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In this paper we describe the use of heteronuclear scalar cou- be categorized as either quarternary carbons or other type
plings in solid-state NMR in order to generate multiple-quantum  of carbons (CH, CH,, and CH). Several other schemes have
filtering (MQF) pulse sequences. These sequencescanbe used toedit  heen proposed16-27) to improve this simple technique.
CP/MAS spectra according to carbon multiplicity. Analytic expres- - post of them rely on differences between polarization dynam.
sions for the intensity of the MQF signals are obtained using the ics (and thermodynamics) to differentiate the different mul-

standard produ_ct operator for_mallsm. Experiments that demon- tiplicities, and some very subtle techniques have been pt
strate the technique are shown in powder samples of camphor and

. ; , forward.
a tripeptide.  © 2001 Academic Press . . N
Key Words: solid-state NMR; spectral editing; J couplings; While some of these techniques dp perform well, spin (_jn‘fu—
multiple-quantum filters; assignment. sion and polarization transfer dynamics can be very complicate

anddepend crucially on the mobility and the geometry of the spir
systemMost of the sequences do not work well at moderate tc
1. INTRODUCTION high MAS spinning rates, where spin thermodynamics can b
substantially modified, and they are naturally very sensitive tc
In powder samples, cross polarization (CP), magic angle spinelecular motion, which affects the effective dipolar couplings.
ning (MAS), and proton decoupling can yield high-resolutioithis can potentially lead to ambiguities in the assignment of the
high-sensitivity NMR spectra of dilute spins such as carbon-Epectrum using dipolar couplings as a basis for spectral editin
(1-3. However, in order for such spectra to be useful in th@8).
characterization of molecules in the solid-state, they must be asAn interesting alternative to using the above methods is tc
signed. Complete assignment of natural abundance spectra it methods analogous to those used in liquids based on sca
presents a considerable challenge. Two-dimensional protareuplings. The use of couplings in solids has traditionally
carbon and proton—nitrogen correlation experiments have bdwen limited to plastic crystals or highly mobile materid9,(
recently shown to be a powerfull approach for the characteriZzg). Recent developments, in particular progress in homonu
tion of unlabeled materiall]. Alternatively, one-dimensional clear proton—proton dipolar decoupling metho8s,(32, have
spectral editing techniques, which identify carbon-13 resallowed the resolution of heteronuclehrcouplings in ordinary
nances according to their multiplicity, i.e., the number of directlyrganic solids 30, 33 and consequently their use, as in the
attached protons, remain a useful tool for the characterizationliglid state. Notably, the attached proton test (APT) sequenc
MAS spectra%). Indeed, in many cases spectral editing wheincluding appropriate changes for the solid state, has been in
combined with chemical shift analysis is often sufficient to prgslemented and been shown to be a reliable technique to perfor
vide an unambiguous characterization in medium-size mole@diting in rigid solids 83). The APT sequence leads to the iden-
lar systems. tification of signals based on odd or even multiplicities, and its
Many high-performance techniques are available in liquighrimary weakness is that it is not entirely straightforward to
state NMR to perform unambiguous spectral editing, such distinguish CH and Cklgroups, for example.
INEPT ), APT (7-11), and DEPT {2). In the solid state In this article we develop a new approach to spectral editin
one of the most simple and robust techniques is the delay@tlpowdered solids under MAS using heteronuclear scalar cot
decoupling sequenceld, 14, which allows resonances toplings to create multiple-quantum (MQ) coherences. Filtering
these MQ coherences leads to unambiguous spectral edition.

1 Present address: Material Sciences Division, Lawrence Berkeley Laboratoqﬁmonsnate the tEChnlque both on a model sample (camphc

and Department of Chemistry, University of California, Berkeley, Californi@hd on an ordinary organic compound: a protected synthet
94720. tripeptide.
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2. THEORY dipolar couplings. Because of the® dependence of the dipo-

lar couplings, most higher-order effects will be due to neares
ighbors (directly bonded protons), and thus the informatior

gbout connectivities is not altered. Furthermore, even if higher

carbon and/or proton—nitroged)(chemical shift correlation order terms are nonzero, the dynamics are governed mostly

spectra. Here we show that we can extend this approachsf(?lalr‘] couplmgs. F|3ally, the ex?er.miﬁtally obie:;/ed scefllar
higher-order multiple-quantum coherences and use this to pupiings are in good agreement wi € EXpected ones fror

ter the carbon spectrum according to the number of attach g I|qU|d state, sgp_porfung th? argument that any dipolar con
protons. tribution to the splitting is relatively small.

In order to evolve under a liquid-state type Hamiltonian, MA]'S1 In summa:jy, in th%folliwin_ghwedassume quuid—C?tate—like ?}e'
is combined with homonuclear proton decoupliB§,(39. Un- avior according to Eg. [1] with a damping according to a phe-

der these conditions the only remaining interactions are tHgmenologlcaI smgle.exponentl‘éd depha;mghme,where the
scaled proton chemical shift, the scaled heteronucleaou- actual value of th&, will depend on (_axperlmental fgatures such
plings, and the isotropic carbon chemical shifts. &8sumehat aser and the performance of the dipolar decoupling sequence

proton—protond couplings can be neglected, andagsumeéhat As V\t’e iﬁ?:_see,(;hrabeﬁperlrgenfl result; a;e n ?obc:d agtrﬁe
the homonuclear decoupling sequence is perfect, i.e., it avera(gg?, Wi flshmo €l, butwe do oh.sErvei ebT S (”O,a y onthe
out completely the dipoldiH—H Hamiltonian. We alsassume hiciency of the experiments) which probably require a more

that MAS removes all the anisotropy in the interactions. We a?gcuratg model to explain. . -
thus left with the liquid type Hamiltonian of the form Special care must be taken in designing the sequence to r

spect some solid-state features such as the short appgrent
N N dephasing time (even under dipolar decoupling) in the solic
H=58sS+xrY Splnz+imds)  20nS [1]  state. Thus, for example, we must spend any extended evolutic
A " periods with carbon coherence, because the proton coherenc
containing the isotropic chemical shiftsnd the scaladis cou-  dephase too rapidly (a few hundred microseconds). We thus pre
plings, where the axis in Eq. [1] of the spinl is the proton pose the sequence shown in Fig. 1. Note that this experiment
dipolar decoupling effective field axis andis a scaling factor applicable even when a carbon chemical shift distribution lead:
which depends on the decoupling sequence. In what follows ¥¢ean inhomogeneous line broadening, sincerthmilse on the
shall use the scaled couplily = 1J. carbon channel refocuses this effect. Thus, this technique shou
This description is of course a simplificatidn.practice nei- be applicable in amorphous solids.
ther MAS nor the homonuclear decoupling is perféstthe  After a first step of magnetization enhancement by cross
limit of “slow” MAS rotation with respect to the cycle time of polarization for the rare spis we can generate multiple-spin
the multiple-pulse sequence, the time scale of the two averagiigtiphase coherences with respect to the abundant since
effects is well separated. Under these “quasistatic” conditiog terms in the Hamiltonian commute with each other, we car
(37, 39, Eq. [1] is valid within thefirst-order approximation in use standard product operator algeb#a) @nd propagate the
average Hamiltonian theoryB9) for the radiofrequency aver- injtial state of the density operateg = S;, at arbitrary timer:2
aging. Thus, it should perform reasonably well, even if minor
effects arrising from interference with the rotati@v( 38, 40 o0 5 o (7). [2]

and/or other experimental imperfections are underestimated. To

calculate the effects of such nonaveraged higher orders is RS th€ three common organic spin systen$;|»S, andlsS, af-
trivial. Notably, higher-order terms can yield complex spin difter the firstr period and just before the MQ-filter block, (instant

fusion mechanismgi{). Here we assume that such effects canfe 1" Fig- 1), we have

?ncluded phenomenologica_llly_as a homogenemtype damp- ois(t™) = costr I'7)S, + sin(r I'7)21,S, 3]
ing of the coherences. This time constant is taken to be com- _

mon to all the transitions, although the experimental lineshapes®i,s(t ) = €0s(r J'7)S + cosgr J'r) sin(r J'r)

suggest that the outer transitions are in fact broader than the x 2(112+ 122)S, — Sir(r 3'7) 411,12, S [4]
inner ones 42). This phenomenological description is a good _ , SN ,
approximation as long as the real line broadening function has“sS(7 ) = cos(7 J'7)S + cof(r ') sin(r J't)

In arecent publicatior3d) we have shown that heteronucleal
double-quantum coherences can be created between a car
proton pair and that these are very useful to provide proto

no fine structure (i.e., if it is roughly Gaussian or Lorentzian). 2(11z + 12z + 132)Sy — cosgr I'7) sir(w J'z)
If nonzero higher orders give rise to some fine structure in the X 4112107 + l1zla; + lo713,) S
broadening (i.e., a shift), this will be a complicated function of _ sing(nJ’r)Sllzlzzlngy. [5]

all parameters (proton and carbon chemical shift anisotropies,

dipolar couplings, radiofrequency fields strengths, MAS rates,

o ;  iAtis useful to note that the spfchemical shift is refocused by thepulse
etc.). In such a case itis reasonable to consider that the effeCFth e middle of the sequence and does not have to be taken into account in tf

scaling factor contains some contributions from “unaverageeiculations.
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If we choser = 1/2J’, we obtain the pure antiphase terms

by :
2 i LT 01s(1/23) = 215, [6]
MQ !
H K Homo.Dec. FILTER Homo.Dec. ;Het.Dec, 01,5(1/23") = —4l1512,S [7]
o Wy T Tt o1,5(1/23) = ~8l1zl2215:S¢ [8]
Tt i 2
CP I 5‘\ A A Inside the MQ-filter block, multiple-quantum coherences are
13C H J." 7~ created by ther/2 pulse on the spin, whereas the pulse on
b3 q}“ Y theSspinis used to refocus ti&chemical shift after the second
3 A ™t period. Doing the propagation step by step we have
b — 27\
RE S o(t7) (/20 7S¢ MQ, [9]
) N4
3 N
o B For the three spin systems, we get
! o = cosfr ') S, + sin(r I'7)21, S, [10]
= R olg = coS(r I'1)S + cosfr I'7) sin(r J'7)
2 2
1QF: x 2(l1y + loy)S, — sirf(m J't)4l1y 12y S [11]
T olg = coS(r ') + cos(r I'7) sin(r J't)
x 2(11y + 2y + l3y)S, — cosfr I'7) sirf(r I'7)
6 & 76 x 4(laylay + laylay + loylay) S
FfT%R - 2QF: lll — Sif(TI'7)8lyy loylsy S, [12]
b The key idea is to filter out only the signal from particular
& multiple-quantum coherences. Thisis performed experimentall
R 3 30 using the MQ blocks shown in Fig. 1 and the phase cycling givel
3QF: in Table 1. For a 1Q-filter twa /2 pulses are sufficient. The first
. pulse must be cycled while the phase of the second is constar
s L e We can consider thisselection ofAp; = +1inthe frame defined

FIG.1. Pulse sequence and coherence transfer pathways fbMIGefilter by the effective field of the homonuclear decoupllng schefres

experiment. In our experiments we used the frequency switched Lee-GoIdbﬁE}cond pU|Se returns the magnetization parallel to the effectiy
(FSLG) B31) sequence as the homonuclear proton decoupling schemeq thulield, ready for the second spin-lock decoupling periodror

is a 54.7 pulse. Other homonuclear decoupling sequences can also be utfed 2Q- and 3Q-filters phase cycling in the effective field frame
instead of FSLG, by fixing appropriatefy The phasep; was cycled together s not obvious, since more than two phases are required. W

with the receiver{x, —x) in order to select carbon magnetization arising onl)thuS bring the proton magnetization back to the Iaboramry
from polarization transfer from protons (spin temperature inversion). The phase

&2 was cycled to select changessp according to Table 1. Additional phase 8XI1S and then we perfqrm the ap_propnate phase cycle to sele
cycling on the carbomr pulse is added to suppress artifacts. The MQ-filteApI = £2, £3, respectivelygelection in the laboratory frame
block is given at the bottom. For a 1Q-filter only twg2 pulses are enough. In Finally, as before, the third pulse places the magnetization in th
fact the first pulse has to be cycled while the phase of the second is constgiihne defined by the effective field.

We can consider this as a selection®p; = +1 in the frame defined by As a semantic point note that we deal with a heteronuclea
the effective field of the homonuclear decoupling scheme. The second pulse '

returns the magnetization parallel to the effective field, ready for the second'N system so using@p = +1 phase qycleé(S) on the proton

spin-lock decoupling period. For the 2Q- and 3Q-filters phase cycling in ti&hannel does not guarantee a change in the total coherence or
effective field frame is not obvious. We thus bring the proton magnetizatif Ap , = £2, but it does guarantee the selection of a two-spir
back to the laboratory axis and then we perform the appropriate phase cyclegpherence. In this example, we cannot (nor do we want to) sele
to selectAp) = +2, 3, respectively. Finally, as before, the third phase place& ly all total double quantum coherences without keeping al

the magnetization in the plane defined by the effective field. The carbon signa | h Th f in the followi
is detected under heteronuclear proton decoupling. In our experiments the Eﬁ zero quantum coherences. erefore, in the followeg

pulse phase modulation (TPPMJ4) heteronuclear decoupling scheme wadi0te the MQ coherences with respect to the coherence order
used. the spin |
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TABLE 1
Phase Cycling Schemes for the J-MQ-Filter Experiments

o1 @2 3 Prec
1QF o 0° {0°, 90°, 180°, 270"} {0°, 180, 0°, 180°}
0° 180° {0°, 907, 180, 270} {180, 0°, 180, 0°}
180° 0° {0°, 90°, 180°, 270"} {18C°, 0°, 180", 0°}
180° 180° {0°, 90r, 180, 270’} {0°, 180, 0°, 180’}
2QF (0 0° (0°, 908, 180, 270} (0°, 180, 0°, 18C°}
0° 90 {0°, 90°, 180°, 270"} {18C°, 0°, 180", O°}
0° 180° {0°, 907, 180, 270} {0°, 180, 0°, 180’}
0° 270° {0°, 90°, 180°, 270"} {18C°, 0°, 180", O°}
180° 0° {0°, 90r, 180, 270’} {180, 0°, 180, 0°}
180° 90 {0°, 90°, 180°, 270"} {0°, 180, 0°, 180°}
180° 180° {0°, 90r, 180, 270’} {180, 0°, 180, 0°}
180° 270° {0°, 907, 180°, 270"} {0°, 180, 0°, 180°}
3QF o 0° {0°, 90°, 180°, 270"} {0°, 180, 0°, 180°}
0° 60° {0°, 90r, 180, 270’} {180, 0°, 180, 0°}
0° 120° {0°, 90°, 180°, 270"} {0°, 180, 0°, 180°}
0° 180° {0°, 90r, 180, 270’} {180, 0°, 180, 0°}
0° 240° {0°, 907, 180°, 270"} {0°, 180, 0°, 180°}
0° 300 {0°, 90r, 180, 270’} {180, 0°, 180, 0°}
180 0° {0°, 90°, 180, 270} {180, 0°, 180", 0°}
180° 60° {0°, 90r, 180, 270’} {0°, 180, 0°, 180’}
180 120 {0°, 90°, 180, 270} {180, 0°, 180, 0°}
180° 180° {0°, 90r, 180, 270’} {0°, 180, 0°, 180’}
180 240 {0°, 90°, 180, 270} {180, 0°, 180", 0°}
180° 300° {0°, 90r, 180, 270’} {0°, 180, 0°, 180’}

Note.¢1 is the phase of the first/2 proton pulse before the CP step,is the

phase of the first /2 proton pulse in the MQ-filter block, ang} is the phase of

procedure. For & two quantum filter we obtain

O'|25QF =0

o 2% _ %sinz(nyf)ul,lz, + 114 12:)(Sp + S0)

43

[16]

(17]

1 L
oLy = 5 cosr J'7) sirt(m I'T)(S: + S) (I lo + 11y oy

+ o la + loplar 4+ 1o la + Tigl3y),

(18]

thus, we filter out any CH groups. Forl ahree quantum filter

we have
3QF _
oLs = 0

[19]
[20]

1 . ’
alsggF ) si(w 3'2)(las o I3t — li-lo- 13- )(S- — S4),

[21]

filtering out all CH and CH groups. The second/2 pulse on
thel spin converts the multiple quantum coherences irgpin
antiphase and the lastperiod refocuses th8& spin chemical
shift and converts the spin antiphases int§; observable mag-
netization detected under heteronuclear decouplirtg in

thesr carbon pulse (see Fig. Becis the phase of the receiver for the appropriate

MQ filtering. Complete example pulse sequences are available on our website

(46).

The MQF components for the three-spin systems are easily

extracted. For & one quantum filter,

o = 2 sinw )1, —1)(S — S))

1 .
ophe = - cosfrd't)sin(r J't)

2

X(loy + 120 =l = 122)(S = )

1 .
mlggF ) coS(r ') sinGr J't)(114 + log + I3+

(13]

(14]

— 1l — 1o — 13 )(S. —S)) + %sin"(na’r)

S (ST [ N P F S I PV F NS PO P

—li-lolap — liglolap — 1oy loils-)

S GRRPIREE g FI PR S

From Eq. [15] we note that the 1QF signal of agZifoup also by a single exponential. Thus, we obtain the expressions fo
contains 3Q contributions. This is because the phase cyclinghe observable MQF signals as functions of the initial (after

(15]

with

UllsQF(ZT) =
a,lng(Zt) =
oi %F(Zr) =

a|13%':(2t) =

ola(2r) =

Uz%F(Zt) =

where the ellipses account for terms which are not observable
We can include the effect of transverse relaxation phenomenc

2)l
o MQF (/2 (MQF (14 M, MQF (o).

Sinf(r J't)Sc + - - -
%sinz(ZnJ/r)& + -
%sin“(n‘]/r)& 4o
;[3+2 cos(2rJ'7)

+ cos(4r J't)]sin’(w J'1) S + - - -

?1 sinf(r J't) cof(r I'7)S + - - -

1
Zsinﬁ(nJ/r)S( + -,

(22]

(23]

(24]

(25]

(26]

(27]

(28]

logically during the twor periods by multiplying the signal

unable to distinguish between the two coherence pathwaysciwss-polarization) intensitiel, relaxation timesT,, and the
this case. This does not have significant effects in the editiegolution periodr.
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For the single quantum filtered signals, 1 Liquids s Solids
@ /3 0'3 (d) _
1827 (r) = sirP(zJ't) exp(—2t/T)%) 1% [29] / SN 1QF
05 02} #/ N \
1 H i
1) = 5 Sinf(2r 3'7) exp(—21/T,%%) 1 [30] 01 \ -
1 00 5 00 5 10 15
113 (r) = 5[3+2 cos(zrJ'7) + cos(4r '7)] sinf(zd'7)] ..
= 04 0.08 =
Z b
« exp(—ZT /T 2|3S) I Io3 < [31] é 03 ®) i 2QF 0.06 ) 2QF
- 02 S 0.04 i
For the double quantum filter % 01 002
T 0 0L
[ 0 5 10 15 0 5 10 15
1 .
123 () = 7 Sin'(m '7) exp(—21/T,%%) 1 s 321, oos
(©) (f)
3 . ) / 03 3QF |{ 006 3QF
123 () = 2 sirf(7 3't) co(m I't)exp(—21/T,°%) 1 0s,  [33] 02 oo
o1f /% ,,:": 5 0.02
and for the triple quantum filter - 0 b
0 5 10 15 0 5 10 15
T/ ms T/ ms
1. )
||33%F(27) = ZS|n6(7rJ T)exp( — 27/T2|3S) | |035~ [34] FIG. 2. Functional dependences for MQF signals for the CH (solid line),

CH, (dashed line), and CH(dotted line) groups. Plots (a, b, c) correspond
to the ideal liquid-state evolution where no linewidth is present and the scala
In Fig. 2 the dependence of these signals as functions ofoupling is set to 130 Hz, i.e., a typical value for a one-bond coupling for an
is presented. The curves were calculated for all types of Cartﬁyﬁhat'c carbon. Plots (d, e, f) correspond to the solid-state case, where the sca

TR . . . wanlid. » couplings are scaled by the factoe= 1/+4/3 due to the FSLG decoupling and a
multiplicity and all orders of MQ filtering in the “solid-state finite linewidth exists. In this latter case the linewidth was phenomenologically

case (Figs. 2d-2f) and compared for reference to the “idgaloduced (see Egs. [29-34]5 is the transverse relaxation (dephasing) time

liquid-state” case (Figs. 2a—2c). In solid samples, the effectidgring the 2 period (T, = 1/7 A) whereA is the full linewidth at half height of

scalar coupling is reduced by the scaling factor of the homonene componentinacoupled multiplet. In this example was setto 30 Hz. Note

clear decoupling sequence (for ESLG= 1/\/:‘;, and a coupling the differences between liquids and solids with respect to the relative intensitie

of 130 Hz. which is atypical value for a%parbon in hydrocar- of the signals. The efficiency of the MQ-filters in solids is low because of the
v . X fastT, damping of the signal.

bons &7), will give an effective scaled coupling of 75 Hz) and

a line broadening of several tens of hertz must be considered,

which ;trongly attenuat.es _the signal intensity by transvé&sse . qiacted tripeptide Boc-Ala-Ala-Pro-O-Bzl were used, in a
relaxation. Note that this; is related to the homogenous (”O{jolume—restricted 4-mm-diameter rotor in a triple resonance
refocusable) linewidth of the carbon resonances. However, if they a5 probe. The spectra were acquired at a carbon-13 re
homonuclear decoupling sequence applied during thee2iod  onance frequency of 125 MHz on a Bruker DSX Avance spec
is efficient enough to yield linewidths comparable to the size gf;neter. The sample of camphor was purchased from Sigm
the scaled heteronuclear scalar coupling, then a significant Siggy ,sed without further recrystallization. The tripeptide Boc-
nal should be observed, rendering the experiment practlcat;{‘f?a_ Ala-Pro-O-Bz| (where Boc stands for tertbutoxycarbonyl

The optimal delay to excite single quantum proton coherencegyy g for Benzyl) was synthesized in our laboratory and crys
independent of the number of attached protons, is about 2 Mfiad from diisopropyloxide4s).

(Fig. 2d). From the relative intensities of the signals we can see| pulse programs used are available on our websi8).

that the 1Q-filter is intrinsically more sensitive than the 2Q- angoqits for a powder sample of camphor are shown in Fig. 3 an

3Q-filters. Finite linewidth due to the imperfect decoupling dizofirm the theoretical predictions. Note that camphor is a plasti
minishes further the MQ filtered signals, so the efficiency Ofthtsrystal, so all intramolecular dipolar couplings are averaged t

technique depends crucially on the efficiency of the homonuclegl;, on the NMR time scale (i.e., it would be impossible to

proton decoupling. perform unambiguous spectral editing using dipolar methods,

Clear distinction with respect to the multiplicities of the carbon

3. EXPERIMENTAL resonances can be made, especially between the CH apd C

carbon resonances. The experimental details are given in tt

In this section we present experimental results using tlegend to Fig. 3 whereas it is important to note that all four
multiple quantum filters. Powder samples of camphor and tepectra were acquired in less than 60 min.
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Clear distinctions for the carbon multiplicities can be made
even in rigid organic solids. Figure 4 shows the spectra ok
tained for the protected tripetide Boc-Ala-Ala-Pro-O-Bzl, to-
gether with the experimental details. The complete assignme
of the carbon resonances has been given in the literadijire (
Again, unambiguous assignments for the carbon multiplicitie ;0% L
were obtained for this medium-size, natural abundance, orgar
system (MW 450 g/mol). Using roughly 20 mg of sample, the b
spectrawere obtainedin 6,120, and 240 min, respectively, fortt 274
one, two, and three quantum filters, experimental times whic "
are perfectly reasonable for this type of analysis. Although th (©
signal-to-noise ratio is not spectacular, due to the relatively lov 15%
sensitivity of the technique, its efficiency is in good qualita-
tive agreement with the theoretical predictions discussed abo @
involving a single phenomenologicdb. We do notice some %
quantitative disparity between relative intensities within a spec
trum, but this is not surprising since the phenomenologieal
is expected to be different for any different multiple quanturr.
coherence order and even for any particular nucleus.

Efficiency @) c

C
A

2(‘)0‘15‘30‘1;{\‘150‘]‘20‘](‘)0‘ 8}) ' (;{) ‘ 4:0 ‘ Zb
Carbon chemical shift / ppm

FIG. 4. J-MQ-Filtered solid-state NMR spectra of the tripeptide Boc-Ala-
Ala-Pro-O-Bzl. (a) Standard CP/MAS spectrum of 20 mg of a powder sample
of the tripeptide. The spinning frequency was set to 12.5 kHz and a 1-ms cros:¢
polarization contact time was used. TPPM heteronuclear decouplin@f =

(a)

)
®

—

8.2"° 100 kHz) was applied during acquisition. 64 scans were recorded. (b) 1Q-Filtere
5 ' 5 128 scans were recorded. (c) 2Q-Filtered spectrum. Only signals from the CH
I’ 4 and CH groups are present. 2560 scans were recorded. (d) 3Q-Filtered spectrur
Efficiency o 7 o 5
100% i l 1 evolution timet was set to 3.2 ms (synchronized with the MAS) for (b) and
(c) and to 7.0 ms for (d) in order to enhance 3Q coherence creation. Spectt
'j: ratio relative to the CPMAS experiment, corrected for the number of scans, i

spectrum. As predicted, signals from the CH,Cihd CH groups are present.
32
l 10 Only signals from the Ckligroups are present. 4800 scans were recorded. The
32 4
(b) i ‘r (c) and (d) were acquired within 2 and 4 h, respectively. The signal-to-noise
given next to the spectrum for each experiment. The signal-to-noise ratio wa

[
x

28%

.

(© 4 calculated for the methyl carbon at 31 ppm, and the relative intensities show
o z 5 l 98 10 good qualitative agreement with the theoretical predictions of Fig. 2.
l I N
(dy 98 10
126 ﬂ J 4. CONCLUSIONS
P S e L S O S The J-MQ-filtering method for spectral editing appears to be
Carbon chemical shift / ppm a useful technigue to obtain carbon multiplicities in ordinary or-

ganic solids. Clear distinction between all carbon multiplicities,

FIG. 3. J-MQ-filtered solid-state NMR spectra for powdered camp'ho_gnd notably between CH and Glgroups, are obtained using
(2) Standard CP/MAS spectrum of the powder sample of camphor. The P IiQ-filters. Because the polarization transfer is achieved usin;
frequency was set to 6 kHz and a 5-ms cross-polarization contact time was use ' )

Using TPPM 44) heteronuclear decoupling very narrow resonances can be cftf:’alar coupling, the method is insensitive to molecular mobility
tained (linewidths less than 2 Hz), so to avoid wiggles due to the truncation@nd to MAS (as long as the homonuclear decoupling schem
the FID an exponential apodization of 3 Hz was applied. 8 scans were recordgd effective). Note that the relatively low sensitivity of these

(b) 1QF spectrum. 64 scans were recorded. As predicted, signals from the %'iperiments will increase automatically with the introduction

CH,, and CH groups are present. (c) 2QF spectrum. Only signals from t - ; ; :
CH, and CH; groups are present. 128 scans were recorded. The evolution t:@r more efficient deCOUp“ng teChmqueS Workmg under fastel

was set tor = 3.2 ms for (b) and (c). (d) 3QF spectrum. Only signals from th(‘B}IEAS. Strong radiofrequency fields lead to shorter multipulse
CHj groups are present. The evolution time was set to 7.0 ms in order to  Cycles and the interference with MAS becomes a less importar
enhance the 3Q proton coherences, according to the prediction of Fig. 2f. 488ue, especially under rotation frequencies close to 20—-30 kH:
scans were recorded. The amplitude for the homonuclear and the heteronugsarthe other hand, new rotor-synchronized homonuclear decot
decoupling RF fields was set#g /27 = 100 kHz. In order to quantify the loss p“ng schemes performing at high MAS frequencies would be ¢
of intensity due to thé-MQ-filters, the signal-to-noise ratio for the C10 methyl . . . . .
group resonance relative to the CPMAS experiment, corrected for the num[:t'éEfUI bU|Id|ng block that can be 'mmed|ately mcorporated In
of scans, is given next to the spectrum for each experiment. The agreemer8d€h liquid-like techniques to increase their potential applicatior
the relative intensities with the theoretical predictors of Fig. 2 is excellent.  for spectral characterization in solids.
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