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ABSTRACT The reactionof chlorine atomswith propene in a solid para-hydrogen
matrix has been studied using infrared spectroscopy. For the Cl atom addition
reaction, we find that the only observed isomer of the chloropropyl radical is the
2-chloropropyl and not the 1-chloropropyl radical, indicating that the addition of
the Cl atom to the carbon-carbon double bond of propene occurs primarily at the
central carbon atom. This is in sharp contrast to the generally acceptedmechanism
in organic chemistry and in gas-phase reactions in which the addition to the
terminal carbon atom is greatly favored. This unique selectivity is possibly due to
steric effects in solid para-hydrogen, in which the complex of Cl2 and propene are
positioned so that the reacting Cl atom is closer to the central versus the terminal
carbon atom of propene. Onemight be able to make use of this unique property to
perform selective chemistry.

SECTION Kinetics, Spectroscopy

I t has been suggested that the reactions of atomic chlorine
with alkenes (CnH2n) may play an important role in
various atmospheric processes, most notably in the

chemistry of the Arctic troposphere.1-3 These reactions have
been studied in the gas phase both experimentally4 and
theoretically.5-7 The two most significant initial processes
are the addition of a Cl atom to the carbon-carbon double
bond to form a chloroalkyl radical (CnH2nCl

•) or the abstrac-
tion of a hydrogen atom to form an alkyl radical (CnH2n-1

•)
and HCl; the branching ratio of these two reactions has been
observed to depend on alkene structure, pressure, and
temperature.4 The two radical products then react further to
give stable molecular products. On the basis of the resulting
product distributions, a general rule has been established for
the Cl atom addition reactions that the initial addition occurs
primarily at the terminal or less substituted carbon of the
alkene, giving rise to the radical product with lower energy;
however, this selectivity is not exclusive formost alkenes, and
addition at both sites is often observed.4

The simplest alkene in which the positional selectivity of
the Cl addition reaction can be determined is propene (C3H6

or CH3CHdCH2). The reaction of Cl atoms with propene has
been studied theoretically by Bra~na and Sordo using quantum
chemical methods in order to understand the energetics and
mechanismof thepossible reactionproducts.7 Theypredicted
that the addition of the Cl atom to either carbon of the CdC
bond is barrierless and exothermic and that both pathways
proceed through a Cl atom-propene complex (Cl-C3H6) on
the way to form the chloroalkyl radicals. The addition to the
terminal carbon to form the 1-chloropropyl radical (CH3-
CH•CH2Cl) is predicted to be slightly lower in energy than
the addition to the central carbon to form the 2-chloropropyl

radical (CH3CHClCH2
•) by 0.4 kJ/mol (see Figure 1 for

structures). Therefore, on the basis of the predicted relative
energies of the two addition pathways, quantum chemical
calculations suggest that there should be very little preference
for the addition of the Cl atom to the terminal versus the
central carbon atom. Lee and Rowland experimentally stud-
ied the addition reactions of Cl atoms with propene at 293 K
using thermal 38Cl atoms and a radical scavenger (HI) to
determine the site selectivity of these reactions.8 In these
experiments, the addition to the terminal carbon to form the
1-chloropropyl radical was found to be predominant over the
addition to the central carbon to form the 2-chloropropyl
radical with a ratio of 6.5-12.3 to 1, depending on the
concentration of the scavenger.

Given the prominent role of chloroalkyl radicals in the
mechanism of the reactions of chlorine atoms with alkenes,
direct evidence of the existence of these species is important.
Because of their short lifetimes under most conditions, no
reports have been published in the literature on the experi-
mental observation and spectral characterization of the chloro-
propyl radicals. In this regard, the matrix isolation infrared
(IR) absorption technique has proven to be a valuablemethod
to produce and spectrally characterize radicals and other
unstable species.9,10 The use of thematrix isolation technique
with conventional matrixes (typically Ar or Ne) to study the
reactions of Cl atoms with small molecules has been some-
what limited due to the cage effect in which the Cl atoms
produced by ultraviolet (UV) irradiation of Cl2 cannot escape
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the original matrix cage and therefore most of the products
observed involve the reaction of both Cl atoms.11,12 The use of
solid para-hydrogen (p-H2) as a matrix has generated con-
siderable interest in recent years13,14 because it is considered
as a quantum solid due to the fact that the amplitude of the
zero-point lattice vibrations is a large fraction of the lattice
spacing.15 Therefore, solid p-H2 is “softer” than noble gas
matrixes and this gives it several unique properties,16-18

particularly a diminished cage effect,19 which is relevant to
the study of radical reactions, such as those of chlorine atoms
with small molecules. Our group has recently demonstrated
that codeposition of Cl2 with CS2 in p-H2 followed by irradia-
tion with UV light results in reaction products containing only
a single chlorine atom, ClSCS, ClCS, and ClSC.20

In this Letter, we examined the reaction products resulting
fromtheUV irradiationofcodepositedCl2 andC3H6 in solidp-H2

matrixes using IR spectroscopy. In these experiments, we have
observed a series of IR bands that we have assigned to the
2-chloropropyl radical (CH3CHClCH2

•) on the basis of compar-
ison with vibrational frequencies calculated using density func-
tional theory (DFT) and the behavior of the bands upon
annealing and secondary photolysis. Interestingly, in sharp
contrast to the reported gas-phase experimental results, it
appears that the 2-chloropropyl radical is the primary observa-
ble single chlorine atom addition product in solid p-H2 because
we did not observe any bands that we can unambiguously
assign to the 1-chloropropyl radical (CH3CH

•CH2Cl).
The IR spectrum of C3H6 in p-H2 at 3.2 K in the region

between 500 and 1800 cm-1 exhibits a series of lines of
varying intensity; the three largest are observed at 1651.4,
1455.8, and 912.1 cm-1, in good agreement with the litera-
ture spectra of C3H6.

21,22 Upon codeposition of a mixture of
Cl2 with the C3H6 in p-H2 at 3.2 K, several new distinct bands,
aswell as shoulders onmanyof theC3H6 bands, are observed,
and we assign these bands to the Cl2-C3H6 complex. These
new bands are enhanced by approximately a factor of 3 upon
gently annealing thematrix to 4.3 K, and themost prominent
of these new bands are lines at 920.1 and 1455.2 cm-1. To
demonstrate this, two portions of the IR difference spectrum
recorded upon annealing of the matrix to 4.3 K for 1 h after
deposition of a C3H6/Cl2/p-H2 (1.0:1.3:2000)mixture at 3.2 K
for 5 h are shown in Figure 2a. The lines pointing upward at
1045.0 and 587.2 cm-1 are due to the Cl2-C3H6 complex,
and the lines pointing downward at 1043.8 and 578.4 cm-1

are due to C3H6. The assignment of these newbands to that of
theCl2-C3H6 complexwas aidedbyDFTcalculations, and the
gas-phase structure of the Cl2-C3H6 complex predicted at the

B3LYP/aug-cc-pVDZ level is shown in Figure 3 (left panels).
Using the experimental intensities of the 1043.8 and the
1045.0 cm-1 bands in the original 4.3 K annealed spectrum
and the corresponding theoretical IR intensities, we estimate
that the ratio of the C3H6 to the Cl2-C3H6 complex is
approximately 12:1.

Upon photolysis of a deposited C3H6/Cl2/p-H2 mixture with
365nm radiation for 5 h, a series of new infrared bands appear,
which are generally reaction products between Cl atoms (pro-
duced via photodissociation of Cl2) and C3H6, while the bands
due to C3H6 and the Cl2-C3H6 complex decrease in intensity.
Fromanexamination of the spectra before and after photolysis,
we estimate that ∼4% of C3H6 and ∼60% of Cl2-C3H6 were
reacted during photolysis. The spectrumpresented in Figure 2b
is a difference spectrum obtained by subtracting the codeposi-
ted C3H6/Cl2/p-H2 spectrum from the spectrum after 5 h of irra-
diation at 365 nm. Several of the weak new bands shown
in Figure 2b (678.6, 681.8, 746.6, 749.7, 1019.1, 1193.7, and

Figure 1. Minimum-energy structures of the 1-chloropropyl and
2-chloropropyl radicals calculated at the B3LYP/aug-cc-pVDZ level
of theory.

Figure 2. Experimental difference spectra (a-c) and simulated
harmonic infrared spectra for the 2-chloropropyl (d) and 1-chloro-
propyl (e) radicals in the regions of 550-770 and 1000-1220
cm-1. (a) Recorded at 3.2 K upon annealing of a C3H6/Cl2/p-H2
(1:1.3:2000)matrix to 4.3 K for 1 h after deposition for 5 h. The 4.3
Kannealingwas performed in this experiment in order to enhance
the Cl2-C3H6 complex bands. (b) Recorded at 3.2 K upon irradia-
tion of a C3H6/Cl2/p-H2 (1:1:2000) matrix at 365 nm for 5 h after
deposition for 10 h. Annealing to 4.3 K was not done in this
experiment prior to 365 nmphotolysis. (c)Recorded at 3.2 Kupon
irradiation of the matrix described in (b) at 254 nm for 4 h.
Annealing of the matrix to 4.5 K for 50 min was done prior to
254 nm photolysis. For clarity, the difference spectra (a), (b), and
(c) have been offset by approximately 0.14, 0.02, and -0.04
absorbance units, respectively. (d, e) Simulated spectra based on
the unscaled harmonic frequencies of 2-chloropropyl and
1-chloropropyl radicals, respectively, computed at the B3LYP/
aug-cc-pVDZ level of theory, with a simulated half-width of 0.5
cm-1 and a resolution of 0.25 cm-1. The simulated spectra in (d)
and (e) have been offset by approximately 55 and 3 km mol-1,
respectively, for clarity.
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1236.7 cm-1) are readily assigned to 1,2-dichloropropane,
basedonacomparisonwith the literaturegas-phase spectrum21

and a control experiment in which an authentic sample of
1,2-dichloropropane is deposited in a p-H2 matrix at 3.2 K. In
addition, weak bands of HCl and a HCl-C3H6 complex are
observed in the2700-2900cm-1 region, andveryweakbands
that have been tentatively assigned to C3H5 and a HCl-C3H5

complex have also been observed near 800 and 980 cm-1. Of
the remaining new bands, themost prominent is a strong band
at 649.9 cm-1. In order to help determine the carriers of the
remaining unassigned new bands, further experiments were
performed, annealing to4.5K for50min (FigureS1, Supporting
Information) followed by irradiation at 254 nm at 3.2 K for 4 h
(Figure 2c).

Upon annealing the irradiated matrix, the bands due to
C3H6 decreased in intensity, while those of the Cl2-C3H6

complex increased slightly. Of the unassigned new bands
observed with 365 nm irradiation, the band at 650 cm-1 was
observed to increase slightly, indicating that this band is due to
a reaction between Cl and C3H6 since some isolated Cl atoms
would becomemobile in the p-H2 matrix at 4.5 K. In contrast
to the 4.5 K annealing, when the matrix is subsequently
photolyzed at 254 nm, the 650 cm-1 band exhibits a large
decrease in intensity, Figure 2c. Along with the 650 cm-1

band, several other bands (1007.6, 1132.7, 1149.6, 1214.7,
and 1382.2 cm-1) are also observed to decrease at approxi-
mately the same rate andwith nearly the same intensity ratio

to the 650 cm-1 band as was observed in the spectrum in
Figure 2b. This suggests that these bands all belong to a
common species. When the peak pattern of these bands in
Figure 2b and c are compared with the DFT predicted
vibrational spectra for the 1-chloropropyl and the 2-chloro-
propyl radical in Figure 2e and d, respectively, it is clear that
the best agreement is with the 2-chloropropyl radical. There-
fore, we assign these bands to the 2-chloropropyl radical
(Table 1). As described in the Experimental and Computa-
tional Methods section, the 365 nm photolysis experiments
have been performed both with and without prior 4.3 K
annealing, and the bands that have been assigned to the
2-chloropropyl radical are observed in all experiments with
the same relative intensities. The only differences observed
for thesebands in thevarious experiments iswith the absolute
intensities of the bands,which seem to trackwith the absolute
intensities of the Cl2-C3H6 complex bands regardless of the
thermal history of the matrix.

Having assigned the bands listed in Table 1 to the 2-chloro-
propyl radical, we examined the spectra carefully to deter-
mine if any additional bands in the spectra can be assigned
unambiguously to the 1-chloropropyl radical. There is a set of
broad of features near 600 cm-1 in the difference spectra
presented in Figure 2b and c that appear to match the most
intense predicted band of the 1-chloropropyl radical. How-
ever, close inspection of the original spectra indicates that
these bands are a result of changes in the intensities of the
large peaks of C3H6 and Cl2-C3H6 at 578.4 and 587.2 cm-1,
respectively, and a small change in the intensity of the back-
ground just higher than 600 cm-1. Therefore, we cannot
assign any feature in this region to a band of the 1-chloropro-
pyl radical with any confidence nor are we able to unambigu-
ously assign any other observed band in the spectra to the
1-chloropropyl radical. Using a detection limit for the absor-
bance difference of 0.006 and theoretically predicted IR
intensities of themost prominent bands of the 1-chloropropyl
and 2-chloropropyl radicals, we conclude that when chlorine
atoms react with propene in a solid p-H2 matrix, the addition
of the Cl atom occurs at the central carbon to form the
2-chloropropyl radical (CH3CHClCH2

•) at least 20 times more
effectively than that at the terminal carbon to form the
1-chloropropyl radical (CH3CH

•CH2Cl).

Figure 3. Minimum-energy structures of the Cl2-C3H6 complex
in the gas phase (left panels) and within a model hexagonal close-
packed lattice of para-hydrogen (right panels) calculated at the
B3LYP/aug-cc-pVDZ level of theory. Panel (a) is a view from the top
of the complex looking down the Cl-Cl bond axis, and panel (b) is
a side view obtained by rotating the structures approximately 90�
from that displayed in (a). In the para-hydrogen model structure,
the para-hydrogenmolecules are being represented by single pink
spheres, and some para-hydrogen molecules have been removed
to reveal the structure of Cl2-C3H6.

Table 1. Comparison of Experimental Band Positions (cm-1) and
Relative Intensities Assigned to the 2-Chloropropyl Radical in p-H2
with the PredictedHarmonic Vibrational Frequencies and Relative
Intensities Calculated at the B3LYP/aug-cc-pVDZ Level

mode description νexpt Iexpt
a νDFT IDFT

a

CH3 deformation 1382.2 16 1397 18

β-CH out-of-plane bend 1214.7 10 1209 5

β-CH in-plane bend 1149.6 31 1161 22

β-CH out-of-plane bend 1132.7 6 1140 22

CH3 rocking 1007.6 19 1010 21

CH2 out-of-plane bend 649.9 100 683 100
a Intensities are normalized to the most intense band. Experimental

IR intensities are estimated by integrating the areas of the correspond-
ing bands. The B3LYP/aug-cc-pVDZ predicted intensity for the 683 cm-1

band is 53.0 km mol-1.
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This result is significant and noteworthy for two reasons.
First, the fact that we can observe and characterize a radical
reaction product containing only one Cl atom is further
illustration of the diminished cage effect in solid p-H2, allow-
ing one of the Cl atoms to escape the matrix cage after the
photodissociation of Cl2. This feature allows us to produce a
chloropropyl radical and spectrally characterize it for the first
time. Second, the observation of only the 2-chloropropyl
radical when the reaction of Cl with C3H6 is performed in a
p-H2 matrix is significant because of the fact that when the
reaction is performed in the gas phase,8 the formation of the
1-chloropropyl radical is actually favored over the 2-chloro-
propyl radical byat least six times.Aswell, high-level quantum
chemical calculations on the reaction Cl þ C3H6 predict that
the addition of the Cl atom to either carbon is barrierless and
that formation of the 1-chloropropyl radical is energetically
favored by only 0.4 kJ/mol over formation of the 2-chloropro-
pyl radical,7 whichwould suggest very little preference for the
addition of the Cl atom to the terminal versus the central
carbon atom.

One possible explanation of this unique selectivity in p-H2

could be size restrictions and steric effects within the solid
p-H2matrix that cause the reacting Cl atom to be guided to the
central carbon atom rather than the terminal carbon of C3H6.
The observation that the Cl2-C3H6 complex bands decrease
substantially with 365 nm irradiation suggests that a large
portion of the 2-chloropropyl radical is being formed from the
Cl2-C3H6 complex as a precursor following photodissociation
of the Cl2. Therefore, the geometry of the Cl2-C3H6 complex
within the solid p-H2 matrix might have an effect on the
reactivity between Cl and C3H6. With this in mind, we have
performed additional DFTcalculations inwhich the geometry
of the Cl2-C3H6 complex is optimizedwithin amodel of solid
p-H2 in an attempt to help understand our observation of only
the 2-chloropropyl radical.

At 3.2K, the thermodynamicallymost stable phase of solid
p-H2 is thehexagonal close-packed (hcp) crystal structure, and
within a single hcp layer, each p-H2 molecule is separated
by 3.76 Å.23 Due to the large sizes of C3H6 and Cl2, when
modeling the Cl2-C3H6 complex within a hcp lattice of
p-H2, we have chosen to use three adjacent substitutional
sites located along the a axis within a single p-H2 hcp layer as
the space available to the Cl2-C3H6 complex. For the initial
geometry of the Cl2-C3H6 complex, the optimized gas-phase
structure obtained at the B3LYP/aug-cc-pVDZ level (Figure 3,
left panels)was used, and this structurewas placedwithin the
vacant sites in the p-H2 lattice. The orientation of the
Cl2-C3H6 complex was such that the carbon-carbon double
bondwas parallel to the bc plane of the hcp lattice, which then
positioned the Cl2 nearly parallel to the a axis. The geometry
of the Cl2-C3H6 complex was then optimizedwithin the p-H2

hcp lattice at the B3LYP/aug-cc-pVDZ level while holding the
p-H2 lattice fixed during the optimization. The structure that
resulted from this optimization is displayed in the right panels
of Figure 3.

As can be seen in Figure 3, the constraints of the p-H2

lattice produce substantial changes in the geometry of the
Cl2-C3H6 complex. Whereas in the gas phase the Cl2 is
approximately perpendicular to the plane of the CdC bond

in C3H6, in the p-H2 lattice, the Cl2 and the CdC bond plane of
C3H6 are tilted slightly with respect to the p-H2 layers. This is
most likely due to steric interactions between the Cl2-C3H6

and the p-H2 lattice, and the tilting of Cl2 and C3H6 within
the substitutional sites relieves these repulsive interactions.
There are also significant changes to the distances between
the reacting chlorine atom (the one adjacent to the C3H6) and
the alkene carbon atoms. In the gas phase, the distances
between this Cl atom and the terminal and central carbon
atoms are predicted to be 2.822 and 2.925 Å, respectively,
whereas in the p-H2 lattice, the analogous distances are
predicted to be 3.107 and 2.847 Å, respectively.

Thus, the calculations suggest that in a p-H2 lattice, the
reacting Cl atom will be much closer to the central carbon
atom than the terminal carbon atom, as opposed to the gas
phase in which the Cl atom is closer to the terminal carbon.
From a simplistic viewpoint of energetics, this shortening of
the distance between the Cl atom and the central carbon
would likely lead to an energy lowering of the reaction path
toward the central carbon versus the pathway toward the
terminal carbon. Also, given the position of the terminal
carbon toward the edge of the p-H2 cage in the right panels
of Figure 3 and the van derWaals diameter of a Cl atom (∼3.6
Å24), it seems reasonable to assume that the Cl atom might
experience repulsive interactions upon approach and attach-
ment at the terminal carbon in p-H2. Therefore, once the
reaction is initiated by the photodissociation of the Cl2, it
would be less likely that the reacting Cl atom would deviate
out of the minimum-energy pathway toward the central
carbon to attack the terminal carbon. This could then lead
to an increased probability of formation of the 2-chloropropyl
radical. In a way, one could say that the p-H2 lattice is guiding
the Cl atom to the central carbon atom because it influences
the potential energy surface of the reaction in that specific
direction by altering part of the reaction entrance channel,
which in this casemight be the Cl2-C3H6 complex geometry.
This is a very exciting prospect in that it suggests that with
judicious choice of reacting partners, a Cl atom could possibly
bedirected to avery specific anddesired reaction site in a p-H2

matrix.
We cannot positively exclude the possibility that the

observed selectivity might be influenced by the selectivity of
secondary reactions of Cl adding to the chloropropyl radicals.
However, using calculated IR intensities for both the 2-chloro-
propyl radical and 1,2-dichloropropane, we estimate that the
relative yield of the 2-chloropropyl radical to 1,2-dichloropro-
pane ranges from 3.5 to 7.2, depending on the peaks used in
the calculation and on the concentration of Cl2. This indicates
that even if all of the 1-chloropropyl radical were to react with
Cl to form 1,2-dichloropropane, the preferential formation of
the 2-chloropropyl radical is still significant.

Overall, the work presented in this report clearly demon-
strates the unique nature of low-temperature solid p-H2

matrixes as a reaction medium. It is a soft matrix in that it
exhibits a diminished cage effect to allow for the reaction
between a single Cl atom and C3H6 to form a monochloro-
propyl radical rather than merely dichloropropane. Further-
more and more importantly, the sole Cl atom addition pro-
duct that we observe is the 2-chloropropyl radical, which is
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considerably different from what is generally accepted in
chlorine solution chemistry and in the gas-phase reaction.
The site selectivity mediated by the p-H2 matrix resembles
that observed in some biological systems and might lead to
significant applications in the future.

EXPERIMENTAL AND COMPUTATIONAL METHODS

The details of the matrix isolation apparatus used in these
experiments have been described previously.18,20,25 In these
experiments, separatemixturesofC3H6 (99.5%,AGA,usedas
received) and Cl2 (99.9%, Air Products and Chemicals, used
as received) in para-hydrogen (produced as described below)
were codeposited simultaneously onto a gold-plated copper
block, which also served as a mirror to reflect the incident
infrared beam to the detector, at 3.2 K (achieved with a Janis
RDK-415 closed-cycle helium cryostat system) for 5-10 h at
equal rates of 7-8 mmol/hour. The concentration of the Cl2/
p-H2mixture was between 1:800 and 1:1000, and the concen-
tration of the C3H6/p-H2 mixture was 1:1000. p-H2 was pro-
duced by a low-temperature conversion process in which
normal H2 gas (99.9999%, Scott Specialty Gases) is passed
through a copper coil filled with a hydrated iron(III) oxide
catalyst (catalyst grade, 30-50 mesh, Sigma-Aldrich) that
is cooled with a closed-cycle helium refrigerator (Advanced
Research Systems, DE204AF). The efficiency of the conversion
is controlled by the temperature of the catalyst, which was
typically13-15K in theseexperiments.At these temperatures,
the concentration of ortho-hydrogen is less than 100 ppm
according to the Boltzmann distribution. Prior to entering the
catalyst coil, theH2 gaswaspassed through a trap cooled to 77K
before conversion to p-H2. Infrared absorption spectra were
recorded with a Bomem DA8 Fourier-transform infrared spec-
trometer (FTIR) equippedwith aKBrbeamsplitter andaHg/Cd/
Te detector cooled to 77 K to cover the spectral range of
500-5000 cm-1. Typically, 400 scans at 0.25 cm-1 resolution
were coadded at each stage of the experiment.

After the initial codeposition of the Cl2/p-H2 and C3H6/p-H2

mixtures, someof the depositedmatrixeswere thenannealed
at 4.3 K for up to 1 h to enhance the production of the
intermolecular complex between Cl2 and C3H6, denoted as
Cl2-C3H6. To produce Cl atoms for reaction with C3H6, the
C3H6/Cl2/p-H2matrixeswere irradiatedwith 365nmradiation
from a light-emitting diode (Honle UV Technology, 375 mW)
for 2-5 h. It has been previously reported that infrared
excitation of the solid p-H2 bands (4000-5000 cm-1) can
induce Cl atoms to react with p-H2 to form HCl,26 and there-
fore, whenCl atomswere present in the p-H2matrix, a 2.4 μm
infrared cutoff filter (Andover Corp.) was used when record-
ing the infrared spectra. Following the photolysis at 365 nm,
thematrixwas sometimes annealed to 4.5K to induce further
reaction, and for all matrixes, secondary photolysis was
performed using a low-pressure Hg lamp (Pen-Ray lamp,
UVP)with a 254 nm band-pass filter (ESCO Products) to help
distinguish the related product bands in the spectra.

Quantum chemical calculations were used to aid in the
identification and interpretation of the spectra obtained. In
this work, density functional theory calculations using the
B3LYPhybrid functional27-29 and the aug-cc-pVDZbasis set30

were performed to predict equilibrium geometries and
vibrational frequencies of the possible species that might be
observed in these experiments. All calculations used the
Gaussian 03 suite of programs.31

SUPPORTING INFORMATION AVAILABLE The 4.5 K
annealed spectrum (Figure S1) and coordinates and energies of
DFT optimized structures (Table S1). This material is available free
of charge via the Internet at http://pubs.acs.org.
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