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Abstract: Many molecular drugs exist as liquid materials, however 
this state is not necessarily the most viable or stable means to store 
pharmaceuticals. Crystal engineering can be utilized to isolate these 
liquid materials in the solid state. Herein, we describe the liquid-
state to solid-state transformation of one of the most widely 
consumed liquid alkaloid drugs; nicotine. Nicotine is known to be 
highly unstable with a multitude of degradation pathways. To 
isolate nicotine in the solid-state, crystallization was utilized  with 
the generally recognized as safe (GRAS) salt former orotic acid. The 
melting point of the isolated crystalline salt was determined along 
with the photo-stabilizing effects the solid state offers for liquid 
pharmaceuticals such as nicotine.

Introduction

In drug design, the solid-state is often targeted during 
development for active pharmaceutical ingredients (APIs) due in part 
to its relative stability over other forms, such as the liquid-state.1 
Liquid and solution-based APIs tend to be less stable at ambient 
conditions, with a range of degradation modes that prove 
troublesome for handling and storage. One such mode of 
degradation arises from ambient oxygen exposure that can oxidize 
molecules, such as propofol.2 As such, propofol formulation  has 
been investigated to isolate this liquid anaesthetic into the solid-
state, as it is on the WHO Model List of Essential Medicines.3, 4

Many pharmaceuticals are known to exhibit sensitivity or 
degradation upon light exposure, including numerous solution-based 
drugs such as doxycycline hyclate and ephedrine sulfate.5 Both of 
these drugs have special storage conditions, including amber vials 
and instructions to store away from light to prevent 
photodegredation.6

Characterized as an oily pale-yellow liquid, with a density akin 
to that of water, nicotine is a small organic compound that has 
notoriety across the globe due to being the API in tobacco products. 
Pure liquid nicotine is, however, plagued by degradation issues. 
Similar to the previously described APIs, nicotine is known to 
decompose upon exposure to light or air into oxynicotine, nicotinic 
acid and methylene.7, 8 Degradation products such as nicotinic acid 
pose relatively little harm, while others such as the reactive diradical 
methylene possess the ability and reactivity to cause further 
unwanted downstream interactions.9

In addition to the issues nicotine faces as a pure liquid 
compound, salt formulations that are currently available have a 
range of issues also associated with them. Currently the most 
popular nicotine salt, nicotinium benzoate: a liquid formulation, is 
used with a cocktail of other chemicals such as carrier fluids and 
additives. These compounds have shown to form significant levels of 
benzene, a known carcinogen, when used in conjunction with widely 
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Figure 1: Chemical structures of the API nicotine (left) and 
the salt former orotic acid (right).
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available electronic delivery systems.10 Crystallization offers the 
opportunity to isolate nicotine as a salt or co-crystal, thereby 
eliminating the requirement of carrier fluids or other additives.  

As such, solid-state nicotine formulation has started to garner 
both academic and industrial interest.11-16 Through the utilization of 
crystal engineering, it has been demonstrated that nicotine can be 
isolated in the solid-state crystalline form.17 The crystalline solids 
isolated by Capucci et al. are not suitable for human consumption; 
however, as they contain coformers that are heavily halogenated or 
otherwise unsafe. Crystal engineering with coformers or salt formers 
that are suitable for human consumption presents an opportunity to 
isolate nicotine co-crystals and salts with improved degradation 
properties and potentially tune other properties of interest through 
the coformer or salt former selection.

To select a salt former suitable for this task, food safe, flavor 
additive, and generally recognized as safe (GRAS) coformers and salt 
formers were inspected.18-21 GRAS substances are compounds that 
the US FDA has tested and affirmed as being safe for human 
consumption.22, 23 Previously, malic acids were investigated for their 
ability to isolate nicotine in the solid-state through crystal 
engineering.24 In this work, orotic acid, formerly known as vitamin 
B13, was selected as the salt former of interest.24 Orotic acid is a 
naturally occurring compound that is often used as a supplement and 
may possess health benefits, such as improved heart health.25 As salt 
formation is targeted in this work, the large ΔpKa of 5.19 was 
successfully predicted to promote the necessary proton transfer 
between the orotic acid (pKa = 2.83) and basic nicotine (pKa = 8.02), 
according to the pKa rule often observed for acid-base crystalline 
complexes.26 

Results and Discussion

Nicotinium Orotate Structural Characterization

When nicotine and orotic acid in a 1:1 stoichiometric 
ratio underwent slow evaporation from water, single crystals 
were formed containing a hydrated 1:1 ratio of nicotinium and 
orotate, with the salt crystalizing in the orthorhombic 
spacegroup P2221.  (Figure 2). Within the asymmetric unit of the 
salt, the oxygen atom of the water molecule was found to reside 
on a special position, a C2 rotation axis parallel to [010]. Thus, 
the water molecule oxygen only contributes half site occupancy 
to the asymmetric unit, making this salt a hemihydrate. 

Formation of the salt was confirmed through refinement 
and analysis of the crystal structure. After refinement of 
heavy atoms, the Fourier differences map revealed a q-peak 
approximately 0.9 Å from N2 in the direction of O2 
consistent with protonation of N2. The C11-O1 and C11-O2 
bond lengths were determined to be nearly identical at 1.24 
Å and 1.26 Å, respectively, indicating the acid group is 
deprotonated to give the corresponding carboxylate. 

Figure 3: A single sheet of (S)-nicotinium orotate hemihydrate with bonding interaction motifs depicted. Hydrogen bonding 
interactions are highlighted via dashed red and blue lines. Atom colors: oxygen (red), nitrogen (blue), carbon (grey), hydrogen 
(white).

Figure 2: Asymmetric unit of (S)-nicotinium orotate 
hemihydrate. Atom colors: oxygen (red), nitrogen (blue), 
carbon (grey), hydrogen (white). Hydrogen bond 
interactions highlighted in red dashed lines.
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Nicotinium orotate hemihydrate contains a number of unique 
hydrogen bonding interactions including orotate-orotate, orotate-
nicotinum, and orotate-water interactions. The water molecule, 
which resides on a C2-axis, forms  interactions, with two 𝐷2

2(5)
symmetry equivalent hydrogen bonds to orotate with a distance 
between the ketone oxygen of the orotate and the oxygen of the 
water molecule of 2.798(3) Å. Intermolecular hydrogen bonding was 

observed between the carboxylate of the orotate and pyrrolidyl 
group on the nicotinium. This D motif hydrogen bonding interaction 
exhibited a distance of 2.758(4) Å  between heteroatoms (Figure 3). 

Two symmetry related orotate anions form an  𝑅2
2(10)

hydrogen bonding interaction. This ring is formed by a pair of 
2.950(4) Å N-H---O type hydrogen bonding interactions (Figure 

Interacting Atoms
(D—H···A) D—H Distance (Å) H···A Distance (Å) D···A Distance (Å) D—H···A Angle (°)

C13—H13···O1ii 0.95 2.17 3.070 (4) 158
C5—H5···O3iii 0.95 2.65 3.338 (4) 130

C9—H9A···O1iv 0.99 2.40 3.085 (4) 126
C10—H10C···O3 0.98 2.33 3.185 (5) 146
C8—H8B···O1v 0.99 2.61 3.297 (5) 127
C7—H7B···O3vi 0.99 2.66 3.245 (5) 118
N4—H4···N1iii 0.89 (4) 1.98 (4) 2.860 (4) 170 (3)
N2—H2···O1iv 0.83 (4) 2.60 (4) 3.092 (4) 119 (3)
N2—H2···O2iv 0.83 (4) 1.93 (4) 2.758 (4) 172 (4)

N3—H3A···O2iv 1.02 (4) 1.96 (4) 2.950 (4) 166 (4)
O5—H5A···O4vii 0.86 (4) 1.97 (4) 2.798 (3) 163 (4)

Symmetry codes: (ii) x, −y+2, −z+1; (iii) −x+1, y, −z+1/2; (iv) x, −y+1, −z+1; (v) x−1, −y+1, −z+1; (vi) x−1, y, z; (vii) x−1, y−1, z.

Table 1: Hydrogen bond distances and geometries for (S)-nicotinium orotate hemihydrate with associated ESDs.

Figure 4: Diagram of edge-on view of hydrogen bonded ac-plane highlighting stacking of layers along [010]. Hydrogen 
bonding interactions highlighted via dashed blue lines. Atom colors in the middle sheet: oxygen (red), nitrogen (blue), 
carbon (grey), hydrogen (white). Atom colors in the bottom sheet are blue. Atom colors in the top sheet are green.
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3). The secondary amine that is para to the carboxyl group of 
the orotate interacts with a neighboring orotate carboxyl 
oxygen. Details of the hydrogen bonding interactions are 

presented in Table 1. This complex array of interactions forms 
layers that run along [100] and then stack through Van der 
Waals interactions along [010] (Figure 4)

Figure 5: 2-D fingerprint plots of the (S)-nicotinium orotate hemihydrate salt. Interaction type and fraction relative to total is 
indicated in the lower portion of each image.
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Hirshfeld Surface Analysis & Comparison

Hirshfeld surfaces remain an important tool for 
characterizing intermolecular interactions, including 
electrostatic potential, shape index and curvature, or dnorm, in  
crystalline systems.27-29 The quantification of these properties 
provides insight into the nature and abundance of interactions 
within the lattice that is useful in understanding the interaction 
environment of an API and as such prove useful in designing 
future materials with the API.30 The Hirshfeld surfaces are 
provided as video files in the ESI.
 

The interaction environment of (S)-nicotinium was analyzed 
for the orotate salt described herein, and several previously 
reported nicotinium malate salts to enable direct comparisons 
across these related systems. Nine types of interactions were 
observed in the novel salt described herein. Of these, 52.8% 
were H-H type interactions, 25.8% were O-H/H-O type 
interactions, 7.4% were C-H/H-C type interactions, 6.4% were 
N-H/H-N type interactions, 3.0% were C-N/N-C type 
interactions, 2.8% were C-C type interactions, 1.2% were C-
O/O-C type interactions, 0.4% were N-N type interactions, and 
lastly 0.2% were N-O/O-N type interactions (Figure 5). 

As observed in Figure 5, there are three distinct spikes 
observed in the short interaction region of the fingerprint plots. 
Numerous H-H interactions occur between the nicotinium and 
surrounding orotate, water and adjacent nicotinium molecules 
and are responsible for the center spike located at 
approximately 1.1 Å di × 1.1 Å de. A larger spike located at 0.7 Å 
di × 1.1 Å de corresponds to O-H/H-O interactions arising from 
short contacts between oxygen atoms on the orotate anion and 

pyrrolidinium and methyl group protons. In addition, a close 
interaction is observed between the nicotinium and a ketone 
from the adjacent salt former. The third observed large spike 
that peaks around 1.1 Å di × 0.7 Å de corresponds to the N-H/H-
N interactions that are present. The shortest N-H/H-N 
interaction occurs at the pyridine ring of the nicotinium, 
wherein a hydrogen bonding interaction occurs between the 
nitrogen and amine from an adjacent orotate molecule. The C-
H/H-C interactions are represented by a significant portion 
towards the center of the fingerprint. These interactions while 
present in abundance, do not show interactions as short as the 
other types discussed above as they are distributed around the 
edges of the nicotinium ring systems that are present. 

In order to compare the interaction environment of the 
orotate salt to the malate salts, Hirshfeld surfaces and 
fingerprint plots were created using the CIF files available  on 
the Cambridge Structural Database (REF codes: QAXQOZ, 
QAXQOZ01, QAXQOZ02, and QAXRAM). Surfaces based upon 
dnorm, the distance between the inner molecule of interest (di) 
and the outer exterior molecules (de), with respect to the Van 
der Waals radii, for the malate family of nicotine salts are 
presented in Figures S16-S19. Red and blue regions correspond 
to shorter and longer distances between the nuclei, 
respectively. 

Figure 6 illustrates the percentage of each interactions type 
present in the malate family of salts as well as the orotate salt 
described herein. The four most abundant interaction types are 
conserved for these salts.  Across all malate salts and nicotinium 
orotate salt, the most abundant interactions type was H-H 
interactions, followed by H-O/O-H type interactions, then C-
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Figure 6: Interaction types and percentages for the nicotinium orotate salt described herein in comparison to the family of 
malate salts that has previously been synthesized. All percentages were acquired through Hirshfeld surface calculations 
using Crystal Explorer 17.5.
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H/H-C type interactions and lastly N-H/H-N type interactions. 
The malate salts possessed a range of 50.8% - 52.9% for H-H 
interactions and the orotate salt also fell within that range with 
52.8% of interactions present being H-H type. Likewise, the 
nicotinium in the orotate salt possessed a similar abundance of 
H-O/O-H type interactions (25.8%) when compared to the 
nicotinium in the malate salts (24.5% - 25.4%). The C-H/H-C type 
interactions present around the nicotinium in the orotate salt 
accounted for 7.4% of the total interactions, only slightly lower 
than the range of C-H/H-C interactions present around the 
nicotinium in the malate salts (9.4% - 12.7%). A similar result 
was observed when comparing the N-H/H-N type interactions 
as the orotate salt’s nicotinium moiety possessed 6.4% of the 
total interactions which were present, while the nicotinium 
molecules in the malate salts had a slightly higher range of 
10.1% - 10.7%. Additionally, the orotate salt described herein 
possesses several interactions not found in the malate salts, 
notably N-N and C-C, ostensibly due to the planar geometry of 
the heterocyclic salt former.

Thermal Characterization

As observed in the nicotinium malate salts, each salt possesses 
unique thermal properties, even among polymorphs and similar salts 
created using only different enantiomers.24 Understanding the 
thermal properties of such crystalline systems can be useful in 
rationally designing and engineering similar materials in the future.31 
The melting point was determined by a digital melting point 
apparatus, as well as by differential scanning calorimetry (DSC). Upon 
heating to approximately 135 °C, nicotinium orotate hemihydrate 

melts into an amorphous material similar to other previously 
reported salts.17, 24 The salt had an observable melting point range of 
132 ℃ - 135 ℃ on the digital melting point apparatus, while an 
endothermic peak was observed at 135.5 ℃ via DSC. The enthalpy of 
fusion ( ) was determined to be 26.24 kJ/mol (Table 2). 𝛥𝐻°

𝑓𝑢𝑠𝑖𝑜𝑛

In the nicotinium malate salts, melting points determined via 
differential scanning calorimetry were observed as ranging from 93.4 
℃ - 122.2 ℃, with enthalpies of fusion ranging from 11.22 kJ mol-1 to 
18.62 kJ mol-1.24 Meanwhile, the nicotine co-crystals possessed 
melting points ranging between 54 ℃ to 92 ℃, with  values 𝛥𝐻°

𝑓𝑢𝑠𝑖𝑜𝑛

ranging from 24.3 kJ/mol to 37.9 kJ/mol. Nicotinium orotate 
hemihydrate has a higher melting point than any of the four 
nicotinium malate salts as well as the nicotine containing co-crystals. 
The enthalpy of fusion of the nicotinum orotate salt is larger than 
that of any of the previously reported nicotine salts, yet remains 
lower than some nicotine-containing co-crystals. The higher melting 
point and enthalpy of fusion, relative to other nicotine salts, is likely 
due to the extensive hydrogen bonding network found in the 
nicotinium orotate salt. 

Stuart 
SMP10 
Melting 
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Endother
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Melting 
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 𝜟𝑯°
𝒇𝒖𝒔𝒊𝒐𝒏

(J/g)
 𝜟𝑯°

𝒇𝒖𝒔𝒊𝒐𝒏
(kJ mol-1)

 𝜟𝑺°
𝒇𝒖𝒔𝒊𝒐𝒏

(kJ mol-1 
K-1)

132-135 135.5 80.16 26.24 6.421×10-2
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Figure 7: Differential scanning calorimetry data showing two scans of the orotate salt with exothermic processes having 
positive heat flow. The first scan is depicted with a solid blue line and the second scan is shown with a dashed red line. An 
endothermic transition associated with melting is observable in the first scan, while the second scan depicts no distinct or 
discernible thermal events.

Table 2: Thermodynamic properties of nicotinium orotate 
hemihydrate.
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As a measure of performance, the resulting salt melting points 
were compared to the orotic acid melting point (Tm), with the 
difference being reported as ΔTm. This is done in a similar fashion to 
the previously reported halogenated nicotine cocrystals by Capucci 
et al. and similarly to the nicotinium malate salts. The salt reported 
herein exhibits an increased ΔTm between the non-API salt former 
and the resulting crystalline material compared to previous reports. 
Orotic acid has a melting point that is not yet reported by NIST and 
as such a DSC scan was utilized to determine the endothermic 
transition corresponding to the melting point of orotic acid (Figure 
S15) . This value was determined to be 350.9 ℃ and was thusly 
utilized in the ΔTm calculation. Subsequently, nicotinium orotate 
hemihydrate was found to possess a ΔTm value of 215.4 ℃; the 
highest reported value so far in literature. Such a large ΔTm value is 
significantly different from other nicotine salts and co-crystals; for 

example, the nicotinium malate salts exhibited ΔTm values 
ranging between 5.0 ℃ and 33.8 ℃, while the halogenated nicotine 
co-crystals were shown to possess a ΔTm range of 55 ℃ to 78 ℃. 
However, like previous crystalline systems, orotic acid stabilized 

nicotine from its -79 ℃ melting point to a much greater melting 
point. 

UV Photodegradation Testing

Pure liquid (S)-nicotine in its freebase form is known to 
degrade upon exposure to light, air, and moisture.32 Upon 
ultraviolet (UV) light exposure nicotine undergoes 
decomposition into an oxidized form of nicotine known as 
nicotine N-oxide, nicotinic acid (vitamin B3), and 
methylamine.33 The crystalline-state offers the potential to 
reduce the formation of such degradation products by 
restricting molecular motion of the API and reducing of the rate 
of molecular oxygen diffusion. Thus, the crystallization of 
nicotine provides an effective means of isolating and stabilizing 
nicotine compared to the pure liquid form. Such stability ought 
to improve the shelf life and storage conditions required for 
nicotine.

The photostability of the synthesized salt was assessed by 
placing a sample in a UV photoreactor for 24 hours. Following 
irradiation, a representative portion of the sample (10 mg) was 
collected for analysis via 1H-NMR spectroscopy. The spectrum 

Figure 8: 1H-NMR spectra of dimethyl sulfoxide-d6 (DMSO-d6) solutions of (S)-nicotinium orotate hemihydrate prepared 
from samples in which the crystalline phase received either no UV irradiation (upper) or 24 hours of UV irradiation (lower). 
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acquired after irradiation was compared to a spectrum from a 
sample collected prior to irradiation and analyzed to assess the 
extent of light-induced degradation. Pure nicotine as well as the 
orotic acid salt former were tested to establish controls for the 
salt former and the API.

The salt former, orotic acid, showed no detectable 
degradation after irradiation, whereas a sample of (S)-nicotine 
did exhibit many new peaks confirming that the neat API 
undergoes degradation when exposed to a UV light source. The 
pre- and post-irradiation spectra of nicotinium orotate 
hemihydrate were virtually identical indicating no detectable 
decomposition had occurred (Figure 8). The results are 
consistent with similar experiments involving nicotinium malate 
salts in which no detectable degradation was observed after the 
completion of 24 hours of UV irradiation. Thus, the synthesis of 
nicotine salts appears to be a remarkably general approach for 
preventing photodriven degradation.

Conclusions
When (S)-nicotine is combined with orotic acid, the resulting 

salt forms a hemihydrate with the oxygen atoms of the waters 
residing on C2 rotation axes. The structure exhibits a complex 
hydrogen bonding network of discrete and ring-type graph sets 
form layers that run along [100] and then stack through Van der 
Waals interactions along [010]. The orotate salt possesses a 
melting point of 135.5 ℃ which corresponds to a ΔTm value of 
215.4 ℃, the highest ΔTm value for a nicotine co-crystal or salt 
reported thus far.

Similar to other nicotine salts, the orotate salt exhibited no 
degradation after 24 hours of UV irradiation. Thus the 
crystallization of nicotine appears to be a highly effective means 
of producing nicotine-based materials with improved resistance 
to photodegradation whilst also providing the ability to 
generate materials with tunable thermal properties which is 
critical for real-world applications. That the crystal engineering 
may be performed with salt-formers that are food additives or 
GRAS compounds, and thermally degrade into safe by-products, 
represents an important step in the production of safer nicotine 
products.

Experimental
Materials

(S)-nicotine (98%) and orotic acid (97%) were each purchased 
from Alfa Aesar. Anhydrous absolute ethanol (200 proof, ACS-
grade) was purchased from Pharmco by Greenfield Global. 
Dimethyl sulfoxide-D6 (D, 99.9%) and Methanol-D4 (D, 99.8%) 
were purchased from Cambridge Isotope Laboratories, Inc. 
Deionized water was obtained through the use of an in-house 7 
stage reverse osmosis system.

Salt Synthesis

(S)-nicotinium orotate hemihydrate was synthesized using a 
modified slow evaporation set up. Orotic acid (3.1340 g, 20 
mmol) was added to a 1 L beaker containing 850 mL of boiling 
DI water. The mixture was stirred for 1 hour to allow for full 
dissolution of the salt former. The solution was removed from 
heat and allowed to cool, after which (S)-nicotine (3.2 mL, 20 
mmol) was added in the dark to avoid any potential 
degradation. The solution was evaporated with air being blown 
across the solvent to accelerate evaporation. After about 2 
days, the resulting slurry, was rinsed with absolute ethanol and 
collected via vacuum filtration. The crude material was dried via 
vacuum on a Schlenk line yielding a powdery crystalline product 
(6.3769 g, 97.41 % yield). 

Single Crystal X-ray Diffraction (SC-XRD) 

X-ray diffraction data was collected using a Bruker SMART APEX-
II CCD diffractometer installed at a rotating anode source 
(MoKα radiation, λ = 0.71073 Å) and equipped with an Oxford 
Cryosystems (Cryostream700) nitrogen gas-flow apparatus. 
Five sets of data (360 frames each) were collected by the 
rotation method with 0.5° frame-width (ω scans) with 2.0 
second exposure times for the single crystalline sample. The 
sample was run at 90 K. Using Olex2, the structure was solved 
with intrinsic phasing via the ShelXT structure solution program 
and refined with the ShelXL software suite using least squares 
minimization.34-36 Images of the structures were created using 
Olex2 and the Mercury 4.0 2021.2.0 visualization and analysis 
of crystal structures software suite.37 Absolute configuration 
was assigned based upon the stereochemistry of the API (S)-
nicotine. The flack parameter was removed in accordance with 
IUCr standards for reporting a structure in which the absolute 
configuration is assigned based upon a known reference 
molecule, which in this structure is (S)-nicotine.

Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction data was collected using a Rigaku 
Ultima IV X-ray Diffraction (XRD) System equipped with 
standard attachment (CuKα radiation, λ = 1.54 Å). Data 
collection was done over the 2θ range from 2° to 45° utilizing a 
0.02° incremental step. A scanning speed of 5° per minute was 
utilized. Slit Heights were set as follows: divergence slit: 2/3°; 
divergence height limiting slit: 10mm; scattering slit: 2/3°; 
receiving slit: 0.3mm. PXRD patterns were simulated using the 
Mercury 4.0 2021.2.0 visualization and analysis of crystal 
structures software suite.37 A 0.02° was utilized for the 
simulated PXRD pattern along with a full width half max of 0.1.
Crystal Melting Points 

A Stuart SMP10 melting point apparatus was utilized to 
measure the melting point of the synthesized compounds. 4 
replicates were run for the salt.

Differential Scanning Calorimetry 
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A differential scanning calorimeter, model DSC Q200 (TA 
Instrument, USA) was used to measure the thermal transitions 
of the sample. About 10 mg of the synthesized compound was 
placed into an aluminium pan and sealed. The salt was scanned 
from 0 °C to above the melting point observed on the Stuart 
SMP10 at 20 °C/min under argon and nitrogen flow (10 mL/min. 
each) for 2 full cycles. Enthalpy of fusion was computed from 
the integrated area under the curve and the entropy of fusion 
computed by applying Gibbs’ free energy in accordance with 
equilibrium between the solid and liquid state being achieved 
at the fusion point. A simple DSC scan of the salt former orotic 
acid was done from 0 ℃ to 410 ℃ to assess the endothermic 
melting transition temperature utilizing parameters similar to 
the salt. 

UV Photodegradation 

NMR analysis was done on a representative sample of the salt 
former orotic acid, (S)-nicotine, and the synthesized (S)-
nicotinium orotate hemihydrate salt. Each sample was then 
irradiated with ultraviolet (UV) light in a home built vented box 
with air flow for 24 hours using four Southern New England 
Ultraviolet Company RPR – 3000A UV bulbs (λ = 300 nm). NMR 
analysis was then carried out on each sample to screen for any 
UV photodegradation of products.

Nuclear Magnetic Resonance (NMR)

NMR analysis was run on a Varian Inova-400 broadband 
spectrometer (400 MHz), using the deuterated solvent 
appropriately labelled in each spectrum. Spectra were 
normalized to an intensity of 100. 80 transients were run on 
each UV stress tested sample.

Hirshfeld Surface Analysis

The Hirshfeld surface of (S)-nicotinium orotate hemihydrate 
and the previously synthesized nicotinium malate salts was 
generated using Crystal Explorer 17.5.38 For all salts the dnorm 
surface was mapped using the color scale with the range −0.050 
a.u. (red) to 0.600 a.u. (blue). In addition, 2-D fingerprint plots 
were generated as the outer nuclei (de) versus the inner nuclei 
(di) using an expanded interaction distance ranging from 0.6 Å 
to 2.8 Å.
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