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Abstract
The emergence of a crystal nucleus from disordered states is a critical and challenging aspect of the crystallization process, 
primarily due to the extremely short length and timescales involved. Methods such as liquid-cell or low-dose focal-series 
transmission electron microscopy (TEM) are often employed to probe these events. In this study, we demonstrate that ion 
mobility spectrometry-mass spectrometry (IMS-MS) offers a complementary and insightful perspective on the nucleation 
process by examining the sizes and shapes of small clusters, specifically those ranging from n = 2 to 40. Our findings reveal 
the significant role of sulfate ions in the growth of adeninediium sulfate clusters, which are the precursors to the formation of 
single crystals. Specifically, sulfate ions stabilize adenine clusters at the 1:1 ratio. In contrast, guanine sulfate forms smaller 
clusters with varied ratios, which become stable as they approach the 1:2 ratio. The nucleation size is predicted to be between 
n = 8 and 14, correlating well with the unit cell dimensions of adenine crystals. This correlation suggests that IMS-MS can 
identify critical nucleation sizes and provide valuable structural information consistent with established crystallographic 
data. We also discuss the strengths and limitations of IMS-MS in this context. IMS-MS offers rapid and robust experimental 
protocols, making it a valuable tool for studying the effects of various additives on the assembly of small molecules. Addi-
tionally, it aids in elucidating nucleation processes and the growth of different crystal polymorphs.
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Introduction

Considerable effort has been dedicated to investigating the 
self-assemblies of small molecules using mass spectrometry 
(MS) [1–4], initially spurred by the discovery of amyloid-
like fibrils made of metabolites [3, 5–10], amino acids [4, 
11–17], and lipids [18]. This endeavor has deepened our 
understanding of the amyloid hypothesis and forged connec-
tions between metabolic disorders and protein-aggregation 
diseases [5, 6, 19–21]. While intriguing, the differentia-
tion between amyloid-like fibril formation and metabolite 
crystallization presents a significant challenge due to their 
concurrent occurrence under similar concentrations and 
conditions. In a recent investigation involving cysteine and 

cystine, we observed a temporal sequence wherein the fibril 
formation of cysteine preceded the emergence of hexagonal 
cystine crystals [4]. Such findings suggest analogous behav-
iors in other metabolites, prompting a shift in focus towards 
elucidating the self-assembly, nucleation, and growth mech-
anisms of small-molecule crystals using MS.

Gaining a thorough understanding of the evolution of 
molecular or atomic order during the initial stages of ordered 
structure formation, such as crystals or fibrils, has remained 
a persistent challenge. At the same time, probing the trans-
formation from amorphous aggregates into crystalline mat-
ter can potentially rationalize structural polymorphism and 
non-covalent interactions [22], identify novel materials 
and catalysis [23–29], and provide mechanistic details to 
modify existing crystallization theories [30–36]. At present, 
the state-of-the-art techniques for investigating the crystal-
lization mechanisms of small molecules are transmission 
electron microscopy (TEM) [29, 31–37] and molecular 
dynamics (MD) [38–40]. Although TEM operates in the 
condensed phase and offers real-time visualization of the 
self-assembly process, it may overlook crucial aspects such 
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as initial molecular interactions or the influence of solvent 
additives. Furthermore, in classic nucleation theory, a meta-
stable disordered dense liquid or amorphous solid cluster 
spontaneously and irreversibly transforms into a crystalline 
nucleus. However, recent electron microscopy studies have 
suggested more dynamic processes with reversible fluctua-
tions between disordered and ordered states and between 
different polymorphs [34, 35, 37]. For small molecules, 
these processes occur at sizes of a dozen or fewer molecules 
and cluster sizes of a few nanometers [35–38]. Observing a 
few molecules associate and dissociate while searching for 
metastable states during crystallization remains challenging 
and time-consuming. Considering this, the scope of analytes 
that have been and can be studied by TEM and MD is con-
strained. This includes small organic molecules and model 
systems like ionic salts [38–40].

Why is mass spectrometry useful for understanding 
assemblies and nucleation?

 As both crystallization and fibrillization gradually elimi-
nate water from the assemblies, a comparable process, such 
as dehydration in the gas phase, could offer an alternative 
approach to examining the initial assemblies and the roles of 
additives in the assembly of small molecules like adenine. 
The gas phase provides an extreme environment where 
undesired interferences from the surface and solvent can be 
eliminated. The mass selection capability of MS allows for 
a robust characterization of individual species that are other-
wise heterogeneous in the condensed phase. Gas-phase tech-
niques such as ion mobility spectrometry-mass spectrometry 
(IMS-MS) have emerged as novel tools at the forefront of 
structural biology and amyloid studies [41–45]. In early 
studies, experimental IMS-MS data (e.g., collisional cross 
sections (CCS) are often directly compared with theoretical 
values derived from X-ray crystal structures [45]. As the MS 
conditions can be fine-tuned to kinetically trap condensed-
phase structures, IMS-MS has provided a unique perspec-
tive into the early stages of the bimolecular self-assembly 
process. With IMS-MS, the very early stages of assembly, 
involving only a few molecules, can be observed. One can 
distinguish between stable and unstable arrangements and 
model the structures using CCS data [1–3, 45].

While MS does offer significant advantages, it also 
comes with limitations. One primary constraint is its ability 
to detect only clusters with non-zero net charges, whereas 
most clusters in the condensed phase maintain charge neu-
trality. Additionally, interferences from charge carriers or 
protonation (deprotonation) introduced during desolvation 
but before structural measurements cannot be overlooked. 
Consequently, MS has not emerged as a competitive tool for 
studying nucleation and crystallization of small molecules. 
However, it presents an excellent opportunity to investigate 

systems where the charge carriers are the crystallization 
additives. In such cases, the presence of a chargeable species 
is essential for the growth of crystals in the condensed phase 
and the detection of clusters in the gas phase. Although these 
systems are limited in scope, they serve as valuable plat-
forms for proof-of-concept experiments.

Nucleobase crystallization is biologically relevant

Nucleobases are an integral part of the genetic blueprint of 
all living organisms and carry important hereditary informa-
tion [46]. Adenine, thymine, guanine, and cytosine make up 
the DNA double-helix strand, while uracil replaces thymine 
in the case of RNA [47]. Nucleobase-containing molecules 
are indispensable in biology due to the critical roles of 
nucleic acids, particularly G-quadruplex DNA and RNA. For 
example, adenine is an essential component of high-energy 
molecules such as adenosine triphosphate (ATP), nicotina-
mide adenine dinucleotide (NAD), and flavin adenine dinu-
cleotide (FAD) [48], all are needed for cellular metabolism 
[49]. In addition, adenine’s diverse binding to proteins as a 
ligand has been exploited for designing different inhibitors 
by characterizing potential molecules based on similar active 
site classification that mimics adenine [50].

Gazit and co-workers proposed an intriguing hypothesis 
linking metabolostasis to proteostasis [19, 51], suggesting 
that disruptions in metabolostasis, as in inborn errors of 
metabolism (IEM) or severe combined immunodeficiency 
(SCID) [52], increases the risk of protein amyloidosis. This 
is supported by compelling evidence; for example, the fibril 
formation of homocysteine precedes and colocalizes with 
the aggregation of amyloid-β [1–42] in Alzheimer’s disease 
mouse brains [3]. Specific to adenine, defects in adenine 
phosphoribosyltransferase and adenosine deaminase result 
in the overaccumulation of adenine and adenosine in SCID 
[53]. In yeast models, increasing levels of adenine have been 
shown to lead to fibril-like formation and decreased cell 
growth [7]. In vivo, xanthine dehydrogenase oxidizes excess 
adenine to 2,8-dihydroxyadenine, of which the low solubil-
ity leads to crystal precipitation and chronic kidney disease 
[54, 55]. Clearly, both the fibrillization of adenine and the 
crystallization of its oxidized derivatives are harmful.

Interestingly, adenine, characterized by its simple struc-
ture, versatile coordination abilities, and hydrogen bonding 
capacity, presents a novel avenue for various ligands to engage 
in assemblies, generating diverse polymorphs. The reported 
crystal structures of adenine include adenine hydrochloride 
[56], adenine dihydrochloride (or adeninediium dichloride) 
[57, 58], adenine sulfate and hemisulfate [59], adenine-water-
halide [60], adeninediium dinitrate [61], adenine with metal 
salts [62, 63], adenine with organic acids [64], adenine trihy-
drate [65], and anhydrous adenine [66, 67]. The small ligands 
increase adenine’s solubility and drive forward the formation 



5039The rise and fall of adenine clusters in the gas phase: a glimpse into crystal growth and nucleation  

of crystals [68]. Based on these findings, we posit that metab-
olites like adenine have their small-molecule chaperones [69]. 
These chaperones include but are not limited to sulfate and 
chloride ions, which are ubiquitous but essential macronu-
trients. Crystallization, or the formation of “solid solutions,” 
in which the molecule host harbors metabolically available 
molecules into its crystals, could provide a strategy to protect 
overproduced metabolites from aggregation and formation 
of cytotoxic derivatives. Unlike irreversible aggregation or 
fibrillization, in vivo biogenic crystals serve as an economical 
and physiological reservoir to maintain a balance between the 
need for high concentrations and retaining functional forms, 
allowing the molecules to be reversibly transformed from 
crystalline to soluble forms when needed.

While there has not been enough study on the biological 
activities of adenine-salt crystals, biogenic, functional crystals 
of guanine are found in living organisms [70–74]. Due to their 
high reflective index, these crystals perform functions such as 
coloration. Analysis of these crystals shows that they contain 
not only guanine but also hypoxanthine and xanthine [70].

In this work, our main goal is to assess the stability of 
adenine clusters in the gas phase and investigate whether 
gas-phase structures can provide insights into the oligomer 
growth and crystallization of adenine and the influence of 
ligands. For this purpose, we opt for hemisulfate/sulfate as 
the ligand, with adenine hemisulfate chosen due to its abil-
ity to accelerate crystallization and produce high-quality 
crystals [75]. This choice underscores the significant role of 
sulfate ions in stabilizing the structures. Of note, anhydrous 
adenine is more sensitive to crystallization conditions [66]. 
Since the crystal structure is typically obtained in a hydrated 
form [23, 56, 59, 65], we will also examine the impact of 
dehydration on the system. Moreover, we will compare the 
cluster formation of adenine in the presence of sulfates with 
the clusters of guanines. Strategies and interpretation of the 
structural data regarding crystal growth and formation will 
also be discussed.

Materials and methods

Ion mobility spectrometry‑mass spectrometry 
(IMS‑MS)

Adenine, guanine sulfate dihydrate (both from VWR), 
and adenine hemisulfate (Sigma-Aldrich) at > 99% purity 
were purchased and used without further purification. 
Each adenine sample was reconstituted in LC–MS grade 
water to a stock concentration of 10 mM. The stock solu-
tion was diluted using 20 mM ammonium acetate pH 7 
to the desired sample concentration (1 mM) for the IMS-
MS experiments. To prepare the working concentration 
of guanine sulfate dihydrate, the stock solution was first 

reconstituted in LC–MS  H2O to a concentration of 10 mM 
with about 25% HCl (1N, Acros Organics) introduced into 
the solvent to aid sample dissolution for MS experiments. 
The stock solution was diluted to 1 mM using 20 mM 
ammonium acetate pH 7. All multi-field ion-mobility 
spectrometry experiments were performed using an Agi-
lent 6560 IMS-Q-TOF instrument (Agilent Technologies, 
Santa Clara, CA). The mass calibration and CCS were 
validated using the Agilent ESI-L tuning mix (diluted in 
95:5 v/v ACN:  H2O). The ions were generated by electro-
spray ionization (ESI) by a dual ESI/Agilent Jet stream 
(JS) source and a syringe pump at the rate of 30 µL/min. 
Instrument parameters were tuned based on the early work 
by Gabelica and co-workers [76]. The ions were stored 
in a source funnel and then pulsed into a 78.1-cm drift 
cell filled under a drift-gas pressure of 3.94 Torr. The 
ions then traversed through the drift tube under the influ-
ence of a weak electric field and simultaneously collided 
with the stationary buffer gas (nitrogen). The size, shape, 
and net charge determined the velocity at which the ions 
drifted through the cell. Data were obtained in positive 
polarity over the course of 5.2 min with drift cell voltages 
ΔV = 1490, 1390, 1290, 1190, 1090 V in nitrogen. For 
each species, the drift velocity is related to the reduced ion 
mobility K

0
 and used to calculate the momentum-transfer 

collision integral through the Mason-Schamp equation, 
which is reported as the experimental CCS [77].

where e is the elementary charge, N is the gas number den-
sity of the drift-gas, µ is the reduced mass of the ion and 
drift gas, kB is the Boltzmann constant, and T is the drift-gas 
temperature. The mass spectra were analyzed on IM-MS 
browser B.08.00 software (Agilent, Santa Clara). The arrival 
time distributions (ATDs) and the mass spectra graphs were 
made using OriginPro. The instrument method parameters 
can be found in the Supporting Information.

Crystal growth

Adenine hemisulfate (≥ 99% purity, Sigma-Aldrich) stock 
was prepared in LC–MS grade water to a final concentra-
tion of 38 mM, from which two crystal growth trials were 
set up. The first trial was prepared by introducing 500 µL 
of 38 mM stock each into an NMR tube. Then, 500 µL of 
ethanol was added to the NMR tube, resulting in a final 
concentration of 19 mM adenine hemisulfate in the NMR 
tube. The remaining set was prepared using the same proto-
col except that the stock concentration of adenine hemisul-
fate used here was 19 mM (the 38 mM stock was diluted), 
yielding a final concentration of 9.5 mM in the NMR tube.

(1)CCS ≈
3ze

16N
0

1

K
0

√

2π

�kBT
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X‑ray crystallographic analysis

The single-crystal X-ray diffraction data of adenine hemi-
sulfate were measured on a Bruker D8 Venture diffractom-
eter equipped with a Photon 100 detector (Mo Kα radiation, 
λ = 0.71 Å). The cylindrical-like shaped crystal was coated 
in Paratone oil and mounted on a MiTeGen loop. Data were 
collected at 100 K after placing the crystal in a cold stream 
of nitrogen generated by an Oxford Cryostream low-temper-
ature apparatus. Data were reduced with Bruker SAINT and 
corrected for absorption using SADABS. The structure was 
solved and refined using SHELX and OLEX2, respectively. 
The other parameters for structural refinement are listed in 
Table S2 in the Supporting Information.

Results and discussion

Crystal structure of adenine: structural 
determination using single crystal X‑ray diffraction

The structural determination of adenine hemisulfate at 
100 K reveals that the compound crystallizes into a tri-
clinic space group crystal (P1) with the lattice constants 
of a = 7.7601(3)Å; b = 9.4163(3)Å; c = 11.6085(4)Å; 
α = 83.908(1)°; β = 76.379(1)°; γ = 81.742(1)°. The X-ray 
structure is shown in Fig. 1, consisting of two adeninium 
cations, a sulfate anion, and two water. Also, it is evident 
that the sulfate ion is situated in between the two adeninium 

cations and connected via hydrogen bonds. Additionally, 
each water molecule interacts with the adeninium cation 
and sulfate ion through a hydrogen bond connection. These 
hydrogen bond lengths lie within the range of 1.9–2.0 Å. 
The crystal structure with the atoms labeled and the ORTEP 
structure are shown in Figure S1. The same crystal structure 
was previously reported in the CCDC repository as aden-
inium hemisulfate monohydrate [78, 79].

The growth mechanism of adeninediium sulfate 
clusters probed by IMS‑MS

The mass spectrum of pure adenine does not show any ade-
nine cluster (Figure S2). Of note, the X-ray crystal structure 
of anhydrous adenine showed two adenine molecules held 
together via N–H···N hydrogen bonds in the asymmetric 
unit. Because no other molecule is participating in the sta-
bilization, protonation (or deprotonation) during ESI may 
dramatically destabilize the complexes. The low signal-to-
noise ratios in the high mass-to-charge (m/z) region indicate 
the formation of high molecular weight aggregates that can-
not be resolved, suggesting that adenine quickly aggregates 
at this concentration (1 mM).

On the other hand, the mass spectrum of adenine hemisul-
fate (Fig. 2A, B) shows many peaks that could be assigned 
to clusters of adenine sulfate. No hydrated clusters were 
detected. The species have varied compositions of adenine, 
sulfate, and sodium ions  (Na+ is ubiquitous in MS experi-
ments). Each set of mass spectral peaks is assigned based on 

Fig. 1  X-ray crystal structures 
of A adeninium hemisulfate 
hydrate from this work and of 
B adeninediium sulfate from 
previous work
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monoisotopic m/z and isotopic spacing, which subsequently 
yields information regarding the cluster size. The ADE to 
sulfate ratio in these complexes is often close to 1:1, and 
thus are derived from adeninediium sulfate; [ADE +  2H+] 
∙  SO4

2−.
We abbreviate [ADE +  2H+] hereafter as ADE** 

(doubly protonated adenine or adeninediium). The 
initial complexes could have the general formula of 
nADE** + kSO4

2−  + xH+  + yNa+. Thus, we expect our 
MS data to resemble more adeninediium sulfate (1:1 ratio) 
than adenium hemisulfate (2:1 ratio). Furthermore, for the 
adeninediium sulfate clusters to be detected in positive ESI 
polarity, the complexes need to either acquire a cation (e.g., 
 Na+ or  K+; referred to as type I) or lose an  SO4

2− or possess 
an unpaired ADE* (adeninium) (types II and III).

We will discuss the different types of clusters observed 
by IMS-MS. Figure 1B shows an example of the three 
types of clusters. Type I clusters have the overall 
nADE** + nSO4

2−  +  Na+ compositions. The arrival time 
distributions (ATDs) corresponding to these m/z values 
exhibit multiple features, discernible in two distinct sections. 
Specifically, only the rightmost segment of the ATDs, often 
characterized by three closely spaced yet well-resolved fea-
tures, pertains to type I adenine clusters (more discussion 
later). When aligning the drift times of the features, we can 
assign them to clusters and post-IM dissociated clusters. 
Post-IM dissociation happens when a cluster moves through 
the drift cell as a cohesive, non-covalent complex. However, 
before reaching the detector, it dissociates into product ions 
with reduced masses. This dissociation process can result in 

Fig. 2  A ESI-mass spectrum of 1  mM adenine hemisulfate. Most 
mass spectral peaks can be assigned to three types of adeninediium 
sulfate clusters. The notation (n, k, x, y) is used where n is the number 
of adenines, k is the number of sulfuric acids, x is the number of addi-
tional protons  (H+), and y is the number of sodium cations  (Na+). B A 
partial mass spectrum showing the relative intensities of three types 
of clusters. Types I and II are much more abundant than type III. 

Within type II, n > k is much more intense than n ≤ k. C A representa-
tive 2D plot of m/z vs. drift time (ms) shows two overlapping isotope 
distributions of two distinct species. The first species is type II, i.e., 
(21, 19, 2, 0) = 19 ADE** + 19  SO4

2−  + 2 ADE* (or ADE** + ADE), 
and the second species is type I, i.e., (10, 10, 0, 1) = 10 ADE** + 10 
 SO4

2−  +  Na+
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either neutral or charged losses, affecting the appearance of 
their IM features in the ATDs [80, 81]. Neutral loss causes 
the species to travel slower than expected with the detected 
m/z [80, 81]. Conversely, charged loss causes the species to 
appear to travel faster than anticipated. Therefore, because 
post-IM dissociation changes the mass (and charge) of the 
dissociated species, it is possible for different adenine clus-
ters, which have different compositions, to be detected at the 
same m/z values as if they were isobaric species. For exam-
ple, 3ADE** +  3SO4

2−  +  Na+ (i.e., a type I adenine trimer), 
which has an m/z of 722, could dissociate post-IM measure-
ments into a sodiated dimer 2ADE** +  2SO4

2−  +  Na+ and 
a neutral monomer ADE** +  SO4

2− (undetectable). In other 
words, a species can travel with the drift time of a trimer or 
a tetramer but is then detected as a dimer. This dissociated 
trimer species will have a longer drift time than the intact 
dimer but identical to the intact trimer. While at first glance, 
these events cause the ATDs to become more complicated, 
the procedure to analyze data is straightforward once we 
align the ATDs and look for those with consistent arrival 
times (Fig. 3). The CCS values of the type I adenine clus-
ters are reported in Table S4. Because  Na+ or  K+ adduction 
occurs during the ESI process, the metal cation does not par-
ticipate in the growth of the clusters in solution. The metal 
ion adduction in type I clusters is expected to have a smaller 
effect on the structural integrity of the adeninediium sulfate 
clusters as compared to the addition of charged adenines or 
sulfates (protonation).

Because several combinations of adenine and sulfate give 
rise to overlapping isotope distributions, there are species 

with different monoisotopic m/z but greatly overlapping 
when shown in one-dimensional ATD. However, these spe-
cies can be unambiguously resolved and assigned in a 2D 
plot of m/z versus drift time, such as Fig. 2C. Their monoi-
sotopic masses differ, but the isotope distributions overlap 
with type I clusters. In type II clusters where n and k may not 
always be the same, the clusters can contain either ADE** 
and ADE* or sulfate and sulfuric acid. These unique features 
form the basis for further classifying type II clusters into 
two subtypes.

In type II-a clusters, where n > k, there are more adenines 
than sulfates. These complexes contain mostly adeninedi-
ium (z =  + 2) and a few neutral adenines. For example, we 
observed 13ADE** +  12SO4

2− + 2ADE; (n, k) = (15, 12) at 
m/z 1601.5, in which there are 13 adeninediium, 2 adenine 

Fig. 3  Representative ATDs of type I clusters where post-IM disso-
ciation occurs. The ATD of (2, 2, 0, 1) – dimer of sodiated adenin-
ediium sulfate contains three resolved features corresponding to dis-
sociated trimer and tetramer. Each dissociation results in a loss of a 
neutral cluster

Fig. 4  Comparisons of types I and II adenine clusters with the same 
adenine and sulfate compositions. A Representative ATDs at m/z 
1421 and m/z 1399. These monoisotopic m/z values correspond to (n, 
k, x, y) = (6, 6, 0, 1) and (6, 6, 1, 0). Because of post-IM dissociations, 
the IM features corresponding to (n, k) = (7, 7) and (8, 8) can also be 
labeled. The type I clusters with larger MWs have smaller CCSs than 
type II clusters. B A partial plot of n vs. CCS showing that the differ-
ences get smaller as n increases
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molecules, and 12 sulfate ions. Similarly, we also observed 
14ADE** + 13  SO4

2−  + 1ADE; (n, k) = (15, 13) at m/z 1650, 
in which there are 14 adeninediium, one adenine, and 13 
sulfate ions.

In type II-b clusters, n ≤ k. Type II-b clusters are much 
less abundant than type II-a. For example, we observed 
15ADE** +  14SO4

2− +  1H2SO4; (n, k) = (15, 15) in which 
there are 15 adeninediium, 14 sulfate ions, and one sul-
furic acid. Similarly, at (n, k) = (15, 16), we observed 
15ADE** + 14  SO4

2−  +  2H2SO4, i.e., 15 adeninediium, 14 
sulfate ions, and two sulfuric acid molecules. The type II-a 
clusters are observed as early as n = 2 (dimer), whereas the 
type II-b clusters are only seen at n = 6 or above. This indi-
cates that adding adenine is preferable over adding sulfate 
(or sulfuric acid) as the clusters grow.

Type III clusters share common properties with types I and II. 
Like type II, type III clusters contain mostly large m with a net 
charge of z =  + 2. Like type I, these clusters also contain a sodium 
cation as a charge carrier. In these clusters, at least one adenine 

molecule is an adeninium (singly protonated adenine); as such, to 
maintain the interaction with sulfate, a sodium cation is needed. 
For example, the molecular composition of type III’s (n, k) = (12, 
11) is 11ADE** +  11SO4

2− + ADE* +  Na+ at m/z 1361, and that of 
(n, k) = (12, 12) is 11ADE** +  11SO4

2− +  1H2SO4 + ADE* + Na.
Together, we drew the following conclusions. Firstly, due 

to desolvation preceding MS measurements, our observa-
tion of the ESI of adenine hemisulfate samples primarily 
revealed clusters of adeninediium sulfate. The doubly proto-
nated adenine establishes robust hydrogen bonding with the 
sulfate anion, producing a predominantly 1:1 ratio. Secondly, 
the observed clusters shed light on potential growth mecha-
nisms. Neutral adenine can incrementally join adeninediium 
sulfate clusters. However, because neutral adenine molecules 
do not form stable coordination with sulfates, only two to 
three adenine molecules can be added sequentially. The 
close interactions between neutral adenine and  H2SO4 help 
protonate adenine into adeninium and adeninediium. This 
growth mechanism suggested that until the cluster reaches a 

Fig. 5  A Representative ESI-
mass spectrum of guanine 
sulfate. Most mass spectral 
peaks can be assigned to pro-
tonated clusters of (n, k) where 
n is the number of guanine and 
k is the number of  H2SO4. The 
inset shows the compositions of 
some complexes where sulfates 
are sequentially added to the 
clusters of guanines without 
following a specific ratio. B 
Representative 2D plot of m/z 
vs. drift time (ms) showing spe-
cies with overlapping isotopic 
distributions
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balanced state with an equal number of ADE** and  SO4
2−, 

the growth end of the cluster would be relatively disordered. 
When we compare clusters with the same n and k of the 
ordered and disordered states, we consistently observe that 
the CCS values of type I clusters are smaller than type II, 
which supports our claim (see Fig. 4).

Next, the CCS comparison between types II and III clus-
ters gives us a glimpse into the structural transition when the 
clusters accommodate an additional adenine. For the same 
(n, k) where n = k, type II clusters contain an “extra” ADE** 
while type III clusters contain an ADE* (and a  Na+). The 
observed trend remains consistent: despite its greater mass, 
the type III clusters have about the same CCS as the type II 
clusters. Collectively, although the growth motif is simple 
and predictable, this is the first time the stepwise process 
could be followed and demonstrated unambiguously.

IMS‑MS can distinguish the roles of sulfates 
in the growth of adenine and guanine clusters

Adenine and guanine, both purine bases, share similar 
shapes and structures, yet they exhibit distinct patterns of 
hydrogen donors and acceptors. Consequently, the self-
assembly of guanine sulfate into small clusters and the 
involvement of sulfate ions in this process are anticipated to 
differ significantly from those of adenine sulfate. Notably, 
there have not been any reports on the crystal structure of 
guanine sulfate. However, substituting guanine with isogua-
nine yields a crystal structure similar to adenine sulfate [82]. 
Thus, guanine sulfate serves as an excellent model system 
for negative-control experiments, illustrating the distinct 
roles of sulfate in adenine sulfate crystallization compared 
to guanine.

Fig. 6  Cluster compositions of 
A guanine sulfate and B adenine 
sulfate. The clusters are classi-
fied based on the charge states 
and types. The ratio of ADE 
to sulfate for adenine is close 
to 1:1, whereas that of GUA to 
sulfate is broadly distributed. 
This indicates that sulfate is 
essential to the stabilities of the 
adenine clusters. In contrast, 
sulfate is more important as 
a charge carrier for detecting 
GUA clusters than for their 
structures and stabilities
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As shown in Fig. 5, the mass spectrum of guanine sulfate 
exhibits numerous peaks corresponding to (n, k, x), where n 
represents the guanine cluster size, k is the number of sulfate 
groups, and x denotes the number of protons  (H+). Notably, no 
significant sodiated or potassiated adducts are observed. Suc-
cessive additions of sulfate groups to the same guanine clusters 
are evident. For instance, within the inset of Fig. 5, transitions 
from (6, 3, 1) to (6, 4, 1) and from (14, 3, 2) to (14, 4, 2) and 
(14, 5, 2), as well as (13, 5, 2) to (13, 6, 2) and (13, 7, 2) are 
observed. The ATDs become more intense and well-resolved 
as the guanine to sulfate ratio approaches 2:1 (see Figure S3).

Figure 6 compares the clusters of adenine and guanine 
observed in IMS-MS experiments. Large clusters of ade-
nines are detected, reaching sizes of up to n = 42, likely 
constrained only by the mass range limitations of our 
MS method. In contrast, smaller clusters of guanines are 
detected, suggesting that the self-assembly of guanine (in 
the presence of sulfate) is slower and may not progress to 
the nucleation stage for crystal formation. Therefore, Figs. 5 
and 6 collectively illustrate a clear distinction in adenine 
assemblies and potential crystal growth behaviors compared 
to guanine under the influence of sulfate ligands.

Finally, Fig. 7 presents the plot of the experimental CCS 
of adenine clusters plotted against cluster size (n). This 
offers an indirect insight into the assembly and growth of 
adenine clusters into single crystals at an early stage. Ini-
tially, the CCS values exhibit isotropic growth [45], evi-
denced by a rapid increase from n = 2 to n = 8. Subsequently, 
the rate of change slows down, and a new trend emerges 
around n = 10. Starting at n = 10, the CCS trend begins uni-
directional growth, allowing linear fitting. This linear fit 
yields an R2 value of 0.9828 and a y-intercept of 325.1 Å2. 
Notably, this value intriguingly aligns with the experimental 

CCS of a hexamer to an octamer (n = 6 to 8, CCS = 320.0 to 
353.5 Å2). Furthermore, it is noteworthy that the unit cell 
of adeninediium sulfate comprises precisely eight copies of 
 ADE** +  SO4

2−. Collectively, the CCS data from IMS-MS 
measurements suggest that (a) the nucleation for the crystal 
formation of adenine sulfate occurs at n = 8 to 14, where 
there are reversible changes from disordered (isotropic) to 
ordered (linear) growth, (b) linear, unidirectional growth of 
adenine sulfate clusters is observed for n > 10.

Conclusion

Capturing the emergence of a crystal nucleus from disordered 
states is the most challenging aspect of the crystallization pro-
cess due to the short length and time scales involved. These 
events are often probed by liquid-cell or low-dose focal-
series TEM. Here, we demonstrate that IMS-MS can provide 
a complementary view of this process by probing the sizes 
and shapes of small clusters (n = 2 to 40). Interestingly, this 
method illustrates the crucial role of sulfate in the growth of 
adeninediium sulfate clusters leading up to single crystals. 
The nucleation size is predicted to be between n = 8 and 12, 
aligning well with the unit cells of the adenine crystal. We 
also highlight the strengths and weaknesses of the method, 
including data analysis and interpretation. Due to the speed 
and robustness of IMS-MS experiments, this technique can be 
used to study the effects of different additives on the assembly 
of small molecules, elucidate nucleation processes, and inves-
tigate the growth of various crystal polymorphs.

It is important to address some methodological weaknesses 
in this study. Firstly, while we anticipate that all three types 
of clusters will grow to similar sizes, only a fraction of the 
mass spectral peaks from each type can be resolved and unam-
biguously analyzed. For example, the type I clusters depicted 
in Fig. 7 abruptly end at ~ n = 11. Although evidence for sig-
nificantly larger clusters of this type can be clear, they are not 
well-resolved, leading to their exclusion from the final analy-
sis. Figure S4 illustrates this issue. Another factor limiting the 
detection of larger clusters is the mass range, which is capped 
at m/z 3200. This restriction biases the results by potentially 
excluding large, low-charge clusters outside this range.

Secondly, our measurements are conducted in the gas 
phase, which may not fully preserve the molecular inter-
actions present in the condensed phase. Consequently, the 
CCS values obtained here cannot be directly compared 
to those derived from X-ray crystallography. Nonethe-
less, IMS-MS presumably ionizes clusters formed in 
solution, and the relative intensities of the mass spectral 
peaks reflect the abundance of the clusters in solution. 
Even when a subset of these clusters is promoted by des-
olvation, the interactions (i.e., sizes and shapes of these 
clusters) still contain relevant structural information about 

Fig. 7  A plot of CCS values as a function of adenine cluster (n). 
The experimental values are shown as data points (type I, in red 
circles; type II, in pink circles and green  squares; and type II, in 
blue squares). The experimental data are compared the linear fit onto 
types II and III (n ≠ k) data
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their packing in a solventless environment, resembling that 
of crystalline materials. Since similar interactions stabi-
lize all clusters, they should undergo comparable struc-
tural contraction (compactness) after desolvation. This 
suggests that despite the gas-phase limitations, the data 
still offer valuable insights into the relative stabilities and 
abundances of the clusters in the condensed phase.
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