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ABSTRACT

Cannabinoids, a class of molecules specific to the cannabis plant, are some of the most relevant molecules under
study today due to their widespread use and varying legal status. Here, we present Raman spectra of a series of
eleven cannabinoids and compare them to simulated spectra from density functional theory computations. The
studied cannabinoids include three cannabinoid acids (A°-THC acid, CBD acid, and CBG acid) and eight neutral
ones (Ag—THC, CBD, CBG, CBDVA, CBDV, AS—THC, CBN and CBC). All cannabinoids have been isolated from
cannabis plant gown at the University of Mississippi. The data presented in this work represents the most
resolved experimental and highest-level simulated spectra available to date for each cannabinoid. All cannabi-
noids displayed higher peak separation in the experimental spectra than CBGA, which is most likely attributable
to physical composition of the samples. The overall agreement between the experimental and simulated spectra
is good, however for certain vibrational modes, especially those in the ~OH stretching region, deviations are
observed due to hydrogen bonding, suggesting that the OH stretching region is a good probe for decarboxylation
reactions in these and related species.
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1. Introduction

Cannabis plant (Cannabis sativa) has been cultivated by humans for
about 4,000 years and is known for its various effects on the mind [1,2].
Its changing legal status makes cannabis usage a heavily studied topic in
recent years. In 2017, two research teams, one on each coast of the
United States, found that 6% of middle schoolers, 24% of high schoolers,
and 21% of adults aged 18-34 reported cannabis usage in the past year
[3-5]. Additionally, new therapeutic effects for the treatment of diseases
such as multiple sclerosis, chronic pain, and glaucoma are consistently
being discovered [6].

Regarding the constituents of the plant itself, cannabis is a complex
mixture of over 500 compounds, of which more than 100 are cannabi-
noids [7,8]. The major cannabinoids found in cannabis include: canna-
bidiol (CBD), A9-trans-tetrahydrocannabinol (AQ-THC), A8-trans-
tetrahydrocannabinol (As-THC), cannabigerol (CBG), cannabichromene
(CBCQ), and cannabinol (CBN), all of which have various subtypes of each
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cannabinoid in addition to their most commonly observed structure,
such as their acidic and varinic counterparts [8]. All cannabinoids
studied in this work are biosynthetically originated from cannabigerolic
acid (CBGA), the central cannabinoid precursor [9], or are structurally
very similar. As shown by the biosynthetic pathways depicted in Fig. 1,
CBGA is enzymatically converted to A°-THCA, cannabidiolic acid
(CBDA) and cannabichromenic acid (CBCA) [10]. Each of these com-
pounds is then non-enzymatically decarboxylated to their corresponding
neutral cannabinoids, CBG, A°-THC, CBD, and CBC, respectively.
Further conversion involves the isomerization of A°-THC into A8-THC,
which can subsequently be oxidized to CBN. The closely related can-
nabidivarinic acid (CBDVA) and cannabidivarin (CBDV) that are
biosynthetically originated from cannabigerovarinic acid (CBGVA) are
also included in this study (Fig. 1).

While there are other conversion processes and compounds involved
in this biosynthetic pathway, they go beyond the scope of this current
study. As can be expected, the structural differences between the
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Fig. 1. Biosynthesis of cannabinoid acids and formation of neutral cannabinoids.
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different cannabinoids produce different effects when used. For
instance, unlike A°-THC, CBG does not produce any psychotropic ef-
fects, however it demonstrates antibacterial properties against gram
positive bacteria [8]. Additionally, although the only structural differ-
ence between A%- and A°-THC is the location of a double bond in the
cylcohexene ring, AS-THC is less psychoactive than A°-THC, giving rise
to a varying legal status across different states and countries [11,12].

Raman spectroscopy has been used to study various properties of
cannabis, such as hydrogen bonding activities, cannabinoid content in
various strains, spectral library creation, illicit drug sample analysis, and
even synthetic cannabinoid characterization [13-31]. However, in these
studies containing experimental Raman spectra of cannabinoids, the
range in which the spectra are presented is extremely narrow, typically
only 700-1800 cm!. Moreover, in cases where handheld Raman
spectrometers were employed, the spectral data is limited by relatively
low resolution (~9-18 cm’l) [14,15,23]. The work described herein
improves upon the current data by employing a higher resolution
benchtop Raman spectrometer to record the spectra over a broader
range to include as many peaks as are present for each sample. While full
experimental data files are included in Appendix A, abridged plots
showcasing the fingerprint and stretching regions are presented herein.

While some have also attempted to use computational chemistry to
assign spectral features in cannabinoids, there are few examples of
comparing full simulated Raman spectra to experimental spectra
[16,32]. However, there are more examples of computational chemistry
being used to study cannabinoids for a variety of other applications,
such as to determine their antioxidant activity, calculate theoretical
chemical and thermodynamic properties, and more [33-42]. While the
chosen method and basis set varies throughout the existing literature,
the use of density functional theory (DFT) is consistent due to its
reasonably high accuracy and relatively low computational cost [43].
These two aspects make DFT an especially appealing choice for studying
cannabinoids, as the large size of each molecule would incur a larger
computational cost with other methods. As such, DFT is utilized to
perform all computational studies described herein.

2. Materials and methods
2.1. Sample preparation and isolation of cannabinoids

Cannabis of different varieties (High THC, High CBD, High CBG and
THC/CBD) were grown at the University of Mississippi. Upon matura-
tion, the buds were harvested and dried using forced hot air. The dried
buds were ground and kept at —20 °C. High THC plant material was used
to isolate A°-THC acid, A°-THC, CBC, CBG, CBG acid and CBN. The high
CBD variety was used to isolate CBD acid, CBD, and CBDV. The purity of
the isolated cannabinoids is more than 95%.

2.1.1. Isolation of A°-THC acid, A°>-THC, CBC, CBG, CBG acid and CBN

The powdered cannabis plant material of high THC variety was
extracted with hexanes, CH5Cly, EtOAc, EtOH, EtOH/H50O (1:1), and
H20 at room temperature. The hexanes extract was dried under reduced
pressure at 40 °C, then chromatographed over silica gel vacuum liquid
chromatography and flash chromatography columns eluted with
gradient EtOAc/hexanes. The column fractions rich in cannabinoids
were purified using semipreparative C,g-HPLC to afford A°-THC acid,
A®-THC, CBC, CBG, CBG acid and CBN [44-46].

2.1.2. Isolation of CBD acid, CBD, and CBDV

Dried High CBD variety cannabis material was extracted with hex-
anes and the dried hexane extract was chromatographed on a silica gel
column chromatography eluted with 2% EtOAc/hexanes. The CBD rich
column fraction was crystallized from hexanes to give pure CBD as white
crystals. CBDA was isolated from the polar column fractions using C18-
solid phase extraction (SPE) and isocratically eluted with 75% Aceto-
nitrile/Water. The CBDV rich column fraction was chromatographed on
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C18-semipreprative HPLC using 73% Acetonitrile/Water to give pure
CBDV as a white powder.

2.1.3. Preparation of A%-THC

A8-THC was prepared by acid catalyzed cyclization of CBD as
following: CBD (40 mg) was dissolved in 5 mL of CH5Cl, and p-toluene-
sulfonic acid (0.4 mg) was added. The mixture was refluxed for 3 h, after
cooling down the reaction mixture was neutralized with 10% sodium
bicarbonate solution. Pure A8-THC (35 mg) was separated as a light
brown oil after the evaporation of the organic layer [47].

2.2. Raman spectroscopy

All experimental spectra presented were collected using a LabRAM
HR Evolution Raman Spectrometer (Horiba Scientific, Kyoto, Japan)
equipped with a charge-coupled device (CCD) camera detector and a
600 grooves/mm diffraction grating. For the spectra presented herein, a
50X LWD objective lens was utilized with a spot size of 64 um2 We
initially employed a variety of objectives for the microRaman studies
and saw little if no differences in spectral features when using different
magnifications, focusing, or sample locations. The samples were excited
using a 532 nm Nd:YAG laser (Oxxius, Lannion, France). With this
instrumental setup, spectral resolution of less than 1 cm™! can be ach-
ieved. Each spectrum was acquired under the following parameters: 50
accumulations, an acquisition time of 2 s, and an aperture size of 100
um. To ensure calibration of the spectrometer, the spectrum of a crys-
talline Si wafer with a known Raman band at 520 cm ™! was recorded
prior to analysis of the samples. The spectra range from 200 to 4000
cm™!, however they are presented here in an abridged form to highlight
the peaks of interest.

2.3. Computational chemistry

Using the Gaussian 16 software suite, the geometry of each molecule
is optimized and the harmonic frequencies are calculated [48]. Due to
the rather large size of the cannabinoids, density functional theory
(DFT) calculations are performed using the M06-2X method [49] and
the aug-cc-pVTZ basis set [50]. The complexity of the molecules pre-
vents a thorough conformational analysis, and it is beyond the scope of
this work to guarantee that all minima were global. To account for
anharmonicity and intermolecular interactions in condensed phases,
these frequencies are subsequently multiplied by an empirically deter-
mined scaling factor of 0.95. Utilizing the calculated harmonic fre-
quencies and Raman activities, Lorentzian profiles are constructed and
summed in order to produce the simulated spectra. As with the experi-
mental spectra, the simulated spectra are abridged to highlight the peaks
of interest.

3. Results and discussion
3.1. CBG pathway — CBGA and CBG

Beginning with CBGA, the cannabinoid from which all others studied
here are derived, a quick comparison of Fig. 2 (experimental Raman
spectrum) with Fig. 3 (simulated spectrum) suggests poor agreement.
One of the clearest differences can be seen in the —~OH stretching region.
Whereas the simulated spectrum predicts three distinct peaks at 3536,
3608, and 3688 cm™ !, which come from the carboxylic ~OH as well as
the two —OH groups present on the terpene ring, the experimental
spectrum shows a single broad.

peak centered at 3705 cm !, This discrepancy likely arises because
the simulated spectrum only accounts for a single molecule in an iso-
lated environment, and as such cannot accurately depict the effects of
inter- and intra-molecular hydrogen bonding, which create a band
broadening effect that obscures two of the peaks. This conclusion is
further supported by the blue shift (increase) in energy of the —-OH
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Fig. 3. Simulated Raman Spectra of CBG Pathway.

vibrational modes in the experimental spectrum as compared to its
simulated (in isolation) counterpart. There is, however, better agree-
ment in the CH stretching region in terms of the Raman shift: the
simulated spectrum predicts the most intense peak at 2899 cm ™!, while
in the experimental spectrum it is located at 2911 cm . Still, only two
peaks are discernable in the experimental spectrum where the simulated
spectrum predicts five. This is most likely due to the oily nature of the
sample, which could cause band broadening as opposed to the calcula-
tions performed in isolation. Like with the functional group region of the
spectrum, the fingerprint region does not demonstrate a high degree of
agreement between experiment and theory. For instance, the simulated
spectrum contains three intense peaks at 1602, 1671, and 1760 em L,
while the experimental spectrum shows one distinct peak at 1622 cm ™!
with a shoulder on the right side. As with the -OH and —CH stretching
regions, the increased rotational freedom inherent in the oily sample
most likely leads to the band broadening witnessed in this region of the
experimental spectrum. Additionally, the intense peak at 1297 cm™!
does not have an immediately clear analog in the simulated spectrum. It
is possible that this band represents the peaks at either 1295 or 1308
em™}, but due to its broadness it is difficult to say which one. While the
rest of the spectrum shows much better agreement between experiment
and theory, overall the agreement is less than ideal.

After thermal decarboxylation, CBGA loses its carboxylic acid moiety
and becomes CBG. Thus, it is expected that the Raman spectrum of CBG
will be very similar to that of CBGA, with the greatest difference

occurring in the —OH stretching region. This expectation is shown to be
accurate in Fig. 3, where in the simulated spectrum, CBG has only two
—OH peaks compared to CBGA’s three. However, the experimental
spectrum depicts a significantly weaker, less broad band compared to
that of CBGA at 3425 cm ™. Since this peak is also red-shifted compared
to the simulated spectrum, it is theorized that CBG does not participate
in hydrogen bonding to the same extent as CBGA, meaning that most of
the hydrogen bonding in CBGA likely occurs through the carboxylic acid
moiety. In the —-CH stretching region, the simulated spectrum closely
resembles that of CBGA. In both, the most intense peak is skewed to-
wards the left side of the band, with roughly the same width and a less
intense peak to the right. The main difference is the narrower and less
intense band for CBG as compared to CBGA. Additionally, better
agreement is seen between experiment and theory in this region for CBG,
where the most intense experimental peak is of comparable width with
the most intense portion blue-shifted and the entirety of the band
slightly redshifted. In this region, a significant increase in peak separa-
tion is seen for the experimental spectrum compared to that of CBGA and
even the simulated spectrum which most likely arises from the crystal-
line nature of the CBG sample as opposed to the liquid, oily nature of the
CBGA sample. Finally, in the fingerprint region, even better agreement
between experiment and theory is seen than is shown in the spectra for
CBGA. Comparing the two compounds’ spectra, there is a noticeable
lack of an intense peak at 1297 cm ™! in the experimental spectrum for
CBG. This peak in CBGA is associated with carbonyl stretching in the
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carboxylic acid group, so differences between the spectra in this region
can be attributed to CBG’s lack of a carbonyl group. Overall, the
agreement between the simulated and experimental spectra is much
better for CBG than for CBGA, with the most notable differences
explained by the loss of the carboxylic acid moiety.

3.2. CBD pathway — CBDA, CBD, CBDVA, and CBDV

Moving on to the CBD biosynthetic pathway, cannabidiolic acid
synthase (CBDAS) converts CBGA and CBGVA into CBDA and CBDVA,
respectively, which are subsequently decarboxylated into CBD and
CBDV, respectively[9]. The experimental and simulated Raman spectra
of these molecules are shown in Figs. 4 and 5, respectively. The simu-
lated spectrum for CBDA possesses three —OH stretching vibration peaks
similar to those of CBGA, the most intense of which is associated with
the -OH group on the carboxylic acid group while the other two
represent other -OH groups. However, one is closer in energy to the -CH
stretching region, which is possibly the result of intramolecular
hydrogen bonding. In the —CH stretching region, the highest-energy,
two-peak band is not present in the simulated spectrum of CBGA, and
the spectrum possesses less separation between the most intense peaks.
These differences are believed to arise from the cyclization of the
terpene tail of CBGA into the monoterpene ring of CBDA. Moving to the
fingerprint region, vibrational modes, specifically those around 1700
cm’l, differ considerably. While the carbonyl (1760 cm™ ) and C=C
(1671 cm™ b stretching modes are well resolved for CBGA, the bands are
much closer in CBDA to the point where they overlap at 1659 cm™..
Additionally, the red shift in energy for the C=C stretching mode in the
terpene tail suggests that the cyclization of the terpene tail stabilizes the
overall molecule, which also potentially explains the red shift in the
carbonyl stretching mode energy.

In the experimental spectrum, higher peak separation and stronger
agreement is seen between experiment and theory for CBDA as opposed
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to CBGA. The greatest difference between the experimental spectra for
CBDA and CBGA is the broad, intense band centered at 3856 em ! in the
spectrum for CBDA, indicating an increase in hydrogen bonding. The
separate —~OH stretching band at 3410 cm ™!, while lower in intensity,
does correspond to the second band seen in the simulated spectrum for
CBDA, with the decrease in intensity indicating less hydrogen bonding
than the band centered at 3856 cm™.. In the —CH stretching region, the
eight resolved peaks in the simulated spectrum become five experi-
mentally, indicating band broadening. While the simulated spectrum
predicts a greater difference between CBDA and CBGA, the experimental
spectrum shows more commonality, mainly in the carbonyl and C—=C
stretching modes but also in the ~CH stretching region to a lesser extent.
The only experimentally verifiable difference between CBDA and CBGA
is the separation in —~OH vibrational modes. While these spectra have the
highest resolution seen in the literature, greater peak separation (mainly
from taking spectra of CBGA in the solid state) could further distinguish
between the two molecules experimentally to match their differences
seen in theory.

CBDA undergoes decarboxylation to form CBD, the simulated spec-
trum of which reveals that the greatest differences between CBDA and
CBD occur in the hydroxyl and carbonyl vibrational modes. The car-
boxylic acid ~OH vibrational mode is not present, the energy difference
between the phenolic ~OH vibrational modes is not as great in CBD as in
CBDA, and the phenolic —-OH vibrational mode nearing the carboxylic
acid group is further from the -CH stretching modes. This last result
indicates that the presence of the carboxylic acid group in CBDA stabi-
lizes this particular mode. Additionally, decarboxylation also results in
the loss of the carbonyl stretching mode, leaving four resolved vibra-
tional modes predicted at 1568, 1611, 1642, and 1683 em™! in the
simulated spectrum of CBD. The first two correspond to two different
breathing modes of the phenol ring, while the other two represent in-
dividual C=C stretching modes. While these modes were present in the
simulated spectrum for CBDA, the carbonyl and two C—=C stretching
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Fig. 4. Experimental Raman Spectra of CBD Pathway.
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Fig. 5. Simulated Raman Spectra of CBD Pathway.

modes were indistinguishable, meaning the loss of the carbonyl group
provided a greater energy difference in the two C—=C stretching modes.
The loss of the carboxylic acid group also cases an increase in intensity in
the ring breathing mode, indicating that the carboxylic acid moiety
hinders this particular motion. Aside from these differences, the
fingerprint region is nearly identical while possessing greater peak in-
tensities. Likewise, in the —CH stretching region, the only major differ-
ence between the two simulated spectra is greater peak separation and
the presence of two additional peaks caused by band splitting not pre-
sent in CBDA.

In the experimental spectra, CBD is shown to have greater peak in-
tensities and less band broadening than that of CBDA. As predicted by
theory, the —~OH stretching modes of CBD are closer in energy, however
unlike CBDA, these modes are red shifted as compared to their simulated
counterparts. Much less band broadening is seen in CBD than CBDA,
with the higher energy —OH stretching mode in particular being a
distinct peak rather than a broad band. While the other ~OH stretch still
possesses some broadening, this decrease in band broadening suggests
significantly fewer hydrogen bonding interactions, at least at the higher
energy —OH group. In the ~CH stretching region, much similarity is seen
between CBD and CBDA, especially with regards to the overall shape and
broad peak in the middle. There is, however, an additional resolved peak
on the left side of the band, however given the increased band broad-
ening of the CBDA spectrum, it is difficult to determine whether this is
present there as well. When compared to theory, band broadening is
shown to cause two peaks to merge into the largest peak seen in this
region. Moving onto the C—C stretching and ring breathing modes, four
peaks are identifiable, compared to three for CBDA. The small peak
around 1680 cm ™! corresponds to a ring breathing mode not present in
CBDA. In CBDA, the larger band possesses a shoulder on the right side,
whereas in CBD this shoulder arises on the left. While simulations pre-
dict that the ring breathing mode will be more intense than the lower
energy C—C stretching mode, experimentally the opposite occurs. In the
rest of the fingerprint region, CBD’s spectrum possesses overall much
more intensity and peak separation than that for CBDA due to the

crystalline nature of the substance.

As mentioned previously, CBDVA was not available for study at the
time of this work. Therefore, comparisons can only be made between the
simulated spectra of CBDVA and CBGA with the caveat that there is no
experimental data to support or disprove such comparisons. It can be
seen from the simulated spectrum in Fig. 5 that many of the spectral
discrepancies between CBGA and CBDA are also present here. The -OH
stretch in closest proximity to the carboxylic acid moiety is similar in
energy to the —CH stretching modes, which is potentially due to internal
hydrogen bonding like in CBDA, although experimental data would be
necessary to prove this. Comparing the —CH stretching regions of CBGA
and CBDVA, these results show that the —-CH stretching modes’ two
highest energy peaks shown in the spectrum for CBDVA are not present
in the spectra for CBGA, there is only one resolved peak to the right of
this band in CBDVA'’s spectrum whereas CBGA’s possesses two, and the
peak shoulder on the left side of the band is lower in energy as well. As
with CBDA, spectral differences potentially arise from the cyclization of
the terpene tail into the monoterpene ring. The effective loss of an ethyl
group in the hydrocarbon tail, and thus several —CH stretching modes,
also potentially contributes to these discrepancies. The clearest pre-
dicted deviation from CBGA besides the —~OH stretching modes occurs in
the region containing carbonyl and C=C stretching modes. Although
both simulated spectra feature four resolved peaks, predicted energies
and intensities differ. For CBDVA as compared to CBGA, the carbonyl
stretching mode undergoes a red shift and an increase in intensity, the
terpenic C=C stretching mode is greater in energy than the carbonyl
stretching mode, and the ring breathing modes’ highest energy peak
undergoes an increase in intensity. All of these spectral differences are
potentially the result of intramolecular hydrogen bonding between the
phenolic ~OH group and the carboxylic acid group that decreases the
energy of the carbonyl stretching mode, however experimental studies
would be necessary to prove this.

CBDVA undergoes decarboxylation to form CBDV, which is shown to
have multiple spectroscopic differences. In the simulated spectra, one
fewer ~OH vibrational mode is seen, and the ~OH vibrational mode close
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in energy to the —CH stretching region in CBDVA undergoes a blue shift
to near the other ~OH vibrational mode in CBDV, indicating that the
carboxylic acid again has a stabilizing effect on this particular mode.
Interestingly, the —CH stretching modes differ more than anticipated,
with the overall ~CH stretching band featuring two peaks to its left while
CBDVA only possesses a mildly intense shoulder. To the right of this
band, the spectrum for CBDVA features two peaks whereas the spectrum
for CBDV shows only one, a discrepancy possibly resulting from the
removal of the carboxylic acid group. The less intense middle band here
only shows one peak for CBDVA while CBDV shows two, and the highest
energy peak for CBDV is not found in the spectrum for CBDVA. In the
absence of the carbonyl stretching mode, the two simulated C=C
stretching modes have a greater energy difference between them, indi-
cating that the removal of the carboxylic acid group also lowers the
energy of the C=C stretching modes, increases the energy difference
between them, and increases the intensity of the higher energy peak.
This removal did not, however, have a noticeable impact on the ring
breathing mode.

These predicted spectroscopic changes were largely verified by the
experimental spectrum of CBDV. As predicted, the ~-OH modes blue
shifted from CBDVA to CBDV, however instead of staying as two indi-
vidual peaks, they combined to form a broad band centered at 3387
cm™), a red shift in energy compared to the simulated CBDV spectrum
possibly caused by hydrogen bonding. Furthermore, the experimental
CH stretching modes of CBDV are more separated than expected from
theory, accentuating the changes in simulated spectra described above.
The experimental spectrum also verified that the higher energy C—=C
stretching mode possesses a greater intensity than its lower energy
counterpart (both of which red shifted compared to the simulated
spectrum), however failed to show increased separation in energy.
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3.3. THC pathway — A°-THCA, A°-THC, A8-THC, and CBN

In this third pathway, CBGA converts to A°>-THCA via THCA syn-
thase. From there, A°>-THCA decarboxylates into A°-THC, which isom-
erizes to A8-THC. Finally, A°-THC oxidizes into CBN. The first step in
this process leads to an effective loss of one OH functional group,
removing a hydrogen so that the oxygen can bond to an additional
carbon group. Experimental and simulated spectra of these species are
shown in Figs. 6 and 7 respectively. The simulated spectrum illustrates
this pathway, as there is a loss of one ~OH vibrational band. The two
remaining are greatly separated, indicating internal hydrogen bonding
between the carbonyl oxygen and hydroxyl group similar to that seen in
the other cannabinoids. However, this result is not observed experi-
mentally, as there are no discernable —OH stretching peaks. Even though
the experimental spectrum is the most resolved data collected for A°-
THCA over multiple attempts with several different samples, the -OH
stretching region of the spectrum remains seemingly unresolved, sug-
gesting that the hydrogen bonding activity of A°-THCA is very strong.

In the —CH stretching region, while both spectra contain six peaks,
the most intense peak is blue shifted while the entire band is red shifted
in the experimental spectrum for A9-THCA as opposed to that of CBGA.
Less peak separation is seen here, however this was not due to the nature
of the sample as the A9-THCA sample was crystalline. The differences
seen here can be attributed to the increase in cyclic rings present in A9-
THCA. While good agreement between experiment and theory is seen in
the —CH stretching region, the fingerprint region does not possess this
quality. From simulation to experiment four peaks (1549, 1596, 1654,
and 1668 cm™1) become three (1593, 1619, and 1663 cm™ 1) due to band
broadening while also experiencing a red shift along with the experi-
mental peak at 1294 cm ™.

Moving on to A9-THC, an expected loss of an —~OH stretch, caused by
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Fig. 6. Experimental Raman Spectra of THC Pathway.
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Fig. 7. Simulated Raman Spectra of THC Pathway.

the loss of the carboxylic acid group, is observed in the simulated
spectrum. This leaves only one blue shifted —OH stretching vibrational
mode, however as is the case with A9-THCA, this peak isn’t observed
experimentally, meaning it is not possible within the scope of this work
to discuss potential hydrogen bonding effects. In the ~CH stretching
region however, higher peak separation is seen, allowing for better
comparison. Three distinct groups of peaks are seen in both the simu-
lated spectra of A>-THCA and A°-THC. A greater separation between the
first and second groups is seen in the simulated spectrum of A’-THC, and
a slight red shift is seen in the second group. The similar appearance of
this spectrum to that of A>-THCA indicates the only change in ~CH
bonding occurs at the site of carboxylic acid loss and subsequent
protonation.

Great similarity between the two simulated spectra occurs in the
fingerprint region. Only minor differences occur, such as an increase in
intensity of the peak at 1420 cm ™! and a merge in the two peaks closest
t0 1700 cm ™! from A®-THCA to A°-THC. The latter reflects the loss of the
C=0 stretching mode due to thermal decarboxylation. However, this
comparison loses its simplicity in the experimental data. Like with A°-
THCA, the peak separation in the red-shifted experimental spectrum is
low compared to the simulated spectrum, so the best comparisons can be
made for spectral data below 1700 cm™". In the simulated spectrum, the
loss of C=0 stretching modes is observed, however the only difference
seen experimentally is a switch in peak intensity, with the lower energy
group being more intense for A°>-THC. The lower peak separation is the
main contributor to these disagreements, however like with A°-THCA,
the data presented here represents the most resolved data after several
attempts with different samples. The lower peak separation is most
likely caused by the inherent instability of the A°~THC molecule.
Because A°-THC degrades relatively quickly when exposed to intense
light and the ambient atmosphere, even given extreme caution in

minimizing ambient light and performing the experiment in haste, it is
possible the sample actively degraded over the course of the long scan
time.

Since the only difference between A° and A®-THC is the position of
the double bond in the monoterpene ring, almost identical spectra are
expected. The simulated spectra support this, with only minor differ-
ences between the two. From A%-THC to A%-THC, an increase in intensity
is seen for the ~CH stretching band at 3010 cm ™. In the group of peaks
just before 1700 cm ™, the highest intensity peak becomes the middle
peak rather than the one with the highest energy. This highest energy
peak corresponds to C—C stretching in the monoterpene ring, while the
middle peak corresponds to aromatic ring breathing in the phenolic ring.
Beyond this, the fingerprint regions and —OH stretching region are
nearly identical in the simulated spectra.

Experimentally, greater peak separation is seen when comparing AS-
THC to A°-THC. Specifically, for the peaks associated with C=C
stretching, the poorly separated peaks for A°-THC become not only
become more separated for A8-THC, but also are in near perfect agree-
ment with the simulated bands, possibly resulting from the change in
double bond position: the experimental values are 1581, 1622, and
1676 cm’l, while the simulated values are 1566, 1610, 1678 em L.
Compared to the simulated spectrum, however, imperfections can be
seen. In the —CH stretching band, eight peaks can be seen in the simu-
lated spectrum compared to only six in the experimental spectrum. As
with the other cannabinoids, the hydrocarbon tail bound to the phenolic
ring can rotate independently of the rest of the molecule, potentially
causing band broadening due to increased rotational freedom. The
broadness of the —~OH vibrational band with a maximum intensity at
3424 cm ™! indicates the presence of hydrogen bonding, however the red
shift (as compared to theory) and low intensity indicates the extent of
these interactions is small. Due to the low peak separation of A°-THC’s
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experimental spectrum, no true comparison can be made here.

A°-THC and A8-THC oxidize to form CBN, resulting in increased
aromaticity of the monoterpene ring. The simulated spectrum of CBN
shows major differences between the three simulated spectra in the C=C
stretching and ring breathing modes. However, these modes don’t
possess great peak separation in CBN unlike AS-THC. Instead, one major
peak arises at 1600 cm ™~ with a barely resolved shoulder on the left side,
indicating that ring breathing in the second aromatic ring replaces the
individual C=C stretching mode, creating one singular intense peak. In
the —CH stretching region, the first peak in the overall band is narrower
and the first two peaks are less resolved due to the removal of four hy-
drogens during oxidation. In the —OH stretching mode, much similarity
is seen, including minimal difference in Raman shift and similar
intensities.

The experimental spectrum for CBN reveals an overall good agree-
ment between experiment and theory. In fact, increased peak separation
is seen in the experimental spectrum. Intense peaks at 1610 and 1270
em ™! both blue shift and split into two distinct peaks, along with many
others in the fingerprint region. Unlike the other cannabinoid experi-
mental spectra, this high peak separation extends into the —-CH stretch-
ing region, even if there is some broadening of the overall band. Further
divergence from theory is seen in the ~OH stretching region. Where the
simulated spectrum shows a narrow band with one peak, the experi-
mental spectrum features a red-shifted broad band with two peaks. A red
shift this large could potentially indicate fewer hydrogen bonding in-
teractions, however other inter- or intramolecular interactions could be
responsible. Additionally, the splitting of the peak suggests Fermi
resonance which is typically not well predicted with computational
methods.

3.4. CBC pathway — CBCA and CBC

Since CBCA was not available for study, comparisons can only be
made between the simulated spectra of CBCA and CBGA. Experimental
and simulated spectra are shown in Figs. 8 and 9 for these products. In
the -OH stretching region, these spectra show two —-OH vibrational
modes for CBCA versus CBGA’s three. Like the other first derivatives
before it, the phenolic ~OH vibrational mode for CBCA is closer in en-
ergy to the —CH modes, again likely due to the orientation of the
phenolic -OH close to the carbonyl oxygen which leads to intra-
molecular hydrogen bonding and the stabilization of this particular
vibrational mode. In the ~CH stretching region, only minor spectro-
scopic changes are expected. A new three-peak band between the ~-CH
modes and the phenolic -OH mode presents itself, and decreased peak
separation is seen for the principal peak in this region, again possibly
arising from increased cyclization. In the C=C and ring breathing
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Fig. 9. Experimental Raman Spectra of CBC Pathway.

region, clear differences between CBGA and CBCA arise. The ring
breathing mode sees an increase in intensity, the carbonyl stretching
mode undergoes a red shift, and five resolved peaks are present as
opposed to CBGA’s four. Here, different functional groups adjacent to
these C=C bonds in the terpene tail create increased peak separation
when contrasted with CBGA’s similar groups.

Finally, with regards to CBC, very good agreement between experi-
ment and theory is seen that validates some discrepancies seen in the
simulated spectrum for CBCA. Comparing the simulated spectra of CBC
and CBCA, it is first seen that CBC possesses only one —OH vibrational
mode compared to CBCA’s two, which is expected due to the decar-
boxylation that turns CBCA into CBC. This removal of the carboxylic
acid moiety also causes a blue shift in this mode, again suggesting that
the carboxylic acid group stabilizes the phenolic ~OH vibrational mode.
In the —CH stretching modes, no drastic change is observed, which is
expected due to the structural similarity between CBCA and CBC. The
only notable differences occur in the two bands of higher energy than
the most intense of the bunch, where the less energetic has three
resolved peaks in CBC compared to two in CBCA and the more energetic
has three in CBC and two in CBCA. Like before, this is most likely due to
the increase in —CH functional groups due to protonation at the site of
decarboxylation. In the fingerprint region, four peaks are observed for
CBC in the carbonyl, C=C, and ring breathing region as opposed to
CBCA’s five. Unlike with the other cannabinoids, no appreciable effect
on intensity and energy is seen for the C—=C modes due to decarboxyl-
ation, however all major changes occur in the ring breathing modes,
with the lower energy mode decreasing in intensity while its more

CBC
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Fig. 8. Experimental Raman Spectra of CBC Pathway.
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energetic counterpart increases in intensity.

The experimental spectrum of CBC validates the vast majority of
these computational results. In the fingerprint region, the higher energy
C=C and lower energy ring breathing modes are of comparable energy
and intensity to their simulated analogs, with the only major discrep-
ancy being a much smaller energy gap, and thus less peak separation,
between the two. In the —CH stretching region, some spectral differences
can be identified. In the experimental spectrum, the most intense peak in
the band has two distinguishable shoulders on the left side, whereas the
simulated spectra for CBC and CBCA showcase only one. This is poten-
tially caused by a higher observed intensity in the peak located to the
right of this most intense band, but due to the broadness of this exper-
imental mode, the causality is difficult to discern. Furthermore, the band
located at 3052 cm™! in the experimental spectrum only has one
resolved peak, whereas the simulated spectra for CBC and CBCA have
two and three, respectively. The middle band in this region is clearly
resolved in the simulated spectrum of CBC, however it remains difficult
to resolve experimentally. Finally, in the ~OH stretching region, the
spectral data is extremely difficult to resolve. It is possible that like with
A8-THC, this the band is extremely broad and weak, but instrumental
noise could also be the cause. If it is indeed a band, the extreme
broadness would indicate major hydrogen bonding interactions. Due to
the lack of experimental data for CBCA, it is unknown how the vibra-
tional modes in each of these regions would compare to that of CBC,
however it is theorized that the —OH stretching band possibly seen here
would possess a much greater intensity and energy.

4. Conclusions

The data presented in this work represents the most resolved
experimental and highest level simulated spectra available to date for
each cannabinoid. The derivatives of CBGA often display higher peak
separation in the experimental spectra than CBGA itself, which is most
likely attributable to physical composition of the samples. The overall
agreement between the experimental and simulated spectra is good,
however for certain vibrational modes, especially those in the -OH
stretching region, deviations are observed most likely due to hydrogen
bonding. That being said, the most evident spectroscopic changes are
observed in this region, especially when transitioning from an acidic to a
decarboxylated cannabinoid, making the OH stretching region a good
probe for decarboxylation reactions. Although not as evident, spectro-
scopic differences are also identified in the C=C stretching and ring
breathing modes, mostly occurring from the loss of a C=0 stretching
mode due to decarboxylation.

Future work should investigate hydrogen bonding interactions in the
acidic cannabinoids, especially the possibility of internal hydrogen
bonding between the phenolic OH and carbonyl oxygen, and how it
affects the vibrational energy levels. Finally, further computational
studies could investigate the different isomeric forms for each canna-
binoid to determine if there is an appreciable difference in their simu-
lated spectra.
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