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Free Radical Formation in Supercritical CO,, Using Muonium as a Probe and Implication
for H Atom Reaction with Ethene
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This report presents the first observation of an alkyl radical in supercritical CO, by any magnetic resonance technique.
Muoniated ethyl radical has been detected in muon-irradiated supercritical CO, solutions. In the presence of a low
concentration of ethene in supercritical CO,, it is found that the addition of muonium to ethene is the only reaction
channel, and that the yield of this process is enhanced compared to conventional solvents. The temperature
dependence of the hyperfine coupling constants of the ethyl radical suggests that at a density of 0.3 g/cm® both the
rotational motion of the methyl group and the electronic structure of the radical are similar to those in the gas
phase, and therefore that the local environment around the ethyl radical is similar to the gas phase under these
conditions. At higher densities, however, there is a remarkable and unexpected density dependence of the hyper-
fine coupling constant of the ethyl radical, which has never been observed in any environment. In this regime, the
density dependence suggests that supercritical CO, has a significant effect on the electronic structure of the free
radical. Thus, changing the density of CO, offers a possible means of tuning the radical reactivity. In addition, at
a density of close to 0.4 g/cm?, CO, molecules cluster around the ethyl radical, and this increases the local density

around the ethyl radical by a factor of ~1.5.

1. Introduction

The role of the solvent in chemical reactions is multifaceted;
for instance, the choice of solvent can alter the rate of reactions,
and thus determine the pathway and the product yield in
chemical synthesis.! Supercritical CO, (scCO,) has been found
to be a useful “green” solvent for a wide variety of chemical
applications,” including free radical polymerization'** and
photochemical reactions.>® Carbon dioxide is inexpensive, is
nonflammable, and has a readily accessible supercritical region
(P, = 7.38 MPa, T, = 304.15 K) allowing a wider range of
control of reaction conditions. It is an energy-conserving,
selective, and waste-reducing alternative to organic solvents.
Moreover, the use of scCO,does not add to the greenhouse effect
as it can easily be conserved during industrial processes.'-3#

In supercritical fluids, the solvent properties (density, dielec-
tric constant, etc.) vary with the temperature and pressure.
Because of their easily tunable properties between those of
liquids and gases, supercritical fluids and in particular scCO,
provide reaction-oriented media for chemical processes.'*3 The
change in the solvent properties could significantly affect the
electronic structures of the reactive intermediates and the
corresponding transition states. In this context, free radicals are
often invoked to explain the mechanism of the reactions,>” and
observation of such intermediate species is essential to establish
their involvement in scCO,.

Most free radical mechanistic information in scCQO; is based
on product analysis.!:3#3-10 Very little information exists on
reactive (nonpersistent) organic radicals in scCO,.!"12 This is
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surprising since characterization of neutral free radicals in a wide
range of thermodynamic conditions in scCO, would have a huge
impact on free radical polymerization.®!0:12

Recently transient absorption spectroscopy in supercritical
CO,'315 has provided information on the dynamics of the
reactive intermediates. When such intermediate species are
indeed observable, measurements of hyperfine coupling con-
stants (hfc’s) are sensitive probes of the electronic structures
of these radical intermediates allowing an examination of the
effect of solvent interactions on their electronic structures.'®
Extraction of information on the electronic structure and
hyperfine interactions in neutral free radicals by absorption
spectroscopy is very difficult. Electron spin resonance (ESR)
can detect radicals generated from the radiation processes and
provide nuclear hyperfine coupling constants, but it is limited
in its ability to probe reactive free radicals such as the ethyl
radical in supercritical CO,.!! The construction of the fast 9.5
GHz time-resolved electron paramagnetic resonance spectrom-
eter (TREPR) with a high-pressure probe by Avdievich!” and
Forbes'® has been an important step forward. This technique
has recently been used to study initiator addition to methyl
methacrylate in liquid and scCO,.'? Such studies are very
important as they provide information on the addition of a free
radical to an alkene, a process which is always present in free
radical polymer synthesis. The TREPR studies!? are usually
performed at very high concentrations such that the monomers
could perturb the critical properties of CO,. Hence, it may be
difficult to attribute changes in the hyperfine interactions to
solute—solvent interactions. Also, some free radicals cannot be
distinguished from each other by TREPR under supercritical
conditions.!? Another difficulty is the fast spin relaxation
compared to the time resolutions of TREPR spectroscopy.'?
Such problems can make TREPR studies of small and simple
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SCHEME 1: Reaction of the Hydrogen Atom Surrogate
Muonium with Ethene To Produce the Muon-Substituted

Ethyl Radical
H Mu
+ *Mu - - HHB
Ho HB

H H
free radicals such as ethyl radical in supercritical CO, very
difficult. The present study, as explained later, can provide both
unique and complementary information to TREPR spectroscopy.

The simplest neutral free radical is the hydrogen atom, and
therefore studying its reactions with simple alkenes will provide
important fundamental information on free radical formation
in scCO,. In the condensed phase, the hydrogen atom is usually
produced through radiolysis of protonated compounds. There-
fore, in pure scCO,, H atom is impossible to generate in this
way. Muonium (Mu = [u"e™], ~0.11 amu) is closely related
to the hydrogen atom. It is a hydrogen-like atom which has the
muon, u*, as its nucleus.!?2° The reduced mass and ionization
potential of H and Mu are almost identical, which means that
their electronic properties are almost the same. In this context,
Mu can be considered a light isotope of H. In addition, the muon
has a magnetic moment ca. 3.2 times that of the proton, and
muon beams can be produced 100% spin polarized. Therefore,
the suite of spectroscopic methods broadly called muon spin
resonance (uSR) are much more sensitive than EPR.!%20 The
only report using muons in supercritical CO, is the work of
Ghandi et al.,?! where muonium formation in supercritical CO,
was investigated.

In conventional solvents, reactions of Mu with unsaturated
molecules occur rapidly to generate muoniated free radicals
which can be detected using #SR. The present work reports
probing the reaction of H atom with ethene using muonium and
reports the first detection of a muoniated free radical in
supercritical CO, (see Scheme 1).

The ethyl radical is often considered to be a benchmark for
both theoretical calculations and experiments because its small
size allows for extensive calculations that can include vibrational
averaging.?>0 Experimental studies of the ethyl radical by ESR
even in the gas phase at standard conditions are difficult due to
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its high reactivity, spin relaxation (short lifetime) and the
complications of its production.?’” Here, we report the formation
of the C;H4Mu’ radical in scCO,and the corresponding muon
and proton hyperfine interactions and compare the results to
those previously obtained in pure ethene in the gas phase.??-2

The purpose of the present study is to answer the following
questions:

(a) Would a Mu (or H) atom react with a dilute solution of
ethene in supercritical CO,, or would ethene modify the solvent
properties of CO; (as a cosolvent) and promote reaction of either
Mu or Mu* (Mu before thermalization) with the more abundant
CO, molecules?

(b) Would supercritical CO, at higher densities react with
alkyl radicals?

(c) CO; molecules have large quadrupole moments. Would
such a large quadrupole moment lead to a considerable
interaction of CO, molecules and alkyl radicals to affect the
hfc’s of the alkyl radicals in supercritical CO,?

(d) Do such interactions depend on the pressure (density)?

(e) What is the effect of CO, molecules on the distribution
of unpaired electron density of a simple alkyl radical (and
electron density in general)?

2. Experimental Section

Experiments were carried out on the M9B high momentum
muon channel of the TRIUMF cyclotron facility, in Vancouver,
Canada, using muon spin spectroscopic techniques.

In uSR the spectroscopic information is carried by the
positrons emitted during the decay of the muon in the muoniated
species. These positrons are detected by plastic scintillators
located outside the sample cell. Figure 1 shows the schematic
of our setup. The heated pressure cell (high pressure target cell
in Fig. 1) and associated plumbing are supported inside a water-
cooled jacket and shield. This shield protects the surrounding
heat-sensitive plastic scintillators and light guides of the positron
detectors, which transfer the light to photomultiplier tubes (PMT
in Figure 1), from the heat generated by the heater surrounding
the high-pressure cell.

A beam of spin-polarized positive muons (~75 MeV/c) was
allowed to stop in the sample contained in a pressure vessel
mounted in the HELIOS uSR spectrometer (superconducting
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Figure 1. Schematic of the setup used for studies in this work. The two crossed-out rectangles represent the longitudinal cross section of the

superconducting solenoid.
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Figure 2. Transverse magnetic field spectrum of C:HsMu" at 373.15
K and 15.35 MPa in scCO; in a transverse magnetic field of 7800 G.
The peaks labeled v> and v34 are due to the radical and vq is due to
diamagnetic species; the frequency v, is actually negative but the
Fourier transform displayed shows only the absolute value of the
frequencies.

solenoid in Figure 1), whose magnetic field was aligned along
the beam direction.

CO; from Praxair (Research grade CO,; 99.999%) was
purified by alternate freeze/pump/thaw cycles to remove oxygen
and CO prior to transfer to the pressure vessel, until any
remaining dephasing of the Mu signal could be attributed to
the effects of magnetic field inhomogeneity.?! For CO, at least
five freeze/pump/thaw cycles were done for each new load. The
gradual freezing was done by inserting the lowest part of a high-
pressure gas storage vessel (cryo vessel) in liquid nitrogen, and
thawing was done with a heat gun. The initial concentration of
O, was less than 2 ppm, that of CO was less than 0.1 ppm, and
the total hydrocarbon content was less than 0.1 ppm. Based on
the observed dephasing of the Mu signal, the total concentration
of oxygen, CO, and any potential reacting hydrocarbon must
be less than 1 ppb in the sample gas obtained after the series of
freeze/pump/thaw cycles. The ethene from Praxair (research
grade) was also purified by a series of freeze/pump/thaw cycles
(at least six cycles) to remove oxygen prior to irradiation. The
initial oxygen impurity of ethene was O, < 1 ppm, CO < 1
ppm, CHs < 1 ppm, C;H; < 1 ppm, and C,Hg < 1 ppm. Again
after the series of freeze/pump/thaw cycles the total concentra-
tion of oxygen, CO, and CH4 must be less than 1 ppb. In the
freeze/pump/thaw cycles the level of CoHs would not change,
but since [C,Hg] is less than 1 ppm and our solutions in CO,
are dilute, such impurities would have negligible effects on the
experimental results.

The temperature was monitored with a type K thermocouple
at the center of the sample volume.

The spin polarization of the muon beam was perpendicular
to the applied magnetic field for the transverse field-uSR (TF-
uSR) experiments and parallel to the field for avoided level
crossing-uSR (ALC-uSR) experiments,'*2% with the positron
counters positioned appropriately.

In TF-uSR the magnetic field is applied perpendicular to the
spin of the muon. The precession frequency of the spin varies
as a function of the strength of the magnetic field and the
electronic environment, through the hyperfine interaction. At
high magnetic fields where Zeeman states are sufficiently
separated, only two transitions, v1, and v34, are observable.!%20
Fourier transformation of the time spectrum shows three
frequency peaks, two of which correspond to the generated
radical (v, and v34 in Figure 2) and one to muons in a
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diamagnetic environment (v4). These frequencies can be used
to determine the muon hfc, A,,'>? according to

vl_.]:vdj:%AM (1)

However, when the free radical formation rate is not very
fast compared to the rate of spin precession, the second
frequency at vs4 lacks adequate signal-to-noise ratio due to
dephasing during the reaction time, while v, the lower
frequency signal, may still be observed. This is the case for the
data taken at 0.01 M ethene. The frequency peaks v, and v34
are positioned symmetrically around the diamagnetic peak, and
when only a strong v, is present, the hfc can be found using
the following equation:'?

Vip =V g — <A @)

and

1/mid = %[{Auz + (Ve + Vd)z} 2 Ve + Vd] (3)

where v, is the electron Larmor frequency. The muon Larmor
frequency, expressed in terms of the gyromagnetic ratio y/2m
= 0.013 553 4 MHz G, is given by v, = yaB = gueB/2my.

Once the muon hfc is known, the proton hfc (Ap) can be
obtained, from ALC-uSR measurements through the following
equation:!%-20

1

. A=A, ATA,
LCR 2

Yu " Vp Ve

where By cr is the magnetic field on resonance, and ypand y.
are the proton and electron gyromagnetic ratios, respectively.

“

3. Computation

Density functional calculations on the free radicals were
performed using the Gaussian 03 package of programs.?® The
geometries of the radicals were optimized with the unrestricted
B3LYP functional® and the 6-311++G(2df,p) basis set, and
the harmonic vibrational frequencies of the free radicals were
calculated at the same level on the optimized structure. The
isotopes were included in the calculations using the Readlsotope
option, with the mass of Mu given as 0.1140 amu.

4. Results and Discussion

Muon irradiation of solutions of ethene in scCO, in the
concentration range 0.01—0.03 M at different temperatures and
pressures produced signals characteristic of a muoniated radical.
Figure 2 shows a Fourier transform TF-uSR spectrum in a 0.03
M solution at 373.15 K and 15.35 MPa in an applied transverse
magnetic field of 7800 G. In this case, the muon hfc could be
obtained using eql.

Muon hfc’s for several thermodynamic conditions are listed
in Table 1. Assuming that the radical is the ethyl radical, the
proton hfc’s, Ap(a) and Ap(S) (see Scheme 1 for proton labeling)
can be obtained from ALC-uSR experiments. ALC-uSR spectra
of the C;HsMu' protons for two thermodynamic conditions,
313.15 K, 8.5 MPa, and 423.15 K, 20 MPa (both at a density
of 0.3 g/cm?®), were recorded over the appropriate field range.

Figure 3 shows the ALC-uSR resonances observed at 313.15
K, 8.5 MPa. The ALC-uSR resonance fields were obtained by
fitting the data to Lorentzian shapes (the differential-like shapes
in Figure 3 are due to the application of a small square
modulation field of &~ +60 G during the scan). Using eq 4 and
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TABLE 1: Muon hfc’s of C;HiMu® in scCO,*

temperature (K) pressure (MPa) A, (MHz)
313.15(1) 8.5(4) 331(1.5)
373.15(1) 15.3(5) 330(1)
373.15(1) 15.8(1) 326(1)
373.15(1) 16.9(1) 318.2(7)
373.15(1) 18.2(1) 319.0(7)
372.95(3) 21.1(2) 322.0(1)
373.15(2) 26.3(5) 317.0(6)
423.15(1) 20.1(5) 310.9(2)

¢ Statistical uncertainties on the last digit are shown in parentheses.
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Figure 3. ALCR spectrum of C;HsMu" at resonance. Conditions: 0.01
M ethene in supercritical CO, at 8.5 MPa and 313.15 K. The low-field
resonance corresponds to the [-proton while the high-field one
corresponds to the o-proton. The solid curves represent a fit to the
experimental data shown as vertical lines extending over their statistical
uncertainties.

TABLE 2: ALC-uSR Resonance Positions and
Corresponding hfc’s®

temperature  pressure f-resonance  [3-proton  o-resonance  O-proton

(K) (MPa) (G) hfc (MHz) (G) hfc (MHz)
313.15(1)  8.5(4) 139303(4)  712(2)  20962(7)  —59.6(2)
423.15(1)  20.1(5)  12862(2)  70.5(2)  20055(3)  —62.8(1)

“ Statistical uncertainties are shown in parentheses.

the muon hfc from the TF data, the proton hyperfine coupling
constants could be extracted. The data and the corresponding
hfc’s are presented in Table 2.

Our measured muon and proton hfc’s along with previously
measured hfc’s in the gas and liquid phase are presented in
Figure 4. In order to compare the hfc’s of proton and muon,
which have different gyromagnetic ratios (y), we have referred
to the reduced hfc A = A, (y,/v,) = A,/3.1829.

Based on previous results on the ethyl radical in the gas and
liquid phase at lower temperatures and pressures,?” as well as
our theoretical calculations (see the Supporting Information),
the hfc and the ALC resonance values are completely consistent
with the only radical observed here as being the muoniated ethyl
radical CoH4sMu’.

One of the results from the present study is that there is no
evidence of any other radical being formed in the solutions of
ethene in supercritical CO,. If one is to use supercritical CO,
solvent for free radical chemistry, it is important to determine
whether the alkyl radical generated would react with CO, to
form alkyl carbonyloxyl radicals.® This could also have implica-
tions in the use of CO, as a carbon source for the production of
valuable chemical commodities.® Chateauneuf et al. proposed
the possibility of the carbonyloxyl radical formation in super-
critical CO,. According to Le Chatelier’s principle, the high
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Figure 4. Temperature dependence of the reduced muon (filled circles)
and fS-proton (filled diamonds) and the absolute values of o-proton
hyperfine constants (filled squares) for C;HsMu® in supercritical CO,
at 0.30 g/cm?, compared to the data obtained for the same radical in
ethene in the liquid and gas phase from ref 22. Open symbols are data
in pure ethene. The filled symbols are the data in supercritical CO,.
The dotted lines show the extrapolation to high temperature using the
lower-temperature ethene data. The error bars are smaller than the size
of the symbols.

TABLE 3: Free Energies and Electronic Energies for
Potential Reactions between Mu and Ethene (First Row),
Mu and CO, (Rows 2 and 3) and Ethyl and CO, (Rows 4
and 5) Calculated at 0 K with BSLYP DFT Method and
6-311++G(2df,p) Basis Set

radical product of
the reaction

electronic + thermal
energy (kJ mol™!)

free energy of
reaction (kJ mol™")

‘CH,—CH;Mu —134.01 —154.30
O0=C'0—Mu 17.49 —2.85
MuCOy 57.99 37.44
CH:Mu—CH,—CO>’ 133.43 71.25
CH,Mu—CH,—0—C"=0 111.50 92.04

density of CO, under supercritical conditions would shift the
equilibrium for the reaction of an alkyl free radical with CO,
toward product formation.® Chateauneuf et al. did not observe
carbonyloxyl radicals from methyl radical (which could have
been generated by photochemical dissociation of alkylcol-
baloximes) in supercritical CO,.

As such, they concluded that even if the alkyl radicals react
with supercritical CO, to produce RCOs, the lifetime of RCO,
is not long enough to be trapped by the hydrogen atom donor.°
In the present experiment, we have not observed any radical
other than the ethyl radical at any of the thermodynamic
conditions used (the free radicals from the addition of ethyl to
CO; would have much smaller hfc; see the Supporting Informa-
tion), nor have we observed a large spin relaxation that would
suggest a reaction of CO, with the ethyl radical. Therefore, most
probably, RCO, does not form. To further eliminate such a
possibility, we performed computational studies on the energet-
ics of this reaction and of the formation of other radical species
from Mu addition to CO, (see Table 3). Of different possible
free radicals (see the Supporting Information), only the ethyl
radical (Scheme 1) and the products of its addition to CO, lead
to a free radical with two magnetically unequivalent protons as
observed by ALC-uSR experiments. Owing to its strong C=0
bonds, thermal abstraction reactions of H (Mu) are not likely.3"
Similarly the H abstraction from ethene is not likely. While the
addition reaction forming HOCO (MuOCO) is energetically
favorable, this reaction has a positive free energy (Table 3) and
a large activation barrier.30-3!
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Figure 5. Schematic presentation of dihedral angle, 6, between the
C—Mu bond and the plane having the C—C bond and the singly
occupied p-orbital on the radical center C.

TF studies in the gas-phase ethene have suggested epithermal
formation of the ethyl radical.>? Therefore, at lower densities
of CO;, one could expect Mu* (epithermal Mu) reactions such
as those with CO; or ethene. The reaction of H* + CO, from
photolysis in matrix is known.3* However, neither MuOCO nor
MuCO; has been observed in pure CO,.2! Of course, the addition
of ethene could change the environment of supercritical CO,
as a cosolvent does.3* On the other hand, since neither MuOCO
nor MuCO; has been observed in our experiments (see the
Supporting Information), we conclude that Mu is thermalized
before any reaction, including the reaction with ethene, even in
the lower density range of our studies. Further evidence for the
thermal reaction of Mu comes from the observation that, at 0.01
M concentration of ethene and 0.3 g/mL density, the ALC-uSR
signal can still be easily observed as the temperature is lowered
while the TF radical amplitude becomes smaller (by almost a
factor of 2 between 423.15 and 313.15 K). ALC-uSR spectra
are collected in magnetic fields parallel to the spin polarization,
and, therefore, are not sensitive to loss of transverse polarization.
This is in contrast to the detection of the ethyl radical in ethene
(in the range 0.1-1.6 MPa),”’ where the much larger (and
temperature independent) TF amplitudes observed were taken
as evidence for epithermal formation of the radical.’? Therefore,
our present data suggest that the ethyl radical is the outcome of
thermalized Mu reaction with ethene.

As can be seen from the results of our calculation in Table
3, such reactions would be endoergic; therefore, our experi-
mental data, along with our computational results, suggest that
supercritical CO; is a chemically inert medium for the ethyl
radical.

The decrease of the muon hfc with increasing temperatures
(Figure 4) can be attributed to different weightings of the
rotational conformers.?2-2426-35 The temperature dependence is
interpreted as due to the fact that the C—Mu bond is selectively
oriented in a position close to parallel to the singly occupied
p-orbital on the radical center; i.e., 8, the corresponding dihedral
angle, is close to 0° (see Figure 5). The preference for Mu to
occupy the 8 = (0° position is seen as a result of delocalization
of the singly occupied molecular orbital between the radical
center C and the adjacent CH bond in the same plane, making
the corresponding C—H bond weaker and longer.

At 0 K, the total energy includes only the electronic energy
and the zero-point vibrational energy (ZPVE). Within the
Born—Oppenheimer approximation, the electronic energies of
Mu and H isotopomers are the same, and therefore, the ZPVE
is the only factor that varies among different conformations at
0 K. Since the ZPVE of a C—H stretching vibration within the
harmonic oscillator approximation is proportional to (k/m)"/?,
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Figure 6. Density dependence of muon hyperfine constants for
C,H4Mu’ in supercritical CO; at 373.15 K. The curved dashed line is
to guide the eye. The solid black line represents the linear fit to the
hfc’s as a function of density excluding the two points around 0.4 g/cm?
(at minimum). The solid red curve is the fit of the hfc’s to the model
of Vujosevié et al in ref 16.

where k is the force constant and m is the mass of the hydrogen
isotope, the increase in the ZPVE will be smaller for bonds
with smaller force constants. Thus, the muonium atom occupies
the site with the smaller force constant (i.e., the & = 0° position).
Since the free radical can exist in several rapidly interchanging
conformers, assuming that the interchange rate is much larger
than the difference between the associated hyperfine frequencies,
a mean hfc will be observed:

[AD=) PA ©)

where P; is the probability of finding the ith conformer and A;
is the corresponding hfc.

Different conformational minima along the rotational potential
energy surface have different ZPVEs depending on the position
of Mu. The rotational conformers where Mu occupies less
favorable sites have appreciable probabilities at higher temper-
atures. If a free radical can exist in several rapidly interchanging
conformers when the interchange rate is much larger than the
difference between the associated hyperfine frequencies, one
measures a Boltzmann-weighted average of the hfc.’> At higher
temperatures, more rotational levels are occupied with increasing
probability. The hfc’s reported here fall in line with the lower
temperature data obtained in the gas phase (Figure 4). This
suggests that the structure, vibrational frequencies, and rotational
barrier for rotation of the (muoniated) methyl group, as well as
the degree of hyperconjugation, are not significantly affected
in supercritical CO,, even at pressures as large as 20 MPa at a
density of 0.3 g/mL. It should be noted that previous works on
ethyl radical in the gas phase and liquid phase showed no phase
effect.?>?” This lack of significant phase effect may suggest that
the change in the density should not affect the hyperfine
interactions in the ethyl radical. As we demonstrate below, this
is incorrect in supercritical CO,; however, the temperature
dependence of the hfc suggests that, in the low-density regime,
supercritical CO, behaves as an inert medium with minimum
intermolecular interaction.

To further investigate the effect of supercritical CO, on the
electronic structure of the ethyl radical, we studied the effect
of the density on hfc’s by varying the pressure under isothermal
conditions at 373.15 K. The results are presented in Figure 6,
where it is clear that the density of CO, significantly affects
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Figure 7. Spin density associated with the ethyl radical—CO, complex at different distances from 2.2 to 3.6 A between CO, and ethyl radical. The

scheme in the inset shows the definition of the distance which was varied.

the muon hyperfine coupling constant. This was not known a
priori, and it is a remarkable observation. To our knowledge,
there has never been any report of significant density effect on
hyperfine interactions of any alkyl radical in supercritical fluids
and this is the first reported case of the effect of density on hfc
of a nonpersistent free radical in supercritical CO,. The large
density dependence points to the unique nature of supercritical
CO,, whereby a small change in pressure (density) can alter
the electronic environment of a simple free radical. Since the
temperature dependence at 0.3 g/cm? follows the same trend as
in the gas phase, it seems likely that CO, molecules do not
significantly affect the geometry and vibrational/rotational
motions, but the electron distribution in the ethyl radical is
significantly influenced by the presence of CO, molecules at
higher densities.

Kauffman reported significant quadrupolar solvent—dipole
solute interactions for a stable dipolar solute dissolved in CO,
and predicted that this could be generalized to other solutes.3¢
Vujosevi¢ et al. predicted that the quadrupole—dipole interac-
tions could have significant effects on the hfc’s of the free
radicals.!® Ethyl radical is polar, and can polarize the solvent
cage made from CO, molecules by dipole—quadrupole interac-
tions. VujoSevic et al. showed that the difference of the hfc in
the solvent, compared to the gas-phase values, is linearly
dependent on the potential difference along the radical dipole
moment in the case of the C¢H5' radical interacting with benzene
molecules.'® If a similar argument is used for ethyl radical, it is
expected that a larger difference from the gas-phase hfc data
would correlate to a larger potential difference along the ethyl
radical dipole moment. This means supercritical CO, has
significantly changed the potential difference along the ethyl
radical dipole moment.

As the density increases, the hyperfine coupling decreases
significantly, due to combination of two effects:

(a) The number of collisions between CO, molecules and
ethyl radical increases. If the collision were to cause a partial
transfer of unpaired electron density to CO, molecules, this
would lead to a decrease of hfc’s with density.

(b) The average distance between ethyl radical and CO»
molecules could decrease. Such a decrease in distance means

larger interactions between quadrupoles of CO, molecules of
the solvent cage and the dipole moment of the ethyl radical.

Vujosevic et al. showed that a slight decrease in the distance
of a free radical (C¢H7) and the molecules of a solvent without
any dipole moment but with quadrupole moment (CsHg) causes
significant deviation of hfc’s from the gas-phase values. To
investigate both effects, we performed computational studies.
During the collisions, the distance between the CO, molecules
and ethyl radical decreases. To check the effect of the distance
on electron density and hyperfine coupling constants in ethyl
radical, we performed DFT calculations at the levels mentioned
in the Computation section. Figure 7 presents the geometry at
the global minimum and unpaired spin densities, calculated at
0.0004 isodensity, at several distances in the case of ethyl radical
and one CO; molecule (from radical center in ethyl to carbon
in CO»; see Figure 7). As the density decreases, it is clear that
the relative conformation of CO, around ethyl radical changes
with distance and the spin density is partially transferred to the
CO;, molecules, which suggests that the resulting effects of
collisions are a decrease in the spin density in ethyl radical and
probably a decrease in the hfc of muon in the radical.

In Figure 8, we have shown the muon hfc’s at 0 K as a
function of r, distance between CO, and ethyl (See Figure 7
for definition of r). Consistent with the result of spin densities,
the data in Figure 8 suggest a decrease of the muon hfc’s in the
muoniated ethyl radical with a decrease of r.

The experimental data were obtained at 373 K; therefore, we
have simulated the temperature dependence as a function of r.
Assuming that the different rotational conformers are populated
according to the Boltzmann distribution, a dependency on the
temperature can be computed using a Boltzmann-weighted
average of hfc’s over different conformations at the energy
minima along the rotational potential energy surface using eq
5 (see Figure 9). In one minimum, Mu occupies the 6 = 0°
position (Figure 5); in the two other minima, H occupies this
position. From the data on hfc’s shown in Figure 9, we can see
that the general trend at 0 K (decrease of hfc with distance
between CO, and ethyl radical) is also observed at higher
temperatures, including at 373 K, the experimental temperature.
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Figure 9. Computed temperature dependence of muon hfc’s as a
function of distance between the central carbon in carbon dioxide and
the radical center of the ethyl radical.

Another result from the data in Figure 6 is a deviation from
a smooth density dependence of the hfc. It is clear that the
overall density dependence is not linear. The strong change in
the curvature at densities slightly lower than the solvent’s critical
density, as observed here, could be due to “clustering” of CO,
molecules around the ethyl radical 3640 Alternatively, it might
be a result of the balance between repulsive and attractive
interactions between the solute and solvent molecules.3*0 The
clustering in supercritical CO; can be interpreted as a different
local density around ethyl radical than the bulk density. Based
on the observed trend in Figure 6, we can deduce an increase
in the clustering around 0.4 g/cm? followed by breaking of the
clusters at larger densities up to 0.5 g/cm?. To gain an estimate
of the local density, we can remove the two points closest to
the minimum (around 0.4 g/cm? in Figure 6), find the hfc’s as
a function of density, and then use the obtained equation to
predict the local density at the minimum. Excluding the two
points close to the minimum, a linear fit to the experimental
data is reasonable within the errors of the experimental data in
Figure 6. Using the linear equation, the local density at the
minimum around 0.40 g/cm? (the bulk density) is 0.58 g/cm’.
VujoSevi¢ et al. used a model in which the electric dipole of a
free radical causes local ordering of solvent molecules, thus
producing an external electric field, polarizing the free radical.
Using this model, they showed that the difference between the
hfc in the solvent and the gas-phase values increases according
to [Q]*3, where [Q] is the concentration of quadrupole moments
in solution.!'® This model applies to a solvent that does not have
a dipole moment but which does have a quadrupole moment,
such as scCO,.'% The red curve in Figure 6 is the fit of the
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hfc’s to their model (excluding the two points around minimum).
Within our experimental errors, there is little difference in the
agreement of the fit to their model with the simple linear fit of
hfc’s to density. Using the model of Vujosevi¢ et al., the local
density would be 0.63 g/cm3. Therefore, our estimate for the
local density around ethyl radical at the bulk density of 0.40
g/cm? is 0.6 g/cm?, which means that the local density around
ethyl radical is almost 1.5 times larger than the bulk density.
Since there is minimal difference between the predictions of
the simple linear fit and the model of Vujosevi¢ et al. (Figure
6), we have used the linear density dependence to estimate the
average distance between the ethyl radical and the CO,
molecules forming the solvent cage.

Assuming an average spherical CO; solvent cage around ethyl
radical, a linear density dependence of hfc’s in the muoniated
ethyl radicals, as explained above, could be due to changes in
the average distance between the ethyl radical and the sur-
rounding CO> molecules. The average distance between the ethyl
radical and the surrounding CO;, molecules is not known
experimentally, but we can assume it is proportional to the
inverse cube root of the density (pco, ). Therefore, the linear
density dependence of hfc’s (as long as there is no density
inhomogeneity) could indicate an inverse cubic relationship
between hfc’s and the average distance between CO, molecules
of the solvent cage and ethyl radical. In Figure 10, we plotted
the theoretical predictions of hfc’s as a function of inverse of
13, where r is the distance between CO, and ethyl radical (Figure
7) at 373.15 K. It is evident that the linear fit is reasonable
with a square of the Pearson product moment correlation
coefficient of 0.98. In the presence of density inhomogeneity,
as stated earlier, the local density is larger around the ethyl
radical when compared to the bulk density. From the above
analysis of the dependence of the hfc on the distance between
ethyl radical and CO, molecules of the solvent cage, we can
estimate an upper limit of 1.2 times for the decrease in average
CO,—ethyl distance at ~0.4 g/cm?® compared to the distance
that would have been expected if there was no inhomogeneity
in the density.

Although a more quantitative understanding of the extent of
enhanced solvent density around the solute and detailed analysis
of quadrupolar solvent—dipole solute interactions and collisional
effects on hfc’s of ethyl radical in near-critical CO, should
incorporate the use of molecular dynamics computer simula-
tions,>40 the observed density dependence of the hfc’s of ethyl
radical certainly suggests that CO; is not just a “heavy gas.”
At higher densities, it could be used as a solvent to tune the
reactivity of free radicals, while the temperature dependence at
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lower densities demonstrates that the electronic structure of free
radicals (and hence their reactivity) is almost intact and
independent of CO, molecules in the low-density regime.

5. Conclusion

In summary, the following new information has been obtained
from our studies:

(1) Muonium can be used (in lieu of H atom) for generation
of transient radicals in scCO,.

(2) Even at low concentrations of ethene in scCQO,, the
muonium (and by analogy H) atom adds to ethene and the
resulting ethyl radical (and most probably any alkyl radical) is
not reactive toward molecules of CO, in scCO».

(3) Addition to ethene to form an alkyl radical in scCO; is
enhanced compared to normal liquids.

(4) CO, molecules have significant intermolecular interactions
with the ethyl radical at higher densities, which causes
unexpected density dependency of hfc’s.

(5) There is partial transfer of unpaired electron density from
alkyl radical into CO; molecules of the solvent cage at higher
densities due to combination of two effects: (a) When the density
increases, the number of collisions between CO, molecules and
ethyl radical also increases. (b) When the density increases, the
average distance between ethyl radical and CO, molecules
decrease. Such a decrease in distance means larger interactions
between quadrupoles of CO, molecules of the solvent cage and
the dipole moment of the ethyl radical. Since the reactivity of
free radicals depends on the distribution of the unpaired electron
density within them, we can conclude that it is possible to tune
the reactivity of free radicals by making a small adjustment to
the density (pressure) in supercritical CO,. This could have
implications on free radical polymerization in scCO,.

(6) The local density around ethyl radical is almost 1.5 times
larger than the bulk density at 0.4 g/cm?.

When compared with results of similar studies in the liquid
phase and the gas phase, studies of neutral and nonpersistent
radicals in scCO,, such as the studies reported here, can provide
valuable information on free radical reactions in supercritical
COa,, for which there is limited microscopic knowledge. The
present paper highlights the use of uSR spectroscopy as a tool
to probe free radical chemistry in scCO;, and provide such
microscopic information.
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