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A variant of the solid-state wideline heteronuclear NMR corre-
lation experiment is described which overcomes some of the draw-
backs associated with the routine experiment. The modified ex-

periment results in spectra which are sign-discriminated in the @,
dimension, but without the loss in sensitivity expected for a stan-
dard hypercomplex implementation. In favorable cases sensitivity
enhancements over comparable routine experiments are obtained.
As well as these advantages, the method retains the selectivity of
modified WISE experiments proposed previously which give spec-
tra containing correlations between directly bonded nuclei
only.  © 1999 Academic Press
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INTRODUCTION

Several solid-state two-dimensional proton carbon-13 NM

wideline variant of the heteronuclear correlation experimer
which is of interest here. In WISE experiments with relatively
slow MAS proton magnetization is initially generated by/@
pulse and subsequently evolves under the residual, but sign
icant, dipolar coupling and chemical shift interactions. At the
end of the evolution period, a component of the proton
magnetization present is transferred to carbon-13 by a stand:
Hartmann—Hahn cross-polarization step. Carbon-13 magne
zation is detected during with heteronuclear dipolar decou-
pling, so that the resulting two-dimensional spectrum corre
lates isotropic carbon-13 chemical shifts which probe th
molecular environment with proton MAS dipolar lineshapes
which give an indication of mobility. A spin diffusion mixing
period, in which the proton magnetization is stored along th
z-axis of the rotating frame, is often introduced before the
cross-polarization step in order to investigate heterogeneiti
a longer length scale.

corrglation experiments have been devgloped in r_ecent Y€aSrhe routine WISE experiment described above suffers fror
An important early example was the high-resolution varla%o problems. First, the proton lineshapes mapped out alor

originally due to Caravattt al. (1). In addition to magic angle

spinning (MAS), this experiment makes use of multiple—pulqﬁ

sequences in order to eliminate both homonuclear and het
nuclear dipolar couplings, so that protons evolve in the fir

dimension under a scaled chemical shift interaction. The re-

quired heteronuclear magnetization transfer is mediated by

w, are normally symmetrized around the center of the spectru
that dimension. This is a consequence of an experiment
Potocol which results in the transfer of a single (cosine
mponent of the proton magnetization present at the enhd of
6 carbon-13 during the cross-polarization step. Obtainin
é”fan—discriminatecilol spectra requires a separate experiment t

isotropic mixing sequence which simultaneously nulls the P'8% recorded in which the orthogonal (sine) component of th

ton dipolar couplings. This ensures that proton spin diﬁusiong
§

quenched, so that only direct heteronuclear correlations

observed in the resulting two-dimensional plot which COM&5anificant loss in sensitivity

oton magnetization present at the end ois transferred to
$tbon-13. For broad proton lines this procedure results in
since the second experimer

lates the high-resolution proton spectrum with the iSOUOpIG ipy tes almost nothing to the signal, while doubling the
carbon-13 chemical shifts. This type of heteronuclear correll%-tal measuring time. However, symmetrization aroud= 0
. , B

tion experiment has been applied to studies of polym2ys (
lipid bilayers @), and solid peptides4j. Modified versions

suitable for use with fast MAS rates have also been describg

recently 6).

Another variant which has proved particularly useful fo
studying motionally heterogeneous materials, such as se
crystalline polymers, block copolymers, and polymer blends,
the “Wideline Separation” (WISE) experimer®)( It is this
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is a significant drawback if the proton spectrum also contair
relatively narrow lines with resonance offsets or spinning side
ds. Such a situation is commonly encountered in motional
heterogeneous polymers, but neither the routine WISE expe
Iment nor a modification incorporating, sign discrimination

pears to provide a satisfactory solution for these types

aterials.

A second problem with the WISE experiment is the occur
rence of proton spin diffusion during the cross-polarizatiot
step, since the spin-locking pulse merely reduces the dipol
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interaction by a factor of two. This causes indirect magnetiza- @1 92
tion transfer between protons and carbon-13 nuclei without a |
H t,

significant heteronuclear dipolar coupling and the observed
correlations contain contributions from the lineshapes of dis-

tant protons. This problem is often minimized in routine WISE
experiments by use of a severely truncated cross-polarization
time which reduces the proton spin diffusion at the expense of
sensitivity (7). For experiments with a mixing period, addi- 18
tional spin diffusion during the cross-polarization time pre-
vents accurate measurement of the spin diffusion rate unless
appropriate corrections are made. Kubo and McDow@Jl (

have proposed another solution which involves replacing therIG. 1. The pulse sequence used to record the novel variant of the WIS
Hartmann—Hahn cross-polarization step with an isotropic mig}fperiment described in this work. Proton magnetization generated by tl

ing sequence as in the high-resolution experiment descrid@ifff! 72 pulse evolves during tim. A second protonr/2 pulse of phase 0
above rotates they-component of the proton magnetization present at the end of

. . time onto thez-axis leaving thex-component unaffected. The windowless
In this paper we show that in fact both the problems ass@im-24 isotropic mixing sequence is applied simultaneously to both channe
ciated with the routine WISE experiment (spin diffusion anah order to transfer proton magnetization to carbon-13. The final carban2l3
lack of sign discrimination) can be largely overcome by incopulse of phase 0 rotates carbon-Z&hagnetization into the transverse plane
porating an isotropic mixing sequence in this way. In additiot'ﬂ‘d leavex-magnetization unaffected. A CYCLOPS phase cycle of all pulse:

t hi in diffusi the isot . . including those comprising the isotropic mixing sequence and a two-step pha
0 quenching Spin diftusion the i1Sotropic mixing Sequenc(g/cle on the first proton pulse to remove axial peaks appearing at 0 are

plays an important auxiliary role in our new WISE experimengpplied. Further phase cycling is not commensurate with the processing pr
This is because it simultaneously transfers all componentstafol described.
magnetization from proton to carbon-13 and preserves the
phase of the transferred magnetization. The latter property
coupled with data-processing methods borrowed from solphase cycle of all pulses including those comprising the isc
tion-state NMR spectroscop@)( allows WISE spectra which tropic mixing sequence and a two-step phase cycle on the fil
are sign discriminated i, to be recorded without prohibi- proton pulse to remove axial peaks appearingat= 0 are
tively large sensitivity losses. Indeed, in favorable cases sepplied. Further phase cycling is not commensurate with tf
sitivity enhancements over comparable symmetrized spegr@cessing procedure described below. It should be noted tt
can be obtained. The new variant of the WISE experimenttise pulse sequence of Fig. 1 is similar to that proposed by Kuk
demonstrated on a sample of semicrystalline low-density polgad McDowell 8) with the addition of twom/2 pulses which
(ethylene), an appropriate test case which consists of rididacket the isotropic mixing sequence. Without the extra pulst
crystalline domains and relatively mobile amorphous domairgure absorption phase two-dimensional spectra cannot be ¢
The proton lines associated with the former are greater thantathed, since both components of theproton magnetization
kHz in width, while those arising from the latter are motionallyre simultaneously transferred to carbon-13 by the WIM-24. |
narrowed and show spinning sidebands even at moderate Mfast, Kubo and McDowell used an absolute-value two-dimer
rates. In the carbon-13 dimension resonances from the tgional Fourier transform for this reason. The extra pulses allo
domains are resolved due to thegauche effect0). the t, proton components to be separated during the proces
The pulse sequence used in this work is shown in Fig. ihg, as described below.
Proton magnetization generated by the initi& pulse evolves  Figure 2 shows a comparison between heteronuclear cor
during timet,. A second protonr/2 pulse of phase 0 rotates thdation spectra of poly(ethylene) recorded using the routin
y-component of the proton magnetization present at the endWfSE experiment (left) and the novel “enhanced” experimer
t, time onto thez-axis leaving thex-component unaffected. (right). These were recorded at Larmor frequencies of 300.(
The windowless WIM-24 isotropic mixing sequenc® (s and 75.46 MHz for proton and carbon-13, respectively, with
applied simultaneously to both channels in order to transftAS rate of 3.33 kHz. The routine WISE spectrum was
proton magnetization to carbon-13, while quenching spin difecorded using a Hartmann—Hahn cross-polarization time
fusion. The final carbon-137/2 pulse of phase 0 rotates carduration 25us which was sufficiently brief to remove the
bon-13z-magnetization into the transverse plane and leaveffects of spin diffusion, while the new experiment incorpo-
Xx-magnetization unaffected. Since the isotropic mixing seated a single cycle of the WIM-24 sequence of duration 10
quence conserves the phase of the transferred magnetizatio for isotropic mixing. Incorporation of a Hartmann—Hahn
this sequence ensures that theomponent of the, proton cross-polarization time of 10Qs into the routine WISE ex-
magnetization is transferred to, and detected as, carbongE8iment resulted inw, proton lineshapes (not shown) with
y-magnetization and similarly the-component is transferred contributions from both the amorphous and crystalline pari
to, and detected as, carbon-g3nagnetization. A CYCLOPS due to spin diffusion. Both experiments were recorded with th

WIM-24
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(a) WISE Enhanced section taken from the new experiment are obscured in tt

i WISE experiment due to the symmetrization around the cent
of the w, dimension. In this case the amorphous contributiol
has a small resonance offset with respect to the center of t
total proton spectrum. Figure 2 demonstrates that the ne
experiment does indeed produce a sign-discriminated prott
spectrum in thes, dimension and illustrates the advantage o
doing so in systems with motionally narrowed proton lines
This could have been achieved using a standard procedu
such as the hypercomplex method due to Steted. (11), but
only at the expense of sensitivity. To demonstrate how the ne
experiment largely overcomes this loss, a more detailed an:
() J ysis is given below.

I8 THEORY

N
S o S

For a proton (I) carbon-13 (S) system the isotropic mixing
FIG. 2. (a) A comparison between heteronuclear correlation spectra efamiltonian is Q_Z)

poly(ethylene) recorded using the routine WISE experiment (left) and the

novel “enhanced” experiment (right). These were recorded at Larmor frequen-

cies of 300.07 and 75.46 MHz for proton and carbon-13, respectively, with a H= E D :(Slk .S,

MAS rate of 3.33 kHz. The routine WISE spectrum was recorded using a K

Hartmann—Hahn cross-polarization time of duration5which was suffi-

ciently brief to remove the effects of spin diffusion, while the new experiment

incorporated a single cycle of the WIM-24 sequence of durationd9@r whereD  is an effective heteronuclear dipolar coupling which
isotropic mixing. Further experimental parameters were as follows: relaxatielemtains a scaling factor characteristic of the pulse sequen

delay, 2 s; dwell time, 2.5 and 6646 int, andt,, respectively; acquisition . . L .
time, 136.5 ms; maximurm time, 480us; B, field strengths, 59 kHz on proton and is modulated by magic angle spinning. For a two-spi

and carbon-13 forr/2 pulses, cross-polarization, and isotropic mixing and 48YStem the resulting magnetization transfer can be writt@h (

kHz on proton for decoupling. The proton resonance frequency was set to the
center of the proton spectrum. () cross-sections through the amorphous
carbon-13 resonance as indicated by the arrow. Dl - St
l.—————— 5 l(1 + cosDy7)

same total number of scans and the proton carrier frequency

was set in the middle of the nonspinning proton spectrum. Data + > S.(1 —cosDis7) + (1S, — 1,Sg)sinDys7,  [1]
from the WISE experiment were subjected to a real (cosine)

Fourier transform in the, dimension, while that from the new

experiment were processed according to a procedure toVieerea, B, v = X, Yy, z. This process is isotropic in the sense
described in the Theory section below. Other processing dbat all components of the I-spin magnetization are transferre
tails, such as weighting functions applied in the two dimersimultaneously to their S-spin counterparts and the phase of t
sions prior to the Fourier transform, were identical for the twisansferred magnetization is preserved. This behavior is cruci
spectra. For the two-dimensional plots (Fig. 2a) 10 contot® the correct operation of the experiment described here a
lines were drawn at heights scaled relative to the maximueontrasts with that observed with standard Hartmann—Hatr
intensity in the individual spectra. Figure 2b shows crossfoss-polarization for which components of the I-spin magne
sections parallel to thes, dimension at thew, frequency tization perpendicular to the spin-locking field are dephased.
corresponding to the carbon-13 chemical shift for the amdhere are many heteronuclear interactions, as is usually the c:
phous domain (as indicated by the arrow in the figure). Two solids, the oscillations in Eq1] are rapidly damped, leading
differences between the spectra should be noted. First, thea quasi-equilibrium state gfl ,+S,).

overall signal to noise ratio in the WISE spectrum is greater If the cycle time of the WIM-24 sequence is short compare
than in the new experiment, but the former is dominated by th@the MAS period, the zero-order average Hamiltonian has tt
contribution from the crystalline region. On the other hand, titequired isotropic form§, 13

signal associated with the amorphous region (Fig. 2b) is larger

in the new experiment. The relative sensitivities are mainly due 2

to the different magnetization transfer sequences. A second H= 2 3 o)l S,

difference is that the spinning sidebands apparent in the cross- K
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where the modulation of the spatial part by the spinning atisotropic mixing sequence is applied. Repeating the experime
rate wg can be expressed as a Fourier series with a 7 phase shift of the second protati2 pulse so that
¢, = m results in a similar series of transformations:
+2
olit) = 2 oi{"expimogt) Dyl - St
m=-2 (l,cosQty) — IsinQt,)exp(—o?t3/2) ———

with coefficients (#2)S,
Tl

cosOt; — SsinQt)exp(—ot?2) — 8 ——

wlké”‘>= _Xkdz—m,o(Bo)D(ZJ,—m(akBk’Yk), (SX b= S, Il) F( 7 )

wherep, is the magic angle. These depend on the Euler angles (S,cosQt; + S;sin Qt))exp(—ot/2). [3]
ay, Bk, andy, which relate the principal axis system of the

heteronuclear dipolar coupling 'tensor to a frame fixed on theine datasets corresponding to the signals of Egs. [2] and [
MAS rotor as well as the coupling constant are stored separately rather than combined in the receiver, th
both the orthogonal componentstefroton magnetization can

K Mo Vysh be obtained simultaneously by taking additive or subtractiv
X " 4n 1} combinations,
with r the distance betwegn the carpon—lS ngcleus in question S(ty) Yyy= 2S.cos QO t,exp—o2t2/2)
and thekth proton. The Wigner rotation matric&’, («7) _
are defined in14). Kubo and McDowell 8) have analyzed the S(ty) 4= —2Ssin Qt,exp(— o3/ 2),

situation where magic angle spinning interferes with operation

of the WIM-24 sequence. They demonstrated that anisotropifere the superscript refers to the phaseAllowing for a /2
terms are introduced into the effective Hamiltonian, particyg|ative phase correction in the, dimension, the two datasets
larly when the MAS period lasts for an integral number ofan be Fourier transformed according to the hypercomple
WIM-24 cycles. However, the effect was shown to be neglinethod of Statest al. This procedure follows that proposed
gible for short mixing times and significantly less importangreviously for solution-state experimens) @nd results in a
than similar problems caused by experimental imperfectiongectrum which is sign discriminated in the dimension.
such as mismatched proton and carbon-13 field strengthss@jch a procedure resulted in the spectrum shown in Fig.
pulse phase errors. (right). It is important to note that sign discrimination has beei
The evolution of the density operator during the experimegthieved without the need to perform a separate experiment
from the end of evolution timg, to the start of acquisition time obtain the sine component, and the loss of sensitivity incurre
t, = 0 can be represented as a series of product operaiQra straightforward hypercomplex processing procedure

transformations. For proton pulse phagas= m/2 andé, =  avoided. In the routine WISE experiment the sine compone!
0 these are cannot be obtained in this way because the phase of t
transferred magnetization is not preserved by the standa

Dl * St Hartmann—Hahn cross-polarization sequence. Hence, the
(l,eosQit; + 1,sin Qt;)exp(— ot/ 2) —— corporation of an isotropic mixing sequence into the experi
ment can be used to achieve sign discrimination without undt

(m12)S, loss of sensitivity. o

(ScosQt; + Ssin Qty)exp(—a2t?2) As demonstrated in Fig. 2, the sequence used for magne

zation transfer has a significant effect on the relative sensiti
ities of the different variants of the heteronuclear correlatio
(ScosQt, — Ssin Oty exp(—o?t3 2), [2] experiment. For example, the short Hartmann—Hahn cros
polarization time required by the routine WISE experimen
where ), is the proton offset and the effect of the protoriavors rigid solids at the expense of more mobile ones. T
homonuclear dipolar couplings has been accounted for bycampare the new data-processing procedure to that used w
Gaussian broadening term with related to the linewidth. the routine WISE experiment, as well as to the hypercomple
Proton terms in the density operator remaining after the miximgethod of Statet al., two further datasets were acquired
have been disregarded and all numerical prefactors have basimg the pulse sequence of Fig. 1. These are obtained frc
omitted for simplicity. The damping of the oscillations in Eqexperiments with proton pulse phases= wand¢, = 0,
[1] is assumed to be rapid compared to the tinfier which the represented by the transformations
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D|s| M ST
(l,cosQt; — I,sin Qt)exp(—o%t%2) ——

(! 2)S,

(S,cosOit; — SsinQt)exp—o%t%2) ——

(—S,cosQt; — Ssin Qty)exp(— ot/ 2)

D|SI * ST
(—l,cosOt; — l,sin Qty)exp(—o?t% 2)

(4]

(ml2)S,
(—S,cosOt; + Ssin Ot exp —ot?/2) ———

(ScosOt; — Ssin Oty exp(—o?ti/ 2).

Additive and subtractive combinations of datasets [4] and [

are therefore

S(ty) e = —25cosQt,exp(—a’ti/ 2),

(5]
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the signal S{(,)%q + 1S(t,)<s contains only the cosine com-
ponent of thet, modulation. Multiplication by the factor

indicates that the real and imaginary parts of a dataset must
exchanged. For this combination of the four datasets [2] to [-
a real Fourier transform must be applied in thedimension,

and this results in a symmetrized proton spectrum. This pre
cessing procedure is equivalent to that carried out for th
routine WISE experiment, although the data have been a
quired with the pulse sequence of Fig. 1, including the isotropi
mixing sequence. In this way the sensitivity obtained with th
WISE processing procedure can be compared to that obtain
with both the hypercomplex method of Statetsal. and the

novel procedure, avoiding interference from effects arisin
from the choice of magnetization transfer sequence. The cc
responding sign-discriminated spectrum can be obtained fro
the same four datasets [2] to [5] using the hypercomple
method of Statest al. with the S¢,) . and St,) .¢s combina-

g’ ns as the real and imaginary parts of the~ourier trans-

form. Compared to the WISE processing procedure thi
method is expected to result in a loss of up to a factor two i
signal to noise ratio. The largest decreases are expected fo
broad proton line on resonance, while for narrow lines with al
offset there is no loss in signal to noise. The origin of the los
is that while both combinations §f},; and S¢,) .. contribute

where once again the superscript refers to the pthasdence, to the noise, for a broad line on resonance the second conta

(a) WISE States Enhanced
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FIG. 3.

(a) Results of the three processing procedures described in the text for the same experimental data: (left) WISE processing axitRoarieal

transform, (center) following the hypercomplex method of Statesl., and (right) the new enhanced procedure. Four experimental datasets were recorde
described in the text, incorporating a single cycle of the WIM-24 sequence of duratiopslfid isotropic mixing. The proton resonance frequency was se
exactly on resonance with the narrow amorphous line. Other parameters were as for Fig. 2. (lmanmbs¥-sections through the amorphous and crystalline

carbon-13 resonance as indicated by the arrows.
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negligible signal. However, an identical sign-discriminated TABLE 1

spectrum can be obtained from the same four datasets [2] to [5$ignal and Noise in Arbitrary Units Recorded for Poly(ethylene)
at no extra cost in terms of experiment time using the comiy¥ith the Pulse Sequence in Fig. 1 as a Function of Processing
nations S(;)%, and Sf.).s. The sum of these two sign- Method

discriminated spectra in which the noise is uncorrela@®d (

. L . .. ‘Processing methdd Nois€®  Signal (amorphou$) Signal (crystallin€
results in a gain in signal of a factor 2 and a gain in the noise 9 gnal (amarphous) Signal (ery )

of a factor\/2. This corresponds to@'2 increase in signal to  wiSE (1) 0.295 3.73 20.05
noise ratio relative to the standard States method. This thirdStates (1) 0.292 2.05 12.28
“sensitivity enhanced”q) processing procedure is equivalent \EngaEng)d () 00;51 236775 1€Oéé6
to that used to obtain the right-hand spectrum of Fig. 2. States (2) 0.299 300 6.30

Enhanced (2) 0.428 4.16 10.52

RESULTS

@ As described in the text (1) and (2) denote amorphous protons on- and
Figure 3 shows the results of the three processing procedures off-resonance i, respectively.

described above on the same four experimental datasets, réMeasgred as the standard deviation qf the intensities in x 2D data
corded with the prolon carier requency set on resonance i ectr exreeec o n s egon e oo
the amorphous line. Experimental parameters were similar £Q,imum of the relevant carbon-13 resonance.
those of Fig. 2; further details are given in the figure legend.
For the two-dimensional plots, (a) 10 contour lines were drawn
at heights scaled relative to the maximum intensity in thEhe latter fact is most easily verified by looking at the noise ir
individual spectra. For the, cross-sections through the (b)the two-dimensional contour plot. Quantitative details ar
amorphous and (c) crystalline carbon-13 resonances (as irgiren in the first three rows of Table 1 which shows the nois
cated by the arrows in the figure), an absolute scale of intensigiculated by evaluating the standard deviation of intensities
was used. As expected, both the narrow on-resonance an@two-dimensional section of the spectrum extracted from
phous and broad crystalline proton lines show similar behavioegion well away from the resonances, as well as the integre
The WISE processing procedure (left) results in twice thHer the signals in the cross-sections of Figs. 3b and 3c. Tk
signal and identical noise relative to the States method (centeglues in the table confirm the expected signal to noise vari:
while the new enhanced method (right) allows the full WISEon.
signal to be regained at a cost of an extra factoy/@in noise. Figure 4 shows data which are identical to that of Fig. ¢

States Enhanced

(@)

ST 00

(b) 1 !

7 AN
RSV - e Tt

FIG. 4. Spectra produced as for Fig. 3 except that the proton resonance frequency was set 2 kHz off resonance with respect to the narrow amorpt
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