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High-Resolution ESR Study of the H:-CH3, H---CHD>, D---:CH2D, and D---CD3 Radical
Pairs in Solid Argon

1. Introduction

The triplet state radical pairs of small organic molecules have

attracted much

electron spin resonance (ESR) spectroscopy due to their
importance as primary unstable species in chemical reactions
especially in radiation chemistry and photochemistry. The radical
pairs are characterized by weak signals at the forbiddegn=

+2 transition ¢ ~ 4), and a fine structure (fs) due to the electron
dipole—dipole interaction (zero-field splitting) at the allowed
Amg = +1 transition ¢ ~ 2) in cw-ESR. The ESR parameters
such as hyperfine (hf) structure and fs can potentially provide
detailed information about the orientation and trapping sites o
radical pairs as well as their inter-spin distance and electronic |

structures.

Gordy et aP first reported the ESR spectrum of the triplet
state radical pair of the H-atom coupled with the {#dical,
H---CHs, formed iny-irradiated solid methane at 4.2 K. The
spectrum was analyzed in terms of an axially symmetric fs with
ad parameter of 9.1 mT. Theévalue of 9.1 mT corresponds to
an inter-spin (separation) distanceRf= 0.68 nm, suggesting
that the H-atom and the GHadical can be located on opposite
sides of one Chimolecule. Next, Toriyama et &lconfirmed
the experimental result by Gordy et al. and further examined
the spatial distribution of H-CHj radical pairs with different
inter-spin distances in an X-ray irradiated solid methane base
on a line shape analysis of the H-atom absorptio\®@t =
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High-resolution electron spin resonance (ESR) spectra of radical pairs of a hydrogen atom that coupled with
a methyl radical (H-CHs, H---CHD,, D---CH,D, and D--CDs3) were observed for X-ray irradiated solid
argon containing selectively deuterium-labeled methaneg, CHD,, and CD, at 4.2 K. The double-quartet
H-hyperfine (hf) splittings of ca. 26 and 1.16 mT at thens = +1 andAms = +2 transitions, which are
one-half of the isotropidH-hf splittings of an isolated H-atom and a €kadical, were attributed to the
H---CHjs pair. The'H-hf splittings at theAms = +1 transition were further split by the fine structure (fs) due

to the electron dipoledipole coupling. Because of the high-resolution spectra, three different sets of the fs
splitting, d, are clearly resolved in the spectra of both the-8H; and the D--CD; pairs. The separation
distance (inter-spin distancdy}, between the H-atom and the €kadical being in pairs was evaluated from
the d values based on a pointlipole interaction model. For the case of the4@H; pair, the observed

values of 4.2, 4.9, and 5.1 mT yield the respective separat®rs,0.87, 0.83, and 0.82 nm, to probe the
trapping site of the pair in an Ar crystalline lattice (fcc). For the pair vijte= 0.87 nm, for example, we
propose that the CHadical occupies a substitutional site and the counter H-atom occupies either the interstitial
tetrahedral sites directed away from the {J#dicals by a distance of 0.87 nm or the interstitial octahedral
sites by a distance of 0.88 nm. When a mixture of,@Hd CD in a solid Ar matrix was irradiated, only two
different radical pairs, H-CHz and D--CDs, were observed. This result clearly demonstrates that the hydrogen
atom and methyl radicals, which undergo a pairwise trapping, can originate from the same methane molecule.

+1. In their analysis, however, the inter-spin distances greater
than 0.68 nm may not be accurate, because the spectral line
width was broadened, probably with unresolved super-hf
ysplittings due to the protons of the surrounding methane
molecules, and any fs patterns except for that with 9.1 mT
‘were not resolved.

The rare-gas matrix isolation method has been developed to
observe a high-resolution ESR spectrum for unstable intermedi-
ate radicals from solute molecules/atom&:12-17 Knight et al.
carried out the ESR studies of radicals generated in neon
matrices containing methanes by several independent methods
¢ including photoionization, electron bombardment, x-irradiation,
and pulsed-laser surface ionization techni¢ft#€:16By employ-

attention and have been extensively studied b

ing any method, the CH radical cation was generated as a
major paramagnetic species; ¢tadical and HO™ (impurity)
radical cation were minor species. No ESR spectra due to the
H---CHs; radical pairs were observed in the neon matrices.
Instead, when smaller molecules such as ahd N were
employed as a solute, the ESR spectra characteristic -ofiH
pairs were clearly observed in solid Ne, Ar, Kr, and Xe matrices,
and N--N radical pairs in a solid Ne matré®1° The ESR
resolution of the radical pairs was considerably improved by
the rare-gas matrix technique, which enabled one to discuss the
spectral line shape in terms of electronic state mixing effects.
dFor the H--H pairs, however, any fs patterns At = +1
could not be observed. On the other hand, Van Zee &t al.
observed the ESR spectra of-HNH, and D--ND, radical pairs

in solid Ar and Kr matrices at botAms = +£1 andAmg = £2
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Ams = £2 band. Thus, even using the rare-gas matrix isolation labeled methyl radicals, G;1CD;, CH,D, and CHD, isolated
technique, it is often difficult to observe the same radical pair in a solid Ar matrix!® The present ESR study of the radical
at both theAms = £1 and theAms = +£2 bands. The difficulty pairs is an extension of the previous one. We now briefly
may arise from a variety of inter-spin distances of the pair in summarize the results of the methyl radicals for the readers to
the solid matrix and/or interference by intense signals from other easily understand the present topics.
radicals at theﬁms =41 band?_g To examine the electronic The X_ray irradiated CHAr Samp|e gave a quartet ESR
detail, the high-resolution observation and accurate assignmentyf 2 315 mT belav 6 K and was attributed to thé;-lines
of both Ams = +1 and+2 bands are required. _ (m = £, +3),) in the D3 symmetry of the isolated CHadical;

In our previous papel we reported the high-resolution ESR 1y stands for the-component of the total nuclear spin state of

spectra of a series of selectively D-labeled methyl radicals the three hydrogen nuclei involved. The spectral resolution was
isolated in a solid Ar matrix at 4 K. The methane molecule and yery high with a line width of 0.007 mT, so that the hf lines

Ar atom have almost the same van der Waals diameter with agye to the D-atom in the G radical as well as th&C atom
spherical form' This unique combination of methane as the in the 13CH, radical were clearly observed in their natural
solute and Ar as the matrix possibly leads to a homogeneousgpundance of 1.19%C) and 0.015% (D) at 20 K, respectively.
solid mixture by rapid quenching at the low temperature of 4 Upon increasing the temperature above 12 K, a new doublet,
K. This methodology combined wit4 K X-ray irradiati_on con_JId _ E-lines, with the same separation as theline, appeared and
successfully overcome the above-mentioned difficulties in jncreased in intensity with the increasing temperature, but of
observing the radical pairs. We now report the highly resolved \ypich positions are 0.024 mT higher than the inner te
ESR spectra of t_he spin exchange_d radical pairs of the hydrogenjjneg M = +,). The temperature dependence of the spectra
atom coupled with the methyl radical - +HCHs, H---CHD,, D- was successfully explained in terms of nuclear spin-rotation
**CH,D, and D--CD, which were generated and trapped in an  ¢oyplings using a three-dimensional free quantum-rotor model.
X-ray irradiated solid Ar matrix containing a small amount of 4t is, applying the Pauli principle th&-lines with the 1:1:
methanes. When the ESR spectra of the/BHsample the same 1.1 gyartet of the Ciradical was attributed to the four totally
as in the previous studywere recorded under the conditions  symmetricA; nuclear spin states coupled with the rotational
of higher microwave powers and amplitude gains, new ESR ground state]) = 0, in D3 symmetry!-18 On the other hand,
spectra attributable to the-HCH; radical pairs were clearly  {he £ jines were attributed to the nuclear spin states coupled
observed at both the allowetims = +1 and the forbidden it the 3= 1 rotational statd18Furthermore, the interesting
Ams = £2 transitions in addition to the isolated H-atoms,-CH  gpnormal intensities observed for the D-labeled methy! radicals,

radicals, and Ckf radical cations. The observed high-resolution CH,D, CHD,, and CIR, and their temperature dependences were
spectra allowed us to determine the accurate ESR hf and fsgy e{nalyze’d by the nuclear spin-rotation coupliigs.

parameters. The ESR studies of the irradiated,-©ED, . . . .
. - 3.2. H---CH3 Radical Pairs Formed in the Irradiated CH 4/
mixture/Ar and CHD,/Ar systems were also carried out. On Ar System. 3.2.1. Spectra atme=+2 Transition. Figure 1a

the basis of the experimental results, we discuss the inter-spin = g
distance and the trapping sites of the-4€H; radical pairs shows the ESR spectrum atothens =+2 tra_nS|t|on_observed
and their formation reactions in the irradiated solid Ar matrix at4 K for_a_CI—h (0.05 mol %)/Ar s_ample immediately ?‘fter
at 4 K. X-ray |rrf_;1d|at|on. The spectrum consists of at_le_ast three different
sets of lines. They are a doublet with a splitting of ca. 26 mT
2. Experimental Section accompanied by a multiplet (species “A”), a broad singlet
The chemicals used in this study were Ar (a purity of more CeNtered at ca. 159 mT (species "B"), and a poorly resolved
than 99.9999%, Nippon Sanso Corp.), 8 purity of 99.97%, v_veak multiplet at ca. 169 mT (species C ). Th_e most nptlceal_:)le
Takachiho Trading Co., Ltd.), Gi, (>98 atom % D, ISOTEC Ime_s here are from species A._ Species B is an ynldentlfled
INC.), and CD (99 atom % D, ICON). The gas samples of Ar radical species. Species C consists ofa multlpl_et with ca. 1 mT
containing 0.030.5 mol % of either Ck, CH,D,, or CD, were separation and may be attributable to aG#dical coupled
prepared and transferred to a glass vessel (inner volume of 250Vith another CHradical, that is, Cht-+CHs radical pairs: We
o) connected with a Suprasil ESR sample tube (4 mm o.d.) do not go into further details about the latter two species, B
up to a pressure of 300 Torr on a vacuum line operated by an@nd C. in the present paper.
oil diffusion pump. An Ar sample containing an equimolar ~ Species A has a slightly complicated spectrum. By annealing
mixture of CH; with CD4 (0.25 mol % each) was also prepared. the sample at a different temperature, the spectrum was success-
We modified a cryostat (Oxford, ESR 900) to irradiate the fully analyzed in terms of three different sets of double quartets,
sample with X-ray and make ESR measurements successivelyds seen in Figure Hd. The double quartet lines at 5.8 K
at 4 K. The tip part of the ESR tube was rapidly cooled to 4 K marked by “open triangle” (pair 1) irreversibly decayed at 8.0
to condense the gas mixture and subjected to X-ray irradiation K. Furthermore, the lines at 8.0 K marked k™ (pair Il) de-
(target: W, 50 k\-45 mA) to a dose of ca. 0.2 kGy. The ESR cayed at 10 K, leaving another set of weak double quartet lines
spectra were recorded using a Bruker ESP300E spectrometemarked by ©O” (pair Ill). Thus, three sets of double quartets,
at the microwave power of 0/2V—6.3 mW in the temperature ~ pairs |, Il, and Ill, were separately observed. The spectra of the
range of 4-25 K. The microwave frequency and magnetic field three different pairs consist of a constant isotropic hf value of
were calibrated using a microwave frequency counter 53508 1.16 mT for the quartet, but of slightly different doublet
(Hewlett-Packard) and an NMR gauss meter ERO35M (Bruker), splittings from 25.1 to 26.3 mT. The value of 1.16 mT (three
respectively. The spectral line shapes were simulated using theequivalent H-atoms) is exactly one-half of that of the isolated

program SinFonia (ver. 1.25), supplied by Bruker. CHjz radicals (2.32 mT), and the value of ca. 26 mT is very
. . close to one-half of that of the H-atoms trapped in the interstitial
3. Results and Discussion tetrahedral site and the interstitial octahedral site in the Ar

3.1. Isolated Methyl Radicals.In a previous paper, we  crystal, 51.26 and 51.14 mT, respectively, after the second-order
reported the high-resolution ESR spectra of a series of deuteriumcorrectior?®2! This clearly suggests that the observed double
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Figure 1. ESR spectra observed Atms = +2 transition for the Chl
(0.05 mol %)/Ar system at (a) 4 K, (b) 5.8 K, (c) 8.0 K, and (d) 10 K
for increasing temperature immediately after X-ray irradiation at 4 K. b o,
In spectra b-d, each band of the doublet separated by ca. 26 mT is r-*-""".;’{,"‘r—‘\r".,"'.r‘\f;
expanded. The peaks due to three sets of pairs are markad fir ’ v

I; O, pair 1I; O, pair lll. The lines marked as A are attributable to the
H---CHjs radical pair. See text for the lines marked as B and C.
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quartets are attributable to the radical pairs of the H-atom with '(:(;%Jgemzd (i?,irsgyesctg;%tﬁgvfi‘?% ggi i’tr(i?%'.tg r,gg;??d?fo K
the methyl radical, H-CHs. The radical pairs are expected to  for increasing temperature immediately after X-ray irradiation at 4 K.
be in the triplet electronic ground state, which lies below the Spectra b-d are an expansion ad; components together with the
singlet state by 2 (the singlet triplet separation energy) with ~ corresponding theoretical line shapes (dashed line). The parameters used
13 > aiso Of the isolated H-atom-1.4 GHz!! The ESR spectral folr the simulation are given in Table 1. The cen_tral two p_eadis=(
resolution of the radical pair is quite high with a narrow line 7o) due to three sets of pairs are markedAypair I 0, pair II; O,
width of ca. 0.01 mT, which is much narrower than those of pair Ill. The sample is the same as that in Figure 1.
the previously reported radical pairs formed in the irradiated
pure metharfe® and in rare gas matricés!® Because of the
high resolution, three different sets of the double quartets could

be separately observed, and the H-hf splittings atAhe = The spectrum is symmetric with respect to the center, and only
+2 transition could be evaluated with high accuracy. the perpendicular fs component) are visible here due to
As with the isolated Chiradicall® the quartet with the equal  their much higher intensity than the parallel componedgs (
relative intensity £-lines) was observed for the GHadical In Figure 2b-d, the experimental spectra (solid lines) are
in the H-+CH; pair at theAms = +2 transition 44 K asshown ~ compared to the theoretical ones (dotted lines) calculated with
in Figure 1a. Moreover, the relative signal intensity for the {ne following assumptions. We first assumed an axial symmetry
radical pair is approaching the binomial one, 1:3:3:1, on o the fs principal values-ds andd,, where|—dg| = d. The
increasing the temperature to 10 K in accord with the isolated g yalue is then assumed to be less than one-half of the isolated
CHj radical®® H-atom hf splitting (ca. 26 mT), but larger than one-half of the
3.2.2. Spectra ams = =+1 Transition.Figure 2 shows a  methyl H-hf splitting (1.16 mT). Under these conditions, the
spectrum at the allowedms = +1 transition for the same  observed ESR spectra were successfully simulated for the
CH4/Ar sample as in Figure 1. In addition to the spectra due to randomly oriented H-CHs radical pairs using the H-hf splittings
the isolated H-atom, CHradical, and CH" radical catior?? of the H-atom and the Citadical and thel value as adjustable
one can see the underlying complicated anisotropic spectra atparameters with a constant line width of 0.2 mT having a
4 K. When the spectra were recorded with a higher amplitude Lorentzian type line shape.
gain and a high microwave power of 0.4 mW, the fs due to  The best-fit ESR parameters evaluated for radical pair | are
electron dipola+dipolar coupling was clearly observed, ac- a4, = 26.0 and 1.16 mT for khf splittings of the H-atom and

case of theAms = +2 transition (Figure 1). The experimental
spectrum is characterized by the anisotropic fs, in addition to
an isotropic hf double quartet with ca. 26 and 1.16 mT splittings.

companying the isotropic H-hf splittings. the CH; radical andd = 4.2 mT. Consistent with the results of
By stepwise annealing the sample, the spectral lines irrevers-the Ams = £2 transition, the methyl H-hf splittings are 1.16
ibly decayed out, and three different sets of4@H; radical mT, remaining constant for the three radical pairs. However,

pairs, | 1), Il (O), and 1l (O), were confirmed, similar to the  the H-atom hf splittings slightly vary from 26.0 (for pair I) to
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Figure 3. ESR spectra observed for GI.01 mol %)/Ar at (a)Ams

= +£2 transition and (b)Ams = +1 at 4 K immediately after X-ray
irradiation at 4 K. The expanded spectra in (b) show three different
sets of pairs marked witla, pair I'; W, pair II'; @, pair IlI'. The stick
diagram demonstrates for pair'lhow thed; components are further
split by theap) andacp,) hf splittings. The peaks due to the isolated
D-atoms (n = +1) are denoted by an asterisk (*). See text for details.
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25.8 mT (for pair Ill). The most important point here is that
the evaluated fs splittings ade= 4.2, 4.9, and 5.1 mT for pairs
I, I, and lll, respectively, suggesting a variety of trapping sites
for the radical pair. Thel values are very close to each other;
however, the accompanying differencegifactors and in H-hf
splittings can help to extract each pair from the spectra with an
uncertainty limit of less thag-0.1 mT.

3.3. D--CD3 Radical Pairs in the CD4/Ar System. It is of

J. Phys. Chem. A, Vol. 111, No. 4, 200729

disappeared at 7.8, 10, and 12 K. This allowed us to attribute
the lines at then, = +1 bands to three different sets of septets
with slightly different D-atom hf splittings based on their thermal
stability. In agreement with the results of the ZA system,

at least three different sets of the-BCDj3 radical pairs, 'l II',

and III', were confirmed.

The anisotropic fs due to the-BCDj; radical pairs became
visible at theAms = +1 transition with spectrometer settings
of a higher amplitude gain and a higher microwave power.
Although the spectra are much more complicated than those of
the H--CHjz radical pairs, they were also successfully analyzed
by referring to the results for the-BCD;3 pairs at theAms =
+2 transition and those for the-HCHj3 pairs. Thed values
were evaluated to be 4.2, 6.5, and 5.9 mT for pdif@), II'

(m), and 1II' (@), respectively, by the spectral simulation method.
The values are in the same range as but slightly greater than
those of the F-CHj radical pairs (Table 1).

3.4. Radical Pairs in the COb—CH4 (1:1)/Ar System.The
ESR spectra observed for a solid Ar sample containing an
equimolar mixture of Cll and CD, (0.25 mol % each) are
shown in Figure 4. The spectra of two radical pairs;-DD3
and H--CHs, in the triplet state are clearly observed at ffmes
= 4£2 transition. Thed values and the H- and D-hf splittings
were exactly the same as those for the-DDs; and H--CHjs
pairs formed in the mono-methane/Ar systems. If the radical
pairs were statistically formed by the radiolysis, equal amounts
of four different sets of the radical pairs,-+ICH3, H---CD3,
D---CHjs, and D--CDj3, should be observed. However, only two
distinct pairs, H--CH; and D--CDs, were observed in the
CD,—CHy/Ar system; no trace of the other two radical pairs
was observed. This result clearly demonstrates that the H-atom
and the CHradical (or the D-atom and the Gadical) formed
in pairs originate from the same methane molecule.

We observed a large H/D isotope effect on the yield of the

interest to investigate the deuterium isotope effects on the radical pairs, [H-+CHjs]/[D---CDg3]. The vyield of the D--CD3

structure (i.e., hf splittings and fs pattern) of the radical pairs
as well as on their yields. Thus, we examined the-OD3;
radical pairs using CPinstead of CH as the solute. The
experimental spectra for the X-ray irradiated £{0.01 mol
%)/Ar sample &84 K are shown in Figure 3. Spectra a and b
correspond to the forbiddedms = +2 and allowedAms = +1
transitions of the B-CDj radical pairs, respectively. The
spectral pattern is more complicated than that of the ®H3
pair. Referring to the results for-HCHs;, however, we could
successfully analyze the spectra as noted below.

The spectrum af\ms = +2 consists of a triple septet with
isotropic hf splittings of ca. 3.9 and 0.18 mT. The 3.9 mT
splitting is one-half that of an isolated D-atom, 7.8 A¥fthe
D-atom hf splitting is reduced to 1/6.5 of the corresponding
H-atom by the ratio of the nuclear magnetic moments of the
H- and D-atomsu(D)/u(H). The splitting of the septet, 0.18
mT, also corresponds to one-half that of an isolated 2dical,
0.36 mT28 Thus, the pairwise trapping of the D-atom and the
CD; radical is obvious for the irradiated GIAr system. In
contrast to the H-CHjs pair, the relative intensity of the septet
is rather close to the binomial one (1:3:6:7:6:3:1). This can be
explained in terms of easier thermal excitation to higher
rotational levels withJ > 1 for the CI} radical where the
rotational constant is 2 times smaller than that of the;CH
radicall®

pairs was about 15 times higher than that of the &Hs pairs
at 4 K based on the relative spectral intensityAas = +2.
The d-dependent transition probabilfyat Ams = 4-2 was not
taken into account in the estimate of the relative yield of radical
pairs, H--CHs; and D--CDs, because the differencesdrvalues
between the two radical pairs are negligibly small as compared
to the applied magnetic field strength (see Table 1). On the other
hand, the yield of the isolated GDadical was lower than that
of the CH; radical, the ratio of yields, [CEV[CD3], being about
3 based on their signal intensity Ains = +1 at 25 K. This
isotope effect on the relative yields is in contrast with that of
the radical pairs as discussed in a later section (3.7. Reaction
Scheme). Note that &4 K ESR spectra of methyl radicals were
saturated by applying a microwave power of @\%, which is
a minimum value on the microwave bridge operated. To avoid
the saturation, the relative yields of the methyl radicals were
evaluated for the spectra at a higher temperature of 25 K where
the signals were not saturated with @/. It was confirmed
that the relative yield of the methyl radicals was essentially
independent of the measurement temperatures between 4 and
25 K. Furthermore, it should be noted that the total yield of the
radical pairs was only aboufso that of the methyl radicals.

3.5. H+--CHD, and D---CH,D Radical Pairs in the CH,D,/
Ar System. When a partially deuterated methane, Db was
used as the solute, the ESR spectra of two different radical pairs,

In Figure 3a, we can see a septet clearly at the central bandH---CHD, and D--CH,D, were observed as shown in Figure

(my = 0) of the D-atom. At then, = -1 bands, however, several

5. No radical pairs of B-CHD, and H--CH,D were observed.

sets of septets are overlapped. Upon increasing the temperaturén agreement with the result of the GHCD4/Ar system, this

to 12 K, three sets of septet lines stepwise irreversibly

observation suggests that the hydrogen atom and the methyl
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TABLE 1: Experimental ESR Parameters of the Hydrogen—Methyl Radical Pairs and Probable Trapping Sites Proposed for
the Counter Hydrogen Atom in Solid Ar Matrices

(a) H---CHs Radical Pairs

a(CH3)/mT a(H)/mT
trapping site
H---CHjs Amg= +1 Amg= +2 Amg=+1 Amg= £2 d/mT? R°/nm of H-atom ®/nmY

pair | (») 1.16 1.16 26.0 25.1 4.2 0.87 +(0.87)

15 (0.88)
pair Il (O) 1.16 1.16 25.9 26.1 4.9 0.83 t(0.79)

l5(0.80)
pair lll (O) 1.16 1.16 25.8 26.3 5.1 0.82 1 (0.79)

15 (0.80)

(b) D---CD3 Radical Pairs
a(cps)/mT a(D)/mT
trapping site
D---CD3 Amg= +1 Amg= +2 Amg=+1 Amg= £2 d/mT? Re/nm of D-atom ®/nm)

pair ' (a) 0.18 0.18 3.94 3.94 4.2 0.87 +(0.87)

15(0.88)
pair [I' () 0.18 0.18 3.93 3.93 6.5 0.75 +(0.79)

15 (0.80)
pair lll' (@) 0.18 0.18 3.91 3.93 5.9 0.78 1(0.79)

1, (0.80)
ad=|—dq|. d: fine structure parameteds: the perpendicular component of the fine structure coupling teAgdre inter-spin distancd, was

evaluated from the observetivalue based on the pointipole approximation® It is assumed that the methyl radical occupies the substitutional
site in the Ar crystalline fcc lattice and the counter H (D)-atom is in interstitial sites. See details in the text.

a(D);
a(cos)
@ |
H---CHD) |||I Ill I
(@)
agHa A »
D---CHp
. : D—— A
150 160 170 180  [mT]
160 70 180 mT] CHD;
T T I —
a(cHa) b
< s | (b)
(b)
L Jy 1 ﬂ
f Flr l' v ’[
i CHzD !
3% 3% 340 ' 342 )
) 8cos) ) . Figure 5. ESR spectra observed for the &} (0.5 mol %)/Ar system.
336 338 340 342 [mT] (a) Ams = £2 transition 44 K immediately after X-ray irradiation at

Figure 4. ESR spectra observed for the equimolar mixture of the-€H 4 K, (b) Ams = +£1 transition at 25 K for increasing temperature after

CDy4 (0.25 mol % each)/Ar system. (a8ms = +2 transition at 4 K X-ray irradiation.

'ngr'}‘(e?()'?tii'grgggzx'{gg’n'r;?glﬁtrfggéf;} émﬁ?aiiainlo ;rans't'on al  tion, the d value can be related to the separation distance
g temp Y ' between two radicalR, by the following equatior:24

radical as a pair come from the same £ molecule. d = (3/2u,gp/4nR

Furthermore, a large H/D isotope effect on the radical yields

was observed. The yield ratio of the radical pairs;, [@HD,]/ whereuo is the magnetic moment of an electron (1.26.0°6
[D---CH,D], was ca. 0.2 ahms = +2 at 4 K, whereas that of T2 J1 md), g is the g-factor of the radical (2.0022), anglis
the isolated methyl radicals, [CH[CH.D], was 8 atAms = the Bohr magnetron for an electron (9.27 10724 J T1).

+1 at 25 K. The observed isotope effect on the yield suggests Replacingd by the experimental values of the +CHjz pairs,

that the H-atom is more difficult to dehydrogenate from/CH the distances are evaluated to be 0.87, 0.83, and 0.82 nm for

than the D-atom from CPpfor the radical pair formation, but  pairs I, Il, and I, respectively. Similarly, the values for three

opposite for the isolated methyl radical formation. sets of the B--CDj; radical pairs are in the range from 0.75 to
3.6. Trapping Sites.The experimental H-hf splittings ardd 0.87 nm, which are slightly smaller than those of the non-

values are summarized in Table 1 for three different sets of deuterated system.

each radical pair, H-CHz and D--CDs, obtained from the On the basis of the ESR observations, we now discuss the

Ams = +1 and+2 spectra. Applying a point dipole approxima- trapping sites of the H-atom and the €tddical formed in pairs
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Ar crystalline lattice (fcc)

Figure 6. Schematic representation of trapping sites in an Ar crystalline
lattice (fcc). A methane molecule is assumed to be in the substitutional
site. One interstitial tetrahedral site) (dnd one interstitial octahedral
site (L) are indicated?

in the Ar crystal. There are three possible trapping sites for the
guest species: a substitutional (S) site, an interstitial octahedral
(Io) site, and an interstitial tetrahedral) (site, in order of the
void size, in the solid Ar crystal structure (fcc) with a lattice
parameter of 0.531 nm (Figure 2> The van der Waals
volume of the CH molecule is estimated to be 17.1 ¥mol,
which is quite close to that of the Ar atom, 16.8 %mol.1® It

is reasonably assumed that one Ar atom is easily replaced byry e 7. Schematics showing proposed trapping sites for the
one methane molecule so as to occupy the S site. In thisy...CH; radical pair withd: = 4.2 mT (i.e.,R = 0.87 nm) in solid Ar.
situation, the methyl radical formed by the-€l bond scission The CH; radical occupies a substitutional (S) site in the Ar crystalline
may retain the original S site of the mother molecule, without lattice (fcc). The counter H-atom occupies (a) the interstitial tetrahedral
moving to other sites, taking its bulkiness and large mass into Site, L, at a distance of 0.87 nm from the @krdical, and (b) the
account. The validity of these assumptions can be Supportedlnterfstltlal octahedral site,,l at a distance of 0.88 nm. See text for
by the fact that the H-hf splittings of the counter €iddicals details.

in three different sets of pairs are the same. Furthermore, thegCHEME 1

observed high-resolution spectra are consistent with the large Xray

void S site trapping due to the expected small interaction of A VWA A+ e, A -

the methyl radical with the surrounding Ar atoms.

In contrast to the Chlradicals, it is known that the hydrogen A+ CH, > A+ CHY —@
atoms, which are generated by the radiolysis_ of a hydrogen CH;# —— CH, + H —@)
molecule in solid Ar at 4 K, occupy the or I, sites?! Thus,
the most probable location of the counter H-atom is trsité H*+ A, ——  AnH* —@)
directed away from the methyl radical being in the S site by a A* + CH, ——>  Ar + CH,* —(5)

distance of 0.87 nm or the, kite by a distance of 0.88 nm
(Figure 7). These separation distances are very close to the CHs + & —>  CH/ —(6)
experimental value, 0.87 nm, for the pair I-¢HCH3). For all
other pairs, the;Isite or the |} site, which produces the closest
separation distance to the experimental value, were evaluated AH + & ——>  ArH —(8)
in a similar manner and summarized in Table 1.

3.7. Reaction SchemeMost of the energy irradiated to the  surround Ar atoms, a proton () may then be easily detached
sample can be absorbed by the matrix Ar atoms due to the veryfrom the CH;* radical cation to form the C¢tadical and AgH*
low solute molecule concentrations of 0-60.5 mol %. In this (n = 1-3) complexes (reactions 3 and 4 wheme= 2).
case, the Ar atoms are expected to be ionized or excited or bothAssuming that the energetic relations in the gas-phase reactions
(reaction 1) during the primary stage of radiolysis. There are could be retained in the solid Ar matrix at 4 K, reaction 4 might
two possible reaction mechanisms to explain the radical pair be rationalized by a large formation energy of the complex:
formation. One is a proton precursor mechanism associated withfor example, 467 kJ mot (exothermic) for the AiH* complex
the ionization of the methane via the ionized Ar (ArThe in the gas phas€. Following this reaction, the proton can
other is an excitation mechanism with the energy transfer to capture an electron (reaction 8) to generate the H-atom, which
the methane via the electronically excited Ar (Ar*). In the is stabilized as the counter atom in the vicinity of thesCatlical
former, a generated hole can be transferred from #r the to form the radical pair. In the latter mechanism, on the other
solute methane to form the methane radical cation4,”CH hand, the excess energy is transferred to the methane mole-
(reaction 2), because of the lower ionization energy of the cule from the excited Ar atom to form an excited methane,
methane molecule than the Ar atom:1(Rr) = 15.76 eV, IR- CHy* (reaction 5). The “hot” H-atom is then generated through
(CH4) = 12.61 eV28In fact, we could observe the ESR spectrum the homolytic C-H bond scission of the CH molecule
of the CH,™ radical cation (Figure 2a). By interaction with (reaction 7).

CH* —— CHy+H —(7)
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In the present experiments, the radical pairs with an inter- H-atom. No significant H/D isotope effects were, however,
spin distance less than 0.88 nm were observed. In the protonobserved for the inter-spin distance of the radical pair. This
precursor mechanism, however, a wide distribution of the inter- suggests that the H/D isotope effects on theHIC—D bonds
spin distance greater than 0.88 nm could be expected on thescission may be responsible for the observed isotope effects on
basis of a possible higher mobility of'Hthan H-atom) due to  the yield of the radical pairs. In further discussion of the reaction
its physical nature of an elementary particle without an electron mechanism in detail, considerations including the zero-point
(or with a positive charge). It has been proposed that a proton energy differences should be taken into account.
could diffuse in solid rare-gas (Rg) matrices through “a ligand-
switching reaction” (an exchange of one of the Rg ligands) via 4. Concluding Remarks
a tunneling effect, once the stretching vibrational mode of the

tri-atomic molecule, RgH™, is excitec?® Thus, the proton h > )
; .. _pairs of the hydrogen atom coupled with the methyl radical,
precursor mechanism may not be the case. The eXC|tat|onSuch as H-CHa, He-CHD,, D-+-CH,D, and D+--CDs, were

mechanism then should be considered in the present Systembbserved for the X-ray irradiated solid Ar matrices containin
Although we have no numerical data on the kinetic energy of y 9

the H-atom released from the excited methane molecule, it maygfel:rt]i”ulﬂ';?t;ﬁftgarg:tgﬁgiistmélatfi'xmergg&ﬂzz ic:rtrrﬁ'nkﬁt'ﬁ?
be reasonable to expect that the H-atom has not enough kinetic g . . . > 19

' . resolution ESR observation of the radical pairs, as with the
energy to move a distance more than 1 nm away; the H-atom

. . . . previous ESR study of the isolated methyl radi¢8lbut with
may be readily thermalized and trapped to form the radical pair . ) : .
. . I the different spectrometer settings of higher microwave powers
coupled with the methyl radical. In an early contribution, the

present authors reported an ESR study that any spectral changgmOI higher gans. . .
by the recombination reaction of the thermalized H-atoms, H The present high-resolution spectra aIIOV\{ed us to Qeterm!ne
. the accurate ESR hf and fs parameters, which made it possible

*+ H = H,, could not be detected by cw-ESR in solid Ar to discuss the inter-spin distance, the trapping site, and the
. . 21 H - ] 1
matrices in the temperature range ¥ K.* This suggests that formation mechanism of the radical pairs. The spectra of the

there is little possibility of the H-atom abstraction reaction from H-+-CHs pairs for both theAm = +1 and theAm, = +2

the CH, molecule by the thermalized H-atoms. In contrast to transitions consist of the double quartet lines with H-hf splittings
this, it is reported that the mean displacement of the photolyti- f d hg _ ition. f ph 9
cally produced H-atoms, as a result of the 193 nm photolysis ot ca. 26 and 1.16 mT. F(_)r tham, _j.El transition, further

’ splittings by the electron dipotedipole interaction (fs param-

of HBr in xenon matrices, is on the order of 10 @fnn the i :
eter: d) were clearly observed, and the spectral line shapes were
present system, however, all of the excess energy over-té C . . ; )
successfully simulated by the computations using the axial

bond dissociation energy cannot be dissipated into the transla-Symmetric fs principal values:d, andd,, where|—dy| = d,

t|qnal degree of freedom of t_he gtomlc fragment, but Fhe energy as adjustable parameters. Because of the high-resolution with a
might be spent by the excitation of out-of-plane vibrational narrow line width of ca. 0.01 mTAmM: = +2) and 0.2 mT

mode, v; (Az), of the remaining CH fragment. Hence, the (Ams = £1), three different sets of radical pairs were observed
excitation mephamsm may be consistent W'th. the present ESRat 4.2 K, which were fairly well resolved in the spectra at both
results_, showing a relatively narrow distribution of the inter- Amy= +1 and-2 transitions by stepwise annealing the sample
spin distance between 0.75 and 0.87 nm. to 10 K. For the three different ++CHs pairs, the fs parameters
Comparing the yields of all of the radical products, the of g = 4.2, 4.9, and 5.1 mT were evaluated from the analysis
isolated methyl radical was almost 50 times greater than the of the anisotropic Spectrum at tm =41 transition; thed
radical pair; [CHJ/[H---CHs] ~ 50. This result suggests that yalues correspond to the respective inter-spin distarResf(
the formation reactions of the isolated radicals may be different 9 87 0.83, and 0.82 nm.
from those of the radical pair; a proton precursor mechanism  The H-atoms formed by the homolytic scission of thel€
may be the major process to form the isolated radical species,nond may migrate in the Ar lattice (fcc) so as to be trapped in
H and CH, and an excitation mechanism is a minor one in the the interstitial tetrahedral Jlor octahedral ¢) site, while the
radiolysis of the solid Ar matrix at 4 K. Yoshida et al. measured methyl radical may retain the substitutional site of the Ar crystal
the de-excitation cross sections of AP, Py, °Po, and*P1)  \yhere the mother molecule originally occupied. Based on this
by the CH, in the gas phase and concluded that the ionization assumption, the trapping sites of the counter hydrogen atom
is not the predominant process, but the neutral fragmentation coyld be successfully attributed to each pair. For example, the
of the excited molecules predominantly follows from the energy- |, sites directed away from the methyl radical by a distance of
transfer processes from AP®:3! Their conclusion apparently .87 nm and/or the kites by a distance of 0.88 nm are evaluated
conflicts with our proposition that the GHonization followed for the counter H-atom in pair | witlR = 0.87 nm.
by the H" detachment may be the major process that forms the  The present ESR study using the selectively deuterium-labeled
isolated CH radical. The discrepancy, however, may come from methane, CkD, or the equimolar mixture of CiH+CDa,
the difference in. reactions between the gas phase and the |°Wunambiguously revealed that the hydrogen atom and the methyl
temperature solid phase. radical being in pairs originate from the same methane molecule.
Significantly large H/D isotope effects on the yield of the This result strongly suggests that the radical pair formation could
radical pairs were observed, when selectively deuterated meth-be caused by the homolytic G4 bond scission via the
ane or an equimolar mixture of methanes,£1&D,4, was used electronically excited methane molecule (£H No trace of
as the solute. In the case of the equimolar mixture, for example, radical pairs other than the present three pairs was detected,
the yield ratio of [B--CDg3]/[H ---CHs] was ca. 15. The following suggesting that the H-atoms formed via £ould not migrate
two explanations may be possible. One is the isotope effect ondistances greater than ca. 0.9 nm in the Ar matrix at 4 K.
the C-H/C—D bonds scission via the excited methane molecule. Significantly large H/D isotope effects were observed for the
The other is the isotope effect on the kinetic energy of the H- yield of the radical pair, but not for the separation distance.
and D-atoms formed by the bond scission; the D-atom can be This is ascribed to the isotope effects on thekCand C-D
less mobile than H-atom due to its 2 times larger mass than thebond scission from Clkt and CDy*.

The high-resolution ESR spectra of spin exchanged radical
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