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Abstract

In this paper, we report on the identifica-
tion of batches of analgesic paracetamol (ac-
etaminophen) tablets using nitrogen-14 Nu-
clear Quadrupole Resonance Spectroscopy (14N
NQR). The high sensitivity of NQR to the
electron charge distribution surrounding the
quadrupolar nucleus enables the unique charac-
terization of the crystal structure of the mate-
rial. Two hypothesis were tested on batches of
the same brand; the within the same batch vari-
ability and the difference between batches that
varied in terms of their batch number and ex-
piry date. The multivariate analysis of variance
(MANOVA) did not provide any within-batches
variations, indicating the natural deviation of a
medicine manufactured under the same condi-
tions. Alternatively, the statistical analysis re-
vealed a significant discrimination between the
different batches of paracetamol tablets. There-
fore, the NQR signal is an indicator of fac-
tors that influence the physical and chemical
integrity of the material. Those factors might
be the aging of the medicine, the manufactur-
ing or storage conditions. The results of this
study illustrate the potential of NQR as promis-
ing technique in applications such as detection
and authentication of counterfeit medicines.
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Introduction

At present, the crime of counterfeit pharma-
ceuticals is threatening public health globally.
Drug counterfeiting may result in drug resis-
tance or even death, as well as loss of consumer
confidence and a serious threat to the economy
of the pharmaceutical industry. The nature and
extent of this industrialized problem varies be-
tween countries, with a greater trend in devel-
oping regions with weak regulatory oversight.1

Unfortunately, due to lack of accurate sources
of information, reliable statistics describing the
degree of this problem are not available, but all
indicators show that this problem is severe.1,2

Estimates of the magnitude of the problem refer
to 10% of counterfeit drugs worldwide, with this
percentage fluctuating from country to coun-
try.1,3 According to the World Health Organi-
zation (WHO), the online market also poses a
great danger to patient’s health, with up to 50%
of medicines purchased from the internet pos-
sibly being counterfeit.1,3,4 Incidents have also
been reported from the Pharmaceutical Secu-
rity Institute, indicating an alarming increase
throughout the last couple of years.2 Counter-
feiters target not only life-saving and expensive
lifestyle medicines such as fat reduction pills
and hormones but also low cost products such
as simple painkillers and antibiotics.5

The WHO definition refers to a counterfeit
medicine as a “product that is deliberately and
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fraudulently mislabeled with respect to iden-
tity and/or source. Counterfeiting can apply
to both branded and generic products. Those
may include products with the correct active in-
gredients, or with the wrong ingredients, with-
out active ingredients, with insufficient active
ingredients, or with fake packaging”.3 Substan-
dard products also pose an additional threat.
The WHO describes those medicines as sub-
stances produced without a deliberate misrep-
resentation, but as low quality products with
wrong dosage of active pharmaceutical ingre-
dient (API) that do not meet the quality as-
surance standards, or being degraded due to
bad storage conditions.6,7 Initial testing for de-
tection of counterfeit drugs is visual inspec-
tion, with pharmaceutical companies develop-
ing methods to protect their products such as
holograms, unique packaging and printing. Sev-
eral studies report cases of fake packaging, in-
dicating the necessity of additional sophisti-
cated analytical techniques for the detection
and identification of the contents of the phar-
maceutical products.6 Analytical approaches
such as Raman spectroscopy, thin-layer chro-
matography, near-infrared spectroscopy, and
mass spectroscopy have been used for the chem-
ical analysis of drugs.1,8–10

Nuclear Quadrupole Resonance (NQR) spec-
troscopy is a radio-frequency (RF) technique
that examines uniquely polycrystalline com-
pounds containing quadrupolar nuclei whose
spin quantum number is greater than a half,
such as 14N and 35Cl.11 Different from Nuclear
Magnetic Resonance (NMR), no static mag-
netic field is required for NQR. The signal gen-
eration is based on the interaction of the electric
quadrupole moment, which is a property of the
sample, with the electric field gradient (EFG)
from the surrounding charges in the crystal.11,12

As a consequence, NQR is highly sensitive to
dynamical alterations within the crystal, with
an EFG and frequency content that is char-
acteristic for the material under study.12 Sev-
eral studies proposed the application of NQR in
the determination of solid crystalline and poly-
morphic forms, as well as the versatility in the
detection and authentication of pharmaceuti-
cals.7,12–16 Notably, NQR can generate signals

from the majority of pharmaceutical products,
as approximately 50% of isotopes in the peri-
odic table contain quadrupolar nuclei.13 As the
magnitude of the NQR spectral lines are pro-
portional to the number of quadrupolar nuclei
within the compound, the signals can be quan-
titatively providing evidence of the amount of
the API within the sample.12,15 NQR is a non-
invasive and non-destructive method, with the
RF radiation passing through materials such
as plastic and cardboard without attenuation,
eliminating the need to remove the medicine
from its packaging.13 Furthermore, no special
sample preparation is required; signals can eas-
ily be acquired from medicines in the form of
pills, capsules or powder, within their pack-
ets, blister packs or small bottles. The ab-
sence of a magnet makes NQR a relatively in-
expensive technique, suitable for field applica-
tions. However as with all analytical meth-
ods, NQR also has some limitations. The oc-
currence of spurious signals, mainly generated
from piezoelectric materials, may cause signal
contamination; however, phase cycling pulse se-
quences are developed to largely eliminate those
effects prolonging the experimental duration for
a more accurate and precise detection of the
NQR signal characteristics. Improvements in
experimental techniques help to reduce those
limitations.12,14 Furthermore, advanced and ro-
bust statistical signal processing algorithms
have been developed to improve the detection
and classification of the NQR signals.17,18 In
this work, the common NQR signal detectors
based on approximate maximum-likelihood ap-
proaches are used to estimate unique parame-
ters of the signal echo train, as well as perform
RF interference mitigation.18

The overall strategy for the authentication of
counterfeit drugs is complicated. The so-called
‘high-quality’ counterfeit medicines pose a sig-
nificant alert, since they may contain the cor-
rect composition, but possibly differ in terms of
excipients, ingredients and manufacturing con-
ditions. NQR has been proved to be an effective
indicator of important structural information
of the solid-state environment of the different
crystal forms (polymorphs) due to the sensitiv-
ity from changes in the electron charge distri-
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bution surrounding the quadrupolar nucleus.19

A considerable line broadening is generally ob-
served in NQR signals, originating from crys-
tal defects or impurities existing in the mate-
rial.7,12,14 This aspect is directly correlated with
the characterization of the physical and chem-
ical properties, or similarly, the ‘stability’ of
the drug. Consequently, this can be influenced
by the manufacturing conditions and process-
ing (e.g. pressure) of the drug, the aging fac-
tor, the environmental storage conditions such
as the temperature and humidity.12,19 Several
studies have addressed the effect of those factors
on the NQR resonance frequency and relaxation
time constants.7,12,16,20,21 In real applications,
a database should contain statistically efficient
‘fingerprints’ of the API and discrete formula-
tions of each medicine. This includes different
medicines, or medicines of the same formula-
tion but produced by a different pharmaceutical
company. Unfortunately, the detection can be
greatly limited by the batch-to-batch variation
observed in the genuine medicine and within the
same batch, which is mainly concerned in the
presence of ‘high quality’ fake products. Fur-
thermore, an experimentalist should consider
the variation within drugs with a long shelf life.
An example is paracetamol tablets with a typ-
ical shelf life of about three years.22 As men-
tioned above, the stability of the medicine is
influenced by several factors, therefore, a fin-
gerprint generated say during the first year of
the medicine may not be a reliable evidence
of its characteristics until the end of its self
life. In this paper, we report on an NQR study
performed on different batches of paracetamol
tablets from the same manufacturing company,
in order to identify any differences in their phys-
ical integrity. The two main hypothesis to be
tested are (a) the within-batches and (b) the
batch-to-batch variability.

Experimental

Test Samples. Analgesic paracetamol (ac-
etaminophen) tablets were purchased and
tested at the v+ NQR spectral line, 2.5624
MHz at 283 K. No sample preparation was

required for the experiments. Six batches of
the same brand were purchased from a Lon-
don shop, such that they differed in terms of
their expiry date and batch number. Note that
all batches were analyzed prior to their expiry
date. In order to test the first hypothesis, five
samples per batch were compared to determine
significant variations between samples of the
same batch. Furthermore, for the batch-to-
batch variability, the six different batches were
analyzed and compared.
NQR spectrometer. A Tecmag pulsed RF

spectrometer was used, along with a Tomco RF
power amplifier. The Tecmag TNMR software
was used to generate the pulse sequences as well
as extracting the acquired signals for a further
signal processing in Matlab and R statistical
software, controlled via a PC. The blister packs
were inserted in a cylindrical fixed pitch coil (in-
ductance L = 34 μH). The coil was immersed
in silicon oil bath within the probe, in order
to control and stabilize the temperature dur-
ing the measurements. In addition, an infrared
temperature sensor was manually designed and
placed inside the probe, in order to record any
significant temperature fluctuations. The tem-
perature was kept monitored within 283 ± 0.5
K.

Results and discussion

Spectral analysis. The 14N NQR signals were
acquired using a pulsed spin locking (PSL) se-
quence, which consists of a series of refocusing
RF pulses, θr±90◦ , phase shifted by 90◦ with re-
spect to the first preparatory pulse, θp0◦ , sepa-
rated by the pulse spacing τ , as

θp0◦ − τ − (θr±90◦ − τ − θr±90◦)n (1)

where n denotes the number of NQR echoes in
the echo train. The PSL parameters, τ spac-
ing, RF pulse width and n, were 1033 μs, 60
μs and 1024 respectively. In order to enhance
the signal-to-noise ratio (SNR), 32 scans were
applied. The SNR is here defined as the ratio
of the power of the noise free signal, σ2

s , and
the power of the noise, σ2

w.17,18 The SNR of the
measurements is computed to be −24± 2 dB.
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Table 1: MANOVA: within batches comparison.

Batch Label Source Statistic F Pr(>F)

1
Samples W 0.9916 0.2704 0.8466

P 0.0084 0.2704 0.8466

2
W 0.9408 2.0113 0.1175
P 0.0591 2.0113 0.1175

3
W 0.9929 0.2258 0.8783
P 0.0071 0.2258 0.8783

4
W 0.9721 0.9170 0.4357
P 0.0278 0.9170 0.4357

5
W 0.9858 0.4606 0.7104
P 0.0142 0.4606 0.7104

6
W 0.9639 1.1991 0.3144
P 0.0361 1.1991 0.3144

W = Wilk’s λ; P = Pillai’s Trace
‘∗∗∗’ p<0.001; ‘∗∗’ p<0.01; ‘∗’ p<0.05; ‘ ’ p<0.1

The NQR spectra were analyzed using the
recently presented NQR data model.23,24 The
echo train structure of the signal generated
by the PSL sequence has been modeled as
a sum of exponentially damped sinusoidal
echoes.17,23 In comparison with the conven-
tional Fourier Transform analysis, this approxi-
mate maximum-likelihood detector exploits the
full echo train structure of the signals, provid-
ing estimates of characteristic parameters. The
improved model introduces an amplitude mod-
ulation function of the NQR spectral lines, by
incorporating the dependency of the resonance
frequency on the material’s temperature.23 This
dependency strongly affects the detection per-
formance in the cases where the temperature of
the material is not perfectly known, leading to
inaccurate knowledge of the quadrupolar fre-
quency. That is, significant variations in the
signal intensity may result when the quadrupo-
lar frequency does not match the excitation fre-
quency of the RF pulses, a condition known as
off-resonance effects.23,24 In the case of parac-
etamol, the temperature coefficient is +0.069
kHz/K (Figure S-1, Supporting Information),
therefore, no significant off-resonance effects oc-
cur; in fact the expected frequency uncertainty
is about ±0.035 kHz for a temperature drift of
± 0.5 K during the measurements. The NQR
signal is typically described by a set of time
constants which are characteristic to the ma-
terial under study. These are the spin echo
decay time, T2e, and the spin-phase memory

decay time T ∗
2 .17 For simplicity, the sinusoidal

echo damping constant, βk = Dw/T
∗
2,k, and the

echo train damping constant, ηk = Dw/T2e,k,
of the kth spectral line are introduced in the
NQR data model, with Dw denoting the spec-
trometer dwell time.17,18,23 For each batch, five
samples were analyzed to test variation within
the batch. The NQR spectra were repeated
20 times per sample during different times and
days. Due to the prolonged duration of each
experiment, the number of repetitions was lim-
ited. Using the aforementioned signal data
model, a maximum-likelihood approach is ap-
plied to estimate the unknown parameters β,
η, and the magnitude scaling due to the SNR,
ρ.
Statistical analysis Both of the proposed

hypothesis were tested using MANOVA.25–27

The first hypothesis tests the within-batch vari-
ability; that is, the null hypothesis states that
the three-dimensional mean vector of β, η, and
ρ is the same for each of the five samples in
each batch. The vector of the five samples was
set as the categorical variable, thus, one-way
MANOVA was performed. In order to test the
hypothesis, two statistical test criteria were ap-
plied. Those include the Wilks’ Lambda (λ)
and Pillai’s Trace statistical tests. Table 1 sum-
marizes the MANOVA results for each of the six
different batches (sample size per batchN=100;
five samples of the same batch per 20 repeats
each)). For each of the two test criteria, the
corresponding F-statistic and probability values
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Figure 1: Scatterplot with marginal histograms of β with respect to η variable for the six different batches of
paracetamol.

Table 2: MANOVA: between batches comparison.

Source Statistic F Pr(>F)

batch categ.
W 0.1982 78.094 2.2e−16 ∗∗∗

P 0.8345 41.158 2.2e−16 ∗∗∗

W = Wilk’s λ; P = Pillai’s Trace
‘∗∗∗’ p<0.001; ‘∗∗’ p<0.01; ‘∗’ p<0.05; ‘ ’ p<0.1

Table 3: Univariate ANOVAs between batches compar-
ison – Wilk’s λ.

Variables F Pr(>F)
ρ 1.2765 0.2725
η 2.5776 0.0256∗

β 364.28 2.2e−16 ∗∗∗

‘∗∗∗’ p<0.001; ‘∗∗’ p<0.01; ‘∗’ p<0.05; ‘ ’ p<0.1

are shown. In conducting the hypothesis test,
the p-values are compared with the threshold
value, α; that is, the probability of rejecting
the null hypothesis when it is actually true. The
level of statistical significance is associated with
the number of asterisks in Table 1. The ob-
served p-values related with the statistical test
criteria do not attain a statistically significant
difference in the variables between the five sam-
ples. This applies for all the six batches, which,
as mentioned before, differ mainly in terms of
their expiry date and batch number. As ex-
pected, the null hypothesis fails to be rejected
in this case for a significance α level 0.1 (p-
values>0.1). In fact, the outcome indicates the
existence of the natural variation of a pharma-
ceutical product, which was produced under the
same manufacturing conditions and processes.

Next, we assess possible differences in the
three-dimensional variable mean vector for the
six batches; that is, the batch-to-batch variabil-
ity is examined. One-way MANOVA is per-
formed using the “batch category” as the cate-
gorical variable for a sample size N = 600. We
begin by illustrating the data graphically. Fig-
ure 1 indicates a two-dimensional scatter-plot
of the β and η variables, along with the cor-
responding marginal histograms for the six dif-
ferent batches (Figure S-2 and Table S-1, Sup-
porting Information, for the scatter-plot matrix
and descriptive statistics of the three variables
respectively). Here, the batches are denoted
according to their expiry date for clarification.
In comparison with the echo train damping pa-
rameter η, β seems to show an evidence of dis-
crimination between the six batches. The out-
come of the one-way MANOVA for the two sta-
tistical test criteria, Wilks’ λ and Pillai’s Trace,
is highlighted in Table 2. The null hypothe-
sis states that the means of the six different
batches are equal. The results indicate that
the p-values associated with both of the test
criteria is very small (p = 2.2e−16), with a sig-
nificant discrimination even for a significance
level α = 0.001; therefore, the null hypothesis
is rejected for this value of α. In order to lo-
cate the parameter influencing this variability,
univariate ANOVAs are applied on each of the
three variables and the results are shown in Ta-
ble 3 using the Wilk’s λ as the statistical test
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Table 4: Tukey’s post-hoc test for the β variable.

Expiry Date Mean difference CI Pr
Aug-14 – Apr-15 0.0059 0.0048 – 0.0071 0.0000
Aug-16 – Apr-15 0.0009 -0.0001 – 0.0021 0.1486
Jul-14 – Apr-15 -0.0054 -0.0066 – -0.0043 0.0000
Oct-14 – Apr-15 0.0074 0.0062 – 0.0085 0.0000
Sep-14 – Apr-15 -0.0055 -0.0066 – -0.0043 0.0000
Aug-16 – Aug-14 -0.0050 -0.0061 – -0.0038 0.0000
Jul-14 – Aug-14 -0.0144 -0.0126 – -0.0103 0.0000
Oct-14 – Aug-14 0.0014 0.0002 – 0.0026 0.0074
Sep-14 – Aug-14 -0.0115 -0.0126 – -0.0103 0.0000
Jul-14 – Aug-16 -0.0064 -0.0076 – -0.0053 0.0000
Oct-14 – Aug-16 0.0064 0.0052 – 0.0076 0.0000
Sep-14 – Aug-16 -0.0065 -0.0077 – -0.0053 0.0000
Oct-14 – Jul-14 0.0128 0.0117 – 0.0174 0.0000
Sep-14 – Jul-14 -0.0000 -0.0012 – 0.0011 0.9354
Sep-14 – Oct-14 -0.0129 -0.0140 – -0.0117 0.0000

criterion. In comparison with the η and ρ vari-
ables, the outcome is highly significant for the
sinusoidal damping β variable with p < 0.001
indicating a great effect on the difference be-
tween the six batches. After obtaining a signif-
icant outcome, we further investigate the effect
of the β variable on the multiple comparisons of
all pairs of levels of the batch category factor,
in order to test which means differ. Here we
test the hypothesis that the pairwise combina-
tions are equal using the Tukey’s post-hoc sta-
tistical test. A significance level α = 0.05 was
used to construct the hypothesis test. Table
4 shows the outcome of the Tukey’s post-hoc
test that includes the mean differences of all
the combinations, the adjusted confidence in-
tervals (CI=100(1− α)) and the corresponding
probability values. Figure S-3 in Supporting
Information represents the results graphically.
For the combinations, Aug-16/Apr-15 and Sep-
14/Jul-14, we fail to reject the null hypothesis
since p > 0.05. The p-values for all the other
pairs show evidence of significant differences for
α = 0.05.

The statistical analysis of the NQR spectra
shows a good evidence of significant discrimi-
nation between the different batches. As pre-
viously discussed, NQR is sensitive in alter-
ations in the electric charge distribution around
the nucleus, thus providing useful information
about the crystal structure of the material. The
NQR signal parameters can guide one to char-
acterize the physical and chemical integrity of
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Figure 2: Absolute age difference versus the associated
absolute β deviations from the reference/newest batch
(red crosses). For illustration purposes, a possible ex-
ponential fit is shown (blue curve).

the substance under study. The differences in
the batches may be influenced by a list of fac-
tors. Those may be the manufacturing pro-
cesses, the aging or storage conditions. NQR is
not a clear indicator of the factor causing those
crystal structure variations. However, since we
know that the batches have a different expiry
date, one may want to test how the most dis-
criminating factor, β, changes with respect to
the aging factor. From Figure 1, the estimated
β parameters of the recently purchased batch
with expiry date August 2016, lie within the
β parameters of the “older” batches. If one
thinks of the ‘Aug-16’ batch as the age reference
point, the deviations of all the other batches
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from the newest one can be computed. Fig-
ure 2 illustrates the absolute age deviations –
in units of months – of all the batches with
respect to the reference (newest) batch, as a
function of the analogous deviations of the β
variable. Despite the fact that the number of
points is small, there is a correlation between
the absolute β deviations with respect to the
absolute age differences that could perhaps be
modeled as an exponential decay. For purpose
of illustration, this is shown in Figure 2. The
β variable could possibly be an indicator of the
age of the medicines. For a complete and more
accurate conclusion, more batches at a wider
range of expiry dates should be analyzed. The
results of this study strongly suggest that such
a study would be worthwhile.

In NQR, the SNR increases with more signal
averages; more precisely, the SNR is propor-
tional to the square root of the number of scans
used in the pulse sequence. It is highly impor-
tant to address that the choice of SNR will de-
termine how well defined the cluster separation
will be. The higher the SNR, the less ‘spread’
and more accurate the estimated parameters
will be. One way to theoretically determine the
variance of the estimated parameters is to com-
pute the Cramér-Rao lower bound (CRLB).23,28

The CRLB computes the lower bound on the
least achievable variance of any unbiased esti-
mator. One may use the CRLB as a test of
how optimal an estimator performs. Figure 3
illustrates the estimated β versus η variables for
the two batches Sep-14 and Oct-14, and their
corresponding CRLB ellipsoids. The ellipsoids
simply indicate that approximately 99% of the
data are expected to lie within these margins.
As shown, the experimental results show a good
correlation with their associated CRLB ellip-
soids (SNR = -24 dB). The theoretical CRLB is
highly correlated with the SNR.23,28 The higher
the SNR, the tighter the ellipsoids would be,
and vice versa. Analogously, the more scans
used during an experiment, the less spread the
measurements would be. Therefore, one may
need to acquire more signal averages to achieve
a greater discrimination between the medicines
under study, however, at the expense of pro-
longed experimental durations. In Figure 3, the
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Figure 3: Scatterplot of β versus η variables for two
batches (Sep-14 and Oct-14), along with their corre-
sponding CRLB ellipses for two values of SNRs.

CRLB ellipsoids for a lower SNR (SNR = -30
dB) is computed in order to highlight how the
degree of overlap will affect the discrimination
of the two batches.

Conclusions

In this study, different batches of analgesic
paracetamol tablets were analyzed using NQR,
in order to test and compare their physical and
chemical integrity. The first hypothesis was to
test the within-batches variability of samples of
exactly the same batch. One-way MANOVA
revealed no significant differences between the
samples; the variability observed may be an
evidence of the natural variation within one
medicine. In the second hypothesis, batches
of different expiry dates and batch numbers
were compared. The statistical analysis indi-
cate a significant discrimination - even at 99.9%
confidence interval - between the paracetamol
batches, mainly affected by the echo damping
constant, β. The signal parameters are charac-
teristic to the material under study, and may
reveal important information about its crystal
structure and chemical properties. From our
results, the echo damping constant β could be
an indicator of the aging effects on the different
batches. A wider range of batches from more
brands should be collected and analyzed to en-
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hance our results. Additionally, an analytical
technique should be applied in order to chem-
ically determine the factors responsible for the
variation.

Previous studies highlight the potential of 14N
NQR in the detection and identification of phar-
maceutical substances. It has been shown that
14N NQR can distinguish between medicines of
the same formulation and different brands and
could potentially be employed in investigating
the factors influencing the physical integrity of
pharmaceutical materials.

Acknowledgement Funding for the project
was provided in part by the European Union
CONPHIRMER, www.conphirmer.com, and
the Carl Trygger Foundation.

Supporting Information Available: Ad-
ditional information as noted in text. This
material is available free of charge via the In-
ternet at http://pubs.acs.org/.

References
(1) Fernandez, F. M.; Green, M. D.; Newton, P. N. Industrial

& Engineering Chemistry Research 2008, 47, 585–590.

(2) Institute, P. S. The Counterfeit Medicines Challenge. http:
//www.psi-inc.org/index.cfm, Online; accessed on 6-July-
2014.

(3) Organization, W. H. Medicines: spurious/falsely-
labelled/falsified/counterfeit (SFFC) medicines. 2012;
http://www.who.int/mediacentre/factsheets/fs275/en/,
Online; accessed on 6-July-2014.

(4) Dowell, F. E.; Maghirang, E. B.; Fernandez, F. M.; New-
ton, P. N.; Green, M. D. Journal of Pharmaceutical and
Biomedical Analysis 2008, 48, 1011–1014.

(5) Holzgrabe, U.; Malet-Martino, M. Journal of Pharmaceuti-
cal and Biomedical Analysis 2011, 55, 679–687.

(6) Newton, P. N. et al. Malaria Journal 2011, 10, 352.

(7) Barras, J.; Murnane, D.; Althoefer, K.; Assi, S.;
Rowe, M. D.; Poplett, I. J.; Kyriakidou, G.; Smith, J. A.
Analytical Chemistry 2013, 85, 2746–2753.

(8) Rodionova, O. Y.; Pomerantsev, A. TrAC Trends in Ana-
lytical Chemistry 2010, 29, 795–803.

(9) Dégardin, K.; Roggo, Y.; Been, F.; Margot, P. Analytica
Chimica Acta 2011, 705, 334–341.

(10) De Peinder, P.; Vredenbregt, M.; Visser, T.; De Kaste, D.
Journal of Pharmaceutical and Biomedical Analysis 2008,
47, 688–694.

(11) Smith, J. Chemical Education 1971, 48, 39–48.

(12) Latosinnska, J. N. Expert Opin. Drug Discov. 2007, 2, 225–
248.

(13) Barras, J.; Althoefer, K.; Rowe, M.; Poplett, I.; Smith, J.
Applied Magnetic Resonance 2012, 43, 511–529.

(14) Balchin, E.; Malcolme-Lawes, D. J.; Poplett, I. J.;
Rowe, M. D.; Smith, J. A.; Pearce, G. E.; Wren, S. A. An-
alytical Chemistry 2005, 77, 3925–3930.

(15) Tate, E.; Althoefer, K.; Barras, J.; Rowe, M. D.;
Smith, J. A.; Pearce, G. E.; Wren, S. A. Analytical Chem-
istry 2009, 81, 5574–5576.
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