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ABSTRACT: The infrared (IR) spectra of gas phase protonated nicotine has been measured in the never-

before probed N-H “fingerprint region” (3,200–3,500 cm−1). The protonated molecules generated by an 

electrospray source are thermalized in the first ion trap with water vapor and He gas at a pre-determined 

temperature prior to being probed by IR spectroscopy in the second ion trap at 4 K. The IR spectra exhibit 

two N-H stretching bands which are assigned to the pyridine and pyrrolidine protomers with the aid of 

high-level electronic structure calculations. This finding is in sharp contrast to previous spectroscopic 

studies that suggested a single population of the pyridine protomer. The relative populations of the two 

protomers vary by changing the temperature of the thermalizing trap from 180 K – 300 K. The relative 

conformer populations at 240 K and 300 K are well reproduced by the theoretical calculations, unequiv-

ocally determining that gas phase nicotine is a 3:2 mixture of both pyridine and pyrrolidine protomers at 

room temperature. The thermalizing anhydrous vapor does not result in any population change. It rather 

demonstrates the catalytic role of water in achieving equilibrium between the two protomers. The combi-

nation of IR spectroscopy and electronic structure calculations establish the small energy difference be-

tween the pyridine and pyrrolidine protomers in nicotine. One of the gas phase nicotine pyrrolidine pro-

tomers has the closest conformational resemblance among all low-lying energy isomers with the X-ray 

structure of nicotine in the nicotinic acetylcholine receptor (nAChR). The important role of a single water 

molecule that is present in the binding protein is suggested.  
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1. Introduction 

Nicotine (NIC) is a heteroaromatic molecule consisting of pyridine and pyrrolidine rings (Figure 1 

top). It is the major alkaloid in tobacco and causes serious health problems through addiction.1-3 It imitates 

the function of a natural neurotransmitter, acetylcholine, and binds as an agonist to the nicotinic acetyl-

choline receptor (nAChR) in the human brain. Because neural ion signal-

ing is mediated by the activation of these ligand-gated nAChRs, they are 

regarded as one of the most promising drug targets.4 Single-crystal X-ray 

diffraction (SC-XRD) has provided insight into the structural mechanism 

for this process.5-9 The binding mode of protonated nicotine (NIC-H+) to 

the nAChR was first deduced by an acetylcholine-binding protein 

(AChBP), which shows a sequence similarity to the α subunits of nAChR.6 

Subsequently, the α4β2-type nAChR was crystalized and the nicotine bind-

ing was shown.8, 9 The SC-XRD analysis indicates that the pyrrolidine ni-

trogen of NIC interacts with the carbonyl oxygen of tryptophane (Trp) in 

the nAChR. In addition, the pyridine nitrogen of NIC forms a hydrogen 

bond to leucine and methionine mediated by a single water molecule that 

is present in the binding protein (AChBP). Despite several previous stud-

ies, the molecular-level mechanism controlling the function of NIC as an 

agonist is still unclear. NIC is expected to be protonated under physiolog-

ical conditions,10, 11 yet the protonation sites cannot be obtained from SC-

XRD studies since the method is insensitive to protons.  The protonation site directly affects the binding 

in nAChRs, thus the structure and relative population of the NIC protomers are indispensable in under-

standing the binding mechanism of NIC in nAChR.  

Previous structural investigations using ultraviolet (UV) and infrared (IR) spectroscopies have been 

intensively focused on NIC-H+, which is the prevailing species at physiological condition.10 NIC has two 

possible protonation sites on the nitrogen atom either on the pyridine (Pyri-NIC-H+) or the pyrrolidine 

(Pyrro-NIC-H+) rings, resulting in the two protomers shown in Figure 1 (top). The NIC-H+ protomer has 

been investigated in both the gas phase11-14 and in solution.10, 11 UV absorption spectroscopy has deter-

mined two pKa values of nicotine in water at T = 298 K (pKa = 2.85 for the pyridine ring, 7.89 for the 

pyrrolidine ring),10, 11 indicating that nicotine is in the form of the Pyrro-NIC-H+ in aqueous solution at 

physiological pH (~7.4),10, 11 a fact subsequently supported by IR spectroscopy.12 In contrast, the proto-

nation site of NIC-H+ in the gas phase has not been conclusively determined. In an earlier study, the gas-

phase acidity of nicotine was measured by Fourier-transform ion cyclotron resonance mass spectrometry 

(FT-ICR-MS).11 The results indicated that both the Pyri-NIC-H+ and Pyrro-NIC-H+ protomers coexist in 

the gas phase. However, a subsequent study using IR multiphoton photodissociation spectroscopy in the 

mid-IR range suggested that only the Pyri-NIC-H+ protomer was observed in the gas phase.12 Previous ab 

initio calculations of NIC-H+ performed at the MP2/aug-cc-pVTZ level of theory indicated that the two 

protomers are energetically equivalent, advocating their coexistence in the gas phase.15 Ion mobility mass-

spectrometry combined with photofragment detection found the coexistence of two species, of which the 

parent ions were estimated to be Pyri-NIC-H+ and Pyrro-NIC-H+.13 The observed fragment ions were m/z 

= 84 (loss of neutral pyridine) for the presence of Pyri-NIC-H+ and m/z = 132 (loss of NH2CH3) for the 

presence of Pyrro-NIC-H+. Although the dissociation pathways were estimated, the observation of both 

fragment ions does not constitute direct evidence of the existence of Pyri- and Pyrro-NIC-H+. Furthermore, 

all previous gas phase experiments are plagued with the problem of kinetic trapping originating from the 

electrospray ionization (ESI) source that generates the protonated species. It is a well-known problem of 

ESI sources that the dominant species in solution (in this case Pyrro-NIC-H+) remains in gas phase even 

if the species is less stable in gas phase. This kinetic trapping is caused by the slow / soft evaporation of 

solvent molecules during the ESI process, and thus the observed species do not always reflect the gas 

phase equilibrium. Therefore, both the protonation sites and the relative populations of gas phase NIC-H+ 

are still unresolved due to the contentious issue of kinetic trapping. These gas-phase populations are 

highly significant when considering the anhydrous environment in the human brain receptor.16, 17 

Figure 1.  Protomers of nicotine 

(NIC-H+, top) and nornicotine 

(NOR-H+, bottom).  
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Similar to NIC, protomers of nornicotine (NOR) have previously attracted interest. NOR is a me-

tabolite of nicotine produced by N-demethylation (see Figure 1 bottom). Its potential bioactivity is im-

portant because of its abundance and long lifetime in the brain.18-20 In general, NOR shows lower affinity 

to the α4β2-type nAChR than NIC but a comparably high affinity to other receptors such as the α7-type 

nAChR.21 NOR is protonated on the pyrrolidine nitrogen (Pyrro-NOR-H+) in water at physiological pH, 

similar to NIC.22 However, the gas-phase acidity of NOR, determined by FT-ICR, suggests that NOR-H+ 

has only a pyridine-protomer (Pyri-NOR-H+) in the gas phase.11 No IR/UV spectroscopic study has been 

reported to date for gas-phase NOR-H+, and therefore its protonation site in the gas phase has not unam-

biguously been determined yet. 

In this study we investigated the protonation sites of NIC-H+ and NOR-H+ in the gas phase by means 

of experimental cryogenic ion trap IR spectroscopy and theoretical electronic structure methods. We 

measured the IR spectra in the never-before probed 3 μm region (3200–3500 cm−1), corresponding to the 

“fingerprint” region of the pyridine/pyrrolidine N-H stretches. The population of pyridine- and pyrroli-

dine-protomers in the gas phase was determined using the experimentally observed and theoretically pre-

dicted IR absorption band intensities. The advantage of our experimental design is the use of double ion 

traps,23 which circumvents the problem of kinetic trapping.24 The protonated molecules generated by the 

ESI source are first introduced into the thermalizing ion trap and kept for a long period of time (~50 ms) 

at a well-defined temperature (such as 300K) together with the buffer gas. The trapped species are well 

thermalized in the first ion trap so that thermal equilibrium of the protomers is achieved. The thermalized 

sample molecules are subsequently introduced into the ultracold quadruple ion trap (QIT) and probed by 

spectroscopy while their population is frozen through rapid cooling by He gas at T = 4K. The rapid freez-

ing process produces sharp spectra so the various species and their population can be assigned clearly. 

The advantage of the double ion trap setup to solve the kinetic trapping is well demonstrated in the recent 

spectroscopic work on metal ion – peptide complexes.24 Here, we will rely on this setup to provide the 

unambiguous assignment of NIC-H+ and NOR-H+ in gas phase at physiological temperature (T = 300 K). 

 

2. Methods 

The experiments were carried out using a cryogenic ion trap apparatus combined with an elec-

trospray ion source (Figure S1 in Supporting Information).25-30 Details of the experimental setup were 

described elsewhere.31, 32 Enantiomerically pure (−)-nicotine (FUJIFILM Wako) and racemic (±)-nornic-

otine (FUJIFILM Wako) were used because only (−)-nicotine is present in the Nicotiana plant, while both 

(+)- and (−)-nornicotine exist in nature.33, 34 NIC or NOR were dissolved in acidified methanol (1 μM) 

with 0.5 % formic acid. This solution was electrosprayed to form fine droplets containing the protonated 

species (NIC-H+/NOR-H+). The solvents in the droplets were completely desolvated in a glass capillary 

heated at 60 °C. The desolvated ions were efficiently collected by an ion funnel. NIC-H+ (or NOR-H+) 

were mass-selected by a Q-MS1 and guided into an octupole linear ion trap (thermalizing trap) kept at 

selected temperatures ranging from T = 180 – 300 K. Here, the ions were trapped for 50 ms, colliding 

with He or mixture of He/H2O vapor. The ions were mass-filtered by a second quadrupole mass spec-

trometer (Q-MS2) to ensure that only NIC-H+ (NOR-H+) were then passed to a quadrupole bender and 

introduced into a quadrupole ion trap (QIT), which was kept at T = 4 K by a closed-cycle He refrigerator. 

H2 (20%)/He buffer gas was injected into the QIT by a pulsed valve. The collisions with the buffer gas 

cooled the ions down to ~10 K, enabling H2 molecules to attach to the ions. The trapped cluster ions were 

then irradiated with a tunable IR laser (LaserVision, OPO/OPA). When the IR laser is tuned to a vibra-

tional resonance, the energy from the absorbed photon detaches the H2 molecules to yield the bare NIC-
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H+ (NOR-H+) as a fragment, which is then detected 

by a time-of-flight mass spectrometer (TOF-MS). 

Thus, IR photodissociation (IRPD) spectra, which 

correspond to the IR absorption spectra, can be meas-

ured by monitoring the intensity of the bare ions as a 

function of the IR wavenumber.  

The energies of NIC and NOR were calculated 

to investigate the thermodynamics between the pro-

tomers.  The lowest energy structures were taken 

from Yoshida et. al.15 The MP2/Complete Basis Set 

(CBS) limit for the electronic energy difference be-

tween conformers was estimated using the 4-5 ex-

trapolation35-37 with the aug-cc-pVnZ, n = D, T, Q 

basis sets38 using NWChem.39 Harmonic and thermal 

corrections were calculated at the ωB97-XD/aug-cc-

pVDZ level of theory for T = 180, 240, and 300 K to 

compare with experiment.  The percentages of each 

protomer were calculated from the Boltzmann popu-

lations of NIC and NOR following 

𝑃𝑖 = 𝑒
−Δ𝐺𝑖

𝑅𝑇⁄
     (1) 

and normalized to the total population. Theoretical IR 

spectra were calculated at the ωB97XD/aug-cc-

pVTZ (scaling factor: 0.94140) level of theory using 

the most stable conformations reported previously 

(Cartesian coordinates in S2-S6 in SI).15 

 

3. Results and Discussion 

Figure 2c shows the experimental IRPD spec-

trum of NIC-H+ in the 3200–3500 cm−1 spectral range without the thermalizing trap. The bands at 3254 

and 3394 cm−1 are assigned to the N-H stretching vibrations. Because NIC-H+ has only a single N-H bond, 

the appearance of two N-H stretching bands indicates that the two protomers (Pyri-NIC-H+ and Pyrro-

NIC-H+) coexist in the gas phase. Our previous calculations15 support the existence of a single Pyri-NIC-

H+ (S, trans, anti) protomer and two almost isoenergetic Pyrro-NIC-H+ (N, trans, anti) and (N, trans, syn) 

protomers that are indistinguishable from each other in the IR (we simply refer to them as Pyrro-NIC-H+ 

hereafter). To confirm the coexistence of the Pyri- and Pyrro-protomers, the observed spectra were com-

pared to the theoretical IR spectra of Pyri- and Pyrro-NIC-H+ shown in Figure 2a and 2b, respectively. 

The theoretical IR spectrum of Pyri-NIC-H+ is associated with the strong band of the pyridine N-H stretch 

at 3392 cm−1 (IR intensity: 148 km mol−1), which reproduces the observed strong transition at 3394 cm−1. 

The theoretical spectrum of Pyrro-NIC-H+ shows a relatively weaker band at 3273 cm−1 (29 km mol−1) 

ascribed to the pyrrolidine N-H stretch, which reasonably matches the experimentally observed weaker 

N-H stretch band at 3254 cm−1. A tiny band at 3280 cm-1 may be derived from another pyrrolidine pro-

tomer such as the less stable cis conformer.15 However, the fact that these conformers are higher up in 

energy (> 3 kcal/mol from the Pyri-NIC-H+ minimum) and thus probably not accessible at this tempera-

ture, this band maybe also due to an overtone or combination band.  

Although the IRPD spectrum in the N-H stretching vibrational range clearly shows the spectral 

signature of both Pyri-NIC-H+ and Pyrro-NIC-H+, we cannot exclude the possibility that Pyrro-NIC-H+ 

remains in the gas phase because of kinetic trapping. To reach a definite conclusion, we measured the 

IRPD spectra of NIC-H+ after the thermalizing trap, shown in Figure 2d-2f, at various temperatures of the 

thermalizing trap that are indicated in the figure. Here, the thermalizing trap is filled with only He buffer 

 
 

Figure 2. Theoretical IR spectra of (a) Pyri-NIC-H+ and 

(b) Pyrro-NIC-H+ in the 3200–3500 cm−1 spectral range. 

The theoretical spectra were calculated at the 

ωB97XD/aug-cc-pVTZ level (scaling factor: 0.941). Ex-

perimental IRPD spectra of NIC-H+ (c) without thermal-

izing trap, and with thermalizing trap at (d) T=300 K, (e) 

T=240 K and (f) T=180 K of He buffer gas only. No 

change in the relative intensity between Pyrro- and Pyri-

NIC-H+ was observed. 
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gas. As can be seen in the figure, almost no change is found in the IRPD spectra even though the temper-

atures are varied from 180 – 300 K. This lack of change in the spectra is indicative of kinetic trapping. 

To enhance the proton exchange among protomers, we introduced water vapor together with He 

buffer gas into the thermalizing trap and repeated the same measurements. He gas is an efficient temper-

ature mediator but can-

not assist in proton ex-

change because of its 

low proton affinity (178 

kJ/mol).41 H2O has a 4 

times larger proton af-

finity (697 kJ/mol) so 

we expect that water can 

promote the proton ex-

change required to 

achieve the thermal 

equilibrium between 

protomers in the gas 

phase. The observed 

IRPD spectra are shown 

in Figure 3a-3c. After 

adding H2O vapor, the 

relative intensities of 

Pyrro-NIC-H+ and Pyri-

NIC-H+ protomers 

clearly vary according 

to the temperature 

change. This finding shows the catalytic role of water in achieving the equilibrium between the two pro-

tomers.  

We calculated the relative population Pi,exp between Pyrro-NIC-H+ and Pyri-NIC-H+ using the ex-

perimental band intensity (Iexp) and the calculated absorption cross section  (Icalc) 

𝑃𝑖,𝑒𝑥𝑝 ∝
𝐼𝑒𝑥𝑝

𝐼𝑐𝑎𝑙𝑐
(2) 

We also estimated the relative population from theoretical results (Pi,calc) of Pyri-NIC-H+ and Pyrro-NIC-

H+ by Eq. (1) using the calculated ΔGi values (see S4, S6-S9 in the SI). The estimated populations of 

Pyrro-NIC-H+ and Pyri-NIC-H+ at 180 K, 240 K and 300 K via Eq. (2) are shown in Figure 3. Theoreti-

cally, Pyri-NIC-H+ becomes dominant at lower temperatures, from 60% at 300 K up to 85 % at 180 K. 

This temperature effect is caused by the entropic difference between protomers. The observed relative 

population at 300 K is Pyrro-NIC-H+ : Pyri-NIC-H+ = 40:60, which is coincidentally exactly the same as 

the theoretical prediction. The observed population of Pyri-NIC-H+ at 240 K increases up to 64 %; it is 

essentially the same as the theoretical prediction and supports the entropic effect that makes Pyri-NIC-

H+ dominant at lower temperatures. Interestingly, the population of Pyri-NIC-H+ decreases down to 43 % 

at 180 K. This discontinuous population change is also observed in the temperature dependence of GYG-

M+ (M : alkaline metals) complexes, and rationalized by kinetic trapping in the thermalizing trap.24 If the 

barrier of proton transfer between pyrrolidine and pyridine sites is sufficiently high, the equilibrium be-

tween the protomers cannot be achieved at lower temperatures because of insufficient thermal energy 

even with the presence of the catalytic water molecules. Indeed, the observed population ratio at 180 K is 

Pyrro-NIC-H+ : Pyri-NIC-H+ = 55:45, which is the same ratio observed without the thermalizing trap. 

Since the measurement without the thermalizing trap is suspect to kinetic trapping, this finding supports 

that kinetic trapping is present in the low-temperature thermalizing trap. On the other hand, the experiment 

and theoretical population ratios coincide at 300 K, and thus we can expect that the kinetic trapping in the 

thermalizing trap does not take place at this temperature. From these results, we can conclude that 1) NIC-

Figure 3. IRPD spectra of NIC-H+ with thermalizing trap filled by He gas and H2O vapor at 

a) 300 K, b) 240 K, and c) 180 K.  Relative intensities of NH stretching bands of two pro-

tomers changes with temperature. Observed and calculated relative populations of Pyrro-

NIC-H+ and Pyri-NIC-H+ are shown besides each spectrum.  
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H+ in the gas phase at room temperature is a mixture of Pyrro-NIC-H+ and Pyri-NIC-H+, and 2) the 

population ratio is 2:3 (Pyrro-NIC-H+ : Pyri-NIC-H+ ) at 300 K, i.e. Pyri-NIC-H+ is the major component. 

These conclusions are in sharp contrast to the previous reports suggesting the dominance of Pyri-NIC-H+ 

based on IRMPD spectroscopy in the mid-IR range and a Pyrro-NIC-H+ dominant mixture (pyrrolidine : 

pyridine = 2:1) obtained by FT-ICR-MS.11  

We also measured the IRPD spectrum of NOR-H+ that is shown in Figure 4c. In the N-H stretching 

region, a strong band at 3394 cm−1 and three weak bands at 3276, 3322 and 3408 cm−1 are observed. Our 

previous calculations15 predict the existence of a single Pyri-NOR-H+ (S, trans, anti) protomer because 

of the much higher energy (> 5 kcal/mol) of Pyrro-NOR-H+ protomers. The theoretical spectra of the 

Pyri-NOR-H+ and the Pyrro-NOR-H+, calculated at the same level as NIC-H+, are shown in Figure 4a and 

4b, respectively. The theoretical spectra of Pyri-NOR-H+ (Figure 3b) shows the pyridine and the pyrroli-

dine N-H stretches at 3393 cm−1 (145 km mol−1) and 3408 cm−1 (19 km mol−1), respectively. These bands 

coincide the experimentally observed strong and weak 

bands at 3394 and 3408 cm−1. The theoretical spectrum of 

Pyrro-NOR-H+ (Figure 4b) predicts the pyrrolidine anti-

symmetric- and symmetric-NH2 stretches at 3342 cm−1 (70 

km mol−1) and 3282 cm−1 (45 km mol−1), respectively. 

From the theoretical calculations, the observed bands at 

3276 and 3322 cm−1 are assigned to the symmetric and an-

tisymmetric NH2 stretches of Pyrro-NOR-H+. However, 

such a clear appearance of Pyrro-NOR-H+ is not consistent 

with the theoretical prediction that Pyri-NOR-H+ 100% 

dominates the population even at 300 K. Thus, the obser-

vation of Pyrro-NOR-H+ indicates that the dominant pro-

tomer in solution (Pyrro-NOR-H+) remained in the gas 

phase through kinetic trapping.  

To avoid kinetic trapping, we introduced water va-

por into the thermalizing trap with He buffer gas and re-

peated the measurements. Figure 5 shows the IRPD spectra 

of NOR-H+ under the presence of catalytic water mole-

cules at (a) 300K, (b) 240 K and (c) 180K. Clearly, the vi-

brational signature of Pyrro-NOR-H+ becomes very weak 

at all temperatures. Even by thermalization at 300 K (Fig-

ure 5a), the population of Pyrro-NOR-H+ is only 8%, and 

decreases to 5% at 240 K, and 0% at 180 K. It strongly 

indicates that the kinetically trapped species are efficiently 

annealed by the thermalizing trap with the catalytic water 

molecules. The observed results are essentially consistent 

with the theoretical prediction that the Pyri-NOR-H+ is the 

dominant protomer (see Figure 5). We therefore conclude that NOR-H+ at room temperature mostly (over 

90%) consists of the Pyri-NOR-H+ protomer. This temperature effect on NOR-H+ also supports the inter-

pretation of populations in NIC-H+ discussed above. 

 

4. Conclusions and Outlook 

 

Figure 4.  Theoretical IR spectra of (a) Pyri-NOR-

H+ and (b) Pyrro-NOR-H+ in the 3200–3500 cm−1 

spectral range. The theoretical spectra were calcu-

lated at the ωB97XD/aug-cc-pVTZ level (scaling 

factor: 0.941). Experimental IRPD spectra of NOR-

H+ c) without thermalizing trap, with thermalizing 

trap at d) 300 K, e) 240 K and f 180 K of He buffer 

gas only. No change in relative intensity between 

Pyrro- and Pyri-NOR-H+ are found. 
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The finding that gas phase NIC-H+ consists of both pyrrolidine- and pyridine-protomers with pop-

ulations 2:3, not only unequivocally resolves the long-lasting issue of the gas phase protonation sites, but 

also has significant implications for the biological role of NIC in nAChRs. Although the positions of the 

hydrogen atoms cannot be resolved via X-ray diffraction measurements, it is assumed that NIC is proto-

nated on the pyrrolidine ni-

trogen in the nAChRs.6 

This is because the distance 

between the carbonyl oxy-

gen in Trp and the pyrroli-

dine nitrogen is close 

enough (~3.1 Å) to form a 

hydrogen bond.6 The rela-

tive stability of the NIC 

protomers in the gas phase 

has been established via 

our joint experimental and 

theoretical approach. Prob-

ably the most important 

finding for the protonation 

site in the receptor is that 

the relative energy between 

the Pyrro- and Pyri-NIC 

protomers are reasonably 

close and thus their popula-

tion can be easily affected 

by the environment, in par-

ticular the one in the binding pocket, where, besides steric interactions, there are additional cation – and 

cation – dipole interactions. These may effectively alter the gas phase energy ordering of the protomers. 

In contrast, the energy gap between the various NOR protomers is larger, a fact that makes the change in 

conformation from the aqueous phase to the pocket more difficult for NOR.  Since Pyrro-NIC-H+, is 

accessible in the gas phase, it is likely also accessible in the hydrophobic pocket of the nAChR. Indeed, 

the Pyrro-NIC-H+ protomer (N, trans, anti) that we observed has the closest conformational resemblance 

(RMSD=0.271, see Figure S10 in SI) with the X-ray structure of nicotine in the nicotinic acetylcholine 

receptor (nAChR). In contrast, NOR does not have an accessible pyrrolidine-protomer and thus is less 

accessible in the hydrophobic pocket, leading to the decrease in addictiveness. In any sense, the precise 

and reliable determination of relative protomer populations of NIC-H+ is fundamental in interpreting the 

recognition mechanism of NIC-H+ in the receptor and will can provide valuable information for drug-

design targeting the nAChRs.  

Previous theoretical calculations have reported that the pyrrolidine protomer is stable when nicotine 

is hydrated with four molecules of water.42 The effect of hydration by such a small number of water 

molecules on the stability of protomers is currently being investigated using gas-phase molecular clusters 

and will be reported in the near future.  
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