
Figure 1. Chiral tagging of β-caryophyllene enantiomers 
using PO. Molecular structures of (−)-β-caryophyllene (left) and 
(+)-β-caryophyllene (right) are shown, with their chiral centers 
labeled (S) and (R). Above, propylene oxide (PO) is depicted as 
the chiral tagging agent, which forms non-covalent 
diastereomeric complexes with the enantiomers. 

(–)-ß-Caryophyllene (+)-ß-Caryophyllene

Propylene oxide
(PO) chiral tag

Page 1 of 4©2025 BrightSpec, Inc.

The proportion of (R)- and (S)-enantiomers in an essential oil directly influences its aroma, biological activity, and 
therapeutic properties. For researchers in this industry, accurately determining the enantiomeric composition of a sample 
is critical, as the ratio of (R)- to (S)-enantiomers provides a unique fingerprint for authenticity, quality control, and batch 
consistency. Traditional methods for chiral analysis, such as chiral gas chromatography (GC) and high-performance liquid 
chromatography (HPLC), rely on chiral stationary phases or 
derivatization agents to separate enantiomers. Although 
e�ective, these techniques require extensive sample 
preparation, lengthy analysis times, and costly enantiopure 
standards that can be di�cult to obtain and verify. Even 
advanced techniques like chiral GC-MS–despite improved 
detection capabilities–still rely heavily on these reference 
materials, adding complexity, cost, and supply chain limitations to 
the analytical process.

Molecular rotational resonance (MRR) spectroscopy is a 
compelling alternative for enantioselective analysis, eliminating 
the need for reference standards while delivering high-resolution 
chiral di�erentiation. The first commercially available MRR 
spectroscopy instrument, the BrightSpec isoMRR™ platform, 
provides analytical chemists in the essential oils industry with a 
precise, versatile, and e�cient solution for determining (R)/(S) 
ratios for multiple chiral components. In this application note, we 
demonstrate the accuracy and reproducibility of this advanced 
platform in distinguishing between closely related chiral 
molecules in copaiba, cypress, and nutmeg oil samples.

Overview

MRR spectroscopy leverages quantum mechanical predictions 
to verify the rotational frequencies of chiral complexes, removing 
the need for costly reference standards. The BrightSpec-MRR 
platform redefines enantioselective analysis by combining the 
detailed structural insights you get from nuclear magnetic 
resonance (NMR) with the speed and throughput needed to 
support modern analytical chemistry labs. A key advantage of 
MRR is its chiral tagging capability, which allows for the precise 
di�erentiation of enantiomers. This technique introduces a small 
chiral molecule, such as propylene oxide (PO) (Figure 1), to form 
non-covalent diastereomeric complexes with analytes. These 
diastereomeric complexes produce distinct rotational spectra, 
enabling accurate determination of absolute configuration (R or 
S) and enantiomeric excess (EE%) without relying on enantiopure 
reference standards. By directly measuring enantiomeric 
composition, MRR simplifies chiral analysis, o�ering analytical 
chemists a more e�cient and accessible method for product 
authentication and quality control.

Tagging the Truth: MRR for Chiral Authentication of Essential Oils

No Standards, No Problem: 
Molecular Rotational Resonance Spectroscopy Cracks the Chiral Code
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Table 1. EE analysis of β-caryophyllene-rich essential grade copaiba oil using MRR. A. Enantioselective analysis of essential grade copaiba oil 
and β-caryophyllene standard. The (S)-enantiomer was consistently dominant across all samples. Samples were run in triplicate and obtained from 
the same vendor. B. MRR measurement and full analysis cycle time for determining EE in high β-caryophyllene essential oils. The major enantiomer 
detected was the (S)-enantiomer, with an MRR measurement time of 40 minutes and a full analysis cycle time of 59 minutes. 
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Using MRR Spectroscopy to Distinguish Chiral Signatures of Essential Oils

The β-caryophyllene standard consistently exhibited a strong (S)-enantiomer preference, with EE values greater than 96%  
(Table 1A).  Similarly, essential-grade copaiba oil samples also showed a dominant (S)-enantiomer preference, with EE 
values greater than 92% across triplicate analyses. MRR spectroscopy o�ers a practical alternative to traditional chiral 
separation methods. With an MRR measurement completed in just 40 minutes and a full analysis cycle under 60 minutes 
(Table 1B), this approach considerably reduces the analysis time and complexity associated with traditional methods like 
chiral GC or HPLC, which typically require longer run times and extensive sample preparation. 

Cypress Oil
Cypress oil, particularly its major component α-pinene, is a popular ingredient in respiratory blends for its bronchodilator 
e�ects and congestion relief. The (R)-enantiomers of key monoterpenes like α-pinene and 3-carene, which dominate 
cypress oil, contribute to its biological activity and consumer appeal. Using the BrightSpec-MRR platform, we performed 
enantioselective analysis on essential grade cypress oil samples, as shown in Table 2, revealing distinct enantiomeric 
distributions for these two terpenes.

(R)-α-pinene emerged as the dominant enantiomer across all samples; however, its EE varied moderately, ranging from 
22.76% to 35.08% in triplicate measurements. This lower enantiopurity indicates that α-pinene's chiral composition in 
cypress oil is less consistently enantioenriched, potentially reflecting influences from biosynthetic pathways, environmental 
conditions, or sample matrix interactions. In contrast, (R)-3-carene displayed a consistently high enantiomeric excess (EE > 
91%), demonstrating stronger and more consistent enantioselectivity during biosynthesis (Table 2A).

A. B.
Target Molecule Major Enantiomer EE (%)

β-Caryophyllene Standard

β-Caryophyllene Standard

β-Caryophyllene Standard

S

S

S

>96.01

>96.08

>95.69

Copaiba Oil (Vendor 1)

Copaiba Oil (Vendor 1)

S

S

>93.58

>93.34

Copaiba Oil (Vendor 1) S >91.74

Essential Grade Copaiba Oil

Step Major Enantiomer (S)

MRR Measurement

Full Analysis Cycle Time

40 min*

59 min

* Depends on the required analysis sensitivity

High β-Caryophyllene Essential Oils (% EE Method)

Copaiba Oil
β-caryophyllene is notable among terpenes because it can interact with the body's endocannabinoid system (CB2 
receptors), contributing to its reported anti-inflammatory and therapeutic e�ects.1-3 As a major component of copaiba oil, it 
has garnered much interest in the pharmaceutical, cosmetic, and aromatherapy industries. However, its enantiomeric 
composition can vary naturally, making accurate enantioselective analysis essential for product authentication and quality 
control in commercial applications.

The data presented in Table 1 demonstrate the e�ectiveness of the BrightSpec-MRR platform for e�ciently and precisely 
determining the enantiomeric composition of β-caryophyllene-rich essential oils like copaiba. Although β-caryophyllene 
standards are readily available, enantiopure standards do not exist. Table 1A compares the enantiomeric excess values of 
the β-caryophyllene standard with those measured in copaiba oil to determine whether observed di�erences might be 
due to the sample matrix rather than instrumental variability.
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Table 2. EE analysis of essential grade cypress oil using MRR. A. Enantioselective analysis of essential grade cypress oil monoterpenes 
α-pinene and 3-carene. The (R)-enantiomer was consistently dominant across all samples. Samples were run in triplicate and obtained from the same 
vendor. B. MRR measurement and full analysis cycle time for determining EE in two-component essential oils. The major enantiomer detected was 
the (R)-enantiomer, with an MRR measurement time of 25 minutes and a full analysis cycle time of 44 minutes. 

Together, these findings illustrate that although both α-pinene and 3-carene predominantly exist as (R)-enantiomers, 
3-carene is considerably more enantiopure. The distinct chiral profiles identified through MRR spectroscopy thus provide 
a valuable chemical fingerprint for verifying the authenticity and quality of cypress oil, highlighting the platform’s e�ciency 
(Table 2B) and precision in rapid, enantioselective analysis.

Table 3. EE analysis of essential grade nutmeg oil using MRR. A. Enantioselective analysis of essential grade nutmeg oil 
monoterpenes (S)-α-pinene and β-pinene. (S)-α-pinene was the predominant enantiomer. Samples were run in triplicate and 
obtained from the same vendor. B. MRR measurement and full analysis cycle time for determining EE in three-component essential 
oils. The major enantiomer detected was the (R)-enantiomer, with an MRR measurement time of 25 minutes and a full analysis cycle 
time of 44 minutes. 

Nutmeg Oil
Nutmeg oil is well known for its calming, warming, and pain-relieving properties, often utilized to reduce stress, alleviate 
muscular discomfort, and promote digestive wellness. Monoterpenes such as α-pinene and β-pinene, commonly found in 
nutmeg and other essential oils, have distinct structural characteristics, aromas, and therapeutic properties. Clearly 
understanding these di�erences helps formulators select essential oils with the ideal profiles tailored to specific 
therapeutic or aromatic needs. In our analysis of a provided nutmeg oil sample, (S)-α-pinene was the predominant 
enantiomer identified, present with moderate EE (approximately 47–51%), indicating a balanced chiral composition that is 
characteristic of authentic nutmeg essential oils. This balanced chiral composition reflects the natural variability typical of 
authentic nutmeg essential oils, highlighting the importance of precise analytical methods like MRR spectroscopy for 
verifying product authenticity and quality control.

In contrast, the much lower EE values observed for β-pinene (approximately 0–4%) suggest an almost racemic mixture, 
pointing to minimal enantiomeric selectivity during its biosynthesis in nutmeg. From an aromatherapeutic standpoint, the 
balanced enantiomeric profile of nutmeg oil—particularly the notable presence of (S)-α-pinene—contributes to its 

A. B.
Target Molecule
(Vendor 2) Major Enantiomer EE (%)

α-pinene

α-pinene

α-pinene

R

R

R

22.76

35.08

29.69

3-carene

3-carene

R

R

>92.29

>93.03

3-carene R >91.44

Essential Grade Cypress Oil

Step Major Enantiomer (R)

MRR Measurement

Full Analysis Cycle Time

25 min*

44 min

* Depends on the required analysis sensitivity

Two Component Essential Oils (% EE Method)

A. B.
Target Molecule
(Vendor 2) Major Enantiomer EE (%)

α-pinene

α-pinene

α-pinene

S

S

S

50.59

47.38

50.76

β-pinene

β-pinene

R

S

0.16

3.98

β-pinene S 3.19

Essential Grade Nutmeg Oil

Step Major Enantiomer (R)

MRR Measurement

Full Analysis Cycle Time

25 min*

44 min

* Depends on the required analysis sensitivity

Three Component Essential Oil (% EE Method)

Uncertainty

7.28

7.58

7.27

4.65

4.65

4.65



MRR spectroscopy, as implemented on BrightSpec’s novel isoMRR platform, represents a transformative advancement in 
the chiral analysis of essential oils and fragrances. By eliminating the need for enantiopure standards, MRR substantially 
reduces costs, simplifies analytical processes, and mitigates challenges associated with sourcing reference materials. 
MRR can also measure multiple chiral components out of the same oil, avoiding the costly process of screening columns, 
and the extensive method development needed in chiral chromatography.

Its capability to deliver rapid and high-resolution di�erentiation of closely related chiral molecules enables essential oil 
producers to confidently authenticate products, ensure batch-to-batch consistency, and meet quality guidelines. The 
detailed analyses of copaiba, cypress, and nutmeg oils highlight the practical utility of MRR for accurately determining 
enantiomeric compositions across complex matrices. By leveraging chiral tagging and precise spectral measurements, 
MRR provides unmatched specificity, reliability, and e�ciency compared to traditional methods such as GC and HPLC. 
Ultimately, this innovative approach reinforces consumer confidence and satisfaction by consistently validating the 
authenticity of essential oil products.

Conclusion

References
1. Klauke, A.-L., Racz, I., Pradier, B., et al. The Cannabinoid CB₂ Receptor-Selective Phytocannabinoid β-Caryophyllene Exerts 
Analgesic E�ects in Mouse Models of Inflammatory and Neuropathic Pain. Eur. Neuropsychopharmacol. 2014, 24;608–620.
2. Gertsch, J., Leonti, M., Raduner, S., et al. Beta-Caryophyllene Is a Dietary Cannabinoid. Proc. Natl. Acad. Sci. U.S.A. 2008, 
105;9099–9104.
3. Fidyt, K., Fiedorowicz, A., Strządała, L., et al. β-Caryophyllene and β-Caryophyllene Oxide—Natural Compounds of Anticancer 
and Analgesic Properties. Cancer Med. 2016, 5;3007–3017.
4. Sonstrom, R. E., Cannon, D. M., Neill, J. L. Chiral Analysis of Linalool, an Important Natural Fragrance and Flavor Compound, by 
Molecular Rotational Resonance Spectroscopy. Symmetry 2022, 14 (509).
5. Wilson, T. M., Davis, A., Sonstrom, R. E., et al. Essential Oil Composition and Enantioselective Profile of Agastache urticifolia 
(Lamiaceae) and Monardella odoratissima (Lamiaceae) from Utah. Molecules 2023, 28 (2249).
6. Wang, M., Lee, J., Zhao, J., et al. Comprehensive Quality Assessment of Peppermint Oils and Commercial Products: An 
Integrated Approach Involving Conventional and Chiral GC/MS Coupled with Chemometrics. J. Chromatogr. B 2024, 1232, 
123953. https://doi.org/10.1016/j.jchromb.2023.123953.

characteristic spicy, warming aroma. The moderate uncertainty values reported (3.91–7.58) further confirm MRR 
spectroscopy as a robust analytical technique capable of accurately quantifying enantiomeric distributions, reinforcing 
consumer confidence in nutmeg oil’s therapeutic and aromatherapeutic applications.
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