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An experiment is described that utilizes the truncation of the Hamiltonian in the rotating frame by
a radio-frequency field designed to yield an isotropic shift for the dipolar coupling. This approach
allows the measurement of a normally orientation-dependent coupling constant by a single isotropic
value. The dipolar isotropic shift is closely related to the field-dependent chemical shift in solids due
to the second-order dipolar perturbation observed in magic-angle spinning experiments. In the
rotating frame, larger shifts of up to 1000 Hz can be observed for the case of a one-bond C-H
coupling compared to a shift of a few Hertz in the laboratory-frame experiment. In addition to the
isotropic shift, a line broadening due to tRg(cospB) terms is observed when the experiment is
carried out under magic-angle sample spinn{MAS) conditions, leading to the requirement of
higher-order averaging such as double rotatid®R) for obtaining narrow lines. As an application

of this new experiment the separation of CH, £ldnd CH groups in a 2D spectrum under MAS

is demonstrated. Implemented under DOR it could be used as a technique to select carbon atoms
according to the number of directly attached protons. 1896 American Institute of Physics.
[S0021-960626)00221-9

I. INTRODUCTION rently available. This effect is known as the second-order
quadrupolar shiftand leads to 8-field dependent isotropic
shift in spectra of quadrupolar nuclei and an additional an-
nuclear magnetic resonancéNMR) spectroscopy. The isotropy which transforrT_\s_as the sum of a second—_and a
' fourth-rank tensor. To eliminate the resulting broadening re-

Hamiltonian is transformed into a frame rotating with the uires the use of dynamic-angle spinniAS) or double
Zeeman frequency of the nuclei, the zero-order or stati¢! y gee sp

. . fptation (DOR) technique&®® or the combined use of
terms are retained and all higher-order terms are neglectemulti le-quantum  spectroscopy and maaic-anale sample
This approximation works well if the Zeeman interaction is bie-a P Py g g P

much larger than all terms in the internal Hamiltonian and isSpm:\':géond important example of a second-order effect in

often referred to as the high-field approximatfohit is cer- the laborator frrfme is the BIoFc):h Siegert sAHA stron

tainly recognized that this approximation is not always ad-, . y —>leg ' 9
pfleld off-resonance from a nuclear Larmor frequency

equate to describe a spin system and in such cases highd . . :
o?der terms. . must bs in():/Iuded in the rotating-frar?wecauses an rf-field-dependent sKift*2 The shifts are usually

Hamiltonian. The next level of approximation is to include Sr_‘:ﬁ” except I'rl] th?_ case Off spin dgcoupllng fciL two nuclef|
all terms derived from second-order static perturbation\l’\éI 1very similar Larmor:Irequencies, as In the case o
F—H double-resonance experiments. In such cases, shifts

theory, the so-called second-order correctionin the aver-
y of several ppm have been obsentéd.

age Hamiltonian approaéf® these terms show up in the ) . .
Some years ago, a Zeeman field-dependent isotropic

first-order average Hamiltonian. In the laboratory frame the

second-order contributions to the Hamiltonian are propor—s_hift in solids was observed under magic-angle sample spin-

tional to w?/w,, wherew, is the strength of the interaction ning (MAS) and proton decouplingf, the effect was inter-

anda, is the Zeeman frequency. This leads in many cases tBreted as a dipolar shift arising from the second-order con-

a field-dependent chemical shift inversely proportional to thdfiPution of the heteronuclear dipolar couplings. The

B,-field which can be used to identify second-order effectsCPServed shifts are in the order of a few Hertz for a one-bond

Higher-order terms can be calculated but are rarely usefy—H coupling atatypicaBo-field of 4.7 T and can therefore
since they are much smaller and not important at high fields?® neglected for most practical purposes. The effect has been

One example of an important second-order effect in théthalyzed in terms of the Floquet fprmali%srmnd it has been
laboratory frame is the quadrupolar interaction in high magShown that the shift is accompanied by a broadening of the

netic fields® Since quadrupolar-coupling constants can be aS@Me order of magnitude as the shift. _
large as several megaheftthe second-order terms cannot The same effect should be observable for the symmetric

always be neglected even for the highest Zeeman fields cuPart of the chemical-shielding tensor if tii&-field is not
along one of the principal axes of the chemical-shielding

Y tensor and for the antisymmetric part as well. Both induce
Egi?;g;;gggls' DSM Copolymer Inc., P.O. Box 2591, Baton Roudgie|qs orthogonal to thé-field'®” and can therefore give

PPresent address: Department of Polymer Science and Engineering, UniveiS€ to a Second'ord_er effe.Ctv which would show up as a
sity of Massachusetts, Amherst, Massachusetts 01003. field-dependent chemical shift. To our knowledge, no experi-

Truncation of laboratory-frame Hamiltonians by a static
Zeeman fiel4?2is a very important concept in high-field
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mental proof of this effect has been reported in the literature. @ (W)
. 2 ) X
We have performed and analyzed an experiment closely
related to the field-dependent dipolar shift, which exploits Y ty
Apnan

the second-order effects in the rotating frame. Using the rf- T

field to truncate the interaction is often referred to as second

averagmé and has the advantage that the O.bserveqisecongTG. 1. Basic pulse sequence which can be used to measure the second-

order effects are not scaled by the Zeeman interactigi,  order dipolar isotropic shift in the rotating frame. After an initial

but by the rf—fie|d,wr7f1=('yBl)71. The Bl_fields are typica”y (7/2),-pulse the magnetization precesses about a rf-field alenduringt,

three to four orders of magnitude smaller than Bygfield and is then detected durirtg. The experiment can be transformed into a
hase-sensitive version by the addition of anothe®),-pulse aftert; to

and lead therefore to much Iarger second-order effects the{_)ﬂenerate the second data set needed for States-type processing.

the laboratory-frame experiments. For the case of a one-bond

C-H dipolar coupling we have calculated and observed

second-order shifts of up to 1000 Hz for a field strength of

wy/(2m)=100 kHz compared to a shift of a few Hertz ob- Mo ysnh
served commonly in the laboratory-frame experimérf. “’D(Q)__E' rS§| -P5(cos B)

The experiment is related to the zero-field NMR experiment
at high fields'® However, there the goal is to generate an
isotropic  dipolar-coupling Hamiltonian at high fields,
whereas in our experiment the anisotropic dipolar coupling is
transformed into an isotropic shift in the rotating frame. ~ P2(cosp) is the second-rank Legendre polynomial, and

A common feature of all second-order effects is that they{2=(a.3,7) is a set of three Euler angles describing the ori-
depend on the square of the interaction tensor scaled by titation of the dipolar-coupling tensor in the laboratory
size of the truncating field. If the interaction itself transformsframe. We can analytically diagonalize this Hamiltonian and
as a second-rank tensor, the square of the interaction can B an initial state of
decomposed into a sum of a scalar, a second-rank tensor, and

5
=5 P,(cosp), (2

a fourth-rank tensof® The scalar part is the part which gives 7(0)=S, )
rise to the isotrop_ic shift. The second- and fourth-rank ter"and under a phase-sensitive detection operator
sors are responsible for the observed powder broadening
which is always associated with the second-order shift. The D=S +i-S, (4)
powder broadening of the lines can be eliminated partially by
MAS or completely by DOR. we obtain two transition frequencies duribg

The material is presented as follows. In Sec. Il we ana- 5
lyze the most straightforward implementation of the pro- 0 ()=*w 1 wp({2) )
posed experiment and present numerical simulatistatic, * rf Wi ’
MAS, and DOR to show the basic features of the second- . . ) .
order dipolar shift in the rotating frame. An improved ver- "€ corresponding signal intensities are
sion of the experiment is then analyzed within the framework >
of average Hamiltonian theory. In Sec. lll we show an ex- W)= } ‘1t 14 wp(L2) ] ®)
perimental realization of this techniqgue and demonstrate a -4 Wy

potential application to separate the signals of CH, Chd

CHs groups in a 2D spectrum under MAS. These two lines represent the nutation frequency and the cor-

responding quadrature image, because the effective nutation
axis is slightly tilted off thex-axis due to the influence of the
dipolar coupling. If we assume that the field strengihis

Il. THEORETICAL CALCULATIONS AND NUMERICAL substantially larger than the maximum value of the dipolar-
SIMULATIONS coupling tensomp (Q2), we can expand the square root in Eq.
A. Basic theory (5) in a power series and obtain

The basic experiment that we are considering is a simple 1[wp()]? 1[wp(Q)]*
nutation experimentFig. 1) where we observe the nutation 0 (Q)=F oy 1 +351— “5
frequency of the spin duriny; under an applied rf-field of " f
strengthws= yB;. Assuming a static heteronuclear two-spin 3 [wp(Q)]°
system G—1) and neglecting the chemical-shielding tensor, 48 Wy - @
we can describe the Hamiltonian in the rotating frame during
t, by Limiting this expansion to the first two terms is equivalent to

o a second-order static perturbation treatment. We can rewrite

A= wp(Q)- 28|+ o Sy @ the square of the second-order Legendre polynomial as a
The orientation-dependent second-rank dipolar-coupling tersum of a zeroth-order, second-order, and fourth-order Leg-
sor is endre polynomiaf to obtain the following expression:
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5 52 5 the S- andl-spin chemical-shielding tensors, respectively, in
0p(Q)= T [P2(cosp)] the laboratory frame. The Hamiltonian of E@.0) leads to
the following four transition frequencies:

) 1 1 9 5
=5 E)JrﬂPz(cos,B)Jr%P“(cosﬁ) . (8

op(Q) *wg(Qy)

W

(x)m(Q,Qs): iwrf\/l—l— (11)

Substituting Eq.(8) into Eq. (7) and neglecting all higher-  gquation(11) can be expanded in a power series of the ten-
order terms in Eq(7) leads to the following approximate gorg and treated in a manner similar to the case of dipolar
expression for the nutation frequency: coupling shown in Eqs(7)—(9).

(Q) +[ i [1+1P( B)
. ~+{wst — | ==+ — P,(cos
20 |20 14 B. Numerical simulations

] _ (9) In order to analyze and verify the theoretical calculations
in Sec. Il A, we have performed numerical simulations on a
heteronuclear two-spin system using the NMR-simulation
In addition to the expected nutation frequengy we obtain  packagecamma.?*?° Three different sets of simulations
another isotropic terms/(40w,) which shows the inverse were performed under static, MAS, and DOR conditions.
proportionality to the rf-field strength typical for second- The coupling constant was set 8427)=46.6 kHz, which
order corrections. For a one-bond C—H coupling constant oorresponds to a one-bond C—H couplingref,=1.09 A.
dl(2m)=46.6 kHz and a rf-field strength af/(2m)=50 kHz,  No chemical-shielding tensor was included for either spin
we calculate a shift of 1086 Hz. Besides this isotropic con-since the size of the shift induced by the chemical-shielding
tribution there are two orientation-dependent terms whichensor is much smaller than the size of the shift induced by a
transform as second- and fourth-rank tensors. They are theéne-bond C—H coupling. Assuming an anisotropy of the
source of a broadening of the nutation spectra. Under statighemical-shielding tensor a¥=50 ppm, a carbon resonance
conditions we therefore expect a broad line due to thérequency of 100 MHz, and a rf-field strength of 90 kHz, we
P,(cosp) and P,(cosp) terms in Eq.(9). These powder calculate an isotropic shift of 25 Hz compared to a shift of
broadenings can be removed partially by recording the spegnore than 1000 Hz induced by the dipolar coupling. The
tra under magic-angle spinninlAS) (Refs. 20, 21, 2Por  powder average was performed over 376 different orienta-
completely by double rotatiofDOR). In this implementa- tions using the formalism of Cheffto attain optimal cov-
tion of the experiment dynamic-angle spinnifidAS) could  erage of the sphere. The static spectra were obtained by a
also be used to fully remove the second- and fourth-rankrequency-domain simulation, which calculated the transition
tensor powder broadening$:® frequencies and probabilities. The spectra were convolved
The above treatment is only correct if the rotation in-with a Gaussian line of width 100 Hz.
duced by the rf-field is substantially faster than the mechani-  The MAS and DOR spectra were calculated using Flo-
cal rotation due to MAS or DOR, i.e., ifby>w,. If the quet theor)f_3'27*28 We can rewrite the time-independent
mechanical rotation is much faster than the rf-fieig<w,,  Hamiltonian of Eq.(1) under magic-angle sample spinning
the order of the averaging processes has to be reversed ajtdthe following time-dependent form:
no second-order dipolar isotropic shift can be observed. In ,
the intermediate regime whete;~w, , the system becomes A1) =wp(Q(1))- 25,1+ @ S

9
+ 70 P4(cos B)

complicated and a theoretical description is no longer pos- 2 s
sible in terms of consecutive averaging processes. In this = E EZSm(a,B,y)~dfn of )-e imert|. —
case, a multimode Flogufétdescription or numerical simu- m=-2 ’ 2
lations have to be used. 2

The Hamiltonian in Eq.(1) does not include the 2S,1,+ wrf.sx:mzz M. g imort (12

chemical-shielding tensor of both tige and thel-spin. The
chemical-shielding tensor of thespin has no influence on

the ol_)serve(_j trgnsition frequencies or i_ntensi_ties. S'“’"? element®’ with the Euler angles, 8, andy representing the
chemical-shielding 'Fensor, how_ever, gIves rise to baSIcaII36rientation of the crystallite relative to the rotor-fixed frame;
the same type of shifts as the dipolar-coupling tensor, excgq}% .(0) is the reduced Wigner rotation matrix eleméng is

Ior .the.prtlas(;a_ncebozhadgltlopall crr:?sls d_tern:s. The full Ham'l'thé angle of the sample rotation axis with the static magnetic
onian inciuding both chemical-shielding tensors 1S field; w, is the spinning speed; antlis the anisotropy of the
dipolar coupling as defined in E§2). The Floguet Hamil-
tonian is then given

where i”Zﬁn’n(a,,B,y) are the Wigner rotation matrix

T=0p(Q)- 25|+ 0g(Qg) S+ w () 1+ wy S,

(10
where Qg and (), are sets of Euler angles describing the -%F:nzzn |¢.n) (Bl 7" ™) (@, m, (13
relative orientation of the principal-axes systeffPAS) of bo
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where|¢,n) are the composite basis function of the Floquet
space. For the DOR spectra we perform a two-mode Floquet

static MAS DOR ay/2n
simulatiorf>?8 with

90 kHz
2 2

)= 2 D A mm). emimert. gmimest i i |
mp=—2 my=-2 E :
(14 ' 70 kHz
M =g (@, B,y) - Aoy (61)-€7 M2 | Y
5 . ; ; 50 kHz

: dzmz,o( 02)- 5 257l 2+ witSx- oy, * Som,

as JL M e

2 0 2 6 10 4
and (05-o)/(2m) [kHz] (wg-g)/(2m) [kHz] (0g-0g)/(2m) [kHz]

FIG. 2. Simulation of the second-order dipolar isotropic shift in the rotating

F= 2 |¢,nl,nz)(¢|]ﬂnl’ml*”2’m2)|¢> frame for a dipolar-coupling constant éf(27r)=46.6 kHz, corresponding to
ni.ny a C—H distance of,=1.09 A. The powder averages were performed using
my,m, 376 (static and MAS or 100(DOR) different orientations and the resulting

b0 frequency-domain spectra were convolved with a Gaussian line of width
100 Hz. In the MAS and DOR simulations, Floguet theory was used to
X(‘Pv My, m2| . (16) describe the time-dependent Hamiltonian. The MAS rotation frequency was

set to 5 kHz and the DOR frequencies were 1 kHz and 5 kHz. The origin of
%rZH n(a',BJ’) are the Wigner rotation matrix eleme?ﬁ:with the frg_quency axis was set to the basic nut_ation fre_quaWw) in order
the’EuIer angles, 8, andy describing the orientation of the to famhtatquompanson of the spectra at dn‘ferent.f.leld stre.ngths. Thg DOR
) - / . spectra exhibit clearly the dependence of the additional shift on the inverse
crystallite relative to the first rotor-fixed framé, and 6, are  rf-field strength. The broadening in the static and MAS spectra is due to the
the inclination angles of the two axes about which theP.(cosp) andP,(cospB) powder orientation dependent terms which are av-
sample is rotating with the frequencieg and w,, respec- eraged out by DOR. Note that the frequency axis for the stat.ic spectra is
. . . ifferent from that for the MAS and DOR spectra. More details of these
tively. ¢ is the phase difference between the two rotors, antiimulations can be found in the text.
om,n is the Kronecker delta function. Numerical diagonaliza-
tion of this Hamiltonian with the Floquet space limited to
[n—m|<10 (MAS) and |n;—my|<4, |[n,—m,|<4 (DOR)
was used to calculate the frequency-domain spectrum undeér
MAS or DOR using the appropriate density and detection™
operatoré® to obtain the relative intensities of the transition The main shortcoming of the experiment as shown in
frequencies. Again a powder average over @VAS) or 100  Fig. 1 is its sensitivity to rf-field inhomogeneities. Since the
(DOR) different orientations was performed and the resultingdesired effect is superimposed on the basic nutation fre-
spectra were convolved with a 100 Hz Gaussian line. Theuencyw;, any inhomogeneity of the rf-field will lead to a
spinning speed was set to 5 kHz in the case of MAS and to $ubstantial broadening of the resonance lines. For a solid-
kHz and 5 kHz in the case of DOR. state NMR probe, we can expect a Gaussian distribution of
Figure 2 shows the simulations for the static, MA@ the inhomogeneity with a width of roughly 5% of the rf-field
=54.749, and DOR(#,=54.74°, $,=30.129 case for four strengtt?® In the case of a 100 kHz rf-field, the inhomoge-
different field strengthswy/(27) between 30 kHz and 90 neity would lead to a line with 5 kHz half-width which
kHz. The zero point of the frequency axis is always set to thevould make the observation of a shift of the order of 1 kHz
basic nutation frequency,/(27) to facilitate a comparison very difficult.
of the spectra at different field strengths. In the static case, In order to overcome this problem, we use a different
we see a broad line due to the superposition ofRh@osB)  type of nutation sequence which compensates for the nuta-
and P4(cosB) powder patterns. The width of the line scalestion due to the rf-field but not that due to the second-order
with the inverse of the field strengtly;*. The MAS spectra  dipolar shift. Three different approaches to achieve this goal
show a much narrower line than the static spe@tiate the  are shown in Fig. 3. They all rely on the fact that the rotation
different scale of the frequency axes in Fig.\#ith the ex- due to the second-order shift scales with the inverse of the
pectedP ,(cosB) powder pattern, which again scales with thefield strength,w®, while the nutation due to the rf-field
inverse of the rf-field strength. The DOR spectra show ascales linearly with the field strength,;. Assuming that the
single sharp line with spinning sidebands. The isotropic poinhomogeneity is proportional to the rf-field strength, these
sition (i.e., the center of gravilyof all the spectra is shifted sequences will reduce the broadening due to rf-field inhomo-
as can be seen best from the DOR spectra. This second-ordggneities substantially. The sequence in F{@) Bnplements
shift scales linearly with the inverse of the field strength,this by rotating the spins b{2x), at a field strengthw; and
wyt, as expected from the theoretical calculations. then back by(2m)_, at a lower field strength X w; wherea

Improved experiment
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3 @0 i 1ta [ogQs+3ug( Qg wp(Q)?
I x x 77 T a3 +a? 205 G
o —_—|Ia~m,f wp(Q)3+30p(Q) wg(Qg)?
4 707 25,15, (19
b) I (2m) (_g)_x @-X @_x (g)x
nw Al (Al |A] A 4
— l-a
HI =y
9 @, @ 6. 6. 0. 0. 6.0, 3 0o()*+Bup() 097+ 0l09°
\2/ \2/ \2/ ol = 3 :
BB P B 8

3 40g(Q9)%wp(Q)+40g(Qg)wp(Q)3

FIG. 3. Three different pulse schemes designed to implement the compen- +§ w3 28l z|.
sated version of the second-order dipolar shift experiment.(an a rf
(2m),-pulse is followed by d2m)_,-pulse with lower rf-field strength. This (20)

leads to a compensation of the basic rotation due to the rf-field, but the
rotation due to the second-order effect is retained because the second-order

effect scales withwy ! and not withwy . In (b) the same effect is achieved by . . . .
using four(m/2)_,-pulses spaced by a delay This leads to a lower effec- AS €xpected, the zeroth-order average Hamiltonian is zero in

tive field for the back rotation resulting again in a cancellation of the basicthe S-spin operators due to the averaging properties of the
_”Utattiog ,ffebql:ﬁqﬁy fb“t ”%t Ofdt:‘he Zecok”d'toidef _?Lfecégfg;e'ays are rotation by the rf-field. For the case of equal field strength
Inserted in bo e Torward an € Dack rotation. e as usually _ - .
set to 0.3us (the shortest possible value on our instrumeard A, was (a_:,L) the CoeffI_CIe.ntS In fr(_)nt _Of the odd orders are zero
varied to observe different dipolar shifts ensuring that the timing of thel€@ding to a vanishing contribution from the odd-order aver-
pulses for both rotations is the same and producing experimentally superi@ge Hamiltonians as expected for a symmetric pulse
compensation of the basic nutation frequency than the sequertbg in sequencé. However, fora#1 all orders contribute to the
average Hamiltonian. The second-order dipolar shift is mani-
fest in the first-order average Hamiltoniamhich is equiva-
lent to second-order perturbation thepry form of the
2 .
is a scaling factor describing the relative intensities of the®n(?)7(2w)Sy term. The second-order and third-order av-
two applied rf-fields. The sequence in FigbBachieves the ©rage qulltonlans describe higher-order correc_t|0n§ to the
same goal by inserting delays between th2) -pulses to Hamiltonian. In the second-order average Hamiltonian the
—X . . A . .
create a lower time-averaged field for the back rotation. Th&iPolar-coupling term appears as a coupling while the third-
practical implementation used in all the experiments preOrder term has again the form of a shift. Depending on the
sented in the next section is shown in Figc)3In this ver- ~ S1Z€ of the interaction and the rf-field strength it can be nec-
sion delays are inserted between thé2),-pulses as well as  €SSary to include these higher-order terms to obtain an accu-
X .. .
between thew/2)_,-pulses. This has the advantage that the"@t€ description of the spin system.
basic nutation due to the rf-field is better compensated than Neglecting the chemical-shielding tensdrss({1s) =0,
with the pulse sequence of Figs. w,(Q,)=0) again as in Sec. Il A and expanding the powers
. . o
We can analyze the Hamiltonian under the influence off the dipolar-coupling tenslgru(D(Q) ) in a sum of Leg-
these three pulse sequences most easily within the fram&ndre polynomiald>,(cosp),™ we obtain the following ex-
work of average Hamiltonian theoAHT).2~% In order to ~ Pressions for the four orders of average Hamiltonians:
simplify the calculation of higher orders of average Hamil-
tonians, a program irMathematicd’ using the spin-1/2 —

7/0) —
simulation packageoME (Ref. 31 was developed to analyti- # 0, (22)
cally calculate the first four orders of average Hamiltonians
for pulse sequences consisting of delays and pulses with ar- 1-a2 &2

bitrary phases and amplitudes. Starting from the Hamiltonian /(1) — _ C—_
in Eq. (10), we can calculate the zeroth to third order for the a‘ta 2oy

1 5
- Sy X 2—0+ 70 P,(cosB)

pulse sequence shown in FigaB 9
L + 70 P4(cospB)|, (22
7/{0):w|(ﬂ|)lz, (17)
= 1-a® [wp(Q)?+ws(Qs)? — 1+a® &° 3
VD =_ . . yo——_°= 7 42

27a Don Sx A . 207 25717 75+ 5g P2(cos )

2wp(Q)wg(Qs) } 7 9

+ ———F 2541, 18 i —
20 Sxlz (18) + 3g8 P4(cos B) + 1, Pe(cos B) |, (23)
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S5 1—-a% 364 { 3 5 tached protons can be used to separate the different CH

a*ra® Bad “Sx| 560 308 P2(€0SA) groups in a 2D spectrum where tag dimension shows the
second-order dipolar shift and the, dimension displays a
459 9 normal MAS spectrum. Special consideration must be taken
+ 500207 4(€0SB)+ 775 Pe(coS B) in the case of fast internal motions. These motions can par-
tially average out dipolar couplings as is the case for;CH
groups. If the motion is faster than the cycle time of the pulse
sequence, only a scaled dipolar coupling will appear in the
dipolar-shift experiment. For CHgroups, which rotate rap-
In this representation, the second-order dipolar isotropic shiffjly, apout their symmetry axis, the scaling factor is
is clearly manifest in the tern®/(40w,)Sx . Compared to the P,(cos 70.5§~0.33.
basic experiment described in Sec. Il A, the shift is scaled by |y this context we should analyze other effects which
the factor—(1—a?/(a’+a). If the experiment is performed can show up in the same way as the dipolar shift. The most
under MAS, the different Legendre polynomials_in Eqs-important ones are the isotropic chemical-shift offgbig)
(21)—(24) are scaled byP,(cos6), where §=54.74° is the  and the anisotropic chemical-shielding tensog(Qg)). The
magic angle at which the sample is spinniGhis leads to  chemjcal-shielding tensor transforms also as a second-rank
the scaling factors Py(cos6)=0, P4(cos6)=—7/18,  tensor and therefore gives rise to the same type of effects as
Pg(cosf)=2/9, andPg(cos#)=11/72. Under DOR, the dif- the dipolar coupling. The relative size of the effect due to the
ferent Legendre polynomials in Eq21)—(24) are scaled by  chemjcal-shielding tensor can be easily estimated. For an
p=Pn(cos6y)-Py(cosd,), where6=54.74° andh,=30.12"  gjiphatic carbon atom the anisotropy of the chemical-
are the two angles about which the sample is spinffirig. shielding tensor is usually smaller than 50 ppm leading to a
The numerical scaling factors for these two anglesp#®  gecond-order shift which is by a factor of 20 smaller than the
for n=2 andn=4, p~—0.086 forn=6, andp~—0.049 for  ghjft due to the dipolar coupling at a 100 MHz carbon reso-
n=8. ) ~_ nance frequency. The additional shift induced by the isotro-
Based on the different orders of the average HamlltonlarbiC chemical-shift offset can be much larger and cannot al-
[Egs.(21)-(24)] we would expect the second-order averageyays be neglected. However it is very easy to compensate
Hamiltonian to become important for the case of equal fieldkor the offset and correct the obtained second-order shifts by
strengths for the forward and back rotati@=1) since. 7  the amount due to the isotropic chemical-shift offset. Based
is in this case the first nonvanishing term. For a one-bong, Eq.(18) we find in first order
C—H coupling and a rf-field strength af/(27)=90 kHz the )
coupling term is in the order of 50 Hz. However this descrip- F— _ 1-a ) A_ws S, (26)
tion is only correct for an isolated two-spin system. If strong a’+a 2wy ‘
homonuclear couplings are present they give rise to the so-
called self-decoupling effetind no splitting of the line can

Pg(cospB)|. (24

9
* 1430

It is important to note that for the pulse sequences of Fig.
3 the rf-field strength is no longer the important factor for the
be observed. . . . .
- comparison with the mechanical rotation frequency. Here we
The pulse sequences in FiggbBand 3c) have been )
. . have to compare the cycle time of the full pulse sequence
analyzed in the same way. The different orders of the aver- ; . )
S with the MAS rotation frequency. The above treatment is
age Hamiltonian show the same operator terms as the ones

o o o ey OByl 1o o e e s .
and S, term in .77'?. The scaling factors in front of the y y b

: . .__rotation. If the MAS speed approaches the cycle time of the
orders are different and more complicated, but the numerica . )
. - L pulse sequence, the consecutive averaging approach breaks
values for a given effective field strength are very similar. :
. : : . down and other theoretical models have to be employed to
If we analyze the dipolar isotropic shift for a Glthree- : .
. . . . accurately describe the system. This breakdown has also
spin or a CH four-spin system, we find that the shift due to . X
; . . . I been observed experimentalgpectra not showrn the case
the different dipolar couplings is additive. For a £group, : . ) .
we find the following first-order average Hamiltonian: of the MAS experiment described in the next section. For a
9 9 ' rotation frequency ofw,/(27m)=10 kHz the spectra started

_ 1-a2 1 deviating from the expected form for a cycle time of the
"7A1):_a7+_a : 2—{[w10(91)2+ wop(0)? pulse sequence of,=>50 us. In addition to the shifted
@it second-order peak, a zero-frequency peak started to appear.
+ wg(Q9)?]- Sx+2w1p(Q1) wg(Qg)- 2S¢l 12 This implies that the consecutive averaging approach is in
this case only valid fok, - 7,=<1r.
+2w,p(0)ws(s) - 25«1 57 It is necessary to discuss the limitations of the average
+2w1p( Q1) wop(Qy) - 4Sxl 171 57} (25)  Hamiltonian approach concerning the convergence of the se-

ries of Hamiltonians. The condition for convergenc& S
For a CH group, we find that the shift is the sum of the
square of all three C—H dipolar couplings scaled by the rf-
field strength. The fact that the different carbon atoms showvherewy; are the eigenvalues of the HamiltonigEq. (10)].
an isotropic shift depending on the number of directly at-In our case, assuming that the dipolar coupling tensor is

ma){(l)Oi_wojl'TC$27T, (27)
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larger than the chemical-shielding tensor, the maximum tran- )
sition frequency isd/2=2#-23.3 kHz for a one-bond C-H (5), Py

coupling. This leads to a maximum cycle timeg&43 us. | decouple
3. 5),
AZHAQHAQ

t2

For a rf-field strength ofv,/(27r)=50 kHz this condition is
() (). (3)
Tl
t

usually fulfilled. ©Py_(z))3), ) (2,
The first-order average Hamiltonian of E{.8) shows S HAﬂAﬂA
another interesting feature. The cross term between the L
chemical-shielding tensor and the dipolar-coupling tensor @), o),
| H decouple ‘

generates a contribution to the first-order average Hamil-
tonian of the formwp(Q) wg(Qg)/w;-2S¢1,. The size of
this coupling term depends strongly on the relative orienta- (CP), F)_y (3,3, ), @), B, (g)_x(g)_x(g)_x(g)_ﬂ

tion of the two tensors and is of importance in the case of & H detect H HA1HA1HA1HA1HA2HA2HA2|:|A
L

continuous-wave decoupling in isolated heteronuclear two-
spin systems. A detailed analysis of this effect is in prepara-

tion and will be published elsewheid. FIG. 4. Two pulse sequences used for measuring the second-order dipolar
isotropic shift. Sequenc@) gives a 2D spectrum with a standard 1D MAS

spectrum inw, and the nutation spectrum i,. In order to obtain a 1D

IIl. EXPERIMENTAL REALIZATION nutation spectrum, a projection onig must be taken. The fir§t/2),-pulse
' is used to generate the second data set for phase-sensitive States processing

All experiments were performed on a home-built Spec-in w,. Sequencdb) is a 1D version with single point acquisition. The
t t ti t t L f f 301 7/2),- and (m/2) _~-pulses around the detection period are used to flip the
rome er. opérating a a proton Larmor irequency o ~“y—z plane in which the magnetization is precessing intoxhg plane for
MHz, using a commercial 4 mm MAS probe assembly fromdetection and back to allow sign discrimination. This sequence requires that
Chemagnetics. As a test sample we uSii a-labeled ala-  the observed line is on-resonance.
nine which was diluted 1:5 with unlabeled alanine to reduce
homonuclear*3C—13C interactions. In all experiments the

pulsed version of the nutation sequelEay. 3(c)] was used

rather than the power-switched versigiig. 3a). The prac- Fig. 5b)] optimization of the impedance matching of the

tical advantages of the pulsed versions are that only on g . e :
. .Probe to the amplifier. No dipolar shift is expected since
pulse length needs to be calibrated and that the compensatign bl P M 1S exp :

. ) ; . . =A,=0.3 us in both spectra. The spectrum without tuning
of the basic nutation frequency is superior to that obtained *,, ~2 . A -
with the power-switched version. The deldy was usually of the phase transientig. Sa] shows a large splitting due

set to the minimum possible value of 0 andA, was to the additional phase modulation ip. After minimizing
2 . X X
varied to obtain spectra with different shifts. This version ofthe influence of the phase transients, the spectftigi 5b)]

the pulse sequence ensures that the timing of the forward arﬁdgﬁ\_’\\ﬁctj?he ze;[(pﬁ;l:‘i? e?éﬁ'%fhfgg I||_r|lze a: nzder;) fg;ﬁ;?g VI\:Ir:Z a
backward rotation is the same and experimentally produced gwape. Part of this line broadening is due to the apodization

much better compensation of the basic nutation frequencgf the signal int, by a cod-window function and the limited
than the sequence shown in FigbB For all experiments, .

cross polarizatiofCP) (Refs. 2, 3, 3Ywas used to increase
the sensitivity and to shorten the recycle delay. The decou- )
pling field strength on the protons in all experiments was
~75 kHz and the MAS frequency was controlled by a home-
built spinning-speed controller.
Figure 4a) shows the pulse sequence used to record the
2D spectra. Sign d.iscrimin_ation im; was achieved Iby the 10 ' 5 ' 0 ' 5 T 10
States methodf This was implemented by recording two o/(2n) [kHz]
different sets of spectra with and without the first b)
(m/2),-pulse on theS-channel. Before running the experi-
ments a tune-up of the phases and amplitudes of the four
different quadrature channels of the spectrometer was
performed>®® Care was taken to minimize the effects of
phase transienfs.Theoretical calculations show that such 10 ' 5 ' 0 ' 5 ' 10
phase transients introduce an additional phase modulation in o4/(2m) [kHzZ)
the.tl. domain Of. the 2D eXpe“me.m leading to an a'ddltlonalFlG. 5. Influence of phase transients on theprojection of the 2D dipolar
spthmg of the. line, an eﬁeCt.Wh'Ch was also obsgrved ex'isotropic spectra(a) is a spectrum recorded without optimizing impedance
perimentally(Fig. 5. The additional phase modulation was matching of the probe to the amplifier. The splitting is due to the additional
used to experimentally minimize the phase transients byhase modulation induced by the phase transig¢hisshows the spectrum
matching the impedance of the probe to that of therecorded under similar conditions after minimizing the influence of the
e D39 . phase transients. The spectrum shows the expected single sharp line at zero
amplifier®=" After the tune-up no'phase modulations CC“.*'Idfrequency with a half width of the Gaussian line of 175 Hz. Since
be observed even after 100 iterations of the sequence. Figusg=A,=0.3 us no dipolar isotropic shift is expected.

n

5 shows the projection onte, for two different spectra re-
corded under similar conditions witholFig. 5a@] and with
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a) b)
2000 2000
1000 1000
iy oy
z ==
i ® 5
3 s
-1000 -1000
-2000 -2000
1000 500 0 1000 500 0
wo/(2m) [Hz] wp/(2m) [Hz]
[ T T
c) d) 3000 2000  -1000 0 1000 2000 3000
2000 2000 w/(2m) [Hz]
1000 1000 FIG. 7. Series of 1Dw;-projections demonstrating the dependence of the
- @ = dipolar isotropic shift on the delays; and A,. All spectra were recorded
I T with the pulse sequence of Figia) After 2D data processing, a projection
O Eo onto thew,-axis was performed to obtain the 1D spectra. The dalawas
§~ E— varied from 0.3us in 0.8 us increments to a maximum value of 7.5
21000 -1000 resulting in a positive dipolar shift, whila; was kept constant at 03s. In
a second set of experiments, the defgywas varied from 0.3us in 0.8 us
2000 2000 increments to a maximum value of 43, leading to a negative dipolar
1000 500 0 1000 500 0 shift, while the delayd, was kept constant at 0/3s in this series. The two
0o/(2m) [H2] p/(2m) [HZ] sets of spectra with positive and negative shifts are mirror images as ex-

ected.
FIG. 6. 2D spectra recorded with the pulse sequence of Ka.with a P
rf-field strength ofwy/(27m)~75 kHz. The CP contact time was 0.5 ms and
128 complext, time points with 16 scans each were summed. All spectra .
show the normal 1D MAS spectrum as the projection ontauhexis, while ~ and a broadening of the spectrum due to fhécosp) term
the péOchtiOE C;]ntodﬂ:@raxis dﬂzpresems the nutagonhSpectrL(ml. wasI which is not averaged out by the magic-angle sample spin-
recorded with the delayd; and A, set to 0.3us and shows a relatively i i i
sharp line at zero frequency i, . In (b) the delaysA; and A, were set to ning. .For the spectrum in Fig.(@), the delaySAI. an.d A,
4.3 us in both the forward and the back rotation pulses. The spectrum showd/ere interchangedA;=4.3 us, A,=0.3 us) resulting in an
a slightly broader line due to the lower effective field with the center of inversion of the sign of the dipolar shift. The same inversion

gravity still at zero frequency(c) was recorded with the delay;=0.3 us  of the sign can be achieved by shifting all the phases of the
andA,=4.3 us resulting in a positive dipolar shift as well as in a broadening nutation sequence by 180°

of the line. In(d) the delaysA; and A, were interchanged, resulting in an . o .
inversion of th(e)sign of th)é Shift m,llz g g Figure 7 shows a set of 1, projections in order to

demonstrate the dependence of the dipolar shift on the delays
A, and A,. All 2D spectra were recorded with the same

number of measurety points (64 comple). Another spec- parameters as the 2D spectra shown in Figw@(27)=75
trum recorded under similar conditions but with 256 com-kHz, w,/(27)=5 kHz, 7-p=0.5 ms, 128 complex; points
plex t; points exhibited a linewidth of only 90 Hz. with 16 scans eaghusing the pulse sequence of Figay

Figure 6 shows 2D spectra demonstrating the dipolaifter 2D processing, a sum-projection aloag was calcu-
isotropic shift. All spectra were recorded with a rf-field lated over the width of the peak. This resulted in the 1D
strength ofwy/(2m)~75 kHz, a CP contact time of 0.5 ms, spectra shown in Fig. 7. The deldy was varied from 0.%s
and a spinning speed of 5 kHz. One hundred and twentyin steps of 0.8us to a maximum value of 7.xs while the
eight complext, time points with 16 scans each were addeddelay A; was kept constant at 0,3s, leading to a positive
up with a recycle delay of 1 s. After a hypercomplex Fourierdipolar shift. At the same time, the broadening of the line
transformation the resulting spectra show the expected fealso increases with increasing shift as expected due to the
tures (Fig. 6). The projection ontow, shows the standard P,(cospg)-term which is not averaged out by MAS. In a sec-
MAS spectrum in all cases while the projection oatprep-  ond set of experiments, the deldy was varied from 0.3«s
resents the dipolar-shift or nutation spectrum. For the spedn increments of 0.8&s to a maximum value of 4.3s while
trum shown in Fig. €), the delayA;=A,=0.3 us resulted in  the delayA, was kept constant at 0/3s resulting in a nega-
no dipolar shift and a relatively sharp line at zero frequencytive dipolar shift. The two sets of spectra with positive and
in w;. The spectrum in Fig. ®) was recorded with delays negative shifts are mirror images, as expected.
A;=A,=4.3 us inserted into the forward and the back rota-  The experiment can be implemented not only in the 2D
tion of the sequence shown in Figa#leading to a reduced fashion discussed so f@Fig. 4@)], but also as a 1D experi-
effective field strength but to no dipolar isotropic shift sincement with single-point detectiolf. The sequence used to
the effective field for both rotations is the same. The resoimplement the 1D version of the experiment is shown in Fig.
nance line is slightly broader in the; dimension due to the 4(b). During the detection period the magnetization which
lower average field strength but is still at zero frequency. Foprecesses in thg—z-plane during the nutation sequence is
the spectrum shown in Fig.(§ the delays were set to flipped into thex—y-plane by the first(n/2)_,-pulse and
A;=0.3 us andA,=4.3 us leading to a positive dipolar shift after the detection rotated back into tlye-z-plane by a
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1500 : : . pulse sequence was implemented by ideal square-wave
pulses with a finite length. In the experiment, however, all
pulses have a finite rise and decay time leading to a higher
o) peak rf-field strength in the experiment than it is calculated
i A T from the w/2-pulse length. The rise and decay times can
g explain the discrepancies between experiment and simulation
8 because the second-order shift depends on the inverse of the
500 | Q 4 field strength. The higher peak rf-field strength in the experi-
] ment will lead to a smaller isotropic shift compared to the
g simulations. The points shown for the average Hamiltonian
1 8 theory include only the first-order term. They were also cal-
°& 20 40 60 8.0 culated for the experimental pulse sequence of Fig. 8nd
Ap-Aq [ns] here the isotropic shift can be obtained analytically. For the
dipolar coupling constant the same vald§2m)=44.4 kH2
FIG. 8. Isotropic shifts for the spectra shown in Fig. 7 as a function of thegg in the numerical simulations was used.

difference of the delayd, andA,. The isotropic shifts were calculated for . .
the experimental spectfal) by calculating the center of gravity for the 1D To show the pOtemlaI of this new method as a tool to

spectra. The numerical simulatioi®) were performed using small step Separate CH, CH and CH groups, spectra of two different
integration of the equation of motion to describe the time dependence of thgamples under identical conditions were recorded. The first

Hamiltonian due to the MAS sample rotation under the pulse sequence cgample is a 14 amino acid peptide from the Prion protein

Fig. 3(c). The average Hamiltonian calculatiofs) include only the first- P di ¢ id 109 to 122 of Svri H

order average Hamiltonian for the sequence shown in Rig. 3 (PrP corre§pon INg 10 residues 0 0 y”"ﬂ am-
ster PrP with the sequence MKHMAGAAAAGAVYE*4 A
mixture of two different!3C labels on the methyl and alpha

(m/2),-pulse. The sequence requires that the line in questiofarbon of alanine-115 was used. The second sample was a
is on-resonance because of the chemical shift evolution duf3ly—Gly dipeptide with a'°C label at glycine-2°C,. The
ing the detection time. The sequence can be modified b§PiNNing speed was set t@/(27)=6080 Hz, the field
inserting an additionadr-pulse in the middle of the detection Strength wasw/(2m)=75.6 kHz, and the CP contact time
period to refocus the chemical shift. The 1D sequence didvas set to 2.5 ms. Two hundred and fifty-gik4 residue
not work as well experimentally as the 2D sequence of FigPeptidg or 64 (Gly—Gly) scans were added up for each of
4(a). The signal to noise ratio of the spectra was considerablyhe 64 complext; times using the pulse sequence of Fig.
lower than that for the 1Dw, projections recorded in the 4(a). Figure 9a) shows the resulting spectra fag=A,=0.3
same amount of time. uS showing, as expected, no dipolar shift for all peaks. The
Figure 8 shows a comparison of the isotropic dipolarspectra in Fig. &) were recorded withA;=0.3 us and
shift as a function of the difference of the two delays-A,  A2=2.7 us and show the expected shifts. The peak of the
for the measurements, numerical simulations and first-ordeeH. group has the largest shift and its resonance is consid-
average Hamiltonian theory. The measured values were ol§rably broader than the line of the CH group. The;Girbup
tained by calculating the center of gravity of the spectrashows the smallest shift as a result of the partial averaging of
shown in Fig. 7. As expected, the isotropic shift increasedhe dipolar coupling due to the fast rotation of the {oup
with increasing values af,—A,. The numerical simulations about its symmetry axis. The motion leads to a scaling of the
were performed using small-step integration of the Liouville-dipolar coupling byP,(cos 70.5§~0.33 and therefore to a
von-Neumann equation because of the time-dependence gduction of the shift due to a single proton to roughly 1/9
the Hamiltonian due to the MAS sample rotation. Five thou-compared to the shift of a rigid CH group. Because there are
sand time steps were calculated for a full rotor cycle leadinghree equivalent protons, the total shift for a Cétoup is
to a time resolution of 40 ns. The experimental pulse seroughly 1/3 of the shift of a rigid CH group. The influence of
quence of Fig. &) was used for the simulations and 538 the chemical-shift offset over the observed range is very
different powder orientations were calculated. The C—H dissmall. Based on the first-order average Hamiltonj&iu.

tance was taken from a neutron diffraction measurement df26)] the second-order shift induced by an isotropic
alanine*! This value was corrected for the different vibra- chemical-shift offset of 2000 Hz is less than 20 Hz and can

tional averaging of neutron diffraction and NM@®Ref. 42 therefore be neglected. The characteristic shifts of the differ-
resulting inrc,=1.104 A. The isotropic dipolar shifts of the ent groups in; together with the high resolution i, allow
simulated spectra were calculated in the same way as for tHee separation of the CH, GHand CH groups in a 2D
experimental data. The shifts from the numerical simulation$pectrum.

are consistently too high. There are two uncertain parameters

in the simulation, the C—H distance and the rf-field strength.'v' CONCLUSIONS

One possible reason for this systematic error could be the We have shown that second-order dipolar shifts in the
numerical value for the C—H distance which was used in theotating frame can be substantially larger than the second-
simulations. However, an increase of 3% in the bond lengtlorder effects due to truncation of the dipolar coupling by the
is necessary to account for the difference between the sim&Zeeman field. The shifts can be on the order of 1000 Hz,
lated and measured shifts. In the numerical simulations theompared to a shift of several Hertz in the case of the

O measured
O simulated
A AHT

oo

o> O

1000

Wisof(27) [Hz]

®
O
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a directly-attached protons using the isotropic part of the shift.
2500 2500 Future work to explore the implementation of this experi-
2000 2000 ment under DOR is under way in our laboratory.
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