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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 maximizes the indirect

domain Fourier encoding efficiency by utilizing a priori knowledge to tailor polychromatic excitations for every increment of the experiment. The overarching goal of the encoding strategy we put forth is to impart a phase

modulation on a priori known resonance lines, best suited to their efficient separation with a discrete Fourier transform based on an indexing of the peaks –rather than based on their natural resonance frequencies.

Fig. 5 Test of the performance in acquiring a HSQC on quinine. (A) A 1D 13C spectrum of quinine. (B) A

stacked plot of 1D traces containing the same information as a traditional HSQC spectrum, acquired in 3

min 54 sec. Dashed lines show empty traces corresponding to 13C offsets excited by the PC pulse not

associated with 13C nuclei bonded to 1H nuclei. (C) An artificial HSQC spectrum constructed from the

traces in (B) using a Lorentzian convolution procedure. (D) A HSQC spectrum acquired in 3 h 21 min and

512 scans using the traditional method. (B, C) are displayed in phase-sensitive mode and (A, D) are

displayed in magnitude mode.

Fig. 3 TOFEE HSQC and HSQC-TOCSY spectra of isobutyl propionic

phenolic acid. One dimensional traces encoded using parametric time

evolution period are shown in green. (A, D) Conventional HSQC and

HSQC-TOCSY spectra acquired in ~1h 35 min and using 256 t1

increments. (B, E) Details of the ~45 ppm spectral region in the 13C

dimension, showing nearby peaks that are separated in (C, F) using

Fourier encoding with time delays (green module in the sequence). (C,

F) Fourier decoded stacked plot of 1D spectra with the same

information as the HSQC and HSQC-TOCSY spectra shown in (A, D).

They were acquired in ~1 min 18 sec. (C, F) are displayed in phase-

sensitive mode and (A, D) are displayed in magnitude mode.

Fig. 1 Fourier encoding scheme for the fast acquisition of heteronuclear

correlation spectra. A mixing period (DIPSI-2) was used for the implementation of

this HSQC-TOCSY example. The shaped pulses on the 13C channel shown in blue

and green are PC and selective pulses, respectively. The green (blue) encoding

module is used to separate resonances in crowded (sparse) regions of the

spectrum. Two 180° pulses in each encoding module refocus the chemical shift

evolution that has occurred during the PC pulse and keep the coherence-order

consistency for all the encoding modules. WURST decoupling was applied during

the t1-encoding modules to suppress 13C-1H J-couplings. A two step phase cycle is

employed with ζ = (x, –x) and the receiver phase set to φrec = (x, –x).

Fig. 2 Features of the known indirect dimension spectrum that influence the design of the

Fourier-based TOFEE strategy. Resonances are labeled underneath their respective spectra,

and the n-th resonance frequency is denoted fn. The idea is that sparse bands are excited by

polychromatic pulses consisting of a superposition of selective excitations that replace their

frequency offset effects by a priori defined phases {φm,n}, where m is the scan and n the

frequency. These phases are given a discrete Fourier dependence1. Closely spaced intra-band

resonances, are further distinguished by adding suitable τm delays. The selective multi-band

pulses have excitation bandwidths that are associated with spectral bands sparsely (densely)

populated by peaks, shown in blue (green). Selective excitation offsets are indicated with

dashed lines. The phase by which the n-th resonance is excited during the m-th scan of the

experiment is indicated with φm,n. The time delays used during the m-th scan to separate

peaks within crowded spectral bands are labeled τm (or τm and τm' , where, in general, τm≠ τm'

). 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 crowded spectral bands are shown.

RESULTS AND DISCUSSION: The performance of the new method was tested with acquisitions of 2D heteronuclear correlation spectra. Figs. 3 and 4 show two applications to the nonsteroidal anti-inflammatory drug,

isobutyl propionic phenolic acid. An application to quinine is shown in Fig. 5. The acquisition times are reduced from several hours to minutes, with a better SNR per scan when compared with traditional methods

(Acquisition times are given in captions). As illustrated in Fig. 4, a certain amount of flexibility is allowed in the approach. The new Fourier-encoding method shows great promise in shortening the acquisition times of 2D

(and, in general, nD) NMR investigations that require fast acquisitions.

Fig. 4 Fast 13C-1H HSQC spectra of isobutyl propionic phenolic

acid acquired: (A) using one crowded band encoding module (K =

1), 11 scans, and 10 ms shaped pulses; and (B) using two crowded

band encoding modules (K = 2), 7 scans, and 6 ms shaped pulses.

The spectra shown in (A) and (B) were acquired in 2 min 4 sec

and 1 min 20 sec, respectively.

METHODS: TOFEE provides resonances with an index-based Fourier encoding using both a polychromatic excitation and a series of a priori chosen time delays. Its general strategy for encoding the indirect domain

evolution, shown in Fig. 1, encompasses a series of N polychromatic excitation pulses1 which are synthesized according to 𝑷𝑪𝒎 =  𝒏=𝟎
𝑵 𝑷𝟗𝟎

𝒏 𝝊𝒏 𝒆
𝒊𝟐𝝅𝒎𝒏/𝑵, where 𝟎 ≤ 𝒏 ≤ 𝑵− 𝟏 and 𝑷𝟗𝟎

𝒏 𝝊𝒏 is a selective 90° pulse centered at

the frequency of the n-th resonance, νn; as well as time delays, tBk. Although these delays are not mandatory to encode the indirect domain evolution, they can be combined with the customized excitations as indicated by the

green module in Fig. 1 to accommodate situations where improving the selectivity of the encoding strategy is necessary. The strategy will be relatively robust against the commonly encountered sources of error, including,

for example, thermal noise and pulse imperfections. While showing similarities

with Hadamard approaches2, TOFEE has no restrictions in the number of scans

and can separate resonances in crowded regions of spectrum. Three distinct

scenarios are shown in Fig. 2 and detail discussed in the caption.


