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ABSTRACT: The kinetics of binary blends of poly(ethylene
oxide)-block-poly(n-butyl methacrylate-random-propargyl meth-
acrylate) (PEO-b-P(nBMA-r-PgMA)) diblock copolymer and
Rhodamine B azide was investigated during a disorder-to-order
transition induced by alkyne/azide click reaction. The change in

the domain spacing and conversion of reactants as a function of

annealing time were investigated by in situ small-angle X-ray
scattering (SAXS) and infrared spectroscopy (IR), suggesting
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several kinetic processes with different time scales during thermal annealing. While a higher conversion can be realized by extending the
annealing time, the microphase-separated morphology is independent of the annealing conditions, as long as both the reagents and final

products have enough mobility.

B INTRODUCTION

Diblock copolymers (BCPs), consisting of two chemically
different chains that are covalently linked at one end, self-
assemble into ordered morphologies with feature sizes that are
commensurate with the size of the polymer chains and, hence, in
the 10—100 nm size scale. The phase behavior of linear, flexible
BCPs is dictated by the volume fraction of one block (¢) and the
product of yN, where y is Flory—Huggins segmental parameter,
describing the interaction between the two blocks and N is the
total degree of polymerization. At low %N, the BCP is in the
phase-mixed state, and as N increases, it undergoes a disorder-
to-order transition (DOT); that is, it microphase separates into
ordered arrays of lamellar, hexagonally packed cylindrical, or
body-centered cubic spherical microdomains or into a bicontin-
uous gyroid morphology, determined by the volume fraction of
each component.'~* Therefore, microphase-separated morphol-
ogies are emerging as versatile templates and scaffolds for the
fabrication of nanostructured materials.> "

One current challenge in developing BCP templates is to
generate smaller feature sizes, which enable fabrication of
nanostructured materials with higher areal densities. To achieve
the highest areal densities, the size scale and pitch of the feature
and, hence, the total degree of polymerization must be decreased
since, in the strong segregation regime, the pitch of BCP
microdomain morphology, D, is governed by the relationship
D ~ N*3y/13* However, as N decreases, the value of N also
decreases and the BCP may disorder; consequently, ) needs to
be increased. In fact, the smallest domain size that can be reached
is dictated by the magnitude of . For instance, polystyrene-block-
poly(methyl methacrylate) (PS--PMMA), an ideal material to
generate nanoporous templates," ~'* has relatively weak nonfavorable

v ACS Publications ©2011 American chemical Society

4269

interaction between the PS and PMMA segments, making it difficult
to achieve structures with feature sizes <13 nm.">'®

Recently, it has been suggested that j values of BCPs can be
significantly increased by incorporating additives that selectively
associate with one block via specific interactions such as metal ion
coordination'”?* and hydrogen bonding.**~** Because of the
existence of specific interactions, a binary blend of the BCP with
additives will behave like a typical BCP, only with a substantially
increased value of ). For example, Wang et al. reported that
microphase separation can be induced by the addition of lithium
salts to a phase mixed PS-b-PMMA BCP.”” They confirmed that
lithium ions could selectively coordinate with the PMMA block,
which led to an increase in ) between the two blocks.*® Tirumala
et al. have also reported that a DOT of poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-
PEO) triblock copolymer was induced by blending with a
poly(acrylic acid) (PAA) homopolymer. PAA can selectively
hydrogen bond with the PEO block, and the nonfavorable
interaction between PPO and complexed PEO is much stronger
than the interaction between PEO and PPO. As a result,
microphase separation of the triblock cogolymer was achieved
with its domain size as small as § nm.***> Perhaps the smallest
domain size yet to be obtained by this route was achieved
by Park and co-workers using PS-b-PEO, where the PEO was
complexed with gold salt and domains as small as 3 nm were
obtained.®'

Previously, we have reported a novel strategy to increase the
values using alkyne/azide click reaction,® i.e., the reaction between
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Scheme 1. Click Reaction between PEO-b-P(nBMA-r-
PgMA) BCP and Rhodamine B Azide
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terminal alkynes and azides to form 1,2,3-triazole linkages.“735 A

poly(ethylene oxide)-block-poly(n-butyl methacrylate-random-
propargyl methacrylate) (PEO-b-P(nBMA--PgMA)) BCP was
synthesized, and the neat BCP was found to be in a phase-mixed
state. It was then blended with an azide compound Rhodamine B
azide, annealed at elevated temperatures, and microphase separa-
tion was observed.*” The driving force for such a morphological
transition was the significant change in chemical structures due to
the click reaction during thermal annealing, which led to an
increase of the nonfavorable interaction between the two blocks
and thus microphase separation occurred (Scheme 1).%° In this
article, we have investigated the kinetics of the click reaction and
the corresponding evolution of the morphology.

B EXPERIMENTAL SECTION

Materials. PEO-b-P(nBMA-r-PgMA) BCP and Rhodamine B azide
were synthesized as previously reported.>> The BCP had a molecular
weight of 19 kg/mol for the PEO block, 10 kg/mol for the P(nBMA-r-
PgMA) block, and a polydispersity index of 1.10. On average, each
polymer chain has 33 PgMA repeating units. A P(nBMA-r-PgMA)
random copolymer was synthesized using a similar polymerization
method (see Supporting Information for detailed procedures). All other
chemicals were purchased from commercial sources in highest purity
and used as received.

Sample Preparation. PEO-b-P(nBMA-r-PgMA) and Rhodamine
B azide were weighed separately according to a certain mole ratio
between the alkyne groups in the BCP and the azides, dissolved together
in dichloromethane, a good solvent for both components, and then
drop-cast onto the substrates. Samples for X-ray scattering characteriza-
tion, thermal analysis, and electron microscopy observation were pre-
pared by drop-casting a 5 wt % solution onto Kapton films. Samples for
IR spectroscopy and optical microscopy experiments were prepared by
drop-casting a 1.5 wt % solution onto KBr pellets and glass slides,
respectively. All the samples were dried under vacuum to remove
residual solvent before subsequent annealing or measurements.

Instrumentation. Gel permeation chromatography (GPC) was
measured in tetrahydrofuran (THF) relative to poly(methyl
methacrylate) standards (Scientific Polymer Products) on a system
equipped with a three-column set (Polymer Laboratories 300 X 7.5 mm;
S um; 105,10 % and 10 %A pore sizes) and a refractive index detector
(HP 1047A) at room temperature with a flow rate of 1 mL/min. Proton
nuclear magnetic resonance ("H NMR) spectra were recorded on
DPX400 spectrometer in CDCl5.

Differential scanning calorimetry (DSC) experiments were per-
formed using a TA Instruments Q200 instrument under He purge

(25 mL/min). About S mg of sample was sealed in an aluminum
hermetic pan and cycled at 10 °C/min between —100 and 150 °C. Data
from the third heating/cooling cycle were used for analysis to minimize
the effects of thermal history. Thermal gravimetric analysis (TGA)
experiments were performed under a N, atmosphere at a heating rate
of 10 °C/min.

Fourier transform infrared (FT-IR) spectra were recorded on a
Bruker Tensor 27 FT-IR spectrometer by coadding 32 scans in the
standard wavenumber range of 400—4000 cm ' at a resolution of
4 cm ™. For in situ measurements, the samples were heated under a N,
atmosphere, and the temperatures were controlled using a home-built
hot stage.

Two-dimensional small-angle X-ray scattering (SAXS) experiments
were preformed at beamline X27C, National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (BNL). The wavelength of
incident X-ray was 0.1371 nm. The sample-to-detector distance was
1816.6 mm. Scattering signals were collected by a marCCD detector,
and typical exposure time was 30—90 s. For temperature-dependent
experiments, the samples were mounted onto an Instec HCS410 hot
stage equipped with liquid-nitrogen cooling and nitrogen gas purging
accessories. Two-dimensional wide-angle X-ray scattering (WAXS)
experiments were performed at Materials Research Science and En-
gineering Center (MRSEC) at University of Massachusetts, Amherst,
using a WAXS instrument with a three-pinhole collimation system and
an Osmic MaxFlux X-ray source (Cu Ko, 0.154 nm). The sample-to-
detector distance was 139.0 mm. All WAXS experiments were per-
formed under vacuum at room temperature. Scattering signals were first
collected using a Fuji image plate and then transferred into digital images
using a Fuji BAS-2500 scanner, with typical exposure time between 60
and 90 min. All SAXS and WAXS data presented here are raw data
without background subtraction and empty cell scattering calibration.
One-dimensional SAXS and WAXS profiles were obtained by integra-
tion of corresponding two-dimensional scattering patterns.

Polarized and fluorescence optical micrographs were imaged using an
Olympus model BX60 microscope with a 10X objective in bright field
mode and with excitation at ~450 nm and emission at ~560 nm,
respectively.

To observe the microstructures by transmission electron micro-
scopy (TEM), the blend samples were embedded into an epoxy resin
and cured at room temperature for 24 h. Ultrathin sections with
thicknesses of 50—70 nm were obtained by cryo-microtomy (Leica
Ultracut) using a diamond knife at —60 °C to ensure that no alteration
of the morphology took place during cutting. To enhance contrast, the
TEM samples were stained by exposure to the vapor of 4 wt % OsO,
aqueous solution for 1 h. The double bonds in the triazole group
formed by click reaction were selectively stained with OsO,4 and
appeared dark. Bright field TEM measurements were performed with
aJEOL 200CX electron microscope operated at an accelerating voltage
of 200 kV.

B RESULTS AND DISCUSSION

Morphology Evolution during Click Reaction. Previously,
we performed a control experiment using Rhodamine B (no
azido functionality) and no microphase separation was observed,
indicating that the DOT is due to the click reaction rather than
other types of specific interaction.*” In most previous reports on
binary blends of BCPs and specific-interacting additives, the
samples were prepared by dissolving the two components in their
cosolvents, and specific interactions were formed before subse-
quent annealing. Here, the alkyne and azide groups do not react
with each other until they are heated to elevated temperatures.
Therefore, it is crucial to understand the morphological transition
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from the disordered state to microphase separation state during
thermal annealing. In situ SAXS experiments were then performed
to provide a real-time observation of the changes in morphology as
a function of time and temperature.

DSC traces of the neat PEO-b-P(nBMA-r-PgMA) BCP ex-
hibited an endothermic peak at 50 °C during heating and an
exothermic peak at 15 °C during cooling (Figure S1), suggesting
crystal melting and recrystallization. The glass transition of the
BCP was not detected. WAXS profile of the neat BCP (Figure 1a)
revealed four discrete diffraction peaks with positions at g = 13.6,
16.6, 18.5, and 19.0 nm ™, corresponding to d-spacings of 0.462,
0.379, 0.340, and 0.331 nm, respectively. These peak positions are
in good agreement with the 120, 032, 224, and 024 reflections of
PEO homopolymer.*” Polarized optical microscopy images of
both the as-cast and thermally annealed samples showed a
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Figure 1. WAXS profiles of (a) neat PEO-b-P(nBMA-r-PgMA) BCP
annealed at 130 °C for 12 h; (b) binary blend of PEO-b-P(nBMA-r-
PgMA) and Rhodamine B at a mole ratio of 1:1 between the alkyne and
azide groups, drop-cast from S wt % solution in dichloromethane; (c)
the same blend sample as in (b) after annealing at 110 °C for 12 h.

spherulitic morphology (Figure S2). These results suggest that
the PEO block in the BCP crystallized and the crystal structure was
not affected by the incorporation of P(nBMA--PgMA) block.
Therefore, the temperature for annealing has to be above the
melting point of PEO block. Since the TGA analysis of Rhodamine
B azide (Figure S3) shows a weight loss beginning at 150 °C, an
annealing temperature was chosen not to exceed 150 °C to
prevent thermal degradation of the azide.

We first investigated the morphological evolution at 110 °C,
since we observed the DOT induced by the alkyne/azide click
reaction previously at this temperature.’” The BCP was blended
with Rhodamine B azide at a mole ratio of 1:1 between the alkyne
groups and azide groups, to be consistent with previous condi-
tions. The blend was then heated, and scattering profiles were
collected during the annealing process. Figure 2a shows the
SAXS profiles at different annealing times. The as-cast sample
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Figure 3. SAXS profiles of binary blends of PEO-b-P(nBMA-r-PgMA)
and Rhodamine B azide anneald at 110 °C for 12h (), 24 h (O), and 36
h (A) and at 130 °C for 48 h (V). The mole ratio between the alkyne
groups and azide groups was 1:1.
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Figure 2. In situ SAXS profiles of binary blends of PEO-b-P(nBMA-r-PgMA) and Rhodamine B azide at 110 (a), 90 (b), and 70 °C (c). The mole ratio

between the alkyne groups and azide groups was 1:1.
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Figure 4. Domain spacing of binary blends of PEO-b-P(nBMA-r-
PgMA) and Rhodamine B azide, after annealing at 110 (O, W), 130
(left-pointing A), 150 (right-pointing &), 90 (x), and 70 °C (O). The
mole ratio between the alkyne groups and azide groups was 1:1. Open
symbols correspond to data from in situ measurements, and solid
symbols correspond to data measured from individual samples at
different annealing conditions.

Figure S. Cross-sectional TEM image of a binary blend of PEO-b-
P(nBMA-r-PgMA) and Rhodamine B azide after annealing at 110 °C for
36 h. The mole ratio between the alkyne groups and azide groups
was 1:1.

exhibited a broad peak at ¢ ~ 0.28 nm ™', which is due to the
crystalline lamellae of the PEO block. After the sample was
heated to 110 °C, the initial broad peak disappeared, and a new
peak emerged at g = 0.21 nm ™. As the annealing time increased,
the peak position shifted slightly to 0.19 nm ™", corresponding to
a domain spacing of 33 nm, and remained constant. After
annealing at 110 °C for ~20 min, another peak was observed
at0.38 nm . Since the position of the second peak is twice of the
q value of the first-order peak, we conclude that a lamellar
morphology is present, in good agreement with our previous
observations. Parts b and ¢ of Figure 2 show the in situ SAXS
profiles of the blend when annealed at 90 and 70 °C, respectively.
Similarly, microphase separation was observed shortly after the
sample was heated to the targeted temperatures. We also
investigated samples annealed at different temperatures for

100 pm

Figure 6. Polarized optical microscopy images (a, c) and fluorescence
optical microscopy image (b) of a binary blend of PEO-b-P(nBMA-r-
PgMA) and Rhodamine B azide before (a, b) and after (c) annealing at
110 °C for 12 h. The mole ratio between the alkyne groups and azide
groups was 1:1.

prolonged annealing times. As can be seen in Figures 3 and 4,
all the samples showed a lamellar morphology after thermal
annealing, with the domain spacing between 31 and 33 nm.
Therefore, we can conclude that the DOT induced by alkyne/
azide click chemistry has fast kinetics with no obvious inter-
mediate state. The morphology after the click reaction is
independent of the annealing temperature and annealing time.
Microphase separation induced by the click reaction was also
confirmed by cross-section TEM, as shown in Figure 5. The
triazole group formed by the click reaction was selectively stained
with OsO,4 and appeared dark.
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Figure 7. In situ FT-IR spectra profiles of a binary blend of PEO-b-
P(nBMA-r-PgMA) and Rhodamine B azide at 110 °C. The mole ratio
between the alkyne groups and azide groups was 1:1.

Since the BCP and the azide do not react with each other at
room temperature, it is important to investigate the morphology in
as-cast blend samples. If the BCP phase separates from the azide,
the interface may affect the reactivity and kinetics of the click
reaction. Figure 6a shows the polarized optical microscopy image
of the as-cast sample showing spherulitic structures. WAXS
profiles of the as-cast blend sample (Figure 1b) revealed sharp
reflections with peak positions identical to the neat BCP, suggest-
ing that the crystals observed are only from the PEO block and the
Rhodamine B azide neither crystallizes by itself nor co-crystallizes
with PEO. Since Rhodamine B azide has fluorescence activity, the
sample was also examined by fluorescence optical microscopy, and
a uniform distribution of fluorescence intensity was observed
(Figure 6b), indicating no aggregation of the azide at the micro-
meter scale. On the basis of these observations, we can conclude
that, upon casting, Rhodamine B azide was incorporated into the
amorphous region between the PEO crystal lamellae, similar to the
morphology reported in blends of PEO and poly(methyl
methacrylate) (PMMA).***° After annealing at 110 °C for 12 h,
sharp reflections were seen in the WAXS profile (Figure 1c) with
peak positions the same as the neat diblock copolymer, suggesting
the crystallization of PEO in the modified BCP during cooling
without any change in crystal structure. Crystallization of the PEO
block after click reaction was also confirmed by DSC (Figure $4),
and the glass transition of P(nBMA-r-PgMA) block after click
reaction was not observed. No spherulites were observed after
thermal annealing (Figure 6c), and no change in microphase
separation morphology was found when the annealed sample was
heated above T, of PEO block (data not shown). These results
suggest that, after the click reaction, crystallization of PEQO is confined
within nanoscopic domains and cannot form spherulites.*”*°
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Figure 8. Conversion of the azide groups in the binary blends of PEO-b-
P(nBMA-r-PgMA) and Rhodamine B azide as a function of annealing
time at 110 (O), 130 (O), and 90 °C (A). The mole ratio between the
alkyne groups and azide groups was 1:1.

Kinetics Study of Click Reaction. Although alkyne/azide
click chemistry has been widely used, there are few reports on
the reaction kinetics and its effects on polymer properties.
Recently, Binauld et al. reported a kinetics study of solution-
based step growth polymerization of monomers with o,w-
dialkyne or diazido functionality. Conversion of the monomers
was monitored by "H NMR, and first-order kinetics was found
with an activation energy of 45 &= S kJ/ mol. " Sheng et al. used
thermal analysis methods to investigate similar “click” polymer-
ization catalyzed by Cu(I) salt without solvent.*” Wu and co-
workers studied the mechanism of Cu(I)-catalyzed alkyne/azide
click chemistry using real-time IR and suggested that the rate-
determining step was the transform of alkyne/azide complex to
1,2,3-triazole.*”

Previously, we confirmed the click reaction between the
alkyne-bearing BCP and Rhodamine B azide by FT-IR spectros-
copy, where the stretching vibration peak of azido groups at
2100 cm ™' disappeared after thermal annealing.*” Here we use
in situ FT-IR spectroscopy to further monitor the reaction
process. Figure 7 shows the IR spectra of a binary blend of the
BCP and Rhodamine B azide at different annealing times, where
the mole ratio between alkyne groups and azide groups was kept
at 1:1 and the annealing temperature was 110 °C. Itis clear that as
the annealing time increased, the absorbance of azido stretching
vibration peak decreased significantly, indicating the consump-
tion of azide group due to the click reaction. The conversion of
the azido group at different annealing time was calculated
according to the integration area of the azido group stretching
vibration peak:

conversion (%) = A(t)/A(0) (1)

where A(t) is the integration area of azido stretching vibration
peak at a certain annealing time and A(0) is the integration area
of the same peak before annealing. As shown in Figure 8, when
the blend was annealed at 110 °C, there was initially a sharp
increase in conversion up to ~2.5 h with conversion around 91%,
followed by a significant decrease in the slope and finally a plateau
region, indicating fast kinetics and high conversion. Similar
reaction kinetics were reported in a recent study on thermal
click reaction of Q-azide-w-alkyne dianhydrohexitol, which
showed that the compound could undergo step growth polym-
erization and monomers could be consumed in a short period of
time (3—6 h) at moderate temperatures.** Katritzky et al. also
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Figure 9. DSC traces of (a) the neat P(nBMA-r-PgMA) random
copolymer and (b) a binary blend of the copolymer and Rhodamine
B azide at 1:1 mole ratio between the alkyne and azide groups, after
annealing at 110 °C for 12 h.

studied the click reaction of alkyne and azide end-capped polyols
in the absence of solvent and Cu(I) catalyst and reported good
kinetics and conversion for most reactions between room
temperature and 80 °C.* Our results also suggested that without
solvent and catalyst the alkyne/azide click reaction can still
exhibit a fast reaction rate and high conversion.

We also studied reaction kinetics at 90 and 130 °C. The
conversion of the azide groups at different annealing temperature
was also calculated using eq 1 and plotted in Figure 8. It can be
seen that when the blend was annealed at 130 °C, a more rapid
consumption of azides was observed, but the final conversion was
similar. When the reaction temperature was decreased to 90 °C,
the reaction was much slower, and after 6 h only a 63%
conversion was achieved. Recently, a study on the “click” step
growth polymerization suggested that once the glass transition
temperature of the growing polymer was above the reaction
temperature, the system became glassy and further chain growth
was significantly suppressed,** which is similar to our observa-
tions. However, DSC analysis of annealed sample (Figure S4)
showed only the characteristic thermal properties of PEO block.
Since the melting point of the PEO block after the click reaction
was ~60 °C, it should be completely molten at 90 °C and thus
would not suppress the reaction. To assess the change in the
thermal properties of the P(nBMA-r-PgMA) block after the click
reaction, a P(nBMA--PgMA) random copolymer was synthe-
sized. On the basis of "H NMR and GPC characterizations, the
random copolymer has a number-average molecular weight of 18 kg/
mol and a polydispersity index of 1.37. On average, each polymer
chain has 64 nBMA repeating units and 72 PgMA repeating units,
and the ratio between the two comonomers is close to that in the
BCP. Figure 9 shows the DSC traces of the neat random
copolymer and the copolymer after the reaction with Rhodamine
B azide. It is clear that the neat copolymer has a glass transition of
~55 °C. However, after the click reaction, the glass transition
temperature increased to ~95 °C. This difference may be due to
the reduction of chain mobility after the attachment of bulky
Rhodamine B groups. Therefore, we can conclude that at the
reaction temperature of 90 °C the modified P(nBMA--PgMA)
block vitrifies and impedes the reaction of the remaining BCP
and azides, thus limiting the conversion. In addition, since
the T, of P(nBMA-r-PgMA) block after click reaction is much
higher than the melting point of the PEO block, crystallization of

PEO is confined within the glassy P(nBMA-r-PgMA) micro-
domains and will not disrupt the microphase-separated morphol-
ogy, which is in agreement with previous observations.>”***¢4”

On the basis of the in situ observations, we can describe the
kinetic properties of the DOT induced by click reaction. As the
blend is heated to elevated temperatures, some polymer chains
can overcome the energy barrier and react with the surrounding
azide compounds. The reaction proceeds more in a “statistical”
way than in a “step-growth” way; that is, the alkyne groups in one
polymer chain can be fully coupled with the azides very rapidly.
The modified BCP chain will then undergo microphase separa-
tion, which is also a rapid process. This would explain the result
that, while it takes a few hours for the azides to be completely
consumed, microphase separation can be observed very early
during thermal annealing, and the domain spacing does not
change as the annealing time increases. To better understand the
kinetics of the click reaction, we performed TEM measurements
on a blend sample with short annealing time (~2 h at 110 °C)
and thus incomplete consumption of the azides. As can be seen
from Figure SS, both phase-separated regions and phase-mixed
regions can be observed, which further confirms the kinetics
properties. In addition, we attempted to blend the BCP with very
small amount of azide, and after thermal annealing, microphase
separation was not observed (data not shown). A possible reason
is that when only a small amount of alkyne groups are coupled
with the azide, the overall segmental interactions are still favor-
able. This further suggests that the click reaction does not
proceed in a step-growth manner. The microphase separation
is also independent of annealing temperature. However, both the
reagents and the final products need to have sufficient mobility to
achieve a good conversion. In addition, although the azide is
miscible with the BCP in the as-cast samples, macrophase
separation must be considered when other azide compounds
are used.

B CONCLUSION

The kinetics of the DOT of BCPs induced by alkyne/azide
click chemistry has been investigated. The alkyne-bearing BCP
and Rhodamine azide are miscible in the as-cast state, and the
azide is incorporated into the amorphous regions between PEO
crystal lamellae. In situ time-resolved SAXS and IR spectroscopy
suggest that the BCP has high reactivity and the fast reaction rate
with the azide compound at elevated temperatures. Microphase
separation can appear in the early stage of thermal annealing, and
the morphology is independent of the annealing conditions.
These results indicate fast kinetics of both the coupling between a
single polymer chain and the azides and the subsequent micro-
phase separation of the modified BCP, while it takes much longer
time for all the BCPs and azides to react with each other. In
addition, the annealing temperature does not affect the morphol-
ogy after the click reaction, but it has to be above the glass
transition temperature and melting point of both reagents and
final products to achieve a fast reaction rate and high conversion.

B ASSOCIATED CONTENT

© Supporting Information. Synthetic procedures for the
preparation of the P(nBMA-r-PgMA) random copolymer; DSC
traces of the neat diblock copolymer and annealed blend
samples; polarized optical microscopy images of the neat diblock
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copolymer; TGA analysis of Rhodamine B azide. This material is
available free of charge via the Internet at http://pubs.acs.org.
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