Journal of Magnetic Resonan@&6, 37—-46 (1999)

®
Article ID jmre.1998.1620, available online at http://www.idealibrary.conl ILE %l.

A Comparison of 1D and 2D (Unbiased) Experimental Methods
for Measuring CSA/DD Cross-Correlated Relaxation

Gy. Batta,* K. E. Kovér,* and J. Kowalewskit

*Research Group for Antibiotics of the Hungarian Academy of Sciences and Department of Organic Chemistry, L. Kossuth University, P.O. Box 70, |
Debrecen, Hungary; andDivision of Physical Chemistry, Arrhenius Laboratory, Stockholm University, S-106 91 Stockholm, Sweden

Received July 14, 1998; revised September 22, 1998

Conventional and enhanced 1D experiments and different
NOESY experiments (the 2D unbiased method) were performed
for measuring CSA/DD cross-correlated relaxation on trehalose, a
compound which could be approximated as a spherical top, and on
simple model compounds comprising C,, symmetry (CHCI,, tri-
phenylsilane (TPSi)). The comparison gives experimental evidence
for the equivalence of the methods within the limits of the two-spin
approach. 1D data are evaluated with both the simple initial rate
and the Redfield relaxation matrix approach. The 2D data are
obtained from the so-called transfer matrix using the Perrin—-Gipe
eigenvalue/eigenvector method. For the improved performance of
the 2D method, an X-filtered (HHH) NOESY is suggested at the
natural abundance of **C (or other dilute, low y species). Also,
experimental parameters crucial for reliable CSA data are tested
(e.g., the impact of insufficient relaxation delay). Error estimation
is carried out for fair comparison of methods. Revised liquid state
*H and *3C (*°Si) CSA data are presented for chloroform and
TPSi. © 1999 Academic Press
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INTRODUCTION

example, small molecules in the extreme narrowing regim
with a few tens of picoseconds reorientation time may exhibi
a cross-correlated relaxation rate on the order of 0.001-0.(
s 1. Accurate measurements of these small rates which m:
require the suppression of background magnetization (one-sy
order) are generally difficult, especially when indire¢HY
detection schemes are used for obvious sensitivity reasons.
this study, we compare different schemes for measurements
the longitudinal CSA/DD interference terms for small mole-
cules and indicate some potential problems that can occur
such measurements. In particular, we compare an “unbiase
two-dimensional technique4(7, 25 with some novel one-
dimensional methods. The general features of the metho
under consideration are presented in the next section and t
following sections cover some examples of comparisons ar
applications.

THE METHODS

All the methods discussed here are based on a treatment
an isolated two-spin system. The appropriate operator basis f
the discussion of the longitudinal relaxation in such a spi

During the past decade, we saw an increasing interestSystem consists df, S,, and 4,S,. The relaxation is described
obtaining chemical shift anisotropy (CSA) information fronfY the equation systen# (24, 259

liquid state relaxation studied{14). In some cases, the CSA

can be obtained from the field dependence of the spin-latticey [ (I2) i ois s\ ({1 — (Ieq
relaxation rates15-19. More often, one has to rely on mea- . (S) | =—|gis ps  Bss||(S) = (S)eq| - [1]
surements of cross-correlation or interference effects between = \(21.S) dus Osis Pis 21,8y

the CSA and the dipole—dipole (DD) interactions or, as pro-
posed very recently, on the effects of partial alignment dhroughout this paper we use the convention where the negati
magnetically anisotropic molecules in the high magnetic fiekign is separated from ttie matrix in [1]. As a consequence, all
(20). One of the reasons for this interest can be connecteddiagonal elements are positive. The diagonal tgsmss, andp,s
indications from theoretical2(l), solid 22), and liquid state in the relaxation matrix are the intrinsic relaxation rates forlthe
(10—13 NMR that**N and proton chemical shift tensors carandSone-spin orders and the two-spin order, respectivelgisf
act as sensitive indicators of H bonding, geometry of the Nidentified with a carbon-13 or silicon-29 spin andith the proton
bond axis, etc. directly bonded to it, therpg is identical to the spin-lattice
The CSA/DD interference arises as the off-diagonal eleslaxation rate, of th& spin under proton decoupling conditions.
ments in relaxation matrices, connecting the single-spin opémalogously, p, corresponds to the relaxation rate of protons
ators (such as,) and two-spin operators, such a2 (23— bonded to theS spin, measured under the conditionsS$pin
25). The interference terms are often small, but not negligibldecoupling. The symbat,g is the cross-relaxation rate, related to
compared to the dominant DD relaxation mechanism. Ftre heteronuclear NOE. The twioterms are the cross-correlated

.
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FIG. 1. The summary of the novel or modified experiments proposed in this study. Thin bars mean 90° and thick bars mean 180° hard pulses or the
is given explicitly. Phases a¢ if not indicated otherwise. Spin-lock pulses of preferably different durations last 2—-3 ms at full power. The maximum grac
available was ca. 0.5 T/m (100%) and the amplitudes of sine bell-shaped gradients are given as a percentage of this value. (a) Proton NOESY wvitifr@ouble
X(w,) filter; ¢1 = X, — X4 p2 = X =X =X X; ¢ = X =X =X X =X X X —=X; and TPPI is applied for the first pulse. G1 and G2 gradients are 35 an
10, respectively. (bfH T, measurement in thi satellite spectra with double G-BIRD and TANGO combinatigii; = X Y =X —Y; ¢2 = =X =Y X ¥.
¢ = X —X. *3C decoupling during relaxation is accomplished with a sequence of 1203gP8arbon pulses. A 180° phase shift and 5-ms interpulse dela
were applied after each decoupling pulse. Gradient amplitudes G1, G2= 17, and G3= 40 were appliedT, is obtained from a two-parameter exponential
fit of the satellites. (c) The DQF-HOE experiment with decoupling during acquisifiere= Y, =Y, Y,; ¢2 = X, —X, X,; ¢3 = X, —X,; ¢ = ¢3. For
the reference experiment the secdhti180° pulse is omitted, and the phase cycling is modifiedas= Y, —Y,; ¢2 = X, —X,; $3 = —X, X, ¢ = ¢1.

(d) The X-PT experiment utilizing th€z2) to (z) transfer:¢pl = Y, =Y, Yo, ¢2 = Y, =Y, Y, =Y, =X; X, =X, Xy 63 = X, =X, X, =X, Y, =Y, Y,
=Y, ¢ = X, —X, Y, —Y,. The reference experiment is a standard refocused INEPT equipped with X 2ii@feus purging pulse just before the detection
in concert with the receiver phase. (e) The proton-deteXt&@EA experiment with INEPT preparatiohl = Yg —Yg; ¢2 = Yg —Y145 Yg #3 = X, —X,
Xoy ¢4 = X4 = X4 5 = Y, =Y, Yo, ¢ = X, —X4 Xy =Xy —X4 X4 —X4 X,4. (f) The proton-detected DQF-NOE experimedl. = Y, =Y, Y,; ¢2 =
Xo, —Xa Xo; $3 = X, —X,; & = $3. In the reference experimenptl = Y, —Y, is used. Satellite intensities are measured in the presence of the Harent
line. The same reference is useful for experiment e, since spin-lock times and other delays in the sequences are negligible compared to retaxation ti

(cc) relaxation rates. The measurement of these interference tepmaks of thé—S doublets allows a unique reconstruction of the
with concurrent techniques is the primary concern of this papéull relaxation matrixR. This algebraic eigenvalue/eigenvector
The “unbiased” 2D method is based on a series of thregethod was originally introduced by Perrin and Gig&)( A

NOESY-type experiments using semiselective pulses: H-NOES¥gnlinear fit of the six independent relaxation matrix element
X-NOESY, and HOESYZ6, 27. The experiments have to beto the measured multiplet component intensities is advant
performed with zero (the reference experiments) and one ggous, since this procedure improves the statistics and alloy
more nonzero mixing times. The approach is called unbiasele error estimation of the relaxation matrix elemefms (

because the set of intensities of the diagonal, auto, and crosk the one-dimensional longitudinal relaxation experi-
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FIG. 1—Continued

ments, one observes relaxation-induced magnetizatiohorder is followed by the mixing period. Then, another
transfer between one-spin ord€t § or (S,)) and two-spin kind of order is observed during the detection period. A
order (2,S,). Initial, selective creation of a particular kindvariety of such experiments were reviewed a few years ag
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by Canet 28) and numerous varieties have been reported ppm
since then §, 9). 1 t=0.001s

EXPERIMENTAL
5.0j
The sample of 1.7 M trehalose in,O was identical to that
used in our earlier work9). The samples of triphenylsilane
(7.5 mol% in toluenedg) and **CHCI, (10 mol% carbon-13-
enriched material in ethylene glycdl) were the same as
those used in previous studie 7). 5.2
The experiments on trehalose were performed on a Bruker
DRX 500 spectrometer, operating at 11.8 T, using a 5-mm 5.3 (5]
inverse detection gradient probe. The 90° pulse duration for the )
proton was 11us, while the corresponding duration for car- f T T
bon-13 was 13.s. The experiments on triphenylsilane were 54 53 52 51 50 ppm
carried out on the same spectrometer, using a 10-mm broad- ppm |
band probe, with a proton 90° pulse of 84 and a silicon-29 1 17T=04s i
90° pulse of 18us. In the experiments with proton ®rnucleus ] W " @
decoupling, the WALTZ-16 scheme was applied at reduced
power (ca. 100us for the 90° pulse). The power of the 5.0

spin-lock pulses was the same as that for the hard pulses. The I

available pulsed field gradient amplitude was about 0.5 £.m @'
¢
!

5.1

The experiments on thECHCI, sample were performed on a >
Varian Unity Plus 400 spectrometer, operating at 9.4 T, using
a 10-mm broadband probe. The 90° pulse duration for proton 5.2 i
and carbon-13 was 19 and 24, respectively. In all cases, "
internal deuteron field/frequency lock was used and the tem-
perature was controlled using the variable temperature control-
lers provided by the manufacturers. The pulse sequences pro- \ \ T 1 w
posed and applied in this study are presented in Fig. 1. 54 53 52 51 50 ppm

The spectral widths were typically 1.5-2 times the hetero-gig 2. The 2D NOESY proton spectra of the anomeric proton of trehalos
nuclear coupling constant or covered the required chemialobtained using the sequence of Fig. 1a at mixing times of 0.001 and 0.4 s.
shift range. The number of acquisitions varied between 4 and
64. Recycle delays of about 7-10 times the relevar(see the
discussion of the chloroform data) were allowed. In the 2Qsing the program GENLSS3() running on an IBM RISC
experiment, the number of increments was typically 20—-32 6000 workstation. The parameters fitted were all the relaxatio
(TPSi) or 64-128 (trehalose). Measurement of 1D buildupatrix elements. The fitting of the 1D data was performec
curves (10-15 points) requitel h (trehalose) or 17-24 huysing the initial rate (double exponential fit or second orde
(TPSi) instrument time. The phase-sensitive NOESY data weselynomial fit, followed by the calculation of the first deriva-
acquired using the TPPI method. All the processing of the 1iye at the time origin) or using the method of Trudestual.
and 2D spectra was performed using the spectrometer comggt), implemented with MATLAB software32). The uncer-
ers. The intensities of the 2D data were obtained by volungginties of the parameters from the 1D experiments were es
integration, after polynomial baseline correction in the Hmated by the Monte Carlo method. The relative error estimate
NOESY experiment. for the CSA from the Trudeau method were assumed to k

Nonlinear least-squares fitting of the 2D data was carried Qsfioportional to the errors of the cross-correlation rates.

TREHALOSE

We have recently presented a very detailed, temperatur
dependent CSA study on a symmetric disaccharide calle
trehalose §), Scheme 1. Based on earlier single-crystal NMR
data @3) a “quasi’-cylindrical symmetry of the C-1 shift
tensors in glucose rings is supposed. However, little is know
HO 2 about the*H CSA tensor in carbohydrates. Here, we compar

SCHEME 1 the 1D results (at 300 K for the 1.7 M,D solution) and the

HO_ s 5
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new 2D data on the anomertdC—*H spin system at natural Simuitaneous fit of DQF-HOE and PT experiments
carbon-13 abundance. There are several reasons for choosinB'14 ' ' ‘ ' ' ' ‘
this particular system for the comparison of methods: one is

that good quality 1D data and molecular dynamics were partly 012
available. Another is that oligosaccharides are a class of smad

organic compounds subject to intense investigations by NMF§ o1t
relaxation methods5( 8, 9, 34—3Y. Subtle details of their re- g

Trehalose

) : . 20.08F
laxation behavior—such as the cross-correlation effects—mag
be of general interest. ® 0.06

Since serious baseline problems at natural abundance m
distort the'H-NOESY integrals, we tested a modification of 2004l
the proton NOESY sequence. The modified sequence, di&

played in Fig. 1a, makes use of Xfw,) filter (38) with the =

double G-BIRD element39). The sequence allows more ac- 002

curate determination of the carbon-13 satellite volumes, since , , , , , , ,

the strong parertH line is suppressed. In order to compare the 0 01 02 03 04 05 06 07 08
performance of theX-filtered and conventional NOESY, we Time [s]

ran a few pairs of control experiments at 0.4 s mixing time. Weg|G. 3. The simultaneous fit of the buildup and decay curves from the
found that thes,, ,c rates were more stable with the newproton and carbon CSA experiments for the anomeric C-1 carbon and prot
method. Its application is invaluable if relatively small oneof trehalose, obtained using the sequences of Figs. 1c and 1d.
bond coupling and large-diameter NMR tubes cause the “foot”
problem, i.e., when the bottom of the strong central signtie full set of theR matrix elements at natural abundance. The
overlaps with the weak satellites. A pair of théfiltered results are presented in Table 1. 1D measurement ofHhe
'H-NOESY spectra is shown in Fig. 2. The 2D experimenistrinsic relaxation ratep, in the *°C satellite spectrum re-
actually used were thé°C-NOESY, X-filtered *H-NOESY, quires an extendeX filtering with the TANGO @0) element,
and the"*C-*"H HOESY, using mixing times of 0, 0.2, 0.3, 0.4,as shown in Fig. 1b. OuF, sequence incorporatésfiltering
and 0.5s. All data were normalized to the relevant zero-mixirmpth in the preparation and before detection; howeve,
time experiment. The nonlinear least-squares fit of the 2D datecoupling is not recommended during the acquisition. Afte
set resulted in the relaxation matrix elements collected in Taltlee D-G-BIRD filter element an extrX nucleus inversion
1. We can note in the table that the relative uncertainties of thalse is applied to restore the initmmagnetization. Then, the
large diagonal elements obtained from the 2D data set arelaheled *H magnetization is flipped to the-z axis and is
the order of 1%. The absolute values of the standard deviatiaiiowed to relax undeX decoupling. In the middle of the
of the much smalled terms are similar, and they translate intanixing time a proton inversion pulse flanked by two opposite
larger (but still acceptable) relative errors of the cross-correlgradients provides a useful purging effect. Measuremenig of
tion rates. and oy were performed with standard methods, while the
A variety of different 1D experiments was combined to giv&rnst sequencet() was used to obtain the decay rate for the
two-spin orderpyc.
The 8y, e andéc ¢ cc rates shown in the second column of
TABLE 1 Table 1 are thénitial rates from *3C-detected 1D experiments.
The Relaxation Matrix R for the Anomeric C1, H1 System in  They are based on the double-quantum-filtered transient he
Trehalose as Obtained by the “Unbiased” 2D and Different 1D gronuclear NOE (DQF-HOE, Fig. 1c) and tke2 to (z)

Methods polarization transfer-enhance-PT, Fig. 1d) experiments.
Rate [s] 2D method 1D initial rates Applied 1D method We Can. see that the_ 2D and 1D r?tes agree We!l with e.a(
other. Simultaneous fit of the full buildup curves (Fig. 3) with

Py 3.01+0.03 3.07% 0.07 H T, (Xiltered)  the Trudeau method() using the known effective correlation
Ohc 0.69:+ 0.02 0.73 HOE and®C T, time of 482 ps yields the geometry-dependent chemical shi
B e ~0.10=001 ~ —0.103 [F0.104] ~ DOF-HOE anisotropy terms as CSAGC) = +27.6 = 0.9 ppm and
Pe 3.48+ 0.03 3.51* 0.02 T, e L .
Se e 052+ 0.02 0.53 [0.48] (22 10 (2) CSAg(H) = —2.9+ O.? ppm..lt is |mportant to pomt out that
Pac 372+ 0.03 3,67+ 0.04 Emst sequencay) the CSA means chemical shift anisotropy, which has the of

posite sign compared to the shielding anisotropy. The CSA
N_otg. The uncertqinties_in the 2D mr—_)th_od _corresp_ond to one standatnvention means geometry-dependent CSA term, e.g., wh

fjewatlon of the nonllnea_r fit. The uncgrtamt@s in the d|agonal_eleme|1TB Ofthe angle subtended by the CSA tensorial axis andxthe

in the 1D method are estimated from five to six repeated experimgpisand - A . . .

85,5 CC rates in brackets were measured with gradient purging. The simul}/ae—Ctor is not knowra prIOI"|, and the angle IS arbltrarlly set t.O

neous fit of the3C andH CSA experiments with the method of Trudees 2€r0. From the same fit, we found that the random fiel

al. (31) is discussed in the text. contribution is negligible for C-14A = —0.1 = 0.1 s %) but



42 BATTA, KOVER, AND KOWALEWSKI

is comparable to the interference terms for HEL£ +0.6 = 0.1
0.1 s 1. The confidence limit of the error estimates is 90% as
calculated by the Monte Carlo method from 250 randomized
“experiments.” Using the 1D initial rates we arrive at 008y
CSAg(*C) = +28.4 ppm and CSAgH) = —4.2 ppm. The  go7
significant difference iftH CSA values may be explained by 0.06
the breakdown of the two-spin approach at longer mixingz "~
times. This is not surprising, since H-1 is exposed to dipolaé 0.05F
interactions with H-2 and H-‘1 Though we do not present the £ 0.04k
transversal measurements here, it is worth mentioning that we

obtained CSAJEC) = +29 ppm in the rotating framéH- 0.03F
detected 1D “ortho-ROESY” experimentZ, 43. 0.02}
0.01
IMPROVED LIQUID STATE CSA DATA FOR
CHLOROFORM (**CHClI,) %% 5 0 15
Time[s]

Chloroform is a simple molecule, which can be studied by
both theoretical and experimental methods. This is bedayse
symmetry warrants an axially symmetric CSA tensor. More-
over, the symmetry axis is collinear with the principal axis of 0.35
the DD interaction. Since published experimental data do have
large scatter, we started a refined 1D cc study in order to lower 0.3}
the experimental uncertainties. The “unbiased” 2D experir__g.
ments for establishing proton and carbon chemical shift aniso@ 025}
ropy of chloroform were published by NM& and Kowalewski
(4). The carbon CSA results from that work: 82 = 8) ppm,
deviated substantially from the data obtained in liquid crystal;
line solutions 44, 45 (+39 + 1) or (+51.6 = 0.2) ppm. To
the contrary, the proton CSA data were in better agreeme
with each other: {12 = 2) ppm from 2D and {9.8 = 2.5)
ppm from the liquid crystal study. More recently, the CSA in
chloroform was also studied b initio quantum chemistry, 0.05
and the results agreed best with one set of data measured in £
liquid crystal @5). Levitt and Di Bari introduced a new, steady-
state cc method4g), and reportedb e = 13.7x 10 st Time [s]
under identical experimental conditions (4.7 T and 300 K) as
described in4). Using the known 18-ps correlation time and FIG. 4. The carbon CSA experiments for chloroform for different recycle

. . __ delays of 14, 22, and 35 s as labeled on the upper part of the figure. The low
the 107.3-pm CH distance, their data translate to égz%(_ part shows the simultaneous fit of the DQF inversion recovery experiment

+39.1 ppm. This time we used again the same sample as in {hiing with eitherH or 13 inversion.

earlier 2D work #). We ran the simplest double-quantum-

filtered (DQF) inversion recovery sequences, starting with ei-

ther3C (47) or *H (8) inversion pulses, and, unlike in the caséimes, which was drastically reduced when the long recycl
of trehalose, without decoupling. As a possible source of errdelays were applied. Also, a small phase drift was observed
in the earlier 2D study, we suspected that the recycle delayunction of the evolution time, but this effect was too smal
might have been too short. From the diagonal elements of tioe influencing CSA data. Using the initial rates for the three
R matrix obtained in the 2D experiments, thel and *°C series of the'3C CSA 1D experiments, the following cross-
relaxation times are both about 2.5 s at any of the applied fieldsrrelated relaxation rates and derive€ CSA values were
(4.7 and 9.4 T). The recycle delay in the old experiments wabtained:5¢ ,,c = 20.8, 24.5, 25.3x 107 ° s™*; CSA(**C) =

14 s. Now we carried out the 1D experiments at 9.4 T using29.8,+35.1,+36.2 ppm. We judge the experiment with the
recycle delays of 14, 22, and 35 s. The evolution of tHengest delay as the most reliable. It is obvious from the
resulting antiphasé&®C doublets was evaluated using a simplbuildup curves shown in Fig. 4 that the initial rate period is the
initial rate method as described recentBy 9). Artificial zero least distorted when the longest recycle delay is used. Tt
points were not applied to substitute zero evolution time eQF-HOE experiments are less sensitive to the length of tt
periments. In the 1D°C CSA experiments, we observed aecycle delay in the initial period, although they also exhibitec
distortion of the amplitudes of the signals at short evoluticamplitude distortions. The resulting interference terms and th

Simultaneous fit of DQF-HOE and DQF-IR experiments

RS CHCI3

tau=18 ps
r(CH)=107.3 pm
CSA(H)=-10.8 ppm
CSA(C)=+37.1 ppm |

0.2+

0.156

Intensity Aormalized to eq
o
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CSA values are as follows,,cy, = —30.6,—30.1, —29.9 X
10 3®s ! CSA(H) = —11.0,—10.8,—10.8 ppm. The high-
quality simultaneous fit of the two longest delay experiments i *
also shown in Fig. 4. Indeed, Monte Carlo error analysis proves
the low errors, and we suggest revised liquid state values
CSA(3C) = +37.1+ 0.25 and CSAH) = —10.85+ 0.02.
An estimated correlation time error (5-10%) may be added t
these figures. The time constants for the decay rates of th
two-spin order are the same in both experiments (ca. 3.5 s). A
a conclusion, in both one- and two-dimensional experiment
relevant to interference effects, we recommend a recycle dels
of ca. 10 times thezz order decay time. Thus, the new
measurements bring the CSA values in chloroform into closer
agreement with most NMR data, except for one case measured
in a liquid crystalline medium. The remaining discrepancie L
between the refined experimental (as well as theoretical) d gl ;
may arise from different experimental conditions (e.g., solvent
effects) and possibly from the scatter of “constants” (e.g., bondre
length).

o = brd

[l

O G

f. 2s 4s 6s 10s 15s 20s 25s

FIG. 5. The buildup of the®*Si CSA interference signals in th&Si-

TRIPHENYLSILANE: COMPARISON OF HIGH-FIELD detected (Fig. 1d) experiment, compared to the intensity of the one-bor
carbon satellite. The first partial spectrum shows the reference experiment
1D AND 2D RESULTS

strong parent®Si signal with its**C satellites.

The ?°Si spin in triphenylsilane (TPSi) constitutes, together
with its directly bonded protonllJSi,H = —198 Hz), a pseudo beginning of the mixing period and before the finalread
two-spin system. This means that the dipolar interactions jpfilse. Higher sensitivity can be gained when the proton dete
this proton with the phenyl rings are neglected. Similarly, wion is used for theXx-CSA measurement. The pulse sequenc
neglect the'*C satellites arising from the resolved silicon-shown in Fig. 1e starts with a refocused INEPT to prepare a
carbon couplings) = —70 Hz,?J = 4.3 Hz, and®J = —5.0 enhanced inverted magnetization. Then, the orthogonal pro-
Hz. Because of symmetry, in total, the satellites contribute tm spin-lock pulses efficiently suppress the backgrotidd
much as 15X 1.1 = 16.5% of the full integral of the silicon magnetization. In spite of the additional purging pulses an
signal. Fortunately, thantensityof the parent silicon signal in refocusing, theX nucleus decoupling during acquisition is
the *H-decoupled spectra is not seriously affected. The siimpractical for TPSi, since suppression rates higher than 1(
con-29 nucleus relaxes very slowly, with tfig around 22 s, are beyond the possibilities of the present technology. For tf
and this fact by itself is a challenge. Two-dimensional expesilicon CSA measurement, we evaluated the intensities for bo
iments for establishing proton and silicon chemical shift athe °Si satellites in the refocused, undecouplétl spectra.
isotropy in TPSi were reported earlie?)( The published Figure 6 demonstrates the scattered suppression of the par
results are CSAH) = 8 + 4 ppm and CSALSi) = —20+ 15 proton signal in the Fig. 1e type experiment; still, the satellite:
ppm. The solid state measurements for silicon led to G%Y could be quantitatively evaluated.
= —40 ppm {7). To resolve this contradiction, perhaps due to For the proton CSA measurements uskdetection (DQF-
the low sensitivity at 4.7 T magnetic field, we ran both 1D andOE, Fig. 1c), the refocusing of the antiphaseloublets and
2D experiments on the same liquid sample at 11.8 T. proton decoupling during th& nucleus acquisition is quite

In order to increase the sensitivity of tbeCSA methods, straightforward. In the proton-detected variant of the DQF
the polarization transfer technique combined with decou- inversion recovery experiment (Fig. 1f), we again have th
pling during acquisition was applied as shown in Fig. ldiseful spin lock for purging the proton magnetization. How-
However, since the effects are extremely small for silicoaver, the application oX decoupling after the refocusing
(<3 x 103 s™1), in addition to the spin-lock purging of theperiod is generally not recommended for unlabeled com
antiphase proton magnetization, a self-refocusing silicon puggpunds. The overlap with the center proton line could be safe
ing pulse proved to be useful before the detection. The advavoided without decoupling, and a suppression rate of1*
tage of this latter improvement is that it removes the dispersiaras achieved. Generally, shorter profnis in favor of the
component from the detected signal, and greatly improves thieton detection and the sensitivity would be even higher witl
performance in the critical initial rate period. Figure 5 showan inverse 10-mm probehead.
how small the reaf°Si CSA effects are with respect to the 2D H-NOESY,X-NOESY, and HOESY experiments were
intensity of the ca. 1.694°C satellite. AlternativelyB,, field carried out according to the original “unbiased” method using
gradient pulses of different strengths may be applied in tieixing times of 1 ms and 6, 8, and 10 s. We know from the
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Simultaneous fit of inverse 29S8i and 1H expriments
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FIG. 6. The buildup of the?*Si CSA interference signals (silicon satel-
lites) in the*H-detected (Fig. 1e) experiment. The centtdlline is strongly
attenuated; however, it exhibits a scatter due to experimental instabilities.
discussed in the text, such undecoupled spectra can be safely evaluated.

FIG. 7. The simultaneous fit of thtH-detected®Si and*H CSA (Figs. 1e
%rgd 1f) experiments with the method of Trudestal. (31). Circles label the
le and asterisks label the 1f experimental points. Numerical evaluation
discussed in the text.

earlier low-field work and the present 11.8-T measurementsThe low signal-to-noise ratio, due to the extremely smal
that the T, for silicon-29 is about 22 s and the rotationainterference terms, does affect the initial rate approach. Tr
correlation time is close to 22 ps. In order to ensure reasonabignals are most distorted at the shortest mixing times, <
experiment time, a 150-s recycle delay was inserted betwemtasional insertion of the 0,0 point in the fit may be useful
each pulse sequence in 2D, and 200 s was allowed in #iso, the removal of the dispersion component of the de
X-detected and 100 s itH-detected 1D experiments. tected signals at the data analysis stage can be applie
For comparing the efficiency of the 1D and 2D methods, Risregarding the processing cosmetics, one might believ
is advisable to compare the data obtained on the same sgbet the simultaneous fit dH and X experiments using the
trometer and sample. This comparison is shown in Table 2. Theudeauet al. (31) method (cf. Table 2) would improve the
accuracy of the 2D data acquired at a field of 11.8 T appearsdocuracy, since it uses all points of the measured curve
fact similar to the earlier 4.7-T (2D) results. The diagonalhe best signal-to-noise ratio was obtained in thede-
elements of the relaxation matrix differ slightly more than onected experiments. Their simultaneous fit with the Trudea
standard deviation. Theoretically, the CSA/DD cross-correaethod (Fig. 7) gives CSA{Si) = —7.4 = 0.3 ppm and
lated relaxation rates should be proportional to the exterr@SA(*H) = +5.3 = 0.2 ppm. With the correlation time of
magnetic field. Indeed, th&, g;, term increases with the field 22 ps, these correspond to the cross-correlated relaxatit
as expected. The extremely sm&| 5;; does not show any real rates §; gy and dg; g;y of —6.6 = 0.3 and—1.8 + 0.1 X
change. 103 s7%, respectively. The random field contributions ap-

TABLE 2
The Relaxation Matrix for the 2°SiH System of Triphenylsilane Obtained by the “Unbiased” 2D
and by the Combination of Different 1D Methods

Rate parameter 2Drate at 4.7 T 1D (initial) rates at 11.8 T, 1D (initial) rates at 11.8 T,
[107%s7Y (Ref. 7) 2D rate at 11.8 T 253 detection 1H detection
PH 131+ 3 153+ 6 — —
Osin 25+ 2 232 22.4 —
Su.sit —4+1 -7+2 -75(-7.2) —6.8
Psi 60* 2 53+ 3 46 —
s sin -2x1 -2=*1 -1.8(-2.0) -2.0
Psin 127+ 1 117+ 2 — —

Note.The uncertainties in the 2D method correspond to one standard deviation of the fit. For the 1D methods, results of repeated measurements ai
with parentheses. Note that since the rates are small, they are given in units®cf £for better reading.
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