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Abstract: Hadamard-encoded heteronuclear-resolved NMR diffusion and relaxation measurements allow
overlapping signal decays to be resolved with substantially shorter measuring times than are generally
associated with 2D heteronuclear cross-correlation experiments. Overall measuring time requirements can
be reduced by approximately an order of magnitude, compared to typical 2D heteronuclear single-quantum
correlation-resolved diffusion or relaxation measurements. Specifically, in cases where chemical shift
correlation information provides enhanced spectral resolution, the use of Hadamard encoding can be used
to overcome unigueness challenges that are associated with the analysis of concurrent dynamic processes
and the extraction of time constants from overlapping exponential signal decays. This leads to substantially
improved resolution of similar time constants than can be achieved solely through the use of postacquisition
processing techniques. In the ideal case of complete spectral separation of the signal decays, the usual
constraint that time constants must be sufficiently different to resolve by exponential analysis can be
circumvented entirely. Hadamard-based pulse sequences have been used to determine *H{*3C}-resolved
diffusion coefficients and spin-relaxation time constants for the chemically similar components of an aqueous
solution of ethanol, glycerol, and poly(ethylene glycol), and a dye-containing block-copolymer solution,
which exhibit significant spectral overlap in their *H NMR spectra.

Introduction the difficulty of extracting similar time constants from noisy
The measurement of diffusion coefficients and relaxation rates data in the presence of spectral overlap. By reducing the spectral
by nuclear magnetic resonance (NMR) spectroscopy can prowdeove”ap without drastically increasing the experimental time,
important insights into the dynamics of molecular processes overthe Hadamard-encoding methodology described here leads to
substantially different time and length scaleBor example, significant simplification of subsequent data analyses and allows
information on molecular rotation and intermolecular motions Similar time constants to be extracted unambiguously with-
with picosecond to nanosecond time scales can be obtained fronPut the need for time-intensive 2D NMR measurements.
NMR relaxation rate3-¢ By comparison, measurements of self- Consequently, Hadamard-encoded NMR techniques can enhance
diffusion coefficient§-1° are sensitive to longer range molecular greatly the speed and accuracy by which diffusion and
mobilities and interactions on the order of milliseconds to Spin-relaxation processes are resolved and quantitatively
seconds. In addition, diffusion measurements can be used tomeasured for chemically similar components in liquid solu-
distinguish different molecular species and complexes in solu- tions.
tion, a concept first introduced by Stilbs as “Size-Resolved NMR  Many physical processes, including nuclear spin-relaxation
Spectroscopy™ and later extended by Morris and Johnson as and molecular self-diffusion as measured by pulsed-gradient
“Diffusion Ordered Spectroscopy (DOSY}®. Although the NMR experiments, manifest exponential signal decays that can
details of the corresponding experimental measurements arepe described by first-order differential equations. In spectral
quite different, the subsequent data analyses are similar and facgegions with well resolved peaks from molecular species that
the same challenges and limitations. Foremost among these isgre each associated with a well-defined environment (on the
time scale of 1D NMR measurements), analyses of the data are

(1) Delpuech, J. J., Edynamics of Solutions and Fluid Mixtures by NMR

John Wiley & Sons: ‘New York, 1995. straightforward: the corresponding time constants are deter-
) Ko A e MR Shocroctons 23 sy 314 mined from nonlinear least-squares fits of each decaying signal
(4) Palmer, A. GAnnu. Re. Biophys. Biomol. Struc001, 30, 129-155. to a separate monoexponential function. In contrast, for spectral
(5) Ishima, R.; Torchia, D. ANat. Struct. Biol.200Q 7, 740-743. . . . .
(6) Kay, L. E. Nat. Struct. Biol.1998 5, 513-517. regions with significant peak overlap, observed signal decays
(7) Johnson, C. Prog. Nucl. Magn. Reson. Spectrod@99 34, 203-256. iti indivi
(8] Price W, S.Concepts Magn. Resof007 9. 200 336, may be thp .result of_sqperposmons of several individual o!ecays
(9) Price, W. SConcepts Magn. Resot99§ 10, 197—237. that are difficult to distinguish. In such cases, the extraction of
8% Stibs, P#rog. glﬁg:hygggf.sg%ezsgg.s_szple%roaﬁsz 19, 1-45. the corresponding time constants becomes challenging and often
(12) Morris, K. F.; Johnson, C. S. Am. Chem. S0d.992 114, 3139-3141. uncertain for reasons of uniqueness: multiple sets of time
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constants may exist, all of which may fit the decay data equally less be significantly reduced. Subsequent data processing can
well. This situation is made still more difficult when the number yield more reliable estimates of the time constants of interest
of contributing components is also unknown. For example, than possible from the poorly resolved decays associated with
Lanczos showed that a biexponential decay could be reproducedhe strongly overlapping signals obtained from 1D experiments.
to within less than one percent by a sum of three exponentials This approach has, for example, been used to determine the
with significantly different time constants and initial ampli- self-diffusivities’~21 of molecular species in solution mixtures
tudes!® These difficulties arise because exponential functions of similar components with enhanced spectral and temporal
are not orthogonal. As a consequence, the deviation of aresolution. However, the additional resolution obtained by
numerical fit from the experimental data due to an incorrect relying on multidimensional NMR methods comes with the
fitting parameter can be compensated by the adjustment of onedisadvantage of dramatically increased experimental measure-
or more other parameters. The problem is exacerbated as thenent times. Depending on the resolution required in the indirect
number of components in the observed decay increases andlimension, measuring times may increase 10- to 1000-fold,
becomes even more complicated in the presence of experimentaivhich in many cases makes such an approach infeasible. This
noise!* For example, it has been shown that, for a two- is especially true for systems that undergo changes on the time
component biexponential decay with a signal-to-noise ratio scales of such long multidimensional experiments.
(SNR) of 1¢ (a value rarely exceeded in NMR measurements),  Several experimental approaches have recently been dem-
the corresponding time constants need to differ by at least aonstrated that allow faster acquisition of multidimensional NMR
factor of 2 to be reliably determined using a nonlinear least- spectra. Frydman et &23for example, used spatially selective
squares fit® By increasing the number of components to three, NMR excitation and detection to separate a sample into a series
the required separation increases to a factor of 3.5. A reductionof subensemble regions. Instead of incrementing the evolution
in the SNR to 18further increases the required separation to a time in a series of independent experiments, as typically done
factor of 10 for a three-component decay. Consequently, thein 2D NMR spectroscopy, each of these subensembles could
extraction of an often unknown number of time constants from then be used to encode information for a different evolution
experimental data is challenging, even for data sets exhibiting time and a full 2D spectrum effectively acquired in a single
high signal-to-noise ratios. scan. Because of the small sample volume of each of these
Much effort has therefore been focused on improving subensembles, this approach is especially useful for concentrated
postacquisition data processing and on extending capabilitiessamples.
for resolving different time constants from overlapping signals, = By comparison, Hadamard-encoded NMR spectrostogy
while circumventing the need for precise knowledge of the represents a conceptually different approach, which can be useful
number of components. A number of such processing ap- €ven for more dilute solutions. In Hadamard NMR, the evolution
proaches are described in an excellent review by Istratov andtime in the indirect dimension is replaced by phase-encoded
Vyvenko!® to which the reader is referred for their detailed multisite selective excitation, so that the experimental time is
discussion and comparison. The selection of a preferred data-effectively focused only on signal-containing spectral regions,
processing method depends on a number of factors, includinginstead of acquiring a complete spectrum in the indirect
the signal-to-noise level, the number of exponentially decaying dimension. This approach has been used previously to inves-
components, as well as the similarity of the time constants. tigate a number of dynamic processes. For example, the proton-
Independent of the processing technique used, however, theréleuteron exchange kinetics in backbone amide groups in the
exist inherent uqiquenegs difficul'ties and Iimitations in .the (17) Buevich, A. V.; Baum, JJ. Am. Chem. So@002 124, 7156-7162.
temporal resolution achievable (i.e., the ratio of the time (18) wiliamson, R. T.; Chapin, E. L.; Carr, A. W.; Gilbert, J. R.; Graupner, P.

constants of two concurrent dynamic processes that can be  Ritever, P; MeKamey, P.; Camey, J. R.; Gerwick, W. Gtg. Lett

resolved from a single multiexponential decay curve), which (19) Parkinson, J. A.; Sun, H. Z.; Sadler, P.Chem. Commur1998 881—
; AN ; 882.
depend strongly on the signal-to-noise ratio of the measured (20) Barjat, H.. Morris, G. A.; Swanson, A. G. Magn. Reson1998 131,
decay. 131-138.
L . . . (21) Steinbeck, C. A.; Hedin, N.; Chmelka, B. [Fangmuir2004 20, 10399~
In many cases, it is possible to improve temporal resolution 10412.

by resolving overlapping signals spectroscopically, for example, (22) 9F£y1d7man, L.; Lupulescu, A.; Scherf, T.Am. Chem. So2003 125 9204~
by incorporating additional chemical shift information from  (23) Frydman, L.; Scherf, T.; Lupulescu, Rroc. Natl. Acad. Sci. U.S.&2002

idi i i 99, 15858-15862.
mult|q|men5|onal homonuclear or heteronucle_ar correlation (24) Blechta V. Freeman, Rchem. Phys. Let.993 215 341346,
experiments. Such an approach can resolve, in two or more(2s) Freeman, R.; Kupce, B. Biomol. NMR2003 27, 101—113.

i i i (26) Krishnamurthy, KJ. Magn. Reson2001, 153 144-150.

frequency dimensions, NM_R resonances that overlap in 1D ﬁ27) Nishida, T.; Widmalm, G.; Sandor, Mlagn. Reson. Cheri996 34, 377—
measurements. Separate signal decay curves can subsequently * 3g2. .
be obtained for each resolved resonance, and single-exponentiaf® g‘é%h'dav T.; Widmalm, G.; Sandor, Magn. Reson. Chertt993 33, 596-
analyses can be used to yield unambiguous values for the(29) Schraml, J.; vanHalbeek, H.; DeBruyn, A.; Contreras, R.; Maras, M.;

; ; ; : Herdewijn, P.Magn. Reson. Chenl997, 35, 883-888.
corresponding time constants. In cases where the application s, v, Melckebeke. N.: Simorre. J. P BrutscherJBAm. Chem. S02004

of multidimensional experiments is not sufficient to resolve 126, 9584-9591.
completely all overlapping resonances, the number of compo- G% ‘F’é’r‘g'eﬂ,%ﬁe'g_g;cgg%ﬁgwlgga%eﬁg‘énioéj Contreras, R.; Maras, M.

nents associated with the observed signal decays may neverthe@2) Bougault, C.; Feng, L. M.; Glushka, J.; Kupce, E.; Prestegard, J. H.
Biomol. NMR2004 28, 385-390.
(33) Kupce, E.; Nishida, T.; Freeman, Rrog. Nucl. Magn. Reson. Spectrosc.

(13) Lanczos, CApplied AnalysisPrentice Hall: Englewood Cliffs, NJ, 1959. 2003 42, 95-122.

(14) Bertero, M.; Boccacci, P.; Pike, E. Rroc. R. Soc. Londo982 383 (34) Kupce, E.; Freeman, R. Magn. Reson2003 163 56—63.
15—-29. (35) Kupce, E.; Freeman, R. Magn. Reson2003 162, 300-310.

(15) Clayden, N. J.; Hesler, B. 0. Magn. Reson1992 98, 271-282. (36) Kupce, E.; Freeman, R. Magn. Resorn2003 162, 158-165.

(16) Istratov, A. A.; Vyvenko, O. FRev. Sci. Instrum1999 70, 1233-1257. (37) Kupce, E.; Freeman, R. Biomol. NMR2003 25, 349-354.
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protein ubiquitin have been probed by repeated acquisition of
Hadamard-encodeltH{ 1°N} heteronuclear single-quantum cor-
relation (HSQC) spectr&.In this study, chemical rate processes
were quantified by monitoring reductions’H signal intensity
after diluting a fully protonated sample with,O to produce a
system initially far from chemical equilibrium. Very recently,
van Melckebeke et al. applied a Hadamard-encoded filter as a
replacement for selective isotope labeling'i{3C} NOESY

|I_* = exp[—y 'G5 (A — 6/3)D] 3)

0

wherel is the observed signal intensity of the refocused echo,
I is the maximum signal intensity observed in the absence of
the gradient pulses (including spin-relaxation lossedy the
gyromagnetic ratio of the nucleus under investigatpis the

. . v~ strength of the applied gradient pulgejs the duration of the
cross-relaxation experiments for the determination of methyl gradient pulseA is the diffusion time, and® is the self-diffusion

methyl distances in amino aci#The applicability of Had-  ¢,efficient. If signals overlap, the determination of diffusion

amard encoding to heteronuclear-resolved relaxation measureqefficients from experimental data suffers from the general

ments has also been suggested and proof-of-principle data havgmitations associated with the exponential analyses discussed
been reported in a recent reviéw. above.

Here, the incorporation of Hadamard encoding into NMR  For measurements of spin-relaxation times, by comparison,
diffusion and spin-relaxation experiments is demonstrated to the signal attenuation during the decay period results not from
provide spectroscopically resolved transient signal decays forincomplete refocusing in the presence of field gradients but
species with strongly overlapping 1D signals. The principal rather from nuclear spin-relaxation processes. Typically, these
objectives are the unambiguous and rapid determination of are divided into two classes: longitudinal spiattice relaxation
diffusivities and relaxation times for a diverse range of complex (T3), which characterizes the return of tlzeamagnetization
solutions. These include especially those with components component in the direction of the applied field to thermal
undergoing dynamic processes that are characterized by veryequilibrium, and transverse spispin relaxation Tz), which
similar time constants. Hadamard methods are shown to servecharacterizes the loss of phase coherence of magnetization in
as a general basis for modifying a large number of other thexyplane normal to the applied field. Both of these processes
heteronuclear-resolved NMR experiments for the measurementcan also be treated by monoexponential anal§ses:
of dynamic properties of complicated solution mixtures, includ-
ing .rllor'lprotein systems and those in or far from ch.emical | _ —a+ bexp(7/T) (4)
equilibrium. Enhanced spectral and temporal resolution are lo
achievable in substantially shorter times than corresponding
multidimensional experiments, while retaining the same infor- wherel is the measured signal intensity,is the initial signal
mation content. Measuring time requirements can be reducedintensity measured in the absence of a decay pedaahdb
by an order of magnitude, depending on the system underare constants that depend on the experiment being performed
investigation, in this case an aqueous mixture of ethanol, (e.g.,a= —1, b = 2 for an inversion recovery experimé®t
glycerol, and poly(ethylene glycol) or a dye-containing block- 7 is the duration of the decay period during which spin relaxation
copolymer solution. This allows for significantly more accurate is allowed to occur, and; is the spin-relaxation time constant
and time-efficient determination of even very similar time (e.g.,T1for an inversion recovery experiment). In a typical series
constants associated with dynamic processes (e.g., self-diffusiorof experiments, the duration of the decay timejs varied,
coefficients or spin-relaxation times) in complicated solution Yyielding an exponential decay in the measured signal intensity

mixtures than previously possible. from which the relaxation time constarf, is determined. In
the presence of overlapping signals, such an analysis suffers
Theory and Background from the aforementioned difficulties of uniquely extracting

different time constants from the resulting signal decays, which

The investigation of dynamic processes by NMR typically are analogous to those previously described for the determination
involves three steps: the preparation of an initial magnetization of diffusion coefficients.
state, followed by a transient decay period, and subsequent AS introduced above, one solution to the problem of overlap-
detection of the resulting signal. During the preparation period, Ping signals is to modify the detection period to incorporate a
a specific and well-defined magnetization state is created by amultidimensional heteronuclear segment in order to spread and
series of radio frequency and possibly gradient pulses. The correlate NMR frequencies in more th_an one spectral dm_wensmn.
intensity of this statelo, serves as the initial intensity, after FOr example, @H{*3C} HSQC experiment correlates signals

which the signal may become attenuated during the subsequenff®M **C moieties with directly bonded){coupled) protons,

decay period. For diffusion measurements, the signal attenuationy't‘)aldlng dZDHEpectra in ng_%coréfﬁteﬁ S|_gn<’|;1I r|]r_1fttenlstlt_y IS
results from incomplete refocusing of magnetization at the end observed at the corresponding. an chemical shifts. 11

e . . . possible to circumvent the long measuring time requirements
of the decay perio&3®8 In a typical stimulated-echo experi- . . - . . i
039 : Co . associated with such multidimensional correlation experiments
ment?39 the strengthg of the applied gradient is varied and, - - :
L . . . . ' by concentrating on those spectral regions that contain resonance
from the resulting intensity decay (signal intensity as a function

fth fth dient st ). th lecul i signals. This is achieved by replacing the evolution time of a
of the square ot the gradient strengt ) the mean molecular S€op experiment with pulses that selectively excite the resonances
diffusion coefficient can be determined by a monoexponential

; of interest. Multidimensional NMR techniques, however, also
analysis. In such a case benefit from multiplexing; i.e., each time-domain data point that

(38) Stejskal, E. O.; Tanner, J. BE. Chem. Phys1965 42, 288-292. (40) Abragam, AThe Principles of Nuclear Magnetic Resonan€éarendon
(39) Tanner, J. EJ. Chem. Phys197Q 52, 2523-2526. Press: Oxford, 1961.
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(a) Phase Encoding during Acquisition (b) Signal Filtering during Processing
Resonance
1.21314 +Exp1 +Exp 1 +Exp1 +Exp 1
+Exp 2 - Exp2 + Exp 2 - Exp 2
Exp 1 +(+]+]+
EisZ o Y - +Exp 3 +Exp 3 - Exp 3 - Exp3
Exp3 [+~ [-I- + Exp 4 - Exp4 - Exp 4 +Exp 4
Exp4 |+ -+ 4 x Signal 1| |4 x Signal 2| J4 x Signal 3] |4 x Signal 4

Figure 1. Phase-encoding and signal-filtering summaries of Hadamard-encoded NMR spectroscopy for an arbitrary sample containing four distinctly resolved
resonances. (a) During signal acquisition the various resonances are selectively phase-encoded (positive or negative), according todie nkadrigheh

case of four different resonances, the experiment is repeated four times (Exp 1, 2, 3, and 4) with varying phase encoding. (b) During procegsits, the si
corresponding to each of the four resonances are separated by addition or subtraction of the free-induction decays obtained in each of thadots. experi
The elements outlined in bold are discussed specifically in the text.

is collected in the indirect dimension contains information about encoded FIDs can be used to obtain filtered spectra for each of
each point in the frequency domain. To regain this multiplexing the remaining resonances, as similarly indicated in Figure 1b.
benefit, it is necessary to irradiate a sample at several differentBy implementing a Hadamard-encoded heteronuclear component
frequencies simultaneously (multiplexing) and later extract the in the detection period of self-diffusion and spin-relaxation
individual contributions from the observed signal. As first experiments, itis possible to separate signals that overlap when
demonstrated by Gol&yin infrared spectroscopy, it is possible using a conventional 1D detection scheme. This has the benefit
to use Hadamard encoding and decoding to achieve theof significantly improving the temporal resolution of similar
separation of the individual signal contributions. The introduc- time constants, while avoiding the long experimental times of
tion of Fourier transform NME (FT-NMR), which is inherently 2D measurements.

a multiplexing technique, superseded efforts by Andetstm
achieve similar sensitivity advantages in NMR. In many cases,
and especially in multidimensional NMR, the use of selective  Ethanol [CHCH,OH], glycerol [HOCH—CHOH—-CH,OH], poly-
excitation and Hadamard encoding (as opposed to the broadbandethylene glycol) [(-OCHCHz—)n With Naverage= 80], and DO were
excitation used in FT-NMR) can however be beneficial, as used as received from Sigma-Aldrich (St. Louis, MO). Two solution-
illustrated in a recent comprehensive review by Kupce &t al. state samples were used in the first part of this study: (1) 10 wt %

. . glycerol in D,O and (2) 5 wt % ethanol, 10 wt % glycerol, and 2 wt
By applying the Hadamard methodology, filtered NMR % poly(ethylene glycol) in BO. A 400uL aliquot of each sample was

spectra can be obtained by judicious processing (addition andp|aceqd in separate 5 mm NMR tubes and analyzed using a Bruker
subtraction) of the free-induction decays (FIDs) corresponding AVANCE 500 spectrometer operating at 500.13 MHzdrand 125.76

to a sufficient number of experiments. In generah) duch MHz for 1°C at room temperature (298 K, calibrated using methanol).
experiments are required, whemeis chosen such thatis Experiments were performed using a triple-axis gradient probehead with
the smallest multiple of 4 that is greater than or equal to the maximum gradient strengths of 6.65 G/mm in theirection and 5.01
number of signals to be resolvét44445For example, four G/mm in the x- and y-directions (calibrated using the diffusion
separate Hadamard experiments must be performed with dif- coefficient of water at 298 K). _ _

ferent phase encodings for a system containing four distinct . Gradient-selected 2BH{**C} HSQC experiment8’ consisted of
resonances in order to obtain selectively filtered spectra for each2 scans for each of 128 data points in the indirectly dete¢ted

f the individual Th . h di dimension and 8096 data points in the directly deteétedimension.
of the Individual resonances. The appropriate phase enco NG5 10bally optimized alternating-phase rectangular-pulse (GARFQ

and postacquisition processing are illustrated schematically in gecoupling was applied with a field strength of 3 kHz during signal
Figure 1a and b, respectively. For example, the signal corre- acquisition. The corresponding Hadamard-encoded experiments con-
sponding to the third resonance would be phase-encoded [Figurssisted of 4 scans for each of the 8 experiments necessary to resolve the
1a, outlined in bold] to be positive in the first and second five 'H{**C} resonances considered here, i.e.,t{@&H,OH and—CHs
experiments and negative in the third and fourth experiments. resonances of ethanol, theCH,OH and —CHOH— resonances of

As depicted in the bolded box of Figure 1b, a corresponding 9lycerol, and the-OCH,CH,— resonances of poly(ethylene glycol).
filtered spectrum would then be obtained by adding together The selective inversion pulses were shifted laminar péisesth

the phase-encoded FIDs acquired in experiments 1 and 2 an(JG‘r’IUSSi‘r’_In S_hapes and puls_e lengths of 7 ms. Forward a.nd reverse INEPT
. . . . . magnetization transfer periods,were used, corresponding to 1J¢4)
subtracting those acquired in experiments 3 and 4. This Jon = 145 Hz5 GARP °C decoupling with a field strength of 3
combination of addlltlons .and SUbt.raCt'O.ns’ le"?‘ds toa f'ltered kHz was applied for approximately 1.3 s during the acquisition period
1D NMR spectrum in which the signal intensity of the third f the Hadamard-encoded experiments. In addition, WALTZ#6
resonance is four times that obtained in each individual decoupling! was applied with a field strength of 6 kHz during the
experiment, while the contributions from the remaining reso- selective’3C pulses of the Hadamard sequences. To maintain the
nances have been canceled. Different, but analogous, additiorexisting longitudinal spin order after selective inversion, the duration

and subtraction combinations of the same Hadamard-phase

Experimental Section

(46) Willker, W.; Leibfritz, D.; Kerssebaum, R.; Bermel, \Magn. Reson. Chem.
1993 31, 287-292.

(41) Golay, M. J. EJ. Opt. Soc. Am1949 39, 437—444. (47) Vuister, G. W.; Boelens, R.; Kaptein, R.; Hurd, R. E.; John, B.; van Zijl,
(42) Ernst, R. R.; Anderson, W. ARev. Sci. Instrum.1965 36, 1696-1706. P. C. M.J. Am. Chem. S0d.991, 113 9688-9690.
(43) Anderson, W. A. IrEncyclopedia of Nuclear Magnetic Resonarn@eant, (48) Shaka, A. J.; Barker, P. B.; Freeman,JRMagn. Resonl985 64, 547—
D. M., Harris, R. K., Eds.; Wiley: Chichester, UK; 1996; Vol. 1, pp 168 552.
176. (49) Shifted laminar pulses are essentially linear superpositions of individual
(44) van Lint, J. H.; Wilson, R. MA Course in CombinatorigsCambridge selective pulses in which the frequency offset of the individual pulses is
University Press: New York, 1993. achieved through phase modulation.
(45) This is strictly true only up to a maximum matrix size of 428282 but (50) An average value was used for tdecoupling, resulting in efficient
in practice the use of Hadamard encoding is not efficient for such a large magnetization transfer for all of the proton-carbon pairs investigated.
number of resonances. In addition Hadamard matrices of size22also (51) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRViagn. Reson1983
exist. 52, 335-338.
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(a) Ha-HSQC (b) Ha-PG-DSTE
, ~ y _ 1H -X ¢3 ~ y ~
" S - . -
WALTZ WALTZ
ddd:d¢ d d t-g-tt-%tt'ddd'ld'q) d d
®C I dq1 2 I “c I 41 ¥ I
)
/:\ “ H [ GarP | H H GARP |
gradient gradient 93
9 d3 9495949496 94 a7 91
L e L L%

Figure 2. Schematic diagrams of pulse sequences for (a) a Hadamard-encoded gradient-selected heteronuclear single-quantum correlation (Ha-HSQC)
experiment and (b) a pulsed-gradient double-stimulated-echo experiment with Ha-HSQC detection (Ha-PG-DSTE). Wider and narrower pulsaésatmds ¢

to = and /2 pulses, respectively, labeled boxes correspond to decoupling periods, and Gaussian shapes indicate shifted laminar selective pulses used for
Hadamard encoding. The bottom-most line in each pulse program corresponds to the gradient channel. The diffusion time in the PG-DSTE sequences is
abbreviated ad\, and the transfer time in the INEPT blocks is abbreviated agsd set to 1/(&). The selective laminat®C pulse and the WALTZH

decoupling are centered between the precedih@nd the subsequeitC 7/2 pulses. The delayd? was chosen to be just long enough to include the
selective pulse and the spoil gradient(including a gradient recovery delay), while ensuring that an integer number of WALTZ-16 cycles was carried out.

For the Ha-PG-DSTE experiment, the detayas chosen to accommodate the diffusion gradients (including a gradient recovery delay), and the eddy current
delayt’ was kept short (10 ms) to minimize relaxation losses. All phaseg andess otherwise specified. The following phase cycles were employed: (a)
Ha-HSQC: ¢1 = (X)2, (—X)2; $2 = X, =X; Prec = X, =X, =X, X; (0) Ha-PG-DSTE:¢p1 = (X)a, (—X)4; #2 = X, =X; ¢3 = (=X)2, (X2} Prec = X, =X, =X, X, =X,

X, X, —X. The following gradient strengths were used in the different experiments: (a) Ha-HSQC: spoil gmadierdt25 ms at 4.35 G/mm, encoding
gradientg, = 1.00 ms at 6.52 G/mm, decoding gradigat= 1.00 ms at 1.63 G/mng§/gs = 4:1). (b) Ha-PG-DSTE:qs, g, gz as for Ha-HSQC, diffusion

gradientgs = 2.5 ms with varying gradient strength, spoil gradigat= 1.0 ms at 0.65 G/mm, spoil gradiegg = 1.0 ms at 0.75 G/mm, and spoil gradient

g7 at 1.05 G/mm.

of the 'H decoupling period was chosen such that it contained only Results and Discussion
complete WALTZ-16 cycles.

Pulsed-gradient stimulated-echo diffusion experiments were per- Hadamard-Encoded HSQC (Ha-HSQC).The use of Had-
formed using a diffusion time), of 200 ms with encoding and decoding ~@mard encoding allows otherwise overlapping resonances to be
gradients in the-direction of durations = 2.5 ms and gradient strengths ~ resolved without the long measuring times that are inherent in
varying from 0.13 G/mm to 6.32 G/mm. All experimentally observed typical heteronuclear-resolved diffusion and spin-relaxation
diffusion coefficients were normalized to the diffusion coefficient of measurements. A Hadamard-encoded version of the hetero-
water, which was determined from the proton resonance associated withnuclear single-quantum correlation (HSQC) experiment was
residual non-perdeuterated water (HDQO) Heteronuclear-resolved  ysed here and is shown in Figure 2a. It is based on a pulse
13C T, relaxation times were measured by using a pulse sequencesequence described by Kupce and Freethbat modified to
proposed by Jin et & In this pulse sequence, a sandwich of fal2 g |ess prone to pulse miscalibrations and other experimental
pulses and four gradient pulses is repgated during the relaxation t'meartifacts. The pulse sequence consists of an initial INEPT
to remove the effe.CtS (.)f cross-correl_anons. For tHféSeT, measure- ... (Insensitive Nuclei Enhanced through Polarization Transfer)
ments, the relaxation times were varied between 200 ms and 10 s with .

block to transfer magnetization frothl to 13C. In contrast to a

IH & pulses applied every 10 ms. Recycle delays (10 s) were used . - . .
between successive scans. For the directly excited/deteé@d regular 2D HSQC experiment, only longitudinal spin order is

relaxation measurements, WALTZ-164 decoupling with a field necessary for labelinC magnetization with selective pulses.
strength of 6 kHz was applied during signal acquisition. In validating FOr this reason, the latC 7/2 pulse of the full INEPT block
the applicability of the Hadamard-encoded HSQC-resolti& T, could be omitted. After Hadamard phase-encoding, fi@&
relaxation measurement&C refocusing pulses during the CPMG period moieties are labeled with a gradient pulse, by rotating'#e
were separated byr2= 900us, and'H z-pulses were applied every  magnetization into the transverse plane using'#er/2 pulse
7.20 ms to remove cross-correlation effeétsor the'H T, measure- immediately following the selective pulse. The inclusion of such
ments, the refocusingH z-pulses were separated by 1.40 ms. gradient labeling allows for clean selection of signals from those
For the investigation of the solution-state interactions between H moieties that are directly bonded&C atoms and also leads
charged porphyrin dye molecules and block copolymers, a 10 mM tg g reduction in the number of phase cycling steps. Following
aqueous solution of bottetra(4-sulfonatophenyl)-porphyrin (TPBS  the gradient encoding, the magnetization is transferred to
Frontier Scientific) and the poly(ethylene oxide)-poly(propylene oxide)- covalently bonded protons by a reverse INEPT block, decoded
poly(ethylene oxide) triblock copolymer B@PO;-EOy (Pluronic with a second gradient pulse, and finally detected. In addition,

P123, BASF) was prepared in,O. The pH (here, reflecting the . . .
concentration of deuterons, rather than protons) was adjusted to 11? simple phase cycle of the basic Hadamard phase labeling was

through the addition of sodium deuterioxide (NaOD 99.9%, Sigma ImplemenFed t‘? eliminate art,'faCts a”s',ng from |mperfeF:t
Aldrich). A diffusion time A = 200 ms was used with diffusion selective inversion pulses. T_h|s was ac_h|eved by performmg
encoding/decoding gradient pulses of length= 7 ms for both the ~ the Hadamard experiment twice, once with the phase encoding

Hadamard-encoded, as well as the full quasi-3D HSQC, diffusion SPecified by the original Hadamard matrix and once with its

measurements. inverse (i.e., changing positive phase encoding to negative and
vice-versa). By adding the result of the first and second sets of
(52) Jin, C. W.; Prompers, J. J.; Bruschweiler,JR Biomol. NMR2003 26, Hadamard experiments, artifacts that would arise from imperfect
241-247.
(53) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.Magn.
Reson.1992 97, 359-375. (54) Morris, G. A.; Freeman, Rl. Am. Chem. Sod.979 101, 760-762.
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methods, the time savings that can be realized depend on the
experimental system under investigation, but it is possible to
obtain a first estimate by considering the relevant experimental
parameters. In a standard two-dimensional (2D) NMR experi-

10 ment, the minimum number of points;, required in the indirect
Ethanol (-CHy) - dimension can be estimated from the sweep wi8§),and the
15 separation of the closest signals that need to be resoRied,
— 2S,
50 € Np=—— 5
é P R ( )
Ethanol (-CH,OH) 55% In practice, one typically needs to acquire a factor of 2 or even
® ki a factor of 4 more points to obtain well-resolved peaks. The
Glycerol (-CH,0H) 60 'E use of ;ero-fllllng or linear prediction may a_lso promote bettgr
L2 5 resolution, because the frequency spacing of the Fourier
65 5 transformed spectrum is inversely proportional to the number
2 of data points.
PEG (-OCHCHy) ® 70 In Hadamard-encoded NMR spectroscopy, on the other hand,
Glycerol (-CHOH-) & one does not generate free-induction decays in the indirect
75 dimension, so that the number of required scans consequently
does not depend on the sweep width nor the separation of
38 36 34 15 13 11 signals®” Rather, selective excitation or inversion allows the
H Chemical Shift (ppm) measurement time to be concentrated on signal-containing

Figure 3. 2D 'H{13C} heteronuclear single-quantum correlation (HSQC) frequency regions, instead of acquiring over the entire frequency
NMR spectrum obtained for a mixture of 5 wt % ethanol, 10 wt % glycerol, domain in both dimensions. The spectral resolution in the
and 2wt % poly(ethylene glycol) in 4D at 298 K. The accompanying 1D Hadamard dimension (corresponding to the indirect dimension

1H and 13C solution-state spectra shown were acquired in separate one- fa2 . . . Vi | . |
pulse experiments. All resonances are clearly resolved in the 2D HsQc Of @ 2D experiment) is approximately inversely proportional to

spectrum, whereas significant overlap is observed among the protonatedthe length of the selective excitation or inversion pifse.

moieties of ethanol and glycerol in the T8l spectrum. Increasing the spectral resolution therefore affects the length

inversion are canceled, similar to the (x) phase cycling of of the experiments only indirectly, because possible relaxation

7 pulses in standard experiments. losses during the longer selective pulse must be compensated
The validity of using Hadamard encoding to obt&it{ 13C} - for by accumulating a greater number of scans. This means that,

resolved heteronuclear single-quantum coherence (HSQC) NMRregardless of the sweep width and the required spectral
spectra is illustrated in Figures 3 and 4 for an aqueous solution resolution, the total time of a Hadamard-encoded NMR experi-
of 5wt % ethanol, 10 wt % glycerol, and 2 wt % poly(ethylene ment is approximately proportional to the siz&, of the
glycol) at 298 K. Figure 3 shows a full 2BH{13C} HSQC Hadamard matrix used, wheng is chosen to be the smallest
spectrum obtained using 2 scans and 128 points in the indirectlymultiple of 4 larger than the number of resonances that need to
measuredt3C dimension, along with one-pulse 1D solution- be resolved? The relative time savings that can be realized by

state!H and!3C spectra. In contrast to the 1Bl spectrum, all using Hadamard encoding can thus be estimated as follows:
the resonances are well-resolved in the ${°C} HSQC

spectrum and can be assigned based on theéirmand 13C Lo DZ(SW/R)2D (6)
chemical shifts. Ethanol gives rise to two distinct signals, one thadamard Ny

corresponding to the-CH3 group at 13 ppm3C and 1.10 ppm _
H and one at 57 ppr#C and 3.60 ppniH corresponding to ~ FOr the example described above, wiily = 8000 Hz,R =
the —CH,OH groups. A single signal is observed for poly- 400 Hz, andny = 8, the time savings were estimated with eq

(ethylene glycol) at 71 pprfC and 3.65 ppmH corresponding 6 to be approximately a factor of 5, in good agreement with
to the —OCH,CH.— moieties. The glycerol species give rise those realized experimentally above. Hadamard-encoded HSQC

to two distinct signals, one at 73 ppHC and 3.70 ppriH thus allows for significantly shorter measuring times to be used
corresponding to the CHOH— moieties and a pair at 63 ppm compared to full 2D experiments, while yielding comparable
13C and 3.60 and 3.52 pphi corresponding to the-CH,OH signal-to-noise ratios and resolution.

groups. Figure 4 shows two representafiMespectra that were Hadamard-Encoded, *H{**C}-Resolved Diffusion Mea-

obtained with similar signal-to-noise ratios and resolution for Surements (Ha-PG-DSTE)Recently, the HSQC technique has
the same mixture by using the Hadamard-encoded pu|Sebeen used, in combination with pulsed-gradient methods, to
sequence of Figure 2(a) and from corresponding slices extracted®S0lve and measure the diffusivities of species with strongly
from the 2DH{13C} HSQC data set. To achieve comparable ©Verlapping 1D resonancé&.?! By incorporating Hadamard
results with the Hadamard technique, eight separate experimentg€ncoding into the HSQC sequence, such heteronuclear-resolved
consisting of four scans each were performed, representing timediffusion measurements can be conducted in substantially shorter

savings of a factor of 8 ([128]/[8'4] - 8) for this partICU|ar (55) Itis possible to obtain substantially better resolution and cleaner selection
measuremerf® by increasing the number of scans and incorporating a more extensive phase

; ; _ cycling, but for illustration purposes the smallest number of experiments
Because of the inherent differences between Hadamard necessary to achieve satisfactory results was chosen here.

encoded and standard multidimensional NMR spectroscopy (56) Freeman, RProg. Nucl. Magn. Reson. Spectrod€@9§ 32, 59-106.
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Glycerol (-CH,OH) PEG (-OCH,CH,-)

— 2DHSQC
“““ Hadamard HSQC

4 3.8 3.6 3.4 3.2 3 4 3.8 3.6 34 3.2 3
"H chemical shift (ppm) "H chemical shift (ppm)

Figure 4. Comparison of slices obtained from a full ZBI{13C} HSQC experiment with spectra obtained from the Hadamard-encoded HSQC experiment.
The results from the full 2D experiment are vertically offset from 0O to facilitate comparison. The sample consisted of a mixture of 5 wt % ethanol, 10 wt
% glycerol, and 2 wt % poly(ethylene glycol) in,D at 298 K. For the experimental conditions used (2D HSQC: 2 scans, 128 points in the indirect
dimension; 1D Ha-HSQC: 4 scans, 8 experiments), similar resolution and signal-to-noise ratios were obtained. The small artifacts that stilboémain
experiments could be alleviated by extended phase cycles and correspondingly longer measuring times; the objective here was to illustratenthe minim
experimental time required for a Hadamard measurement to yield comparable resolution and sensitivity to a full 2D HSQC experiment, which required 8
times longer to acquire.

1085 observed for each of the correlattdf{ 13C} signals associated
0.9 |‘ AN - with the five spectroscopically distinct sites, the resulting fits
. ' ~A A for which are shown as dashed lines in Figure 5. Ethanol and
S_ 08 “- TAa - glycerol each give rise to two distinct signals in the correlated
%‘ 0.7 & b A~F:E_GA IH{13C} experiments, corresponding to theCH3; and
& 0.6 W RN —CH0H groups of ethanol and theCH,OH and—CHOH—
i 05 I groups of glycerol. In both cases, the same diffusion coefficients
g ‘\‘\ were determined from the separate decays of each of the two
% 0.4 \"" resonances for ethanol and glycerol. Consistent with the relative
£ 03} M molecular weights of the species and their hydrogen-bonding
'25 0.2 \h\GcheroI capacities, ethanol sho(yx(r‘:o(::| thzegglarger diffusivlngf'ciH/foéf?er
. = 0.352+ 0.005 andDg Gy /D; ey = 0.347 + 0.008, while
017 Ethanol vQ. B« o glycerol diffused more slowlyD¢™°"/D2% = 0.258+ 0.003
RS > SETT R ' and DSOHD2%® = 0256 + 8%04 Pol (ethylene glycol)
0 0.20 0.40 0.60 0.80 1.00 gy - water ' L CONERY 24

exhibited the smallest diffusion coefficienDSceYD2S =

0.0187+ 0.0005, consistent with its macromolecular character.
Figure 5. Signal decays obtained by varying the strength of the applied

gradients in a pulsed-gradient double-stimulated-echo (Ha-PG-DSTE) Th_e suitability of the Ha_PGf"_DSTE pulse S_equence_ a”‘?' the
diffusion measurement using a Hadamard-encoded heteronuclear singlevalidity of the results were verified by comparing the diffusion
quantum correlation block during the acquisition [Figure 2b]. The sample coefficients above with those measured for the same mixture
consisted of a mixture of 5 wt % ethanol, 10 wt % _egqeroI, and 2wt % separate 1BH experiments. For both ethanol and glycerol,
poly(ethylene glycol) in RO at 298 K. Monoexponential signal decays are t t f thei t . tiallv f f
observed for all resonances: poly(ethylene glycefPCH,CHo— (a), at least one of their proton resonances IS essenually Iree from
glycerol —CHOH— (m), and—CH-OH (O), as well as ethanctCHj3 (@) overlap in a conventional 1EH PG-DSTE experiment, so that
and —CH>0H (O). The decays observed for the overlappin@H,0OH self-diffusion coefficients can be independently determined from
glycerol and ethanol resonances (empty symbols) agree well with those monoexponential fits to the decays of the resolved signals. The

observed for the corresponding nonoverlapping resonances (solid symbols). . . . .
All observed decays were fitted with single exponential decays, which are S€lf-diffusion coefficients obtained separately from these mea-

(Fraction of Maximum Gradient Strength)?

shown as dashed lines. surements,DSIE/D2%8 = 0.350 + 0.006 for the ethanol
—CH3 moieties andD g /Di, = 0.259 & 0.005 for the

times. The Hadamard-encoded HSQC sequence discussed abowglycerol —CHOH— moieties, correspond closely to those

[Figure 2a] was modified by replacing the fitsf2 *H pulse in obtained from the Hadamard-encoded experiments, confirming

the Ha-HSQC sequence with a pulsed-gradient double-stimulatedthe validity of the Hadamard approach. Compared to a full quasi-
echo (PG-DSTE) block, yielding the Ha-PG-DSTE sequence 3D 'H{!3C} HSQC-PG-DSTE experiment, the Hadamard-
shown in Figure 2b. In this way, the modulatéd signal encoded measurement could be achieved in one-eifgtof
intensity produced by the PG-DSTE sequence serves as thghe time.

initial intensity for the Ha-HSQC sequence. The ability to For both Hadamard-encoded and HSQC-encoded diffusion
separate spectroscopically the signal decays using the Ha-PGmeasurements, it is necessary to avoid complications that may
DSTE pulse sequence is demonstrated in Figure 5 for an aqueousrise from intense rf-power input. For example, in both cases,
solution of 5 wt % ethanol, 10 wt % glycerol, and 2 wt % poly- it is often desirable to apply high pow&C decoupling during
(ethylene glycol) at 298 K. Monoexponential decays are signal acquisition, which can lead to local heating that may
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1.088 nances from which the diffusivity of glycerol was determined
09 to beDp-*"/D2% = 0.301:+ 0.006 (this value is somewhat
<08 I higher than the diffusivity measured for glycerol in the PEG-
= 07 " containing mixture above, consistent with the higher viscosity
-‘é A of the polymer solution). The application of a Hadamard-
g 0.6 Ifl‘\‘ encodedsinglestimulated-echo pulse sequence (Ha-PG-STE)
S 05 Y * under otherwise identical conditions, on the other hand, leads
Loal ' e to a significantly faster signal decayd)l and therefore to a
(_E“ 03l ‘. 3“, correspondingly larger apparent “diffusion” coefficient,
5 R Dl STID,, = 0.457 + 0.005. This much larger value
z 02 % - reflects a convective contribution to species mobility in the
0.1 G- “‘*..*_"‘ sample as a consequence of sample heating produced by the
— o\ " oFl=a-- %f"f"- higher power input required for the Hadamard pulse sequence.
0 0.10 0.20 0.30 0.40 0.50

Nevertheless, by increasing the recycle delay tirpg$o greater
Foure 6. C ) f théH sianal d b at ous NMR than 30 s¥), the duty cycle is reduced and convection currents
igure 6. Comparison o signal decays observed for various i .
diffusion measurements for a 10 wt % solution of glycerol ifODat 298 are,a”owed to d!s§|pate betv,veen S(,:ans' Upder these conditions
K. Data for conventional single-stimulated-echo experiments (no decoupling) & diffusion coefficient value is obtained using the Ha-PG-STE
with a recycle delay ©03 s are shownx), along with data obtained from SequenceD;;ZSTE/stz?er = 0.307 + 0.007, that agrees well
Hadamard-encoded heteronuclear single-quantum correlation (Ha-PG-STE)\Nith that measured using the 1D STE experiment in the absence
experiments with recycle delays of 30%)(and 3 s[d), and data obtained . . . .
using a double-stimulated-echo version of the Hadamard technique with a of convection (). Alternatively, undesired influences from such
recycle delay b3 s (A). Measurements using the Ha-PG-STE sequence fluid convection currents can be avoided independentlyrof
showed significant deviations from the other measurements, unless longpy the use of aloublestimulated-echo (DSTE) sequence)(

recycle delays%30 s) were used. When using such long recycle delays or - : . . S
employing the double-stimulated-echo Ha-PG-DSTE sequence, the resultingV\’hICh yielded an accurate value for the diffusion coefficient,

decay curves agree well with those obtained in the absence of decoupling.D;;DSTE/D\?V?EH = 0.309 &+ 0.008. In the DSTE pulse se-
All observed decays were fitted with single exponential decays, which are quence, the unwanted dephasing of magnetization resulting from

shown as dashed lines. convection during the first diffusion period is, to first-order,
removed during the second diffusion period, independent of the

) . recycle delay time tg) used. Consequently, there is good
Such thermal gradients may result from spatially heterogeneous, i eement between resuits obtained with the Hadamard-encoded
heating during decoupling arising from rf-field inhomogeneities singleecho pulse sequence using a recycle delay time of 30 s

or from the associated cooling that is required to maintain the (v), with the Hadamard-encodetbubleecho pulse sequence
sample at a constant macroscopic temperature. These temper "_ 3's 1) and with the single-echdH sequence without
ature gradients may in turn give risg to ponvection currents that decoupling &). In practice, the choice between the use of long
could interfere strongly with the diffusion measuremefits; o0 016 delays versus a double-stimulated-echo sequence de-
when present, they will in general produce convection-induced hen g o the relaxation properties of the sample under inves-
dephasing that leads to the measurement of erroneously largg;gation. For samples with long relaxation times, i.., comparable
apparent “diffusivity” values. Whether such factors are important e time required for convection currents to subside, the use
under the conditions of the Hadamard-encoded diffusion ¢ 5 single stimulated echo is likely to be preferred, because of
measurements considered here was examined for a separate 1{, signal loss £50%) associated with the use of a second
wt % solution of glycerol at room temperature (298 K). stimulated echo in the PG-DSTE sequefice

Figure 6 shows the results for several different Hadamard- 1,4 Hadamard-encoded PG-DSTd®(blestimulated-echo)
encodedH{3C} diffusion measurements in whichl signals experiment and the Hadamard-encoded PG-SEHgle
were recorded witt*C decoupling during signal acquisition.  gtimjated-echo) experiment with a long recycle delay are thus
Results for single- and double-stimulated-echo pulse sequenceg, i, suitable for the determination &H{13C} -resolved mo-
with different relaxation delays are compared to those obtained ¢y self.diffusion coefficients. They can be used to determine
by using a 1D'H single-stimulated-echo pulse sequence in the 4cc,rately and rapidly the diffusion coefficients for species that

absence of decoupling, which is expected to provtdeignal exhibit significant spectral overlap in a Bl NMR spectrum,
decays that are free from convection effects and which thereforey, ;+ \\hich yield resolved signals in a 2D heteronuck4C}

reflect the true self-diffusion behavior of the glycerol species
in solution. Figure 6 shows that significantly differéht signal _ ping ethanol and glycerdH resonances and requires a factor
decays can be observed for an aqueous glycerol solution,q¢ g ess time to achieve than the corresponding quasi-3D

depending on the length of the recycle delay between scans,;5oc.pG-DSTE measurement. In the ideal case, the resultant
whether decoupling is applied or whether a single- or double- ., ed signal decays will be monoexponentials, and the

stimulated-echo sequgnce IS l_Jsed' In the absence of decouplmg{’esolution limit for the determination of diffusion coefficients
the use ,Of a ,lDlH smglestlmulated—echo pulse sequence ¢ superimposed decay curves would be eliminated. For the
resulted in a single-exponential decay)(for both 'H reso-  ginanot-glycerol-poly(ethylene glycol) mixture examined here,
this allowed the diffusion coefficients of poly(ethylene glycol),

(Fraction of Maximum Gradient Strength)?

produce undesirable temperature gradients within the safipte.

correlation experiment. This has been demonstrated for overlap-

(57) Jerschow, AJ. Magn. Reson200Q 145 125-131.
(58) Wang, A. C.; Bax, AJ. Biomol. NMR1993 3, 715-720.

(59) Led, J. J.; Petersen, S. B.Magn. Reson1978§ 32, 1—17. (62) It may also be possible to reduce the effects of sample heating by reducing

(60) Jerschow, A.; Miler, N. J. Magn. Reson1997, 125 372-375. the power and/or duration of decoupling. However, because the onset of

(61) Callaghan, P. TPrinciples of Nuclear Magnetic Resonance Microscopy convection currents depends on the specific sample properties, the use of
Oxford University Press: Oxford, 1991. a double-stimulated echo may be preferred.
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Figure 7. Schematic diagrams of Hadamard-encoded pulse sequences for

the measurement of longitudinal spilattice (T1) relaxation processes: (a)
inversion recovery experiment with Ha-HSQC detection for the determi-
nation of'H T; relaxation times, and (b) experiment to determif@ T,
relaxation times. The variable relaxation delay is abbreviated asd in
the refocused INEPT block of tHéC T; Ha-HSQC experiment; was set

to 1/(4Jch) andd; to 1/(8Jch). All phases arex unless otherwise specified.
The following phase cycles were employed: B) T, Ha-HSQC: ¢; =
(Ra, (—X)a; b2 =X, —X; ¢3= (N2, (—X)2; prec = (X, —X)2, (=X, X)2; (b) 1°C

T1 Ha-HSQC: ¢1 = (X)a, (—X)4; 2 =X, =X, 3= (V)2 (—¥)2; Prec= X, =X,

=X, X, =X, X, X, —X. The following gradient strengths were used in the
different experiments: (a)H T1 Ha-HSQC: spoil gradieng; = 1.25 ms

at 4.35 G/mm, encoding gradiegt = 1.00 ms at 6.52 G/mm, decoding
gradientgz = 1.00 ms at 1.63 G/mngf/gs = 4:1). (b)13C T, Ha-HSQC:

01, 02, gz as for'H T, Ha-HSQC, spoil gradients; = 0.9 ms at 2.00 G/mm,
05 = 2.0 ms at 4.00 G/mnge = 0.7 ms at 1.90 G/mnyg; = 0.5 ms at 0.50
G/mm, andgs = 0.5 ms at 1.00 G/mm.

as well as ethanol and glycerol, which differ by only 28%, to
be determined despite their overlapping B spectra. If,

(a) "H T, Ha-HsQC
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Figure 8. Schematic diagrams of Hadamard-encoded pulse sequences for
the measurement of transverse sppin (T,) relaxation processes for (a)

1H and (b)!3C. The variable relaxation time is abbreviatedraand, for

the 13C T, Ha-HSQC experimentC refocusing pulses during the CPMG
period were separated by 2 900us. In additionH z-pulses were applied
every 7.20 ms to remove cross-correlation effects. All phaseg andess

despite the enhanced spectral resolution provided by the otherwise specified. The following phase cycles were employedHa)
IH{13C} HSQC or Hadamard-encoded experiments, one or more Ha-HSQC: ¢1 = (X)a, (—X)a; $2 = X, =X 3= (=Y)2, (¥)2; Prec= (X, —=X)2,
of the decays do not display monoexponential behavior, the (% X)2 3 (b) *C T2 Ha-HSQC: ¢1 = (X)a, (—X)a; $2 = X, —X; 3 = (X)2,

number of components may still be reduced, making the

(—X)2; Prec= (X, —X)2, (—X, X)2. The following gradient strengths were used
in both experiments: spoil gradiegt = 1.25 ms at 4.35 G/mm, encoding

application of postacquisition processing techniques more gradientg, = 1.00 ms at 6.52 G/mm, and decoding gradigy#= 1.00 ms

straightforward and robust.
Hadamard-Encoded, IH{3C}-Resolved Spin-Relaxation
Measurements. Analogous to the diffusion measurements

at 1.63 G/mm @./gz = 4:1).

times, as shown in Figure 7a and b, respectively, as well as for

above, Hadamard encoding can similarly yield enhanced the measurement 8H and'*C transverse spinspin relaxation
temporal resolution of nuclear spin-relaxation times for mixtures (T2) times, as shown in Figure 8a and b. The inclusion of a

with strongly overlapping signals in their 1D NMR spectra. The

Hadamard-encoded heteronuclear correlation block in pulse

basic Ha-HSQC pulse sequence can be modified to yield sequences for the measurement *6f relaxation rates is

Hadamard-encodedH{ 13C} -resolved experiments for the mea-
surement ofH and*3C longitudinal spin-lattice relaxationTy)
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conceptually identical to the modification of the PG-STE and
PG-DSTE sequences discussed above. Specifically, the hetero-
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nuclear Hadamard-encoding block is added after the relaxation 10¢
delay. In this way, the attenuatdd intensity serves as the initial 0.9 § o
amplitude for an Ha-HSQC experiment. R u“i‘ N

The modification of pulse programs designed for the mea- = 081\ \\
surement oft3C nuclear spin-relaxation rates is slightly more 207 ".‘q K AT
complicated, but it is of particular interest, because it provides %0_6 L b \\ \:Q:\
information on the reorientation dynamics of-€& bonds and i< o5k \ LR ‘3::
the molecular moieties with which they are associ&fethe LR YN :9::5.“:3"0'
corresponding pulse sequences are adapted to include Hadamard N 04 A Y ‘\ SISl
encoding by storing thé3C along thez-axis immediately 20_3. ' n\\ \k “‘-.Z';:9
following the relaxation period and then applying selective S ozl 4‘ \Glyceral\
inversion pulses. In this way, Hadamard-encoding can be used ' \ N \-\
to measuré3C T, relaxation by adapting a CPMG-based pulse 01 \‘F’EG Beeel . TTeeell
sequence usingH & pulses to suppress cross-correlation e =

10 20 30 40 50 6.0 7.0 80 9.0 100

53,64 i i
effects? as shown in Figure 8b. As a second example, a Relaxation Delay t (s)

recently published pulse sequeriéeptimized for the measure-
ment of T; relaxation times in A% systems (such asCH,— Figure 9. Transient!H-observed'H{13C}-resolved signal-decay curves

dified to include Had d di h obtained for a mixture of 5 wt % ethanol, 10 wt % glycerol, and 2 wt %
groups), was modified to include Hadamard encoding, as s OWnpoly(ethylene glycol) in RO at 298 K using the Hadamard-encoded pulse

in Figure 7b. In this pulse sequence, a refocused INEPT sequence for the measurementig T; relaxation times [Figure 7b]. Data
sequence followed by &C 7/2 pulse is used to generaB are shown for the ethanotCHs; (@) and —CH,OH (O), the glycerol

At ; : : —CHOH— () and —CH>OH (O), as well as the poly(ethylene glycol)
magnetization, which then relaxes during the following delay —OCH2CHz,— (2) carbon moieties. All observed decays were well fitted

period . Unwant_ed f.Spiﬂ terms are purged during this period \yith single exponential decays, which are shown as dashed lines.
through the application of gradient pulses (to destroy double-

guantum terms arising from dipotalipole cross-correlated 1.0
relaxation) and the use 8H x/2 pulses of varying phases to 0.9
convert undesired zero-quantum coherences to double-quantum <08 -2
coherences. After the relaxation delay, the remaini®g S 0@
ization i i - 207A®R ‘e
magnetization is phase encoded according to the prescribed & 0 &
Hadamard scheme and transferred back to protons for detec- § 0614 :\ % Ve
tion 65 kS - o
. I 5 0'5'4 m\‘\ \O A S
The suitability of the Hadamard-encod#d{13C} -resolved 9] AN N
o N 04t d ‘& Ethanol

pulse sequences for the measuremert®@fT; relaxation times T A s Q e,
is illustrated in Figure 9 for the same aqueous mixture of 5 wt g 0.3} %t * QL el
% ethanol, 10 wt % glycerol, and 2 wt % poly(ethylene glycol) Zo2f Y A+ :Qli/cerol oL L e
at 298 K used in the diffusion measurements described above. o1l Apec B2 a O~ ~Qa. Tt
The 13C spin—lattice relaxation times for the variouSC tAL A ML ""'On
moieties in this solution were de_term_lned using ¥@-T:-Ha- _ 10 20 30 40 50 60 70 80 90
HSQC pulse sequence shown in Figure 7b, and all transient Relaxation Delay 1 (s)

signa}l decays were Observe_d to be monoeXp,Or,]emial' COnSiStenlrigure 10. TransienttH-observed!H {13C}-resolved signal-decay curves
with its lower molecular weight, ethanol exhibited the slowest optained for a mixture of 5 wt % ethanol, 10 wt % glycerol, and 2 wt %
13C relaxation behavior in solution, and tfierelaxation times poly(ethylene glycol) in BO at 298 K using the Hadamard-encoded pulse

were found to be 8.42 0.09 s and 7.52 0.07 s for the-CHy- sequence for the measurementidfT, relaxation times [Figure 8a]. Data
OH and the—CH- carbon atoms. respectively. Glvcer§C are shown for the ethanelCH; (®) and—CH,OH (O), glycerol—CHOH—

) 3 . p ’ y. Gly . (m) and—CH2OH (d), as well as the poly(ethylene glycehOCHCH>—
nuclei were found to relax more quickly, with the corresponding (a) proton moieties. All observed decays were well fitted with single
relaxation times determined to be 3.880.04 s and 1.75k exponential decays, which are shown as dashed lines.

0.04 s for the—CHOH— and the —CH,OH carbon atoms,
respectively. Consistent with its higher molecular weight, poly-
(ethylene glycol) showed the shortéd€ T; relaxation time,
0.597 £ 0.009 s for the—OCH,CH,— carbon moieties. The
validity of the Hadamard; pulse sequence was confirmed by
comparison withT; values measured separately in standard
direct 13C excitation/detection experiments. For example, for
an aqueous 10 wt % glycerol solution at 298 K, 1D direct
excitation/detectioA°C inversion-recovery experiments yielded

a T, relaxation time of 2.03+ 0.04 s for the—CH,OH 13C
glycerol moieties. This compares well with the relaxation time
of 1.96 £ 0.06 s determined using the Hadamard-encoded
experiment and is consistent with the lower viscosity of the
glycerol solution compared to the PEG-containing mixture.
For the measurement 8fl relaxation times, the first/2 pulse
of the Ha-HSQC pulse sequence [Figure 2a] is replaced with
the corresponding spin-relaxation pulse sequence element, as
shown in Figure 7a for longitudinal spiriattice (T1) or in Figure
(63) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, Rralein NMR 8a for transverse. Spﬂ‘Bpm (T2) relaxation time experiments.
Spectroscopy: Principles and Practjocicademic Press: San Diego, CA, The results obtained using the Hadamard-enCddlﬁd:iC}-
(64) Jﬁ%?r?wler, A. G.; Skelton, N. J.; Chazin, W. J.; Wright, P. E.; Rance, M. resolvgd pylse sequences' for, the measurementHofT
Mol. Phys.1992 75, 699-711. relaxation times are shown in Figure 10 for the same aqueous
(65) To keep the pulse sequence as simple as possible a regular INEPT backnivtyre of 5 wt % ethanol, 10 wt % glycerol, and 2 wt % poly-

transfer was used, though a refocused INEPT step could be used to further . . X
improve the sensitivity of the experiment. (ethylene glycol) at 298 K used in the diffusion aftC T,

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11633



ARTICLES Steinbeck and Chmelka

measurements described above. The transient signal decaysequences have been developed that minimize these interfering
obtained using the pulse sequence shown in Figure 8a were alleffects. As demonstrated here for the measuremefitl gind
observed to be monoexponential, and the corresponding time3C T, and T, spin relaxation, such pulse sequences are readily
constants were determined from the respective and accompanyadapted to include Hadamard encoding. These examples should

ing monoexponential fits. The-CH3 and —CH,OH ethanol
moieties showed the longe&tl T, relaxation times, 4.13-
0.04 s and 2.92 0.05 s, respectively, consistent with the small

molecular hydrodynamic radius of ethanol and its correspond-

ingly short rotational correlation time in aqueous solution. The
different relaxation times for the two ethanol moieties reflect
their different interactions with other molecules in solution,
particularly watef® The —CHOH— and the—CH,OH glycerol
moieties relaxed more rapidly, exhibitiAl T, relaxation times

of 1.66+ 0.04 s and 1.4Qt 0.02 s, respectively. Consistent
with expectations, the shorted3H T, relaxation time was

also serve as a basis for adapting newly emerging pulse
sequences, such as those for measuring off-resonagce
relaxation processes, to include a Hadamard component for
improved temporal resolution and faster acquisition tif{es.
Thus, Hadamard encoding can be used determine accurately
and rapidly’3C andH T; and T, relaxation times in complex
solutions, such as the aqueous mixture of ethanol, glycerol, and
poly(ethylene glycol) examined here. Moreover, the Hadamard
measurements were found to be substantially faster than the
corresponding HSQC-resolved experiments by a factor of 8,
similar to the diffusion measurements and consistent with the

observed for the largest molecular species in the solution, poly-estimated time savings discussed previously. The four pulse

(ethylene glycol), whose-OCH,CH,— moieties were measured
to haveT, values of 0.43+ 0.01 s. The validity of théH T,

sequences shown in Figures 7 and 8 represent a convenient set
of experiments for determining; and T, relaxation times for

Ha-HSQC relaxation results was confirmed by comparing the both IH and3C, as well as serving as templates for adapting
1H T, relaxation times obtained for an aqueous 10 wt % glycerol further spin-relaxation pulse sequences to include Hadamard
solution at 298 K from the Hadamard-encoded experiment with encoding.

those measured using a conventioldlT, pulse sequence in
the absence of spectral overlap. Tie T, relaxation time of
1.063+ 0.003 s obtained for the CHOH— moieties measured
with the conventionall, pulse sequence is in good agreement
with the value of 1.069+ 0.008 s obtained by using the
Hadamard-encoded sequence in Figure 8a.

Ha-PG-DSTE Measurements of GuestHost Interactions
in Micellar Solutions. To demonstrate the applicability of the
methods described above to more complicated solution mixtures,
the Ha-PG-DSTE pulse sequence was used to investigate the
interactions of organic guest species that associate with self-
assembling host block copolymer species in aqueous solution.

There are several complicating factors that may need to be The solubilization, binding, or encapsulation of organic dye or
taken into account when applying pulse sequences for measuringdrug molecules within block-copolymer host systems is impor-

Hadamard-encodetH{13C} -resolved nuclear spin-relaxation
times, especially fok3C. For example, cross-correlation effects

tant in a wide variety of applications, including drug delivery
and optical materials processing. As a representative heteroge-

involving different nuclear spin-relaxation pathways, such as Neous system, an agueous solution containing water-soluble

between dipoledipole interactions or between dipolar and

tetra(4-sulfonatophenyl)porphyrin (TPR)Sdye species and

chemical-shift-anisotropy interactions, may obscure the informa- amphiphilic poly(ethylene oxidejpoly(propylene oxide)poly-

tion being sought’~%° Through the use of specially designed

(ethylene oxide) (PE©PPO-PEO) triblock copolymer species

pu|se seqguences, it is possib|e to suppress most of thesevas investigated. This system is C|Ose|y related to precursor

unwanted competing relaxation pathway§*7%73 However,

mixtures for preparing mesostructured inorgaracganic hybrid

the transfer of magnetization between different nuclei using films with optical limiting properties?

cross-polarization techniques or indireltl) detection requires
that several factors be taken into acco(fnt® For example,

Full quasi-3D'H{13C} HSQC diffusion measurements were
recently used to demonstrate that selective and strongly tem-

care must be taken that the magnetization generated during théderature-dependent interactions in the ;i EO0/TPPS
preparation period corresponds to the desired initial condition System have a significant effect on the aggregation behavior of
for the relaxation process under investigation. To measure thethe block-copolymer host. As shown in Figure 1la, the
decay ofS, or S, coherences; for example, one needs to employ acquisition of a fultH{**C} HSQC spectrum was necessary to

a refocused INEPT sequence, while $the refocused INEPT
sequence needs to be followed by an additiom&@ pulse.

clearly resolve and assign the different and otherwise overlap-
ping PEO and PPO resonances of the triblock-copolymer species

HSQC-resolved spin-relaxation measurements are commonlyfor an experiment conducted at 4& (318 K). Furthermore
used in protein science, and a number of heteronuclear pulsequasi-3DH{!*C} HSQC-PG-DSTE experiments were neces-

(66) Sacco, A.; De Cillis, F. M.; Holz, MJ. Chem. Soc., Faraday Trar998
94, 2089-2092.

(67) Werbelow, L. G.; Grante, D. MAdv. Magn. Reson1977, 9, 189-299.

(68) Vold, R. L.; Vold, R. R.Prog. Nucl. Magn. Reson. Spectrod@78 12,
79-133.

(69) Solomon, I.Phys. Re. 1955 99, 559-565.

(70) Peng, J. W.; Wagner, @. Magn. Reson1992 98, 308-332.

(71) Goldman, MJ. Magn. Reson1984 60, 437—452.

(72) Mayne, C. L.; Grant, D. M.; Alderman, D. W. Chem. Phys1976 65,
1684-1695.

(73) Fischer, M. W. F.; Majumdar, A.; Zuiderweg, E. R.F0g. Nucl. Magn.
Reson. Spectros@99§ 33, 207—272.

(74) Kay, L. E.; Bull, T. E.; Nicholson, L. K.; Griesinger, C.; Schwalbe, H.;
Bax, A.; Torchia, D. A.J. Magn. Reson1992 100, 538-558.

(75) Bodenhausen, G.; Ruben, D.Chem. Phys. Lett198Q 69, 185-189.

(76) Palmer, A. G.; Wright, P. E.; Rance, l@hem. Phys. Letl991, 185 41—
46.
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sary to assign unambiguously the PE€ignals to contributions
from micellar aggregates (peak 1) and soluble unimers (peak
2), which displayed stronger interactions with the aromatic
TPPS dye species. As shown in Figure 11b, the signal
associated with peak ¥ decays monoexponentially and more

(77) Korzhnev, D. M.; Orekhov, V. Y.; Kay, L. E]. Am. Chem. SoQ005
127, 713-721.

(78) Korzhnev, D. M.; Orekhov, V. Y.; Dahlquist, F. W.; Kay, L. E.Biomol.
NMR 2003 26, 39—48.

(79) Melosh, N. A.; Steinbeck, C. A.; Scott, B. J.; Hayward, R. C.; Davidson,
P.; Stucky, G. D.; Chmelka, B. K. Phys. Chem. R004 108 11909~
11914.

(80) In the block-copolymer literature the designation poly(ethylene oxide) (PEO)
is often used in favor of poly(ethylene glycol) (PEG) even for low molecular
weight (—OCH,CH,—), polymers.
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Figure 11. (a) 2DH{C} HSQC spectrum showing resolved PEO and PPO resonances for an aqueous mixteré {pbf 10 mM (ethylene oxidey-
(propylene oxide}(ethylene oxide) and 10 mMtetra(4-sulfonatophenyl)porphyrin dye species at@x318 K). (b) Comparison of diffusion data obtained
from a full quasi-3D HSQC-PG-DSTE experiment and a corresponding Ha-PG-DSTE experiment. The experimentally observed decay curves show that the
results from the Ha-PG-DSTE experimeat, @, solid fit lines) agree very well with those obtained from the quasi-3D HSQC-PG-DSTE experirfrents (
<, dashed fit lines).

slowly than that associated with peak 2){ the fits to each without difficulty, representing a significant improvement over
decay (shown as dotted lines) lead to self-diffusion coefficients conventional 1D'H PGSE self-diffusion experiments, which
of Dpeap/Dwater = 0.0104 0.001 andDpé3/Duater = 0.050+ cannot distinguish such similar values. Furthermore, Hadamard-
0.001, corresponding to micelle and unimer species, respectively.encoded experiments provide substantially greater sensitivity
The acquisition of such quasi-3D spectra, however, is time- than full 2D experiments for the same measuring time. For a
intensive ¢-16 h/spectrum), so that establishing temperature- given signal-to-noise ratio, the time savings of Hadamard-
dependent block-copolymer/dye interactions and their influences encoded diffusion or spin-relaxation measurements are signifi-
on solution phase behavior required a total measurement timecgnt (approximately an order of magnitude). The resulting
of approximately 1 week: By comparison, the use of the Ha-  reqyction in overall measuring times allows more sensitive and
PG-DSTE s?quence allowed the same information to be acquiredyetter resolved measurements of dynamic molecular processes
in less than’/io of the time,~1.5 h/spectrum. As shown in . hreviously possible. This is expected to be useful for
Figure 11b, fits (solid Ilngs) to the signal decays measured for monitoring the dynamic properties of slowly evolving complex
pel?lfjs_ﬁl ..) and fo.@). us;mgf thethHada_ma”rd seE%u/eDnce Ie_ad to fluid systems, e.g., the changing aggregation states of molecular
set-aifiusion. coetlicients OrPEOe MICETE SpeaDwater = species (reflected as changes in their diffusion coefficients). The
0.010£ 0.001) and unimer . /Dwater = 0.052 + 0.002) . )

- . . P i o incorporation of other Hadamard-encoded homo- or hetero-
species that are identical (within experimental uncertainties) to . . .

. 1 nuclear correlation experiments into pulse sequences for the
the quasi-3D results. Hadamard-encodetl {**C}-resolved = > 0o n o rancient signal decay constants is expected to
diffusion (and relaxation) measurements are thus versatile andb | and should “g Iy . P q
a general means for analyzing dynamic processes not only for € general an Is ould aflow ov?r apping re§onarf1c§; an
chemically similar mixtures but also for investigating interaction associated signa deca}y§ to be reso ved. Ina varletyp different
processes in more complex heterogeneous solutions, in particularimleculIar systems.SThzlg |_n(3:I1udes extensions to nuclei other than
technologically important mixtures with self-assembling com- H and*C, such as™N, #%Si, %P, along with quadrupolar nuclei,
ponents. with application to the characterization and dynamic analyses

_ of complicated solution mixtures.

Conclusions
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