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Abstract 

Nebulization of enantiomerically mixed serine solutions, followed by ion deflection and 

gentle on-line protonation, is used to isolate and characterize the strongly prefered homochiral 

neutral serine octamer (Ser8). The separation of the nebulization and ionization steps and the use 

of the enantiomeric L-serine ion (L-d3Ser)8H+ as a soft protonating agent, ensured that neutral 

(D-Ser)8 was characterized without interference from serine octamer ((D-Ser)8H+) ions. The 

enantiomerically reversed nebulization experiment confirms this proton transfer. Tandem mass 

spectrometry (MS/MS) experiments showed that the ionized neutral octamer and the protonated 

octamer formed directly by ESI have the same structures. Experiments in which the temperature 

of the heated transfer tube was varied indicate dissociation of the neutral octamer to the dimer. 

Field-free nebulization of racemic serine forms the separate homochiral species with very high 

chiral selectivity, a result which parallels those previously seen in ion studies using direct 

electrospray ionization. We suggest that the fundamental homochiral preference which has 

attracted attention to serine is a property of the neutral serine octamer and that the preference 

previously observed for the protonated octamer is simply an expression of this fundamental 

feature of the neutral cluster.  
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Homochirogenesis,[1] a set of events that can be encapsulated in three steps (symmetry 

breaking, chiral enrichment, and chiral transmission), is of prime importance to the origin of life. 

Amino acids are of particular interest in this respect both for their biological significance and 

because of the attention attracted by serine because it generates a magic-number cluster of 

exceptional abundance, as revealed by mass spectrometric experiments.[2] A strongly preferred 

homochiral protonated serine octamer (Ser8H+)[2] is generated by electrospray ionization of 

enantiomerically mixed solutions of serine along with octameric meta-clusters such as Ser16H2
2+.[3] 

Later, negatively charged halide adducts of serine octamers were found to be abundant in mass 

spectra in the form of doubly charged dihalide complexes (Ser8Cl2
2− and Ser8Br2

2−).[4] A striking 

property is that both the positively and negatively charged octamers exhibit high stability and 

chiral dependence. This fact suggests the possibility of a prebiotic scenario in which serine 

clusters were involved in chiral amplification[5] and chiral transfer,[6] a topic that has been 
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reviewed.[7] 

These observations have spurred numerous experimental and theoretical studies that aim at 

revealing the special structure of Ser8H+. Proton/deuteron exchange shows two isomeric serine 

octamers; that with faster exchange rate shows no chiral selectivity.[8] The protonated serine 

octamers are also generated by sublimation[9] as well as from electrosprayed droplets.[2a, 2d, 10]  

Several possible candidates for the structure of the serine octamer have been reported, 

differentiated by either zwitterionic[2b, 2c, 11] or non-zwitterionic forms.[2a] There is general 

agreement that the recently calculated structures are close to being correct in overall features 

and that Ser8H+ is not highly symmetrical.[11d] The anionic octamer structures by contrast have 

been shown to take the highly symmetrical D4 form.[12] However, lacking clear evidence for the 

existence of Ser8 makes it difficult to draw connections between the homochiral preference and 

the putative neutral cluster Ser8. The hypothesis underlying this study is that neutral serine 

octamer (Ser8) is a highly symmetrical structure and that protonation causes a large but localized 

loss of symmetry. This is one possible explanation of the reported structure of Ser8H+. To explore 

this possibility two steps are needed (i) to establish that Ser8 is an observable species and (ii) to 

characterize its structure, e.g. by ionization and then MS/MS or by thermal dissociation and then 

ionization. This study deals with the first step and does so by attempting to create Ser8 by a 

solution-phase nebulization experiment followed by gentle on-line ionization to create Ser8H+. 

We hope that a calculated structure will soon become available to test these concepts further. 

Figure 1 shows the experimental design. A homemade flow injection sprayer, similar to that 

used in sonic spray,[13] was employed with pneumatic nebulization to generate an electrically 

neutral spray of serine in aqueous methanol. This spray was directed into a heated tube for gentle 

desolvation. Ions emerging from the heated tube were removed using a pair of parallel metal 

electrodes placed in front of the outlet of the heated tube and serving as an ion deflector 

(Dimensions detailed in Figure S1). The remaining uncharged droplets and molecules were 

subjected to proton transfer using extractive electrospray ionization (EESI) or corona discharge 

before detection by MS. The ionization source used was placed close to the axis of the inlet of a 

mass spectrometer to minimize any possible interference with deflected originally formed ions 

and simultaneously maximize collection of the ionized neutrals. The ionization of gas-phase 

neutral species in these two ways has been widely used in atmospheric pressure techniques such 

as neutralization/reionization experiments.[14] 

 

Figure 1. Experimental apparatus (not drawn to scale) for ionizing neutrals formed by nebulization 

The attempted generation of Ser8 in this study employed nebulization of serine solutions and 

avoided the use of those spray ionization methods where a high voltage is directly applied to the 

serine solution to create abundant Ser8H+.[2a, 11d] The success of this approach in minimizing 

generation of serine ions is clear from the representative mass spectrum (Figure S2) of a D-serine 
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solution (0.01 M) which was nebulized followed by a gentle desolvation in a straight heated tube. 

No serine monomer, dimer or other serine ions were observed. To further avoid any possible 

interference from serine ions that might be present in the nebulized droplet stream, an ion 

deflector was used. Ion trajectory simulations for ions emerging from the heated tube and for 

ions generated by ionization of neutrals were performed. The ions arising from the heated tube 

were deflected by the electrodes so that none reached the mass spectrometer (Figure S3), while 

the ionized neutrals are constrained in a narrow beam directed towards the MS inlet at an 

appropriate angle for acceptance (Figure S4). No MS signal was recorded at an ion deflector 

voltage of -1 kV (Figure 2a), indicating that only neutral species passed through the ion deflector. 

(The possibility of large droplets with low charge being transmitted is addressed in the SI).  

After ion deflection, the neutral species are ionized by passing them through a plume of 

electrosprayed droplets created using methanol/water/acetic acid. The mass spectrum so 

acquired is shown in Figure 2b; the peak of m/z 841, corresponding to Ser8H+ is dominant. 

Polarity switching of the ion deflector showed no detectable change in the abundance of the 

octamer (Figure S5). In detail, when we applied – 1 kV on the upper plate and ground the lower 

plate, the octamer peak (m/z 841) is dominant and the relative intensity of monomer and dimer 

peak (m/z 106 and 211) is 0.11 and 0.08; when the polarity was changed, the octamer is still 

dominant and the relative intensity of monomer and dimer peaks (m/z 106 and 211) is 0.18 and 

0.08. This result indicates that ionic species were completely removed before neutrals were 

ionized for MS analysis. The neutrals passing through the ion deflector were also ionized using 

corona discharge ((H2O)nH+ presumably serving as the immediate protonating agent[15]) and the 

resulting peak m/z 841 was clearly evident (Figure S6). These results establish the independence 

of m/z 841 on any ions formed during nebulization and its dependence on the ESI or corona 

ionization source. 

 

Figure 2. Mass spectra showing nebulization of D-serine solution (a) after deflection and (b) ionization 

of the neutrals passing through the ion deflector using ESI with methanol/water/acetic acid (50/50/0.1) 

mixture (Intensity normalized to the most intense peak in b).   

We further performed nebulization using a mixture of D-serine and L-serine (d3) (50:50) 

followed by on-line protonation using ESI with methanol/water/acetic acid (50:50:0.1) as solvent. 

The peaks of protonated serine octamer clusters generated by nebulization of racemic serine 

show strong homochiral selectivity (Figure 3). In detail, without homochiral selectivity the 

intensity of the nine peaks of the serine octamer cluster (8D, 7D+1L, …, 8L) should follow the 

binominal distribution shown in Figure 3b; the experimental peak intensities distribution shown 

in Figure 3a are the product of binominal distribution and the homochiral selectivity factor.[2c, 16] 

The selectivity factor is estimated by comparing the experimental distribution to the standard 

binominal distribution (Figure S7) and it clearly shows the strong preference of forming 
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homochiral serine octamer clusters (ca. 70% preference for complete homochiral selectivity, with 

a single D to L substitution making up the majority of other events). This result is also in good 

agreement with the chiral selectivity of protonated octamers generated by electrospray (Figure 

S8). Other enantiomeric compositions (ratio of D-serine to L-serine (d3), 40:60 or 60:40) by 

nebulization (Figure S9) also showed clear homochiral preference when compared to standard 

binominal distribution results and the data are well matched with previous reports by 

electrospray.[16] These experiments support the hypothesis that Ser8 is generated when serine is 

allowed to cluster (during solution nebulization) and further that the source of homochiral 

preference long known for Ser8H+ might originate in the chiral preference of the neutral octamer.   

 

Figure 3. (a) Mass spectrum showing mixture of D-serine and L-serine (d3) (50:50) using nebulization 

followed by ESI ionization of the neutral species. (b) theoretical standard binominal distribution of 

octamer cluster peaks without homochiral selectivity. 

To seek information whether clustering occurs in the neutral droplets or by ion/molecule 

interactions in the ionization step, we performed an extractive ESI experiment.[17] This 

experiment was carried out using two ESI sprayers: one with 0.01 M L-serine (d3) and the other 

one with 0.01 M D-serine; the two sprayers were both operated at a flow rate of 5 μl/min and at 

5 kV (Figure S10a). The resulting peak shape of the octamer (Figure S10b) is quite different from 

that recorded when electrospraying (or nebulizing) the mixed solution (Figure S8 and Figure 3). 

Only peaks for (D-Ser)8H+ and (L-d3Ser)8H+ with identical abundance result from the mixed spray 

experiment indicating that no serine cross-substitution reactions occurred. Increasing the travel 

distance in air or increasing the gas pressure to control droplet size and to improve mixing 

efficiency were tried but with no apparent change in chiral selectivity. This observation is 

consistent with Ser8 origination during solution nebulization.  

The above conclusion was further supported by symmetrical proton transfer from 

(L-d3Ser)8H+ to (D-Ser)8, as now discussed. Symmetrical proton transfer[18] is thermoneutral and it 

is well known for simple systems, e.g., atomic systems, that the rate of proton transfer reactions 

maximizes when the absolute value of the energy change is zero. This argument led us to use 

(d3Ser)8H+ as the protonating agent. (Note that this ion was not mass selected but ionization 

conditions were selected which were shown in independent mass-analysis experiments to give 
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only Ser8H+ ions at masses above m/z 300.) Figure 4a shows the spectrum recorded by ionizing 

the neutrals passing through the ion deflector using ESI with L-serine (d3) as the protonating 

agent. Two octamers (m/z 841 and 865) were evident, and the ratio of the octamer (m/z 841) 

arising from nebulization then ionization by the protonating reagent to that of the reagent 

((L-d3Ser)8H+, m/z 865) was approximately 3.6. The enantiomerically reversed experiment, 

nebulization of L-serine (d3) and then protonation using D-serine was also studied. Again, two 

octamers (m/z 841 and 865) were observed (Figure 4c) and the ratio of the octamer (m/z 865) 

from nebulization then ionization to that of protonating reagent ((D-ser)8H+, m/z 841) was 

determined to be approximately 3.4 (Figure 4c). It is important to note here that the ratio of 

octamer from nebulization to that of the protonating octamer was almost the same in these two 

cases regardless of whether D- or L-serine (d3) was nebulized. The constant ratio is consistent 

with the argument regarding symmetrical proton transfer. Moreover, the nebulization flow rate 

and temperature of the hot plate were found to influence the formation of Ser8 (Supporting 

information, Figure S11), which in turn influenced the intensity of the protonating octamer. 

Together these results suggest that proton transfer occurs from a protonating agent to the 

neutral octamer generated by nebulization. 

 

Figure 4. Enantiomeric reversal experiment. (a) Mass spectra showing nebulization of D-serine 

solution and ionization of the neutrals passing through the ion deflector using ESI with L-serine (d3), 

and (b) expansion showing the spectrum from m/z 834 to 870; (c) nebulization of L-serine (d3) solution 

and ionization of the neutrals passing through the ion deflector using ESI with D-serine, and (d) 

expansion showing the range m/z 834 to 870. The intensity difference represents the absolute 

abundance of the collected octamers arising from nebulization then ionization vs. by direct ionization. 

The formation of m/z 864 in (d) may be related to the exchange of hydrogen for deuterium. 

Encouraged by these results, the ions of m/z 841 formed from neutrals using (L-d3Ser)8H+ as 

protonating agents were mass-selected and fragmented to identify their origin. It was found that 

the m/z 841 can be isolated form other ions in high yield using an isolation width of 20 Th, but 

clusters of a number of different charge states were present in this mass spectrum (Figure S12). 

Because the higher clusters are less stable[2a] they were expected and found not to survive 
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collisions with helium bath gas during the isolation process when a much narrower isolation 

window was used. With an isolation window of 5 Th only singly charged ions were retained for 

MS/MS studies. Isolated ions of m/z 841, in the complete absence of higher clusters (Figure 5a), 

dissociate (Figure 5b) to give a product ion MS/MS spectrum that matches that of Ser8H+ 

generated using electrospray (Figure S13). Sequential CID fragmentation of m/z 841 showed 

preferential loss of serine dimers not monomers (Figure S14) just as is the case for fragmentation 

of Ser8H+[2a]. This observation supports the assignment of m/z 841 to a singly protonated octamer 

derived from the neutral octamer by protonated. Furthermore, the ratio of dimer (m/z 211) to 

octamer (m/z 841) in the spectrum increased when the heated tube was operated at higher 

temperature (Figure S15), presumably because the high temperature caused dissociation of 

(D-Ser)8 and this generated the dimer. (A previous study also showed that changes in temperature 

shifted the ion intensity ratios towards the formation of dimeric ions.[9a]) These data also support 

the existence of Ser8 and its composition from dimers. 

 

Figure 5. (a) Isolation of m/z 841 from the neutrals after ionization using L-d3Ser8H+ as the 

protonating agent and (b) fragmentation by CID. (Isolation window 5 Th, CID 14 units)  

   In summary, we have demonstrated a nebulization method followed by gentle on-line 

ionization to isolate and characterize the neutral cluster Ser8. We see no evidence in these 

experiments for any neutral serine cluster besides the octamer. Differently from experiments 

associated with electrospray ionization, the steps of nebulization and ionization are separated 

while residual protonated octamer is electrically deflected, which guarantees that it is neutral 

Ser8 which undergoes the subsequent on-line protonation without interference from Ser8H+. 

Proton transfer, isolation, and dissociation studies provide direct evidence for the existence of 

Ser8. Near-racemic serine solutions exhibited strong homochiral preference when nebulized. This 

matches and explains the previously observed homochirality of the protonated serine octamer. 

The Ser8 exhibits special behavior in its high stability, and especially, in its homochiral preference. 

Many studies on the structure of the octamer depend on its charge and its removal could cause 

destabilization or reorganization.[11d, 12] Provided that proton acquisition from either solvent or 

(L-d3Ser)8H+ merely leads to localized loss of symmetry the structure of Ser8H+ and Ser8 might be 

related. One implication of the present study might be that Ser8 is the more likely chiral 

transmission agent than Ser8H+. An exploration of the structure of Ser8 by computation now 

seems highly desirable. 

 

Experimental Section 

A serine solution of 0.01 M was prepared in 50:50:0.1 (v/v/v) water/methanol/acetic acid. 

The apparatus used for nebulization and separation of Ser8 consisted of a flow injection sprayer, 

heated tube, and ion deflector serving as an “ion switch”. The D-serine solution (0.01 M) was 
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injected at a fixed flow rate of 50 μl/min and the gas (helium) pressure was ca. 20 psi. The hot 

plate for heating the tube (grounded) to aid solvent evaporation was operated at ca. 400 ℃. Prior 

to neutral ionization, the ion deflector was used to remove ionic species emerging from the 

heated tube. One electrode was grounded while the other was supplied with a potential of -1 kV 

to completely deflect ions as monitored by MS. The separated neutrals were then ionized online 

by ESI with either methanol/water/acetic acid (50:50:0.1) or L-serine (d3) (0.01 M) as the solvent. 

The ESI ion source was placed close to the axis of MS inlet and formed an angle of ca. 30°. A flow 

rate of 5 μl/min was set, and high voltage of 5 kV was applied to ESI. Corona discharge with a 

voltage of 5 kV was also used as the same purpose for neutrals protonation but using ionized 

water vapor as immediate ionizing reagent. For conventional electrospray experiments, the flow 

rate of the solution was 5 μl/min, and the applied voltage was 5 kV. For further information on 

the instrument, see the Supporting Information. 
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