that places a
premium on the knowledge of molecular dynamics.

In this study, we attach poly(propylene oxide)/poly(ethylene
oxide), PPO/PEO, copolymers to POSS nanoparticles by chemi-
cal reaction between the functional end groups on the PPO block
(amine) and the POSS side chain (epoxy) in order to synthesize
PEGylated POSS. The acronyms PEG and PEO are used inter-
changeably and here we select to use PEO. The PPO/PEO
copolymers are employed for PEGylation for several reasons.
First, it is of interest to understand the effect of copolymer
composition on the dynamics of copolymers and PEGylated
POSS. Hydrophobic/hydrophilic character, morphology and
dynamics are all a function of copolymer composition.*® Second,
the presence of a PPO block in the copolymer enables one to
analyze the global chain motion by dielectric relaxation spectro-
scopy (DRS). This is because PPO contains type A dipoles,
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parallel to the polymer backbone, which relax via the normal
mode process (the o process), in addition to type B dipoles that
are contributed by the transverse dipole moment component and
which relax via the segmental process (the o process).”! ~>* The
presence of type A dipoles makes it possible to compare dielectric
and viscoelastic measurements.

The principal objective of this study is to elucidate the effect of
copolymer composition (by varying molecular weight and PPO/
PEO mole ratio) on the dynamics of copolymers and PEGylated
POSS. To the best of our knowledge, this study marks the first
time that POSS is PEGylated by PPO/PEO diblock copolymers
and studied by dielectric and dynamic mechanical spectroscopy.

Experimental Section

Materials. PPO/PEO Copolymers. Four PPO/PEO copo-
lymers (JEFFAMINE monoamine) were obtained from Hunts-
man (www.huntsman.com). These copolymers contain two
blocks; polypropylene oxide (PPO) end-functionalized with an
amine group and polyethylene oxide (PEO) with a methyl end
group (Figure 1). The characteristics of copolymers are sum-
marized in Table 1. Copolymers are described by their molecular
weight (in Da) followed by the letter “M” that stands for the
monoamine end group on the PPO block.

Multifunctional POSS. A multifunctional POSS monomer,
octaepoxycyclohexyldimethylsilyl—POSS (OC), with a hybrid
inorganic—organic three-dimensional structure and eight or-
ganic side chains end-functionalized with an epoxy group was
obtained from Hybrid Plastic (www.hybridplastics.com).
The dimension of the POSS cubic frame, shown in Figure 2, is
1.2—1.5 nm. OC was selected because the cyclohexyl ring in the
side chain promotes the formation of linear tether between the
epoxy group (on OC) and the primary amine group (on the PPO
block), while sterically hindering the secondary amine/epoxy
reaction.”> >’

PEGylated OC. OC and a copolymer were mixed in the
stoichiometric ratio (mole ratio 1:8) in toluene using a high-
speed stirrer. Toluene provides a good dispersion of OC in the
copolymer and is readily removed by evaporation. The primary
amine—epoxy reaction was conducted at 353 K. The sample
codes for PEGylated OC are listed in Table 2. The first two
letters describe the POSS (i.e., OC) and the third one, “M”,
indicates that the monoamine end-functionalized copolymer
has been covalently attached to OC. The number that completes
the code is the molecular weight of the copolymer in Da.

Techniques. Dielectric Relaxation Spectroscopy (DRS).
Our facility combines commercial and custom-made instru-
ments that include (1) a Novocontrol a high-resolution di-
electric analyzer (3 uHz to 10 MHz) and (2) a Hewlett-
Packard 4291B RF impedance analyzer (1 MHz to 1.8 GHz).
Both instruments are interfaced to computers and equipped
with heating/cooling controls, including the Novocool system
custom-modified for measurements over the frequency range
from 3 uHz to 1.8 GHz. In a DRS test, the sample is placed
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Figure 1. PPO/PEO copolymer architecture.
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between the stainless steel electrodes. The diameter of the electro-
des is 12 mm, and the sample thickness is 0.05 mm. Further details
of our DRS facility have been reported previously.*® %

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectroscopy was performed using a Nicolet Magna-IR system
750 spectrometer with spectral range from 15800 to 50 cm™ ' and
the Vectra interferometer with resolution better than 0.1 cm ™.
Near-infrared (NIR) data were obtained using a calcium fluor-
ide beam splitter, a white light source and a mercury—cad-
mium—tellurium (MCT) detector. The details of our use of this
technique are found elsewhere.®!

Differential Scanning Calorimetry (DSC). A TA Instrument
Co. modulated DSC Q2000 was used. The samples were placed
in sealed DSC pans and scanned at a heating or cooling rate of
10 K/min.

Analytical Ultracentrifugation (AUC). Sedimentation velo-
city tests were carried out on a Beckman Coulter Optima XL-I
analytical ultracentrifuge equipped with both absorbance
and interference optical detectors. The rotor speed was set at
40000 rpm, and the temperature was maintained at 298 K. The
tests were run after the pressure dropped below 5 umHg. The
sedimentation velocity data were analyzed using SEDFIT 92
software to obtain information on the molecular size. All
samples were tested at the concentration of 1 g/mL in water.
Further details about AUC testing are available elsewhere.®

Results and Discussion

This section is organized in three parts as follows. We first
recap the dynamics of the individual components, starting with
OC. This is followed by a discussion of the dynamics of PPO,
PEO and the PPO/PEO copolymers. Finally, we describe the
dynamics of PEGylated copolymers obtained by the chemical
reaction between the functional end groups on the PPO block
(amine) and OC (epoxy).

1. Octaepoxycyclohexyldimethylsilyl—POSS (OC). We
recently re7ported on the molecular dynamics of OC nano-
particles,””®* and hence our goal here is not to be compre-
hensive. Nonetheless, we will briefly summarize the DRS
findings that are relevant to this study. Neat OC is a solid at
room temperature, insoluble in water and with a melting
point at 398 K.

DRS is our principal tool in the study of dynamics. The
background on the dielectric properties of glass formers has
been well documented in books and key reviews.®"*%*%7 The
experimentally obtained dielectric spectra in this study were
deconvoluted using a sum of the well-known Havriliak—
Negami (HN) functional® form and the conductivity term:

n N

E0k ook [ O
E Eooff +——————| I 1
s (1 + (iw‘r/\,)a")b‘] (wsv) M

where @, and b; are the shape parameters that define the
breadth and the symmetry of the spectrum, respectively,
o s the conductivity parameter, €, is the vacuum permittivity
and 7, is the average relaxation time obtained from the
fits. The HN function simplifies to the Debye equation when
a = b = 1 and the Cole—Cole equation when b = 1.*

Table 1. PPO/PEO Copolymers Investigated

code PO/EO mol ratio MW (Da) RT appearance solubility (water %) degree of crystallinity (%) T, (K) T (K)
M600 9/1 600 liquid 0.1-1
M 1000 3/19 1000 waxy solid 67 301
M2005 29/6 2000 liquid 198
M2070 10/31 2000 semisolid 27 200 282
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Figure 2. Chemical structure of octaepoxycyclohexyldimethylsilyl—

POSS (OC).
Table 2. PEGylated OC Samples Investigated

RT solubility
code MW (Da) appearance (water %) T, (K) T, (K)
OCM600 6300 liquid <0.1
OCM1000 10000 liquid 100 295
OCM2005 18000 liquid <0.1 203
OCM2070 18000 liquid 100 204 270

OC shows two relaxation processes (0loc and Soc in the
order of increasing frequency at constant temperature) in the
frequency range between 107> and 10° Hz and in the
temperature range between 173 and 373 K. The aoc process
is due to the motions of side chains (eight functional chains
attached to the silicone and oxygen frame of POSS) and
the foc process originates from the end-group motions
(epoxy group on the cyclohexyl). The dielectric relaxation
strength decreases for the ogc process and increases for
the Boc process with increasing temperature. The tempera-
ture dependence of the average relaxation time, 7, for the
ooc process follows the Vogel—Fulcher—Tammann (VFT)
form:®!-¢4

e = new(7 o) @

The Arrhenius form describes the Soc process in OC.
2.PPO, PEO, and PPO/PEO Copolymers. We start with a
recap of the morphological and thermal characteristics of
PPO, PEO, and PPO/PEO copolymers. PPO can have
different end groups, such as hydroxyl or amine, and that
will have a small effect on its thermal properties. Neat PPO
with hydroxyl end groups is an amorphous polymer and its
glass transition temperature (7,) is 205 K for molecular
weight above 400 Da.”” PEO is a semicystalline polymer,
and its melting temperature increases from 324 to 337 K in
the molecular weight range from 1.5 x 10*t0 3.0 x 10° Da.”!
The T, of PEO increases with decreasing molecular weight.
For examg)le, the T, values of PEO with molecular weights of
40 x 10° Da and 2.0 x 10* Da are 251 and 235 K,
respectively.”” Four PPO/PEO copolymers are studied in
this work. M600 and M2005 are amorphous, while M 1000
and M2070 are semicrystalline. The DSC glass transition
temperatures (7,) for M2005 and M2070 are 198 and 200 K
respectively, while the glass transitions of M600 and M 1000
were not observed in the temperature range from 183 to
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473 K. The DSC melting points of M 1000 and M2070 are 301
and 282 K, respectively. The degree of crystallinity (X.)
of copolymers was calculated based on the enthalpy of
melting.””® The X, values for M1000 and M2070 were
found to be 67% and 27%, respectively. A summary of the
thermal characteristics of all copolymers is given in Table 1.

The dielectric response of the neat PPO and PEO has been
reported>'¥3%3%60 and a brief recap will suffice here. PPO
shows four dielectric relaxations in the order of increasing
frequency at constant temperature: the normal mode process
(an-ppo), the segmental process (appo) and two local pro-
cesses, fppo and yppo.7 An increase in molecular weight
slows down the normal mode process but does not affect the
segmental process. These two processes overlap for molecu-
lar weight below 2 kg/mol. The temperature dependence of
the relaxation time for the segmental (zs) and the normal
mode (ty) process is of the Vogel—Fulcher—Tammann
(VFT) type. The fppo process, a secondary relaxation, is
present below and above the glass transition temperature
(T,) and it gradually overlaps with the appo process with
increasing temperature above 7, g.75’76 The yppo process
reflects the local motions with the shortest time scale.”””®
The temperature dependence of the average relaxation time
for the fppo and the yppo process is Arrhenius-like.

PEO undergoes two dielectric relaxations, termed Opgo
and PBpgo, in the order of increasing frequency at constant
temperature.”® The appo process is due to the segmental
motions in the amorphous region of PEO. The temperature
dependence of the average relaxation time for the opgo
process is of the VFT form. The fpro process is due to the
local twisting motion in the main chain in the amorphous
regions and defective regions within the crystal phase.®>’”-"8
This is consistent with the observed local motions in semi-
crystalline polymers and single crystals.”® The temperature
dependence of the average relaxation time for the fpro
process is of the Arrhenius type. An earlier DMS study has
reported the presence of another process, termed Qc.pro,
assigned to chain twisting within the crystals.®* However,
this process is masked by high conductivity at low frequen-
cies and cannot be deconvoluted in the dielectric spectrum.

The extent to which the dynamics of neat PPO and PEO
are preserved in their block copolymers depends on the
molecular weight, the mole ratio of the two blocks and
morphology. In Figure 3, we show dielectric loss in the
frequency domain with temperature as a parameter for
M600 Figure 3A), M1000 (Figure 3B), M2005 Figure 3C)
and M2070 Figure 3D). In amorphous copolymers, M600
and M2005, we observe segmental () and normal mode (o)
relaxations. In semicrystalline copolymers, M1000 and
M2070, we observe one broad relaxation (the a process).
All copolymers have local relaxations (8 and ) at higher
frequency. As expected, all processes shift to higher
frequency with increasing temperature. However, the
dielectric spectra of the copolymers are not a weighted
combination of the spectra of neat homopolymers, but are
affected by the covalent bond between the PEO and PPO
blocks, the interactions between the blocks and the degree of
crystallinity.

Best fits of the loss spectra were obtained using the HN
functional form for the a process (in amorphous copoly-
mers) and the y process, and the CC functional form for the
o, the a (in semicrystalline copolymers) and the 3 process.
In the text that follows, we examine the effect of the
copolymer molecular weight and the PPO/PEO ratio (and
hence morphology) on three principal dynamics parameters:
(1) the average relaxation time; (2) the dielectric relaxation
strength; and (3) the shape of the relaxation spectrum.
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Figure 3. Dielectric loss in the frequency domain with temperature as a parameter for M600 (A), M 1000 (B), M2005 (C), and M2070 (D).

10000 100000 1000000

Temperature Dependence of the Average Relaxation Time.
In the composite plot of Figure 4, parts A and B, we present
the temperature dependence of the average relaxation time
for various processes in copolymers. The results for the neat
PPO and PEO are included for completion.”*”® M600 and
M2005 possess separate segmental and normal mode pro-
cesses. Previous studies have shown that separate segmental
and normal mode relaxations are not discernible in the neat
PPO with molecular weight below 2.0 x 10° Da.>”° To that
end, it is interesting to report that the two amorphous
copolymers, M2005 and M600, with the molecular weights
of the PPO blocks of 1660 and 540 Da, respectively, show
separate segmental and normal mode relaxation. The tem-
perature dependence of the average relaxation time is of the
VFT type for both oy and o relaxation. The normal mode
process_ m the copolymer scales with the PPO molecular
weight;*>" consequently, the time scale of the average
relaxation time (ryn) is longer in M2005 than in M600.
Furthermore, 7oy of M2005 is close to that of the neat PPO2k.
This is not surprising because the molecular weight of the
PPO block in M2005 of 1660 Da is close to 2000 Da. The time
scale of the segmental process in M2005 is one-half decade
faster than that of the neat PPO2k, as shown in Figure 4,
reflecting the lower glass transition temperature (7, = 198 K
for M2005 and 7, = 205 K for the neat PPO2k). The
segmental process in M600 is faster than in the neat
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PPO400 (T, = 196 K for the neat PPO400). For example,
the relaxatlon time of the segmental process in M600 at
233 K is about 1 decade shorter than in PPO400."° The glass
transmon temperature of PPO depends on 1ts molecular
weight”**® and the nature of the end groups.”®®! Hydrogen
bonding through end groups hinders chain motions and
contributes to a higher glass transition temperature.’®3!
Neat PPO2k and PPO400 are end-functionalized with hy-
droxyl groups, while M2005 and M600 have the primary
amine group at the end of the PPO block. It is possible that
the copolymers have a lower glass transition temperature
than the neat PPO due to weaker hydrogen bonding through
amine end groups.

Segmental motions in the amorphous regions of semicrys-
talline polymers above their glass transition temperature are
confined by the surrounding lamellar crystals.®>* *¢ As a
consequence of the presence of crystalline regions, the seg-
mental process in the amorphous phase deviates from that in
the wholly amorphous polymers. This is usually manifest
as follows:*>%7 (1) an increase in the average relaxation time;
(2) a decrease in the relaxation strength; (3) an increase in the
symmetry and breadth of the relaxation spectrum in com-
parison with the wholly amorphous sample. Semicrystalline
copolymers, M1000 and M2070, show the a process, due to
segmental relaxation within the amorphous phase. The
temperature dependence of the average relaxation time for
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Figure 4. Temperature dependence of the average relaxation time for
various relaxation processes A and B in M600, M 1000, M2005, and
M?2070. The data for neat PPO (dotted line) and PEO (dashed line) are
included for comparison.

the a process is of the VFT type. The molecular weights of
the PPO blocks in M1000 and M2070 are 175 and 625 Da,
respectively. The a process is slower in M 1000 than M2070
(e.g., 1.5 decade at 213 K), which can be attributed to the
higher degree of crystallinity and more pronounced restric-
tions to the mobility in the amorphous phase caused by the
lamellar crystals in the former copolymer. Similar ﬁndin%s
have been reported in other semicrystalline polymers.”8827%

All copolymers show the  and the y processes. The
temperature dependence of the average relaxation time for
these processes is Arrhenius-like. The 8 process gradually
merges with the segmental process as the temperature is
increased above T,. The S process is attributed to the
secondary relaxation of PPO block, since the activation
energy of the 8 process (55 kJ 4mol) is close to that of the
Brpo process in the neat PPO.”® The characteristics of the
Bprpro in PPO are dependent on the hydrogen bonding formed
by the end groups.”>*° The time scale of the B process in
copolymers is shorter than in the neat PPO (Bppo) due to the
weaker hydrogen bonding through the primary amine end
groups on the PPO block. As seen in Figure 4B, the time scale
of the y process in the copolymers falls between the time scale
of the vppo and the fpro process. The activation energy of
the y process in the copolymers (25 kJ/mol) is also between
that of the yppo and the Spgo process (16.8 and 37.8 kJ/mol,
respectively).””’® Therefore, it can be concluded that the
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Figure 5. Dielectric relaxation strength as a function of temperature for
various relaxations in M600, M 1000, M2005, and M2070.

Table 3. Dielectric Strength of Various Relaxation Processes in
PPO/PEO Copolymers at 183 and 213 K

materials an(213 K) a(213 K) B(183 K) y(183 K)
M600 0.33 4.40 notdiscernible 0.50
M1000 0.70 (o) 0.03 0.43
M2005 0.80 3.80 0.08 0.35
M2070 4.40 (o) 0.36 0.96

y process in the copolymers is generated by the combination
of the yppo and the fpro process.

Relaxation Strength. The relaxation strength (A¢) is an
important materials characteristic that is governed by the
chemical structure and molecular architecture. It is defined
asAe = ¢y — €., where &y and € ., represent the limiting low-
and high-frequency dielectric permittivity and is propor-
tional to the concentration of dipoles and the mean-squared
dipole moment per molecule.

The dielectric relaxation strength of the segmental (Aeg)
and the normal mode (Aey) process for M600 and M2005
obtained from data fits is shown as a function of temperature
in Figure 5. Aeg is seen to decrease with increasing tempera-
ture for both M600 and M2005, which is in agreement with
the previous studies on amorphous polymers.”* Agg is related
to the effective dipole moment (u.r) in the cooperatively
rearranging region (CRR).*° The size of the CRR increases
with decreasing temperature and causes Aeg to increase. The
dielectric relaxation strength of the normal mode process
(Aen) 1s a weak (decreasing) function of temyerature, which
is also in agreement with the literature,”%° though the
underlying physics remains incompletely understood. The
dielectric relaxation strength of the o process (Aes) is greater
in M2070 than M1000 due to the lower degree of crystal-
linity. Aeg for M2070 and M 1000 increases with increasing
temperature, as shown in Figure 5, which is in agreement
with the previous studies of segmental motions in the amor-
phous phase of crystalline polymers.”** The dielectric re-
laxation strength of the 5 (Aeg) and the y (Ag,) process for all
copolymers increases with increasing temperature. The di-
electric strength of various relaxation processes in PPO/PEO
copolymers at select temperatures is summarized in Table 3.

Relaxation Spectra. Relaxation spectra are described with
the HN parameters a and b that define the spectral breadth
and symmetry, respectively. The processes observed in the
four copolymers are thermodielectrically simple in the tem-
perature range of our DRS measurements and the para-
meters a and b extracted from the data are shown in Table 4.
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For the copolymers with the same morphological character-
istics (i.e., semicrystalline, M1000 and M2070, or amor-
phous, M600 and M2005), the difference in a is small and
in b none. Parameter a of the o process in semicrystalline
copolymers is lower than that of the o process in wholly
amorphous polymers.®* *® Lamellar crystals restrict the
available chain conformations in the amorphous phase and
that, in turn, causes the spectra to broaden and become
symmetric. Parameter b is equal to 1 for the a process.

For the f§ process, parameters a and b are 0.44 and 1.0 for
semicrystalline copolymers and 0.5 and 1.0 for amorphous
copolymers, respectivegy. The f3 process is symmetric, like the
Bppo in the neat PPO.”° Parameters a and b for the y process
remain the same in all copolymers, implying that these local
motions are not affected by the presence of lamellar crystals.

The results of dynamic mechanical spectroscopy (DMS)
are examined next. Figure 6 shows storage (G') and loss (G"')
modulus of M2005 in the frequency domain with tempera-
ture as a parameter. The results depict the time—temperature
superposed master curves constructed using the horizontal
shift factors. The average DMS relaxation time for the
segmental process was determined from 7g = 1/wna =
1/(27f1max) and is shown in Figure 4A. The average relaxation
time for the normal mode process was not calculated because
of the difficulties in deconvoluting normal mode relaxation
from the DMS spectra with sufficient level of confidence.
The time scale of the segmental process obtained from DRS
is in good agreement with the DMS result, as illustrated in
Figure 4A. The same phenomenon was observed in the neat
PPO.>° The DMS results for semicrystalline copolymers are
not reported because of high data scatter.

3. PEGylated OC. PEGylated OC, termed OCM, was
synthesized by covalently attaching the PPO/PEO copoly-
mers to the OC side chains by the chemical reaction between
the functional end groups, primary amine and epoxy. Only

Table 4. HN Parameters a and b for Various Relaxation Processes in
PPO/PEO Copolymers

materials an(a, b) o(a, b) p(a, b) y(a, b)
M600 0.90,1.0 0.73,0.50 not discernible 0.46,0.20
M1000 0.40, 1.0 (o) 0.44,1.0 0.46,0.20
M2005 0.94,1.0 0.75, 0.50 0.50,1.0 0.46,0.20
M2070 0.48,1.0 (o) 0.44,1.0 0.46,0.20
—~~
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Figure 6. Storage (G') and loss (G"') (inset) modulus of M2005 in the
frequency domain with temperature as a parameter.
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linear tethers form between the OC side chains and the
copolymer due to the steric hindrance introduced by the
cyclohexyl ring that impedes the secondary amine/epoxy
reaction.” >’ The reaction was conducted at 353 K and
its progress was monitored with near-infrared (NIR) spec-
troscopy. The absorption intensities of reactive groups
decrease during reaction and vanish in the fully reacted
OCM. In the mid-IR spectra, we observe a pronounced peak
at ~1100 cm™ ' due to the symmetric vibration of Si—O
groups in the POSS cage. The presence of this peak”*** in all
spectra indicates that the POSS cube structure remains
unperturbed by the reaction; a degraded cube structure has
been shown to result in a broader and asymmetric Si—O
peak.” 7 DSC results also show that copolymers and OC
remain stable at 373 K, well above the reaction temperature
of 353 K.

To identify the molecular weight of OCM, we employed
analytical ultracentrifugation (AUC), a powerful technique
for monitoring the size, molecular weight and dispersion of
particles in water. The solubility of OCM in water is deter-
mined by the copolymer composition. In this study, only
OCM1000 and OCM2070 are tested, because they are water-
soluble. We observe two types of aggregates along with the
single dispersed OCM2070 by the mass distribution over
molecular weight. The molecular weight of OCM2070 is
18570 Da and hence we estimate that the observed aggre-
gates with molecular weights around 168300 and 216200 Da
have the aggregate numbers of 9 and 11, respectively. Similar
phenomenon was observed for OCM 1000, where the two
aggregates have aggregate numbers of 6 and 9. Further study
of the mechanism of aggregation of the PEGylated POSS
was beyond the scope of this work but is warranted. Upon
PEGylation, all four OCM are liquid at room temperature.
The thermal properties of OCM are different from those of
the neat OC or the corresponding copolymers and are
summarized in Table 2. The exact value of the degree of
crystallinity (X;) for OCM 1000 and OCM?2070 is difficult to
determine because of the difficulty in obtaining the enthalpy
of melting for the 100% crystalline OC.

Dielectric loss in the frequency domain with temperature
as a parameter for OCM600, OCM 1000, OCM2005, and
OCM2070 is shown in Figure 7. OCM600 shows one broad
process at lower frequency, termed oy, and we see no
evidence of separate segmental and normal mode relaxation
as in M600. In OCM2005, however, we detect separate
segmental and normal mode processes. The a process is also
observed in OCM2070. Deconvolution of the a process in
OCM1000 is made difficult by the low relaxation strength
and hence we omit the analysis of this process. All OCM
exhibit local relaxations (8 and y). Dielectric loss spectra
were fitted to the HN functional form for the o process in
amorphous OCM and the y process, and to the CC func-
tional form for the ay, the o (in semicrystalline OCM), the
o and the B process. In the text below, we contrast the
dynamics of each OCM with the corresponding neat copo-
lymer in terms of the following parameters: the average
relaxation time, the dielectric relaxation strength and the
shape of the relaxation spectrum.. Temperature Depen-
dence of the Average Relaxation Time. We consider amor-
phous OCM first. The temperature dependence of the
average relaxation time for various processes in OCM600
and OCM2005 is illustrated in Figure 8. The data for the
corresponding neat copolymers (M600 and M2005) are
included for comparison. From Figure 8 we make two
observations: (1) the oy process in OCM600 has a longer
time scale than the normal mode process in M600, and
(2) segmental and normal mode relaxations in OCM2005
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Figure 8. Temperature dependence of the average relaxation time for
various relaxation processes in OCM600 and OCM2005. Results for
M600 and M2005 are included for comparison.

have a longer time scale than the corresponding processes in
M2005. The ay; process in OCM600 and OCM2005 origi-
nates in the motions of copolymer chains extended by the
covalently bonded OC side chains. The difference in the
dynamics of the neat copolymer and the PEGylated OC is
thus traced to the formation of a new chain formed by
covalent bonding of OC to the copolymer. The local process

in the neat OC originates from the end functional
group (epoxy) in the side chains®® and vanishes after PEGy-
lation. The average relaxation time of the § and the y process
in OCM600 and OCM?2005 does not differ appreciably from
the values for the corresponding copolymer, suggesting that
the time scales of those motions are not affected by the
covalent bonding between OC and the copolymer.

The temperature dependence of the average relaxation time
for the semicrystalline copolymers, OCM 1000 and OCM2070,
is illustrated in Figure 9. Data for the corresponding copoly-
mers are also included for comparison. The time scale of the o
process in OCM2070 is longer than in M2070. For example,
the a process in OCM2070 at 213K is shifted to lower
frequency by 2 decades in comparison with the same process
in M2070. The average relaxation time of the 5 and the
y process in OCM1000 and OCM?2070 lies in the same
frequency range as in the corresponding copolymer. We con-
clude that the PEGylated OC exhibits longer time scale of
segmental and normal mode relaxation in comparison with the
corresponding neat copolymer, while the time scale of the
p and the y process remains unaffected by PEGylation.

Dielectric Relaxation Strength. We first consider the tem-
perature dependence of the dielectric strength (Ae). In
OCMO600, Ae of the oy process decreases with increasing
temperature. In OCM2005 and OCM2070 all relaxation
processes follow the same temperature dependence as in
the neat copolymers.

It is also of interest is to compare Aein OCM and the neat
copolymer at a constant temperature. All relaxations (o, ay,
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Figure 9. Temperature dependence of the average relaxation time for
various relaxation processes in OCM 1000 and OCM2070. Results for
M 1000 and M2070 are included for comparison.

Table 5. Dielectric Strength of Various Relaxation Processes in
OCM at 183 and 213 K

materials an(213 K) a(213 K) p(183 K) y(183 K)
OCM600 4.30 (0ty) 0.02 0.40
OCM1000 0.02 0.29
OCM2005 0.69 3.50 0.07 0.32
OCM2070 3.06 (ar) 0.15 0.47
Table 6. HN Parameters a and b for Various Relaxation Processes in

OCM

materials oy (a, b) o (a, b) B(a, b) v(a, b)
OCM600 0.40, 1.0 (o) 0.50,1.0 0.46,0.20
OCM1000 - 0.44,1.0 0.46,0.20
OCM2005 0.68, 1.0 0.72,0.50 0.50,1.0 0.46,0.20
OCM2070 0.32, 1.0 (o) 0.44,1.0 0.46,0.20

pand y) in OCM2005 and OCM2070 exhibit lower Ae than the
corresponding copolymer; however, further investigation is
needed to clarify the underlying mechanism for each process
Examples of Ae values for segmental and chain motions at 213
K and local motions at 183 K are illustrated in Table 5.

Relaxation Spectra. All processes in OCM are thermo-
dielectrically simple and their HN parameters a and b are
listed in Table 6. The ays process in OCM600 is symmetric
and broader than either the segmental or the normal mode
process in M600. Parameter a of the segmental and the
normal mode process in OCM?2005 is lower than in M2005,
while parameter b is constant. The same trend for the o
process was observed in OCM2070. The observed spectral
broadening in OCM implies a wider distribution in the time
scale of relaxation and suggests that the covalent bonding
between OC and the copolymer restricts chain mobility.
Parameters a and b for the  and the y process in OCM do
not differ from those in the neat copolymers.

The results of dynamic mechanical spectroscopy (DMS)
are described next. Storage and loss (inset) modulus in the
frequency domain for M600, M2005, OCM600, and
OCM2005 at 203 K are shown in Figure 10. Data were
shifted with respect to the reference curve at 203 K. An
increase in the time scale of the segmental and the normal
mode process in OCM in comparison with the corresponding
neat copolymer is observed and that finding parallels the
DRS results. The observed increase in G’ and G” of OCM is
due to the incorporation of the rigid OC nanoparticles. In the
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Figure 10. Storage (G') and loss (G") (inset) modulus in the frequency

domain for M600, M2005, OCM600 and OCM2005 at 203 K. The
curves were shifted horizontally using data at 203 K as a reference.

terminal relaxation zone of M600 and M2005, the slope of
G’ vs wis 1.95 and 1.82, respectively. Upon PEGylation, the
slope decreases to 1.30 and 1.75, respectively. The decrease in
the slope signifies higher viscosity in OCM due to the
covalent bonding between the copolymer and OC. The 7,
was extracted directly from the data by averaging the low
shear rate values of #. Identical results were obtained by
calculating the zero-shear viscosity from 7y = im{G"(w)/w}
as w — 0. For example, the value of 7, at 273 K for M600,
M2005, OCM2005 and OCM600 is 0.1 Pa-s, 1.0 Pa-s,
3.8 Pa:sand 5.7 Pa-s, respectively. OCM600 has the highest
viscosity due to the highest weight percentage of OC. A direct
comparison of DRS and DMS results reveals an excellent
agreement between the time scales of the segmental process
obtained by those two techniques.

Conclusions

We have completed an investigation of the dynamics of four
PPO/PEO copolymers and PEGylated POSS using dielectric re-
laxation spectroscopy and dynamic mechanical spectroscopy. The
effects of the copolymer molecular composition and morphology,
PEGylation and temperature on the dynamics of those systems were
evaluated and our principal conclusions are summarized below.

The segmental (a), the normal mode (), and two local
processes (5 and y) were observed in two amorphous copolymers
(M600 and M2005). This is interesting because previous studies
have shown that separate segmental and normal mode relaxa-
tions are not discernible in the neat PPO with molecular weight
below 2000 Da. The time scale of the normal mode process in
M600 is shorter than in M2005 due to the lower molecular weight
of the PPO block. The segmental process corresponds to the
“dielectric” glass transition temperature of the copolymer and
depends on the mole ratio of blocks and the nature of end groups.
With increasing temperature, the dielectric relaxation strength
decreases for the segmental process but increases for the normal
mode process. Semicrystalline copolymers, M1000 and M2070,
exhibit the o process and two local processes (S and y).
The presence of the o process is due to the segmental relaxation
within the amorphous phase between lamellar crystals. Higher
degree of crystallinity results in a lower dielectric strength, as
evidenced by comparing M 1000 with M2070. For all copolymers,
the  process is attributed to the secondary relaxation of PPO
block and the y process is generated by the combination of the
yppo and the Spgo process.
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PEGylated POSS, termed OCM, was synthesized by covalently
attaching PPO/PEO copolymer to the side chains of OC. The
molecular weight of OCM was identified by analytical ultracen-
trifugation (AUC). A single broad process (o) was observed for
OCM600. However, OCM2005 exhibits separate segmental and
normal mode relaxations with a longer time scale than in the neat
M2005. The a process in OCM2070 is also slower than in M2070
and we conclude that the covalent bonding between OC and
copolymer slows down the segmental and the normal mode
process in this new chain. All PEGylated OCs exhibit the same
time scale of the local motions (the f and y process).

The dynamics of amorphous copolymers and PEGylated
POSS were also studied by dynamic mechanical spectroscopy
(DMS). The observed increase in G' and G” of OCM compared
with the corresponding neat copolymer is due to the incorpora-
tion of rigid POSS nanoparticles. The decreasing slope of G’ vs @
in the terminal relaxation zone is the result of increased viscosity
after PEGylation. OCM600 shows highest viscosity due to the
highest weight percentage of POSS. A comparative analysis of
DRS and DMS data shows that the time scale of the segmental
process obtained from DRS and DMS is in excellent agreement.
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