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Subtle features offC NMR spectra of perdeuterated methyl groupings are discussed in detail in this work.
Standard time-dependent second-order perturbation theory (WBR or WangBhass—Redfield theory),
couched in a Liouville space formalism, provides the theoretical framework for this development. It is revealed
that the'3C line shape is dependent upon both the scalar coupling between magnetically equivalent deuterons
and deuteron autocorrelated and cross-correlated quadrupolar spectral densities. As an experimental
demonstration of the presented theory, iterative line shape analyses are applied to sééhdpettra and
Carr—Purcell spir-echo spectra for th&C labeled perdeuterated methyl groupinalanine. An activation

energy for methyl rotation is determined to be 2%9.2 kJ/mol.

Introduction spectral densities for accurate description of relaxation processes

Methyl groups are ubiquitous moieties encountered not only in methyl groups is generally requiréd.

in small organic molecules but also in large biomolecular ~ Perdeuterated methyl groups are not naturally abundant
species, whose study is of primary interest for contemporary SPECies. Therefore, although their dynaml_cs were investigated
science. Dynamics of the most abundant methyl isotopomer, by deuterium NMR long ag#,~** such studies did not attract
12C1H,, have been studied extensively through varibtiéiMR much atention. However, recent interest in deuterium Iapellng
relaxation methods. Several motional models have been utilizedfor NMR studies of biomolecules has increased dramatically
for describing the dipolar relaxation in this spin system. The and naturally, deuterium relaxation is becoming more rel-
case of three spiff> nuclei positioned at the vertexes of an €vant:>1° The beauty of this source of information lies in the
equilateral triangle, undergoing rapid hindered rotation about a fact thatH is a spin-1 nucleus with a set of well-defined
fixed axis perpendicular to the triad, is of practical importance relaxation pathways. Furthermore, it offers a wider variety of
for solid-state investigatioris? Other motional models include ~ 'elaxation parameters than #d counterpart. For example, the
methy| groupings attached r|g|d|y to molecular frameworks full deSCfiption of a collection of identical isolated deuterons
undergoing sphericaf or symmetric top rotational diffusion.  requires five independent relaxation paramétersvhereas a
Numerous models that consider methyl rotations about the triad Similar collection of protons is completely described by two
axis as well as isotropfoor anisotropié® diffusional motions ~ such constants. The deuteron’s electric quadrupole coupling is
of the triad axis itself, are particularly important for analysis of 0On the order of 106200 kHz, which is much larger than any
spin relaxation of the methyl moiety in isotropic media. The Possible dipolar interactions involving deuterons and yet small
relevant spectral density functions derived from these models, €nough to providéH relaxation rates typically no faster than
originally applied to discussions of the longitudinal and Milliseconds. This is in dramatic contrast to most other
transverse dipolar relaxation of methyl protons, can be adaptedquadrupolarl(> %) nuclei. Indeed, in addition to conventional
to interpret!3C dipole—dipole relaxation in thé3CHs isoto- deuteron relaxation parameters, other unique signatures associ-
pomer? The relatively simple form of these spectral densities ated with deuterium relaxation appear in resolvable multiplets
results from the assumption of two uncorrelated motions, overall of coupled nuclet®~28 However, when one extracts dynamical
molecular tumbling (isotropic or anisotropic), and stochastic information from spectra of nuclei coupled to groups of
120° methyl jumps about theCs (triad) axis. In practical ~ magnetically equivalent quadrupolar nuclei (e.g., #@Hn-1
applications, assumption of overall isotropic tumbling character- grouping), appropriate care must be taken. It has been
ized by single correlation time is attractive when compared with demonstrate—3° that quadrupolar relaxation violates magnetic
anisotropic tumbling that requires five independent parameters €quivalencé’ thus, scalar coupling between isochronous qua-
for complete characterization. Regardless of choice of the drupolar nuclei may be measured by careful observation of
motional model, consideration of both auto- and cross-correlatedcertain relaxation features of coupled, spinauclei2

The present work is concerned witfC line shape analyses
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TABLE 1: Hilbert Space Basis Set for the?Hs; Subsystem. Definitions of LabelsS, M, 4, and p Are Given in the Text

label description in terms of product states |SM ApO
|10 1110 |33 A0
|20 [|110CH |1010H |0120y3%2 |32 A0
130 [111 —10+ |1 —120H [—111H 2|100H 2|010°H 2|001Y15Y2 |31A0
|40 [120 -1+ |01 =1+ |0 —11[H |—101H |1 —100H |—110+ 2|000J/10%2 |30 A0
|50 [I-1-11H [-11—-1[H |1 —1 —1[H 2|—100H 2|0 —100H 2|00 —1¥15Y2 I3—1A0
|60 [[—1—10+ |—10 —1[H |0 —1 —1[Jy3¥2 [3—2A0
|70 [—1-1-10 |I3—-3A0
|80 [211100- |101C |011]V6Y2 |22 E1C]
|90 [2]11-10~ |1 =110~ |—111~ 2|00 H |0100H |100y12Y/2 |21E10
|100 [120 -1+ |01 -1 |0 —11+ |—101/2 |20 E1C]
|110 [2/00 —100- |0 =100 |-100+ 2|—1 —110H |—11—1[H |1 —1 — 1122 |2 —1E10
|120 [-2] =1 —100+ |0 —1 —1[H |—10 —1[IV6Y? |2 -2 E10
|130 [11010— 011212 |22 E20
1140 [I1-110- |—111H |100 |010J/2 |21 E20
|150 [2/1 =100~ 2/—110H |10 —1[H |0 —11[+ |01 —1[+ |—101]/1212 |20 E200
|160 [0 —100- |—100H |1 —1 -1 |—11-—10y2 |2 -1E20
|170 [10—-1-10- |-10—1[)y2v2 |2 —2 E20
|180 [-2/11 -10~ 2|1 —11~ 2|—111H [100H |010CH- |001Y15%2 |11 A0
|190 [120 -1+ |01 =1+ |0 —11[H |—101H |1 —100H |—110— 3|000/15Y2 |10 A0
|200 [-2|-1-110~ 2|-11-10~ 2|1 —1 —1[H |-100H |0 —10CH |00 —1[}y15%2 |1-1A0
210 [2111—10- |1 —110— |—-111CH 20010~ |010C— |100J/12%2 |11 E10
|220 [-2]1 —100~ 2|—110H |10 —1[+ |01 —1[H |0 —11(H |—101y122 |10E10
1230 [2/00 -1 |0 =100 |-100H 2|—1 —110+ |-11—10+ |1 —1 —1[y12v2 |1 -1E10
|240 [I1-110~ |—111H |010 |100/2 |11E200
|250 [101 -1+ |0 —110 |—1013 |10 —10J/2 |10 E20]
|260 [|0 —100- |—100H |—11 -1 |1 -1 —10V2 |1-1E20
|270 [120 -1+ |0 —11H |—1100+ |01 —10+ |—1010- |1 —100/6Y2 |00 BO

constants is made, and full iterative numerical line shape The average Hamiltonian of the considered system belongs
analyses are performééLimiting scenarios are defined when to theCs, symmetry point group. This fact can be exploited to
appropriate. reduce the dimensionality of the problem. Theref@g,group
Finally, a fundamental problem concerning application of projection operatof8are used to obtain the (Hilbert space) basis
standard WangsnesBloch—Redfield (WBR) relaxation theof§ that diagonalizes this Hamiltonian. Symmetrized states, labeled
to methyl groups is revisited. The WBR theory is, by definition, with the appropriate designatiod & A, B, E) for the ?Hs
semiclassical (a particle’s spin is treated quantum mechanically, subsystem, are listed in Table 1.
but spatial coordinates are considered classical). As shown Each of these states are simultaneous eigenvectors of the
recently35-37 such a description may fail, even in liquids at squared total deuteron spi&2 = (5, + S + $)? and the
ambient temperature, for some strongly hindered @idupings. z-component of total spin{) operators. An additional index,
However, the nonclassical effects are expected to be lessp, is used to distinguish between states belonging to the two-
pronounced foPH than forH substituted methyl groupings. dimensional representations. Each of the 27 deuteron states can
Such belief seems justified, not only by higher deuteron mass be associated with one of the two basic states of 5i@n|al]
but also, more importantly, by the good quality of “best fit"” and |0
theoretical spectra presented in this work. Following a procedure described by Szyrskiif® one can
demonstrate that a Liouville space symmetrized basis (brackets
Theory and parentheses are used to denote Hilbert and Liouville basis
In the Liouville superspace formalisthithe intensity function,  states, respectively) is spanned completely by 31 shift opera-
I(w), of the NMR spectrum acquired after application of a single tors: 19 of these represent magnetic coherences and 12 represent
radio frequency pulse, is expressed by the following equation nonmagnetic coherences (see Table 2).
The magnetic coherences involve productd f-3C) with
[(w) O XT[W — (iw + 27p)1] Yy (1) symmetry-adapted combinations of the population operators for
the deuterium subsystem, whereas the nonmagnetic coherences
In the present study, we are interested only'3@ spectra of  refer to similar combinations with the pertinent zero-quantum
the 13C2H; group. Accordingly, the symbolin eq 1 denotes a  coherences. The qualifications “magnetic” and “nonmagnetic”
column vector that is a Liouville representation of the stem from the fact that the former do contribute to the observable
lowering operator multiplied by the unit operator of the *°C magnetization (matrix elements/f) are nonvanishing for
deuterium subsysteny, = 1-(13C)1(3H3); W and 1 are the the “magnetic” coherenced) — |19)) whereas the latter do
relevant spectral and unit supermatrices, ansl an empirical not (kly) = 0 for k = 20, 21, ..., 31).
parameter of line broadening. In the present context, the The components of the vector(cf. eq 1), are 1, ¥ and 0
“natural” Liouville subspace in which eq 1 is to be represented for magnetic coherences obtained from Hilbert states of sym-
comprises 141 dimensions, each of which represents. {f€) metry A and B (1) — [|7), |13) — |15), |19)), magnetic
operator multiplied by either one of the 27 population operators coherences obtained from Hilbert states of symmetryBE~
in the 2Hz subsystem, or one of the 114 zero-quantum coher- |12), |16) — |18)), and nonmagnetic coherencg0j — |31)),
ences possible for the latter. We note that according to the WBR respectively. Inspection of Appendix 1 showing elements of the
theory (the use of which is implied in eq 1), relaxation-induced matrix W, calculated in the Liouville space basis defined above,
couplings between the dynamics of the state populations andreveals that the nonmagnetic coherences are sensitive to the
the zero-quantum coherences are in general nonnegligible.  scalar coupling between magnetically equivalent deutefdns,
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TABLE 2: Liouville Space Basis Set for'3C?H; System and Components of Vector

label magnetic coherences x label nonmagnetic coherenées x
11) I[1A1 01 []) 1 120) |[153 M 18]) 0
12) I[|2m6c2]]) 1 121) I[1818T3]]) 0
13) I[1A3M3]]) 1 |22) |[1540619]]) 0
14) I[134ma41]) 1 123) ([119a4(]) 0
15) I[1A585]]) 1 124) |[15506c20]]) 0
6) I[136a6l]) 1 125) I[1320a5]) 0
17) I[1A7Mac7]]) 1 126) I[189Mb21| + | 31408 24]]/2V2) 0
18) [188I&8| + |13Ma13]/213) 22 127) [[1521009| + |S24M014]]/2Y/2) 0
19) [|39a9| + |514MMa14(]/2%2) 212 |28) |[|100a 22| + |B150x25()/21?) 0
|10) [14100010] + |/150815])/212) 22 129) [[1522010] + |f250a15]]/212) 0
|11) [14110011) + |/160816]]/2172) 22 130) [[|A110623| + |3160626|]/2Y2) 0
112) [|A120a12) + |B170017|]/2%2) 212 |31) [[|A23Ma 11| + |326MMa16]]/22) 0
[13) I[1180a18]]) 1

[14) I[1A190a19]]) 1

|15) I[|8208:20(]) 1

|16) [[|A21Ma21|+ |24T024(]/21?) 212

117) |[18220022|+ |f25025]]/2Y/2) 212

|18) |[1323M023|+ | 5261 26|]/212) 212

|19) I[1827m627(]) 1

aThe a and 8 symbols concerd®C spin, and numbers following them denote Hilbert space basis statéidsfeubsystem listed in Table 1.

Likewise, the!*C line shape depends on this quantity because
the nonmagnetic coherences are coupled to the block of
magnetic coherences by quadrupolar relaxation, similar to the
case of two quadrupoles coupled to “spying” nucléus?

Specific elements o¥W contain autocorrelated quadrupolar
spectral densities,

3= 3 ((equQD
n__ T
16 h (u)—u)(l)/Zn

and cross-correlated quadrupolar spectral densities, Figure 1. *C line shape at external magnetic fi#igl= 4.7 T, obtained
q P P under assumption af. = 300 ns,r; = 0.1 ps,2Jpp = 0.1 Hz,Jcp =

20.0 Hz, deuteron quadrupolar coupling of 160 kHz, deuteron-carbon

2

= + = i i
914 (nwpr)® 91+ (nwpry)® -50 50 Hz

1 Tc 8 Tel ] (2)

2 2
K — i({e aQp 1 ¢ _4 el ] 3) dipolar coupling of 3.0 kHz, and “additional” line broadenipg= 0.5
nT 16 h 9 2 9 2 Hz. The splitting in the central line shape component is caused by
1+ (nwpty) 1+ (nopty) dynamic frequency shifts described in the text.

These expressions are obtained from general forfitfda.

Tetrahedral geometry and an axially symmetric electric field g 5 | jouville space counterpart of the static Hamiltonibig,
gradient ¢cp) collinear with the C-D bond are assumed. Other  here"1js the unit matrix, and the symboR” denotes direct
notation is considered standard. As suggested earlier, they qyct of matrices.). Therefore, this term is identified with a

motional moqlel con5|deregl in egs 2 and 3, presumes 'S_OWOP'Cfrequency shift rather than a broadening of coherence. Because
overall tumbling characterized by time constagtalong with of its small magnitude, it can be interpreted as a second order
uncorrelated stochastic 12Qumps, characterized by a jump  correction to the Liouvillian arising from the interaction between

rate, 1. If the jump rate is much more rapid than overall he gpin system and the thermal bath. In the literature, effects

tumbling rate, then k4 = 1/r + 1/zc, can be replaced in both ¢ this type are often called dynamic frequency shifts (D£S).
equations by .

When extreme narrowing fails, the imaginary complement Simulations
of egs 2 and 3 should in principle be considered. However, they
do not influence the shapes of the carbon-13 multiplet. On the In this section, illustrative simulations &C line shapes are
other hand, it can be shown that the carbon line shape is affectecpresented. First, consider DFS effects that are expected to be
by the imaginary part of the spectral density originating from largest for slow overall tumbling. Despite the presence of
cross-correlation between deuteron quadrupolar and deuterondynamic shift terms in the spectral matri&, their impact upon
carbon dipolar interaction$2! This results in an imaginary  spectral features is negligible. For large valueggfa small
part of spectral densities of the form splitting of the central line in the carbon multiplet is apparent
(Figure 1). The expected splittings of tMe= +1 components
_3 are absent. This can be understood by closer inspection of
Dco)(VCVDmCD 0= various off-diagonal matrix elements that couple pairs of
1 ot 2 8 wp 2 magnetic coherences experiencing DFS’s of the same absolute
= Dc ° D cl ) value, but opposite sign, i.e3) and|13). These off-diagonal
91+ (wDrgz 91+ (a)Drc,)2 elements comprise quadrupolar spectral densities sampled at zero
frequency, which grow linearly along witt. In the motional
These cross-correlated spectral densities appear in the antiregime where the DFS should be apparent as distinct line
Hermitian part of matrix/V, exactly as the Liouville superop-  splittings, the quadrupolar relaxation is fast enough to average
erator. (Liouville superoperatot, = 1/ (Ho® 1 — 1 ® Hp), the lines of opposite shifts. The coheren¢éy and|14) are

Lo o =20 (20 Qp)Py(cosO
QDDCD_M(G 0pQp)Px(C0sOq,
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used to amplify the impact of certain spectral paramétésee
top of Figure 3). The intensity functioty(w), of 13C spectrum
acquired by use of this method is defined by the expression

lo(w) Oy 'TW = (iw + 270)1] " exp[W — (iwy +
270)1)7] exp[(W' — (—iw, + 27p) 7]y (5)

5 TS wherewy is the transmitter frequency of the spectrometas,
(0,27 the delay, and matrixV' differs fromW by replacingwc (the

Figure 2. Standard3C spectra simulated under conditions where carbon Larmor freque_rncy) _andCD (the one bond Cgrbon-
overall molecular tumbling is beyond extreme narrowing condition for deuteron scalar coupling) withwc, and —Jcp, respectively.
deuteron frequency (hetept. = 1). External magnetic fiel@, = 9.4 The large discrepancy between line shapes of the regular
T, 7c = 2.65 ns2Jop = 0.1 Hz,"Jcp = 20.0 Hz, deuteron quadrupolar  spectrum and the echo spectrum stems from the unlike evolution

coupling of 160 kHz, deuteron-carbon dipolar coupling of 3.0 kHz,  of particular coherences, caused by their different decay rates
and “additional” line broadening = 0.5 Hz were assumed. Spectra durina 7 delavs

have been normalized to the same intensity of the highest line. The 9 T ysS. ) ) )
impact of i, which is different for each of superimposed spectra, is ~ Application of the above theoretical approach in an experi-

-50

apparent. mental situation is presented in following sections. Apart from
the quadrupolar spectral densitidsandK,, and cross-correlated
(intensity x30) dipolar-quadrupolar term&g,p.,, the impact of the other time-

— 1,=20ps echo 150 ms dependent interactions on tH€ line shape has been neglected.

Either their strength is relatively small, or they induce identical
frequency shifts for all coherences that are nonunique in the
sense that they cannot be separated from chemical shift changes
induced by various inter- and intramolecular interactions.

Experimental Details

spectrum pL-Alanine-3+3C-3,3,32H3 (1), selectively labeled (at least
99%) with both?H and 13C isotopes, was purchased from
ISOTEC. The saturated solution dfwas prepared by adding
10 mg of this substance to 0.7 mL of mixture ofMDMSO-
ds in molar ratio 7:3. This sample was further used without
degassing. NMR spectra were measured at temperatures 303,
0 20HzZ 283, 263, and 243 K with a Bruker AVANCE DRX 500 MHz
(0—)/2m spectrometer, and a Bruker AVANCE DRX 400 MHz spec-
Figure 3. Comparison of simulated standaff spectra (lower part) ~ trometer was used at 323 and 228 K. Apart from standard
and Carr-Purcell spir-echoes of = 150 ms (upper part) of the spin  spectra, CarrPurcell echoes were acquired also: of duration
system discussed, under conditions where overall molecular tumbling ; — 10 ms at 228 and 243 K: 50 and 100 ms at 263 K: 30, 50,
approaches extreme narrowing cgndition for deuteron frequency (hereand 100 ms at 283 K: 100 and 150 ms at 303 K: and 200 ms
wpte = 0.15). External magnetic fiello = 9.4 T,7. = 0.4 ns,2Jpp = . ! . o
0.1 Hz,'Jcp = 20.0 Hz, deuteron quadrupolar coupling of 160 kHz, at 323_ K. _BOt_h Instrume_nts were equipped W'th broadband
deuteron-carbon dipolar coupling of 3.0 kHz, and “additional” line Z-gradient indirect detection probeheads and variable temper-
broadeningo = 0.5 Hz were assumed. Each part shows two superim- ature units allowing for temperature control with accuracy of
posed spectra, simulated far= 15 ps (dashed lines) angd= 20 ps 0.1 K. Temperature calibration was carefully performed using
(solid lines). All the spectra have been normalized to the same intensity methandi® within the range 303228 K and ethylene glyc#

for the highest line. A much larger discrepancy between the echo curves : :
suggests that the CarPurcell pulse sequence amplifies the impact of at 323 K, respectively. Both the gas flow and decoupling power

certain parameters on the investigated line shape (with an unfortunateWere carefully controllet to diminish temperature gradients

concomitant loss of signal-to-noise). in the sample. Spectrometers were stabilized for at least 2 h
before measurements were taken. Longitudinal relaxation time
for the methyne and methyl carbons were measured at each

also coupled by zero-frequency spectral densities but theytemperature. Indirect detectittnwas used for the methyne

experience DFS’s of the same sign, and therefore a singlecarbon, whereas inversiemecovery® was used for the methyl

splitting of central line, of average magnitudelLdgp,, can be carbon. Results obtained for the methyl carbon were used to

recognized at extremely long. obtain a recycle delay in CarPurcell experiments (always
Next, the effect of the methyl rotation rate on the line shape longer than 5 times the associateg. FIDs of aboti 1 s length

in the vicinity of deuteroM;-minimum is examined. Simulations  were Fourier transformed without additional weighting or “zero-

of 13C spectra (Figure 2) reveal that, in this motional regime, filling”. A Fortran routine based on the NewtetRaphson

the impact of methyl rotation rate on the line shape is significant. algorithm was used to perform least-squares iterative analysis

However, this impact is diminished when the overall molecular of both the standard and the echo spectra (at given temperature)

tumbling approaches extreme narrowing conditionder(see simultaneously. The analysis did not comprise the convolution

bottom of Figure 3). of NMR spectra with sinftmax)/wtmax function arising because
To extend the utility of line shape analysis of this spin system of finite FID acquisition timetmax*® This effect, at relatively

to a wider range of experimental conditions, a Carr-Purcell long tmax =~ 1 s, is assumed to be negligibly small compared

spin—echo pulse sequence, 90r—180¢°—r—acquisition, was with line broadenings and distortions attributed to other factors.

-50
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Figure 4. Neutron diffraction geometry af-alanine in the crystaf
Results and Discussion

The described theory was applied td% and?H labeled
methyl group ofl. To manipulate the overall reorientational
correlation time,z,, a D,0-DMSO-ds mixed solvent was
utilized. Over the temperature range 2628 K, this mixed
solvent is viscous enough to place the deuterium relaxation in
1 out of extreme narrowing at moderate magnetic fields of 9.4
and 11.7 T. Although belongs to a group of; symmetry, it
is assumed that the reorientational correlation function of the
molecular framework is adequately characterized by a single
exponential (time constamt). Under the assumption of isotropic
tumbling, 7. can be calculated from the longitudinal relaxation
rate for thea-carbon (dominated by dipotedipole interaction
with the attached proton).

Neutron diffraction geometp{ (see Figure 4) yields the CH
distance of 1.091 A, which corresponds to dipettpole
coupling of 23 kHz. However, it has been shdwt? that
vibrational corrections result in a less effective CH dipolar
coupling of about 21 kHz and we use this value in the analysis
below. Apart fromz, two other parameters: the quadrupolar
coupling, €29pQp/h), and scalar couplingJop, are necessary

to perform iterative line shape analysis of reasonable accuracy

A value for the quadrupolar coupling, 171 kHz, is taken from
Keniry et al®3 The scalar coupling, 0.3 Hz, is calculated from
directly measured valuélyp, by multiplication by ratio of
magnetogyric ratios of deuteron and protep/yn.

The line shape analysis of the carbon-13 line shapes is
performed by simultaneous least-squares fitting parameters in
egs 14 to the standard experimental spectra and parameters

in eqs 2-5 to the Carr-Purcell echo spectra. The fitting is
carried out in several different ways, denoted-FA and

Bernatowicz et al.

TABLE 3: Results of the 1°C Line Shape Analysig

fit version o (Hz) 7c (pS) 7 (pS)

T=323K

A 1.904+0.20 29.6 2.3t 2.3

B 1.84+0.21 29.6 3.0:2.6

C 1.864+0.24 10+ 20 10+ 20
T=303K

A 1.69+ 0.09 51.3 5.0t1.1

B 1.354+0.10 51.3 9.3t 1.3

C 2.49+0.08 7+ 10 1.6+ 2.1
T=283K

A 1.54+ 0.07 102.8 8.3: 0.7

B 1.0440.08 102.8 13.%1.1

C 2.83+0.06 18+ 9 3.7+1.8
T=263K

A 0.53+ 0.07 226.6 20.2-0.8

B 0.11+£0.09 226.6 243 1.1

C 2.42+ 0.06 71+ 12 19.0+ 3.4
T=243K

A 0.99+0.13 634.0 322 1.4

B 0.86+ 0.14 634.0 32.6:1.4

C 1.69+ 0.13 340.0+ 20 48.4+ 3.2
T=228K

A 0.36+0.12 5112 84.1-1.3

B —0.63+0.12 5112 91. 4 1.2

C 0.65+0.14 13704 110 69.14+:1.9

a See text for explanation about individual “fit version” labels.

-18 T T T T T T T
+ 7. from T} 4
[ 7 from fit A
-20 + W 7 fromfit B E
o
& _—
E -22 ///‘F/‘ 4
e _—
! _—F o
O T
= 24 | e . g R
- B
| ] e
L = i
28 . L | . | . |
3 32 3.4 3.6 3.8 4 4.2 4.4
1000/T

explained below. The analysis where all the above parametersFigure 5. Dependence of I and Inz; on 10007. Values ofzc on

7, (€2qpQp/h), 2Jpp are fixed whereas variablesc, *Jcp, p,
andr, are fitted simultaneously with baseline positions, intensity

scaling factors and phase corrections of all the spectra, is Iabelqur

A (see Table 3 and Figure 5).

A plot of In 7. (calculated from spirlattice relaxation times
of a-carbon) versus 1000Dis linear over the temperature range,
323—-243 K. The sudden departure from linearity at 228 K may

this figure are calculated from longitudinal relaxation @fcarbon.
Values ofr, are obtained by iterative fitting routine in analyseand

(see Table 3 and text). The Arrhenius activation energy calculated
om slopes of above linear fits is 210 1.2 kJ/mol and 25.6: 0.5
kJ/mol for methyl rotation and molecular tumbling, respectively. The
points (filled squares) for large magnitude &fpp = 10000 Hz
(rendering nonmagnetic coherences nonsecular) are not fitted with
straight line. They are included to demonstrate the influence of these

be attributed to strong intermolecular association or the dramatic coherences on extracted valuesrof

change in the macroscopic viscosity of the solvent as it

parameter in the liquid state. The similarity between these values

approaches its freezing point. In this situation, one may expectindicates that the origin of the unusually high activation energy

a distribution of correlation times according to Vogélulcher-
Tammann modét58 instead of single correlation time. How-
ever, even at 228 K, the assumption %f calculated from
a-carbonTy, yields a value for; that fits well with the Arrhenius
line in Figure 5.

The slope of Int; versus 10007 line yields an effective
activation energy of 21.9 1.2 kJ/mol for the methyl rotation.
This value compares well with literature values collected in
Table 4.

These literature values are all measured in crystalline alanine
whereas this work is the first to determine this motional

may be different than tight crystal packing as suggested by
Batchelder et al? Examples of “best fit” lines obtained as the
result of analysis A, superimposed with corresponding experi-
mental spectra, are shown in Figure 6.

If the assumption of isotropic motion is flawed, then the
effective correlation time experienced by the CH vector may
be different than th&C; axis of methyl group. To judge how
small deviations from overall motional isotropy would affect
the results of analysis A, two analyses similar to A were
,performed. Values of; 10% larger or smaller than obtained
from relaxation ofa-carbon were input into the analysis. The
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TABLE 4: Literature Values of Methyl Rotation Barrier, E,, for Zwitterionic Alanine, Alanine Hydrochloride, and Alanine
Radical

Ea (kJ/mol) reference method

23.41 Lehmann et &P. neutron diffraction of zwitterion in crystal

22.60 Batchelder et &l. NMR 2H relaxation of zwitterion in crystal

22.40 Andrew et at® NMR *H relaxation of zwitterion in crystal

22.00 Keniry et ab® NMR 2H relaxation of zwitterion in crystal

above 19.3 Detken et &. NMR 3C spectra of zwitterion in single crystal

12.50 Keniry et ab® NMR 2H relaxation of alanine hydrochloride in crystal
17.37 Lemanov et &° ESR of radical in crystal

15.44 Miyagawa et &t ESR of radical in crystal

d TABLE 5: Temperature DependenceJ, and K, (Values in

. . o A
discrepancy of; resulting from such 20% difference of assume ms1), Extracted from Analysis A

7., varied from about 30% at 323 K down to 3% at 243 K and

7% at 228 K. Methyl activation energies extracted from these 323K 303K 283K 263K 243K 228K

data were 21.3+ 1.2 and 22.6+ 1.0 kJ/mol, respectively. Jo 2.9 5.3 10.0 22.9 53.6 351.8
N 2.9 5.3 10.0 22.7 50.3 104.0
Jo 2.9 5.3 10.0 22.2 43.0 59.0
Ko 1.3 2.0 4.4 9.3 31.2 291.2
Ki 1.3 2.0 4.4 9.1 27.9 43.5
Kz 1.3 2.0 4.3 8.6 20.6 -1.3

mol, and methyl rotation, 27.% 5.1 kJ/mol, obtained from
Arrhenius plots (after rejecting point for 323 K, which suffers
extremely high standard errors for bathand ) are different
than these obtained from analysis A (cf. caption to Figure 5).
Moreover, the barrier for methyl rotation yielded by C is much
higher than most of the experimental values in Table 4 and has
significantly larger standard error than value provided by fit A.
It is recognized that method C is not reliable.
Additional analyses (D and E) were performed but are not
included in Table 3. These additional fits were similar to fits A
and C, respectively, with artificially zeroed quadrupolar cross-
correlated spectral densitiek,. Neglect of these quantities
-50 0 ) Hz' results in a very different dynamic characterization. Version E
(0-a)/2m yielded values of both correlation times with ridiculously large
Figure 6. 3C NMR experimental spectrum (bottom) and Carr-Purcell  standard error (at 323, 303, 283, and 263 K) or nonphysical,
spin-echo ofz = 10 ms (top) superimposed with “best fit” lines  aqative values gf accompanied by very large standard errors
$b1a|;§g :(n the course of analysis A. Data acquireat 11.7 T and of other fitted parameters (at 243 and 228 K). Version D affords,
' in turn, either nonphysical (at 323, 303, and 283 K) or strongly
biased compared to version A (at 263 K) magnitudes,; a

Analysis B differs from A by choosing a fixed magnitude of . . R
2Jop that is unrealistically large. Hence, all nonmagnetic the extreme narrowing regime and its vicinity. At some other

coherences are rendered nonsecular. The imp&dpefon the conditions.(i.e., 2,43 ;\nd 228 K) thg deduced valga ‘,Ifc,'os,e
extracted value of; can be evaluated by direct comparison of to that of fit A It is difficult to confirm whether this similarity
A with B (see Figure 5). is simply accidental. , ,

Analysis B yields methyl activation energy 194 2.4 kJ/ Finally, an analysis (analysis F) using only nonecho spectra
mol, which is quite similar to this of case A. Despite this WasS performed to see if one can use only the stan_dard spe_ctra
similarity, individual values of, appear distorted if nonmagnetic ~and neglect echo spectra. This would save experimental time
coherences are ignored. Moreover, analysis B yields a nonphysi-used for acquisition of Iow-gensnwny Carr-Purcell echoes. At
cal magnitude for the “additional” line broadening factorat most temperatures, analysis F yielded values,dhat were
228 K. Magnitudes of the standard errors listed in Table 3 grow Nonphysical, and “additional” line broadenings that were
with temperature in both the A and B cases. This shows that in Unreasonably high.
vicinity of Ty minimum, where quadrupolar relaxation dominates -, c|usions
other broadening factors, th&C line shape is more informative
than near extreme narrowing, where “additional” line broaden-
ing, p, is comparable to relaxation effects. Table 5 lists the
specific values for the frequency-dependent spectral densities
determined in this work.

In the course of analysis G;, and p were fitted simulta-

Iterative NMR line shape analysis based on WBR line shape
theory and motional models derived by Woessner and Hub-
bard® appears to be useful tool for analysis of the dynamics of
deuterated*C-enriched methyl groupings. As expected, the
results are more accurate when extreme narrowing fails. To
neously withz. (in contrast to analysis A whera was kept obtain reliable results, independent determinatior; @hd2Jpp

fixed) to check if the results obtained are reliable in the absence!S réauired. An experimental example of application of this
of supplemental knowledge about molecular tumbling acquired Method was a solution afL-alanine, where activation energy
from other sources. At first glance, the results of C are 'Of methyl rotation was estimated to be 21:91.2 kJ/mol.
reasonable in the sense that at all temperatures “best fit” values Acknowledgment. This work was supported by the Swedish
make physical sense and have acceptable precision. HoweverResearch Council, Wenner-Gren Foundation and the Swedish
both the activation energy for overall tumbling, 39%62.2 kJ/ Foundation for International Cooperation in Research and Higher
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Education. We gratefully acknowledge stimulating discussions 2.5¢(J; + 1.4%Ky); Wig 19 = 4%(Jo — Ko)/2V2 Wig 20 = Wio 21

with S. Szymaaki. His generous help in the course of writing

this paper was invaluable.

A. Appendix

A.1. Nonzero Real Parts of Elements of Matrix W.Since

the matrix is symmetric, only elements of the upper triangle

are |iSted.VV111 = W7y7 = —6*(.]1 + 2*\]2); lez = W617 = 2*(\]1
+ Z*Kl); W1,3= W5,7 = 0.8|<(J2 + Z*Kz); W1,8= W7,12= 4*(J1
— K0)/2Y2 Wy g = Wy 11 = 4x(J2 — K2)/2Y% Wy 13= Wy 15 =
3.2*(.]2 + Z*KQ); Wl,16 = W7113 = 4*(..]2 - Kz)/21’2; W1’20 =
Wi 21 = Wroa = W75 = —1.6k(J2 + 2xK3); Wi o6 = Wi o7 =
—Wr 30= —Wy 31 = 4x(Jp — K2)/2V% Wa o = W 6= —4%(Jo —
Ko + 2xJ; + 2%K;1 + Z*Jz), W2’3 = W5'5 = 12*(J1 + 2*K1),
W214 = W4,6 = 1.6*(\]2 + Z*Kz); Wzyg = W6'12 = 4*(.]0 - Ko)/
22 Wh 10 = W10 = 4%(J2 — K2)/2Y2% W13 = We 15 = 32/
15|<(J1 + Z*Kl); W2,14: We,14: 16/15|<(J2 + Z*KZ); WZ,lG =
W6,13: 8/3I<(J1 — K]_)/lez; W2,17: W5,17: 4/3*(J2 — Kz)/21’2;
Wo20 = Wo21 = We 04 = We o5 = 1.6x(J1 + 2xKy); Wa oo =
Wh, 25 = We 20 = We 23 = 3.2¢(J2 + 2xK2)/6Y2 W, 26 = W5 29 =
~We28 = —We20 = 4x(Jp —K2)/6Y% Ws3 = Ws5 = —6/
75¢(56¢J0 —8Ko + 115¢J; + 70xJ + 40%K2): Wa g = Wy 5 =
0.16k(\]1 + Z*Kl); W315 = l.92k(\]2 + Z*Kz); W3y3 = W5112 =
2.4K(J1 - Kl)/21/2; ngg = W5,11 = l.GK(Jo - Ko)/21’2; W3,10 =
W5,10: 16k(J1 - Kl)/21/2; W3’11: W5’9 = 24|<(J2 - Kz)/21’2;
W3 13= W5 15= l.28(<(J0 + Z*Ko); W3 14= W5 14= 128/7&(-]1
+ Z*Kl); W3'15= W5113= 16/75K(J2 + Z*Kz); W3'15= W5113=
1.6k(J0 - Ko)/21’2; W3,17= W5'17= 32/15k(J1 - Kl)/21/2; W3'18
= Wk 16 = 4/15x(J> —K2)/2Y% W5 20 = W5 21 = Ws 24 = W 25
= —4/75(7xJy — 31xKo + 15«J; + 75xK; — 30xJ, — 60«Ky);
Wi 20=Wh3 23 = W5 20 = W5 3= —1.28x(J; + 2%K1)/6Y% W5 24
= Ws 25 = W5 20 = Ws 21 = —0.64k(J> + 2xK3); W3 26 = W5 27
= —Ws30= —Ws 31 = —1.6x(Jo — K0)/2V2 W28 = W5 20 =
—Wb 28 = —Wb 20= 3.2(J1 — K1)/6%2 W5 30= W5 31 = —Ws 26
= —W5'27 = 0.&(.]2 - Kz)/21’2; W4,4 = —0.48|<(9>kJo + 3*Ko
+ 20>le - 10>|<K1 + 10>|<J2 + lO*Kz); W4'8 = W4'12: 0.&<(J2
— K)/2Y2% Wy g = Wi 11 = 3.26(J1 — K1)/2Y2 Wy 13= Wiy 15=
0.64*(\]1 + 2*K1); W4'14: l.92k(\]o + Z*Ko); W4116: W4'18 =
0.&<(J1 - Kl)/ZlIz; W4,17= 2.4|<(J0 - Ko)/21’2; W4,20= W4,21=
Waos = Wyos = —0.32(Jy + 2xKz); Wazo = Wiz =
—0.48k(9%Jp + 3x%Kg —5%xJ; + 15xK; + 10«J, + 10*K2)/61/2;
Wy 26 = Wy 27 = —Wi30= —Wis31= —1.6x(J1 — K1)/2V% Wy g
= W12,12= —2*(J0 - Ko + 4*J1 - Z*Kl + 4*J2); Wg,g = Wll,12
= 3x(J1 — K1); We,10 = Wip,12 = 2%(J2 — K2); W 13= Wiz 15
— 4/15¢(J1 — K1)/2Y% We 14 = Wiz.14 = 8/15¢(Jp — K2)/22
Wi 16 = Wiz 18= 5/3%(J1 + 1.4xK1); We 17 = Wiz 17= 10/3x(J>
+ 1.4xK2); Wa,10= Wiz 10= 4%(J2 — K2)/2Y2% W 20 = Wp 21 =
Wiz,24= Wiz 25= —0.8x(J1 — K1)/2Y%; Wh 20 = Wh 23 = Wi2,22
= Wiz23= 0.8¢(J2 — K2)/3¥2 W 26 = Wg o7 = —Whp30= —
Wiz 31 = —J1 + Ky, We 28 = We 29 = —Wio 8= —Wip 0= —
Jz + Kg; Wgyg = Wll,11: _3.5I<J0 - 25I<K0 - G*Jl + 4*K1 -
8xJz + 4xKy; Wy 10= Wig,11= 0.5(J; — K1); Wo,11= 3%(J> —
K2); We13 = Wa115 = 0.4x(Jo — Ko)/2V% Wo 14 = Wig 14 =
2/15|<(J1 - Kl)/21’2; W9'15= W11'13= 4/15k(J2 - Kz)/ZlIz; W9,16
= Wll,lS = 2.5k(J0 + 1.4*K0); W9’17 = W11'17 = 5/6!4(\]1 +
1.4¢K1); Wo 18 = Wh1,16= 5/3%(J2 + 1.4xKy); Wo 10= Wh1,19=
4x(J1 — K1)/2Y2% Wi 20 = Wy 21 = Wh1 24= Wi1,25= 0.8x(Jp —
Ko)/2Y2, Wo 20 = We 23 = Wh1 20 = Wi 23 = —0.8¢(J1 — Ky)/
3Y2 W 24 = Wo 25 = Wi1,0 = Wh1 1= —0.8k(J — Kp)/2Y2
Wo,26 = Wo 27= —Wi1130= —Wi131= 0.5Jg — 0.5¢Kg + J; —
Ki — 242 + 2xKy, Wo 28 = Wo 20 = —Wi128 = —Why 09 =
0.5¢(J1 — K1)/3Y2 Wo 30 = Wo 31 = —Wi126= —Wi17= —J>
+ Ky Wip10= —2x(Jo — Ko + 3.6xJ1 + 2.4«K1 + 4xJp —
4xK3); Wig.13= Who15= 0.4%(J1 — K1)/2V% Wi 16= Wig18=

= Wig24 = Wigos = 0.8x(J1 — K1)/2Y2 Wig 26 = Wig o7 =
—Wip30 = —Wip31 = 0.5«(J1 — Ky); Wiz1z = Wisis5 =
—0.08k(26xJy + 22¢Kp + 85«J; + 100«K; + 130«J, +
160|<K2); W13,14= W14'15= 2.16|<(J1 + Z*Kl); W13,15= 4.32k(\]2
+ 2xK2); Wiz 16= Wis 18= 0.4x(Jo — Ko)/2V% Wh3z 17= Wis 17
= 1.2(Jy — K2)/2Y2 Wi3 16= Whs 16= 2.4(J> — K2)/2Y2 Wh3 20
= W13'21: W15,24: W15,25: _4/75|<(23I<JO + Ko + 15I<J1 +
75¢K1 —30xJ> — 60xK2; Wiz 20 = Wiz 23 = Wi5 20 = Wi5 23 =
2.88k(J1 + 2xK1)/6Y2 Wiz o4 = Wiz 25 = Wis20 = Wis 01 =
—0.96x(J2 + 2xK2); Wiz 26 = Wiz 7= —Wis30= —Wis31 =
—0.4%(Jo — Ko)/2Y% W3z 28 = Wiz 0= —Wi528 = —Wis529 =
1.2%(—J1 + Kq)/6Y% Wiz 30 = Wiz 31 = —Wis 26 = —Wis 7=
—0.8(<(J2 - K2)/21/2; W14114: —0.164<(22*J0 + 14*K0 + 65I<J1
+ 8GKK1 + 20&]2 + Zasz), W14’16: W14y;|_8: 127K(J1 - K]_)/
2Y2 \Wig 17 = 1.6¢(Jo — Ko)/2Y% Wi 20 = Whg 21 = Whg 24 =
W14'25 = 1.92*(\]1 + Z*Kl); W14,22 = W14'23 = —0.48K(Jo -
13«Ko — 5%J; + 15K, + 10xJ, + lO>kK2)/61/2; Wia,26= Wha 27
= —Wig30= —Wiga1= —0.4(J — K1)/2¥% Wig 16= Wig 18
= _3.5|<J0 _2.5|<K0 - 8*J1 - Z*Kl - 8*J2 + 4*K2; W16,17:
Wi7,18 = 1.5¢(J1 — Ky); Wig18= 3x(J2 —K2); Wi 20 = Wi 21
= Wig 24= Wig 25= 0.8k(Jo — K0)/2Y2 Wi 20= Whe 23= Wig 22
= Wigo3 = 1.2¢(—=J1 + Ky)/3Y2 Wig 24 = Wig 25 = Wig o0 =
Wigo1 = 0.8¢(J2 — K2)/2V2 Wig26 = Wigor = —Wig30 =
—W18'31= 0.3|<Jo - 0.3*Ko + Jl - Kl —Z*Jz + Z*Kz; Wl6,28
= Wig 0= —Wigps = —Wig o= 1.5¢(—J1 + K1)/3Y2 Wi 30
= Wig31= —Wig 26 = —Wig 7= —J2 + Ko; Wi717= —2%(Jo
_Ko + 4*J1 - Z*Kl + 4*J2 + 4*K2); W17,20= W17'21= W17,24
= Wi725 = —1.6¢(Jy —K1)/2Y% Wi720 = Wi723= 2.4%(Jp —
Ko)/3Y2%; Wi7 26 = Wh7,27 = —Wh7,30= —Wi731= —0.5¢(J1 —
Kl); W]_g’lg: _4»*(Jo - Ko + 2*J1 - 2*K1 + 2*J2 _Z*Kz);
W20,20: W21'21= W24'24= W25'25= —802/22&\]0 _254/2254(0
—8*J1 - 4*K1 - 8*\]2 —8*K2; W20,21= W24y25= 1.28|<(J0 +
2xKo); W 20= Wh1 23= Whp 24= Wh3 5= 1.44k(—J1 — 2xKy)/
612 Who 23 = Wh1 20 = Who5 = Whg 24 = 2.56x(J1 + 2xKy)/
6Y% Wao 24 = W1 25 = 2.88k(J2 + 2%Kp); Wag 25 = Wo1 04 =
16/75(J2 + 2xK2); Wao,26= Wao 27= Wh1 26= Wh1 27= —Wh4 30
= —Was31= —Whs 30= —Was31= —0.8x(Jp — Ko)/2/2; W50 25
= Wa100= —Whg 8= —Whs 29 = 2.4¢(—J1 + K1)/6Y2 Who 29
= W18 = —Whas 9= —Whs 28 = 1.6¢(J1 —K1)/6Y% Who 30 =
Wa131 = —Whap6 = —Whs 27 = 2.4k(J — K2)/2V% Who 31 =
Wo1 30= —Whg 27 = —Whs 26= —4/15¢(J; — K3)/2V2 Why 2o =
W23’23: _456kJ0 - 312!<K0 - lO*Jl - 4*K1 - 4*J2 _4*K2;
Wa323= 1.92¢(Jp + 2xKq); Waz 26= Wh3 27= —Wao 30= —Wh3 31
= 2.4¢(J1 —K1)/3Y2 Whz 27 = Wag 26 = —Whp 31 = —Wh3 30 =
0.4k(J1 — K1)/3Y2 Wag 26= Wa7,27= Wag 30= Wh1,31= —3.5¢Jp
- 2.5*K0 - 7*J1 + Kl - 8*32 + 4*K2; W25'27 = W30'31 =
2.5¢(Jo + 1.4xKq); Wag 28= Wa7,20= Wag 30= Whg 31 = 1.5«(—
J1 + K1)/3Y2 Wag 290 = Wh728 = Whg 31 = Who 30 = 2.5«(J1 +
1.4¢K1)/3Y2 Whg 30 = Wh731 = —3%(J2 —K2); Whs 31 = Wh730
= —5/?%(\]2 + 1.4*K2); W23,23 = Wzgyzg = —G*Jo + 6*Ko
—7.6xJ; — 0.4xK; — 8xJo.

A.2. Nonzero Imaginary Parts of Elements of Matrix W.
W]_']_ = wc — 3*2-7TJCD + lZ*LQDDCD; W212 = w¢c — Z*ZJ'EJCD;
W3'3 = wc —2.7TJCD - 7'2*LQDDCD; W4’4 = wc — 9.6I<LQDDCD;
W5'5 = wc + ZJTJCD _7'2*LQDDCD; W5’6 = wc + 2*27'EJCD; W7y7
= wc + 3*2.7ZJCD + 12*LQDDCD; Wgyg = wc _2*2.7ZJCD; Wg,g =
wc —2mdcp; Wio,10= wc;, Wi1,11= wc + 27dcp;, Wi2,12= wc
+ 2x21Jcp; Wiz 13 = wc —21dcp + 7.2¢Lgypep; Wha14= ¢
- 14.4(<LQDDCD; W;|_5'15: wc + 2.7TJCD + 7'2*LQDDCD; W;|_6,15:
wc —21Jcp, Wi7,17= wc;, Wig18= wc + 21Jcp;, Wig 10 = wc;
Wao,20 = wc —2mdcp — 2.6x21Jpp; Wa121 = wc — 2mdcp +
2.6k2.7TJDD; W22,22= wc —4.2*2.7'[JDD — 12*LQDDCD; W23,23=
wc + 4.2*2.7'[.][)[) _lz*LQDDCD; W24124 = ¢ + 2-775\]CD -
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2.6k2.7[JDD; W25'25= wc + ZJTJCD + 2.6*2.7TJDD; W26,25= wc
—21)cp — 2%27Jpp; Wa7,27= wc — 2mJep + 2%27Jpp; Was 28
= wc *+ 2¢27Jpp; Wag 20 = wc —2+271Jpp; Wap,30 = wc +
2-7T\]CD - 2*2.71\][)[)} W31,31: wc + ZJIJCD + 2*2-775\]DD-

References and Notes

(1) Runnels, L. KPhys. Re. 1964 134, A28.
(2) Hilt, R. L.; Hubbard, P. SPhys. Re. 1964 134, A392.
(3) Hubbard, P. SPhys. Re. 1958 109 1153;1958 111, 1746.
(4) Richards, P. MPhys. Re. 1963 132 27.
(5) Hubbard, P. SJ. Chem. Phys1969 51, 1647.
(6) Woessner, D. EJ. Chem. Phys1962 36, 1.
(7) Ivanov, E. N.Zh. Eksp. Teor. Fiz1963 45, 1509.
(8) Hubbard, P. SJ. Chem. Physl97Q 52, 563.
(9) Ericsson, A.; Kowalewski, J.; Liljefors, T.; Stilbs, B. Magn.
Reson198Q 38, 9.
(10) Ericsson, A.; Kowalewski, Zhem. Phys1981, 60, 387.
(11) Bopp, T. T.J. Chem. Physl967, 47, 3621.
(12) Huntress, W. TJ. Phys. Chem1969 73, 103.
(13) Wallach, D.; Huntress, W. T. Chem. Physl1969 50, 1219.
(14) Huntress, W. TAdv. Magn. Reson197Q 4, 1.
(15) Millet, O.; Muhandiram, D. R.; Skrynnikov, N. R.; Kay, L. B.
Am. Chem. So002 124, 6439.
(16) Skrynnikov, N. R.; Millet, O.; Kay, L. EJ. Am. Chem. So2002
124, 6449.
(17) Werbelow, L. G. IrEncyclopedia of Nuclear Magnetic Resonance

Grant, D. M., Harris, R. K., Eds.; Wiley: Chichester, U.K., 1996; p 4092.

(18) Martin, J. F.; Vold, R. L.; Vold, R. RJ. Magn. Resonl996 51,
164.

(19) London, R. E.; LeMaster, D. M.; Werbelow, L. G. Am. Chem.
Soc.1994 116, 8400.

(20) Grzesiek, S.; Bax, Al. Am. Chem. S0d.994 116, 10196.

(21) Werbelow, L. G.; London, R. El. Chem. Phys1995 102 5181.

(22) (a) Smith, S. A.; Murali, NJ. Magn. Reson1999 136, 27. (b)
Murali, N.; Nageswara Rao, B. 3. Magn. Reson. Ser. 2096 118 202.

(23) Werbelow, L. G.; London, R. EConcepts Magn. Resoh996 8,
325.

(24) Werbelow, L. G.J. Magn. Reson1986 67, 66.

(25) Vold, R. L.; Vold, R. R.; Poupko, R.; Bodenhausen,JGMagn.
Reson198Q 38, 141.

(26) Werbelow, L. G.; Morris, G. A.; Kumar, P.; Kowalewski, J.
Magn. Reson1999 140, 1.

(27) Bernatowicz, P.; Kruk, D.; Kowalewski, J.; Werbelow, L. G.
ChemPhysCher2002 3, 933.

(28) Bernatowicz, P.; Szymahi, S.J. Magn. Reson2001, 148 455.

(29) Szymaski, S.J. Magn. Reson1997 127, 199.

(30) Bernatowicz, P.; Bjerlo, O.; Mgrkved, E. H.; Szymskih S.J.
Magn. Reson200Q 145 152.

(31) Corio, P. L.Structure of High-Resolution NMR Specthecademic
Press: New York, 1966, Chapter 5.

J. Phys. Chem. A, Vol. 108, No. 42, 20020025

(32) Bernatowicz, P.; Szymaki, S.Mol. Phys.2003 101, 353.

(33) Abragam, A.The Principles of Nuclear MagnetisnOxford
University Press: Oxford, U.K., 1961; Chapter 8.

(34) Wangsness, R. K.; Bloch, Phys. Re. 1953 89, 728. Bloch, F.
Phys. Re. 1956 102 104. Bloch, FPhys. Re. 1957 105, 1206. Redfield,
A. G. IBM J. Res. De. 1957 1, 19. Redfield, A. GAdv. Magn. Reson.
1965 1, 1.

(35) Szymaski S.J. Chem. Phys1999 111, 288.

(36) Bernatowicz, P.; Szymahi, S.Phys. Re. Lett.2002 89, Art. No.
023004.

(37) Czerski, |.; Bernatowicz, P.; dainski, J.; Szymaski, S.J. Chem.
Phys.2003 118 7157.

(38) Jeener, JAdv. Magn. Reson1982 10, 1.

(39) Corio, P. L.Structure of High-Resolution NMR Spectfecademic
Press: New York, 1966; Chapter 8.

(40) Szymaski, S.; Gryff-Keller, A. M.; Binsch, GJ. Magn. Reson.
1986 68, 399.

(41) Werbelow L. G.; Grant, D. MCan. J. Chem1977, 55, 1558.

(42) Werbelow, L. G. IrEncyclopedia of Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; Wiley: Chichester, 1996; p. 1776.

(43) Bernatowicz, P.; Szymaki, S.; Wrackmeyer, BJ. Phys. Chem.
A 2001, 105 6414.

(44) Van Geet, A. LAnal. Chem197Q 42, 679.

(45) Van Geet, A. LAnal. Chem1968 40, 2227.

(46) Loening, N. M.; Keeler, 1J. Magn. Reson2002 159, 55.

(47) Skelton, N. J.; Palmer, A. G., Ill; Akke, M.; Kdel, J.; Rance,
M.; Chazin, W. JJ. Magn. Reson1993 102 253.

(48) Vold, R. L.; Waugh, J. S.; Klein, M. P.; Phelps, D. E.Chem.
Phys.1968 48, 3831.

(49) Ernst, R. R.; Bodenahusen, G.; WokaunPAinciples of Nuclear
Magnetic Resonance in One and Two Dimensi@tarendon Press: Oxford,
1987; Chapter 4.

(50) Lehmann, M. S.; Koetzle, T. F.; Hamilton, W. C. Am. Chem.
Soc.1972 94, 2657.

(51) Kowalewski, J.; Effemey, M.; Jokisaari,J.Magn. Resor2002
157, 171.

(52) Henry, E. R.; Szabo, Al. Chem. Phys1985 82, 4753.

(53) Keniry, M. A.; Kintanar, A.; Smith, R. L.; Gutowsky, H. S;
Oldfield, E. Biochemistry1l984 23, 288.

(54) Vogel, H.Phys. Z2.1921, 22, 645.

(55) Fulcher, G. SJ. Am. Ceram. Sod 925 8, 339.

(56) Tammann, G.; Hesse, \¥. Anorg. Allg. Chem1926 156, 245.

(57) Batchelder, L. S.; Niu, C. H.; Torchia, D. A. Am. Chem. Soc.
1983 105, 2228.

(58) Andrew, E. R.; Hinshaw, W. S.; Hutchins, M. G.;'Bjom, R. O;
Canepa, P. CMol. Phys.1976 32, 795.

(59) Detken, A.; Zimmermann, H.; Haeberlen,Mol. Phys.1999 96,
927.

(60) Lemanov, V. V.; Sochava, L. £hys. Solid Stat2003 45, 1455.

(61) Miyagawa, I.; Itoh, K.J. Chem. Phys1962 36, 2157.



