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OESY experiments (the 2D unbiased method) were performed
or measuring CSA/DD cross-correlated relaxation on trehalose, a
ompound which could be approximated as a spherical top, and on
imple model compounds comprising C3v symmetry (CHCl3, tri-
henylsilane (TPSi)). The comparison gives experimental evidence
or the equivalence of the methods within the limits of the two-spin
pproach. 1D data are evaluated with both the simple initial rate
nd the Redfield relaxation matrix approach. The 2D data are
btained from the so-called transfer matrix using the Perrin–Gipe
igenvalue/eigenvector method. For the improved performance of
he 2D method, an X-filtered (HHH) NOESY is suggested at the
atural abundance of 13C (or other dilute, low g species). Also,
xperimental parameters crucial for reliable CSA data are tested
e.g., the impact of insufficient relaxation delay). Error estimation
s carried out for fair comparison of methods. Revised liquid state
H and 13C (29Si) CSA data are presented for chloroform and
PSi. © 1999 Academic Press

Key Words: CSA/DD cross-correlated relaxation; unbiased
ethod; 1D techniques; chloroform; triphenylsilane.

INTRODUCTION

During the past decade, we saw an increasing intere
btaining chemical shift anisotropy (CSA) information fr

iquid state relaxation studies (1–14). In some cases, the CS
an be obtained from the field dependence of the spin–la
elaxation rates (15–19). More often, one has to rely on me
urements of cross-correlation or interference effects bet
he CSA and the dipole–dipole (DD) interactions or, as
osed very recently, on the effects of partial alignmen
agnetically anisotropic molecules in the high magnetic

20). One of the reasons for this interest can be connect
ndications from theoretical (21), solid (22), and liquid state
10–13) NMR that 15N and proton chemical shift tensors c
ct as sensitive indicators of H bonding, geometry of the
ond axis, etc.
The CSA/DD interference arises as the off-diagonal
ents in relaxation matrices, connecting the single-spin o
tors (such asI z) and two-spin operators, such as 2I zSz (23–
5). The interference terms are often small, but not neglig
ompared to the dominant DD relaxation mechanism.
37
in

ce

en
-
f
d
to

H

-
r-

,
r

ith a few tens of picoseconds reorientation time may ex
cross-correlated relaxation rate on the order of 0.001–

21. Accurate measurements of these small rates which
equire the suppression of background magnetization (one
rder) are generally difficult, especially when indirect (1H)
etection schemes are used for obvious sensitivity reaso

his study, we compare different schemes for measureme
he longitudinal CSA/DD interference terms for small mo
ules and indicate some potential problems that can occ
uch measurements. In particular, we compare an “unbia
wo-dimensional technique (4, 7, 25) with some novel one
imensional methods. The general features of the me
nder consideration are presented in the next section an

ollowing sections cover some examples of comparisons
pplications.

THE METHODS

All the methods discussed here are based on a treatm
n isolated two-spin system. The appropriate operator bas

he discussion of the longitudinal relaxation in such a
ystem consists ofI z, Sz, and 2I zSz. The relaxation is describe
y the equation system (4, 24, 25)

d

dt S ^I z&
^Sz&

^2I zSz&
D 5 2SrI sIS dI,IS

sIS rS dS,IS

dI,IS dS,IS rIS

DS ^I z& 2 ^I z&eq

^Sz& 2 ^Sz&eq

^2I zSz&
D . [1]

hroughout this paper we use the convention where the ne
ign is separated from theR matrix in [1]. As a consequence,
iagonal elements are positive. The diagonal termsrI, rS, andrIS

n the relaxation matrix are the intrinsic relaxation rates for tI
ndSone-spin orders and the two-spin order, respectively. IfS is

dentified with a carbon-13 or silicon-29 spin andI with the proton
irectly bonded to it, thenrS is identical to the spin–lattic
elaxation rate, of theSspin under proton decoupling conditio
nalogously,rI corresponds to the relaxation rate of prot
onded to theS spin, measured under the conditions ofS spin
ecoupling. The symbolsIS is the cross-relaxation rate, related

he heteronuclear NOE. The twod terms are the cross-correla
1090-7807/99 $30.00
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38 BATTA, KÖVÉR, AND KOWALEWSKI
cc) relaxation rates. The measurement of these interference
ith concurrent techniques is the primary concern of this pa
The “unbiased” 2D method is based on a series of t

OESY-type experiments using semiselective pulses: H-NO
-NOESY, and HOESY (26, 27). The experiments have to
erformed with zero (the reference experiments) and on
ore nonzero mixing times. The approach is called unbia
ecause the set of intensities of the diagonal, auto, and

FIG. 1. The summary of the novel or modified experiments proposed
s given explicitly. Phases areX if not indicated otherwise. Spin-lock pulse
vailable was ca. 0.5 T/m (100%) and the amplitudes of sine bell-shaped
(v1) filter; f1 5 X4 2 X4; f2 5 X 2X 2X X; f 5 X 2X 2X X 2X X
0, respectively. (b)1H T1 measurement in theX satellite spectra with dou
5 X 2X. 13C decoupling during relaxation is accomplished with a se

ere applied after each decoupling pulse. Gradient amplitudes G15 11, G25
t of the satellites. (c) The DQF–HOE experiment with decoupling durin
he reference experiment the second1H 180° pulse is omitted, and the pha
d) TheX-PT experiment utilizing thêzz& to ^z& transfer:f1 5 Y2 2Y4 Y2

Y2; f 5 X4 2X4 Y4 2Y4. The reference experiment is a standard refo
n concert with the receiver phase. (e) The proton-detectedX-CSA experime

2; f4 5 X4 2X4 f5 5 Y2 2Y4 Y2; f 5 X4 2X4 X4 2X4 2X4 X4 2X4

2, 2X4, X2; f3 5 X4 2X4; f 5 f3. In the reference experimentf1 5 Y
ine. The same reference is useful for experiment e, since spin-lock tim
rms
r.
e
Y,

or
d,
ss

eaks of theI–Sdoublets allows a unique reconstruction of
ull relaxation matrixR. This algebraic eigenvalue/eigenvec
ethod was originally introduced by Perrin and Gipe (28). A
onlinear fit of the six independent relaxation matrix elem

o the measured multiplet component intensities is adv
eous, since this procedure improves the statistics and a

he error estimation of the relaxation matrix elements (7).
In the one-dimensional longitudinal relaxation exp

his study. Thin bars mean 90° and thick bars mean 180° hard pulses or
preferably different durations last 2–3 ms at full power. The maximum

dients are given as a percentage of this value. (a) Proton NOESY with do-BIRD
X; and TPPI is applied for the first pulse. G1 and G2 gradients are 3

G-BIRD and TANGO combination;f1 5 X Y 2X 2Y; f2 5 2X 2Y X Y;
nce of 120° (93ms) carbon pulses. A 180° phase shift and 5-ms interpulse
, and G35 40 were applied.T1 is obtained from a two-parameter exponen
cquisition.f1 5 Y2 2Y4 Y2; f2 5 X2 2X4 X2; f3 5 X4 2X4; f 5 f3. For

cycling is modified asf1 5 Y4 2Y4; f2 5 X4 2X4; f3 5 2X4 X4; f 5 f1.
5 Y2 2Y2 Y2 2Y2 2X2 X2 2X2 X2; f3 5 X2 2X2 X2 2X2 Y2 2Y2 Y2

ed INEPT equipped with a 270°X nucleus purging pulse just before the detec
with INEPT preparation.f1 5 Y8 2Y8; f2 5 Y8 2Y16 Y8; f3 5 X2 2X4

. (f) The proton-detected DQF–NOE experiment.f1 5 Y2 2Y4 Y2; f2 5
Y4 is used. Satellite intensities are measured in the presence of the pa1H
and other delays in the sequences are negligible compared to relaxaties.
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39COMPARISON OF EXPERIMENTAL CSA METHODS IN LIQUIDS
ents, one observes relaxation-induced magnetiz
ransfer between one-spin order (^I z& or ^Sz&) and two-spin
rder (2I zSz). Initial, selective creation of a particular ki

FIG. 1—
onf order is followed by the mixing period. Then, anot
ind of order is observed during the detection period
ariety of such experiments were reviewed a few years

ntinued
Co



by Canet (28) and numerous varieties have been reported
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40 BATTA, KÖVÉR, AND KOWALEWSKI
ince then (8, 9).

EXPERIMENTAL

The sample of 1.7 M trehalose in D2O was identical to tha
sed in our earlier work (9). The samples of triphenylsilan
7.5 mol% in toluene-d8) and 13CHCl3 (10 mol% carbon-13
nriched material in ethylene glycol-d8) were the same a

hose used in previous studies (4, 7).
The experiments on trehalose were performed on a B
RX 500 spectrometer, operating at 11.8 T, using a 5

nverse detection gradient probe. The 90° pulse duration fo
roton was 11ms, while the corresponding duration for c
on-13 was 13.5ms. The experiments on triphenylsilane w
arried out on the same spectrometer, using a 10-mm b
and probe, with a proton 90° pulse of 34ms and a silicon-2
0° pulse of 18ms. In the experiments with proton orX nucleus
ecoupling, the WALTZ-16 scheme was applied at redu
ower (ca. 100ms for the 90° pulse). The power of t
pin-lock pulses was the same as that for the hard pulses
vailable pulsed field gradient amplitude was about 0.5 T m21.
he experiments on the13CHCl3 sample were performed on
arian Unity Plus 400 spectrometer, operating at 9.4 T, u
10-mm broadband probe. The 90° pulse duration for pr

nd carbon-13 was 19 and 24ms, respectively. In all case
nternal deuteron field/frequency lock was used and the
erature was controlled using the variable temperature co

ers provided by the manufacturers. The pulse sequence
osed and applied in this study are presented in Fig. 1.
The spectral widths were typically 1.5–2 times the het

uclear coupling constant or covered the required chem
hift range. The number of acquisitions varied between 4
4. Recycle delays of about 7–10 times the relevantT1 (see the
iscussion of the chloroform data) were allowed. In the
xperiment, the number oft1 increments was typically 20–3
TPSi) or 64–128 (trehalose). Measurement of 1D bui
urves (10–15 points) required 1 h (trehalose) or 17–24
TPSi) instrument time. The phase-sensitive NOESY data
cquired using the TPPI method. All the processing of the
nd 2D spectra was performed using the spectrometer co
rs. The intensities of the 2D data were obtained by vol

ntegration, after polynomial baseline correction in the
OESY experiment.
Nonlinear least-squares fitting of the 2D data was carrie

SCHEME 1
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sing the program GENLSS (30) running on an IBM RISC
000 workstation. The parameters fitted were all the relax
atrix elements. The fitting of the 1D data was perform
sing the initial rate (double exponential fit or second o
olynomial fit, followed by the calculation of the first deriv

ive at the time origin) or using the method of Trudeauet al.
31), implemented with MATLAB software (32). The uncer
ainties of the parameters from the 1D experiments were
ated by the Monte Carlo method. The relative error estim

or the CSA from the Trudeau method were assumed t
roportional to the errors of the cross-correlation rates.

TREHALOSE

We have recently presented a very detailed, tempera
ependent CSA study on a symmetric disaccharide c

rehalose (9), Scheme 1. Based on earlier single-crystal N
ata (33) a “quasi”-cylindrical symmetry of the C-1 sh

ensors in glucose rings is supposed. However, little is kn
bout the1H CSA tensor in carbohydrates. Here, we comp

he 1D results (at 300 K for the 1.7 M D2O solution) and th

FIG. 2. The 2D NOESY proton spectra of the anomeric proton of treha
s obtained using the sequence of Fig. 1a at mixing times of 0.001 and 0.
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41COMPARISON OF EXPERIMENTAL CSA METHODS IN LIQUIDS
arbon-13 abundance. There are several reasons for cho
his particular system for the comparison of methods: on
hat good quality 1D data and molecular dynamics were p
vailable. Another is that oligosaccharides are a class of
rganic compounds subject to intense investigations by N
elaxation methods (5, 8, 9, 34–37). Subtle details of their re
axation behavior—such as the cross-correlation effects—
e of general interest.
Since serious baseline problems at natural abundance

istort the1H-NOESY integrals, we tested a modification
he proton NOESY sequence. The modified sequence
layed in Fig. 1a, makes use of anX(v1) filter (38) with the
ouble G-BIRD element (39). The sequence allows more a
urate determination of the carbon-13 satellite volumes, s
he strong parent1H line is suppressed. In order to compare
erformance of theX-filtered and conventional NOESY, w
an a few pairs of control experiments at 0.4 s mixing time.
ound that thedH,HC rates were more stable with the n
ethod. Its application is invaluable if relatively small o
ond coupling and large-diameter NMR tubes cause the “
roblem, i.e., when the bottom of the strong central si
verlaps with the weak satellites. A pair of theX-filtered
H-NOESY spectra is shown in Fig. 2. The 2D experime
ctually used were the13C-NOESY, X-filtered 1H-NOESY,
nd the13C–1H HOESY, using mixing times of 0, 0.2, 0.3, 0
nd 0.5s. All data were normalized to the relevant zero-mi

ime experiment. The nonlinear least-squares fit of the 2D
et resulted in the relaxation matrix elements collected in T
. We can note in the table that the relative uncertainties o

arge diagonal elements obtained from the 2D data set a
he order of 1%. The absolute values of the standard devi
f the much smallerd terms are similar, and they translate i

arger (but still acceptable) relative errors of the cross-cor
ion rates.

A variety of different 1D experiments was combined to g

TABLE 1
The Relaxation Matrix R for the Anomeric C1, H1 System in

rehalose as Obtained by the “Unbiased” 2D and Different 1D
ethods

Rate [s21] 2D method 1D initial rates Applied 1D metho

rH 3.016 0.03 3.076 0.07 1H T1 (X-filtered)
sHC 0.696 0.02 0.73 HOE and13C T1

dH,HC 20.106 0.01 20.103 [20.104] DQF–HOE
rC 3.486 0.03 3.516 0.02 13C T1

dC,HC 0.526 0.02 0.53 [0.48] ^zz& to ^z&
rHC 3.726 0.03 3.676 0.04 Ernst sequence (41)

Note. The uncertainties in the 2D method correspond to one sta
eviation of the nonlinear fit. The uncertainties in the diagonal elementsR

n the 1D method are estimated from five to six repeated experiments.dI,IS and

S,IS cc rates in brackets were measured with gradient purging. The sim
eous fit of the13C and1H CSA experiments with the method of Trudeauet
l. (31) is discussed in the text.
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he full set of theR matrix elements at natural abundance.
esults are presented in Table 1. 1D measurement of th1H
ntrinsic relaxation raterH in the 13C satellite spectrum re
uires an extendedX filtering with the TANGO (40) element
s shown in Fig. 1b. OurT1 sequence incorporatesX filtering
oth in the preparation and before detection; however,13C
ecoupling is not recommended during the acquisition. A

he D-G-BIRD filter element an extraX nucleus inversio
ulse is applied to restore the initialz magnetization. Then, th

abeled 1H magnetization is flipped to the2z axis and is
llowed to relax underX decoupling. In the middle of th
ixing time a proton inversion pulse flanked by two oppo
radients provides a useful purging effect. MeasurementsrC

nd sHC were performed with standard methods, while
rnst sequence (41) was used to obtain the decay rate for

wo-spin orderrHC.
ThedH,HC anddC,HC cc rates shown in the second column

able 1 are theinitial rates from 13C-detected 1D experimen
hey are based on the double-quantum-filtered transien
ronuclear NOE (DQF–HOE, Fig. 1c) and the^zz& to ^z&
olarization transfer-enhanced (X-PT, Fig. 1d) experiment
e can see that the 2D and 1D rates agree well with

ther. Simultaneous fit of the full buildup curves (Fig. 3) w
he Trudeau method (31) using the known effective correlatio
ime of 482 ps yields the geometry-dependent chemical
nisotropy terms as CSAg(13C) 5 127.6 6 0.9 ppm and
SAg(1H) 5 22.96 0.2 ppm. It is important to point out th

he CSA means chemical shift anisotropy, which has the
osite sign compared to the shielding anisotropy. The C
onvention means geometry-dependent CSA term, e.g.,
he angle subtended by the CSA tensorial axis and theX–H
ector is not knowna priori, and the angle is arbitrarily set
ero. From the same fit, we found that the random
ontribution is negligible for C-1 (A 5 20.1 6 0.1 s21) but

rd

a-

FIG. 3. The simultaneous fit of the buildup and decay curves from
roton and carbon CSA experiments for the anomeric C-1 carbon and
f trehalose, obtained using the sequences of Figs. 1c and 1d.
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.1 s21). The confidence limit of the error estimates is 90%
alculated by the Monte Carlo method from 250 random
experiments.” Using the 1D initial rates we arrive
SAg(13C) 5 128.4 ppm and CSAg(1H) 5 24.2 ppm. The
ignificant difference in1H CSA values may be explained
he breakdown of the two-spin approach at longer mi
imes. This is not surprising, since H-1 is exposed to dip
nteractions with H-2 and H-19. Though we do not present t
ransversal measurements here, it is worth mentioning th
btained CSAg(13C) 5 129 ppm in the rotating frame1H-
etected 1D “ortho-ROESY” experiment (42, 43).

IMPROVED LIQUID STATE CSA DATA FOR
CHLOROFORM (13CHCl3)

Chloroform is a simple molecule, which can be studied
oth theoretical and experimental methods. This is becausC3v

ymmetry warrants an axially symmetric CSA tensor. M
ver, the symmetry axis is collinear with the principal axis

he DD interaction. Since published experimental data do
arge scatter, we started a refined 1D cc study in order to l
he experimental uncertainties. The “unbiased” 2D exp
ents for establishing proton and carbon chemical shift an

opy of chloroform were published by Ma¨ler and Kowalewsk
4). The carbon CSA results from that work, (132 6 8) ppm,
eviated substantially from the data obtained in liquid cry

ine solutions (44, 45) (139 6 1) or (151.6 6 0.2) ppm. To
he contrary, the proton CSA data were in better agree
ith each other: (212 6 2) ppm from 2D and (29.8 6 2.5)
pm from the liquid crystal study. More recently, the CSA
hloroform was also studied byab initio quantum chemistry
nd the results agreed best with one set of data measu

iquid crystal (45). Levitt and Di Bari introduced a new, stead
tate cc method (46), and reporteddC,HC 5 13.7 3 1023 s21

nder identical experimental conditions (4.7 T and 300 K
escribed in (4). Using the known 18-ps correlation time a

he 107.3-pm CH distance, their data translate to CSA(13C) 5
39.1 ppm. This time we used again the same sample as
arlier 2D work (4). We ran the simplest double-quantu
ltered (DQF) inversion recovery sequences, starting with
her13C (47) or 1H (8) inversion pulses, and, unlike in the ca
f trehalose, without decoupling. As a possible source of

n the earlier 2D study, we suspected that the recycle d
ight have been too short. From the diagonal elements o
matrix obtained in the 2D experiments, the1H and 13C

elaxation times are both about 2.5 s at any of the applied fi
4.7 and 9.4 T). The recycle delay in the old experiments
4 s. Now we carried out the 1D experiments at 9.4 T u
ecycle delays of 14, 22, and 35 s. The evolution of
esulting antiphase13C doublets was evaluated using a sim
nitial rate method as described recently (8, 9). Artificial zero
oints were not applied to substitute zero evolution time
eriments. In the 1D13C CSA experiments, we observed
istortion of the amplitudes of the signals at short evolu
s
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imes, which was drastically reduced when the long rec
elays were applied. Also, a small phase drift was observ
function of the evolution time, but this effect was too sm

or influencing CSA data. Using the initial rates for the th
eries of the13C CSA 1D experiments, the following cros
orrelated relaxation rates and derived13C CSA values wer
btained:dC,HC 5 20.8, 24.5, 25.33 1023 s21; CSA(13C) 5
29.8,135.1,136.2 ppm. We judge the experiment with

ongest delay as the most reliable. It is obvious from
uildup curves shown in Fig. 4 that the initial rate period is

east distorted when the longest recycle delay is used.
QF–HOE experiments are less sensitive to the length o

ecycle delay in the initial period, although they also exhib
mplitude distortions. The resulting interference terms an

FIG. 4. The carbon CSA experiments for chloroform for different rec
elays of 14, 22, and 35 s as labeled on the upper part of the figure. The
art shows the simultaneous fit of the DQF inversion recovery experim
tarting with either1H or 13C inversion.
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023 s21, CSA(1H) 5 211.0,210.8,210.8 ppm. The high
uality simultaneous fit of the two longest delay experimen
lso shown in Fig. 4. Indeed, Monte Carlo error analysis pr

he low errors, and we suggest revised liquid state valu
SA(13C) 5 137.16 0.25 and CSA(1H) 5 210.856 0.02.
n estimated correlation time error (5–10%) may be adde

hese figures. The time constants for the decay rates o
wo-spin order are the same in both experiments (ca. 3.5 s

conclusion, in both one- and two-dimensional experim
elevant to interference effects, we recommend a recycle
f ca. 10 times thê zz& order decay time. Thus, the ne
easurements bring the CSA values in chloroform into cl
greement with most NMR data, except for one case mea

n a liquid crystalline medium. The remaining discrepan
etween the refined experimental (as well as theoretical)
ay arise from different experimental conditions (e.g., sol
ffects) and possibly from the scatter of “constants” (e.g., b

ength).

TRIPHENYLSILANE: COMPARISON OF HIGH-FIELD
1D AND 2D RESULTS

The 29Si spin in triphenylsilane (TPSi) constitutes, toget
ith its directly bonded proton (1JSi,H 5 2198 Hz), a pseud

wo-spin system. This means that the dipolar interaction
his proton with the phenyl rings are neglected. Similarly,
eglect the13C satellites arising from the resolved silico
arbon couplings,1J 5 270 Hz,2J 5 4.3 Hz, and3J 5 25.0
z. Because of symmetry, in total, the satellites contribut
uch as 153 1.1 5 16.5% of the full integral of the silico

ignal. Fortunately, theintensityof the parent silicon signal
he 1H-decoupled spectra is not seriously affected. The
on-29 nucleus relaxes very slowly, with theT1 around 22 s
nd this fact by itself is a challenge. Two-dimensional ex

ments for establishing proton and silicon chemical shift
sotropy in TPSi were reported earlier (7). The published
esults are CSA(1H) 5 8 6 4 ppm and CSA(29Si) 5 2206 15
pm. The solid state measurements for silicon led to CSA(29Si)

240 ppm (7). To resolve this contradiction, perhaps due
he low sensitivity at 4.7 T magnetic field, we ran both 1D
D experiments on the same liquid sample at 11.8 T.
In order to increase the sensitivity of theX-CSA methods

he polarization transfer technique combined with1H decou-
ling during acquisition was applied as shown in Fig.
owever, since the effects are extremely small for sili

,3 3 1023 s21), in addition to the spin-lock purging of th
ntiphase proton magnetization, a self-refocusing silicon p

ng pulse proved to be useful before the detection. The ad
age of this latter improvement is that it removes the dispe
omponent from the detected signal, and greatly improve
erformance in the critical initial rate period. Figure 5 sho
ow small the real29Si CSA effects are with respect to t

ntensity of the ca. 1.6%13C satellite. Alternatively,B0 field
radient pulses of different strengths may be applied in
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eginning of the mixing period and before the finalX read
ulse. Higher sensitivity can be gained when the proton d

ion is used for theX-CSA measurement. The pulse seque
hown in Fig. 1e starts with a refocused INEPT to prepar
nhanced invertedX magnetization. Then, the orthogonal p

on spin-lock pulses efficiently suppress the background1H
agnetization. In spite of the additional purging pulses

efocusing, theX nucleus decoupling during acquisition
mpractical for TPSi, since suppression rates higher than5

re beyond the possibilities of the present technology. Fo
ilicon CSA measurement, we evaluated the intensities for
he 29Si satellites in the refocused, undecoupled1H spectra
igure 6 demonstrates the scattered suppression of the
roton signal in the Fig. 1e type experiment; still, the satel
ould be quantitatively evaluated.
For the proton CSA measurements usingX detection (DQF–
OE, Fig. 1c), the refocusing of the antiphaseX doublets an
roton decoupling during theX nucleus acquisition is qui
traightforward. In the proton-detected variant of the D
nversion recovery experiment (Fig. 1f), we again have
seful spin lock for purging the proton magnetization. H
ver, the application ofX decoupling after the refocusin
eriod is generally not recommended for unlabeled c
ounds. The overlap with the center proton line could be s
voided without decoupling, and a suppression rate of 33 104

as achieved. Generally, shorter protonT1 is in favor of the
roton detection and the sensitivity would be even higher
n inverse 10-mm probehead.
2D H-NOESY,X-NOESY, and HOESY experiments we

arried out according to the original “unbiased” method u
ixing times of 1 ms and 6, 8, and 10 s. We know from

FIG. 5. The buildup of the29Si CSA interference signals in the29Si-
etected (Fig. 1d) experiment, compared to the intensity of the one
arbon satellite. The first partial spectrum shows the reference experim
trong parent29Si signal with its13C satellites.
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arlier low-field work and the present 11.8-T measurem
hat the T1 for silicon-29 is about 22 s and the rotatio
orrelation time is close to 22 ps. In order to ensure reaso
xperiment time, a 150-s recycle delay was inserted bet
ach pulse sequence in 2D, and 200 s was allowed i
-detected and 100 s in1H-detected 1D experiments.
For comparing the efficiency of the 1D and 2D method

s advisable to compare the data obtained on the same
rometer and sample. This comparison is shown in Table 2
ccuracy of the 2D data acquired at a field of 11.8 T appea

act similar to the earlier 4.7-T (2D) results. The diago
lements of the relaxation matrix differ slightly more than
tandard deviation. Theoretically, the CSA/DD cross-co
ated relaxation rates should be proportional to the exte

agnetic field. Indeed, thedH,SiH term increases with the fie
s expected. The extremely smalldSi,SiHdoes not show any re
hange.

FIG. 6. The buildup of the29Si CSA interference signals (silicon sat
ites) in the1H-detected (Fig. 1e) experiment. The central1H line is strongly
ttenuated; however, it exhibits a scatter due to experimental instabilitie
iscussed in the text, such undecoupled spectra can be safely evaluate

TAB
The Relaxation Matrix for the 29SiH System of

and by the Combination

Rate parameter
[1023 s21]

2D rate at 4.7 T
(Ref. 7) 2D rate at 11.8 T

rH 1316 3 1536 6
sSiH 256 2 236 2
dH,SiH 24 6 1 27 6 2
rSi 606 2 536 3
dSi,SiH 22 6 1 22 6 1
rSiH 1276 1 1176 2

Note.The uncertainties in the 2D method correspond to one standard
ith parentheses. Note that since the rates are small, they are given in
ts
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-
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The low signal-to-noise ratio, due to the extremely sm
nterference terms, does affect the initial rate approach.
ignals are most distorted at the shortest mixing times
ccasional insertion of the 0,0 point in the fit may be use
lso, the removal of the dispersion component of the

ected signals at the data analysis stage can be ap
isregarding the processing cosmetics, one might be

hat the simultaneous fit of1H andX experiments using th
rudeauet al. (31) method (cf. Table 2) would improve th
ccuracy, since it uses all points of the measured cu
he best signal-to-noise ratio was obtained in the1H-de-

ected experiments. Their simultaneous fit with the Trud
ethod (Fig. 7) gives CSA(29Si) 5 27.4 6 0.3 ppm and
SA(1H) 5 15.3 6 0.2 ppm. With the correlation time
2 ps, these correspond to the cross-correlated relax
atesdH,SiH and dSi,SiH of 26.6 6 0.3 and21.8 6 0.1 3
023 s21, respectively. The random field contributions

As

2
iphenylsilane Obtained by the “Unbiased” 2D
Different 1D Methods

1D (initial) rates at 11.8 T,
29Si detection

1D (initial) rates at 11.8 T
1H detection

— —
22.4 —

27.5 (27.2) 26.8
46 —

21.8 (22.0) 22.0
— —

viation of the fit. For the 1D methods, results of repeated measuremen
its of 1023 s21 for better reading.

FIG. 7. The simultaneous fit of the1H-detected29Si and1H CSA (Figs. 1e
nd 1f) experiments with the method of Trudeauet al. (31). Circles label the
e and asterisks label the 1f experimental points. Numerical evaluat
iscussed in the text.
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agnitude larger than the interference terms. The qu
mprovement in1H-detected experiments is most rema
ble when the silicon CSA is measured. As seen in Tab

he dH,SiH rates are nearly identical in both the 1D and
D experiments. ThedSi,SiH relative error estimates from th
D data are large. The rates obtained in the differen
xperiments are, perhaps accidentally, less scattered. A
le algebraic average of the three independent 1D in
ates and the high-field 2D interference rates would lea
SA(29Si) 5 27.8 6 0.5 ppm and CSA(1H) 5 15.7 6 0.3
pm values, which agrees well with the result of the sim

aneous fit. The significant difference between the solid
iquid state silicon chemical shift anisotropy in TPSi aw
n explanation. In the case of a related compound, tri
ylmethane (TPM), the refined 1D experiments yielded C
alues comparable to the published 2D experiments (7), but
he errors are smaller. The new data for TPM are CSA(13C)

17.2 6 0.5 ppm and CSA(1H) 5 27.3 6 0.2 ppm. In
ummary, the proposed 1D methods generally yield m
ccurate CSA data.

CONCLUDING REMARKS

The comparison of the results obtained above deserves
ul analysis. The “unbiased” 2D measurements provide the
elaxation matrix and the uncertainties of the small off-dia
al elements cannot be much smaller than those of the
iagonal rates. This results in a robust scheme, which ha
bility to provide a correct estimate of all the rates simu
eously. If only a few elements of theR matrix are required
.g., the cross-correlation rates, the use of specific 1D
iques is recommended.
Natural abundance detection of very small CSA requ

pecial care in the experimental setup and in the data ev
ion. If only the CSA is required, then the one-dimensio
H-detected experiments are preferred, with a simultaneo
f all the parameters to the buildup curves. This method
rovides estimates of the random field contributions to re
tion. However, it needs an independent measurement of
elaxation rates, in order to obtain the dynamics necessa
SA calculation. We found that in the case of a good sig

o-noise ratio and in the absence of multispin effects (48), the
imple initial rate method (47) gives results comparable
hose from simultaneous fitting.
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