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The ESR spectrum of the ¢-butyl radical in a rigid matrix is observed at temperatures between 6.6 and
70 K. At temperatures below about 50 K equally spaced nineteen lines are observed which is associated
with the tunneling rotation of the three methyl groups. By the analysis of the spectral pattern at a low
temperature of 6.6 K the pairwise interaction potential of the internal rotation, if any, is deduced to be
proportional to cos@; cosf; where 6; and 6; are the internal rotation angles of two methyl groups. By the
simulation of the spectral change with temperature the thermal activation energy for the internal rotation is

estimated to be 62 kJmol~?.

ESR spectra of some radicals having a single methyl
group adjacent to the odd electron center show seven
lines with an intensity ratio of 1:1:1:2:1:1:1 at low
temperatures which is well understood in terms of the
coupling of the internal rotation of the methyl group
and the hyperfine interaction." ™2 As for the radicals
having multiple methyl groups, however, there are no
ESR studies focusing on this coupling except for the
study of the radical cation of dimethyl ether.? In this
work we have studied a three-methyl group system, that
is, the t-butyl radical.>® The study is a straightfor-
ward extension of the previous study on the two-methyl
group system.? A difference between the two systems
is that in the #butyl radical the umbrella motion of
the three methyl groups is conceivable. However, the
present work will not deal with the effect of the um-
brella motion because the observed hyperfine structure
is explicable in terms of the methyl protons and because
the possible additional structure due to the umbrella
motion is not resolved. A piece of evidence in favor of
planarity has been given.®) Also, as in the case of the di-
methyl ether? the overall rotation of the #-butyl radical
is ignored because of the rigidity of the low tempera-
ture matrix employed. The thermally-induced rotation
of the methyl groups is also analyzed.

Experimental

t-Butyl chloride was dissolved in CDzOD to a concentra-
tion of 1 M (1 M=1 moldm™3) and sealed off in a Suprasil
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cell after degassing. The solution was y-irradiated at 77
K to a dose of 1.47x10% Gy (1 Gy=1 Jkg~'). The ESR
measurement was carried out with JEOL RE-2X spectrom-
eters at Kyoto and at Leicester. An Air Products LTR-3
liquid helium transfer Heli-Tran refrigerator was used for
the measurement at various temperatures. A calibrated
Au-Fe/chromel thermocouple was used for the temperature
determination.

Experimental Results

The ESR. spectra of y-irradiated solutions were mea-
sured at 6.6—70 K. Typical spectra are shown in Figs. 1
and 2 along with the simulated spectra. The general
spectral change with temperature can be summarized
as follows. The spectrum at 6.6 K in Fig. 1 is regarded
as consisting of nineteen lines in reference to the simu-
lated spectrum. The scaled-off signal at 3250—3280 G
(1 G=10"% T) is due to the byproduced CD20OD radi-
cal which masks approximately three out of the nineteen
lines. As the temperature was raised to ca.30 K, every
other line became weaker. At temperatures of ca.30—
ca.45 K the spectral pattern appeared to be intermedi-
ate between the patterns below ca.30 K and above ca.45
K. At above ca.50 K the ten-line feature became dom-
inant and at the final temperature of 70 K a ten-line
spectrum with the binomial intensity ratio appeared.

Spectral Analysis

The Symmetry of the System.  For the anal-
ysis of the dynamical feature of the methyl groups the
Permutation-Inversion (PI) group theoretic analysis is
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Fig. 1. ESR spectra of the ¢-butyl radical observed at
6.6 K for y-irradiated deuterated methanol contain-
ing t-butyl chloride as the solute (upper) and simu-
lated by assigning the jumping rate k (see text) as
zero (lower).

Sim. k=0 MHz

appropriate.l’”® The “feasible” PI operations of a ro-
tating methyl group are the cyclic permutation of the
three protons.?) The symmetry group of such a system,
denoted by Gz, consists of the three “feasible” oper-
ations, G3={E,(123),(132)}, where the three protons
are numbered 1,2, and 3. Since there are three methyl
groups in the #butyl radical, the symmetry group of
the radical is the direct product group of the three Gs
groups. The direct product group will be called Gary
because it has 27 elements. Since G is isomorphic to
the point group Cs, we will make use of the notations
of the irreducible representations A, Ea, and Eb of Cj.
Accordingly, the symmetry species of the Ga7 group will
be denoted by AAA, AAEa, AEaEb, and so on.

The Hamiltonian and the Basis Functions.
The relevant Hamiltonian consists of the internal ro-
tation of the methyl groups and the spin part as in
Eq. 1.

K= A+ Hs. (1)

The rotational part is approximated by Eq. 2 as in
the previous work,?
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where Icy, stands for the moment of inertia of a methyl
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Fig. 2. ESR spectra of the t-butyl radical observed
at several temperatures (left) and simulated with the
jumping parameters indicated (right).

group and V{(#1,02,03) represents the potential energy of
the internal rotation of the methyl groups. The poten-
tial term is expanded into a Fourier series of the three
variables 0; to ;. We anticipate that the simultaneous
interaction involving the three methyl groups is negligi-
ble and that only pairwise interactions, if any, are sig-
nificant. Then, the potential energy is given by Eq. 3
under the assumption that the terms having higher or-
der symmetries than the three fold are negligible.

V(81,02,05)=Vo+V1 > _cos 30+ V2 > " cos 36;cos 36;
i >3
+V2 ) sin 30;sin 36;. (3)
>3
The spin Hamiltonian # is given by Eq. 4 where ¢
and T} stand for the isotropic g factor and the isotropic
hfce, respectively. The anisotropy is neglected because
the observed spectra appear almost isotropic.

%z%eeman + %I
13 a a
=gBS.H +3 Y Sz(TA Iy + TP IR + TFV1). (1)
=1

The symmetrized representation of 7" and the nuclear
spin operator I, is given by Eqs. 5, 6, and 7 where X
represents T and I, and the suffices denote the protons
of methyl group 1.
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XP = Xa + Xiz + Xia (5)
X2 =Xa+eXo+e Xis (6)
X =X +€* Xio +eXis (7)
where € = exp (27/3). (8)

Since all the elements of Ga7 are even permutations of
the protons, the total wave function, i.e., the product
of the electronic, vibrational, internal-rotational, nu-
clear and electron spin parts must be totally symmetric.
The electronic and the vibrational ground states are to-
tally symmetric in the Gg7 group. The electron spin
function is also totally symmetric with respect to the
nuclear permutation. Thus, the product of the inter-
nal-rotational (ROT) and the nuclear spin (NS) func-
tions must be totally symmetric.”’ The product is desig-
nated as, e.g.,|ROT; AAEa)|NS;AAEb;ml m?m$). The
nuclear spin part is further factored as in Eq. 9, for
example.

INS; AAEb;mimim}) = [Ami)|Am{) | Ebmi)  (9)

The explicit forms of the component function for each
methyl group are given in Eq. 10. The functions
|A -3/2), |A -1/2), |Ea -1/2), |Eb -1/2) are obtained
from those in Eq. 10 by exchanging « and S.

| A3/2)=| aca)
| A1/2>=%{| Bac)+ | afa)t | aaB))

| Ea1/2>=%{| Bao)+¢ | afa) +e* | aaf)}

| Eb1/2)= Baa)+e" | afa)+e|aaB)} (10)

2
The first two functions in Eq. 10 are associated with the
total nuclear spin quantum number I*=3/2 for methyl
group ¢ while the latter two with [*=1/2.

Hyperfine Structure at High Temperatures.
The hyperfine structure of ESR spectrum is determined
by the eigenstate of the Hamiltonian in Eq. 1. The en-
ergies of the internal rotation and the hyperfine inter-
action corresponding to the first and the second terms
of the Hamiltonian in Eq. 1 are generally in the order of
GHz and several tens of MHz, respectively. Therefore,
we ignore the hyperfine interaction between different
states of the internal rotation. Then, the overall hy-
perfine structure will be determined by superposing the
hyperfine-structured low-lying rotational levels which
are assumed to be equally populated at the temper-
atures studied. The basis function for the rotational
part, |ROT; 1 I213), is chosen to be the eigenfunctions
of the first term of Eq. 1. Within the same rotational
state the first term of the hyperfine Hamiltonian in

3
Eq. 4, ie., %iglsz TAIA

4~ is diagonal with respect to

the nuclear spin functions in Eq. 9 while the remaining
3
terms, i.e., %El S,(TF2IEP 4 TEP[E2)  yield off-diag-
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onal matrix elements. The energy of the diagonal
parts of Eq. 1 is given as in Eq. 11 for the state of
|ROT; I [ I3)|NS; 1 Ty Iysmymimg ).

ER + Ent = Er + Szt(m{ +mi +m}) (11)

where t=(ROT;In 203 | T |ROT; M ILT5)  (12)

Except for the single rotational state of AAA symme-
try type all the other states are degenerate in the regime
of Eg, i.e., six-fold for AAEa, six-fold for AEaEa, six-
fold for AEaEb, two-fold for EaEaEa, and six-fold for
EaEaEb symmetries. The degree of degeneracy for the
energy of Fr+ Fys is summarized in Table 1 where the
columns AAA through EaEaEDb are for the rotational
energy and the rows for the hyperfine interaction with
the total sum in the last column. The sum shows the bi-
nomial distribution and corresponds to the intensity dis-
tribution of ESR spectrum at high temperatures where
the off-diagonal matrix elements of the Hamiltonian in
Eq. 1 are averaged out.?

Hyperfine Structure at Low Temperatures.
Case 1. At low temperatures off-diagonal ma-
trix elements of the hyperfine interaction lift the de-
generacy of states having the same energy of Er+
Ey¢. For the off-diagonal matrix element to be non-
zero the two states must share in common two out
of the three symmetry species I')s and all the three
mis must be the same. This is because the terms

~of # in Eq. 4 operate on the individual methyl

group and the nuclear spin operator I} does not
change the eigenvalue of m!. To give an explicit ex-
ample, the state |ROT;EaEaEb)|NS;EbEbEa;1/2,~1/2,
1/2) may have a non-zero matrix element with
|IROT;EaEbEDb)|NS;EbEaEa;1/2,—1/2,1/2), but there
cannot be a non-zero matrix element between
|[ROT;EaEbEa)|NS;EbEaEb;1/2,-1/2,1/2) and
|[ROT;EaEbED)|NS;EbEaEa;—1/2,1/2,1/2).

For the rotationally degenerate states of AAEa sym-
metry type the matrix for Eq. 1 is represented by Ma-
trix I where the degenerate diagonal matrix elements
are omitted and the off-diagonal matrix element « is
given by Eq. 13.

Table 1. Degeneracy of the Energy of Er+ Fp¢

3
> mi AAA AAEa AEaEa AEaEb EaEaEa EaEaEb Sum

=1

9/2 1 1
772 3 6 9
5/2 6 18 6 6 36
3/2 10 30 18 18 2 6 84
1/2 12 42 24 24 6 18 126
-1/2 12 42 24 24 6 18 126
-3/2 10 30 18 18 2 6 84
—5/2 6 18 6 6 36
—-7/2 3 6 9
—9/2 1 1
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|ROT;EaAA)|NS;EbAA; £ 1/2mimd)( o
IROT: EbAA)|NS; EaAA; % 1/2m2m} (a ) xSz (D)
@=1/3(ROT;EbAA|TT*|ROT;EaAA)(Eat1/2|[1 | Ey+1/2)
(13)
The two rotationally degenerate states are split into a
doublet with the energies of +|a|. The off-diagonal ma-
trix elements between the rotationally degenerate states
of symmetry types of AEaEa—~AEbEb, AEaEb—AEbEa,
and EaEaEa-EbEbEb are zero. The matrix for the
states of the symmetry of EaEaEb type is given by Ma-
trix II with the off-diagonal element of 8 in Eq. 14.
The eigenvalues are obtained as +|3| (doubly degener-
ate) and +2|4|.

|[ROT;EaEaEb)|NS;EbEbEa;mi{mim$)
|ROT;EaEbEa}|NS;EbEaEb;mim?mf) 8 B
|ROT;EbEaEa)|NS;EaEbEb;m{mim$)
[ROT;EbEbEa)|NS;EaEaEb;m{mim)| B3
[ROT;EbEaEb)|NS;EaEbEa;mimimd) | 8 8
|ROT;EaEbEDb)|NS;EbEaEa;m{ mim?) \ 53
(II)

B =1/3(ROT; EbEaEb|T{*|ROT; EaEaEb)
(Ea+1/2|[12[Eb+1/2) (14)

We now evaluate the matrix elements of %, i.e., t,
a, and §. For the evaluation of the rotational part
the wavefunction of the methyl protons is regarded as
localized at the local minima of potential. Then, the
isotropic hfcc is approximated by Eq. 15,

T;j = 2Bcos® ¢ij, (15)

where B stands for the average of the hfcc’s of the three
protons and ¢ is the angle between the 2p orbital of
carbon and the CH bond and the suffices 7 and j specify
the j#th proton of the i-th methyl group. With this ap-
proximation the following relations are obtained where
the bracket means the expectation value with respect
to the rotational function and the angle ¢ corresponds
to the potential minimum for proton 1.2

t=(T*)=B (16)
(TP = gBeW’Iﬁb (17)

The evaluation of the nuclear spin part is straightfor-
ward with the use of the symmetrized spin functions in
Eq. 10 and the symmetrized operators in Egs. 5, 6, and
7. The matrix elements o and 3 are, thus, obtained
as in Eq. 18 with the signs + and — corresponding,
respectively, to m{=-1/2 and +1/2.1:%9

a=p3= :i:gezid’ (18)

Scheme 1 shows the ESR pattern to be expected at
low temperatures. The scheme is derived from Table 1
by introducing the splittings due to « and 8. The states
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of AAEa symmetry type having the same value of m{+
mZ+m3 are split into a doublet with the separation
of +|a|=+B/2. Likewise, the four states of EaEaEb
symmetry type split into a quintet with the intensity
ratio of 1:2:0:2:1 and the spacing of |3|=B/2. The
total nineteen levels shown at the bottom of Scheme 1
have an equal spacing of B/2.

Hyperfine Structure at Low Temperatures.
Case II. The above result is based on the assump-
tion that the energy difference of the internal rotation is
much larger than that of the hyperfine interaction and
we have considered the lifting of the degeneracy of the
sum of Eg+Fy¢ by the hyperfine interaction. However,
there is a possibility of a degeneracy in the rotational
states by themselves in which case the hyperfine struc-
tural pattern in Scheme 1 will be altered to that in
Scheme 2 given below. In the following we will examine
such a case.

In the potential function of Eq. 3 the interaction be-
tween the methyl groups 7 and j can be rewritten as in
Eq. 19.

Vacos 36;cos 36;+V,sin 36;sin 36;
=1/2(Va—V3)cos 3(0;+0;)+1/2(Va+V3 )cos 3(6:—6;).(19)

The first and the second terms in the right hand side
of Eq. 19 correspond to the potentials for the conro-
tation and the disrotation of methyl groups i and ;.
Now, in case of V3=0, the barriers for the two modes
of rotation are equal so that the six states of AEaEa
symmetry type and another six of AEaEb type become
degenerate.? Similarly, the two states of EaEaEa type
and the six of EaEaEb are degenerate to form a set
of eight states of EEE type. For the reason stated in
connection with Matrix I the non-zero off-diagonal ele-
ments in the Hamiltonian matrix for the states of AEE
type appear as in Matrix ITI.

|[ROT;EaEaA) oy
|[ROT; EbEDbA)

|[ROT;EaEbA) | v~*
|[ROT;EbEaA) \~v~*

22
22

x S, (II1)

v =1/3(ROT;EbEaA|T{*|ROT;EaEaA)
(Ea+1/2|I1’|Eb+1/2) (20)

The eigenvalues of Matrix III are 0 (doubly degenerate)
and +2|y|. Similarly, the 6x6 matrix for the EaEaEb
type (Matrix II) is expanded to the following 8x8 ma-
trix with the additional non-zero off-diagonal element §
given in Eq. 21.
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AAA 1 3 6 10 12 12 10 6 3 1
AAEa 3 12 24 36 42 36 24 12 3
AEaEa 6 18 24 24 18 6
AEaEb 6 18 24 24 18 6
EaEaEa 2 6 6 2
EaEaEb 1 2 3 8 412 4 8 3 2 1
Total 1 3 3 12 19 26 51 44 70 54 70 44 51 26 19 12 3 3 1
Scheme 1.
AAA 1 3 6 10 12 12 10 6 3 1
AAE 3 12 24 36 42 36 24 12 3
AEE 3 15 33 45 45 33 15 3
EEE 1 6 15 20 15 6 1
Total 1 3 6 13 21 30 43 51 57 62 57 51 43 30 21 13 6 3 1
Scheme 2.
|ROT;EaEa.Ea)lNS;EbEbEb;mIi mIz mi)( 6*6%6* radical, the comparison has to be made for the outer
|ROT§EbEbEb>fNS§EaEaEa§mII m mi ) 6646 part of the spectrum. It seems obvious that Scheme 2
IROT?EaEaEbNNS?EbEbEa;mIlm12m13 6 *ﬁ ﬂ* reproduces the observed eight pairs of outer peaks as
lROT;EaEbEa)INS;EbEaEb;mll m12m13> 6 ﬂ* *ﬂ xS, shown in Fig. 1, where the spectrum observed at 6.6 K
]ROT;EbEaEa)INS;EaEbEb;m11m12m13) 6 . g is compared with the properly line-broadened simula-
IROT;EbEbEa)INS;EaEa‘Eb;mll m m13> 5* BB tion spectrum for Scheme 2 with the jumping parame-
lgg}"ﬁbgsg?]gg’gngga’mll ™ m13> g*ﬁ s ter k (see below) being assumed to be zero. We could
| ha JINS;EbEala;m; mimi)\ 6°5 not reproduce by simulation the decrease in the inten-
(Iv) sity of the eighth peak (44) relative to the seventh (51)

6 = 1/3(ROT;EbEaEa| T{*|ROT;EaEaEa)
(Ea+1/2|ILP|Eb+1/2) (21)

Application of the same approximation which has led to
Eq. 15 gives the following equation where the signs +
and — correspond to m{=—1/2 and +1/2, respectively.

(22)

The eight eigenvalues of Matrix IV are £B/2 (triply
degenerate) and +3B/2.

The above splittings caused by the off-diagonal ma-
trix elements v and 6 lead to a different spectral pat-
tern, i.e., the sum of the degree of degeneracy of AEaEa
and AEaEDb types having the same value of _m} (see

1

Table 1) will be split into a triplet with the inten-
sity ratio of 1:2:1 and with the separation of 2|y|=B.
The resultant intensity distribution is given in the third
row of Scheme 2 below. Similarly, the sum of EaEaEa
and EaEaEb types having the same value of S_m{ will

T

be split into a quartet with the ratio of 1:3:3:1 and
the spacing of B as summarized in the fourth row of
Scheme 2. The total nineteen levels given in the fifth
row of Scheme 2 are equally spaced by B/2.

Comparison of Cases I and II with the Exper-
imental Spectrum. Comparison of the last rows of
Schemes 1 and 2 indicates that the ESR spectrum at
low temperatures differs depending upon whether V; is
zero or not. Since the central part of the observed spec-
trum is overshadowed by the signal due to the CD,OD

and nineth(70) peaks counted from both ends of the
Total Ratio of Scheme 1 whereas the intensity of the
three peaks increases monotonously in the simulation
for Scheme 2, which is compatible with the observed
spectrum. The result implies that the two modes of the
rotation, con and dis, of any pair of the methyl groups
in the t-butyl radical are indiscriminate.

Thermally Induced Random Rotation.  The
change of the ESR spectrum from the nineteen to
ten lines is explained by random, spin-independent
rotations;? if the correlation time of the random ro-
tation is short enough compared to the ESR time scale,
the off-diagonal matrix elements «,(3,y, and ¢ aré av-
eraged out to be nil. The intensity pattern in Table 1
corresponds to this case. The averaging can be regarded
as a jumping between the states.? While the rotational
state of AAA type is not affected by the thermal ag-
itation, the state of AAE type is, and one parameter
k1 is needed to describe the jumping between the two
sites of AAEa and AAEDb. Likewise, for the AEE type
three parameters k; and ks, k4 are necessary to describe
the 4 site-jumps of EaEa—EbEDb, EaEa«—EaEb, and
EaEb—EbEa. Similarly, for the EEE type six parame-
ters are required. Since there are so many parameters,
the complete kinetic analysis is prohibitive. However,
if we look into the details of Scheme 2, we see that
the intensities of the second, fourth, and sixth lines as
counted from both ends of the last row of the scheme
are mainly contributed from the state of AAE type of
the second row. It is these even-numbered lines which
are to be broadened by the jumping. Therefore, we an-
ticipate that the line broadening due to the jumping
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Fig.. 3. Arrhenius plot for the jumping (see text).

may be approximately describable by a single param-
eter k;. With this presumption the simulation for the
line broadened spectra is carried out using the density
matrix method by Heinzer® as in our previous study on
the radical cation of dimethyl ether.¥ Figure 2 demon-
strates the spectra observed at several temperatures and
the simulated ones to reproduce the observed spectra.
The overall agreement between the two columns is sat-
isfactory.

Figure 3 shows the Arrhenius plot for the jumping. A
kink is seen at about 50 K which indicates that the tun-
neling becomes apparent at temperatures below about
50 K.*19 An activation energy of 642 kJ mol~! is esti-
mated from the plots at temperature above 50 K.

Concluding Remark. We have studied the ESR
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spectrum of the t-butyl radical at low temperatures
closely following our previous work on the radical cation
of dimethyl ether to find that the hyperfine interaction
lifts the degeneracy in the internal rotation regime and
that the pairwise interaction of the two methyl internal
rotations, if any, is describable by the potential of the
form of cos §; cos 6;, which can be rephrased as that the
con and dis rotations are degenerate in energy.

The authors are indebted to Drs. Takamasa Momose
and Paul J. Krusic!V for their valuable comments. The
study was partially supported by Grants-in-Aid for Sci-
entific Research on Priority Areas No.05237105 from the
Ministry of Education, Science and Culture.
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