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Hyperfine Coupling in Methyl Radical Isotopomers
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The hyperfine coupling constants (hfcs) of two methyl radical isotopomergM@tand CQ:Mu, have been
measured over a wide range of temperature in ketene and kaiefnem which the radicals were generated.

The magnitudes of the hfcs of these muoniated methyl radical isotopomers are larger than thosemd CH

CDs due to larger zero-point energy in the out-of-plane bending mode. In contrasttar@HC R}, where the
coupling constants become smaller with increasing temperature, the negative hfcs of the muoniated radicals
were found to increase in magnitude (become more negative) with temperature, passing through a maximum
near the boiling point of ketene. This behavior is attributed to a solvent-induced change in the force constant
of the out-of-plane bending mode. The opposite temperature effect known fpa@HCD is explained by
excitation of the low frequency out-of-plane bending mode. This effect is much smaller in the muoniated
radicals, where the vibrational frequency is significantly higher due to the light mass of muonium; consequently,
the solvent effect dominates at low temperatures.

1. Introduction TABLE 1: Isotropic Proton Hyperfine Coupling Constant of
the Methyl Radical

The methyl radical is the simplest organieradical and an

important intermediate in many reactions in such diverse fields environment TK |Apl/MHz ref
as atmospheric chemistry, combustion, and biochemistry. How-  vacuum 25 65.5(9) 7
ever, it is very reactive and its short lifetime makes it challenging 22 Z‘ gi’-gz(%g) %g
to study. It was first identified by Herzberg and Shoosmith using K: 4 64:46( ) 23
flash photolysis and ultraviolet (UV) absorption spectroséopy 85 64.46 20
and subsequently studied by infrared (IR) spectroscopy in  Xe 4 64.37(14) 24
several low-temperature matriée$ and in the gas phase’ CH, 4 64.39(18) 19
The optical spectroscopic studies have shown that the methyl 96 64.57(3) 20
radical is an oblate symmetric top with a planar equilibrium gg coc 4 64.55 sl
. . 3 Hs 110 62.78 28
geometry in the ground electronic state {X,). The methyl 220 63.98 22
radical is often considered to be a benchmark for theoretical  n-hexane 250 64.04(1) 25
calculations because its small size allows for extensive calcula- CH;OH 250 64.03(H 25
tions that can include vibrational averaging and solvent effetts. 1:1 CHOH:H0 250 63.94(19 25
The computational studies predict that the protons have a H0 2;1 gg-gg 4 %
negative hyperfine constant (hfc). This was confirmed experi- 300 63:53§1% 21

mentally by Davis et al., who were able to resolve the hyperfine

splittings in the IR spectrum of methyl radicals generated with 6;6933;96 ?(4[(;8(2)'?» ><l (1TC3f 3( é’;g;i)]og\é?rt;hee :rg: 2212522;8 ﬁ

- 7 . - . . X - .
low rotational temperatures-€5 K)." . _ ©63.82— [(5.0(0.6)) x 10 (T-273)] over the range 24280 K.
One of the most useful and versatile techniques for studying u g3 544(8)— [(5.9(0.6)) x 10°% (T-298)] over the range 286833 K.

free radicals is electron paramagnetic resonance (EPR), which . : )

can measure the hfcs and thus provide information about the ~Further information about the structure and dynamics of
distribution of unpaired spin density in the radié&i® The organic radicals can be obtained by studying isotopically
configuration and conformation of a radical can be inferred from Substituted molecules. All of the possible deuterated methyl
measurements of the magnitude, sign, and temperature depentadicals (CHD, CHD,, and CD) have been observed by
dence of the hfcs. There have been many EPR experiments orEPR?***Additional information about the methyl radical could
the methyl radical in different matrices and solvetfts$6 as ~ be obtained by studying its muoniated isotopomers: @i
evident from Table 1, the proton hfc varies with environment and CDMu. These are radicals that contain muonium (Mu) as
and generally decreases with increasing temperature in the liquid@ Polarized spin-label. Muonium is a single-electron atom with

phase. the positive muony*) as nucleus and is considered to be a
light isotope of hydroge® Mu can be formed by the implanta-
* Corresponding author. e-mail: percival@sfu.ca. tion of ™ into a solid, liquid or gas sampfé,and muoniated
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SCHEME 1: Formation of the Muoniated
Trimethylsilylmethyl Radical

McKenzie et al.

Bennett and Miles studied the reaction of H and D atoms with
ketene in water, benzene and adamantane matrices at 77 K using
EPR and a rotating cryostat, and found that the major product

ot N . X : :
MesSi, .+ - Mu N o Mu in H,O and DO matrices was the acetyl radical, of which a
H,C=N=N = MegSimCroy 1~ Me3S'_C\H considerable portion was found to undergo scission to form the
Mu methyl radicat*®

SCHEME 2: Formation of the Muoniated Methyl
Radical

Information about the structure and dynamics of a radical
can be inferred from the information available frafsR or
EPR experiments, i.e., the hfcs. However, since the hfcs of a

”\ Mu 0 Vs radical depend on both vibrational averaging and solvation, it
=C=0 ——= MuH,C—C_  ——>= Mu—C¢ can be difficult to separate their effects, and it is often valuable
H H

to compare the experimental results wath initio calculations.
Computational studies can now model the effect of large

be seen with other isotopé%?° These effects are manifested amplitude motions on the hfcs by calculating the energy and
by changes in the magnitude and temperature dependence offcs for a series of fixed geometries and obtaining the vibrational
the hfcs. In order to compare the hfcs of different isotopes, which wave function numerically from the ensuing one-dimensional
have different gyromagnetic ratiog)( we will refer to the  potential®® Barone and co-workers have studied the effect of
proton-equivalent reduced hfc, which is denoted by a prime and vibrational averaging on the methyl radical and demonstrated

is given byA, = Ax(y/).
Beams of monoenergetic muons are available in which the
spin polarization is close to 100%. The positive muon is
radioactive with a lifetime of 2.s and decays to a positron
and two neutrinosut — et + v¢ + ¥,. During this decay, the
positron is emitted preferentially along the direction of the
muon’s spin; thus the detection of decay positrons in a given
direction provides a convenient means of monitoring the spin
polarization of an ensemble of muons. The muon and nuclear

hfcs of a muoniated radical can be determined using transverse-

field muon spin rotation (TESR) and avoided muon level-
crossing resonanceul(CR), respectively. These powerful
magnetic resonance techniques can be used to study radicals i
a wide variety of environmentd:*2

To date, over 200 muoniated radicals have been studied,
almost all of which have Mu attached to an atom that is adjacent
(or B) to the radical centerof-carbon). This is a consequence
of formation of the radicals by Mu addition to an unsaturated
bond. There are only a few examples of radicals where Mu is
attached directly to the radical center (thgosition), because
they are difficult to produce; however, two routes to generate
these radicals have recently been develdiéthe first route
involves addition to an unsaturated bond, followed by rapid
decomposition of thg-muoniated radical to give am-muo-
niated radical. In order for spin polarization to be transferred
to thea-muoniated radical, the decomposition must occur within
a few nanoseconds; this can occur when there is a good leavin
group like N, or CO present, such as in molecules with diazo
and ketene functional group$.The other route to generate
o-muoniated radicals is by the addition of Mu to stable
carbened?

An early attempt to produce the muoniated methyl radical
by the reaction of Mu with diazomethane was unsucce$sful,
most likely due to the extreme instability of diazomethane at
the high concentrations required for TSR experiments
(typically 1 M or greater). However, it proved possible to
produce a substituted muoniated methyl radical by the reaction
of Mu with a more stable diazo compound, trimethylsilyldia-
zomethane (Scheme 1). From the temperature dependence
the muon hyperfine constant it was deduced that the radical

center is nonplanar, and this was ascribed to the influence of

the trimethylsilyl groug®-47

We have previously reported the successful detection of the
CH;Mu radical produced by the reaction of Mu with ketene at
184 K (Scheme 238 The intermediate muoniated acetyl radical
was not observed, nor were any of the radicals that could form
by Mu addition to the central carbon or oxygen of ketene.

gte

that this leads to a decrease in the magnitude of the protoi hfc.
The effect of vibrational averaging has also been studied for
more complex radicals, such as cyclopropyglycinyl,52 and

the H atom adducts of cytosiiéIn this paper we examine the
effect of vibrational averaging on the isotopomers of the methyl
radical, and also how the vibrationally averaged states are
affected by interactions with neighboring molecules.

2. Experimental Methods

2.1. Ketene Synthesis and Sample PreparatioKetene was
produced by the pyrolysis of acetone in a “Hurd” lamp, or ketene
enerator, using a design based on a description given in
ogel>* Acetone was used rather than dikeféner acetic
anhydridé&® due to the lower cost of the starting material and
the ready availability of deuterated samples. The ketene was
trapped at 196 K and then purified by vacuum distillation, the
middle third fraction being retained. NMR analysis of the sample
after the muon experiments revealed the presence of acetone
(~20% mole fraction). The deuterated ketene samples were not
analyzed, but since they were prepared in an identical manner
it was assumed that there was a comparable amount of
deuterated acetone present. The liquid ketene was deoxygenated
by the freeze-pump—thaw technique and sealed in a nonmag-
netic stainless-steel cell with a 28n thick window to allow
penetration of the muons. The samples were kept at dry ice
mperature until needed, to prevent dimerization of the ketene.
2.2. TFuSR and uLCR Experiments. The TFuSR and
uLCR experiments were performed over 3 week-long beam
periods on the M15 and M20 beamlines at the TRIUMF
cyclotron in Vancouver, Canada. Spin-polarized positive muons
(4 MeV) were extracted from the beamline and stopped in the
sample, which was mounted in the HELI@SR spectrometer
whose magnetic field was aligned along the beam direction.
The spin polarization of the muon beam was perpendicular to
the applied magnetic field for the T#R experiments and
parallel to the field foruLCR experiments, with the positron
counters arranged accordingly. The apparatus and measurement

Oz?rocedures are described in greater detail elsewtiére.

In the TFuSR spectrum at high magnetic fields, where the
Zeeman energy is much larger than the hyperfine interactions,
the radical frequencies form two degenerate groups

VR=Vp £ l/ZA# 1)

wherevyp is the precession frequency of muons in diamagnetic
environments (13.55 kHz G) and A, is the muon hfé! The
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TABLE 2: Muon Hyperfine Constants of the CH,Mu and
CD,Mu Radicals as Determined from TFuSR Spectra at
Different Temperatures?
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TABLE 4: uLCR Resonance Fields and the Corresponding
Deuteron Hyperfine Constants of the CBMu Radical at
Various Temperaturest

CHMu CD,MuP

TIK |AJIMHz TIK |AIMHz
73 201.30(10) 81 202.29(5)
88 201.27(7) 93 202.37(2)
109 201.28(3) 105 202.42(2)
131 201.36(4) 113 202.42(2)
152 201.37(4) 125 202.43(2)
173 201.44(6) 137 202.45(3)
184 201.55(4) 140 202.41(3)
205 201.57(7) 150 202.39(4)
212 201.61(6) 160 202.44(4)
223 201.54(8) 170 202.49(4)

180 202.42(4)

190 202.51(5)

200 202.53(5)

210 202.68(5)

220 202.66(8)

225 202.35(7)
235 202.01(12)

a Statistical uncertainties given in parentheses (see text, section 2.2).
bTwo data sets: measurements below 140 K were made with one
sample; higher temperature data were obtained with a different sample

at a later date.

TABLE 3: pLCR Resonance Fields and the Corresponding
Proton Hyperfine Constants of the CH,Mu Radical at
Various Temperatures?

TIK |AJPIMHzZ BredG |Aol/MHz

132 201.34(2) 7489(2) 61.24(5)
152 201.41(2) 7491(2) 61.26(4)
162 201.44(2) 7486(2) 61.39(3)
184 201.51(2) 7485(2) 61.47(3)
192 201.54(2) 7486(3) 61.48(5)
204 201.58(3) 7492(1) 61.42(3)
212 201.61(3) 7491(2) 61.47(4)
223 201.64(3) 7493(3) 61.46(7)

a Statistical uncertainties given in parentheses (see text, section 2.2)

b Linearly interpolated muon hfc values.

magnitude of the muon hfc (in units of frequency) is calculated

from the difference in the two precession frequencies.
Resonances in theLCR spectrum occur at values of the

magnetic field where a muon transition frequency is matched

TIK |A.|P/MHz BredG |Aql/MHz
120 202.32(4) 7438(2) 9.45(6)
140 202.38(3) 7443(6) 9.38(15)
160 202.44(2) 7445(6) 9.38(16)
180 202.50(2) 7438(5) 9.63(13)
200 202.56(3) 7440(4) 9.62(11)

a Statistical uncertainties given in parentheses (see text, section 2.2).
b Linearly interpolated muon hfc values.

1 (')O 2(.)0 3(.)0

Frequency /MHz

Figure 1. TF-uSR spectrum from deuterated ketene at 180 K in a

transverse magnetic field of 14.5 kG. The signal at 196 MHz is due to
muons in diamagnetic environments; it has been truncated to better
display the pair of peaks at 95 and 298 MHz, which are due to the
radical CQMu.

Fourier Power

400

of programs? The geometry of the methyl radical was
optimized with the unrestricted B3LYP functiofdland the
6-311++G(2df,p) basis set, and the harmonic and anharmonic
vibrational frequencies of the methyl radical isotopomers 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. The
anharmonic vibrational frequencies could not be calculated for
molecules withD3, symmetry so the symmetry was artificially
reduced toC,, by increasing one of the €H bonds by 0.01

pm (an arbitrary small value which serves only to break the
symmetry).

to that of some other nucleus in the coupled spin system of a3 Results

radical. Each magnetic nucleus (characterized by its hyperfine

constantAy) gives rise to a resonance at a value of the magnetic
field determined primarily by the difference betwedn and
A

2 2
_afA A AZ-2MA

B =
e 2 y‘u ~ Yk ‘Ve(AM - Ak)

2

whereM is the z-component of the total spin of the unpaired
electron, the muon, and the nucleus involved in the level
crossing, ande, y,, andyy refer to the gyromagnetic ratios of
the electron, muon, and other nucleus, respectively.

Both TFuSR and uLCR experiments involve counting

3.1. Muon Spin SpectroscopyWhen ketene was irradiated
with positive muons the TSR spectrum showed only one
type of radical, previously identified as the @¥u radical?®
Similarly, only one type of radical was observed in the TF-
uSR spectrum obtained from deuterated ketene. The muon hfc
(A,) of the latter radical is almost identical to that of e\,
leading us to conclude that the observed species is thdGD
radical. A representative TSR spectrum of the CIMu radical
is shown in Figure 1. The values &, extracted from such
spectra for CHlMlu and CDMu at different temperatures are
listed in Table 2. Separate measurements were made with two
deuterated ketene samples, and there is a small discrepancy
between the two data sets, which we attribute to different

particles and are subject to Poisson statistics. Spectral parameteramounts of acetone impurity.

are determined by multiparameter fits to primary data (time-
domain histograms for TESR and positron asymmetry counts
for uLCR).2%57 The uncertainties quoted in Tables 2 derive
from one-standard-deviation uncertainties in the relevant fit
parameters.

2.3. Computation. Density functional calculations on the

TheuLCR spectra of ChMu and CB:Mu each display only
a single resonance. The field positions of these proton and
deuteron resonances are almost identical because the change in
gyromagnetic ratio for the two nuclei cancels top and bottom
in the leading term on the right-hand side of eq 2. However, as
is evident from Figure 2, the deuteron resonance inNDDis

methyl radical were performed using the Gaussian 03 packagemuch less intense than the proton resonance igMiHThis is
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bending potential is harmonic. This facilitates the development
of analytical expressions to describe the temperature dependence
of the hfcs, rather than a more rigorous but less descriptive
approach using higher-order functions and numerical solution.
It is clear that the light mass of the muon has a large effect on
the vibrational frequencies, especially for the out-of-plane mode
and the in-plane stretching frequencies involving Mu.

4. Discussion

4.1. Magnitude of the Hyperfine Coupling Constants.

. . . . — Although magnetic resonance techniques typically only provide
68 70 72 74 76 78 80 82 the magnitude (and not the sign) of the hyperfine constant from

Magnetic Field /kG splittings in the frequency spectrum, computational and optical

Figure 2. (a) uLCR spectrum of CkMu in ketene at 184 K. hyLCR spectroscopic studies have conclusively demonstrated that the

spectrum of CBMu in ketened, at 200 K. The amplitude scale for  proton hfc of the methyl radical is negative. This can be ex-

thls resonance h_as been magnified by a factor of 6.8 to account for theplained by a delicate balance between two effects: spin polar-

different magnetic moments of the proton and deuteron. ization of the G-H bond®2 which contributes negative spin

TABLE 5: Computed Energy,? Proton Hyperfine Constant, density, and direct overlap with the singly occupied molecular
Dipole Moment and Isotropic Polarizability at Fixed orbital (SOMO), which contributes positive spin density. The
Out-of-Plane Angles6® for CHs negative sign of the hfc indicates that spin polarization domin-
0/deg  AE/KImol*  AJ/MHz  u/Debye  o//107%°m? ates, but the balance of effects means that the proton hfc is very
0.00 0 5971 0 2 0844 sensitive to the configuration at the radical cefté?14Out-
3.33 0.504 —57.92 0.1369 2.0842 of-plane bending brings the substituents out of the nodal plane
6.66 2.177 —52.81 0.2674 2.0836 of the SOMO, increasing the positive contribution of spin dens-
ig'gg ﬁgéi :gg'gé 8'28?? %‘8%% ity and resulting in a smaller magnitude (less negative) coupling
16.66 19.762 _25.04 0.5806 2.0764 constant. Temperature dependence arises primarily through exci-
20.00 32.426 —14.69 0.6561 2.0727 tation of the low frequency out-of-plane vibrational mode. For
a UB3LYP/6-311+G(2df,p).b 0 is defined as the angle between a the follqwing discussion it is su_fficignt to treat this m_ode as
C—H bond and the plane containing the three H atoms. harmonic (a reasonable approximation according to Figure 3).

The vibrationally averaged hfc in a given vibrational state is
because the signal amplitude is proportional to the nuclear given by the expectation value
gyromagnetic ratio, which is smaller for the deuteron. Resonance

fields and corresponding hfcs at different temperatures are AL = [ (IAU 1, (9)0 3)
reported in Tables 3 and 4. The field positions indicate that the . . ) .
muon, proton and deuteron hfcs have the same sign. where y,(s) is the normalized harmonic wave function for

Apart from the small changes in values reported in the tables, Vibrational levels, andA'x(s) is the dependence of the hfc of
there was no change in either type of spectrum until the samplenucleusX on the displacement coordinase(defined here as
was heated above 220 K, when a second radical with a largerR(01 + 62 + 62)/+/3, whereR is the C-H bond length and the
muon hfc was observed in the TFSR spectrum and the is refer to the angles between eachi€hbond and the plane
intensity of the methyl radical signals were greatly diminished. formed by the hydrogen atoms). Vibrational states above the
The methyl radical signals disappeared entirely by 235 K. The ground level include greater weighting from nonplanar con-
new signals can readily be assigned to the Mu adduct of diketenefigurations, so these hfcs are less negative than in the ground
(addition to the terminal carbon of the=€C bond), based on  State. _
the magnitude and temperature dependence of the muon hfc as The hfc at a given temperature corresponds to the Boltzmann
determined previously in a separate study using pure dik&fene. weighted average over all the vibrational levels. Howevgr, the

3.2. Computation. The optimized structure of the methyl ~Out-of-plane bending frequency of GHy = 606 cnT?) is
radical was calculated to ha@, symmetry with a G-H bond sufficiently high that only the ground and first excited vibrational
length of 1.0795 A, which is in good agreement with the levels need to be considered in modeling the temperature
experimental value of 1.079 & The energy, proton hfc, dipole ~ dependence below room temperature. Thus
moment f), and isotropic polarizability ) of CHz were

. . Al 0) + A (1) ,—hev/kT
calculated as a function of the out-of-plane artgjnd are listed s X x €
i AX(T) - —he/kT (4)
in Table 5. 1 4 g ho
The harmonic vibrational frequencies for gHCH,Mu, and
CD;Mu calculated at the UB3LYP/6-311+G(2df,p) level are Except at very low temperature (discussed later), the hfcs

listed in Table 6. The results for GHare in good agreement  for CH;, CH,D, CHD, and CL all decrease with increasing
with experimental and calculated values reported in the litera- temperature, consistent with increasing population ofitlve
tureS? Although the out-of-plane bending potential is better 1 level, whose wave function has a nodeédat 0° (i.e., planar
described by a quartic function, a harmonic potential reproducesgeometry). Small differences in the temperature dependence
the calculated values well (Figure 3). The anharmonic vibrational arise from the different out-of-plane vibrational frequencies, as
frequencies were also calculated with Gaussian03, and werepredicted by eq 4. In contrast, the population of the 1 level
found to be lower than the harmonic frequencies except for the in the muoniated isotopomers can be shown to be negligible,
out-of-plane bending mode. In the latter case the quartic potentialeven up to room temperature, due to the much higher out-of-
is approximated by an extended harmonic curve when a largeplane bending frequencies. The proton hfcs indt¥e 0 andv
section of the potential surface is examined. Throughout this = 1 levels can be estimated from the temperature dependence
paper we have made the approximation that the out-of-plane of the proton hfc in solutio® Using these values (scaled for
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TABLE 6: Calculated Harmonic Vibrational Modes for CH 3, CH-Mu, and CD,Mu?2

CHs CHMu CD;Mu
mode vlemt w/emt (lit.) ° mode viecm™t mode viem™t
out-of-plane bend 539 606 out-of-plane bend 945  out-of-plane bend 903
symmetric in-plane bend (degenerate) 1407 1396 symmetric in-plane bend 1410 symmetric in-plane bend 1046
symmetric C-H stretch 3167 symmetric€D stretch 2283
symmetric C-H stretch 3108 3004 asymmetric-E stretch+ C-Muwag 3247 asymmetric€D stretch 2447
asymmetric C-H stretch (degenerate) 3284 3161 asymmetrdiGstretch+ C-Muwag 3398 C-Mu wag 3316
C-Mu stretch 9272 C-Mu stretch 9273
aUB3LYP/6-31H+G(2df,p)//UB3LYP/6-313+G(2df,p) using Gaussian 083Experimental data from ref 61
A B
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Figure 3. Computed (UB3LYP/6-311+G(2df,p) level) dependence of various methyl radical properties on the out-of-plane displasergnt
energy; (B) proton hyperfine coupling constant; (C) dipole moment; (D) isotropic polarizability volume.

the muon gyromagnetic ratio), and the calculated out-of-plane to intramolecular effects. Indeed, Fessenden noted that there
bending frequency, we estimate that the change in the muonare significant differences in the hfcs of the H/D isotopomers
hfc between 100 and 225 K for GMu and CQxMu should be of the methyl radical, even when they are in similar chemical
less than 0.01 MHz from this effect. Thus, a study of the environments, and suggested that the differences arise from the
muoniated isotopomers can reveal contributions to the temper-amount of averaging in the ground vibrational state of the out-
ature dependence of hfcs which might otherwise be obscuredof-plane modé? The strong angular dependence of the hfcs
by dominant vibrational effects in the non-muoniated radicals. means that their averaged values are very sensitive to the shape
The hfcs of CHMu and CDMu are significantly different of the vibrational wave function, which is dependent on the
from both the non-muoniated isotopomers and from each other.mass of the atoms. The ground state vibrational wave function
These differences are larger than the predicted solvent effectsfor the out-of-plane mode is more localized for heavier
which are of the order of 1 MHz (see later), and must be ascribed isotopomers, such as G[than for lighter isotopomers such as
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Figure 4. Reduced hyperfine coupling constants of the muo, (
proton €), and deuteront() plotted vs the calculated harmonic out-
of-plane bending frequencies (UB3LYP/6-311G(2df,p)) for methyl
radical isotopomers under the stated conditions:; @ethane, 96 K),
CHD; (krypton, 86 K), CHD (krypton, 86 K), CH (methane, 96 K),
CD;Mu (liquid ketenee,; Mu hfc at 180 K, D hfc averaged over liquid
range) and CkMu (liquid ketene, 184 K). The dotted lines depict a fit
to eq 7 (see text).

CH;Mu, due to the differences in the zero-point energy. Thus,
the CHMu isotopomer has a larger contribution from nonplanar
configurations than CB which results in the averaged hfcs for
CH;Mu being smaller than the averaged hfcs in £LDhe
computational data displayed in Figure 3B show that to a very

good approximation the proton hfc has a quadratic dependence

on the out-of-plane displacement, so that the reduced hfc for
various isotopeX can be expressed by

AYs) = fuAg + AS (5)

whereAq is negative A; is positive, and the factdk accounts
for the isotope effect, which arises from vibrational averaging
of the anharmonic bond-stretching mdde.

The vibrationally averaged reduced proton hfc is obtained
by substituting eq 5 into eq 3, giving

AR

Zmllzksllz

wherem is the reduced mass akglis the force constant of the
out-of-plane bending mode.

This equation can be rewritten in terms of the harmonic out-
of-plane vibrational frequencyr() to give:

Ahc

—H
ALV

2ks

This predicts tha,” should be linearly dependent .
The reduced hfcs of methyl isotopomers at low temperature
(where most of the molecules are in the= O state) are plotted
vs the calculated harmonic out-of-plane frequency in Figure 4.
The dotted lines correspond to a fit to eq 7, with a common
slope (7.4x 1073 MHz/cm™1) but different isotope factorf
(0.997 for D, 1.000 for H, and 1.026 for Mu). This empirical
slope is in good agreement with the value (%003 MHz/
cm1) determined by evaluating the factdhAhdks), consider-
ing the approximations employed in the derivation of eq 7.

AL =fA + (6)

AO = A + @)

McKenzie et al.

4.2. Solvent Effects on the Hyperfine Coupling Constants.
Unlike the non-muoniated methyl radical isotopomers, the
magnitudes of the muon and proton hfcs of M4 increase
with temperature in liquid ketene. This is also the case for the
muon hfc of CDMu, but given the large uncertainty in the
deuteron hfcs it is not possible to characterize their temperature
dependence. For both muoniated isotopomers there is a maxi-
mum in |A,| close to the boiling point of ketene (bp 217 K),
which suggests an environmental effect.

The proton and3C hfcs of the methyl radical both depend
on the solvent>2° The nature of the solvent can influence the
hfcs of solute radicals in two waydy causing small changes
in the structure of the radical or by modification of the
interactions between the radical and the solvent. The latter effect
operates via transfer of unpaired spin density, so it is not
surprising to find that hyperfine constants often correlate with
solvent parameters such as dielectric constant, density, or
hydrogen-bonding ability. For example, tH\l hfcs of nitroxide
radicals have been found to depend on solvent polarity: there
is a linear correlation withef1)/(e+2), wheree is the dielectric
constant of the solvefit:55 Such an effect has been explored
by Fernandez et &F. by applying a multiconfiguration self-
consistent field method to calculate hfc values for methyl
radicals embedded in spherical voids in various solvents. They
found a correlation between the shift of the hfc from the vacuum
value and the dielectric constant of the solvent. Their data are
consistent with the relation

1
2

Since the dielectric constants of typical solvents decrease with
temperature, eq 8 suggests that there will be an increase in
magnitude of the hyperfine constant with increase in temper-
ature. This is in qualitative accord with our observations.
However, the observed change in the reduced muon hfc over
the liquid range of ketene is 0.1 MHz, and although we do not
know the dielectric constant of ketene, it would have to change
by a physically unrealistic amount to account for th80%
change in the functione(— 1)/(¢ + 2) required to reproduce
our results. We conclude that the change of the dielectric
constant with temperature contributes only part of the observed
temperature dependence Af.

The proton hfc of the methyl radical has been found to vary
with the nature of inert matrices at 4 K. There have been several
ab initio studies of the interaction of the methyl radical with
diamagnetic molecules, such as £4HCCH HCN 8 HF 5870
and HO,* and in all of these studies the minimum energy
geometry of the methyl radical was found to be slightly
nonplanar. The interaction with the solvent causes the out-of-
plane bending potential of GHto resemble that of CHF,
resulting in the ground state wave function having a lower
amplitude for6 = 0 and the averaged hfc being lower than the
gas-phase value, just as the proton hfc of,El& lower than
that of CH.22 It is not reasonable to suggest that this will occur
in inert matrices or in solution where the radical is completely
surrounded by neighboring molecules as the symmetric environ-
ment would result in the average minimum beingfat 0°.
Theab initio calculations of Takada and Tachikawa demonstrate
that the observed dependence on the matrix is not simply due
to transfer of spin polarization onto matrix atoms. They
calculated the proton hfc of a planar methyl radical in several
model matrices (Ck(H2)n (n = 12 and 20), CHAr), (n = 12
and 18), and Ch{CHg), (n = 12 and 18)) and found that the

BA= AP~ A = - 03145 (®)
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magnitude of the proton hfc in the inert matrices is larger than  Expanding (9) using (10) and (11) gives
in the gas phas@.

Davis et al’ noticed that the proton hfc is correlated with E. =-—2
o . . R-N
the enthalpy of vaporization of the matriaKyap), which they 2 \|CH3 +iy 2 o \|CH3 + 1y
considered to be related to the strength of the interaction between .2 .2 .2
CHs; and the matrix molecules. Davis et’aand Stratt and Ot P Yoty %ain &
Desjarding® speculated that the dependencé\pbn the matrix 4red®  dmed®  Ame,d®
could be due to the neighboring molecules stabilizing nonplanar
configurations of the umbrella bend coordinate. The advantage However, since we are interested in h&w.y varies withs,
of using AHyap to describe the interaction between the methyl only terms that depend osineed to be retained; the others
radical and the surrounding molecules is that it is a bulk property merely shift the energy of the radical by a fixed amount.
that is known for many materials. On the other hand, it gives Furthermore, the final term can be neglected as it is much
no insight into the nature of the interaction between the solute Smaller than the others.
and the matrix. The energy of the distorted structures including the interaction
An alternative approach, which we have followed, is to con- energy with neighboring molecuiles is given by
sider the interaction energy between £&hd the neighboring 1
atoms or moleculesEg_y), which is the sum of the induced E(s) = ks’ + ZER—N (13)
dipole—-induced dipole (or dispersion) interaction energy and 2 n

the dipole-induced dipole interaction energy, and to consider \pare the summation need only be taken over nearest-neighbor
what effectEr-n has on the bending potential of the methyl  5jecyles becausir_y falls with distance to the sixth power.

3(16(1;\‘{ lem,In 3(1’2(1;\‘{ lerIn

£ —

12)

radical. Thus
1 r I I 1 2 1 1 lu 2 ICH IN na'
3 %O lond | don Sy AE(S) = 2k — 7| |22 — 3ap| ——— |[=N[& (14)
=_2 — — 6
R—N 2 d6 \ICH3 + lN 4J[€Od6 2 2 27[60 ICH3 + IN d
oUNuCHj(s) The preceding equation can be used to define a new force
— constant for the out-of-plane bending motion in condensed
4red environments
2 r
where %Ha and oy are the polarizability volumes of the K=k — o 30! IcHglN LN (15)
methyl radical and the matrix, respectivelly, andly are their 27¢€, 2 len, T Inj| d®

ionization energiegych, anduy are their dipole moments, is
the distance between the methyl radical and the neighboringwheren is the number of surrounding atoms or molecules.
molecules, andy is the permittivity of free space. The dipete Combining egs 6 and 15, and assuming that the modification
dipole interaction is not included in eq 9 because methyl has to the bending potential is small so that the approximation (1
no permanent dipole, and dipolar interactions involving non- — X)™2~ 1 + ,x for x < 1 is applicable, results in

planar configurations are averaged to zero by a rate of methyl ,

inversion which is faster than orientation of solvent dipoles. A©O = pr(O.gas }K% (16)
The d=8 dependence oEg_y means that in practice we need % % 2 ¢

only consider the molecules that are nearest neighbors to the

methyl radical. The matrices in which the methyl radical was WhereA,®9is the averaged reduced proton hfc of the 0
studied & 4 K have face centered cubic or hexagonal close level in the absence of interactions with neighboring species
packed structures and the methyl radical occupies a substitutionafnd is given by eq 6. The factét, which is given by

site, which means that in all cases the methyl radical is 2 N
surrounded by 12 equivalent neighbors. The distance between K = At |l My 3;“2 CH'N (17)
the methyl radical and the neighboring matrix molecules was Zm(llzksl’2|.27f€oks kg ICHS + 1y

set as the sum of effective radii, as determined from the

appropriate crystallographic lattice constants. The vdW radius is not very sensitive to the nature of the matrix, since the second

and polarizability volume of the methyl radical are not known term in the square brackets is significantly smaller than the first

but are assumed to be the same as for methane. and the ionization energies of the inert matrices are very similar
Our DFT calculations show (Figure 3D) that the polarizability t© €ach other and larger than that of the methyl radical.

of CHs has a quadratic dependence on the out-of-plane Equation 16 predicts a linear relationship between the proton
displacement hfcs & 4 K in inert matrices anaha'n/dS, which is confirmed

by Figure 5. It can be shown th&k_n and the enthalpy of
vaporization,AHyap both depend linearly ono!'n/d8, so we
A (9) ~ ap — oS’ (10) can write

r ! 1 1 I 1
Similarly, the calculations show (Figure 3C) that the dipole A = A, 09254 SPIErnI~ (AO9+ ) +5TAH 4
moment is roughly proportional ts (18)

" whereC' is a constant, which agrees with the observation of
”CHs(S) ~ S (1) Davis et al.
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Figure 5. Variation of the proton hyperfine coupling constant of the Figure 6. Variation of the temperature dependence of the proton
methyl radical in inert matrices & K with no'y d=8 (see eq 16 in the hyperfine coupling constant of the methyl radical in solutfonith
text). the enthalpy of vaporizatidf of the solvent at 25C (eq 21 in the
text).
The temperature dependence of the proton hfc of the methyl )
radical in solution depends on the solvéht® This effect can Given the different environments and the approximations
also be explained by solvent-mediated changes in the bendinginvolved in the derivation of eq 21, we consider this reasonable
potential. Since the temperature dependence arises from populaagreement.
tion of the first excited vibrational state of the out-of-plane The temperature dependence of the hfcs in the muoniated
mode, it is necessary to consider what effect changing the methyl radicals is due to changes in the average distance
bending potential has on the averaged hfc of this level. between the methyl radical and the surrounding ketene mol-
Following the same procedure used for the ground vibrational ecules. The sample cells were not completely full so the ketene
state, we can show that the dependenc.e;bll’ on the radical- could expand with increasing temperature. The distance between
neighbor interaction energy is three times thai\pf. the methyl radical and the surrounding ketene molecules is not
known experimentally but we have assumed that it is propor-
L) ar(Dgas 3 o ar(Dgasy iy g 3 tional to the inverse cube root of the density of ketene
A = Aoy SPIEr I & (A9t Cm) + ST AH g (pretens ¥9). Then if eq 16 is rewritten in terms of a n>(/3W constant
(19) (Oketend that describes the methyl radieddetene interaction,
we find that the reduced hfc depends on the square of ketene’s

The temperature dependence of the reduced proton hfc isdensity:

obtained by differentiating eq 4 with respect to temperature,
followed by substitution of eqs 18 and 19 to give

A;( = A;((O),gas_|_ ®ketené)ketenez (22)
dA(T) e ™ hy
gt ¢ 1+ o "2 2 FAH,5, (20) The density of ketene decreases with increasing temperature,
( € ) and pketené IS approximately proportional to temperature over

ﬁbe range studied in these experimefthus, pketend can be
approximated by — bT, wherea = 1.159x 10° kgZ m~6 and
b =2.368x 10° kg? m~® K1, giving

Other researchers have assumed that the temperature depe
dence of the proton hfc of GHn solution is linear over a small
temperature rang&:2>We have therefore evaluated the average
value of the term in the square bracket over the temperature
range of the EPR experiments, and rewritten eq 20 as AL = AP — O gien@ + Operenb T (23)

dA(T) -
— OT(EAH,,) 1)

Alteration of the out-of-plane bending force constant of the
methyl radical by neighboring molecules will cause the mag-
nitude of the hfcs to increase linearly with temperature, which

It is immediately apparent from Figure 6 that the temperature is in general agreement with the experimental results (Figure
dependence of the proton hfc in solution is linearly dependent 7). Fits of eq 23 to the muon hfcs of GMu and CQMu in
on {AHyap, and we can therefore conclude that the variation in the liquid range give the results shown in Table 7. Deviations

the temperature dependence Af for CHsz in solution is from linearity of the experimental data can be attributed to other
consistent with modification of the out-of-plane bending force effects, such as changes in the dielectric constant of ketene with
constant. temperature.

From the slope of Figure 6 we deduce thdor A, in solution The temperature dependence Af is very similar for

is 0.262(13) MHz mol k3%. An equivalent parameter can be CH,Mu and CDQMu, which is not surprising given that the
obtained from the variation @%, for methyl in the inert matrices =~ measurements were performed in almost identical solvents. The
at 4 K. In this casd is found to be 0.127(23) MHz mol KJ. sharp drop in the magnitude of the muon hfcs near the boiling
which is within a factor of 2 of the value found for solution. point of ketene is ascribed to changes in the composition of the



Methyl Radical Isotopomers J. Phys. Chem. A, Vol. 111, No. 42, 2000633

2028 —r——T——T——T— of Ay(CHs) in solutions near room temperature, and the
: ' temperature dependence of the hfcs of.Id and CQMu in
2026k i liquid ketene.
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