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Three exchange nuclear magnetic resonance (NMR) techniques
are presented that yield 13C NMR spectra exclusively of slowly
eorienting segments, suppressing the often dominant signals of
mmobile components. The first technique eliminates the diagonal
idge that usually dominates two-dimensional (2D) exchange
MR spectra and that makes it hard to detect the broad and low

ff-diagonal exchange patterns. A modulation of the 2D exchange
pectrum by the sine-square of a factor which is proportional to
he difference between evolution and detection frequencies is gen-
rated by fixed additional evolution and detection periods of du-
ation t, yielding a 2D pure-exchange (PUREX) spectrum.

Smooth off-diagonal intensity is obtained by systematically incre-
menting t and summing up the resulting spectra. The related
econd technique yields a static one-dimensional (1D) spectrum
electively of the exchanging site(s), which can thus be identified.
fficient detection of previously almost unobservable slow motions

n a semicrystalline polymer is demonstrated. The third approach,
1D pure-exchange experiment under magic-angle spinning, is an

xtension of the exchange-induced sideband (EIS) method. A
OSS (total suppression of sidebands) spectrum obtained after the

ame number of pulses and delays, with a simple swap of z
eriods, is subtracted from the EIS spectrum, leaving only the
xchange-induced sidebands and a strong, easily detected center-
and of the mobile site(s). © 2000 Academic Press

Key Words: exchange NMR; segmental dynamics; chain mo-
tions; diagonal-ridge suppression.

INTRODUCTION

Slow motions in polymers (1–3) and other solids have im
ortant effects on mechanical, processing, and transport
rties of these materials (4). Multidimensional exchange NM
5) of solids (6) in one-dimensional (1D) (7–10), two-dimen-

sional (2D) (11–14), three-dimensional (3D) (6, 15), and re
duced four-dimensional (4D) (16) versions has proven the
excellent ability to characterize the time scale, geometry
entational memory, and heterogeneity of motions on the 0
to 10 s time scale. However, these techniques have so fa
limited to cases where the reorienting segments account f
major fraction of the NMR signal. Otherwise, the domin

1 To whom correspondence should be addressed. E-mail: sr
olysci.umass.edu.
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intensity of the nonreorienting segments, for instance the
diagonal ridge in a 2D exchange spectrum, overwhelm
broader exchange intensity of the reorienting sites (17). This
has made it practically impossible to use exchange NM
analyze, for instance, the motion near the glass transition
amorphous regions in semicrystalline polymers or to s
side-group motion in detail without isotopic enrichment.
small frequency changes, e.g., due to small-amplitude mo
the overlap with the strong diagonal ridge is particularly se
and makes diagonal suppression desirable.

In this paper, we present three techniques for obta
pure-exchange (PUREX)13C NMR spectra, i.e., with intensi
arising only from sites reorienting during the mixing time
the experiment. The first technique, suitable for nonspin
samples or for fast magic-angle spinning, eliminates the
onal ridge in the 2D exchange NMR spectrum while permit
flat excitation of the off-diagonal intensity. In solution NM
such a suppression of the diagonal has been a long-sta
issue addressed by a variety of approaches. These in
diagonal-spectrum subtraction (18), modulation of the spe
trum by a pulse-sequence-induced excitation function (19, 20),
and digital removal of the diagonal signal in the time dom
(21). In solid-state NMR, in a few cases the subtraction
pure diagonal spectrum has been used, but it does not gen
remove the diagonal ridge, as discussed below. The c
similarity of our approach is to that of Baur and Kes
(19, 21), which produces a sine modulation in NOESY spe
However, in solid-state NMR, it is crucial to produce a pu
positive modulation and to achieve a flat excitation of
off-diagonal intensity efficiently.

The second PUREX technique yields a static 1D spec
selectively of the exchanging site(s), which can thus be i
tified. We demonstrate the efficient detection of slow segm
tal reorientations in a semicrystalline polymer that are alm
unobservable in conventional 2D exchange experiments
third approach, a 1D MAS experiment, is an extension o
exchange-induced sideband (EIS) method (7), in such a wa
that only a strong, easily detected centerband of the m
site(s) and the exchange-induced sidebands are observe
shown that clean PUREX EIS spectra can be obtained
when the exchanging signal component is small.
@
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87PURE-EXCHANGE NMR
EXPERIMENTAL

Isotactic poly(1-butene) (iPB, [–CH2CHR–]n, with R 5
CH2CH3), a semicrystalline polymer with two backbone a
two side-group carbon sites, ofMw 5 570,000 was obtaine
rom Aldrich. The as-received polymer pellets were prep
or NMR studies by melting at approximately 423 K, follow
y slow cooling and storage at room temperature for se
eeks to ensure complete conversion to crystal form I (iP
imethyl sulfone (DMS; O2S(CH3)2) was used in powder for

as received from Aldrich.
All PUREX spectra were recorded on a Bruker DSX

NMR spectrometer at a13C frequency of 75 MHz. The stat
experiments were performed using a 5 mm static double
resonance variable-temperature Bruker probe head. Fo
PUREX EIS experiments, a 7 mmBruker magic-angle spin
ning probe was used. No specific tune-up of individual p
amplitudes or phases was necessary.

1D PUREX spectra on iPB-I were recorded with 1536 sc
using 90° pulse lengths of 3.9 and 4.0ms for 13C and 1H,
respectively. A proton decoupling field strength of appr
mately 90 kHz, cross-polarization time of 500ms, signal–

cquisition time of 6.2 ms, and additional evolution timet of
500 ms were used. The experiments were performed u

ixing times of 1, 10, 100, and 1000 ms.
2D PUREX 13C NMR spectra on DMS were measu

off-resonance in thet 1/v 1 dimension, using 90° pulse leng
of 3.7 and 4.0ms for 13C and 1H, respectively. A proto
decoupling field strength of approximately 75 kHz, a cr
polarization time of 800ms, and at 2 acquisition time of 6.2 m
were used. In thet 1 dimension, 40 slices with increments of
ms were acquired. Four spectra, recorded with different va
of t (250, 500, 750, and 1000ms), were coadded to obtain a fl
modulation function across the whole off-diagonal spectrum
total of 768 scans were acquired to obtain the PUREX s
trum. The unmodulated exchange spectrum was measure
256 scans and 40 slices with an increment of 48ms. The

xperiments were performed using mixing times of 50 m
2D PUREX experiments on iPB-I were performed using

ame pulse lengths, proton decoupling field strength, and c
olarization time as in the 1D PUREX experiments. In tht 1

dimension, 32 slices with an increment of 48ms were acquired
Two spectra, witht 5 500ms andt 5 1 ms, were recorded a
coadded. Pert 1 point a total of 576 scans were acquired
obtain the PUREX spectrum. For reference, a regular exch
spectrum was measured with 96 scans and 128 slices w
increment of 48ms. The experiments were performed us
mixing times of 300 ms.

1D PUREX EIS experiments were performed at a spin
frequency of 1 kHz on a model system consisting of a mix
of approximately 90% iPB-I and 10% (13 mg) DMS. Pro
decoupling field strengths of approximatelygB1/(2p) 5 80
kHz, a cross-polarization time of 1000ms, an acquisition tim

f 30 ms, and 90° pulse lengths of 4.3ms for 13C and 4ms for
d
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1H were used. The experiments were performed for mi
times of 2 and 50 ms.

THEORETICAL BACKGROUND

In this section, the theoretical basis and experimental im
mentation of the three PUREX techniques are described

2D PUREX Spectrum

The goal of this method is the suppression of the diagon
a 2D exchange spectrum. It is achieved by modulation o
2D spectrum by sin2{( V2 2 V1)t/2}, whereV1 andV2 are the
precession frequencies of a given site before and afte
mixing time. The most efficient way of generating this s
square function is based on the trigonometric equalities

sin2$~V2 2 V1!t / 2%S5 1
2~1 2 cos$~V2 2 V1!t%!S [1]

cos$~V2 2 V1!t%S5 cos~V1t!cos~V2t!S

1 sin~V1t!sin~V2t!S. [2]

ere, S denotes the regular 2D exchange time or frequ
ignal. The two terms on the right-hand side of Eq. [2]
enerated by two extra modulation periods of durationt, one
efore, the other aftertm. The sine and cosine terms on

right-hand side of Eq. [2] are selected by suitable choices o
phase of the flip-back pulses (labeled e and g in Figs. 1a
1b).

The first term1
2S on the right-hand side of Eq. [1] corr

sponds to a regular 2D exchange spectrum. It is mea
using the pulse sequence of Fig. 1b, which matches all p
and relaxation delays used to acquire the cos{(V2 2 V1)t}-
modulated spectrum in the pulse sequence of Fig. 1a. Not
instance, that the sequences are equal before the dash
after the dotted line. In between, only onet delay has bee
moved. In order not to waste time and sensitivity on “si
sine” scans without signal, only “cosine–cosine” terms
measured for the unmodulated spectrum. As a result, this s
requires only half the number of scans as the cos{(V2 2
V1)t}-modulated spectrum and has a 21/2 times better signa
to-noise ratio.

2D PUREX Phase Cycling

The phase cycling used in the pulse sequence shown in F
is summarized in Table 1. To obtain the complete phase cy
the phase anglesc andf must assume independently the va
0°, 90°, 180°, and 270°, which results in a total of 128 scan
cycle. Elimination ofT1 artifacts is accomplished by inverting t
phases of the pulses e and h as shown, for instance, in rows
2 of Table 1. Suppression of direct-polarization artifacts is
formed by inverting the phase of the1H 90° pulse and the pul
f, as indicated in the first row by the symbol “6”. Implementation
of perfect quadrature detection (CYCLOPS) and suppressi
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88 DEAZEVEDO, BONAGAMBA, AND SCHMIDT-ROHR
he artifacts due to imperfections in the 180° pulse (EX
YCLE) are performed, simultaneously, by changing the p
hases a, b, c, e, and h and the receiver phase as indicated
he values ofc andf are set to be equal in our experiments.
hase cycling for the pulse sequence shown in Fig. 1b ca
asily obtained by ignoring the rows which lead to sin(V1t)
in(V2t) components in Table 1.

odulation Function

The desired modulation function should be flat across
hole off-diagonal spectrum, with a sharp notch along

FIG. 1. Pulse sequences for static (nonspinning) PUREX experimen
wo-dimensional sequence for cos(V2 2 V1)t modulation of the 2D exchang
pectrum. The 180° pulse is applied only to match the 180° pulse in (b
atching sequence withoutt modulation. The spectrum obtained in (a)
cquired with twice the scans as that in (b); the difference yields th
UREX spectrum. (c, d) Simplest versions of the sequence for obta
ne-dimensional static PUREX spectra, producing (c) a cos(V2 2 V1)t mod-
lated and (d) a matching unmodulated spectrum. To avoid artifacts res

rom long-term spectrometer drift, it is best to alternate the pulse sequ
fter 128 scans for (c) and 64 scans for (d), saving the two resulting s
eparately and subtracting them at the end.
TABLE
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iagonal. This can be achieved by coadding sin2{( V2 2 V1)t/
}-modulated spectra for differentt values. Since all poin
long a straight line parallel to the diagonal have the s

requency differenceDV 5 V2 2 V1 and therefore the sam
odulation factor, it is sufficient to plot the modulation fu

ion along any straight line perpendicular to the diago
igure 2 shows such modulation functions for sums of se
in2{( V2 2 V1)t/2} factors with a fixedt increment. Thes
xhibit the desired sharp notch and nearly flat top alread
small number of increments.
It is possible to modify the modulation functionW(DV), for

nstance to reduce the “ripple” seen in Fig. 2. This is achie
y changing the weightf(mt 1) of the mth subspectrum. A
imple Fourier relation exists betweenW(DV) and f(t):

a)

b)

D
g

ng
es
tra

FIG. 2. Frequency-difference modulation profiles for static PUREX s
ra produced by summing up signals for different numbers oft values
ystematically incremented byt1: (a) onet value (t1 5 250 ms); (b) four t
alues (t1, 2t1, 3t1, 4t1); (c) eightt values (t1, . . . , 8t1); (d) sixteent values
t1, . . . , 16t1). The modulation function in the range of 0, uV2 2 V1u ,
p/t approximates a constant, while it remains zero atuV2 2 V1u 5 0.
1

cquired.
Phase Cycling for 2D PUREXa

1H 90°
a

CP
b

Store
c

Read
d

180°
e

Store
f

Read
g

Store
h

Read Receiver Component

6y 1y1f 2x1f 1x2c 2y 2x2c 6x 7x 1x 6y12c cos(V1t)cos(V2t)
6y 1y1f 2x1f 1x2c 2y 1x2c 6x 7x 2x 6y12c cos(V1t)cos(V2t)
6y 1y1f 2x1f 1x2c 2y 2y2c 6x 6y 2x 7y12c sin(V1t)sin(V2t)
6y 1y1f 2x1f 1x2c 2y 1y2c 6x 6y 1x 7y12c sin(V1t)sin(V2t)
6y 1y1f 1x1f 1x2c 2y 2x2c 6x 7x 1y 7x12c cos(V1t)cos(V2t)
6y 1y1f 1x1f 1x2c 2y 1x2c 6x 7x 2y 7x12c cos(V1t)cos(V2t)
6y 1y1f 1x1f 1x2c 2y 2y2c 6x 6y 2y 6x12c sin(V1t)sin(V2t)
6y 1y1f 1x1f 1x2c 2y 1y2c 6x 6y 1y 6x12c sin(V1t)sin(V2t)

a The phase anglesf andc are incremented in 90° steps. For the sequence in Fig. 1b, only the cosine–cosine terms (rows 1, 2, 5, and 6) are a
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89PURE-EXCHANGE NMR
W~DV! 5 O
m50

N

@2 sin2~1
2DVmt1!# f~mt1!

(a)
5 O

m50

N

@1 2 cos~DVmt1!# f~mt1!

(b)
5 F 2 ReS O

m50

N

f~mt1!exp~iDVmt1!D
(c)
5 F 2 ReS E

2`

1`

f~t!exp~iDVt!dtD
(d)
5 F 2 Re~FT~ f !!. [3]

n step a we have used Eq. [1]. Step b is permitted becau
(mt 1) are purely real. The constantF is the total sum o
(mt 1). In step c the relation between a discrete and the

familiar continuous Fourier transformation has been used
valid if the step sizet1 is smaller than the inverse of the wid
of the spectrum (i.e., fulfills the Nyquist sampling conditio
Also, under these conditions, the sumF is equal to the integr

verf(t). Working purely in the framework of discrete Four
transformation, the transition to the continuous FT could
have been skipped.

The termF in Eq. [3] is the constant corresponding to
flat regions in Fig. 2, while Re(FT(f )) is responsible for th
sharp notches and the ripple. As an example, the deca
exponential weighting functionf(mt 1) shown in Fig. 3a resul
in a Lorentzian notch, Fig. 3b.

Intrinsic Modulation vs Data Multiplication

It is important to note the difference between the intri
modulation of the signals by sin2{( V 2 V )t/2} and a mul-

FIG. 3. (a) Gaussian (solid line) and exponential (dotted line) weigh
functions used to simulate the reduction of the ”ripple“ in the modula
profiles compared to those resulting from the unweighted profile (dashed
The symbols indicate the amplitudes of these functions att1 5 250, 500, 750

nd 1000ms. (b) Modulation profiles for static PUREX spectra produce
summing up four weighted signals with differentt values. For comparison, t

odulation profiles obtained with Gaussian (solid line) or exponential (d
ine) weighting functions are shown together with the corresponding
eighted profile (dashed line).
2 1
the

re
is

.

o

g-

c

tiplication of a regular 2D exchange pattern by sin2{( v2 2
v1)t/2}; here,V1 andV2 are the actual precession frequenc
while v1 and v2 are the frequency coordinates of the
spectrum. With the intrinsic modulation, the 2D PUR
method suppresses not only the intensity exactly on the
onal but also off-diagonal broadening and cutoff wiggles o
diagonal ridge. In addition to these obvious effects of re
ation and truncation, minor dead-time effects or spectrom
instabilities often cause the high diagonal ridge to prod
low-level baseline distortions that have intensities simila
those of the exchange signals and are not removed by p
quisition data multiplication. PUREX with block averaging
eliminate effects of spectrometer drift reduces these artifac
more than an order of magnitude.

In this context, it is also interesting to note that the inten
on the diagonal in the PUREX 2D spectrum does not ha
be exactly zero; intrinsic or smoothing-induced line broade
can result in the wings of off-diagonal intensity extending o
the diagonal. This will occur in particular if the maximu
evolution time is comparable to the maximumt value.

With the intrinsic sin2{( V2 2 V1)t/2} modulation, the 2D
PUREX spectrum has a different, and generally higher, in
mation content than the corresponding regular 2D exch
spectrum. In the 2D PUREX spectrum, it can be distingui
whether intensity near the diagonal is the wing of a signal
exactly equalV1 andV2 or whether intrinsicallyV1 Þ V2.

1D PUREX Spectrum

The one-dimensional PUREX experiment derived by se
t 1 5 0 in the 2D PUREX pulse sequence is useful in its
ight. It produces a spectrum purely of the exchanging s
ith some modulation that relatest and the size of the fre

quency changesuV2 2 V1u. Figures 1c and 1d show on
dimensional pulse sequences, suitably simplified from th
PUREX sequences by removal of the pulses specifically
ciated with the evolution timet 1. Again, the difference of th
signals obtained with the two pulse sequences is recorde
avoid artifacts due to long-term spectrometer drifts, the p
sequences should be alternated every full phase cycle
scans. The choice oft determines whether only large f
quency changes or also smaller ones are detected. Th
PUREX spectrum can be considered as the projection o
corresponding 2D PUREX spectrum onto thev2 axis. This can
be useful for understanding the specific modulation of the
PUREX spectrum.

A lower limit of the fractionfm of sites involved in the slo
dynamics can be estimated by comparing the intensities o
full 1D PUREX intensity and the corresponding full sign
The PUREX signal fraction is equal to the fractionE` of the

xchange intensity for very long timestm .. tc and t ..
/DV, which is related tofm and the numberM of equivalen

orientation sites according to

E 5 f ~M 2 1!/M. [4]
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90 DEAZEVEDO, BONAGAMBA, AND SCHMIDT-ROHR
For instance, the long-time PUREX signal fraction would
E` 5 1

2 for a two-site jump (M 5 2) of all segments (fm 5 1)
or for half the segments (fm 5 1

2) reorienting diffusively (M ..
1). In terms of the modulation factors, consider that the r
ence signalS is compared to the PUREX signalE`(1 2
cos(DVt))S 5 E`2 sin2(DVt/2)S, so that the PUREX sign
fraction is indeedE` 3 2 3 0.5 5 E`. Note that Eq. [4
yields rigorous limits forfm in terms ofE`:

E` , fm # 2E`. [5]

Ultimate Resolution Limit in Exchange NMR

Based on the theory discussed so far, it would seem tha
sufficient sensitivity, arbitrarily small frequency changes co
be detected in PUREX spectra. This, however, is not the
An ultimate limitation is provided by the “uncertainty relatio

DV $ 2p/tc; [6]

i.e., the smallest observable frequency changeDV is compa
rable to the inverse of the correlation timetc. The origin of this
limitation is most obvious in the time domain: In order
observe a frequency change of 2p/tc, thet period must be o
the order oftc. This will result in exchange during thet period,

nd the premises of the simple description are violated.

UREX EIS Spectrum

The PUREX EIS (exchange-induced sideband) techn
perates on a different principle than the PUREX method
tatic samples. It is based on the original EIS experim
7, 22), where signal changes occur only for the sites exch
ng during a mixing time inserted into a TOSS (total supp
ion of sidebands) pulse sequence. Otherwise, the signa
he same as in a regular TOSS spectrum. The differ
etween EIS and TOSS will thus yield a much simpli
UREX EIS spectrum. In addition to the exchange-indu
idebands, the PUREX EIS spectrum exhibits a strong ce
and, of the same integral as the total area of the exch

nduced sidebands but of opposite sign.
In the implementation of the PUREX EIS experiment,

aramount to make the EIS and the reference TOSS e
ents as similar as possible. The pulse sequences in Fi
nd 4b are indeed the same except for a swap of thez periods
and tm. Thus, all relaxation and pulse effects are virtu

dentical. At the bottom of the pulse sequences, we
ndicated the necessary rotor synchronization, which en
hat the precession of the transverse magnetization is res
t the same rotor phase at which it was interrupted by
torage pulse beforetm; in other words,tm is equal to an intege

number of rotor periods.
The most important requirement of the EIS phase cyclin

the combination of both real and imaginary signal compon
e
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of which only one can be stored during the mixing timetm, to
regenerate the complex magnetization state before the s
pulse andtm. The phase cycling used in the pulse sequ
shown in Fig. 4a is summarized in Table 2. To obtain
complete phase cycling,c must assume the values 0°, 9
180°, and 270°, which results in a total of 64 scans per c
Elimination of T1 and CP artifacts is accomplished, for
stance, by inverting the phases of the1H 90° pulse and th
receiver as indicated in rows 1 and 5. The phase shifting o
pulse h and the receiver, indicated by the symbol “7”, provides
the elimination of the residual transverse magnetization
the final read-out pulse, which is particularly important
acquisitions with very short mixing times. The storage du
tm of the real and imaginary parts of the magnetization, i.e.
cosine and sine components in Table 2, is performed b
cling the phase of the pulse h in thex and y directions
Additional phase cycling for compensation of experime
imperfections in the TOSS procedure (13, 23) is included in
Table 2.

RESULTS

We have tested the three PUREX experiments on dim
sulfone, DMS, a crystalline organic solid which at room t
perature exhibits two-site reorientations on a 10 ms time
(7, 22); on isotactic poly(1-butene) form I, iPB-I, which h

reviously shown weak indications of exchange intensit
58 K (17); and on a mixture of DMS and iPB-I at 293 K.

D PUREX NMR

The 2D PUREX experiment is demonstrated on unlab
MS at ambient temperature with a mixing timet 5 50 ms

FIG. 4. Pulse sequences for a PUREX EIS experiment. At the bottom
rotor synchronization is indicated. (a) Exchange-induced sideband (EIS)
sequence. (b) Matching TOSS sequence. To avoid artifacts resulting
long-term spectrometer drift, the pulse sequences are alternated afte
phase cycle of 64 scans, with inverted receiver phase for subtraction.
m
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91PURE-EXCHANGE NMR
DMS produces a well-defined elliptical exchange pattern,
responding to reorientations of the CH3 axes by 108°, whic
have been characterized by2H and 13C exchange NMR
14, 22). Figure 5 shows a series of 2D PUREX spectra

corresponding simulations. The periodic modulation of
exchange intensity and the suppression of the diagonal
are clearly observed. The experimental and simulated sp
obtained as the sums of these patterns are displayed in F
and 6b. The nearly uniformly excited elliptical ridge patter

TAB
Phase Cycling

1H 90°
a

CP
b

Store
c

Read
d

180°
e

180°

1 1y 1y1c 2x1c 1x1c 2x1c 1x1c
2 1y 1y1c 2x1c 1x1c 2x1c 1x1c
3 2y 1y1c 2x1c 1x1c 2x1c 1x1c
4 2y 1y1c 2x1c 1x1c 2x1c 1x1c
5 2y 1y1c 2x1c 1x1c 2x1c 1x1c
6 2y 1y1c 2x1c 1x1c 2x1c 1x1c
7 1y 1y1c 2x1c 1x1c 2x1c 1x1c
8 1y 1y1c 2x1c 1x1c 2x1c 1x1c

a The phase anglec is incremented in 90° steps.

FIG. 5. 2D PUREX spectra of DMS (a) fort 5 250 ms with (b)
orresponding simulation, (c) fort 5 500 ms with (d) simulation, (e) fort 5
50 ms with (f) simulation, and (g) fort 5 1000ms with (h) simulation.
r-

h
e
ge
tra
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s

clearly seen. Only the tips of the ellipses are suppresse
cause thet increment was chosen slightly too long.

For reference, a regular exchange spectrum obtained
the pulse sequence of Fig. 1b is shown in Fig. 6c. The
dization (cutoff) wiggles associated with the sharp diag
ridge as a result of the relatively short maximumt 1 evolution
ime are cleanly removed in the PUREX spectrum of Fig

D and 2D PUREX NMR of a Semicrystalline Polymer

Regular 2D exchange experiments on iPB-I at 250
lightly above the glass-transition temperature, showed
ndications of exchange intensity near the highest peak a
he diagonal (17). We now characterize the motional proc
y PUREX experiments. Figure 7 shows a series of
UREX spectra for 1, 10, 100, and 1000 ms, taken with

otal measuring time of 7 h. At the top, the regular spectru
hown for comparison. At the bottom, the isotropic shifts o
our sites are indicated. The increase of the intensity wittm

shows that motions become significant on a 10 ms time
and that exchange is nearly complete within 100 ms.
signals of all sites increase similarly. Aftertm 5 1 s, significan
reduction of the side group signals (at low ppm values) oc
due toT1 relaxation.

2
PUREX EISa

f
180°

g
180°

h
Store

i
Read Receiver Compone

2x1c 1y2c 7x2c 1x2c 7y2c Cosine
2x1c 1y2c 7y2c 1y2c 7y2c Sine
1x1c 2y2c 7x2c 1x2c 6y2c Cosine
1x1c 2y2c 7y2c 1y2c 6y2c Sine
2x1c 1y2c 7x2c 1x2c 6y2c Cosine
2x1c 1y2c 7y2c 1y2c 6y2c Sine
1x1c 2y2c 7x2c 1x2c 7y2c Cosine
1x1c 2y2c 7y2c 1y2c 7y2c Sine

FIG. 6. (a) 2D PUREX spectrum of DMS, produced by adding the sp
for t 5 250ms tot 5 1 ms shown in Fig. 5. (b) Corresponding simulation

or comparison, one of the unmodulated 2D exchange spectra is show
trong wiggles arising from truncation of the signal int 1 are obviously

removed in the pure exchange spectrum, together with the diagonal ridg
which they are associated.
LE
for



fo
hin
on

e
ng
ca
nal
thi
f th
ar
. 5
he

s
l t

e th
t cts
T o r
e ne
t th
r b
{

sia
na
up

ion of

nsist-
e
nal,
iPB-I
z for
ced
nder
bands
rband
nal
een

s

this
nifi-

to
t
the
in the

um is

nsity
for
REX
s the
eight
a-

ired

llin
)

. (
fts o

1
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Figure 8 compares the 1D PUREX spectrum of iPB-I
tm 5 1 s with a regular spectrum obtained with the matc
pulse sequence of Fig. 1d. The PUREX spectrum corresp
to approximately 25% of the reference intensity.

2D PUREX spectra withtm 5 300 ms andt 5 500 or 1000
ms, Figs. 9a and 9b, confirm the exchange observed in th
spectra. All parts of the spectrum show significant excha
The intensity along the diagonal is reduced to an insignifi
fraction. Much of it actually arises from wings of off-diago
signals, which extend to the diagonal due to strong smoo
applied to the data. The exchange intensity distribution o
sum spectrum, Fig. 9c, displays its strongest ridge in the
where the standard 2D exchange spectra, Fig. 9d and Fig
Ref. (17), exhibit a faint off-diagonal ridge, confirming that t
ame motions are observed here.
Decreasing the contour level, Fig. 9e, does not revea

xchange pattern more clearly. Closer inspection shows
he off-diagonal ridges actually contain significant artifa
he ridges extend beyond the square region accessible t
xchange intensity, and there are corresponding parallel

ive ridges further away from the diagonal. Figure 9f shows
esult of the data multiplication of the spectrum of Fig. 9d
sin2[(v1 2 v2)t1] 1 sin2[(v1 2 v2)t2]}, with t1 5 500ms and

t2 5 1 ms. The multiplication was applied before Gaus
broadening, in order to minimize the width of the diago
ridge. Although the diagonal ridge is indeed mostly s

FIG. 7. Series of one-dimensional PUREX spectra of semicrysta
iPB-I at 250 K for a series of mixing times: (a)tm 5 1 ms; (b)tm 5 10 ms; (c
tm 5 100 ms; (d)tm 5 1 s; 1536 scans were averaged for each spectrum
For reference, regular spectrum of iPB-I. At the bottom, the isotropic shi
the four sites (CH2: 38.9, 38.2; CH: 32.1; side group CH2: 27.3, 26.5; and CH3:

3.0 ppm) are indicated.
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pressed, the artifacts are retained, making the observat
the exchange patterns still difficult.

PUREX EIS NMR

This experiment is demonstrated on a model system co
ing of a mixture of;90% iPB-I and;10% (13 mg) DMS. Th
regular MAS or EIS spectrum shows only a small DMS sig
whose height is less than a quarter of that of the highest
peaks. In the EIS spectrum at a spinning speed of 1 kH
tm 5 50 ms, Fig. 10a, only one very weak exchange-indu
DMS sideband is observed. The PUREX EIS spectrum u
the same conditions shows the exchange-induced side
(plotted negative) and a strong exchange-induced cente
of opposite sign for DMS, Fig. 10b. No significant iPB-I sig
is detected. After a short mixing time of 2 ms, no signal is s
since, with a correlation time of;15 ms for DMS at thi
temperature, little motion occurs duringtm, Fig. 10c.

DISCUSSION

2D PUREX NMR

The 2D PUREX spectrum of DMS demonstrates that
technique yields clean 2D exchange patterns without sig
cant diagonal signal.

The sensitivity of the 2D PUREX experiment is similar
that of a regular exchange spectrum. For a singlet, the highes
points in the PUREX spectrum have an intensity of 2/3 of
same points in a corresponding exchange spectrum taken
same total measuring time. When spectra for severalt values
are added up, the average intensity in the PUREX spectr
1/3 of that in the exchange spectrum.

Other factors compensate to a great extent for this inte
reduction. In particular, fewert 1 points need to be acquired
the PUREX spectrum. This is possible because the PU
spectrum exhibits a significant reduction of artifacts such a
wings of the diagonal ridge. To reduce these below the h
of the exchange intensity, many moret 1 points must be me

FIG. 8. Comparison of (a) a 1D PUREX spectrum (tm 5 1 s,t 5 500ms)
of semicrystalline iPB-I, taken from Fig. 7d, with (b) a full spectrum, acqu
with the pulse sequence of Fig. 1d, plotted on the same scale.
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93PURE-EXCHANGE NMR
sured in the standard 2D exchange experiment. At these lot 1

times, the broad exchange intensity does not contribute s
icantly to the signal; therefore the increased number oft 1 slices
only increases the measuring time and noise level. In the
of the iPB-I spectra of Fig. 9, the necessary fourfold incr
of the maximumt 1 time in the standard exchange experim
leads to a nearly fourfold reduction in the off-diagonal sig
to-noise ratio, which compensates for the sensitivity redu
of the PUREX spectrum discussed above. The spectra
demonstrate clearly that the suppression of the overwhe
diagonal ridge is often much more important than a pos
small reduction of the sensitivity. For applications where
sitivity is an overriding concern, the PUREX EIS experimen
recommended.

The example of iPB shows that in solid-state NMR with
broad lines, it is crucial to produce an all-positive sine-sq
modulation rather than the simple sine modulation previo
used in solution NMR NOESY (20). Under the sine modul
tion, parts of the powder spectrum become positive and n

FIG. 9. Two-dimensional spectra of semicrystalline iPB-I atT 5 250 K w
as the percentage of the maximum intensity. (a) 2D PUREX spectrum wt
chemical shifts of the four13C sites are indicated at the bottom. (c) Sum
spectrum for comparison. This spectrum was acquired with four times t
he diagonal spectrum. (e) Same as in (d) at lower contour levels. The lo
iagonal ridge. (f) Spectrum obtained after multiplication of the regular

with t1 5 500 ms andt2 5 1 ms, and Gaussian broadening. The artifact
ith tm 5 300 ms. At the top of each spectrum, the contour levels used are ind
ith5 500 ms. (b) 2D PUREX spectrum witht 5 1 ms. For reference, the isotro

of the spectra that are shown in (a) and (b). (d) Corresponding regular 2D
more1 increments than the PUREX spectra in (a) and (b) to reduce cutoff wigg
w-level ridges that become visible contain significant artifacts that are dueo the strong

exchange spectrum shown in (d) and (e) by {sin2[(v1 2 v2)t1] 1 sin2[(v1 2 v2)t2]},
s are not suppressed.
if-
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FIG. 10. PUREX EIS spectroscopy of a mixture of iPB-I and;10% DMS
at 293 K,vr/2p 5 1 kHz. (a) EIS spectrum withtm 5 50 ms. The exchang
nduced sidebands of DMS are hardly visible. (b) PUREX EIS spectrum

m 5 50 ms, showing the exchange centerband of DMS that matche
intensity of one strong and several weak exchange sidebands, mar
asterisks. Note the clean suppression of the strong iPB-I peaks. (c) PURE
spectrum witht 5 2 ms.
m
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94 DEAZEVEDO, BONAGAMBA, AND SCHMIDT-ROHR
tive. As a result, the positive and negative signals of the va
sites in iPB would cancel significantly. In addition, our sche
has a higher sensitivity, because the “1S” data set in Eq. [1
has the full signal.

In a way, the 2D PUREX technique presented here ca
considered as a superior combination of the spectral-mo
tion and the diagonal-subtraction approach. In this conte
should be noted that simple subtraction of a diagonal spec
does not generally provide a clean suppression of the dia
ridge. If the pure-diagonal spectrum is measured with the
number of scans and subtracted unscaled, a significant ne
diagonal ridge of the exchanging site will remain since
diagonal ridge was reduced by the off-diagonal intensity. I
pure-diagonal spectrum is scaled down, the diagonal ma
removed for the exchanging sites, but then the nonexcha
sites would show a strong residual diagonal ridge.

2D PUREX: Intrinsic Modulation vs Data Multiplication

As discussed above, the intrinsic modulation of the PUR
signals by sin2{( V2 2 V1)t/2} is significantly different from a
postacquisition multiplication of a regular 2D exchange pa
by sin2{( v2 2 v1)t/2}. With the intrinsic modulation, the 2
PUREX method suppresses not only the intensity exact
the diagonal but also all the spectral effects and arti
associated with the diagonal ridge, such as off-diagonal b
ening and cutoff wiggles. This is demonstrated by compa
the regular exchange spectrum of Fig. 6c with the corresp
ing 2D PUREX spectrum of Fig. 6a, where the cutoff wigg
are removed.

In Fig. 9, the effect is seen even more pronouncedly. P
acquisition data multiplication to suppress the diagonal ri
Fig. 9f, leaves the artifacts unabated and appears also to
portions of the diagonal ridge, in particular for the CH2 signals
with their larger intrinsic line broadening. Comparison of
2D PUREX spectrum in Fig. 9c and the processed reg
exchange spectrum in Fig. 9f shows clearly the greater
ability of the PUREX data.

1D PUREX NMR

The series of 1D PUREX spectra shown in Fig. 7 shows
this method is efficient at detecting partial mobility even
multisite polymers. It can identify which groups are mov
and estimate the mobile fraction according to Eqs. [4] and
In the case shown in Figs. 7 and 8, at least 25% of each
of chemical group in iPB-I are found to be mobile on a 100
time scale. The correlation function and motional correla
time can be determined by plotting the 1D PUREX intensit
a function of the mixing timetm; effects ofT1 relaxation during

m are easily removed by normalization with the intensity of
reference spectrum, which is measured with the same lon
dinal storage periods of total durationtm 1 2D.

It may be interesting to note that the 1D PUREX experim
could be considered as the difference between the full s
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and a pure stimulated echo (with acquisition starting a
echo maximum) (6, 16, 24, 25). However, the standard ana
sis of the stimulated echo is usually incomplete in the s
that it treats only the signal corresponding to the diagonal
of the spectrum. The consideration of the sine-square m
lated 2D pattern presented here makes the interpretation
difference intensity much clearer. The measurement of s
lated echo decays as a function of mixing time is a simi
efficient method of determining exchange correlation ti
(25) but has so far not been used to identify specific reorien
groups. As a time-domain method, it discards the useful c
ical-shift information and requires careful adjustment of
filter width for optimizing the sensitivity (6).

Another one-dimensional exchange experiment, sele
excitation followed by a mixing time and detection, e.g., in
form of the SELDOM experiment (8), is much inferior to th
PUREX experiments in terms of sensitivity. Selective exc
tion by design destroys most of the signal, whereas in
PUREX technique presented here, about half of the total s
of the mobile sites is detected.

PUREX on iPB-I

The PUREX experiments on nonspinning iPB-I show th
250 K, significant fractions ($25%) of the sample reorient
large angles on a 100 ms time scale; see Figs. 7–9. Sin
backbone sites contribute strongly to the exchange inte
local side-group motion can be excluded as the possible o
of the exchange. Rather, overall reorientations of whole
ments must be occurring. At room temperature, where
PUREX EIS spectra were taken, no slow exchange of the
signal is observed. This indicates that their motions are alr
faster than the millisecond time scale. Taken together,
observations indicate that the motions observed at 250 K
associated with the glass transition of the amorphous reg
We are in the process of using the PUREX technique
confirm this hypothesis.

PUREX EIS NMR

The PUREX EIS spectra shown in Fig. 10 demonstrate
the technique works under rather difficult conditions of
absolute signal of the exchanging DMS, large nonexchan
peaks, and significantT1 relaxation of the DMS magnetizati
during the mixing time. It should be noted that the PUREX
spectrum has good sensitivity even when compared to s
EIS: while subtracting the two spectra effectively doubles
noise in the PUREX spectrum, this factor is overcompens
by the strong intensity of the difference centerband, which
high in magnitude as all exchange sidebands taken tog
(see Fig. 10).

The PUREX EIS technique works even when the side
suppression is incomplete, which could result from pulse
perfections or partial order in the sample. If no excha
occurs, the residual sidebands appear equally in the EIS
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95PURE-EXCHANGE NMR
TOSS spectra; they will thus be subtracted out of the PU
EIS spectrum. Only motion-induced intensity changes are
served.

13C Spin-Exchange PUREX vs DOQSY NMR

The 2D exchange NMR experiment has been used not
for studying segmental dynamics but also to measure
relative orientations of segments that are close in space26).

he dipolar transfer of13C magnetization from one segmen
another is usually referred to as13C spin exchange or13C spin
diffusion. The 2D PUREX experiment can be applied unm
ified to suppress the trivial and undesirable diagonal r
arising from magnetization that remains on the given segm
However, an even superior experiment, DOQSY (27, 28), ex-
ists that retains the signal of dipolar coupled segments
identical frequencies and otherwise provides essentially
same pattern as the standard 2D exchange or 2D PU
experiment (28).

General Considerations

The 1D PUREX experiments combine good sensitivity w
information on the nature of the exchanging sites and on
motional amplitude. They are therefore very suitable for
termining motional rates efficiently. Such measurement
correlation times as a function of temperature are valuabl
obtaining activation energies of the motional processes. A
cations of PUREX NMR to various polymers along these l
are in progress in our laboratory. Recently, we also devel
a technique for centerband-only detection of exchange, w
yields PUREX MAS spectra of even higher sensitivity than
PUREX EIS method (29).

The 1D and 2D PUREX methods are also applicabl
xchanging isotropic chemical shifts in fast magic-angle s
ing or in solution NMR. Modifications of the technique
euteron NMR are under consideration.

CONCLUSIONS

Three pure-exchange experiments have been pres
which can efficiently identify and analyze dynamics of spe
groups in solids of moderate to large chemical complexity.
1D PUREX experiments, static or under MAS, combine g
sensitivity with information on the nature of the exchang
sites and on the motional amplitude. They are suitable
efficient determination of motional rates and thus for obtai
activation energies. Once a suitable mixing time has thus
established, the 2D PUREX experiment can produce pur
evenly excited exchange patterns that permit the determin
of the amplitude and geometry of the motion. Many app
tions of these methods are anticipated.
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