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INTRODUCTION

Benchtop (BT) NMR is gaining interest as a compact, cost-effective, and user-friendly alternative to traditional high-field
NMR systems. By lowering the barriers to nuclear magnetic resonance spectroscopy, BT NMR is making this powerful
analytical technique more accessible across various industries and research fields.

Quantitative NMR (gNMR) is increasingly recognized for its role in chemical identification and quantitative analysis, but it
faces challenges such as complex spectra, signal overlap, and limited access to high-field instruments. While BT NMR has
made NMR measurements more accessible, these challenges have become even more pronounced. A key issue is the
extraction of reliable quantitative information from BT NMR data, which remains an active area of investigation and a
critical factor in its broader adoption.

To address these limitations, quantum mechanical (QM) methods are becoming essential for analysing *H NMR spectra [1],
particularly in complex molecular systems where classical approaches often fall short. Recent advances in quantum
mechanical spectral analysis (QMSA) have significantly improved data interpretation for both high-field and BT NMR. This
work utilizes USP-1D software [2] , delivered by Mestrelab Research, which integrates reference compound libraries and
automated analysis workflows, facilitating compound identification and mixture analysis, enhancing the efficiency and
reliability of BT NMR applications.

In this work, the full USP-ID workflow, including the ChemAdder model building, is explored, from building quantum
mechanical models from high-field reference spectra to quantifying mixtures from low-field NMR data. Ten small
molecules with relatively complex *H NMR spectra were selected. Many compounds exhibit diastereotopic methylene
protons and long-range couplings which require modelling. Samples of individual compounds and mixtures (3 to 9
components plus TMA) were prepared in DMSO-d6.

The USP-ID software is used for three workflows proposed in this work: 1) Identification of a compound from its 80 MHz
spectrum, 2) ldentification of compounds in a mixture from the 1H NMR spectrum at both 500 MHz and 80 MHz, 3)
Quantification of compounds in mixtures from their IH NMR spectrum collected at both 500 MHz and 80 MHz.

Experimental Data

Samples of the individual chemicals and 7 mixtures were prepared in DMSO-d6. *H 1D spectra were collected on
a Bruker DRX 500 and a Bruker Fourier 80. In addition, COSY and multiplicity-edited HSQC data was collected at
500 MHz for the individual components to aid manual assignments of the peaks. All mixtures were prepared in
0.75 mL of DMSO-d6 with details of the mixture compositions are provided in table 1.

Quantification of Mixture

Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7

Compound mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
amylcinnamaldehyde 42.00 42.53 28.00 22.80
anisyl alcohol 42.00 38.53 19.33
cinnamyl alcohol 42.40 46.67 33.73 32.27 18.67
lilial 46.40 39.07 34.40 16.80
geraniol 47.47 25.73 20.40
Citronellol 53.07 35.60 19.20
resveratrol 40.00 42.53 26.53 26.67 18.67
eugenol 44.67 32.27 28.13 19.07
phenyloxyethanol 49.60 47.07 23.33
TMA 6.40 7.07 8.80 7.20 8.27 6.40 6.27

Table 1: Composition of mixtures: each sample was prepared by adding the appropriate mass of a compound to 0.75 mL of DMSO-d6. Using the
published errors for the pipette and balance the experimental errors on the concentrations are determined to be between 3% and 5%.

Workflows

There are two main workflows, the first is the model building and the second is analysis, which encompasses
identification and quantification. In all cases, the data is processed and analysed using Mnova. Carrying out spectral
assignments in Mnova is useful as input for the model building.

Model Building

A 500 MHz processed spectrum of each compound listed in table 1 was transferred to the ChemAdder interface along
with either a molecular structure or possibly an existing model, depending on whether the model is to be built from
scratch or simply refined. The ChemAdder model consists of a collection of spin particles that define the QM properties,
e.g., chemical shift, J-couplings, symmetry. The spin particles are subsequently assigned to multiplets in the reference
spectrum and the model fitting is carried out. Once a satisfactory model is found it can be exported as a compound file
which can be imported into a USP-ID library for use as part of the analysis workflow. It is worth reiterating that the QM
model is field independent, allowing it to be used for any instrument at any field.

Analysis: Identification and Quantification

Once models for all the compounds have been made, they can be imported as a reference library into the USP-1D
software. The spectrum of a mixture is first processed in Mnova before being passed to the USP-ID plugin where the
components and the relative quantities determined using the Confirm |ID functionality. Precise absolute quantification
can be carried out using the Determine Quantities functionality. In this work, the Confirm ID was used to determine the
components in a mixture prior to quantification.

The challenge of identifying and quantifying components in mixture at 80 MHz is illustrated in figure 1, which shows the
aromatic region of the 80 MHz spectrum of mix 7.
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Figure 1: The aromatic region of the 80 MHz spectrum of mixture 7. The bottom spectrum is the original data and the top spectrum is the result of
the fitting. The individual multiplets from each mixture are shown as the filled regions under the experimental spectrum and the bottom line shows
the difference between experimental and fitted spectra

Compound ldentification

The identification match scores are reported in table 2. The results in column marked “individual” are the identification
scores obtained from analysing 80 MHz spectra of the individual compounds dissolved in DMSO-d6. The models were
created from newly collected 500 MHz data, but the test data was collected in March 2022. In all cases the compound
was cleanly identified in the test spectrum using the model with a high match score (>95%). Across all mixtures at both
field strengths there were no false positives or false negatives.

500 MHz 80 MHz
Compound Individual Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
amylcinnamaldehyde 98.77 99.56 98.84 99.16 96.57 99.51 99.4 99.39 98.89
anisyl alcohol 94.42 99.67 99.75 99.4 99.63 99.8 99.8
cinnamyl alcohol 97.25 99.68 99.62 99.8 99.3 97.76 98.46 98.68 97.8 97.81
lilial 97.36 97.16 97.14 99.55 92.06 9794 97.44 98.32 94.67
geraniol 99.55 99.58 99.5 99.23 99.06 99.37 99.61
Citronellol 97.12 97.99 98.16 98.21 98.96 98.01 98.93
resveratrol 99.74 99.61 99.78 99.79 99.65 99.74 99.5 99.69 99.39 97.8 99.51
eugenol 99.54 99.67 9939 97.75 99.6 99.44 99.04 98.04 98.63
phenyloxyethanol 97.51 99.94 98.43 99.87 98.59 97.97 99.29
TMA 9896 99.21 99.04 99.76 96.05 9945 99.94 99.36 99.76 9965 99.76 97.68 99.58 98.4

Table 2: Compound ID Match scores (%) from the individual components (80 MHz) and from mixtures determined at 500 MHz and 80 MHz data
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Raw Integral
Mix 1 Expt (SMA) USP (500 MHz) USP (80 MHz)
compound mg/mL Err (%) mg/mL Std Err (%) Bias (%) mg/mL Std Err (%) Bias (%) mg/mL Std Err (%) Bias (%)
amylcinnamaldehyde 42 2.40% 42.704 0.18 1.68 43.02 0.13 2.43 43.34 0.37 3.19
anisyl alcohol 42 2.40% 43.058 0.24 2.52 42.53 0.21 1.27 42.89 0.60 2.13
cinnamyl alcohol 42 .4 2.40% 40.558 0.30 -4.34 40.81 0.10 -3.74 40.45 0.43 -4.60
TMA 6.4 4.46% 6.4 n/a n/a 6.40 0.10 0.03 6.08 1.17 -5.03

Table 3: Comparison of the quantitative results of mixture 1 obtained from its 500 MHz 1H spectrum using raw integrals (SMA) and the 500 MHz and
80 MHz data using USP-ID.

The results for the quantification of mix 1 are collected in table 3. This is to illustrate a potential additional source of
experimental error. Almost all the multiplets in the 500 MHz spectrum of mix 1 are sufficiently well separated to allow
traditional integration to be used to determine the concentrations of each compound, labelled raw integral (SMA).
Notably, the concentrations for amylcinnamaldehyde and anisyl alcohol are within the experimental error, however the
results for the cinnamyl alcohol (highlighted in orange) seems to be about 4% to 5% lower than expected. Interestingly the
results from the USP-ID quantification of both the 500 MHz and 80 MHz spectra show the same underestimate, while
comparing very well with the raw integral results. This suggests the possibility that the cinnamyl alcohol sample is not very
pure. More importantly it introduces another possible source of error for the experimental data that should be explored
for a final comparison. The purity is an important factor because the USP-ID software is calculating the absolute
concentrations from the total mass of compounds added. If one of the compounds was only 90% then a correction is
needed to total mass. The determination of the sample purities is ongoing work.

Figure 2 shows the results for the absolute quantification of all compounds across all seven mixtures from the 500 MHz
spectra. What is interesting to note is that the concentration of the cinnamyl alcohol is consistently underestimated.
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Figure 2: Comparison of the quantification of all compounds across all seven mixtures from their 500 MHz spectra. The results highlight the ability
of the USP-ID software to automatically quantify the mixtures within the bounds of the experimental error even when dropping down to BT field
strength
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Figure 3: Comparison of the quantification of each mixture from their 500 MHz spectrum (horizontal) and their 80 MHz spectrum (vertical)

To evaluate the ability of USP-ID to quantify compounds in a mixture from their 80 MHz spectrum, the results were
compared with those obtained from a 500 MHz spectrum to minimize the influence of sample purity, figure 3. Despite
challenges associated with strong coupling and heavily overlapped signals, the comparison between the 500 MHz
and 80 MHz spectra demonstrated excellent agreement, with an absolute mean difference of 4.4% and a maximum
difference of 12.19%. Notably, all but three results showed deviations of less than 10%

Conclusion

It has been demonstrated that compound identification and quantification can be successfully carried out on NMR
data beyond the level of complexity where a compound might be identified through simple spectra fingerprinting or
quantified via a single isolated resonance in the spectrum. This is especially important for BT NMR applications where
the reduced frequency dispersion and second order coupling effects make quantification unfeasible using traditional
approaches.

From this work it is expected that results from high field NMR data would be within the experimental error and for the
BT NMR data an accuracy of ~5% would be expected. Further work is on going to determine more accurately the
purity of the compounds used in this study and to refine the reference concentrations.
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