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Abstract

Tobacco products generally contain tobacco-derived nicotine (TDN; having ~99+% (S)-(−)-

nicotine). Recent United States regulation has led some producers to transition to synthetic 

(“tobacco-free”) nicotine. For example, Puff Bar is now marketed with tobacco-free nicotine 

(TFN; presumed to be racemic). To evaluate the claim that these new products contain TFN, 

we evaluated the presence of the two nicotine optical isomers by 1H NMR spectroscopy, 

polarimetry, and gas chromatography–mass spectrometry. Older Puff Bars were found to contain 

(S)-(−)-nicotine, and newer “TFN” Puff Bars were found to contain both (R)-(+) and (S)-(−) 

isomers—indicating TFN, albeit with slightly more of the (S)-(−)-nicotine form.
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Nicotine has been primarily obtained by extraction from the tobacco plant (Nicotiana 
tabacum), although e-cigarette brands such as Puff Bar claim to have transitioned to 

synthetic nicotine.1 Nicotine extracted from the tobacco plant is almost entirely in the (S)-

(−)-nicotine form.2 Synthetic nicotine would generally contain both isomers: (R)-(+)- and 

(S)-(−)-nicotine, produced in equal quantities during synthesis giving the racemic mixture. 

While it is possible to separate the (R)-(+) and (S)-(−) forms or produce enrichment of 

the desired enantiomer by chiral synthesis, this would add considerably to the cost, and 

so to our knowledge this is not generally done. It has been reported that (S)-(−)-nicotine 

is more toxic than (R)-(+)-nicotine in multiple species and can produce differing degrees 

of side effects.3,4 The racemic (R,S)-(±)-nicotine mixture has been reported to be more 

toxic than (R)-(+)-nicotine.4 The two nicotine isomers have also been reported to induce 

different levels of acetylcholinesterase inhibition, with (R)-(+)-nicotine being more potent.5 

The binding affinities of the two nicotine isomers to nicotinic acetylcholine receptors 

have been estimated to differ by 10-fold, where (S)-(−)-nicotine has the greater affinity.6 

Further, nicotine consumers (i.e., of cigarettes) titrate their nicotine dose to induce satiety.7 

E-cigarette consumers have been found to increase their vaping when provided with lower 

nicotine concentration products compared to higher nicotine concentration products.8 Much 

of this work regarding consumer nicotine titration behavior has been based on natural 

nicotine, which is primarily the (S)-(−) form. The effects of the shift from primarily (S)-(−)-

nicotine consumption toward mixed (R,S)-(±)-nicotine consumption in e-liquids on human 

health and behavior are not fully understood and warrant further study.

Hellinghausen et al. (2017) reported that a small selection of tobacco-free nicotine (TFN) e-

liquids available at the time contained 50/50 (S)-(−)-nicotine and (R)-(+)-nicotine.9 Herein, 

we use measurements of the relative content of the (R)-(+)- and (S)-(−)-isomers of nicotine 

to evaluate the recent claim by Puff Bar that their latest disposable e-cigarette products 

contain TFN, as well as to compare the currently available Puff Bars with their previously 

available devices that did not indicate this (and so can be presumed to be made with 

tobacco-derived nicotine (TDN)). The presence of (R)-(+)-nicotine and (S)-(−)-nicotine 

was identified in Puff Bar e-liquids using three different methods: 1H NMR spectroscopy, 

polarimetry, and gas chromatography–mass spectrometry (GC–MS). NMR spectroscopy and 
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GC–MS are common techniques that have been employed by us and others to analyze 

e-liquid compositions, e-cigarette aerosol chemistry, and the protonation state of nicotine in 

e-liquids, while polarimetry has not been commonly used for e-liquid analysis.10–14

Puff Bars labeled to contain 5% nicotine were purchased from online retailers and from 

local e-cigarette shops in Portland, OR. Some of the Puff Bar e-cigarettes stated that they 

contained “tobacco-free nicotine” (i.e., synthetic nicotine, which would be racemic: (R,S)-

(±)-nicotine), while the older Puff Bar e-cigarettes did not make this claim and presumably 

contained tobacco-derived nicotine (i.e., ~99+% (S)-(−)-nicotine).

(R)-(−)-1,1′-Binaphthyl-2,2′-diyl hydrogen phosphate (BNPPA) was used as an NMR chiral 

complexing agent based on its use by Ravard and Crooks.15 NMR samples were prepared 

by adding nicotine to the NMR solvent, DMSO-d6, and combining aliquots of this mixture 

with varying quantities of BNPPA. A 600 MHz Bruker AVANCE III NMR spectrometer was 

used for data collection. Spectra were collected at 25 °C using 16 scans (NS) with a 30° 

observation pulse and a relaxation delay of 3 s.

For polarimetry testing, nicotine solutions and Puff Bar e-liquids were diluted in ethanol. 

Optical rotations were measured, and specific rotations were calculated for each sample 

using Biot’s law (Table S2).

An evaluation of the nicotine stereoisomers was also performed using a solid phase 

microextraction (SPME) GC–MS method. The retention times for (S)-(−)-nicotine and (R)-

(+)-nicotine were 2369 and 2380 s, respectively.

1H NMR data were compared for Puff Bar e-liquids in flavors Cool Mint (Figure 1) and 

Strawberry Watermelon/Straw Watermelon (Figure S1). Older e-liquids in each flavor did 

not mention the origin of the nicotine and were assumed to contain TDN, which were 

expected to be 99+% (S)-(−)-nicotine. The addition of BNPPA to each e-liquid resulted 

in a single set of BNPPA-bound nicotine peaks (Figure 1A,B; Figure S1A,B), indicating 

that only one form of nicotine ((S)-(−)-nicotine) was present. Newer Puff Bar e-liquids 

in each flavor labeled as containing TFN were similarly tested. The addition of BNPPA 

to these e-liquids resulted in the separation of some of the (R)-(+)- and (S)-(−)-nicotine 

peaks (Figure 1C,D; Figure S1C,D). In particular, nicotine protons Ha and He had distinct 

resonances for the (R)-(+)- and (S)-(−)-nicotine forms (Figure 1D; Figure S1D). The ratio 

of (R)-(+)- to (S)-(−)-nicotine can be determined by integrating the Ha
R and Ha

S resonances. 

As can be visually observed in the expansions in Figure 1D and Figure S1D, slightly 

more (S)-(−)-nicotine (integral ratios ~1.0:1.2 ± 0.1) was determined to be present in both 

TFN e-liquid flavors. This integral ratio is 1.0:1.0 for authentic racemic nicotine (Figure 

S2). Additionally, the benzoic acid/nicotine ratios and nicotine concentrations for Puff Bar 

e-liquids were analyzed; some were found to be similar to JUUL, with a ratio of ~1,12 and 

others were as high as 1.3 (Table S1). Free-base nicotine content (αfb) ranged from 0.07 to 

0.19 (Table S1). For all flavors tested (Table S1), αfb was found to range from 0.07 to 0.19. 

Differences in αfb are likely due to different acid/nicotine ratios as well as the presence of 

different flavorants, some of which can be acidic and thus influence the acid/base chemistry 

of these products.13
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The same Puff Bar e-liquids were also analyzed using polarimetry, and similar chirality 

results were obtained. (S)-(−)-Nicotine and (R)-(+)-nicotine are optically active alkaloids 

with a specific rotation ( α D
20) of −169.0° and +169.0°, respectively.6,16 Tobacco products 

and other alkaloids have been analyzed with a polarimeter to determine the enantiomeric 

excess and α D
20 from the measured optical rotation (α) of the sample.17 Polarimeter 

measurements are usually accompanied by NMR spectroscopy or GC-–MS analysis to 

obtain more accurate results for the enantiomeric ratios.6,18 E-liquids have not been 

analyzed with a polarimeter to date. E-liquids with TDN should result in a levorotation, 

similar to tobacco products in the past.17 However, e-liquids containing TFN would result 

in an α of 0.0° because the sample is racemic, resulting from a synthesis of nicotine, giving 

equal quantities of (R)-(+)- and (S)-(−)-nicotine.

The TFN samples with and without t-butylamine had measured α values at or near 

0.0° supporting our hypothesis that these e-liquids contain racemic nicotine (Table S2). 

However, the observed optical rotations were slightly levorotatory, perhaps resulting from 

the presence of chiral flavorants or a slight excess of (S)-(−)-nicotine, as seen in the NMR 

data above. The e-liquids with TDN with and without t-butylamine rotated the plane of light 

counterclockwise much more than the TFN e-liquids since the samples contained mostly 

(S)-(−)-nicotine. The nicotine concentrations were estimated in the TDN e-liquids with the 

linear regression and were more accurate when calculated with the measurements from the 

TDN e-liquids with t-butylamine (Table S2 and Figure S4). The TDN e-liquids contained 

nicotine salts (protonated nicotine), which are dextrorotatory and can result in erroneous 

conclusions unless accounted for.19

Puff Bar TDN and TFN e-liquids were finally analyzed by GC–MS, and the data agree with 

the results obtained by 1H NMR and polarimetry: older Puff Bar e-liquids contained mainly 

(S)-(−)-nicotine, and the newer products advertised as TFN contained a mixture of both 

(R)-(+)- and (S)-(−)-nicotine; the peak intensity peak ratio (S/R) was about 12% larger for 

the TFN e-cigarette samples than for the authentic racemic nicotine (Figure S5). The reason 

for this is unknown, but possibilities include the residual contamination of the equipment 

used to produce commercial nicotine or the addition of TDN to synthetic nicotine.

In summary, we found that the Puff Bar e-liquids we tested that were advertised to be 

tobacco-free did contain both (R)-(+) and (S)-(−) forms of nicotine as evaluated by 1H 

NMR spectroscopy, polarimetry, and GC–MS. The ratio of (R)-(+)- to (S)-(−)-nicotine was 

found to be ~1:1.2 for both Cool Mint and Strawberry Watermelon flavors, as determined 

by 1H NMR spectroscopy for which we had the highest degree of peak separation. The 

expected ratio of (R)-(+)- to (S)-(−)-nicotine was 1:1 because the synthesis of nicotine 

would produce the racemic mixture (equimolar quantities of the (R)-(+) and (S)-(−) forms). 

Puff Bar e-liquids not advertised to be tobacco-free were found to contain (S)-(−)-nicotine, 

and (R)-(+)-nicotine was not identified, which is consistent with tobacco-derived nicotine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
1H NMR spectra for Puff Bar e-liquids in flavor “Cool Mint” without and with (R)-(−)-1,1′-

binaphthyl-2,2′-diyl hydrogen phosphate (BNPPA). An e-liquid presumed to be tobacco-

derived nicotine (TDN) is shown in spectra A and B without and with BNPPA, respectively. 

An e-liquid advertised as containing tobacco-free nicotine (TFN) is shown in spectra C and 

D without and with BNPPA, respectively. For TDN, no splitting of protons Ha or He is 

observed confirming that only one form of nicotine, (S)-(−)-nicotine, is present. For TFN, 

the addition of BNPPA results in distinct peaks appearing for the (R)-(+) and (S)-(−) forms 

of nicotine for protons Ha and He. Ha
R and Ha

S integrate ~1:1.2 ± 0.1, respectively, which 

represents molar equivalents.
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