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ESR study on alkyl radicals generated in deuterated organic matrixes at 77 K by hydrogen atom tunneling
from alkane molecules to free deuterium atoms has been carried out for elucidating control factors for the
tunneling. For small alkane molecules, the tunneling rate is determined by the height of the potential energy
barrier for the tunneling. For larger molecules in glassy matrixes, the rate decreases with increasing number
and length of alkyl chains bonded to a carbon atom to be hydrogen abstracted. The tunneling rate from
antepenultimate tertiary carbon is much slower than that from penultimate secondary carbon, even the potential
energy barrier is lower. This abnormal effect is explained as being due to the steric hindrance by matrix
molecules to the deformation of alkane molecules during the reaction. The alkyl chains surrounded by matrix
molecules prevent the deformation of the chemical bonds of the carbon atom from the ifit@kisp final

sp? configuration, which may cause the increase of the thickness of the potential energy barrier and thereby
decrease of the tunneling rate. Free deuterium atoms in a crystalline adamantane matrix selectively abstract
hydrogen atoms from the antepenultimate tertiary carbon, probably due to less steric hindrance to the
deformation.

Introduction tions. The steric hindrance increases with increasing number
) ) and length of alkyl chains attached to a carbon atom to be

Hydrogen atom abstraction from—&i carbon of organic  pygrogen abstracted, since the matrix restricts the motion of

molecules is one of the simplest chemical reactions and hasine alkyl chains. Penultimate secondary carbon therefore shows

been extensively studied by many researchers. The rate ofthe highest reaction rate. However, the reason the steric
abstraction is known to increase in the order of primary, hindrance retards the reaction has not been clarified yet.
secondary, and tertiary carbon atoms, since the activation energyjoreover, the relative rate of hydrogen atom tunneling from

decreases in the same ordétowever, this rule is not applicable  carhon atoms other than the penultimate secondary one has not
to the reaction at low temperature. Hydrogen atom abstraction peen determined.

from branched alkanes with tertiary carbon at the antepenulti-
mate position of the carbon skeleton is the fastest at the
secondary penultimate carbon. Henderson and Willard found
that y-irradiation at 77 K of singly branched alkanes with

Knowing the relative rate of hydrogen atom tunneling from
each carbon atom in a molecule necessitates the discrimination
of different types of alkyl radicals from the overlapping ESR

hi h i . fth kel spectra. However, this is not an easy task. Hydrogen atom
branching at the antepenultimate position of the carbon skeletonypgiraction from linear alkanes, for example, gives two kinds

caused selective rupture of a secondaryHbond of the—CH,- ; — with fi

CHjs group but not of a tertiary €H bond? Ichikawa and Ohta ZLZG_?:SSHC?_IEX' Vr\,?t?ﬁ;l]s;'ﬂcif&'ocrg% Hgvv:/t:vz\r/ebitﬁrg;(t)PTSm
then showed that the location of the selective rupture could be give eight-line spectra with the hyperfine split,ting of ca. 2.2
changed to the tertiary €H bond by replacing the-CH;CHs mT. In the present study, discrimination of alkyl radicals has
group with —CD,CHs** Using ESR and electron spin eCho  peen carried out by the use of selectively deuterated alkane
spectroscopy, we found that anomaly of thel€bond rupture 560y jes. Calculations of the energy of the deformation of
came from the conversion of primary alkyl radicals and free 5 ane molecules during the reaction and the potential energy
hydrogen atoms to penultimate secondary alkyl radicals by parriers for the hydrogen atom transfer have also been made

selective hydrogen atom tunneling from the penultimate position ., understanding the effect of the steric hindrance on the
of the carbon skeletohWe also found the selective tunneling hydrogen atom tunneling.

of hydrogen atoms from the penultimate carbon of linear alkanes
to free deuterium atonfs. , .
) , Experimental Section
On the basis of the experimental results, we have proposed
that the peculiarity of the hydrogen atom abstraction in cryogenic  Perdeuterated glassy and crystalline matrixes were used for
solids comes from the steric hindrance to the deformation of the generation of solute alkyl radicals by tunneling hydrogen
alkane molecules from the initial $po the final sp configura- atom abstraction. Perdeuterated methanol and perdeuterated
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methylcyclohexane were used as glassy matrixes. About 3 vol
% of D,O was added to methanol for making a clear glassy
matrix. The concentration of alkanes was 2 vol %. A perdeu-
terated adamantane matrix containing a small amount of
3-methylpentane as a substitutional-type impurity was prepared
by crystallizing the adamantane in 3-methylpentane. Partially
deuterated alkanes were synthesized from corresponding alco-
hols, ketones, or esters using LiAJand LiB(GHs)sD as
deuteration reagents. The reactions used for the deuteration {CD3)2CHCH,CH3
were’8

(CHz)oCHCHCHg

R,R,C=0 + LiAID , — (+dil. HCI) — R,R,CDOH

[ DR IO TR TR S D I S S T S A S SRR | I S S R R
RCOOGH; + LIAID , — (+dil. HCI) — RCD,OH 30 340
Field/mT
R,;R,R;COH + PBr; —~ R;R,R,CBr Figure 1. ESR spectra of alkyl radicals generated from ordinary and
. deuterated 2-methylbutane in perdeuterated methanol matrix at 77 K.
R;R,R;CBr + L|B(C2H5)3D — RR,R,CD The central intense signals are due to solvent radicals.

Here R refers to an alkyl group, hydrogen atom, or deuterium molecules are much slow&r.22 One of the advantages of using
atom. The reactions were carried out in dried ether at room perdeuterated matrixes is to see only the tunneling reaction by
temperature under nitrogen atmosphere. The purity and theeliminating hot-atom reactions. The thermalization distance of
yields of the deuterated products were more than 98% and 60%,free deuterium atoms in cryogenic matrixes is so short that they
respectively. Free deuterium atoms were generated at 77 K byare thermalized before reacting with dilute solute alkdfes.
two methods. One was the photoionization of triphenylamine Another advantage is that the generated alkyl radicals are free
in perdeuterated methanol matrixes followed by the attachmentfrom radical conversioAlt is possible to convert alkyl radicals

of the photoejected electrons to deuterons, as to solvent radicals by abstracting hydrogen atoms from solvent
molecules, which is prevented by the deuteration of solvent
(CgHs)sN + 2hw — (CgHo) N + e molecules. Intramolecular conversion of alkyl radicals is
negligible unless they are photoexcife.The location of the
e +DCl—D+CI" radical carbon of the solute alkyl radicals is therefore the same

as where the hydrogen atom tunneling takes place. Primary alkyl
radicals showing a characteristic sharp ESR spectrum were not
observed for all the alkanes examined, probably due to too high

The concentrations of triphenylamine and deuterium chloride
were about 10 mmol/dfnand 0.1 mol/drf, respectively. The

other was homolytic cleavage of the-© bonds of matrix  nential energy barrier for hydrogen atom tunneling.

molecules byy-irradiation, MD+y — M + D Figure 1 compares the ESR spectra of alkyl radicals generated
The ESR spectra of alkyl radicals generated by hydrogen atomy "o rdinary and partially deuterated 2-methylbutane. The ESR
transfer to deuterium atoms, Rt D — R + HD, did not = ghectuym for ordinary 2-methylbutane shows the characteristic
depend on the method of D formatlonz as Ior_lg as ‘he_UV light spectrum of (CH),C*CH,CHsz composed of overlapping spectra
of 4 > 300 nm was used for the photoionization. Irradiation of ¢ eight ines and nine lines with the intensity ratio of 2:1. Here
the UV light shorter than 300 nm caused the photoconversion ¢« gengtes hydrogen atom abstracted radical carbon. Deutera-
of alkyl radicals®'° The samples were degassed before irradia- {jo, of the methyl groups of tertiary carbon narrows the entire
tion by repeated freezingopumping-warming cycles. In the  gnecral width and hides away the spectrum into that of

following section, we will only §how .the results pfirradigtion. perdeuteratd solvent radicals. The remaining spectrum after the
The ESR spectra of alkyl radicals in the glassy matrixes were 4o taration is therefore due to (QBCHC*HCHs. The vield

recorqled at 77 K and were analyzed by using the hyperfine ., of (CDs);CHC*HCHj to (CHs),C*CH,CHjs obtained by
coupling constants (hfcc) of 2.3 mT for three metfiydrotons, the spectral simulation was 1:2 to 1:3. We concluded in the
2.2 and 4.4 mT for methylené protons of secondary radicals, revious paper that the rate of hydrogen atom tunneling from

and the combination of 2.2 and 2.2 mT, 2.2 and 0 mT, and 0 pentimate secondary carbon is much faster than that from

and 2.2 mT for the two methylene protons of tertiary alkyl o timate tertiary carbdhHowever, the present result shows
radicals. The anisotropic hfgc odprotons were 1.17, 1.96,and ¢ the rate depends not only on the location of the carbon
3.52mT for all the alkyl radicals examined. The ESR spectrum 44, in 4 molecule but also on the molecular size. The height
for the irradiated adamantane matrix was measured at 77, 113t the potential energy barrier seems to be a predominant control
and 178 K. factor for smaller molecules.

Addition of one CH unit to the carbon skeleton drastically
changes the rate of hydrogen atom tunneling. As shown in

Hydrogen Atom Abstraction in Glassy Matrixes. The ESR Figure 2, the major radical generated from ordinary 2-methyl-
spectra ofy-irradiated glassy samples were composed of a pentane is not tertiary radical but secondary §Z8HCH,C*-
narrow intense spectrum due to perdeuterated solvent radicaltHCH3; showing an eight-line ESR spectrum. A weak nine-line
and wider ones due to solute alkyl radicals. The yield of alkyl spectrum of (CH),C*CH,CH,CHjs is also observed as shoulders
radicals was more than 20% of the total radical yield, which to the eight-line spectrum. Deuteration of the methyl groups of
implies that the direct formation of alkyl radicals from solute the tertiary carbon does not cause so significant a change of
alkanes by ionizing radiation is negligible. Most of the solute the spectrum as to that of 2-methylbutane. The yield ratio of
radicals are generated by tunneling transfer of hydrogen atoms(CD3),CHCH,C*HCH3 to (CHs),C*CH,CH,CHg is 2:1 to 3:1.
from solute molecules to free deuterium atoms, RHD — R The shift of the tertiary carbon atom to the antepenultimate
+ HD. The abstractions of heavier deuterium from solvent position causes a very drastic effect. As shown in Figure 3, the

Results
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Figure 3. ESR spectra of alkyl radicals generated from ordinary and s
deuterated 3-methylpentane in perdeuterated methanol matrix at 77 K. i n/

Figure 4. ESR spectra of alkyl radicals generated from normal alkanes
in perdeuterated methylcyclohexane matrix at 77 K.
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ESR spectrum of alkyl radicals generated from 3-methylpentane [y
is not changed by the deuteration of methyl groups of the tertiary P
carbon. The radical species generated from 3-methylpentane is ‘i
only CH;CH*CH(CHz)CH,CHs. No CH;CH,C*(CH3)CH,CHs s / |
is generated, irrespective of its lowest potential energy barrier. 320 Magnetic oo 340
i agnetic field/mT
The same kind of tendency was found for hydrogen atom _ ) )
tunneling from normal alkanes to free deuterium atoms. As Fi9ure 5. ESR spectra of alkyl radicals generated from ordinary and
deuterated hexane in perdeuterated methanol matrix at 77 K.

mentioned earlier, two kinds of ESR-distinguishable alkyl
radicals are possible to be formed from alkanes. They are spectra for pentane, hexane, and octane. These spectra can be

CH3C*HCH,— showing eight-line ESR spectra with the inten- overlapped with each other, which means that the yield of
sity ratio of 1:5:11:15:15:11:5:1 andCH,C*HCH,— showing —CH,C*HCH,— with respect to CHC*HCH,— is kept con-

also eight-line spectra with the intensity ratio of 1:3:5:7:7:5:3: stant. The rate of hydrogen atom tunneling decreases with
1. The number of reaction sites giving the former radicals (the increasing length of alkyl groups bonded to a carbon atom to
number of methylene protons adjacent to methyl groups) is four be hydrogen-abstracted so that the total rate of hydrogen atom
for all the linear alkanes. The number of reaction sites for the tunneling from antepenultimate carbon atoms with respect to
latter radicals (the number of the other methylene protons), penultimate ones is kept constant. As shown in Figure 5, no
however, increases with increasing molecular length. ESR spectral change does not mean the absene€df,C*HCH,—.
spectrum for normal alkane may therefore change with the Although the spectrum is shifted to the central part by successive
molecular length, if the rate of hydrogen atom tunneling is deuteration of the methyl groups, the outermost lines due to
independent of the molecular length. Figure 4 compares the ESR—CH,C*HCH,— still remains. The yield ratio of~CH,C*-
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TABLE 1: Relative Yield of Alkyl Radicals Generated at 77
K by Hydrogen Atom Tunneling from Solute Alkane to Free

Deuterium Atoms in Perdeuterated Glassy Matrixes LS
Alkane Alkyl radicals*® l
PaVaN M ) /Y\ 113K

AN A 0 ad Simulation A

AN A AN AAAS

/&/> )Y v‘/,t,W ”1 Q 1 178K
A A /l\(\ Simulation B
)\/\/ N ))\)\/)Yv L |

320 330 340

\)\/ ) \’L/ Magnetic field/mT

_ \)\)\ N \/1\/\ Figure 6. Effect of temperature on the ESR spectra of alkyl radicals
\)\/\ N \)\/\ generated by-irradiation at 77 K of perdeuterated adamantane matrix
containing 3-methylpentane as guest molecules. Simulation A is a
)\)\/\ ) /\)\/\ s W simulated spectrum obtained by using the hyperfine coupling constants
of 2.32 mT for three methyl protons, 1.26 mT for two methylene
2 The location of hydrogen-abstracted carbon atom is shown with protons, anc_i 3.05 mT for the other two methy_lene protons. Simulatipn
* bA~ B, A > B, and A> B mean that the yield of B with respect B is also a simulated spectrum obtained by using the hyperfine coupling
to A is about £0.5, 0.5-0.2, and<0.2 (undetectable by ESR), ~ constants of 2.32 mT for three methyl protons and 1.26 mT for four
respectively. methylene protons.

SRREA

HCH,— to CH;C*HCH,— is 1:2 to 1:3 for hexane. We of adamantane as a matrix for hydrogen atom abstraction is
concluded in the previous paper that only penultimate secondarytherefore suitable for reducing the steric hindrance to the
alkyl radicals are generated from normal alkah&se present deformation during the hydrogen atom abstraction.
result shows that antepenultimate secondary alkyl radicals are Figure 6 shows the ESR spectra fordarradiated perdeu-
also formed, but not as a major product. terated adamantane matrix containing a small amount of
Table 1 summarizes the relative yield of solute alkyl radicals 3-methylpentane as guest molecules. Broad ESR lines at the
obtained by the analysis of the ESR spectra. It can be concludedcenter of the spectra are due to free radicals from matrix
that the yield and therefore the rate of hydrogen atom abstractionmolecules. Although free radicals from 3-methylpentane are not
depends not only on the height of the potential energy barrier rotated at 77 K, they start to rotate at 113 K. Rotation of the
but also on the number and the length of alkyl chains bonded free radicals suggests that the steric hindrance during the
to a carbon atom to be hydrogen abstracted. The rate ofhydrogen atom abstraction is very weak in the adamantane
abstraction always decreases with increasing number and lengthmatrix. The rotation is fast enough at 178 K to average out the
of the bonded alkyl chains. A simple explanation of this effect spectral distribution. The spectrum is in good accordance with
is that the alkyl chains cover the-@ bond to be hydrogen  the simulated one that is obtained by assuming that an electron
abstracted so that the-@&1 bond is protected from the approach spin interacts with freely rotating three methyl protons with the
of deuterium atoms. However, this may not be useful for hfcc of 2.32 mT and four equivalent protons with the hfcc of
explaining the drastic change of the selectivity among 2-me- 1.26 mT. Since the hfcc of A proton is approximately given
thylbutane, 2-methylpentane, and 3-methylpentane. Anotherby 4.8 cod0 mT,6 wheref is the dihedral angle between the
explanation, which we proposed in the previous pages,that 2p orbital of the unpaired electron and the-B bond of thes
matrix molecules surrounding the bulky alkyl chains prevent carbon, the latter protons are attributable to two sets of
the deformation of the €C—C bond from the initial sp of methylene3 protons with the —C(Hz)—C(Hs) planes parallel
alkanes to the final $pof alkyl radicals and thereby prevent to the 2p orbital. The free radicals observed at 178 K are
the hydrogen atom abstraction. The steric hindrance to thetherefore assigned to GAH,C*(CH3)CH,CHs, which is gener-
deformation increases with increasing number and length of ated by hydrogen atom abstraction from the tertiary carbon atom
alkyl chains bonded to the carbon atom so that the rate of of 3-methylpentane.
hydrogen atom abstraction decreases. The paramagnetic relax- The spectrum at 113 K is also attributable to the tertiary alkyl
ation of alkyl radicals due to the molecular motion of alkyl radicals with several orientations of methylene protons with
chains bonded to radical carbon was found to decrease withrespect to the 2p orbital of the unpaired electron. As shown in
increasing length of the chaifi§,which supports the validity =~ Figure 6, most of the hyperfine lines observed at 113 K can be

of the above explanation. assigned to the interaction with three methyl protons with hfcc
Hydrogen Atom Abstraction in Adamantane. Adamantane = 2.32 mT, two methylene protons with hfee1.26 mT @ ~

is known to be an excellent matrix for obtaining well-resolved +27/3), and the other two methylene protons with hf€8.05

ESR spectra of free radicals at low temperafdréCrystalline mT (0 ~ +27/3). The latter methylene group has a conformation

adamantane offers a large space to guest molecules trapped asith the G,—C(H,)—C(Hs) plane almost perpendicular to the

substitutional-type impurities so that free radicals generated from 2p orbital. The fitting between the observed and the simulated
the guest molecules can be rotated fast enough for averagingspectra is, however, not satisfactory due probably to the
out the spectral distribution, even at low temperature. The use overlapping of the spectra of the tertiary radicals with different



6292 J. Phys. Chem. A, Vol. 103, No. 32, 1999 Ichikawa et al.

causes the change of the location of poiqy(z) to (x + Ax;,
After y —irradiation Yi + AYi, z+ AZ), where

! (% + A%) = (L)% + AX; = AX)) + AX,
Afer annealing at 113K i + Ay) = (L)Y, + AY, = AY) + AY,
| (@ +A2) = (L)Z +AZ — AZ)+AZ,  (4)
After annealing at 178K
X + A% — AX)* + (Y, + AY, — AY)’ + (Z + AZ, —
AZ)?—L#=0 (5)

(X + AX — AX)(G + AX — AXg) + (Y, + AY, -
AYQ(Y, + AY, — AYp) + (Z + AZ, — AZ)(Z +

!

320 330 340

AZ, — AZ)) — (cos 120)L,.L. =0 (6
Magnetic field/mT ] ZO) ( ) ™ ( )
Figure 7. ESR spectra at 77 K fop-irradiated adamantane matrix The energy for moving the rod in a fluid with viscosityis
after thermal annealing. given by
i Li As Li
conformations. The spectral change between 113 and 178 K E = [ [Cyv(l) ds ~ L mv(1)As dl. 7

was not reversible. The spectrum at 113 K of the sample

annealed at 178 K was the same as that at 178 K except for th

broadening of the ESR lines. The conformation with the-C

C(H2)—C(Hs) planes parallel to the 2p orbital is obviously the

most stable structure for the tertiary radicals. v(l) ~ As/At (8)
Figure 7 compares the spectral intensity of the sample after

the thermal treatment. The double-integrated intensities of the and

entire and the central part of the spectrum were not changed by

the thermal treatment, which certifies that the solute radicals (As)” = Ax” + Ay;> + Az?

are generated at 77 K by hydrogen atom abstraction with free

deuterium atoms generated from the matrix molecules. = [(/L)(AX — AXg) + AXo]2 + [(I/L)(AY; —

AYg) + AY® + [(WL)(AZ — AZ) + AZJ? (9)

ewhereu(li) ands are the velocity and the position of the track
of pointl;, respectively. These are expressed by

Discussion
whereAs and At are the length of the track and the time of

The experimental results suggest that the rate of hydrogenyeaction, respectively. The total energy for the reorientation of
atom tunneling from alkane molecules depends on the steriCthe rods from spto s@ configurations are given by

hindrance to the motion of the molecules. We propose that the

anomaly of the hydrogen atom abstraction is due to the steric n
hindrance to the deformation of alkyl radicals fron® $p sg? E=)>)FE
configurations by matrix molecules. The relation between the =

chain length and the steric hindrance can be qualitatively n

expressed by calculating the energy for the reorientation of alkyl = T ZLi(A)(i2 + AXAX, + AX02 + AYi2 +

chains in a viscous fluid from 8pto s configurations. We At &

assume that alkyl chains attached to a carbon atom to be AY,AY,+ AY? + AZ? + AZAZ, + AZ?) (10)
hydrogen atom abstracted can be expressed by linear rods. e 0 ' '

Setting the initial locations of the edges of théh rod with wheren is the number of rods attached to the carbon atom.
length L to be (0, 0, 0) andX;,Y;,Z), the location of point  The calculus of variation with LaGrange’s undetermined
(xi,y,2) on the rod at length is given by multipliers originated from eqgs 5 and 6 gives the minimum

energy of reorientation, viz.,
x = (L)X, v, = (L)Y, z=(/L)Z (1)

n

_n 2 2 2
where F= 2 [L(AXZ + AXAX, + AXZ + AY? +
n
XZ+Y?+Z7P—L%=0 ) AY,0Y, + AYy + AZ? + AZAZ,+ AZA)] + S al(X +

The C-C—C bond angles of alkane molecules are abouf112  AX, — AXy)? + (Y, + AY, — AY)? + (Z + AZ — AZ)* —

so that non
L7+ Z zbii [(X + AX — AX)(X + AX; — AX) +

1=1 |=i
(Y + AY, — AY)(Y, + AY, — AY) + (Z + AZ —

Hydrogen atom abstraction from the carbon atom induces the AZ)(Z + AZ — AZy) + (cos 120)L;L,] (11)

movement of the edges of the rod from (0,0,0)AX§{,A Yo,AZo)

and from K,Y;,Z) to (Xi + AXi, Yi + AY,, Z + AZ), which and

XX + VY, + Z.Z, — (cos 112)L,L; = 0 3
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F _OF _ OF _ OF _ OF _ F _ (o 5
dAX, 0AY, 0AZ, 0AX. 9AY, 9AZ

Figure 8 shows the energy of reorientation thus calculated.
(m, n, N in the figure correspond to the numbers of carbon
atoms in three alkyl chains bonded to a carbon atom to be
hydrogen atom abstracted. Using Figure 8, we can make the
rough estimation of the energy of the reorientation of alkane
molecules for the hydrogen atom abstraction. The energy for a
secondary penultimate carbon atom scarcely increases with
increasing length of the other alkyl chain, since the reorientation
of a small methyl group is enough for changing the configuration

Energy of reorientation / arb. unit

from s to s. The energy of reorientation for secondary alky! 0

radicals increases with increasing the number of carbon atoms 2 3 4 5 6

in the shorter chain. The energies for octanesCHH(CHo)s- N/ number of carbon atoms

CHs, CHsCH,C*H(CH,)4CHs, and CHCH,CH,C*H (CHy)s- Figure 8. Relation between the energy of the reorientation of alkyl

: : : chains from spto sp? configurations and the length of the chains, (
Segz:r:(?[hg Jl’-lf/ar%glenag?on%l. ib;?rsa%(taigt:/g)r/ﬁ;gltsﬂ frfrllfall t ?rlg(ran ttr;]ee n, N) denote the numbers of carbon atoms of three alkyl chains bonded
inner carbon atoms of normal alkanes. to a carbon atom to be hydrogen atom abstracted.
The energy for the reorientation is much higher for tertiary T T '
carbon atoms, since the reorientation necessitates the reorienta- Transition state
tion of at least two alkyl chains. The energies for {CHCHy)- 0 \
CHZCHS, CH3C*(CH3)CH2CH2CH3, and CH;CHzc*(CH3)CH2-
CHsz are 1.2, 1.5, and 2.3, respectively. The steric hindrance to
the formation of CHCH,C*(CH3)CH,CHs is about twice as
much as that of CEC*(CH3)CH,CHs. This may also give the
reason the hydrogen atom abstraction from the tertiary carbon
of 3-methylpentane is much slower than that of 2-methylbutane.
We have assumed so far that the rate of hydrogen atom  _ | = ~~ 7~~~ 7"77777
abstraction decreases with increasing steric hindrance to the ! L s
deformation of alkyl radicals from 8o sp? configurations by -2 oo 1
matrix molecules. However, the relation between the steric Reaction coordinate/(a.m.u) “x10""cm
hindrance and the rate of hydrogen atom abstraction is not Figure 9. Potential energy surfaces for model reactiof-HCH;CH,-
straightforward. The reaction would be slowed by the steric CHs = Hz +- CH;CHCH, under three reaction conditions: reactions
hindrance if the reaction proceeds through a thermal activation Under no restriction on the motion of atoms)( under the fixed
. L . - —C—C bond angle (119 of initial propane (- - -); under the fixed
process, since the steric hindrance .necessnates an additional;omic configurations except for attacking H and attacked HY
thermal energy. However, the reaction proceeds through the

atomic tunneling of €H hydrogen without a thermal activation ~ ¢arried out as rotational and translational energies of product
process. It is therefore necessary to understand how the steriqyp_The most important term for the hydrogen atom tunneling
hindrance affects the tunneling of hydrogen atoms. is thereforeld|U(r)|y<Cor the shape of the potential energy
The rate of hydrogen atom tunneling is generally expressed parrier separating the initial alkane D and the final alkyl
by the Fermi's golden rule, as radical + HD states. The tunneling rate is then expressed by
the well-known equation for the tunneling penetration of a

k:%” ZWM|U(r)|1/’F,im2|5h|XF,jDB(E| _ Ei,j) (13) particle through a one-dimensional potential barrier, as
]

k|G |U(0) [P ~
Here y refers to a wave function expressing the motion of [~ .2 rb
tunneling atom andJ(r) to an interaction potential connecting exp(-2 Z”/hz j; yu(r) — E dn) (14)
the initial alkane+ D state and the final alkyl radicat HD
state. Since propan¢ H is the simplest reaction system of Here,u is the reduced mass of the tunneling particle arzhd
hydrogen atom abstraction from secondary carbon, we adoptb are the locations where the potential energy is equid .ttt
this system for explaining the effect of the steric hindrance with is evident from eq 14 that the tunneling rate considerably
the aid of quantum chemical calculation. For hydrogen atom decreases with increasing area of the potential barrier above
abstraction from the central carbon of ¢EH,CHa, vy corre- the initial energy.
sponds to an antisymmetric (glZHC—H—D stretch motion Figure 9 shows the shape of the potential energy barriers for
with the initial state of (CH),HC—H-+-D and the final state of ~ hydrogen atom abstraction as calculated with 3-21G* basi$ set
(CHg),HC---H—D. The wave functions of the other vibrational under three different reaction conditions: no restriction on the
modes deformed by the reaction are giveryb¥, andE;; are motion of atoms, the fixed €C—C bond angle of initial
the energies of the initial reactant and the final product states, propane, and the fixed-©C—C and C-C—H bond angles of
and o(E) is the term for energy conservation and is 1 or 0, initial propane. The first, the second, and the third conditions
depending on whethdf = 0 or not O, respectively. Although  were selected to simulate the hydrogen atom tunneling in a
the deformation ofy can play a significant role in energy vacuum, in a rigid matrix, and in a rigid matrix from an
conservation by absorbing the heat of reaction, in hydrogen atomimmobile tertiary carbon atom, respectively. The height of the
abstraction by deuterium atoms, the heat of reaction may bepotential energy barrier is scarcely changed by the restrictions

‘\
\ '+, Final state
\ e

Energy/kcal/mol

[nitial state
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posed to propane. This is because hydrogen atom abstractiorthat the kind of alkyl radicals and the resultant stable products
is a typical reaction with early transition state; the transition generated byy-irradiation of organic solids depend on the
state with minimum energy is attained without much change of physical nature of the solid§-%*

the vibrational modes other than the reaction one. However,
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