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INTRODUCTION : We present an alternative fast acquisition method for nD NMR, Time-Optimized FouriEr Encoding (TOFEE), that is easily implementable on modern spectrometers TOFEE maximizesthe indirect
domain Fourier encodingefficiency by utilizing a priori knowledgeto tailor polychromatic excitationsfor every increment of the experiment The overarching goal of the encodingstrategy we put forth is to impart a phase
modulation on a priori known resonancelines, bestsuitedto their efficient separationwith a discrete Fourier transform basedon an indexing of the peaksi rather than basedon their natural resonancefrequencies

METHODS: TOFEE provides resonanceswith an index-basedFourier encodingusing both a polychromatic excitation and a seriesof a priori chosentime delays Its general strategy for encodingthe indirect domain
evolution, shownin Fig. 1, encompassea seriesof N polychromatic excitation pulseg which are synthesizedaccordingto |0« L A? o] 5 §i-) <"YE""Z&vhere UQ” Qz F Uand | 3§ 1-) is a selective90 fpulsecenteredat
the frequency of the n-th resonance 3,,; aswell astime delays, W/. Although thesedelaysare not mandatory to encodethe indirect domain evolution, they can be combinedwith the customizedexcitationsasindicated by the
greenmodule in Fig. 1 to accommodatesituationswhere improving the selectivity of the encodingstrategyis necessaryT he strategywill be relatively robust againstthe commonly encounteredsourcesof error, including,

for example,thermal noise and pulse imperfections. While showing similarities
with Hadamard approaches, TOFEE has no restrictions in the number of scans
and can separate resonancesin crowded regions of spectrum. Three distinct
scenariosare shownin Fig. 2 and detall discussedn the caption.

Fig. 2 Features of the known indirect dimension spectrum that influence the design of the
Fourier-basedTOFEE strategy. Resonancesre labeled underneath their respectivespectra,
and the n-th resonancefrequency is denotedf,,. The idea is that sparsebands are excited by
polychromatic pulsesconsisting of a superposition of selectiveexcitations that replace their
frequency offset effects by a priori defined phases{l,, .}, where m is the scanand n the
frequency. Thesephasesare given a discrete Fourier dependencé Closely spacedintra-band
resonancesare further distinguished by adding suitable U, delays The selectivemulti -band
pulseshave excitation bandwidths that are associatedwith spectral bands sparsely(densely)
populated by peaks, shown in blue (green). Selective excitation offsets are indicated with
dashedlines. The phaseby which the n-th resonanceis excited during the m-th scanof the
experiment is indicated with U,,,. The time delays used during the m-th scanto separate
peakswithin crowded spectral bandsare labeledU, (or U, and U.' , where,in general,U.1 U,
). Scenarios where the spectrum is comprised of (A) sparse spectral bands, (B) sparse
spectral bands and a single crowded spectral band and (C) a sparse spectral band and
multiple crowdedspectralbandsare shown
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Fig. 1 Fourier encoding scheme for the fast acquisition of heteronuclear
correlation spectra A mixing period (DIPSI-2) wasusedfor the implementation of
this HSQC-TOCSY example The shapedpulseson the 13C channelshownin blue
and green are PC and selective pulses, respectively The green (blue) encoding
module Is used to separate resonancesin crowded (sparse) regions of the
spectrum. Two 180A pulsesin each encoding module refocus the chemical shift
evolution that has occurred during the PC pulse and keep the coherenceorder
consistencyfor all the encodingmodules WURST decoupling was applied during
the t;-encodingmodulesto suppress*C-H J-couplings A two step phasecycleis
employedwith ¢ = (X, TxX) and the receiverphasesetto U,.= (X, T X).

RESULTS AND DISCUSSION: The performance of the new method was testedwith acquisitions of 2D heteronuclear correlation spectra Figs. 3 and 4 showtwo applications to the nonsteroidal anti-inflammatory drug,
Isobutyl propionic phenolic acid. An application to quinine is shownin Fig. 5. The acquisition times are reduced from several hours to minutes, with a better SNR per scanwhen compared with traditional methods

(Acquisition times are givenin captions) As illustrated in Fig. 4, a certain amount of flexibility Is allowed in the approach.

(and, In general nD) NMR Investigationsthat require fast acquisitions

Fig. 3STOFEE HSQC and HSQC-TOCSY spectraof isobutyl propionic
phenolic acid. One dimensional traces encodedusing parametric time
evolution period are shownin green (A, D) Conventional HSQC and
HSQC-TOCSY spectra acquired in ~1h 35 min and using 256 t;
iIncrements (B, E) Details of the ~45 ppm spectral region in the 13C
dimension, showing nearby peaksthat are separatedin (C, F) using
Fourier encodingwith time delays(greenmodule in the sequence)(C,
F) Fourier decoded stacked plot of 1D spectra with the same
Information asthe HSQC and HSQC-TOCSY spectrashownin (A, D).
They were acquired in ~1 min 18 sec (C, F) are displayed in phase
sensitivemode and (A, D) are displayedin magnitude mode

Fig. 4 Fast 13C-1H HSQC spectra of isobutyl propionic phenolic
acid acquired: (A) using onecrowded band encodingmodule (K =
1), 11 scans,and 10 ms shapedpulses and (B) using two crowded
band encodingmodules(K = 2), 7 scans,and 6 ms shapedpulses
The spectra shown in (A) and (B) were acquired in 2 min 4 sec
and 1 min 20sec,respectively
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he new Fourier-encodingmethod showsgreat promise in shortening the acquisition times of 2D

Fig. 5 Test of the performance in acquiring a HSQC on quinine. (A) A 1D 13C spectrum of quinine. (B) A
stackedplot of 1D tracescontaining the sameinformation asa traditional HSQC spectrum, acquired in 3
min 54 sec Dashed lines show empty traces corresponding to 13C offsets excited by the PC pulse not
associatedwith 13C nuclei bonded to H nuclei. (C) An artificial HSQC spectrum constructed from the
tracesin (B) using a Lorentzian convolution procedure. (D) A HSQC spectrum acquired in 3 h 21 min and
512 scansusing the traditional method. (B, C) are displayed in phasesensitive mode and (A, D) are
displayedin magnitude mode.
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