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A variant of the solid-state wideline heteronuclear NMR corre-
ation experiment is described which overcomes some of the draw-
acks associated with the routine experiment. The modified ex-
eriment results in spectra which are sign-discriminated in the v1

imension, but without the loss in sensitivity expected for a stan-
ard hypercomplex implementation. In favorable cases sensitivity
nhancements over comparable routine experiments are obtained.
s well as these advantages, the method retains the selectivity of
odified WISE experiments proposed previously which give spec-

ra containing correlations between directly bonded nuclei
nly. © 1999 Academic Press

Key Words: heteronuclear correlation experiments; sensitivity;
pin diffusion; isotropic mixing; semicrystalline polymers.

INTRODUCTION

Several solid-state two-dimensional proton carbon-13 N
orrelation experiments have been developed in recent y
n important early example was the high-resolution var
riginally due to Caravattiet al. (1). In addition to magic angl
pinning (MAS), this experiment makes use of multiple-p
equences in order to eliminate both homonuclear and he
uclear dipolar couplings, so that protons evolve in the
imension under a scaled chemical shift interaction. The
uired heteronuclear magnetization transfer is mediated b

sotropic mixing sequence which simultaneously nulls the
on dipolar couplings. This ensures that proton spin diffusio
uenched, so that only direct heteronuclear correlation
bserved in the resulting two-dimensional plot which co

ates the high-resolution proton spectrum with the isotr
arbon-13 chemical shifts. This type of heteronuclear cor
ion experiment has been applied to studies of polymers2),
ipid bilayers (3), and solid peptides (4). Modified versions
uitable for use with fast MAS rates have also been desc
ecently (5).

Another variant which has proved particularly useful
tudying motionally heterogeneous materials, such as s
rystalline polymers, block copolymers, and polymer blend
he “Wideline Separation” (WISE) experiment (6). It is this
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ideline variant of the heteronuclear correlation experim
hich is of interest here. In WISE experiments with relativ
low MAS proton magnetization is initially generated by ap/2
ulse and subsequently evolves under the residual, but s

cant, dipolar coupling and chemical shift interactions. At
nd of the evolution periodt 1 a component of the proto
agnetization present is transferred to carbon-13 by a sta
artmann–Hahn cross-polarization step. Carbon-13 mag
ation is detected duringt 2 with heteronuclear dipolar deco
ling, so that the resulting two-dimensional spectrum co

ates isotropic carbon-13 chemical shifts which probe
olecular environment with proton MAS dipolar linesha
hich give an indication of mobility. A spin diffusion mixin
eriod, in which the proton magnetization is stored along
-axis of the rotating frame, is often introduced before
ross-polarization step in order to investigate heterogen
n a longer length scale.
The routine WISE experiment described above suffers

wo problems. First, the proton lineshapes mapped out a
1 are normally symmetrized around the center of the spec

n that dimension. This is a consequence of an experim
rotocol which results in the transfer of a single (cos
omponent of the proton magnetization present at the endt 1

o carbon-13 during the cross-polarization step. Obtai
ign-discriminatedv1 spectra requires a separate experime
e recorded in which the orthogonal (sine) component o
roton magnetization present at the end oft 1 is transferred t
arbon-13. For broad proton lines this procedure results
ignificant loss in sensitivity, since the second experim
ontributes almost nothing to the signal, while doubling
otal measuring time. However, symmetrization aroundv1 5 0
s a significant drawback if the proton spectrum also con
elatively narrow lines with resonance offsets or spinning s
ands. Such a situation is commonly encountered in motio
eterogeneous polymers, but neither the routine WISE e

ment nor a modification incorporatingv1 sign discrimination
ppears to provide a satisfactory solution for these type
aterials.
A second problem with the WISE experiment is the oc

ence of proton spin diffusion during the cross-polariza

tep, since the spin-locking pulse merely reduces the dipolar
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236 OLIVER AND TITMAN
nteraction by a factor of two. This causes indirect magne
ion transfer between protons and carbon-13 nuclei witho
ignificant heteronuclear dipolar coupling and the obse
orrelations contain contributions from the lineshapes of
ant protons. This problem is often minimized in routine W
xperiments by use of a severely truncated cross-polariz

ime which reduces the proton spin diffusion at the expen
ensitivity (7). For experiments with a mixing period, ad
ional spin diffusion during the cross-polarization time p
ents accurate measurement of the spin diffusion rate u
ppropriate corrections are made. Kubo and McDowel8)
ave proposed another solution which involves replacing
artmann–Hahn cross-polarization step with an isotropic

ng sequence as in the high-resolution experiment desc
bove.
In this paper we show that in fact both the problems a

iated with the routine WISE experiment (spin diffusion
ack of sign discrimination) can be largely overcome by in
orating an isotropic mixing sequence in this way. In addi

o quenching spin diffusion the isotropic mixing seque
lays an important auxiliary role in our new WISE experim
his is because it simultaneously transfers all componen
agnetization from proton to carbon-13 and preserves
hase of the transferred magnetization. The latter pro
oupled with data-processing methods borrowed from s
ion-state NMR spectroscopy (9) allows WISE spectra whic
re sign discriminated inv1 to be recorded without prohib

ively large sensitivity losses. Indeed, in favorable cases
itivity enhancements over comparable symmetrized sp
an be obtained. The new variant of the WISE experime
emonstrated on a sample of semicrystalline low-density p
ethylene), an appropriate test case which consists of
rystalline domains and relatively mobile amorphous dom
he proton lines associated with the former are greater tha
Hz in width, while those arising from the latter are motiona
arrowed and show spinning sidebands even at moderate
ates. In the carbon-13 dimension resonances from the
omains are resolved due to theg-gauche effect (10).
The pulse sequence used in this work is shown in Fi

roton magnetization generated by the initialp/2 pulse evolve
uring timet1. A second protonp/2 pulse of phase 0 rotates t
-component of the proton magnetization present at the e
1 time onto thez-axis leaving thex-component unaffecte
he windowless WIM-24 isotropic mixing sequence (1) is
pplied simultaneously to both channels in order to tran
roton magnetization to carbon-13, while quenching spin

usion. The final carbon-13p/2 pulse of phase 0 rotates c
on-13 z-magnetization into the transverse plane and le
-magnetization unaffected. Since the isotropic mixing
uence conserves the phase of the transferred magnetiz

his sequence ensures that they-component of thet 1 proton
agnetization is transferred to, and detected as, carb

-magnetization and similarly thex-component is transferre

o, and detected as, carbon-13x-magnetization. A CYCLOPS d
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hase cycle of all pulses including those comprising the
ropic mixing sequence and a two-step phase cycle on the
roton pulse to remove axial peaks appearing atv1 5 0 are
pplied. Further phase cycling is not commensurate with
rocessing procedure described below. It should be note

he pulse sequence of Fig. 1 is similar to that proposed by K
nd McDowell (8) with the addition of twop/2 pulses which
racket the isotropic mixing sequence. Without the extra pu
ure absorption phase two-dimensional spectra cannot b

ained, since both components of thet 1 proton magnetizatio
re simultaneously transferred to carbon-13 by the WIM-2

act, Kubo and McDowell used an absolute-value two-dim
ional Fourier transform for this reason. The extra pulses a
he t 1 proton components to be separated during the pro
ng, as described below.

Figure 2 shows a comparison between heteronuclear c
ation spectra of poly(ethylene) recorded using the rou

ISE experiment (left) and the novel “enhanced” experim
right). These were recorded at Larmor frequencies of 30
nd 75.46 MHz for proton and carbon-13, respectively, w
AS rate of 3.33 kHz. The routine WISE spectrum w

ecorded using a Hartmann–Hahn cross-polarization tim
uration 25ms which was sufficiently brief to remove t
ffects of spin diffusion, while the new experiment incor
ated a single cycle of the WIM-24 sequence of duration
s for isotropic mixing. Incorporation of a Hartmann–Ha
ross-polarization time of 100ms into the routine WISE ex
eriment resulted inv1 proton lineshapes (not shown) w
ontributions from both the amorphous and crystalline p

FIG. 1. The pulse sequence used to record the novel variant of the
xperiment described in this work. Proton magnetization generated b

nitial p/2 pulse evolves during timet 1. A second protonp/2 pulse of phase
otates they-component of the proton magnetization present at the endt 1

ime onto thez-axis leaving thex-component unaffected. The windowle
IM-24 isotropic mixing sequence is applied simultaneously to both cha

n order to transfer proton magnetization to carbon-13. The final carbon-1p/2
ulse of phase 0 rotates carbon-13z-magnetization into the transverse pla
nd leavesx-magnetization unaffected. A CYCLOPS phase cycle of all pu

ncluding those comprising the isotropic mixing sequence and a two-step
ycle on the first proton pulse to remove axial peaks appearing atv1 5 0 are
pplied. Further phase cycling is not commensurate with the processin

ocol described.
ue to spin diffusion. Both experiments were recorded with the
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237SOLID-STATE WIDELINE HETERONUCLEAR CORRELATION EXPERIMENTS
ame total number of scans and the proton carrier frequ
as set in the middle of the nonspinning proton spectrum.

rom the WISE experiment were subjected to a real (cos
ourier transform in thev1 dimension, while that from the ne
xperiment were processed according to a procedure
escribed in the Theory section below. Other processing

ails, such as weighting functions applied in the two dim
ions prior to the Fourier transform, were identical for the
pectra. For the two-dimensional plots (Fig. 2a) 10 con
ines were drawn at heights scaled relative to the maxim
ntensity in the individual spectra. Figure 2b shows cr
ections parallel to thev1 dimension at thev2 frequency
orresponding to the carbon-13 chemical shift for the am
hous domain (as indicated by the arrow in the figure).
ifferences between the spectra should be noted. Firs
verall signal to noise ratio in the WISE spectrum is gre

han in the new experiment, but the former is dominated b
ontribution from the crystalline region. On the other hand
ignal associated with the amorphous region (Fig. 2b) is la
n the new experiment. The relative sensitivities are mainly
o the different magnetization transfer sequences. A se

FIG. 2. (a) A comparison between heteronuclear correlation spect
oly(ethylene) recorded using the routine WISE experiment (left) and
ovel “enhanced” experiment (right). These were recorded at Larmor fre
ies of 300.07 and 75.46 MHz for proton and carbon-13, respectively, w
AS rate of 3.33 kHz. The routine WISE spectrum was recorded us
artmann–Hahn cross-polarization time of duration 25ms which was suffi
iently brief to remove the effects of spin diffusion, while the new experim
ncorporated a single cycle of the WIM-24 sequence of duration 100ms for
sotropic mixing. Further experimental parameters were as follows: relax
elay, 2 s; dwell time, 2.5 and 66.6ms in t 1 and t 2, respectively; acquisitio

ime, 136.5 ms; maximumt 1 time, 480ms; B1 field strengths, 59 kHz on proto
nd carbon-13 forp/2 pulses, cross-polarization, and isotropic mixing and
Hz on proton for decoupling. The proton resonance frequency was set
enter of the proton spectrum. (b)v1 cross-sections through the amorph
arbon-13 resonance as indicated by the arrow.
ifference is that the spinning sidebands apparent in the cro
cy
ta
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ection taken from the new experiment are obscured in
ISE experiment due to the symmetrization around the c

f the v1 dimension. In this case the amorphous contribu
as a small resonance offset with respect to the center o

otal proton spectrum. Figure 2 demonstrates that the
xperiment does indeed produce a sign-discriminated p
pectrum in thev1 dimension and illustrates the advantage
oing so in systems with motionally narrowed proton lin
his could have been achieved using a standard proce
uch as the hypercomplex method due to Stateset al. (11), but
nly at the expense of sensitivity. To demonstrate how the
xperiment largely overcomes this loss, a more detailed
sis is given below.

THEORY

For a proton (I) carbon-13 (S) system the isotropic mix
amiltonian is (12)

H 5 O
k

D IS
k Ik z S,

hereD IS is an effective heteronuclear dipolar coupling wh
ontains a scaling factor characteristic of the pulse sequ
nd is modulated by magic angle spinning. For a two-
ystem the resulting magnetization transfer can be written12)

IaO¡

D ISI z St 1

2
Ia~1 1 cosD ISt!

1
1

2
Sa~1 2 cosD ISt! 1 ~IbSg 2 IgSb!sin D ISt, [1]

herea, b, g 5 x, y, z. This process is isotropic in the sen
hat all components of the I-spin magnetization are transfe
imultaneously to their S-spin counterparts and the phase
ransferred magnetization is preserved. This behavior is cr
o the correct operation of the experiment described here
ontrasts with that observed with standard Hartmann–H
ross-polarization for which components of the I-spin ma
ization perpendicular to the spin-locking field are dephase
here are many heteronuclear interactions, as is usually the
n solids, the oscillations in Eq. [1] are rapidly damped, leadin
o a quasi-equilibrium state of1

2(I a1Sa).
If the cycle time of the WIM-24 sequence is short compa

o the MAS period, the zero-order average Hamiltonian ha
equired isotropic form (8, 13)

H 5 O 2

3
v IS

k (t)Ik z S,
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238 OLIVER AND TITMAN
here the modulation of the spatial part by the spinning
atevR can be expressed as a Fourier series

v IS
k ~t! 5 O

m522

12

v IS
k~m!exp~imvRt!

ith coefficients

v IS
k~m! 5 2x kd2m,0

2 ~b0! D 0,2m
2 ~akbkgk!,

hereb0 is the magic angle. These depend on the Euler a
k, b k, and g k which relate the principal axis system of
eteronuclear dipolar coupling tensor to a frame fixed on
AS rotor as well as the coupling constant

x k 5
m0

4p

g IgS\

r k
3

ith r k the distance between the carbon-13 nucleus in que
nd thekth proton. The Wigner rotation matricesDp,q

2 (abg)
re defined in (14). Kubo and McDowell (8) have analyzed th
ituation where magic angle spinning interferes with opera
f the WIM-24 sequence. They demonstrated that anisot

erms are introduced into the effective Hamiltonian, part
arly when the MAS period lasts for an integral number

IM-24 cycles. However, the effect was shown to be ne
ible for short mixing times and significantly less import

han similar problems caused by experimental imperfect
uch as mismatched proton and carbon-13 field strengt
ulse phase errors.
The evolution of the density operator during the experim

rom the end of evolution timet 1 to the start of acquisition tim
2 5 0 can be represented as a series of product ope
ransformations. For proton pulse phasesf1 5 p/2 andf2 5

these are

~IxcosV It1 1 Izsin V It1!exp~2s 2t 1
2/ 2!O¡

D ISI z St

~SxcosV It1 1 Szsin V It1!exp~2s 2t 1
2/ 2!O¡

~p/ 2!Sx

~SxcosV It1 2 Sysin V It1!exp~2s 2t 1
2/ 2!, [2]

here V I is the proton offset and the effect of the pro
omonuclear dipolar couplings has been accounted for
aussian broadening term withs related to the linewidth
roton terms in the density operator remaining after the m
ave been disregarded and all numerical prefactors have
mitted for simplicity. The damping of the oscillations in E
1] is assumed to be rapid compared to the timet for which the r
a

es

e
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-
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sotropic mixing sequence is applied. Repeating the experi
ith a p phase shift of the second protonp/2 pulse so tha
2 5 p results in a similar series of transformations:

~IxcosV It1! 2 IzsinV It1)exp~2s 2t 1
2/ 2!O¡

D ISI z St

~SxcosV It1 2 SzsinV It1!exp~2s 2t 1
2/ 2!O¡

(p/2)Sx

~SxcosV It1 1 Sysin V It1!exp~2s 2t 1
2/ 2!. [3]

f the datasets corresponding to the signals of Eqs. [2] an
re stored separately rather than combined in the receiver
oth the orthogonal components oft 1 proton magnetization ca
e obtained simultaneously by taking additive or subtrac
ombinations,

S~t1! add
y 5 2SxcosV It1exp~2s 2t 1

2/ 2!

S~t1! sub
y 5 22Sysin V It1exp~2s 2t 1

2/ 2!,

here the superscript refers to the phasef1. Allowing for a p/2
elative phase correction in thev2 dimension, the two datase
an be Fourier transformed according to the hypercom
ethod of Stateset al. This procedure follows that propos
reviously for solution-state experiments (9) and results in
pectrum which is sign discriminated in thev1 dimension
uch a procedure resulted in the spectrum shown in F

right). It is important to note that sign discrimination has b
chieved without the need to perform a separate experim
btain the sine component, and the loss of sensitivity incu
y a straightforward hypercomplex processing procedu
voided. In the routine WISE experiment the sine compo
annot be obtained in this way because the phase o
ransferred magnetization is not preserved by the stan
artmann–Hahn cross-polarization sequence. Hence, th
orporation of an isotropic mixing sequence into the exp
ent can be used to achieve sign discrimination without u

oss of sensitivity.
As demonstrated in Fig. 2, the sequence used for mag

ation transfer has a significant effect on the relative sen
ties of the different variants of the heteronuclear correla
xperiment. For example, the short Hartmann–Hahn c
olarization time required by the routine WISE experim

avors rigid solids at the expense of more mobile ones
ompare the new data-processing procedure to that used
he routine WISE experiment, as well as to the hypercom
ethod of Stateset al., two further datasets were acquir
sing the pulse sequence of Fig. 1. These are obtained
xperiments with proton pulse phasesf1 5 p andf2 5 0, p

epresented by the transformations
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~IzcosV It1 2 Ixsin V It1!exp~2s 2t 1
2/ 2!O¡

D ISI z St

~SzcosV It1 2 Sxsin V It1!exp~2s 2t 1
2/ 2!O¡

~p/ 2!Sx

~2SycosV It1 2 Sxsin V It1!exp~2s 2t 1
2/ 2! [4]

~2IzcosV It1 2 Ixsin V It1!exp~2s 2t 1
2/ 2!O¡

D ISI z St

~2SzcosV It1 1 Sxsin V It1!exp~2s 2t 1
2/ 2!O¡

~p/ 2!Sx

~SycosV It1 2 Sxsin V It1!exp~2s 2t 1
2/ 2!. [5]

dditive and subtractive combinations of datasets [4] and
re therefore

S~t1! add
2x 5 22Sxsin V It1exp~2s 2t 1

2/ 2!

S~t1! sub
2x 5 22SycosV It1exp~2s 2t 1

2/ 2!,

here once again the superscript refers to the phasef1. Hence

FIG. 3. (a) Results of the three processing procedures described in
ransform, (center) following the hypercomplex method of Stateset al., and (
escribed in the text, incorporating a single cycle of the WIM-24 seque
xactly on resonance with the narrow amorphous line. Other parameter

arbon-13 resonance as indicated by the arrows.
]

he signal S(t 1) add
y 1 iS(t 1) sub

2x contains only the cosine com
onent of thet 1 modulation. Multiplication by the factori

ndicates that the real and imaginary parts of a dataset mu
xchanged. For this combination of the four datasets [2] t
real Fourier transform must be applied in thev1 dimension

nd this results in a symmetrized proton spectrum. This
essing procedure is equivalent to that carried out for
outine WISE experiment, although the data have been
uired with the pulse sequence of Fig. 1, including the isotr
ixing sequence. In this way the sensitivity obtained with
ISE processing procedure can be compared to that obt
ith both the hypercomplex method of Stateset al. and the
ovel procedure, avoiding interference from effects ari

rom the choice of magnetization transfer sequence. The
esponding sign-discriminated spectrum can be obtained
he same four datasets [2] to [5] using the hypercom
ethod of Stateset al. with the S(t 1) add

y and S(t 1) add
2x combina-

ions as the real and imaginary parts of thet 1 Fourier trans
orm. Compared to the WISE processing procedure
ethod is expected to result in a loss of up to a factor tw

ignal to noise ratio. The largest decreases are expected
road proton line on resonance, while for narrow lines with
ffset there is no loss in signal to noise. The origin of the

s that while both combinations S(t 1) add
y and S(t 1) add

2x contribute
o the noise, for a broad line on resonance the second co

text for the same experimental data: (left) WISE processing with a reav1 Fourier
t) the new enhanced procedure. Four experimental datasets were reco
of duration 100ms for isotropic mixing. The proton resonance frequency wa

ere as for Fig. 2. (b and c)v1 cross-sections through the amorphous and crysta
the
righ
nce
s w
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240 OLIVER AND TITMAN
egligible signal. However, an identical sign-discrimina
pectrum can be obtained from the same four datasets [2]
t no extra cost in terms of experiment time using the co
ations S(t 1) sub

y and S(t 1) sub
2x. The sum of these two sig

iscriminated spectra in which the noise is uncorrelated9)
esults in a gain in signal of a factor 2 and a gain in the n
f a factor=2. This corresponds to a=2 increase in signal t
oise ratio relative to the standard States method. This
sensitivity enhanced” (9) processing procedure is equival
o that used to obtain the right-hand spectrum of Fig. 2.

RESULTS

Figure 3 shows the results of the three processing proce
escribed above on the same four experimental datase
orded with the proton carrier frequency set on resonance
he amorphous line. Experimental parameters were simil
hose of Fig. 2; further details are given in the figure leg
or the two-dimensional plots, (a) 10 contour lines were dr
t heights scaled relative to the maximum intensity in

ndividual spectra. For thev1 cross-sections through the
morphous and (c) crystalline carbon-13 resonances (as
ated by the arrows in the figure), an absolute scale of inte
as used. As expected, both the narrow on-resonance
hous and broad crystalline proton lines show similar beha
he WISE processing procedure (left) results in twice
ignal and identical noise relative to the States method (ce
hile the new enhanced method (right) allows the full W
ignal to be regained at a cost of an extra factor of=2 in noise
FIG. 4. Spectra produced as for Fig. 3 except that the proton resonance
[5]
i-

e

rd

res
re-

ith
to
.
n
e

di-
ity
or-
r.
e
r),

he latter fact is most easily verified by looking at the nois
he two-dimensional contour plot. Quantitative details
iven in the first three rows of Table 1 which shows the n
alculated by evaluating the standard deviation of intensiti
two-dimensional section of the spectrum extracted fro

egion well away from the resonances, as well as the inte
or the signals in the cross-sections of Figs. 3b and 3c.
alues in the table confirm the expected signal to noise v
ion.

Figure 4 shows data which are identical to that of Fig

TABLE 1
Signal and Noise in Arbitrary Units Recorded for Poly(ethylene)

ith the Pulse Sequence in Fig. 1 as a Function of Processing
ethod

Processing methoda Noiseb Signal (amorphous)c Signal (crystalline)c

WISE (1) 0.295 3.73 20.05
States (1) 0.292 2.05 12.28
Enhanced (1) 0.421 3.75 20.26
WISE (2) 0.294 2.07 10.39
States (2) 0.299 2.00 6.30
Enhanced (2) 0.428 4.16 10.52

a As described in the text (1) and (2) denote amorphous protons on-
Hz off-resonance inv1, respectively.

b Measured as the standard deviation of the intensities in a 253 50 data
oint section extracted from an empty region of the spectrum.

c Measured as the integral of the proton line in av1 slice through th
aximum of the relevant carbon-13 resonance.
frequency was set 2 kHz off resonance with respect to the narrow amorphous line.
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xcept that the proton carrier frequency was set 2 kHz
esonance with respect to the narrow proton line. In this
he symmetrization inherent in the WISE processing proce
s particularly apparent for the narrow amorphous proton
s expected. There is no real gain in signal to noise fo
ISE processing procedure relative to the States metho

he narrow amorphous line. The apparent increase is solel
o the overlap of this line and its mirror image inv1. However
he WISE processing procedure still shows twice the si
elative to the States method for the broad crystalline line.
ines show a twofold signal enhancement relative to the S

ethod when the new processing procedure is used and
s the expected=2 enhancement in noise. Quantitative det
re given in the last three rows of Table 1 and these confirm
xpected signal to noise variations. In particular it shoul
oted that in the off-resonance case for the narrow line
ignal to noise ratio is highest using the new procedure.

CONCLUSION

A novel variant of the WISE experiment which overcom
he problems of spin diffusion and lack of sign discrimina
as been described. The combination of an isotropic m
equence for magnetization transfer with data-proce
ethods borrowed from solution-state NMR spectroscop

ows WISE spectra which are sign discriminated inv1 to be
ecorded without prohibitively large sensitivity losses.
elatively narrow proton lines this experiment has been sh
o give sensitivity enhancements over comparable symme
pectra. The new variant of the WISE experiment has
emonstrated to be particularly useful in studies of semic

alline polymers which consist of rigid crystalline domains
elatively mobile amorphous domains. In addition to

IM-24 sequence mixing schemes have been proposed w
re suitable for use with MAS at rates greater than the stre
f the homonuclear and heteronuclear dipolar interactions15).
inally, we note that sensitivity-enhanced variants of sev
ther heteronuclear (1) and homonuclear (16) solid-state cor

elation experiments can be envisaged. 1
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