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Comparison of quantitative NMR spectroscopy (QNMR) with chromatographic methods such as gas
chromatography (GC) or high-pressure liquid chromatography (HPLC) for the determination of the
purity of and impurities in technical grade agrochemicals, 2,4-dichlorophenoxyacetic acid (2,4-D), 1,
and Dalapon sodium (sodium 2,2-dichloropropionate), 10, has revealed that QNMR is more precise
and accurate than the chromatographic methods. Quantitative impurity profiling of technical grade 1
is rapid and accurate using 600 MHz 'H NMR. Extra dispersion at the relatively high frequency allowed
full assignment of the NMR spectrum of 1 and its related organic impurities in technical samples.
The percentage purity of 1 was measured by the difference QNMR method, which involves summing
the amounts of impurities and subtracting from 100%. Results are superior in consistency to those
obtained by chromatographic methods. The percentage purity of Dalapon sodium, 10, in technical
grade batches is readily obtained by 'H QNMR, using either the difference method or the internal
standard method, using dimethyl sulfone (DMSQO?2) internally as a reference material, that is chemically
unrelated to the analyte. The latter method also allows the simultaneous identification and quantification
of impurities, many of which are either not accessible to or detectable by the chromatographic methods.
Uncertainty budgets for the QNMR method are presented and demonstrate that the major contributors
to uncertainty lie in the weighing of the chemicals and in purity of the standard reference material
prior to the QNMR experiment.

KEYWORDS: Quantitative NMR; QNMR; impurity profiling; 2,4-dichlorophenoxyacetic acid (2,4-D);
Dalapon sodium; sodium 2,2-dichloropropionate; dimethyl sulfone (DMSOZ2); primary analytical ratio
method; internal standard; uncertainty budget

INTRODUCTION The analytical costs associated with these requirements are
far from trivial, and the results are often open to question; for

Chemical analysis of an agrochemical for approval by gyample, the sum of all detected constituents is 0ft68% or
9°Yer_”me_”t for co_mmermal use1s not an exact science. The>102%, or a single value from one analytical laboratory will
variation in analysis of 95% technical grade material for such ot pe within 0.5% of the true value. In addition. there is no

registration that is accepted by the Australian National Registra- o ,arantee that the analytical methods used detects all impurities
tior_l Authori_ty or the Food and Agriculture Organization of the present. The quality of analytical data gathered by the most
United Nations may be betweett1.5 and 2%. In many  commonly used techniques, high-performance liquid chroma-
cogntnes, six or more repeat analyse; of thg same bgtch by &ography (HPLC) and gas chromatography (GC), is more often
validated method are mandatory, as is the identification and gependent on the physical properties of a pure substance than
quantification of all impurities in excess of 0.1% as required g its structural complexity and can suffer from drawbacks of
by gqvernment registration authorities as a matter for chemical gitficulties with sample preparation and the suitability and
auditing. standardization of the detector. Without access to a standard of
every impurity detected, it is virtually impossible to accurately

* Author to whom correspondence should be addressed (fax 61 29 38 quantify a minor constituent, and the relative uncertainty

56 Tlglng e-m:il j-hﬁOK@UPSW-e?U-aU)- —— associated with the result can be very large.
rtfern Agrochemical Development Pty. . . .
*NMR Facility, University of New South Wales. The potentlal_ offered by quantitative NMR spectroscopy
8 School of Chemical Sciences, University of New South Wales. (QNMR) as a viable alternative to chromatographic methods
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for major component analysis, however, is considerable, but MATERIALS AND METHODS

surprisingly underutilized](—lf_i). QNMR is particularly suitable _ Chemicals. Technical grade 2,4-0,, was supplied as an off-white

for the simultaneous determination of the percentage of active powder by Artfern Pty. Ltd. Technical grade Dalapon sodiafh,was
constituent and impurities in organic chemicals such as phar- obtained as pale gray/green powders from two different sources, denoted
maceuticals (12), agrochemicals3=5), and natural products in the text as A (samples A1-A5) and C (samples C1-C5). 2,2-
(6—9), as well as vegetable o0il4@, 11), fuels (L2), and solvents Dichloropropionic acid (99%) was obtained from Dr. Ehrenstorfer
(13), to cite some recent applications. The method is substanceSmbH, Ausberg, Germany. DMSO2 (98%) and deuterium oxid®(D
specific given that each substance has an NMR spectrum readily?9-9 aom % D) were both used as supplied by Aldrich Chemical Co.,
assigned to a structure from the wealth of well-established SYdneY: Austraiia. DMSO2 was determined to be 99.95% pure by

hemical shift and spi . i dat d lati differential scanning calorimetry. Deuteriochloroform (CBC99.8
chemical Snift and Spmspin coupling data and correlation ;) o, D) and hexadeuteriodimethyl sulfoxide (dnagp99.9 atom

methods (1520) available for many nuclei, together with the o, py ere products of Cambridge Isoptopes Laboratory, Andover, MA.
fact that peak area is proportional to the number of nuclei being Al samples were measured in Wilmad 5 mm o.d. 507pp tubes.
measuredi4—16). QNMR is a valuable concept for the analyst Instrumentation. NMR spectra were acquired with Bruker AVANCE
(6) that meets the requirements of a primary ratio analytical 600 and 300 NMR spectrometers operating at 600.13 and 300.13 MHz
method (16) because the ratio of peak areas of analyte andfor proton NMR, respectively, using 5 mm probes. All data was
reference material are used directly to calculate the amount ofprocessed using Brukers’ XWINNMR software, unless otherwise stated.

analyte present as shown in The following parameters were employed for acquisition of spectra of
1: 600 MHz; spectral width, 12 ppm; acquisition time, 4.56 s; relaxation
delay, 6 s; 30 pulse width, 3us; time domain, 64K data points; 32
N = Iinl @ 1) scans; temperature, 298 K. An exponential line broadening window
anl St |t/ \Pan std function of 0.3 Hz was used in the data processing. After Fourier

transformation of the free induction decays, the spectra were phased,

. . . baseline corrected, and integrated in the appropriate region. Integration
where anl is the analyte, std is the standard reference mate”alwas also carried out by first deconvoluting the spectra in the methylene

andNis 'Fhe number of moles;is th? peak areg) is the number region to determine relative peak areas, especially where peak overlap
of nuclei of peak measured; ailis the purity. occurred using WINNMR-1D from Bruker. Because the relaxation

One immediate advantage of QNMR is the ease of sample behavior of*H nuclei of 10 was longer than that df, the acquisition
preparation. A reference material, unrelated to target analyte, for spectra ofl0at 300 MHz was adjusted accordingly: spectral width,
is carefully selected so that its NMR peaks do not overlap or 8 PPM; acquisition time, 13.7 s; relaxation delay, 6.3 $;@ise width,
obscure those of the target analy84nd thereby simplify peak 6.8 us; time domain, 64K data points; 16 scans; temperature, 298 K.
. . . . . . The FIDs were processed as above TorThe peaks for the analyte
integration. This reference material may be mixed with the

. . and the internal standard were integrated inside, that is, excluding, the
analyte and measured simultaneously, for what is commonly 3¢ gateliites.

called the internal standard QNMR methdd-(14), or it may Samples and standards were weighed on an OHAUS model Explorer
be used in a sealed capillar§)( It should also be possible to  electronic balance tg-0.1 mg.

establish the purity of a chemical by difference, that is, by = Methods. Difference Methodl (~10 mg) was dissolved in a mixture
quantifying all of the impurities (as well as moisture and ash) of CDCk (0.5 mL) and dmso(0.15 mL) and transferred to an NMR
and subtracting the sum of these impurities from 100%, without tube.H spectra were measured on the Bruker DMX-600 at 600.13

recourse to adding a reference material. We will call this the MH2z, and the’H spin—lattice relaxation times,, of the methylene
difference method peaks were 1—2 s, as measured by the inversion recovery <180

o o relaxation delay-90°—acquire) pulse sequence R0). After assignment

Limits to accuracy and precision for QNMR have been of the spectra of the various components, the quantification of impurities
estimated overall to b&1% (17), but in a detailed metrological  was carried out by integration (and/or deconvolution) of minor signals
comparison between the use of chromatographic techniques andn the methylene region of the spectrum (séigure 3A,B) and
QNMR (3), Maniara et al. demonstrated that the experimental calculation relative to one of thE8C—H satellite signals, each 0.55%
precision oftH and3P QNMR was of the order of 0.5%, which ~ ©of the major component (2}, using
rivaled results obtained by current chromatographic techniques. ! MW.
QNMR therefore provided a very reliable determination of % impurity = —2 x —™ . 0,55 )
chemical purity in major component analysis and was found to s~ MW

be unlversgl, rugged, highly specific, and linear over a wide where ref denotes main component; imp, impurity; MW, molecular
concentration range (3). weight: and I, peak area.

In this paper, we compare the use 6f QNMR with the All percent values derived from the NMR data in the tables were
chromatographic technigues of HPLC and GC that are frequently corrected for the molecular weights of each of the organic impurities.
used for the determination of the percentage of active ingredientThe amounts present were then summed, and this subtotal was
and all impurities>0.1% in two well-established agrochemi- subtracted from 100% to give the percentagé of each sample. The
cals: the widely used herbicide 2,4-dichlorophenoxyacetic acid amount; of moisture, sulfated ash, a_nd triethanolamine insolubles were
(2,4-D), 1, and sodium 2,2-dichloropropionate (Dalapon so- determined separately by the supplier (Table 1, footnote).

- . . . Internal Standard MethodAs a necessary prelude to QNMR
dium),10(4), a Selectlye systemic herbicide used for the control measurementd,0 and DMSO2 were analyzed qualitatively by routine
of annual and perennial grasses. The study wfll show how IH and3C NMR experiments. After assignment of the subspectra of

the purity of the target analyte may be established by the QNMR the impurities, representative sampled 6nd DMSO2 were examined
difference method, whereas the analysid@tlemonstrates that by H NMR to determine the longest spitattice relaxation timeTy,

the use of a reference material of known purity, dimethyl sulfone among peaks of interest using the inversion recovery sequén2e)(
(DMS02), as an internal standard allows calculation of the

purity of the target analyte and its impurities directly. In addition, 10: 9x (HOD, 4.6 ppm) 2.14(T~ 3 s);

uncertainty budgets for both of these methods were prepared ¢ (ppm) 34.5 (—CH), 85.9 (—CC}~), 172.4 (C=0)

to ascertain the major contributors to uncertainty in the
measurements. DMSO02: 6,,(HOD, 4.6 ppm) 3.05 (J~ 4 s)

ref
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Table 1. Content (Percent) of Substituted Chlorophenoxyacetic Acids cl

[¢]]
in Five Technical Grade Samples of 2,4-D, 1, Determined by HPLC, OCH,COOH OCH,COOH OCH,GOOH
GC-MS,2 and 'H QNMR® Measurements /©/
Cl Cl
1 2
Cl

substitution pattern of phenoxyacetic acid 3

analytical 2,4- 2- 4- 2,6- 2,4,6- cl cl
batch method®  dichloro®  chloro  chloro  dichloro trichloro OCH,COOH OCH,COOH OH
5 HPLC (M) 99.3 0.50 NRe NDf 0.17
HPLC (A) 98.2 0.89 NR NR NR cl Cl o
GC-Ms¢ 98.2 0.80 ND 0.13 0.22 4 5 6
QNMR 98.8 0.67 0.10 0.22 0.20
19 HPLC (M) 99.3 0.52 NR 0.02 0.17 ¢l cl
HPLC (A) 97.4 091 NR NR NR OH OH OH
GC-MS 97.4 0.82 ND 0.12 0.30 /©/ /©/
QNMR 98.9 0.74 0.04 0.11 0.18 cl cl ol cl
50 HPLC (M) 99.3 0.56 NR ND 0.11 7 8 9
gzlf,as(A) ggé 8:22 “g g‘ﬁo ’5‘23 Figure 1. Chlorophenoxyacetic acids and chlorophenols that may be
ONMR 99.0 0.63 0.06 0.13 0.20 present as impurities in technical grade samples of 2,4-D, 1.
110 HPLC (M) 99.4 031 NR 0.02 0.22
HPLC (A) 96.2 0.76 NR NR NR OCH,COOH
GC-MS 98.0 0.66 ND 0.12 0.22 Cl
QNMR 99.2 0.45 0.05 0.12 0.17 \
126 HPLC (M) 99.0 0.75 NR ND 0.17
HPLC (A) 97.7 2.00 NR NR NR &
GC-MS 97.0 1.65 0.17 0.10 0.24
QNMR 98.1 151 0.16 0.11 0.16
@ GC-MS values were calculated from the ratios of total ion current to the sum
of total ion current for all relevant peaks and were not corrected for molecular
weight differences. © Quantitative results obtained by the difference method (see
text) and reported for impurities from NMR experiments at 600 MHz were corrected
for molecular weight differences. ¢ (M) = manufacturer's laboratory; (A) = Australian
commercial laboratory. 9 2,4-D percent purity values derived from GC-MS and 'H
QNMR results were calculated by subtracting the sum of all other organic impurities
from 100%. Values used for free phenol, sulfated ash, moisture, and triethanolamine
insoluble material were supplied by the manufacturer: 0.68, 1.48, 1.23, 0.97, and CHCI3
0.88% for batches 5, 19, 50, 110, and 126, respectively. ¢ NR = not reported s A .
fND = not detected. 90.11% 2,4-dichlorophenol also detected. | 1
Other peaks in théH NMR spectrum of technical grade Dalapon £ I g:m :
sodium had the followingT: values: oy (HOD, 4.6 ppm) 4.17 B A A U S
(Ty~35); 4.29 (T~ 9-105); 5.7-6.1 (T~ 9-10 s). Figure 2. 600 MHz *H NMR spectrum of 2,4-D, 1, in CDCI; + DMSO-ds

These values were used to set acquisition parameters and allow for
full relaxation, generally 5,>99.5% recovery of peaks area of the
major components during acquisition of the NMR data for quantitation.

QNMR analysis required seven replicates of each sample of five batc:hesb.y ~50%). The remaining solution was dried @m) and_used__
of 10from the two sources (A%A5 and C1—C5), that is, 70 samples directly. For both HPLC and GC-MS, peak area ratios for the impurities
in all. Seven replicates were chosen to give a’mean (/alue for which Vere used and are uncorrected for detector response and molecular

the standard error encompassed the 95% confidence interval. Ea(:hWelght of species.

sample of10 (~50 mg; 0.3 mmol) was weighed individually into a

sample tube followed by an aliquot of the internal standard, DMSO2, RESULTS AND DISCUSSION

as a stock solution in D (22.94 mg/g) to obtain a molar ratio of Difference QNMR Analysis of Technical Grade 2,4-D, 1.
~2:1 analyte to standard, ensuring that the NMR peaks from the The major impurities that may occur in 98% technical 2,4-D
respective methyl groups of both analyte and internal standard would 1, are shown inFigure 1 and are predominantly Ot’her '

be of similar intensities. The solution was then transferred to an NMR hiorinated ph i iB-5 t th ith ixt
tube and diluted further with fD to a constant volume (0.7 mL) for chiorinated phenoxyacetc acids;o, together with a mixture

all repeat measurements so that magnetic field homogeneity could bef chlorophenols6—9, of which 2,4-dichlorophenos, is the

efficiently attained for each sample during the QNMR experiments. Major constituent. However, the quantity of the combined

All samples of the analyte and internal standard were measured usingchlorophenols was<0.3% according to the manufacturer.

the optimized parametéH NMR set, and peak areas obtained were The manufacturer claimed99% purity for1 using HPLC,

then used to derive percent purity using eq 1. with the major impurities identified as 2-chlorophenoxyacetic
HPLC analytical results foll were supplied by the manufacturer,  acid, 2, and 2,4,6-dichlorophenoxyacetic achj,but because

denoted (M) inTable 1, and repeated by a commercial laboratory in — these results were at odds with those from HPLC of the acids

Sydney, denoted (A), according to the published method of the ynq GC-MS analysis of the derived methyl esters as shown in
Colborie e st el Coweh CPATY 50,0\ e ey asrmoaon s
the QNMR difference method.

method (19). The methyl esters of technical gra@ewvere prepared .
for GC-MS analysis by dissolving in4® (2 mg in 60uL), acidifying The use of 600 MHZH NMR SpeCtrOSCOpy was crucial for

with 1% acetic acid in methanol (2Q@.), and treating with ethereal ~ allowing all impurities to be rapidly identified and quantified
diazomethane until the faint yellow color persisted. The excess of from a single spectrum, because there was insufficient dispersion
diazomethane was removed in a stream of nitrogen (volume decreaseat the lower field frequency of 300 MHz. Two important points

demonstrating the uniformity of integration across the spectrum.
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Figure 3. Expansions of the 600 MHz 'H NMR spectrum of two batches of 2,4-D, 1, in CDCl; + DMSO-ds. (A) sample 19; (B) sample 126, methylene
region; (C) sample 19; (D) sample 126, aromatic region.
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Figure 4. 300 MHz H NMR spectra of Dalapon sodium, 10, in D,O showing (A) sample acceptable for registration and (B) sample unacceptable for
registration.

are noteworthy: ThéH NMR spectrum of technical grade simplified by the presence of considerably more 2-chlorophen-
shown inFigure 2 reveals high uniformity of integration values  oxyacetic acid2, in one sample (126, 1.5%) than was found in
across the spectrum, and the peaks of the methylene groups ofhe other four (<0.8%). Details of the aromatic regiony (0

all the chlorophenoxyacetic acids present in the technical grade~7.5—6.5) of two technical samples (19 and 126) are presented
material are sufficiently resolved &ty ~4.5 and occur as  in Figure 3,D as evidence supporting the assignments.
singlets, simplifying analysis for assignment and quantitation  As would be expected on mechanistic grounds, the percentage
(see Figure 3A,B). Interpretation of the NMR spectra was of 4-chlorophenoxyacetic aci8, detected in all samples relative
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Table 2. Comparison of Percent Purity of Dalapon Sodium, 10, by *H between percent purity values obtained by the difference method
QNMR at 300 MHz and by HPLC and those obtained by the internal standard method may be in
part explained by the presence of variable amounts of moisture
*HQNMR and inorganic salts that were not included in the calculations.
difference  internal standard Total inorganic salts present in samples B® were not
method? method® HPLC® determined in this work.
sample  10(%) 10  SD(%)  10(%) SD(%,n=6) moisture’ Comparison of 'H QNMR and HPLC Methods for
Al 940 911 208(n=7) 902 3.48 0.35 Analysis of Dalapon Sodium, 10The purity of10 is usually
ﬁg gg-; 2% 8‘71(1) (n—?) gé-g g-gg g.gg established by the official CIPAC HPLC methodl9), which
. . = . . _ . o . : "
v 6e8 604 0 262 6; oy 023 050 als_o gives meth(_)ds for the quantitation of the Ilke_ly impurities,
A5 017 882 039(1=6 907 0.40 100 which are Ilst_ed_lnTab_Ies 3and4, n_amely, the ;od_lum salts of
c1 938 935 177(n=6) 982 0.95 1.06 2-chloropropionic acid11, 2,2,3-trichloropropionic acidl2,
c2 956 964 118(n=6) 97.9 0.52 1.04 chloroacetic acidl 3, dichloroacetic acidl4, and trichloroacetic
C3 947 974 08(n=7) 992 0.68 102 acid, 18. There are several fundamental weaknesses of the
gg gg'g g?é 821 (n f7) %83 097 102 official HPLC method from CIPAC. First, it is necessary to
. . (h=7) 985 0.23 0.85 ) . . .
guantitatel0 and all impurities by UV detection at 214 nm, a
aNot corrected for moisture and inorganic salts. ® Measured with respect to mee_lsurement that _can b_e_ unduly |nf|uenc_ed bY small amounts
DMSO2 (see Materials and Methods). ¢ According to CIPAC method (19), calibrated of highly absorbing impurities such as acrylic aciti§, Second,
with respect to 2,2-dichloropropionic acid certified at 99%. ¢ Determined by Karl major impurities can be incorrectly identified by HPLC, when
Fischer method. it is based only on comparison with the retention time of a
standard reference material. Third, certified standards for many
to that of2 remained constant, enabling its assignméeigyre of the anticipated impurities are not commercially available.

3). Similarly, the methylene and aromatic singlet signals of Finally, minor im_puriti_es in excess of 0.1%, such as lactic _acid,
2,4,6-trichlorochlorophenoxyacetic acHl, (singlet atby 7.25) 15, 2-chloroacrylic acid}6, and pyruvic acidl.7, can be readily

may be easily assigned by comparison of the expafdedVR identified by NMR (se€Table 3) but are not included in the
spectra of the two samples. CIPAC HPLC method (19).

The QNMR resullts iTable 1, derived from the spectra using Whether HPLC or GC was used for analysis, it was
eq 2 based on the area of tHE€ satellite peak ol (2), reveal impossible to accurately quantify) and all associated impurities

that the manufacturer’s claims 6f99% purity could not be in technical grade material without having access to standard
substantiated for three of the five samplesladnd that only reference materials for all substances present. Comparison of
1H QNMR afforded a comprehensive profile of the impurities results obtained by QNMR and HPLC are showrTables 2
present’H QNMR therefore provided a superior alternative to and3 and demonstrate the shortcomings of the official CIPAC
the chromatographic methods for both determining the purity HPLC method for performing purity analysis 0. In Table 2
of 1 and simultaneously allowing identification and quantifica- the purity of 10 was determined by HPLC by comparing the
tion of all major organic impurities. peak due tdl0 with an external standard of 2,2-dichloropropi-
Analysis of Purity of and Impurities in Technical Grade onic acid certified at 99% purity. The HPLC results are in
Dalapon Sodium, 10.The IH NMR spectrum, run in BO at reasonable agreement with those obtained by the QNMR
300 MHz, of a typical technical grade sample of Dalapon Method, using DMSO2 as an internal standard, for one set of
sodium,10, is shown irFigure 4A, together with the assignment ~ Samples of uneven quality, AJA5, but for the second set, C1—
of the peaks due to the major impuritiggigure 4B shows a ~ C5, of a more consistent quality, the HPLC method gives
1H 300 MHz spectrum of a distinctly inferior technical sample  significantly higher values that the QNMR method.
of 10. In Table 3, on the other hand, the relative amountsL6f
The percentage purity df0 was first determined by using  and impurities were calculated from the ratio of a particular
the difference method as described abovelfaand the results peak area to the total area of all peaks from the HPLCI that is,
for 10 different samples of0 are presented iffable 2. no standard reference materials were used to calibrate the
The quantification olOusing DMSO?2 as an internal standard ~ detector response. Inspection Tdble 3 reveals a significant
was also performed. DMSO2 was chosen because it is readilydifference in results obtained by QNMR and HPLC, and
available in high purity, is inexpensive, is readily soluble and therefore this assumption that there is a uniform response factor
inert, and has a very simple NMR spectrum consisting of a for each component is clearly incorrect. Furthermore, analysis
single six-proton singlet. Commercially available DMS02 of the certified reference material, 2,2-dichloropropionic acid,
showed no signals from impurities in the 600 MH#spectrum ~ gave a purity of only 75% based on the detection of all peaks
between 0 and 11 ppm. The purity of this material was also at214 nm. In addition, HPLC quantitation b0 by peak ratios,
tested by DSC, an independent primary method of analysis, andshown inTable 3, is clearly not consistent with the impurity
found to be>99.9% pure. Moisture content, determined by the Pprofile obtained by QNMR. For example, one major impurity,
Karl Fischer method was 0.05%. 12, in samples A, is clearly different from that present in samples
The mean purities of six or seven separate determinationsC. that is,13, and the HPLC method was unable to recognize
for each of the 10 samples @D, with DMSO2 as an internal this difference.
standard, are presented Trable 2. The results demonstrate A GC-MS impurity profile was also obtained for samples C
satisfactory relative standard deviations and quantitative valuesand is shown iriTable 4. BecausdO is highly water soluble,
consistently 3—4% lower than those obtained by the difference as are all the most probable impurities, the conversion of the
method for the samples A from one supplier (AA5), but not carboxylate salts to esters for GC or GC-MS analysis is not
lower than those from the other supplier (€@5) (Table 2) routine, with the underlying assumption that the mixture of esters
for reasons that are unclear. Values for the moisture content,prepared from technical grade carboxylate salts contains the
determined separately, are also showmaile 2. Discrepancies same relative ratio that was present in the original sample.
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Table 3. Comparison of *H QNMR Results Obtained at 300 MHz by the Difference Method® and HPLCP Results Showing Purity of and Impurities in
Technical Grade Dalapon Sodium, 10

substance® (%)

10 11 12 13 14 15 16 17
sample NMR HPLC NMR HPLC NMR HPLC NMR HPLC NMR HPLC NMR NMR NMR
Al 94.0 82.3 4.0 2.7 0.9 31 ND 3.6 0.5 12 0.1 ND 0.1
A2 93.7 85.4 2.2 2.4 3.4 3.2 ND 2.3 0.2 0.9 ND 2.2 0.3
A3 65.8 49.6 20.8 24.6 5.7 3.0 ND 9.7 0.3 2.2 2.3 2.3 13
A4 65.8 47.6 21.0 21.7 5.6 3.0 ND 9.4 0.3 2.0 2.1 0.7 1.8
A5 91.7 78.4 4.6 6.0 0.2 3.0 ND 32 0.9 2.0 0.5 ND 0.7
Cl 93.8 84.0 4.2 2.6 01 2.0 0.7 24 13 16 ND ND 0.1
C2 95.6 82.4 31 24 01 35 0.8 24 0.8 16 ND ND 0.1
C3 94.7 83.3 33 2.8 01 24 0.1 24 0.9 17 ND ND 0.1
C4 95.5 83.1 32 2.9 <0.1 24 0.5 24 0.7 17 ND ND 0.1
C5 95.0 82.3 35 3.0 <0.1 24 0.6 25 0.9 1.9 ND ND 01
standard¢ NM 75.7 NM 2.0 NM 22 NM 2.6 NM 2.2 NM NM NM

a Quantitation in the QNMR difference method (see text) used in this table represents the ratio of total signal, corrected for differences in molecular weight. ® Using the
ratio of a peak area to the total area for all peaks in the HPLC trace assuming a response factor of 1 for each component. ¢ 10 = 2,2-dichloropropionic acid, sodium salt;
11 = 2-chloropropionic acid; 12 = 2,2,3-trichloropropionic acid; 13 = chloroacetic acid; 14 = dichloroacetic acid; 15 = lactic acid; 16 = 2-chloroacrylic acid; 17 = pyruvic
acid. ND = not detected; NM = not measured. ¢ Certified reference standard of 2,2-dichloropropionic acid, 99% purity.

Table 4. Comparison of *H QNMR? Results Obtained at 300 MHz by the Difference Method and GC-MSP Results Showing Purity of and Impurities
in Technical Grade Dalapon Sodium, 10

10¢ 11¢ 12¢ 13¢ 14¢ 17¢ 18¢

sample NMR GC-MS NMR GC-MS NMR GC-MS NMR GC-MS NMR GC-MS NMR GC-MS
Cl 93.8 94.8 4.2 4.2 01 0.22 0.7 ND 13 041 0.1 0.1
C2 95.6 95.6 31 39 01 0.30 0.8 ND 0.8 ND 0.1 0.1
C3 94.7 95.3 33 39 01 0.30 0.1 ND 0.9 ND 0.1 0.1
C4 95.5 94.6 32 41 <0.1 0.34 0.5 ND 0.7 ND 0.1 0.1
C5 95.0 95.3 35 31 <0.1 0.32 0.6 ND 0.9 ND 0.1 0.1

2 Results of QNMR difference method (see text) used in this table represent the ratio of impurity peak area to total peak area, corrected for differences in molecular
weight. ® GC-MS method, using the ratio of a peak area to the total area for all peaks in the GC trace, assuming a response factor of 1 for each component. ¢ 10 =
2,2-dichloropropionic acid, sodium salt; 11 = 2-chloropropionic acid; 12 = 2,2,3-trichloropropionic acid; 13 = chloroacetic acid; 14 = dichloroacetic acid; 17 = pyruvic acid;
18 = trichloroacetic acid. ND = not detected.

Although the profile generated with this set was not standardized different compounds calculated according to the equation
with reference materials, the results compare moderately well

with those from QNMR analysis, suggesting that this underlying . W
assumption may have some merit. Note, however, that GC-MS % purity = WS w
analysis failed to detect amountsi8 and14, readily detected ant ==
and quantified by QNMR as shown ifable 4.

Uncertainty Budgets for QNMR. The recently introduced
ISO Guide 17025 requires the establishment of an uncertainty
estimate for results reported (21). This has led to a discussion
of the relative merits of uncertainties established by so-called
“bottom up” and “top down” methods2@, 23). “Bottom up”
refers to a theoretical approach in which the relationship between
individual measurement steps and the final result is established
and the uncertainties of the individual steps propagated to that
of the final result. In “top down” methods, precision estimates 13C satellite conventionally set at 0.55%. As all peak area
are obtained from repeated measurements conducted in such fheasurements are made from the same spectrum, we need only
way that the method is exposed to the full gamut of possible be concerned about the peak to peak repeatat;ility and the
sources of uncertainty. Practical applications combine aspectsIinearity of the spectrum. The latter includes a number of

of both approaches. instrumental parameters and the choice of baseline, but can be

Tze unc?rtaiﬂty aslso?:l?ted V\f"th thte Lneas(jurerrlﬁnt(?;frelatlve estimated. The uncertainty, in the purity is therefore expressed
peak area for the calcuiation of purity based on the diterence i, 1o ms of the uncertainties of each peak area:

method concerns the linearity of peak heights across the NMR
spectrum and the sufficiency of the establishment of the baseline.

®3)

wherew; is the weight of impurityi expressed as; = (MW);li/

pi andWap @SWani = (MW)anlan/panit. p andl are defined as
before, and MW is the molecular weight of the compound. For
the analyte, the area of theC satellite peak is chosen to provide

an area commensurate with the impurity peaks, and so the
equation is divided bya. = 0.0055. The uncertainty inv
therefore essentially resides in the measurement of peak area
(). The uncertainties in molecular weights are negligilplés

a known integer, and the parameteiis the peak area of the

The completeness of the impurities observed is not part of the Unurity U aee 2 |2
uncertainty budget but a source of systematic error in the method — = + z — 4)
as a whole. purity Lanalyt —\ i

Difference Method. The purity of an analyte as deteremined
by the difference method relies on the relative peak areas of If the simplifying assumption may be made that there is a
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common uncertaintypeax in the measurement of a peak area, solvents and water and has a simple NMR spectrum at a
the overall uncertainty in the purity isuriy = upeak«/ﬁ, where convenient chemical shift]. Because NMR is a primary ratio
nis the total number of peaks measured (analyte plus impurities). method (16), DMSO2 also represents a standard reference
Any constant, relative systematic error in the measurement of material against which the purity of all other standards might

peak area will cancel in the determination of purity. We estimate be conveniently assessed.

Upeai | peakto be 0.2%, and so for the compounds listedable

1, n = 6 and the expected relative uncertainty in the purity of ACKNOWLEDGMENT

1 by the difference method is 0.5%.

Internal Standard Method. The uncertainty of a measure-
ment that takes the ratio of the area of an analyte peak to that[
of an internal standard depends on the purity of the standard,
the uncertainties in the weights of standard and sample used in
making the measured solution, and the uncertainties in the peak
areas. The greatest uncertaint).5%, resides in the uncertainty
of the purity of the standard, and this translates to a similar
uncertainty in the purity of the analyte. Because the purity of
such chemicals is typically near 100%, whether the uncertainty

is expressed as a relative uncertainty or an absolute percentage

does not affect the final result significantly. We have repeated
the experimental design of Maniara et &) vith 10 as the
analyte and DMSO2 as the internal standard, in which three
weighings, two independent acquisitions of the spectra, and two
independent processings of the data files were nested within
two analysts using two spectrometers, giving 48 experiments
performed in total. In a fixed effects model the categories of
“analyst” and “spectrometer” were significant, and the overall
standard deviation of the data was 0.36%. The design and
methodology will be described in detail elsewhere.

For some samples the standard deviation for replicate
measurements is greater than the estimates here (sample Al;
Table 2). We infer that the intrabatch variability of the samples
of 10 contributed the majority of the observed variance.

Conclusion.QNMR analysis of agrochemicals in this paper
is both more accurate and more precise than standard HPLC
methods. The analysis of percent active ingredient and impurities
may be carried out from a single data set by the difference
method or by using an internal standard reference material. In
principle, these two methods should give the same result,
provided that all organic impurities can be separately identified
and quantified in the NMR spectrum and that all inorganic
impurities are quantified separately. In practice, these conditions
were satisfied with 2,4-DJ, whereas for Dalapon sodiurh0,
the inorganic impurities were not quantified.

QNMR also allows identification and quantification of the
major components and their organic impurities unobtainable by
the chromatography methods, particularly with the many
representatives that are unsuitable for direct HPLC or GC
determination because they lack a suitable UV chromophore
or are highly polar. Sample preparation for QNMR requires
fewer steps, and there is no need for derivatization as with
GC-MS, nor for standard reference materials for each substance
determined, thereby avoiding assumptions inherent in deriva-
tization regimes and detector response. Indeed, standard refer-
ence materials were not available for many of the impurities
present in technical gradeand10, and this lack of availability
would preclude accurate determination of an impurity profile
for 10 by HPLC, GC-FID, or GC-MS because the relative
detector response factors of each impurity are mandatory for
determining the amount present.

Finally, DMSO2, used here as an internal standard for the
guantification of Dalapon sodium, fulfills the conditions of
being an excellent internal standard for many QNMR measure-
ments in that it is readily available in a highly pure commercial
form that is inexpensive, stable, and soluble in both organic

We thank Dr. G. Ball for fruitful discussions, H. Stender for
expert assistance obtaining NMR spectra, and Dr. L. Besley of
he Australian National Measurement Laboratory for the mea-
surements of DMSO2 by DSC.
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