Unmasking Essential Oil Authenticity
with Molecular Rotational Resonance Spectroscopy

Overview

The authenticity and quality of an essential oil often hinge on the balance of a diverse mix of terpene components, which
can vary depending on the geographic origin, extraction method, and potential adulteration. Adulteration, including the
addition of synthetic compounds or lower-cost alternatives, can compromise the oil's quality, safety, and effectiveness.!
Manufacturers note—as authenticity becomes a bigger focus in product labeling and marketing, there's a growing trend
toward transparency and personalization.

-

Accurate and complete characterization of an oil’'s composition
has been especially challenging when needing to quantify major
and minor components in a single run, distinguish between
isobaric compounds, or efficiently detect problematic adulterants
without time-consuming method optimization. Not anymore. The
first commercially available molecular rotational resonance (MRR)
spectroscopy instrument, the BrightSpec isoMRR™ platform,
offers forward-thinking researchers in the essential oils industry
the ultimate analytical edge. Powered by MRR’s unique
specificity, the automated workflow provides a straightforward
and groundbreaking approach, delivering both identity and
quantity in a single measurement. MRR eliminates the need for
time-consuming method development, extensive data analysis,
and expensive consumables. In this application note, we
showcase the analytical ability of this advanced platform for
essential oil analysis, highlighting its dynamic range, sensitivity,
and reproducibility using peppermint oil as an example.

iSOMRR Sets a New Standard in Essential Oil Purity and Composition Analysis

To date, the industry has relied on gas chromatography (GC) and mass spectrometry (MS) methods for terpene profiling,
but these methods are limited in their specificity and throughput. GC-MS is also costly and requires extensive method
development—especially when dealing with complex mixtures, where similar compounds can co-elute, making it hard to
distinguish individual terpenes. The BrightSpec-MRR platform is setting a new standard. This cutting-edge technology
provides clear, precise, and reliable information about compounds without the hassle of complex chromatographic
columns and setups. It also cuts out expensive consumables and maintenance, making lab operations more streamlined
and cost-effective. BrightSpec’s MRR technology platform uniquely combines the detailed structural insights you get from
nuclear magnetic resonance (NMR) with the speed and throughput needed to support modern analytical chemistry labs.
This means you’ll get comprehensive structural information with unmatched specificity.

A Seamless Workflow from Sample to Spectra

No need for sample prep; just inject your essential oil sample neat and as is. The instrument uses a library of validated
reference frequencies, so there's no need for external reference materials either. Once the carrier gas is connected and
the sample is injected, automatic analysis kicks in, with each sample taking about 20 minutes, depending on its
complexity. MRR spectroscopy, the foundation of BrightSpec-MRR technology, makes it all possible. Using microwave
radiation to analyze vapor-phase components and provide unique 3D structural fingerprints, you’ll easily identify and
quantify compounds, including isomers, within mixtures. The workflow (Figure 1) is easily adaptable to the unique needs of
each analysis and is supported by robust methods that are transferable across labs. A key advantage of MRR over
GC-based methods is the dramatic reduction in analysis time. Conventional GC workflows require over 1 hour to separate
and analyze essential oil components. In contrast, MRR achieves comparable screening results in just 10 minutes, cutting
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the time needed for authenticity testing by >80% (Figure 1). Because it focuses on fewer than 10 key components per
analysis—including known adulterants, key marker compounds, and those components that would otherwise co-elute with
GC-based methods—MRR provides a faster, more efficient alternative while maintaining high specificity.

Walk Away Automation j

Sample Prep: 15 Minutes Automatic Analysis: 10 Minutes/Sample

MRR versus Other Methods

» No columns or
chromatography » No manual intervention

« No reference materials;
frequencies referenced
in library

for analysis is required
once the carrier gas is
loaded

» No consumables (just
neon gas)

« No waste

MRR versus Gas Chromatography

« 80% reduction in « Not hindered by - Highly specific for key

components analysis

screening time with co-elution of similar
comparable results compounds

Conventional GC workflow can take >1 hour to separate terpenes for comparable results:

Figure 1. Workflow advantages of the BrightSpec-MRR platform for essential oil analysis. Key advantages include minimal
manual intervention, high-throughput capability, and no need for columns or chromatography.

The Power of a Wide Dynamic Range for Terpene Profiling

A major benefit of MRR spectroscopy is its ability to capture a wide range of intensities without sacrificing accuracy or
resolution. This capability ensures that minor components, which may be critical for the oil's overall profile, or indicate the
presence of impurities or adulterants, are not overlooked.

Essential oils, which are known to contain a complex mixture of components at vastly different concentrations, are
detected and quantified with ease by MRR. Figure 2 shows a considerable variation (3 logs) in signal intensity of a sample
of peppermint oil, with eucalyptol exhibiting an exceptionally high signal, exceeding 10,000 microvolts, while other
terpenes, like limonene, have a more-than-100-fold lower signal (Figure 2A). This stark difference underscores the need
for an analytical technique that can accurately quantify both high- and low-concentration components within a single
analysis. Figure 2B, a zoomed-in view of the lower intensity scale of the same dataset, emphasizes the importance of
sensitivity in detecting minor components. Terpenoids like trans-sabinene hydrate and isopulegol show smaller signal
intensities but are crucial for a comprehensive analysis. A wide dynamic range ensures that these minor components are
not overshadowed by the major ones, allowing for precise quantification across the spectrum.

MRR Spectroscopy Achieves Detection Limits

MRR spectroscopy works by directly probing the rotational transitions of molecules, which are unique to each compound.
This means MRR is intrinsically sensitive to molecular structure, allowing it to confirm compounds at low
concentrations—without needing to separate them first as you would with GC. As such, MRR can achieve unambiguous
identification — without matrix interference — for many analytes. This is in contrast to GC, where the separation efficiency
and detector sensitivity confound the precise identity of a molecule, especially in the case of isomers. What's more, MRR's
ability to use time-averaging allows you to tune the length of averaging for a particular analyte and achieve the desired
sensitivity. This feature significantly reduces noise and permits greater customization and optimization for
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Figure 2. Signal intensity profiles of various components in a sample of peppermint oil. A. Terpene profile of large variations at
high peak intensities. B. A zoomed-in view of the lower intensity scale shows the peak intensities of minor components.

low-concentration analytes. As such, MRR is particularly helpful when working with complex samples, where overlapping

signals with GC might mask minor components.

To demonstrate the sensitivity of the BrightSpec-MRR platform compared with GC, the LOD for various analytes in a
peppermint oil sample was assessed, and the data are summarized in Table 1. The LOD was calculated based on the
signal-to-noise (S/N) ratio observed with an 80-second detection time at each analyte frequency. The estimated LOD for
several terpenes is extremely low (e.g., 0.008% for eucalyptol and 0.05% for isomenthone). Overall, for each analyte, the

estimated LOD was sufficient to match the estimated analyte concentration from the GC profiles.

MRR’s ability to directly measure molecular structures without the need for separation, coupled with enhanced S/N ratios and
lower detection limits, makes MRR a superior choice for comprehensive analysis of essential oils and other complex samples.

Evaluating MRR Repeatability
for Essential Oil Analysis

The precise nature of rotational spectra means
that MRR can consistently reproduce results,
providing reliable data for quality control and
assurance in essential oil production. Table 2
summarizes the repeatability of MRR spectroscopy
for various terpenes, highlighting its performance
across a range of analytes. Twelve compounds
were measured by six distinct injection cycles, and
the peak intensity, relative standard deviation
(RSD), and coefficient of variation (CV) were
recorded. Even with some variability in RSD
values, single-digit RSDs are routinely achievable,
demonstrating highly consistent results. Moreover,
the CV percentages for most compounds are at or
below 10%, which aligns with common analytical
standards for repeatability.

The isoMRR™ platform’s ability to achieve
repeatability across different analytes, even those
present at low concentrations, demonstrates its
robustness. This reliability is crucial for ensuring
accurate and consistent results in essential oil
analysis, making MRR a valuable tool in quality
control and assurance.

Terpene

Dimethyl Sulfide (Trace)
Limonene

Eucalyptol
Trans-sabinene hydrate
Menthone

Isomenthone
Menthofuran

Isopulegol

Neomenthol

Pulegone

Menthyl acetate
Menthol

S/N

27.39
2522

2786.38

14.83
757.04
196.08

59.50

2.98

30.10

9.73

19.52

360.15

LOD(%)

0.0005
0.25
0.008
0.19
0.10
0.050
0.12
N/A
0.37
0.34
0.61
0.32

GC Estimate (%)

0.0044
21
7.0

0.95
243
33
2.4
(not observed)
37
1.1
4.0
38.6

Table 1. MRR sensitivity and detection limits compared with GC.
Shown are the S/N values indicating the strength of the signal relative
to the background noise for each compound in a peppermint oil
sample. The LOD column reports the lowest concentration at which
each analyte can be detected using MRR. The estimated GC values
refer to the concentration of each terpene as determined by GC.

S/N, signal-to-noise ratio; LOD, limit of detection; GC, gas chromatography
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Spectral Integrity Determines
Peppermint Oil Authenticity

Measuring the authenticity of peppermint oil no
longer involves several analytical techniques and
steps to ensure that the oil is pure, unadulterated,
and meets the expected chemical profile. With MRR,
you can get spectral fingerprint and structural
information all in a single run. The data presented in
Figure 3A demonstrates that even minor changes in
the composition of an essential oil, peppermint oil in
this case, can be detected with high sensitivity using
MRR. Moreover, the considerable differences in the
signal intensities of key terpenes, such as limonene
and eucalyptol, which commonly co-elute using
standard GC columns, highlight the effectiveness of
MRR in distinguishing between pure and
adulterated samples.

A closer look reveals obvious differences in
composition between the true peppermint sample
(blue) and the lower cost cornmint alternative (gray).
The 50:50 mixture (orange) shows good linearity
and attests to MRR’s ability to detect partial
adulteration, even at low levels, whereas both

Terpene

Dimethyl Sulfide (Trace)
Limonene

Eucalyptol
Trans-sabinene hydrate
Menthone

Isomenthone
Menthofuran

Isopulegol

Neomenthol

Pulegone

Menthyl acetate
Menthol

Peak Intensity

109.6
100.9
11145.5
59.3
3028.2
784.3
238.0
1.9
120.4
38.9
781
1440.6

RSD

7.03
5.49
263.53
2.46
288.13
44.66
8.51
1.86
51
3.21
5.08
347.28

CV (%)
6
5
2
4

10
6

24

Table 2. Repeatability of MRR spectroscopy. Shown are the peak
intensity, RSD, and CV percentage for twelve compounds, measured
across six replicates of peppermint essential oil. The data highlight
excellent repeatability achievable with MRR, with most compounds
having CV values at or below 10%.

RSD, relative standard deviation; CV, coefficient of variation.
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Figure 3. MRR effectively uncovers fingerprint fraud in a peppermint oil sample. A. The peak intensities for various terpenes
were detected at different detection times: 15, 20, 40, and 80 seconds. For each terpene, the peak intensity generally increases
with longer detection times, demonstrating the impact of time-averaging on signal enhancement. B. Strong linear relationship

between GC peak areas (%) and MRR signal intensity (V) for four key terpenes (R? = 0.99). Error bars are representative of

technical replicates.
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major and minor components show significant differences (Figure 3A). By focusing on a small panel of major and minor
components, MRR provides a comprehensive analysis that can uncover even subtle adulteration. Moreover, MRR shows
strong or nearly perfect quantitative agreement with GC (Figure 3B). A strong linear relationship between MRR and GC
data is critical for ensuring the accuracy and reliability of MRR as a quantitative tool. Figure 3B confirms that MRR can be
used as a direct and faster alternative to GC while maintaining precise analytical performance across different terpene
concentrations. The results are clear and consistent, ensuring that only high-quality, authentic products reach the market.
This not only enhances consumer trust but also supports the long-term sustainability of the essential oil industry.

Finally, we compared three test samples with regulatory benchmarks to further validate MRR as a reliable technique for
ensuring essential oil purity. ISO 856:2006 is an international standard that specifies the requirements for peppermint oil,
including its composition, purity, and quality parameters. The ISO compliance analysis in Table 3 demonstrates the
effectiveness of MRR in evaluating peppermint oil authenticity by comparing MRR-derived concentrations with established
GC peak area ranges.

MRR Concentration Converted to GC Peak Area (%) Concentration Range (%)
SAMPLE 1 SAMPLE 2 SAMPLE 3 US STANDARD

Limonene 3.18 3.70 1.72 1-2.5
Eucalyptol 6.82 7.61 4.78 4-6
Trans Sabinene Hydrate 0.36 0.04 0.91 0.5-2.3
Menthone 25.45 18.67 22.09 15-25
Isomenthone 4.21 4.77 3.28 2-45
Menthofuran 0.66 0.39 2.21 1.5-6
Neomenthol 3.02 3.78 3.85 2.5-45
Menthyl Acetate 3.83 4.46 4.52 3-6.5
Menthol 43.68 47.57 40.57 36-46

Table 3. Comparison of MRR-derived terpene concentrations with ISO-856-2006 standards. The table illustrates the
compliance of three peppermint oil samples (SAMPLE1, SAMPLE2, and SAMPLE3) with US specifications, highlighting variations in
key terpene components and their implications for authenticity assessment.

Of the three samples, only SAMPLE3 met ISO-856-2006 standards for all ten tested constituents, indicating acceptable
concentration ranges within US standards. The variations observed in SAMPLET and SAMPLE?2, particularly in components
like trans-sabinene hydrate and menthofuran, highlight the potential for adulteration or compositional inconsistencies.
These results further establish MRR as a precise and efficient method for regulatory compliance testing in essential oil
analysis.

Conclusion

BrightSpec’s MRR platform represents a significant advancement in the analysis of essential oils, particularly for ensuring
the authenticity and quality of products like peppermint oil. The unique selectivity, sensitivity, and repeatability make MRR
an invaluable tool for detecting adulteration and ensuring compliance with quality standards. As the demand for
high-quality essential oils and other natural products continues to grow, the adoption of advanced analytical techniques
like MRR will be crucial in meeting the rigorous requirements of quality control and authenticity verification. As we’ve
shown, BrightSpec’s MRR platform stands out as an innovative solution that addresses the limitations of traditional
methods, offering a new level of precision and reliability in essential oil analysis.
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