
Journal of Magnetic Resonance 199 (2009) 159–165
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Sequentially acquired two-dimensional NMR spectra from hyperpolarized sample

Haifeng Zeng, Sean Bowen, Christian Hilty *

Texas A&M University, Chemistry Department, 3255 TAMU, College Station, TX 77843, USA
a r t i c l e i n f o

Article history:
Received 30 January 2009
Revised 7 April 2009
Available online 24 April 2009

Keywords:
Nuclear magnetic resonance
Dynamic nuclear polarization
Correlation spectroscopy
1090-7807/$ - see front matter � 2009 Elsevier Inc. A
doi:10.1016/j.jmr.2009.04.011

* Corresponding author. Fax: +1 979 862 4237.
E-mail address: chilty@mail.chem.tamu.edu (C. Hi
a b s t r a c t

A scheme capable of acquiring heteronuclear 2D NMR spectra of hyperpolarized sample is described.
Hyperpolarization, the preparation of nuclear spins in a polarized state far from thermal equilibrium,
can increase the NMR signal by several orders of magnitude. It presents opportunities to apply NMR spec-
troscopy to dilute samples that would otherwise yield insufficient signal. However, conventional 2D NMR
spectroscopy, which is commonly applied for the determination of molecular structure, relies on the
recovery of the initial polarization after each transient. For this reason, it cannot be applied directly to
a sample that has been hyperpolarized once. With appropriately modified pulse schemes, two-dimen-
sional NMR spectra an however be acquired sequentially by utilizing a small portion of the hyperpolar-
ized signal in every scan, while keeping the remaining polarization for future scans. We present
heteronuclear multi-quantum spectra of single hyperpolarized samples using this technique, and discuss
different options for distributing the polarization among different scans. This robust method takes full
advantage of Fourier NMR to resolve overlapping chemical shifts, and may prove particularly useful for
the structural elucidation of compounds in mass-limited samples.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Ex-situ dynamic nuclear polarization (DNP) [1,2] is an emerging
technology that allows the acquisition of liquid-state NMR spectra
with greatly enhanced sensitivity [3–6]. Using this technique, a
sample aliquot is polarized in the solid state at low temperature,
where the DNP process is the most efficient. The sample is subse-
quently dissolved in a stream of hot solvent, while maintaining
polarization, and rapidly injected into an NMR spectrometer for
acquisition of an NMR spectrum.

One of the potential drawbacks of using ex-situ DNP is that,
once the polarization has been converted into an observable coher-
ence, the spin system returns to the non-polarized state given by
the Boltzmann population. While DNP makes available a high
NMR signal level, the polarization provided by this technique can
be used only once. In the most straight-forward application of
ex-situ DNP, a single one-dimensional spectrum is acquired with
high sensitivity. One-dimensional spectra however carry only a
limited amount of information, and in many applications, includ-
ing structural elucidation of organic molecules, two-dimensional
NMR spectroscopy has long been a standard technique. Conven-
tional 2D NMR experiments, where the spin system reaches an
equilibrium state between successive scans, cannot be applied to
such polarized samples. However, for these applications to benefit
from the signal enhancement provided by DNP-NMR, it is neces-
ll rights reserved.

lty).
sary to find ways of making two-dimensional NMR spectroscopic
techniques amenable to DNP polarized samples. Several strategies
have been proposed towards this end. Firstly, in single-scan 2D
NMR, pulsed field gradients are utilized to selectively address spa-
tial regions; all of the ‘‘scans” necessary for a two-dimensional
spectrum are acquired simultaneously from different regions of
the sample [4,7]. Secondly, in our own previous work, we proposed
a scheme to derive two-dimensional chemical shift correlations
using differential scaling of the observed scalar coupling by off-res-
onance decoupling, without explicitly acquiring a two-dimensional
NMR spectrum [8]. As a third option, it is possible to acquire two-
dimensional NMR spectra in sequential scans from one single
hyperpolarized sample, using variable flip angles [9,10]. The tech-
nique employing off-resonance decoupling is particularly robust
and easy to implement, however for larger molecules does not per-
mit the resolution of overlapped resonances. The other two tech-
niques both allow the acquisition of a true two-dimensional
dataset. On one hand, single scan NMR is an elegant way of achiev-
ing this goal, and its application to hyperpolarized sample has been
investigated [4,10]. On the other hand, the simplicity of sequential
acquisition of two-dimensional NMR spectra rivals that of the
pseudo one-dimensional, off-resonance decoupling scheme. Addi-
tionally it gains the major advantage of two-dimensional NMR
spectroscopy, its ability to resolve overlapped chemical shifts
through dispersion in the second dimension. Although it is slower
than single-scan 2D NMR, it is significantly easier to implement,
and is particularly robust against residual fluid motion in the sam-
ple caused by rapid injection of DNP polarized sample. For these
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reasons, its application to hyperpolarized sample in the context of
structural elucidation of organic compounds merits investigation.
Here, we compare heteronuclear correlation spectra [11,12] of
hyperpolarized samples, using different strategies for sequential
acquisition of the indirect chemical shift dimension. In addition,
the effects of two different flip angle series for excitation are
tested, and the consequences of the respective methods are
discussed.

2. Experimental

2.1. Sample preparation

(1) Sample for measurement of [13C,1H]-HMQC spectrum:
0.5 lL 3.6 M vanillin in a solution of 72% DMSO-d6 and 28% D2O
(Cambridge Isotope Laboratories, Andover, MA) with 15 mM 4-Hy-
droxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) free radical
(Sigma–Aldrich, St. Louis, MO). (2) Sample for testing the effect
of variable flip angle series: 0.2 lL 3.6 M vanillin in a solution of
72% DMSO-d6 and 28% D2O with 15 mM 4-Hydroxy-2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPOL) free radical. (3) Sample for
[1H,13C]-HMQC spectrum: 2.0 lL 3.6 M vanillin in a solution of
72% DMSO-d6 and 28% D2O with 15 mM tris[8-carboxyl-2,2,6,6-
tetramethyl-benzo(1,2-d:4,5-d0)bis(1,3)dithiole-4-yl]methyl so-
dium salt free radical (‘‘Finland”; Oxford Instruments, Tubney
Woods, UK).

2.2. DNP polarization

DNP polarization took place in an Oxford Instruments Hyper-
Sense DNP polarizer at a temperature of 1.3 K. For [13C,1H]-HMQC
experiments and variable flip angle series test, 100 mW of micro-
wave power was applied at a frequency of 94.270 GHz for a dura-
tion of 30 min. In [1H,13C]-HMQC experiments, the microwave
power was 60 mW, the frequency 93.977 GHz and the polarization
time 5.5 h. After polarization, samples were dissolved into acetoni-
trile, except for the flip angle test experiments shown in Fig. 5,
where acetonitrile-d3 was used. For dissolution, 4 mL of solvent
was heated until a pressure of 10 bar was achieved, flushed over
the frozen sample, and injected into the NMR spectrometer using
a homebuilt sample injector [13]. NMR spectra were acquired ca.
2.5 s after the start of dissolution. Post-dissolution sample concen-
Fig. 1. Pulse sequences for measurement of a 2D NMR spectrum of hyperpolarized s
HyperSense DNP polarizer and a Bruker 400 MHz NMR spectrometer were used. Sample
points a and b. Sample injection into the NMR took place during si = 325 ms, and the NMR
two-dimensional dataset consists of n = 32 transients, recorded by incrementing
G3,xyz = (25..50;25..50;25..50 G/cm, 0.4 ms) removes unwanted coherence prior to the n
each scan. The flip angles ak of the excitation pulse (pulse strength cB1 = 25 kHz) are a
Narrow and wide black bars represent 90� and 180� pulses, and the phases are x unless in
and G2,z. (a) [13C,1H]-HMQC spectra, G1,z = 50 G/cm and G2,z = �37.4 G/cm for zero-quan
gradient time is 1 ms, and d = 1.2 ms. sj = 1/(2JCH) = 3.12 ms. The delays and pulses in t
period, 32,768 points are acquired, using t2,max = 33 ms. 13C composite pulse decoupling (C
140 ppm on 13C and 7 ppm on 1H. The spectral width of 13C is 250 ppm. (b) [1H,13C]-H
500 ls, and d = 700 ls. sj = 0.3/JCH = 1.88 ms. During each acquisition period, 16,384
cB1 = 2.31 kHz. The carrier is set to 6.0 ppm on 1H and 100 ppm on 13C. The spectral width
(3p/2 � y, 2py, p/2 � x, 3p/2x, 2p � x, p/2y) [17].
trations were determined by HPLC following the NMR experiment.
Typical final sample concentrations were in the low mM range (see
below).

2.3. NMR spectroscopy

Acquisition of the NMR spectrum was automatically triggered
by a signal from the sample injector. Pulse sequences for
[13C,1H]-HMQC and [1H,13C]-HMQC experiments are shown in
Fig. 1. Raw NMR data was processed using the program TOPSPIN
by Bruker. Fourier transformation was performed along the t2

and t1 dimension in the same way that a conventional NMR spec-
trum would be processed. Spectra obtained using [13C,1H]-HMQC
pulse sequences without 1H p pulses contain a 1H chemical shift
dependence in the 13C dimension. These spectra were processed
using the MATLAB program, where this chemical shift dependence
could be removed by multiplication with an offset dependent
phase factor prior to Fourier transformation (see below).

3. Results and discussion

Fast heteronuclear multi-quantum correlation experiments,
[13C,1H]-HMQC and [1H,13C]-HMQC, were measured with the pulse
sequences illustrated in Fig. 1, using DNP-polarized samples of
vanillin. The indirect dimension was obtained from a Fourier trans-
form of transients that were sequentially acquired from a single
hyperpolarized sample, with a total experimental duration of
1.4–3 s. Heteronuclear multi quantum coherence (HMQC) transfer
ideally lends itself to the implementation of a multi transient
experiment from hyperpolarized sample, because the small num-
ber of required pulses in a given scan allows the conservation of
the remaining unused longitudinal magnetization for the subse-
quent scans. For excitation, a variable flip angle [9] was used to
convert the same amount of longitudinal magnetization (polariza-
tion) into observable coherence in each scan.

3.1. [13C,1H]-HMQC experiment

The pulse sequence in Fig. 1a represents the adaptation of an
HMQC experiment [11,18] for use with sample hyperpolarized on
its 1H nuclei. This sequence contains only two pulses on the radio
frequency channel corresponding to the polarized nuclei: the small
ample, using (a) [13C,1H]-HMQC and (b) [1H,13C]-HMQC. An Oxford Instruments
was delivered from the DNP polarizer to a home built sample injector between time

experiment was triggered after a stabilization time ss = 200 ms at time point d. The
the evolution time t1 and phase u1, using the States-TPPI method [14,15].
ext acquisition. Its value was adjusted randomly within the indicated range, for

djusted to provide the same fraction of magnetization in each transient (see text).
dicated otherwise. Coherence selection is achieved by the pulsed field gradients G1,z

tum version, G1,z = �40 G/cm and G2,z = 50 G/cm for double quantum version. The
he brackets are deleted in the version without refocusing. During each acquisition
PD) is applied using GARP [16] at a field strength cB1 = 2.38 kHz. The carrier is set to

MQC spectra, G1,z and G2,z are 16.8 and 50 G/cm, respectively. The gradient time is
points are acquired, and t2,max = 82 ms. 1H CPD is applied at a field strength
of 1H is 12.0 ppm. The wide open bar on 13C stands for a composite p pulse, which is
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flip angle pulse for excitation, and the p pulse for refocusing of
chemical shift [18]. The resulting data can be processed using pres-
ent-day NMR software without the need for additional scripts, and
the resulting spectra can be presented in phase sensitive mode. The
p pulse on the 1H channel pulse does not alter the amount of the
remaining polarization (i.e. longitudinal magnetization) after each
transient, as it merely transforms the product operators Iz into �Iz.
A spectrum acquired using this scheme is shown in Fig. 2. This
experiment is most closely related to a conventional heteronuclear
correlation experiment. Most importantly, it allows the resolution
Fig. 2. [13C,1H]-HMQC spectrum of vanillin with a total acquisition time of 1.55 s.
The experiment shown in Fig. 1a was used, including the elements in the brackets.
The acquisition parameters are in the caption of the pulse sequence. The data were
zero filled to 128 � 32,768 points, and processed with a 20 Hz line broadening
exponential window function in the F2 dimension and Fourier transformed in both
dimensions.

Fig. 3. (a) Original Zero quantum (ZQ) coherence selection HMQC spectrum of vanillin.
selection HMQC spectrum of vanillin. (d) Permutated DQ HMQC spectrum. The spectra we
removed. The acquisition parameters are given in the caption of the pulse sequence. The t
processed with an exponential window function using 20 Hz line broadening in the F2
of chemical shifts that would otherwise be overlapped, or nearly
overlapped, in a one-dimensional experiment (such as peaks B
and D in Fig. 2). The number of points acquired in the 1H dimension
was 32,768, and in the 13C dimension was 32. The large number of
points in the 1H dimension was selected to reduce the sampling
interval, enabling the use of a digital filter in the relatively short
duration (33 ms) of each of the free induction decays [19]. The data
presented in Fig. 2 were acquired using a total acquisition time of
1.55 s of a sample at a concentration of 0.91 mM, corresponding to
a concentration of 9.7 lM of the NMR active 13C isotope.

A spectrum acquired by this method may suffer from artifacts if
the refocusing pulse is imperfect due to B1 inhomogeneity, slight
miscalibration of the pulse length, or off-resonance effects. These
imperfections can influence the remaining polarization after each
scan in a cumulative manner. Their effect is observable as small
distortions of the baseline in the traces plotted through the spec-
trum in Fig. 2. An alternative option for recording this spectrum
is by removing the refocusing p pulse on 1H, leaving only the single
variable flip angle pulse used for excitation of the coherence on this
channel. Fig. 3a and c show spectra acquired using a simplified
scheme, where the bracketed pulse sequence elements in Fig. 1a
have been removed. The experiment can be implemented either
with double-quantum (DQ; Fig. 3a), or with zero-quantum coher-
ence selection (ZQ; Fig. 3c). Due to the absence of a refocusing
pulse, however, the chemical shifts of proton and carbon nuclei
evolve concurrently during the evolution time t1. The resulting
indirect spectral dimension corresponds to the sum or the differ-
ence of the two chemical shifts depending on the gradient selec-
tion of double quantum coherence or zero quantum coherence,
respectively. Without loss of general applicability, however, the
proton chemical shift dependence can be removed by applying
an offset dependent shift to the dataset. In (a), zero-quantum
(b) Permutated ZQ HMQC spectrum. (c) Original Double quantum (DQ) coherence
re acquired using the pulse sequence shown in Fig. 1a, with the elements in brackets
otal acquisition time was 1.44 s. The data was zero filled to 128 � 32,768 points, and
dimension.
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coherence selection requires a cyclic permutation xC ? xC +
(xH �x0

H) in the spectrum, which can be achieved most conve-
niently by multiplying each column of the dataset with the offset
dependent factor eiðwH�w0

HÞ prior to Fourier transformation of the indi-
rect dimension. In (c) double quantum coherence selection requires
the cyclic permutation xC ? xC � (xH �x0

H) in the spectrum,
which is achieved by multiplication with e�iðwH�w0

HÞ prior to Fourier
transformation of the indirect dimension. Resulting from this opera-
tion are spectra with identical chemical shifts, shown in panels b and
d of Fig. 3. In contrast to the spectra in Fig. 2, the spectra in Fig. 3
need to be presented in absolute value mode. This contributes to a
slight broadening of the resonances, which may however be negligi-
ble compared to the achievable spectral resolution. The stated disad-
vantages should be weighed against the cleaner appearance of the
baseline in these spectra, as evident from the traces in Fig. 3. For this
reason, the modified experiment depicted in Fig. 3 may well be supe-
rior for the routine acquisition of heteronuclear 2D spectra of hyper-
polarized sample.

3.2. [1H,13C]-HMQC experiment

The experiments presented in Figs. 2 and 3 make use of detec-
tion of hyperpolarized 1H nuclei, and most closely resemble con-
ventional [13C,1H]-HMQC experiments. In our experience, typical
signal enhancements for hyperpolarized carbon spins (�10,000�)
are however higher than typical enhancements for protons
(�1000�). Certainly, part of this disadvantage is compensated for
by the higher gyromagnetic ratio of protons, which increases the
detection sensitivity by ðc1H=c13CÞ3/2 = 7.93 [20]. Nevertheless, it
may be interesting to consider the reverse [1H,13C]-HMQC experi-
ment, where hyperpolarization as well as NMR signal acquisition
is carried out on 13C nuclei. The pulse sequence for this experiment
is shown in Fig. 1b, and the resulting spectrum is presented in
Fig. 4. Apart from an exchange of the two radio-frequency chan-
nels, it should be noted that in this case, the application of a
refocusing pulse during the indirect chemical shift evolution is
compulsory. In the absence of such a pulse, as a consequence
of the large chemical shift range of 13C, the indirectly detected
sum or difference of chemical shifts, xH + (xC �x0

C) or
xH � (xC �x0

C), would significantly exceed the 1H spectral width.
Increasing the spectral width of the indirect dimension to cover this
broad range would have a detrimental effect on the spectral resolu-
tion that is achievable with a given number of scans. Even though
the pure xH spectrum could still be reconstructed by the same cyclic
permutation as described above, it is possible that, prior to permuta-
Fig. 4. [1H,13C]-HMQC spectrum of vanillin with a total acquisition time 3.03 s,
measured using the pulse sequence in Fig. 1b. The acquisition parameters are in the
caption of the pulse sequence. The data was zero filled to 128 � 32,768 points, and
processed with an exponential window function using 20 Hz line broadening in the
F2 dimension and a cosine window function in the F1 dimension. The letters
correspond to those given in the drawing of vanillin in Fig. 2.
tion, some signal peaks would be shifted to the very edge of the
spectrum, where noise is most significant. Again, because of the large
chemical shift range of 13C, we use a composite p pulse to minimize
the off-resonance effects [17]. Finally, the [1H,13C]-HMQC experi-
ment differs from the [13C,1H]-HMQC experiment in that the possi-
bility exists for having n = 1..3 1H atoms attached to an originally
excited 13C atom. Each case would require a different time delay s
for optimum coherence transfer. A good compromise is, however,
s = 0.25/JCH to 0.3/JCH. Since in all of these experiments, the spectral
resolution in the indirect dimension is limited by the number of
points that can be acquired (here, 32 points were used with an
acquisition time of 82 ms per point), the choice of using the
[1H,13C]-HMQC experiment in Fig. 4 over the [13C,1H]-HMQC exper-
iment in Figs. 2 and 3 will largely depend on whether higher resolu-
tion is desired in the 1H or the 13C dimension.

3.3. Variable flip angle

The experiments presented above make use of a variable flip an-
gle so that every scan converts the same amount of polarization
into observable coherence. In the absence of relaxation, the vari-
able flip angle of the kth scan is given by [8,9,13]

ak ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

nþ 1� k

r
ð1Þ

where n is total number of scans and k = 1..n. It should be noted that
according to Eq. (1), the flip angle for the last scan is always p/2, so
that the last scan can make use of all of the remaining magnetiza-
tion. The assumption that relaxation is insignificant is true when
the experiment time is significantly shorter than the spin-lattice
relaxation time (T1). If this is not the case, later scans will give rise
to less signal than earlier scans, and relaxation must be considered
in the calculation of the flip angles [9]. A closed form of an equation
for flip angles that compensate for relaxation effects can be derived
as follows. Let ak be the flip angle used for acquiring the kth scan,
and sk be the polarization prior to the kth scan. We require that each
scan generates the same signal, and that the last scan utilizes all of
the remaining polarization through the use of a p/2 pulse, so that

sn ¼ sk sinðakÞ ð2Þ

Taking relaxation into account,

skþ1 ¼ bsk cosðakÞ; ð3Þ

Where b ¼ e�t=T1 , t is the time between scans and T1 is the relaxation
time.

Eliminating ak by combining Eqs. (2) and (3),

s2
n þ

s2
kþ1

b2 ¼ s2
k ð4Þ

Eq. (4) can be expanded into

s2
kþ1 þ

b2s2
n

1� b2 ¼ b2 s2
k þ

b2s2
n

1� b2

 !
: ð5Þ

Defining

fk ¼ s2
k þ

b2s2
n

1� b2 ð6Þ

yields

fkþ1 ¼ b2fk ð7Þ

This is a geometric sequence, and

fk ¼ b2ðk�nÞfn ð8Þ
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Using

fn ¼
s2

n

1� b2 together with Eqs: 2 and 8; ð9Þ

ak ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

b2ðk�nÞ � b2

s
; ð10Þ

which defines the flip angle series that takes relaxation into consid-
eration. It should be noted that Eq. (10) reduces to Eq. (1) in the lim-
it of T1 ?1.

The difference between these two flip angle series in a case
where relaxation cannot be neglected can be seen in the experi-
mental data shown in Fig. 5. In Fig. 5a, peak integrals from a series
of 1D 1H spectra acquired of a hyperpolarized vanillin sample using
the flip angles of Eq. (1) are plotted. The delay between scans was
chosen to be 200 ms, yielding a total experimental time of 6.4 s.
This time is large compared to the relaxation time of vanillin
(2.5 s for proton A, and from 5.0 to 5.7 s for protons B–E). Conse-
quently, there is a sharp decrease in signal intensity for all nuclei.
On the other hand, the flip angles used to obtain the data shown in
Fig. 5b were calculated using Eq. (4), assuming a value of 5 s for the
relaxation time T1. It can be seen that in this case, the signals for
protons B–E, which have matching relaxation times, remain virtu-
ally constant. The signal of proton A decays, albeit at a lower rate,
because the relaxation time of this proton is shorter than the relax-
ation time used to calculate the flip angles.

We attribute the slight increase in signal in the last scan to the
cumulative effect of imperfections in the preceding small-flip angle
Fig. 6. Simulated intensities for successive scans in variable flip angle experiments. Each g
and 6 s, calculated for the flip angle series (Eq. (10)) using one assumed value for T1. In
timing parameters used for the simulation are identical to the experimental parameters

Fig. 5. Signal intensities of successive scans in variable flip angle experiments using hype
of scan. In (a), the flip angle series is calculated using Eq. (1); in (b), the flip angle series i
acquired at an offset of 7 ppm, with an acquisition time of 138 ms for each spectrum. Th
total NMR experiment time of 6.4 s. The relaxation time in formula 10 takes a value of 5 s
the largest respective intensity has been assigned a relative intensity Irel = 1.
excitation pulses or sample movement, leaving slightly more than
the calculated amount of polarization for the final p/2 excitation
pulse. Furthermore, variations of signal intensities throughout
the experiment due to cross-relaxation are possible.

It should be noted that because of the relatively long relaxation
times of spins in the vanillin molecule, to accentuate the relaxation
effect the delay time between scans for the data in Fig. 5 (200 ms)
is larger than the delay time that was used for acquisition of the
spectra in Figs. 2–4 (45–95 ms). Under the conditions used for
the 2D spectra, relaxation was negligible for the vanillin molecule,
and consequently, Eq. (1) was used for calculating the flip angle.

With flip angles calculated by Eq. (1), the reduction in signal
intensity with increasing scan number is more pronounced if a
longer experiment time is used (see Fig. 5a), or if the spin-lattice
relaxation time is shorter. In these cases, the effect on the spectra
is a broadening of peaks in the indirect dimension similar to the
application of a window function e�ðk�1Þt=T1 prior to Fourier trans-
formation [21]. It may then be advantageous to use flip angles cal-
culated by Eq. (10) to obtain a narrower line shape. If flip angles are
calculated using an assumed relaxation time T1,assumed, which may
be different from the actual relaxation time T1,actual, the envelope of
the signal in the indirect dimension is

IrelðkÞ ¼ e
� ðk�1Þt

T1;actual
þ ðk�1Þt

T1;assumed : ð11Þ

The effect of using such a calculated flip angle series for differ-
ent relaxation times is illustrated in Fig. 6, showing groups of
curves representing the signal intensity as a function of the scan
number. In each group, one fixed T1,assumed value is used for the cal-
roup of curves represents the intensities of signals from spins with actual T1 = 3, 4, 5
(a), assumed values for T1 are 1 and 13 s. In (b), assumed values are 8 and 5 s. The

of Fig. 5. The scaling of Irel is identical in both a and b.

rpolarized vanillin. The integrals of each of the four peaks are plotted vs. the number
s calculated using Eq. (10). After dissolution, 32 small flip angle 1D 1H spectra were
e total duration between adjacent small flip angle pulses was t = 200 ms, yielding a
. The letters in the legend correspond to the structure of vanillin in Fig. 2. In a and b,
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culation of the flip angles, and the resulting signal is plotted for
spins with different T1,actual values. If T1,assumed is larger than T1,actual,
the signal is reduced in later scans, whereas in the opposite case,
the signal increases. On the other hand, the larger T1,assumed, the lar-
ger the signal of the first scan. After Fourier transformation, a large
T1,assumed value will therefore lead to a broad peak with large inte-
gral, whereas a small T1,assumed value will lead to a narrow peak
with small integral. In the latter case, however, the time domain
signal is substantially different from zero in the last scan, leading
to a peak shape resembling a sinc function, also known as a trun-
cation artifact. This effect then needs to be counteracted with apo-
dization. In practice, in order to maximize the signal-to-noise ratio
obtainable from a sample with given initial polarization, it may be
advantageous to calculate the flip angle series using a T1,assumed va-
lue that is larger than the actual T1 values of the molecule. Thereby,
the reduction in signal intensity in later scans reinforces the apodi-
zation that would in any case be needed, and a larger initial signal
can be obtained. Based on these considerations it appears that,
while it may be beneficial to estimate T1 relaxation times of the
molecules under study for calculating optimal flip angles, the pre-
cise knowledge of those values is not required.

3.4. Polarization levels

The final concentration of vanillin was determined by HPLC to
be 0.9–1.0 mM for the [13C,1H]-HMQC-experiment and 4.2 mM
for the [1H,13C]-HMQC-experiment. To estimate the levels of polar-
ization, single scan 1D 1H and 13C spectra were acquired with the
same parameters as the first scan of the [13C,1H]-HMQC-experi-
ment (with p pulse on 1H) and the [1H,13C]-HMQC-experiment,
respectively. The small flip angle pulse was replaced with a p/2
pulse, and a 4.1 M vanillin sample in DMSO-d6 was used as a stan-
dard for this purpose. In the dataset presented in Fig. 2 ([13C,1H]-
HSQC), we estimate a polarization level between 2% and 4% by
comparison with the thermally acquired spectrum of the first tran-
sient, using the equations published elsewhere [8]. In the [1H,13C]-
HSQC spectrum in Fig. 4, the polarization level was between 2% and
7% for all resonances. These polarization levels are in agreement
with values that we have reported previously using the same
instrumentation [8].

3.5. Performance under non-stationary conditions

The major mechanism of signal loss in ex-situ DNP is relaxation
during sample injection; the signal gain afforded by the DNP pro-
cess is effectively lost if the time required for sample injection
and stabilization is more than three to four times the spin-lattice
relaxation time T1. In contrast, a major advantage of DNP enhanced
NMR is the ability to measure time-resolved NMR spectra of chem-
ical processes that occur after admixing of a second reactant to a
DNP polarized sample [13]. To obtain a mixing dead time that is
comparable to the high time resolution achievable in these exper-
iments, it is necessary to measure an NMR spectrum as rapidly as
possible after mixing of two sample components. Using a sample
injector described elsewhere [13], the spectra presented here were
measured approximately 2.5 s after dissolution of the sample that
has been polarized in the solid state, with a stabilization time of
200 ms. Rapid sample injection is however also concomitant with
the need for measuring an NMR spectrum while residual fluid mo-
tion is still present in the NMR sample. Under these conditions,
pulsed field gradients can lead to incomplete refocusing of coher-
ences, and to attenuation of the observed signal. Indeed, a quanti-
tative measurement of signal attenuation by pulsed field gradients
is often used for the determination of diffusion coefficients by NMR
[22]. The pulse sequence in Fig. 1 is optimized towards minimizing
such undesired effects of pulsed field gradients, and the experi-
ments presented appear to be quite robust when applied to non-
stationary samples.

4. Conclusions

We have described a scheme that allows the acquisition of two-
dimensional NMR spectra from a single DNP polarized sample. The
present pulse sequence acquires the indirect spectral dimension
sequentially, rather than distributed over space in the sample vol-
ume [4] or derived indirectly [8]. An advantage of this technique
over indirectly derived chemical shift information lies in its capa-
bility of resolving overlapping chemical shifts through dispersion
in a second dimension, albeit at the expense of spectral resolution.
When compared to simultaneous sampling schemes, sequential
acquisition as it is proposed here certainly requires a longer total
experiment time (1–3 s). However, the present sequence is simpler
to implement, and it is particularly robust with respect to experi-
mental variations such as sample motion after rapid injection.
For these reasons, sequential 2D spectroscopy of DNP polarized
samples appears well suited for the routine structure determina-
tion of mass-limited samples of small molecules. In addition, it
may also be useful for the NMR based investigation of non-equilib-
rium chemical processes in real-time.
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