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Deuterium nuclear magnetic resonance (NMR) spectra and spin-lattice relaxation times were 
determined in order to study the dynamics of t-butyl groups in butylated hydroxytoluene. The 
results are consistent with a model first proposed by Beckmann et al. [J. Magn. Reson. 36, 199 
( 19Õ79) 1, where there is an inequivalence between the methyl groups within each t-butyl group. 
While two methyl groups reorient rapidly relative to the whole t-butyl rotation, the remaining 
methyl group is more restricted in its motion, reorienting at a rate comparable to that of the t- 
butyl group itself. The spin-lattice relaxation data show two r, minima, the high temperature 
minimum (40 ÒC) corresponding to the combined t-butyl and ÒslowÓ methyl rotations, and the 
low temperature minimum corresponding to ÒfastÓ methyl group rotation. Using an explicitly 
defined T, fitting function, the T, data yield activation energies of 2.2 and 6.0 kcal/mol for the 
fast methyl and r-butyl rotations, respectively, both in agreement with BeckmannÕs values 
obtained from proton T1 experiments. It was also possible to simulate the low temperature 
deuterium NMR spectra from T = - 160 ÒC to T = - 80 ÒC using the aforementioned 
dynamical inequivalence between the t-butyl methyl groups. While the fast methyl group 
rotation was in the motional narrowing region for T> - 160 ÒC, it was possible, from the 
simulations, to determine the t-butyl exchange rates to within 10%. The jump rates are 
remarkably close to the values predicted from the T, results. Above - 80 ÒC, the spectra could 
not be simulated, implying that a third motion must be present to further alter the high 
temperature line shapes. The effective axial asymmetry of the T> - 20Ó spectra indicates that 
the additional motion involves a two site exchange. 

I. INTRODUCTION 

Since its discovery, nuclear magnetic resonance 
(NMR) spectroscopy has been used to study molecular 
reorientation in solids.Õ Because of the excellent signal to 
noise ratio, much of the early work in the field used protons 
as the NMR probe. The static dipolar interaction between 
neighboring protons determines the linewidth, and the part 
of the interaction made time dependent by the molecular 
motion gives rise to spin-lattice relaxation. The spin-lattice 
relaxation time in the laboratory frame T, is most sensitive 
to motions which have a correlation time 7, z WC Ô, where w0 
is the Larmor precessional frequency, while spin-lattice re- 
laxation in the rotating frame, T,p, is used to probe motions 

- when T, z w, Ô, where o1 is the precessional frequency in the 
applied radio frequency field. The influence of molecular 
reorientation is also observed in changes in the spectral line 
shape since motion causes a reduction in the time averaged 
dipolar interaction. The analysis of the spectral line shape is 
most often carried out using the method of moments.* Math- 
ematical models for the molecular reorientation can be veri- 
fied by comparing the second moment of the line shape with 
theoretical calculations. The reduction in the second mo- 
ment occurs when r, z (Au,, ) - Ô, where AaRL is the width 
of the rigid lattice line shape. 

The study of tertiary butyl compounds, (CH,),C-X 
(X=Cl, Br, NO,, COOH, CH, SH, etc.), represent an excel- 
lent example of the use of NMR techniques3 to study molec- 

ular reorientation. At high temperatures within the solid 
phase there are internal rotations of the individual methyl 
groups, generally denoted C, rotations [see Fig. 1 (a) 1, rota- 
tion of the t-butyl group about its threefold axis of symme- 
try, denoted C!;, and reorientation of the C; axis (i.e., the 
C-X bond direction). Neither proton second moment4 nor 
spin-lattice relaxation time measurementsÕ can distinguish 
between the C, and C; rotation if these motions are consid- 
ered in isolation, and it was generally assumed in NMR pa- 
pers that on cooling the reorientation about the C; axis is the 
first to become restricted. Recently incoherent quasielastic 
neutron scattering data6 have questioned this assumption. If 
the intermolecular contribution to the NMR parameters is 
small, models where both of the motions are considered si- 
multaneously but with different rates have shown that in 
some cases it is the methyl group reorientation that is re- 
stricted first.Õ Ripmeester and Ratcliffe* have pointed out 
that deuterium NMR spectra can distinguish between reor- 
ientation about the C, and C; axes, and they, indeed, have 
shown that for (CD,),CCl and (CD,),CBr the C; motion 
was faster than the C, motion at low temperature. In con- 
trast to proton NMR where the dominant spin interaction is 
the dipolar interaction between neighboring protons, the 
quadrupolar interaction determines the principle features of 
the deuterium NMR line shape and spin-lattice relaxation 
times. The quadrupolar interaction has a very short range 
determined primarily by the electronic structure within the 
C-D bond. The problem of determining inter and intramole- 
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cular contributions to the second moment or spin-lattice 
relaxation time is not a factor. Recently deuterium NMR 
has been used to determine the rate of C, and C; reorienta- 
tion in (CD,),CSH,9 (CD,),CI, and (CD3),CCH0.io An 
excellent reference to the use of deuterium NMR spectra for 
the study of molecular reorientation is the paper by Vega and 
LuzÓ who used the technique to determine the rates of C, 
and C; motion in trimethylamine. 

A closely related problem is the study of tertiary-butyl 
group motion when the group is chemically bonded to a ben- 
zene or phenol ring. Beckmann and his colleagues have em- 
ployed proton spin-lattice relaxation time measurements to 
study t-butyl group dynamics in a variety of compoundsÕ2Ó3 
including butylated hydroxytoluene (BHT) . The structure 
of BHT is shown in Fig. 1 (a). Beckmann et ~1.Ô~ observed 
two minima in the proton T, results for BHT; one at 
- 148 ÒC and the other at 27 ÒC. Several possible explana- 
tions of the observed behavior were investigated. On the ba- 
sis of theoretical calculations of the values of T, at the mini- 
mum, the low temperature minimum was attributed to the 
correlation time for the motion of four of the six t-butyl 
methyl groups in the BHT molecule satisfying the condition 
rc z w; *. Because the carbon atom of the two nonrotating 
methyl groups lies close to the plane of the phenol ring, the 
rotation of these two methyl groups is assumed to be hin- 
dered by the proton bonded directly to the ring. The higher 
temperature minimum was attributed to the rotational mo- 
tion of the t-butyl groups as a whole about the C; axis and 
the remaining two methyl groups. These methyl groups 
probably only reorient in synchrony with the t-butyl group 
rotation. 

(0) 

(b) 
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Using selectively deuterated BHT and broadline deuter- 
ium NMR techniquesi it has been possible to verify the 
model for the molecular reorientation set out by Beckmann 
er aZ.Ô* In this paper the results and analysis of the deuterium 
line shapes and T, data for BHT are reported. 

II. SAMPLE PREPARATION AND EXPERIMENTAL 
PROCEDURES 

The BHT was obtained from MDS Isotopes (Montreal, 
Canada) under the chemical name 4-methyl-2,6-di(tert-bu- 
tyl-d,) phenol-3-5-d,,OD. The deuterium replacement was 
98% effective. The NMR sample was recrystallized twice 
from ethanol to remove the deuteron in the hydroxyl group. 
Approximately 500 mg of BHT were placed in an 8 mm 
diameter glass tube. The tube was evacuated and sealed. 

The T, data were collected at temperatures ranging 
from 60 to - 155 ÒC at roughly 10 ÒC intervals. The data 
were acquired at 41.3 MHz using an inversion recovery pulse 
sequence modified for quadrupolar nuclei: ( P) x -r- ( 7r/2 )X 
-ro- ( 7r/2), -ro -acquire. Typically, 15-20 values of r were 
used to determine T, at a particular temperature. The pulse 
spacing ro was usually 45 pus. The time between repetitions 
of the pulse sequence was always greater than 10 T,. The 
data were fit using a nonlinear least-squares (Marquardt) 
algorithmÓ employing either an exponential fitting function 
or a sum of two exponentials to obtain the relevant relaxa- 
tion time parameters. 

Deuterium NMR spectra were obtained for tempera- 
tures ranging from 30 to - 160 ÒC in roughly 20 ÒC intervals 
using the quadrupolar echoi pulse sequence: (r/2), 
-ho-(r/2),-ro-acquire. Typically, the length of a (r/2) 
pulse was 4 ,us, and 250 scans were accumulated for each 
echo signal. At each temperature the echo signals were col- 
lected for several values of re ranging from 30 to 1500 ps. 
The echo signals were Fourier transformed to obtain the 
deuterium NMR spectra. 

Ill. SIMULATION OF THE DEUTERIUM NMR SPECTRA 

C3 C3 

Deuterium NMR line shapes are particularly sensitive 
to molecular reorientations with correlation times 
rc z l/w,, where wQ is the quadrupolar coupling constant 
which for C-D bonds in methyl groups is found to be 
27rx 167 kHz. When the motions are slow on this time scale, 
the spectra are unaffected, and the line shape is the rigid 
lattice Pake doublet with a splitting between the peaks of 127 
kHz. If the deuteron is bonded to a carbon in an aromatic 
ring the asymmetry of electric field gradient parameter 7 is 
small (0.05) but not zero, and wQ is somewhat larger ( 180 
kHz). l7 When the motions are fast, motional averaging oc- 
curs. If the reorientational motion has threefold or greater 
symmetry, the observed line shape is the same as the rigid 
lattice spectrum except for a reduction in the spectral width. 
The new quadrupolar splitting is given by 

X 

FIG. 1. (a) Schematic diagram of the structure of a deuterated BHT mole- 
cule. (b) Structure of a tertiary-butyl group with the methyl groups stag- 
gered with respect to the central carbon framework. The C, axes define the 
rotation axeS for the methyl groups and the C; axis defines the rotation axis 
for the r-butyl rotation. 

A$= [(3cosÕB- 1)/2]AyR,Ô, (1) 

where ApeÓ is the rigid lattice splitting and p is the angle 
between the C-D bond and the rotation axis. In a methyl 
group p = 70.5Ó and rapid axial rotation produces an ob- 
served quadrupolar splitting; A$ = 1/3AGL = 42 kHz. 
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In a t-butyl group, the methyl group rotation about the 
C, axis is superimposed on the t-butyl reorientation about 
the C; axis. Assuming equivalent methyl groups in the all 
staggered configuration with an overall tetrahedral struc- 
ture, the molecular motion leads to the four possible limiting 
powder pattern spectra shown in Fig. 2. First, if both mo- 
tions are slow on the deuterium NMR time scale, the usual 
rigid lattice spectrum with peaks separated by 127 kHz is 
observed. If fast methyl group rotation is superimposed on a 
slow t-butyl reorientation, a motionally narrowed Pake 
doublet is observed with a splitting of 127/3 kHz. If both 
motions are fast, the doublet splitting is 127/9 kHz. Finally, 
there is the possibility of slow methyl group rotation super- 
imposed on fast t-butyl group reorientation. From Fig. 1 (b) 
it is apparent that three of the nine C-D bonds are parallel to 
the C; axis, therefore a rotation of the t-butyl group does not 
change the angle of these C-D bonds with respect to the 
applied magnetic field. No motional averaging occurs and 
three of the nine deuterons produce a broad effectively rigid 
lattice contribution to the spectrum. The resulting spectrum 
shown in Fig. 2 is a motionally narrowed spectrum with a 
quadrupolar splitting of 42 kHz superimposed on the rigid 
lattice spectrum with splitting of 127 kHz. The intensities of 
the two components are in 1 he ratio of 2: 1. 

In the intermediate regime when r, =: l/o,, the line 
shape cannot be predicted analytically and must be calculat- 
ed by numerical simulation procedures. To obtain the maxi- 
mum information from a line shape analysis, the attempt 
must be made to reproduce the experimental spectra with 
computer simulations by assuming a certain model for the 
molecular reorientation (e.g., a three site jump for the meth- 
yl group with tetrahedral geometry) and varying the mo- 
tional rates to determine the best fit. Ideally, the fitting pa- 
rameters are obtained using a least squares or equivalent 
fitting algorithm. In practice, however, such a procedure 
requires vast amounts of computer time and is not a realistic 
approach. Instead the simulations are only qualitatively 
identified with the experimental spectra. While the question 

FIG. 2. The four cases showing the limiting effects ofslow and rapid methyl 
and f-butyl rotation. A. kÕ= 00, k= 0~; B. kÕ=O, k= m; C. kÕ= 00, 
k=O;D.kÕ=O,k=O. 

of whether a given line shape corresponds to a unique set of 
parameters always exists, experience suggests that this pro- 
cedure leads to valid results. The theoretical basis for deuter- 
ium NMR line shape simulation can be found in numerous 
sources notably in the papers by Wittebort et al.Ó and Vega 
and Luz. Ó 

The crystal structure of BHT has been determined by x- 
ray diffractionÓ and does not show any complicating fea- 
tures. Since the x-ray results only show the structure of the 
carbon skeleton, the geometrical positioning of the C-D 
bonds in the t-butyl group is unknown. In structural studies 
of compounds containing t-butyl groups where attempts 
have been made to locate the protons it was usually found 
that the protons of each methyl group are staggered with 
respect to the carbon atom framework to which they are 
attached.Ó This assumed three dimensional structure is 
shown in Fig. 1 (b). Note that three of the nine C-D bonds 
are parallel to the C; axis, the axis of reorientation of the t- 
butyl group as a whole. In all subsequent calculations all the 
angles in the t-butyl group are assumed to be tetrahedral 
since the x-ray structure shows only small deviations from 
these values. 

For the simulations of the t-butyl group motion report- 
ed in this paper a nine-site equal population thermally acti- 
vated jump model was employed. The simulation procedure 
differed from the method of Vega and LuzÓ only in that a 
Taylor series approximation was used to calculate the expo- 
nential of the rate matrix rather than expressing the expo- 
nential of the matrix in terms of the diagonal matrix of the 
complex eigenvalues. The simulation of a typical spectrum 
with 40 values of each of the polar angles on apVAX mini- 
computer took from 3 to 4 h. Motionally narrowed and near 
rigid lattice spectra required up to 80 polar angles to produce 
a smooth line shape and took up to 12 h to simulate. To make 
a valid comparison between the experimental and the simu- 
lated spectra the effects of using finite width radio frequency 
pulses was removed by multiplying the simulated spectra by 
the factor first derived by Bloom et aL2Õ 

IV. RESULTS AND DISCUSSION 

A. The spin-lattice relaxation time 

The spin-lattice relaxation time data yield important 
information about the rotational dynamics of the t-butyl 
groups in BHT and, indeed, are vital to the interpretation of 
the temperature dependence of the deuterium spectra. In a 
crystalline solid, ?Ò, generally depends on the angle between 
the applied magnetic field and the axis about which the mo- 
lecular reorientation takes place. As a result, a distribution 
of relaxation times is expected to be found in a powder sam- 
ple. The recovery of the equilibrium magnetization should 
be a superposition of exponentials and therefore nonexpon- 
ential itself. In practice, however, the recovery for powder 
samples is often observed to be approximately exponential 
over several decades, and an effective T, may be uniquely 
defined. For BHT, the recovery of the longitudinal magneti- 
zation was found to be approximately exponential from 60 to 
- 75 ÒC over at least 1 decade and usually 2. In this tem- 

perature range the data were fit using a nonlinear least 
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squares fit routine to the function A(t) = A, [ 1 - K 
x exp ( - t/T, ) 1. Below - 75 ÒC the single exponential 
function could not satisfactorily fit the data. Figure 3(a) 
shows the partially relaxed spectra as a function of the spac- 
ing between the initial inversion pulse and the quadrupolar 
echo sequence r. The central region of the spectra appear to 
recover at a much faster rate than the wings of the spectra. 
Figure 3 (b) is a plot of the integrated amplitude of the spec- 
tra as a function of 7. Two distinct exponential components 
are apparent: the rapidly decaying component correspond- 
ing to the central region, and the other corresponding to the 
outer spectral wings. Two explanations of the observed be- 
havior are possible. First, the combination of the dynamics 
of the t-butyl groups and the use of a powder sample could 
produce the nonexponential recovery. Using the methods of 
Torchia and Szabo2Õ and several models for the molecular 
motion, it was, however, not possible to reproduce the ob- 
served behavior. Interestingly, the anisotropy of T, leads to a 
very small deviation from an exponential recovery of the 
magnetization in a powder sample. The second explanation 
explored was the possibility that one component results from 
the deuterons not in the tertiary butyl groups but from the 
two deuterons bonded directly to the phenol ring. Generally 

(Ô) A A ,~ E 

-*d 400 -too I 
I I I 

200 
Frequency (kHz) Frequen:y (k;:C; 

(b) 
I I I I I I 1 

lo-* I \ I , , I I I I 
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Pulse Spacing (ms) 

FIG. 3. (a) Partially relaxed spectra obtained from an inversion-recovery 
pulse sequence for several values of the pulse spacing r at - 104.8 ÔC. A. 
r=Oms;B.r=2ms;C.r=5ms;D.r= lOms;E.r=30ms;F.r= 100 
ms; G. r = 200 ms; H. r = 700 ms. (b) The decay of the longitudinal mag- 
netization M, to its equilibrium value MO obtained from the integration of 
the partially relaxed spectra. Two components with very different relaxa- 
tion times are clearly visible. The solid line shows the best fit obtained using 
a two-exponential fitting function. 

when observing the t-butyl deuterons, the phenol deuterons 
are not seen because there are nine t-butyl deuterons for each 
phenol deuteron, and because the spin-lattice relaxation 
time for the phenol deuterons is very long ( z 10 s at room 
temperature). The spectrum due to the phenol deuterons 
can be observed with difficulty at all temperatures if a long 
waiting time ( =: 50 s) is introduced between repetitions of 
the quadrupolar echo sequence. The characteristic peaks in 
the quadrupolar powder pattern are observed to be about 
135 kHz apart for the phenol deuterons as expected for deu- 
terons bonded to aromatic carbons. The widely separated 
peaks in the spectrum at - 104.8 ÒC shown in Fig. 3(b) are 
greater than 130 kHz raising doubts that the t-butyl deuter- 
ons, which have a maximum quadrupolar splitting of 127 
kHz, are responsible for this component. The question arises 
as to why the phenol deuterons only make a significant con- 
tribution to the observed spectrum in the region below 
- 75 ÒC. As will be shown in the section on the analysis of 
the deuteron spectra, the r-butyl group reorientation has a 
correlation time near WC Õ in this temperature range and 
induces a TfE minimum resulting in a substantial reduction 
in the spectral intensity relative to the phenol deuteron com- 
ponent. Thus the phenol component, negligible at higher 
temperatures because of the small ratio of the number of ring 
to f-butyl deuterons and because of its long relaxation time 
now becomes comparable in intensity to the component due 
to the f-butyl deuterons. The superposition of two distinct 
components with very different relaxation times is thus ob- 
served. 

In the low temperature region the data was fit to a sum 
of two exponentials and the spin-lattice relaxation time for 
the t-butyl deuterons extracted from the results. The tem- 
perature dependence of the t-butyl deuteron relaxation times 
is shown in Fig. 4. Two minima are observed; the first at 
40 ÒC has T, min = 6 ms and the second at - 145 ÒC has 
T, min = 4 ms. The data are therefore very similar to that 
observed by Beckmann et al. I2 using proton NMR. An anal- 
ysis of the deuterium T, data must consider both the methyl 
and t-butyl reorientation simultaneously. For this case 

l/T, = Afbrc, 1 + Bfbrc, 1 

+ q-w,, 1 + m-b-&), 

where the f( wr) functions are given by 

(2) 

f(m) = K [r/cl + (or)2) + 4r/{l + 4(or)2)1. (3) 

The coefficients A, B, C, and D are functions of the angles 
between the C-D directions and the axes of reorientation of 
the molecule and the Euler angles describing a particular 
rotation. In a rigorous analysis, T, would be calculated for 
all possible orientations of the rotation axes in the powder 
sample, incorporated into a spectral simulation program and 
used to simulate the partially relaxed spectra as a function of 
pulse spacing. For a nine site model this procedure is prohib- 
itively time consuming. Instead the coefficients are powder 
averages which were found to be in the ratio 
A:B:C:D = 1:3.89:19.42:9.71. The correlation time rcl cor- 
responds to the methyl rotation and rc, = 1/3k,, where k, is 
the exchange rate between the three deuteron sites. Similar- 
ly, the correlation time r,, corresponds to the rotation of the 
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FIG. 4. The f-butyl group relaxation time vs lOOO/temperature. The solid 
line corresponds to the best fit using Eq. (2). 

t-butyl group and re2 = l/31?,, where k, is the exchange rate 
between the three methyl group sites. The third correlation 
time rcj, which takes into account the superposition of the 
fast methyl group on the slow t-butyl group rotation is a 
combination of the previous two, l/r,, = l/7,, + l/r,,. 
The constant K depends on the strength of the quadrupolar 
interaction. The correlation times are related to the sample 
temperature through the Arrhenius relation 

r = r, exp(E,/kT). (4) 
E, is the activation energy a.ssociated with the motion and 
I/T, is the ÒattemptÓ frequency. Owen23 has shown that the 
reciprocal of the attempt frequency may be approximated by 

703 = (21r/3)(21/E,)Ò*, (5) 

where Z is the moment of inertia of the reorienting moiety. 
The experimental T, data were fit with Eq. (2) with five 

free parameters: K, T-, and 13,, for the methyl rotation, and 
r m2 and E,, for the t-butyl rotation. The parameters ob- 
tained from the fit and the corresponding parameters deter- 
mined by Beckmann from the proton T, data are shown in 
Table I. Clearly the two sets of results are in agreement ex- 
cept for the reciprocal of the attempt frequency for the meth- 
yl group reorientation. The difference is partially reconciled 
by the fact that these experiments were carried out on deu- 
terated methyl groups where the moment of inertia is a fac- 
tor of 2 larger than for the protonated samples used by Beck- 
mann et al. Ô* On the basis of Eq. (5) there should only be a 
factor of 1.4 between the values for 7, 1 listed in Table I. 

B. The deuterium NMR spectra 

The temperature dependence of the experimental spec- 
tra for BHT are shown in Fig. 5(a). At high temperature 

TABLE I. r, fitting parameters. 

J\ 
-200 -100 0 100 200 - 

Frequency (kHz) 
,200 -100 0 100 200 

Frequency (kHz) 

(b) 
II, 

I , I I I 

-200 - 100 
f-requen:y (kHz) 

100 200 

Cc) 
r-7 

I I 
I I I 

-20 -10 
Frequen:y (kHz) 

10 20 

FIG. 5. (a) The temperature dependence of the deuterium spectra obtained 
from a quadrupolar echo pulse sequence with a pulse separation of rp = 30 
,us.A.~OÓC;B.OÓC;C. -2OÓC;D. -6OÕÒC;E. -8OÓC;F. - 100ÓC;G. 
- 120 ÒC; H. - 160 ÒC. (b) The spectrum at 0 ÒC on a vertically expanded 

scale showing the low intensity component due to the presence of deuterons 
bonded directly to the phenol ring. The two peaks are spaced =: 135 kHz 
apart and show the asymmetry characteristic of aromatic ring deuterons. 
(c) The spectrum at 0Ó on a horizontally expanded scale showing the asym- 
metry of the narrow spectral component. 

( - 40 to 30 ÒC), the butyl deuterium linewidths are very 
narrow having an effective quadrupolar splitting of about 7 
kHz. The spectra are also axially asymmetric in this tem- 
perature range. Figure 5 (b) illustrates that the spectra from 
the deuterons on the phenol ring and the hydroxyl group can 
only be seen with difficulty in this temperature region. 

At - 60 ÒC, the sharp peak in the spectrum has van- 
ished leaving a smooth single line spectrum. By - 80 ÒC a 
broad component of width = 130 kHz has increased suffi- 

Ed T,l Ed 7,2 
(kcal/mol ) (s) (kcal/mol) (s) 

This paper 2.2 0.2 f 5.0 0.5 + x loÕ-Õ 6.0 0.6 f 2.2 0.1 * x lOI 
Ref. 12 2.36 2.57 x 10Ó 5.76 2.12x lOI 
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Figure 7(a) shows that the line shape no longer depends on 
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ciently in intensity to become visible on the same scale as the 
central component. Figure 6 shows the rp dependence of the 
spectra. At this temperature the central component decays 
more rapidly leaving only the broad component visible for 
long ro. The broad component continues to increase in rela- 
tive intensity with decreasing temperature. At - 120 ÒC, the 
central peak has become quite weak and two new peaks 
roughly 40 kHz apart and their associated shoulders have 
appeared. At this temperature Fig. 6 shows that there is still 
considerable line shape change with increasing ho indicating 
a large TzpÓ anisotropy. Indeed, at rp = 500 pus the inner 
component has vanished leaving a broad plateau roughly 
130 kHz wide. By - 160 ÒC the broad component has shar- 
pened into a rigid lattice Pake doublet powder pattern. The 
central component has completely vanished and the inner 
component has sharpened into an axially symmetric, mo- 
tionally averaged powder pattern with a 40 kHz splitting. 

The analysis of the experimental line shape begins with 
the lowest temperature results. The simulation of the spec- 
trum taken at - 160 ÒC! shown in Fig. 7(b) demonstrates 
that the spectrum is composed of two powder patterns with 
splittings of 42 and 127 kHz with a ratio of intensities of 2:l. 
There are two possible situations which may explain this 
spectrum. As described above, this particular spectrum 
arises in the situation where there is slow methyl group rota- 
tion superimposed on fast reorientation of the t-butyl group. 
Ripmeester and RatcliffeÕ have demonstrated that this situa- 
tion does occur in t-butyl chloride and bromide and is a re- 
sult of a relatively high internal barrier to rotation of the 
methyl group and a crystal packing which allows freer rota- 
tion of the t-butyl group as a whole. While this model pro- 
duces results consistent with the low temperature spectra it 
fails to reproduce the higher temperature spectra and is in- 
consistent with the proton T, data reported by Beckmann et 
al.Ô* On the other hand, the model proposed by Beckmann et 
al. to explain the proton data is consistent with the low tem- 
perature deuterium spectra. In BHT, the t-butyl group is 
attached to the phenol ring and when the reorientation of the 
t-butyl group is slow, one methyl group lies near the plane of 
the ring, and its motion is hindered. The other two methyl 
groups lie above and below the plane and the barrier to reor- 
ientation is less. 

(0) (0 

-JL ---A~ 

hÓL 

ncn D 
E 

Frequency &Hz) Frequency (kHz) 

In order to determine the t-butyl motional rates at high- 
er temperatures, numerical simulations of the spectra were 
carried out. Since the spectral component from the fast 
methyl groups at T = - 160 ÒC is already in the motional 
narrowing regime, with rotational jump rates ) lo4 kHz, this 
motion is expected to remain in the motional narrowing re- 
gime for higher temperatures. For convenience, the fast 

hAA 
hÓA (4 

-200 -100 
Frequency (kHZ) 

Cc) (1) (10 

of 3 with a ratio of intensities 
-200 -100 0 100 200 

Frequency (kHz) 
of 1:2. The simulated spec- 
trum is corrected for a rr/2 
pulse width of 4 ps. 

(b) E 

-2 -*-Ibo 
Frequency (kHz) Frequency (kHz) M 

FIG. 6. The 7p dependence of the simulated (I) and experimental spectra 1 I 
I I I I 

(II)at(a) -80%(b) - lOOTand - 120ÓC.TherQvaluesareA. -200 -100 0 100 200 
30 ps; B. 50 ps; C. 100 ps; D. 250 ps; E. 500 ps. Frequency (kHz) 

posed of a rigid lattice com- 
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methyl jump rate was set to k = 10Õ kHz, a rate sufficiently 
far removed from the intermediate regime, for all the simula- 
tions. The jump rate for the t-butyl and slow methyl groups 
was varied in order to fit the simulations to the experimental 
spectra. The simulated spectra are shown juxtaposed with 
the experimental spectra in Fig. 6 for T = - 80, - 100, and 
- 120 ÒC. The central components of the spectra at 
T = - 80 and - 100 ÒC are well reproduced in the simula- 
tions for a wide range of pulse spacings. The simulations 
suggest that the t-butyl jump rates at these temperatures are 
k Õ = 250 kHzand k Õ = 35 kH:z, respectively. A t-butyl jump 
rate of k Õ = 5 kHz reproduces our experimental spectrum at 
T = - 120 ÒC except for the broad component. In the simu- 
lation, this component rapidly decays with increased pulse 
spacing contrary to the experimental spectra. The broad 
component in the experimental spectra is a superposition of 
a t-butyl contribution, which decays rapidly with pulse spac- 
ing in the same manner as the simulation and the ring deu- 
teron component which decays more slowly and remains 
visible when 7 = 500 ,us. Thus, a t-butyl jump rate of k Õ = 5 
kHz is consistent with the experimental spectrum for the C- 
butyl groups at T = - 120 ÒC. The errors in the values of 
these jump rates are probably less than 10%. 

The broad component whose transverse relaxation time 
was found to be long compared to that of the inner compo- 
nent persists at higher temperatures although with de- 
creased relative intensity. To confirm that the origin of this 
component was in fact the ring deuterons, other possible 
explanations were explored and eliminated. First, it is possi- 
ble that the equilibrium configuration of the t-butyl group is 
not the all-staggered conformation shown in Fig. 1 (a). In 
the true configuration, the methyl groups may, in fact, be 
rotated about their respective C, axes by some undetermined 
angle, consequently producing the observed spectra at these 
temperatures. Spectra were simulated using various configu- 
rations, and while a general broadening of the line shape was 
observed, it became clear that the broad component with its 
long transverse relaxation time could not be duplicated. 

Second, there is the possibility that an inequivalence of 
the t-butyl groups is present in the BHT sample. Perhaps the 
crystal structure or the equilibrium position of the O-D 
group induces a measurable difference in the activation ener- 
gies for the two t-butyl groups on a BHT molecule causing a 
rigid lattice component in the spectrum. However, the x-ray 
determined crystal structure shows only a slight difference 
between the t-butyl groups and, though Beckmann etal.Ô* do 
postulate the inequivalence of t-butyl groups account for the 
broadened non-BPP behavior of the low temperature proton 
T, minimum (1979), their energy calculations suggest that 
the O-D bond lies perpendicular to the carbon ring; a config- 
uration which hinders both t-butyl groups equally. 

Certain spectral features of the broad component are 
important to consider. Its width of 130 kHz is slightly larger 
than the 127 kHz rigid lattice quadrupolar splitting,the lar- 
gest possible for deuterated methyl groups. As well, the 
shape of the broad component at T = - 100 ÒC clearly 
shows an axial asymmetry for the quadrupolar interaction. 
This feature is characteristic of the carbon ring deuterium 
atoms whose associated electric field gradients are usually 

found to be axially asymmetric. This possibility accounts for 
several features in the deuterium NMR data. Since the ring 
deuterons undergo vastly different dynamic processes than 
do the t-butyl deuterons, the two components would be ex- 
pected to have different transverse relaxation times. Since 
the central spectral component experiences a T ,pÓ minimum 
at about T = - 100 ÒC, its intensity should also be at a mini- 
mum, causing the apparent increase in the intensity of the 
broad component observed in the experimental spectra. At 
temperatures above or below this, the t-butyl component 
would increase in intensity, dwarfing the broad component. 
As well, a difference in the associated spin-lattice relaxation 
times, also strongly dependent on the dynamic processes, 
should be apparent. This difference in T, behavior was clear- 
ly observed in the partially relaxed spectra described earlier 
(see Fig. 3) and was most apparent at T = - 105 ÒC!, the 
exact location of the T2pÓ minimum. 

Above T = - 80 ÒC, the spectra cannot be properly re- 
produced by simulations using a model consisting only of 
methyl and t-butyl group reorientation. At T = - 60 ÒC, 
the T, is observed to increase, and an increase in the t-butyl 
jump rate is inferred. Simulations employing jump rates 
higher than the k Õ = 250 kHz used for T = - 80 ÒC produce 
line shapes similar to the experimental spectra but with a 
significantly wider base and a narrower peak. An additional 
unknown motion then must clearly effect a narrowing of the 
spectra around the base. With the present line shape and 
relaxation data, it is not possible to determine the nature of 
this dynamic process. However, the high temperature spec- 
tra at 0 and 30 ÒC shown in Fig. 5 (a) do provide a possible 
explanation. Since the quadrupolar splitting here was found 
to be ~7 kHz, roughly half the expected splitting for a f- 
butyl group undergoing rapid methyl and t-butyl rotation, a 
third motion must be present. Since an effective axial asym- 
metry is also evident in these spectra, the motion is likely a 
two site exchange. The carbon ring may undergo 180Ó flips 
between stable configurations or rotations in a plane parallel 
to the carbon ring. Another possibility is that motion of the 
hydroxyl group causes a small distortion or flexing of the 
BHT molecule. Further experiments are necessary to pro- 
vide a detailed description of the carbon ring dynamics. 

Although the rates of the t-butyl rotational motions can- 
not precisely be determined quantitatively using the simula- 
tion technique at high temperatures, the general features of 
the experimental spectra combined with T, relaxation data 
do yield a rough description of the dynamics. Since the high 
temperature T, minimum associated with t-butyl rotation is 
observed at T = 35 ÒC, we expect the inverse of the correla- 
tion time rc- Õ to be roughly the Larmor frequency, 
w0 = 2~~41.3 X lo3 kHz, and thus kÕ = l/37, z lo5 kHz. 
Certainly the sharp features of the spectra near this tempera- 
ture confirm that we are in the motional narrowing regime. 
Thus, the t-butyl rotation rate increases by almost 3 orders of 
magnitude from T = - 80 ÒC to T = 35 ÒC. Figure 8 shows 
the temperature dependence of the correlation times of the 
two t-butyl motions using the results of the T, analysis. 
Superimposed are the correlation times for t-butyl rotation 
obtained from fitting the simulations to the experimental 
line shapes. Clearly, the two predictions are in agreement. 
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FIG. 8. The temperature dependence of the two correlation times associat- 
ed with the motions in the BHT molecule. The dashed line is for the free 
methyl group reorientation while the solid line corresponds to the r-butyl 
group rotation as determined from T, data. The squares show the r-butyl 
correlation times calculated from the line shape simulations. 

V. CONCLUSIONS 

In this study, deuterium NMR relaxation and spectral 
line shape techniques were employed to determine the dy- 
namics of t-butyl groups in deuterated BHT. The results sug- 
gest that there is an inequivalence between the methyl 
groups within each t-butyl group. While two methyl groups 
appear to reorient rapidly relative to the whole t-butyl rota- 
tion, one methyl group seems to be more restricted in its 
motion, reorienting at a rate comparable to that of the t- 
butyl group itself. The spin-lattice relaxation data show two 
T, minima, the high temperature minimum (40 ÒC) corre- 
sponding to the combined t-butyl and slow methyl rotations, 
and the low temperature minimum corresponding to fast 
methyl group rotation. Using an explicitly defined T, fitting 
function, the T, data yield activation energies of 2.2 and 6.0 
kcal/mol for the fast methyl and t-butyl rotations,respecti- 
vely, both in agreement with BeckmannÕs values obtained 
from proton T, experiments. 

It was possible to simulate the low temperature deuter- 
ium NMR spectra from T = - 160 ÒC to T = - 80 ÒC only 
if the aforementioned dynamical inequivalence between the 
t-butyl methyl groups was assumed. An additional low in- 
tensity broad spectral component with vastly different T, 
and T 5Ó behavior could not be simulated and was attributed 
to the presence of the carbon ring deuterons. While the fast 
methyl group rotation was in the motional narrowing region 
for T> - 160 ÒC and thus could not be elucidated using 
spectral line shapes, it was possible, from the simulations, to 
determine the following t-butyl exchange rates: k Õ < 1 kHz at 
T= -160¡C,kÕ=5kHzatT= -120¡C,kÕ=35kHz 
and T= - lOOÓCandkÕ=250kHzat T= -8OÓC.The 
jump rates, probably accurate to within 10% are remarkably 

close to the values predicted from the T, results. Above 
- 80 ÒC, the spectra could not be simulated, implying that a 

third motion must be present to further alter the high tem- 
perature line shapes. The effective axial asymmetry of the 
T> - 20Ó spectra suggest that the additional motion in- 
volves a two site exchange. 
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