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Confirmation-dependent organic phosphor
reveals amino acid nanoaggregates in ice
with insight for prebiotic chemistry

Hongping Liu1, Hao Su2, Ning Chen1, Baicheng Zhang 1, Aoyuan Cheng1,
Xiaoyu Chen1, Xuepeng Zhang 1, Xiaoguo Zhou 1, Yongxiang Gao1 ,
Wenhui Zhao 3 , Yi Luo 1,2 & Guoqing Zhang 1,2

Freezing-induced enrichment of organic solutes within ice has long been
hypothesized to play a pivotal role in prebiotic chemistry and the origins of
life, yet direct evidence for the in-ice aggregation of dilute, water-soluble
organics has remained elusive. Here, we employ a conformation-sensitive
organic phosphor, 2-phenylbenzothiazole iodide (SNI), to uncover the for-
mation of amino-acid nanoaggregates in water ice. Unusual, amino-acid-
specific phosphorescence signatures from SNI-guided investigations prompt
us to examine the frozen samples with cryo-transmission electronmicroscopy
(cryo-TEM), which directly reveals uniform nanoaggregates. These nanoag-
gregates create distinct local microenvironments that influence the photo-
physical properties of SNI, inducing distinct ground-state conformations that
lead to conformation-dependent phosphorescence. Complementary theore-
tical calculations, molecular dynamics simulations, and temperature-variable
Raman spectra suggest that amino acids, such as alanine, undergo a
temperature-dependent proton-transfer process from their ammonium to
carboxylate groups, enhancing their hydrophobicity and triggering aggrega-
tion upon freezing. This enrichment of amino acids in ice may represent a
prerequisite condition for polymerization, offering new insights into how
primitive icy environments could have influenced peptide-based prebiotic
chemistry.

Studies on small organic molecules such as amino acids in ice are of
central importance for understanding pre-biotic chemistry1. Water ice
matrices not only protect amino acids from cosmic radiation but also
facilitate the formation of larger molecules such as peptides and pro-
teins in environments like interstellar clouds, exoplanets, meteorites,
and Earth2–5. For instance, Herrero et al. demonstrated the crucial role
of water ice as a medium for the survival of primitive amino acids
during the formation of stars and planets6. Calculations made by
Kimura and Kitadai on the Gibbs free energy for the polymerization of

organic monomers, including amino acids, revealed the thermo-
dynamic favorability of cold-water ice (80–120 K) on surfaces of
celestial bodies for peptide formation7. Recently, Rousseau et al. stu-
died the polypeptide formation in clusters of β-alanine amino acids by
α-particle impact4. Although these studies confirmed the final pro-
ducts, it remained unclear how amino acids could cluster or aggregate
closely enough to react, given that organic substances aremany orders
ofmagnitude less abundant thanH₂8. One plausible explanation is that
freezing water ice excludes organic molecules into the interstices of
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crystalline ice regions, leading to their enrichment9,10. This process has
been observed for various solutes, including certain biomolecules11.
While proteins are known to undergo freezing-induced aggregation
due to significant entropic changes, it has been uncertain whether
amino acids, as smaller molecular entities, exhibit similar behavior.
Previous research has provided indirect evidence, based on studies of
polypeptides and proteins, that certain amino acids might be prone to
phase separation when the temperature is lowered12. However, no
direct experimental results ever supported that amino acids phase-
separate in water ice; on the contrary, a recent study did not find
aggregates in an alanine-water ice mixture13. Here in this study, we
present direct observation of microphase separation, i.e., nanoag-
gregates formation for various amino acids, including alanine. Speci-
fically, we first observed unusual spectroscopic14,15 profiles in SNI
phosphorescence16–23 in the solutions, frozen solutions of various
naturally occurring amino acids; these solutions were then examined
by cryo-TEM and SEM, and were found to contain nanoaggregates of
various sizes and shapes; molecular dynamics simulations were
employed to give a consistent explanation of the spectral shift
accounted for the local chemical environment formed by nanoag-
gregates. To understand themechanism of themicrophase separation
behavior of these hydrophilic molecules, temperature-dependent
Raman spectroscopy reveals a sudden disappearance of spectral
intensity at 180 K, suggesting a charged-to-neutral amino acid struc-
tural transition. These findings support a sequential pathway for pre-
biotic polypeptide formation in ice24–29: amino acid aggregation via
nanophase separation as a prerequisite condition, followed by freeze-
concentration via ice sublimation, and ultimately polymerization
under external energy inputs30,31 (Processes 1–3 in Fig. 1a). Our work
highlights this prerequisite first step by providing direct experimental
evidence that amino acids indeed form nanoaggregates in ice.

In a recent study, we utilized the phosphorescent probe acridi-
nium iodide (ADI) to investigate themicrostructural states of water ice
and explored its ability to distinguish crystalline and amorphous
(glassy) phases from the spectroscopic signatures, as ADI’s phos-
phorescence properties were highly sensitive to changes in its hydra-
tion state (hydrated vs. non-hydrated ADI)10. However, its binary
spectral response features pose limitations for more detailed micro-
structure sensing32–42.

In this work, we have developed a spectroscopic strategy using 2-
(2-hydroxyphenyl)−3-methylbenzo[d]thiazol-3-ium iodide (SNI,
Fig. 1b), where SNI exhibits enhanced sensitivity due to its phenol
functional group and increased intramolecular motion, allowing it to
adopt different ground-state configurations upon interacting with
different microenvironments, and thus variable phosphorescence
behavior reflecting the specific interactions with the external matrix.
Surprisingly, we find dramatically different spectroscopic features for
water ice samples containing leucine and isoleucine at a concentration
of 22.2mM, respectively. This tiny variation in molecular structure is
unlikely to impose such a spectroscopic shift43–46, if the phosphores-
cence emissionmerely reflects themorphological difference of the ice
matrix47. Hence, a more plausible mechanism, which involves the for-
mation of amino-acid aggregates is hypothesized: upon freezing, the
amino acids form aggregates, which then provide hydrophobic sur-
faces for the SNI probe. Consequently, the SNI probe can have a whole
spectrum of electronic configurations in the ground/excited states. As
Fig. 1b indicates, the SNI probe consists of a phenol electron donor and
a benzothiazolium electron acceptor. When the two rings are co-pla-
nar, the pKa of the phenol is expected to be reduced, so that the SNI
exists as a deprotonated anion under neutral pH when it binds to the
smoother surface of leucine aggregates. However, upon binding to the
more disordered surface of isoleucine aggregates, forced rotation
destroys the co-planar structures and increases the electronic density
on the phenol group, which should prefer the protonated form.
Accordingly, the phosphorescenceemission energy is also expected to

change from red-shifted to blue-shifted state. Here in this study, we
show that our hypothesis is indeed consistent and may shed light on
how polypeptides could have been formed during the early period of
the universe.

Results
The SNI salt was synthesized by a one-step SN2 reaction, and its purity
was confirmed using nuclear magnetic resonance (NMR) spectro-
scopy, high-resolution mass spectrometry (HRMS), and single-crystal
X-ray diffraction (XRD) (Fig. S1–S4). Optically dilute solutions of SNI in
deionized water (7 × 10-⁵ M) exhibited a broad absorption band
between 260 and 500 nm, with resolved peaks at 290, 328, and
420 nm, characteristic of the π-π* transition of the conjugated SN+

cation (Fig. S5). At room temperature, the SN+ cation in aqueous
solution showed no detectable photoluminescence (Fig. S6), pre-
sumably due to a high degree of rotational freedoms between the
donor (phenyl ring) and acceptor (benzothiazole ring) planes. How-
ever,when the SNI solution (7 × 10-⁵M inH₂O)wascooled at anaverage
rate of approximately 1 °C/s using liquid nitrogen, the ice exhibited
green photoluminescence at thermal equilibrium (77 K) with a broad
spectroscopic range spanning the entire visible range (Figure 2a,
λem = 546 nm, τ = 2.56ns). When recorded at a delay time of 3ms, a
phosphorescence emission band (λP = 597 nm) with a lifetime of
25.17ms was noted. The behavior was very similar to the ADI probe in
ice, which has been attributed to dehydration-induced charge-transfer
phosphorescence between the halide anion and the organic cation
phosphor10.

We applied this probe to the water-amino acid system and
selected representative water-soluble amino acids – leucine (Leu),
phenylalanine (Phe), histidine (His), glutamic acid (Glu), and glutamine
(Gln) – each at a concentration of 55.6mM (Fig. S7). Our initial
observations reveal that the addition of trace leucine caused a reduc-
tion in the fluorescence band around 546 nm (τ = 3.61 ns,
Figs. S8 and S9), accompanied by a more intense phosphorescence
band with well-resolved vibronic progressions at 515 and 596 nm
(τ = 55.67ms), making the photoluminescence appear green to the
naked eye (Fig. 2a). When testing amino acids containing aromatic
group, the fluorescence band intensity at 540 nm (τ = 3.89 ns, Fig. S9)
similarly decreased, while the phosphorescence intensity at 585 nm
(τ = 65.31ms) increased for Phe. For His, the fluorescence band
emerged at a blue-shifted maximum of 531 nm (τ = 4.34 ns, Fig. 2b),
accompanied by a more intense phosphorescence band with well-
resolved vibronic progressions at 563 nm (τ = 69.31ms), which is also
blue-shifted. The photoluminescence of SNI is further blue-shifted in
the presence of amino acids with higher acidity, e.g., Specifically, Glu
exhibited a fluorescence vibrational peak at 511 nm and induced dis-
tinct green phosphorescence at 513 nm (τ = 73.93ms). Similarly, Gln
displayed a fluorescence vibrational peak at 515 nm, accompanied by
prominent green phosphorescence at 518 nm (τ = 75.54ms). We also
investigated the phosphorescence lifetime of each sample at a wave-
length of 550 nm and found that the addition of amino acids to the SNI
aqueous solution increased the lifetime. Specifically, the lifetimes for
Leu, Phe, His, Glu, andGlnwere 56.28ms, 81.79ms, 86.01ms, 71.01ms,
and 74.11ms, respectively (Fig. S10). Based on the spectroscopic trend,
it appears that as the pH values of the aqueous solutions decrease, i.e.,
Leu/H2O (6.4), Phe/H2O (6.2), His/H2O (7.2), Glu/H2O (3.1), and Gln/
H2O (3.8), there is a progressive blue shift in the photoluminescence
emission. Since the SNI has a protonatable phenol group, we suspect
that the zwitterionic form of SNI gives rise to the yellow phosphores-
cence while the cationic, protonated SNI is blue-shifted to the green
emission.

To test the hypothesis, the SNI emission spectra in the presence of
two isomeric amino acids (Leu and Ile) with almost identical pKa values
(pKa of α-carboxyl group of ~2.4 and pKa of α-amino group of ~9.6)
were measured. Unexpectedly, we found dramatically different
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spectroscopic features for water ice samples containing the two iso-
mers, respectively, at a concentration of 22.2mM (Fig. S11). This tiny
variation in molecular structure is unlikely to impose any noticeable
spectroscopic shift, if the photoluminescence of SNI emission merely
reflects the pH values of the ice matrix. Therefore, the pH-induced
emission shift hypothesis cannotbe correct or complete, at least. Since
large π-conjugated rings are, in general, hydrophobic, we reasoned
that SNI is hydrophobic enough to interact with microphases com-
posed of amino acids. Despite the structural similarity between Leu
and Ile, their packing in the aggregates could vary dramatically, as has
been frequently observed for organic crystals48. Therefore, such
morphological differences could induce the water-ice microenviron-
ments that leading to conformational differences for the SNI probe
molecules. Specifically, the SNI probe contains a phenol donor and a

benzothiazolium acceptor, with significant electron density differ-
ences depending on its conformational state. This dual nature allows it
to interact differently with the amino acid aggregates depending on
their surface characteristics. As such, a more planar ground-state
conformation allows better electron flow from the donor to the
acceptor moiety, which leads to donor deprotonation and red-shifted
photoluminescence. Vice versa, a more twisted ground-state con-
formation inhibits excited-state deprotonation and thus gives rise to
blue-shifted emission (Fig. 1b).

To explore the possibility of an SNI-aggregate direct contact,
molecular dynamics simulations were first performed within a water-
ice matrix (Fig. 3a–f, Figs. S12-S15). The simulations were conducted
within a crystalline water-ice framework, represented by gray grids
that depict the organized hydrogen-bond network characteristic of
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Fig. 1 | Proposed mechanism for prebiotic polypeptide formation in ice
matrices. a Proposed Mechanism for Prebiotic Polypeptide Formation in Ice
Matrices. The schematic illustrates a potential pathway for the formation of pre-
biotic polypeptides from amino acids in ice (left). (1) Amino acids in dilute aqueous
solutions undergomicrophase separation in the crystalline icematrix. (2) Following
aggregation, sublimation of ice leads to the enrichment of amino acid clusters. (3)
These aggregates facilitate the polymerization of amino acids into more complex
polypeptides, possibly under cosmic radiation or other prebiotic conditions. The
inset on the right shows a molecular dynamics snapshot of glutamate molecules

(blue: nitrogen atom, red: oxygen atom) and SNI (yellow: sulfur atom) interacting
with the surface of ice, where SNI (Iodine atoms have been hidden) experiences
changes in ground-state conformations. b The bottom panel highlights the
observed phosphorescence (Phos.) shifts in SNI from yellow to green upon con-
formational changes induced by the rotationalmotion (left) of SNI interacting with
the ice surface. This interaction provides spectroscopic evidence for amino acid
nanoaggregation of various microphologies (right), a critical step in the proposed
mechanism for peptide polymerization in early Earth conditions. (vibronic energy
level: v, singlet state: S, triplet state: T).
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hexagonal ice. Our simulations reveal the nucleation and crystal-
lization of an aqueous solution containing amino acids at 240K (with
and without the presence of SNI), as shown in Movies S1–S6. The MD
simulations were carried out at 240K, which is below the melting
temperature of ice Ih in the TIP4P-2005 water model (~252K at 1 atm).
This temperature was chosen because it allows the simulation of ice
nucleation and growth, which is essential to study ice-induced amino
acid aggregation. Additionally, iodide ions dissolve into the solution at
250K and subsequently enter the ice phase during crystallization.
Within this ice matrix, Leu, Ile, and Glu form distinct aggregates at a
concentration of 166.8mM, regardless of the presence of SNI
(Figs. S12–S15). Leucine aggregates (Fig. 3a) appeared as compact,
hydrophobic clusters, displaying relatively smooth surface morphol-
ogies. In contrast, isoleucine aggregates (Fig. 3b), while structurally
similar in their molecular composition, exhibited a more disordered
surface, indicative of less efficient packing. Meanwhile, glutamic acid
aggregates (Fig. 3c) formed more extended, hydrophilic structures,
consistent with their charged side chains. The electrostatic potential
maps of these aggregates (Figs. 3d–3f) highlight significant differences
in surface chemistry. Leucine aggregates displayed predominantly

neutral, hydrophobic surfaces (Fig. 3d). Isoleucine aggregates,
although hydrophobic, exhibited more varied topography due to
structural disorder (Fig. 3e). In contrast, glutamic acid aggregates
showed mixed electrostatic features, with prominent negatively
charged regions corresponding to carboxylate groups and positively
charged areas corresponding to amino groups (Fig. 3f). To provide
direct experimental evidence of amino-acid aggregation, the three
frozen samples were examinedwith transmission electronmicroscopy
under cryogenic conditions (cryo-TEM). For pure water at 77 K, the
cryo-TEM image appeared very smooth, indicating a lack of observable
nanoscale structures (Fig. S16). Similarly, the aqueous solution of SNI
(7 × 10-⁵M) also exhibited a smooth structure, suggesting that SNI does
not disrupt the microstructure of water or form aggregates at the
nanoscale (Fig. S17). However, the Cryo-TEM images reveal dispersed,
elongated leucine nanoaggregates within the ice matrix. A total of 39
aggregates are observed, exhibiting a relatively uniform size distribu-
tion with diameters of 3-5 nm and lengths ranging from 5 to 20nm
(Fig. 3g and Fig. S18). This aggregation behavior aligns with leucine’s
hydrophobic nature and its tendency to form tightly packed clusters in
ice. In contrast, the isoleucine system shows fewer aggregates (20 in

Fig. 2 | Phosphorescence spectra, lifetime of SNI aqueous solution in the pre-
sence of amino acids at 77K. a Steady-state (dashed line) and delayed emission
(solid line) spectra of SNI in water and after the addition of various amino acids at
77 K. From top to bottom: SNI inH₂O, SNI in Leu/H₂O, and SNI in Phe/H₂O. [SNI] = 7
× 10-⁵ M, [amino acids] = 55.6mM, λex = 365 nm, delay time = 3ms; insets: images
showing fluorescence (left) and phosphorescence (right) at 77K excited by a
365 nm UV lamp. b The same as a. From top to bottom: SNI in His/H₂O, SNI in Glu/

H₂O, and SNI in Gln/H₂O. c Phosphorescence lifetime curves of SNI aqueous
solution in the presence of various amino acids at 77K. d Corresponding fitted
lifetime values from the phosphorescencedecay curves in (c) (1: H2O, 2: Leu/H2O, 3:
Phe/H2O, 4: His/H2O, 5: Glu/H2O, 6: Gln/H2O). e Time-lapsed phosphorescence
images after the addition of Leu and Glu to SNI aqueous solutions at 77K, with UV
on/off cycles showing the emission decay over time.
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total) with amore irregularmorphology and slightly smaller sizes, with
lengths between 5 and 10 nm (Fig. 3h and Fig. S19). These findings are
consistent with molecular dynamics simulations (Fig. 3b), which sug-
gest a looser packing arrangement for isoleucine, resulting in fewer
aggregates. For the Glu-containing ice sample, Cryo-TEM images
(Fig. 3i and Fig. S20) reveal relatively small aggregates (5-15 nm in

length) but in a greater number (38 aggregates), likely due to the
charged side chains of Glu enhancing kinetic stability. It is remarkable
to observe such nanoaggregates of amino acids at very low molar
concentration (Figs. S18–S20), which are also consistent with the
results of molecular dynamics simulations. We also performed Cryo-
TEM on amino acid solutions without SNI, revealing the presence of
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Fig. 3 | Molecular dynamics simulation, cryo-TEM images, and 2D phosphor-
escence spectra of SNI/amino acids/H2O systems. Molecular simulation snap-
shots of SNI in water and after addition of Leu (a), Ile (b), and Glu (c) at 240K. A
locally enlarged surface potential model after adding Leu (d), Ile (e), and Glu (f) to
SNI aqueous solution at 240K, describing the interaction distance between amino

acids and probes (Water molecules have been hidden). Cryo-TEM images of SNI in
water and after addition of Leu (g), Ile (h), and Glu (i) at 77 K. [SNI] = 7 × 10-⁵ M,
[amino acids] = 166.8mM. The 2D excitation-emission-intensity phosphorescence
spectra acquired at 77K after adding Leu (j), Ile (k), and Glu (l) to SNI aqueous
solution. [SNI] = 7 × 10⁻⁵ M, [amino acids] = 55.6mM, delay time = 3ms.
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small aggregates in all three samples. Leu, Ile, and Glu formed aggre-
gates ranging from 2 to 8 nm in length, with approximately 100-150
aggregates observed (Figs. S21-22). Comparing these resultswith those
obtained after adding SNI (Fig. 3g–i), we found that the aggregate
morphology became more distinct upon SNI addition. Grayscale ana-
lysis of the images further confirmed that SNI enhanced image contrast
(Fig. S23). This is likely due to the electron-rich iodine in SNI, which
enhances contrast in Cryo-TEM images. Similar nanoaggregates were
also observed in cryo-TEM images of aqueous solutions containing
other amino acids, including phenylalanine, histidine, glutamine,
valine, and alanine, further supporting the generality of our findings
(Figs. S24–28).

To further investigate the behavior of nanoaggregates, we sys-
tematically varied the amino acid molar concentrations and analyzed
the resulting structures using cryo-TEM. When the Glu concentration
was doubled to 333.6mM (Fig. S29), a significant increase in aggregate
formation was observed. Conversely, reducing this concentration six-
fold to 55.6mM resulted in a sparser distribution of aggregates
(Fig. S30). A further 20-fold reduction to 16.7mM left only a few
remaining nanostructures (Fig. S31). Notably, these concentration
variations did not significantly affect particle size, which remained
consistently within the range of 1–7 nm under all conditions. We also
examined the influence of Leu concentration in both the Leu/H₂O and
SNI/Leu/H₂O systems. In the Leu/H₂O system, decreasing the con-
centration to 55.6mM and 5.6mM led to a reduction in the number of
aggregates, with lengths ranging from 1–4 nm (Fig. S32). Similarly, in
the SNI/Leu/H₂O system, lowering the concentration resulted in
smaller aggregates, typically 1–5 nm in length (Fig. S33). For compar-
ison, we analyzed peptides and proteins under identical conditions
using cryo-TEM(Figs. S34, S35). Interestingly, soybeanpeptides exhibit
sizes comparable to those of the amino acid aggregates observed in
our study (Fig. S35).

We also performed additionalmolecular dynamics simulations on
amino acids/water/SNI systems. Based on three independentMD runs,
we found that all systems consistently form relatively large aggregates
containing more than ten amino acids within ~400 ns (Figs. S37–39).
The amino acid aggregates observed in Fig. 3g–i were obtained in
vitrified ice. By varying the cooling rate, we also prepared crystalline
ice samples (Fig. S40), in which similar aggregates were detected.
These results indicate that nanocluster formation occurs in both
crystalline and vitrified ice. Therefore, the emergence of nanoclusters
during freezing is driven by the combined effects of heterogeneous ice
microenvironments and non-equilibrium phase separation, rather
than solely by ice crystal exclusion.

To characterize the probe’s molecular conformation, we mea-
sured the 2D-phosphorescence spectra of an aqueous SNI solution at
77 K after adding Leu, Ile, and Glu (Figs. 3j–3l), respectively. In these
spectra, different ground-state conformations are manifested as var-
ious intensity distributions. For example, the SNI solution with Leu
(Fig. 3j) shows the strongest intensity at [427 nm, 604 nm]; while in
Fig. 3k, there are two prominent intensity distributions at [427 nm,
604 nm] and [292 nm, 590nm] with the latter being more intense. For
Glu (Fig. 3l), however, the strongest intensity is at [292, 510 nm] with-
out the longer wavelength phosphorescence component observed at
all. Based on the spectroscopic data, we assign the [427 nm, 604nm]
peak as a contribution from the coplanar structure of the SNI probe
and the [292 nm, 510 nm] peak from the twisted ground-state geo-
metry. It can be clearly seen that by interacting with a more ordered
and hydrophobic surface such as Leu aggregates, the SNI probe
extends a full π-conjugation between the donor and acceptor to gen-
erate a phosphorescence maximum at 604 nm (Fig. 3j), as the lowest
triplet state energy is usually dependent on the length of electronic
conjugation: the longer the conjugation, the lower the triplet-state
energy.When the SNI probe interactswith the Ile aggregates, the newly
appearedmain excitation at 292 nm indicates a significantly reducedπ

conjugation length (Fig. 3k), consistent with a twisted molecular geo-
metry. The fact that the phosphorescence emission maximum spans a
wide range from 500-600 nm also suggests that many different con-
formations co-exist. For the Glu sample, the most intense spot at
[292 nm, 510 nm] is also characteristic of a twisted geometry (Fig. 3l).
However, an additional, comparable hot spot at [355, 570 nm] that is
relatively weak in the Leu and Ile systems (Fig. 3j and k) could be
indicative of a Glu-hydrogen-bonded SNI between the carboxylic acid
and the phenol.

To further elucidate how protonation states and molecular con-
formations influence the photoluminescence behavior of SNI, we
employed theoretical calculations based on X-ray diffraction (XRD)-
derived coordinates (Figs. 4a and 4b, S41 and S42). By systematically
exploring various protonation scenarios and conformational config-
urations, these calculations providedeeper insight into the interplayof
electronic structure, conjugation length, and intermolecular interac-
tions that govern the observed phosphorescence features. The orbital
distributions of the lowest singlet (S1) and triplet (T1) excited states of
the deprotonated SN+ zwitterion (Fig. 4c) show typicalπ-π* transitions,
with S1 and T1 state energies of 2.69 eV and 1.94 eV, respectively. The
large singlet-triplet energy splitting (ΔEST = 0.75 eV) corresponds to an
almost pure3π-π* phosphorescence state with a ms-lifetime
(τ = 25.17ms). Calculations of the spin-orbit coupling (SOC) energy
indicate that intersystem crossing (ISC) primarily occurs via the S1-T2

channel (SOC energy = 3.0 cm-1). Upon protonation, the S1 state energy
increases to 3.18 eV, and that of T1 rises to 2.30 eV (Fig. 4d). These
results agree with experimental observations: with a measured pKa
value of 6.0, the SNI probe exhibits a blue-shifted phosphorescence
emission maximum of 514 nm below pH = 3 and a red-shifted phos-
phorescence maximum of 630 nm above pH = 7 (Fig. 4e) at 77 K
(Fig. S43 and Table S2). However, as has been discussed, the pH effect
cannot fully account for the observed photoluminescence difference
for the Leu and Ilewater-ice samples. Aplausible explanation is that the
benzene and benzothiazole groups are freely rotatable, which could
result in diverse conformations for SNI upon interaction with the
nanoaggregates of amino acids. To explore the relationship between
SNI luminescence and rotational conformation, we calculated the
phosphorescence emission energy as a function of the dihedral angle
between the benzothiazole and phenyl rings (Fig. 4f and S44). As the
dihedral angle increases, the planes of the two groups become more
orthogonal. Specifically, from 0° to 90° or 180° to 270°, the emission
energy rises to ~3.0 eV, leading to a blue shift in phosphorescence.
Conversely, as the dihedral angle transitions from 90° to 180° or 270°
to 360°, the phenyl and benzothiazole groups become increasingly
coplanar, leading to a decrease in emission energy to ~2.2 eV. A cou-
pled consequence is that the rotation disrupts the coplanar structure
of the SNI and concomitantly increases the electron density on the
phenol group, which should bemore inclined to the protonation form.
As a result, the combined pH and conformation effects together can
then be used to explain the experimental phosphorescence findings
shown in Fig. 3j–I.

Finally, we show that the nanoaggregation, or microphase
separation, of amino acids in water ice is most likely caused by an
intramolecular proton transfer49 process, i.e., amino acids in an aqu-
eous solution exist in the form of zwitterion at room temperature, but
as the temperature decreases, protons from the positively charged
amino group transfer to the negatively charged carboxylate group
(The model inserted in Fig. 5a), increasing their hydrophobicity and
thus the tendency to aggregate. One of themain driving forces for this
proton transfer process is the sharply decreased hydration ability of
watermolecules at a reduced temperature, so that the zwitterion form
is no longer stabilized. In a previous work, we have observed that the
hydration of acridinium iodide is largely suppressed at 110 K10. For
zwitterionic amino acids, however, we expect the temperature to be
higher than 110 K since the charges are not permanent. To validate this
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Fig. 4 | Calculation of excited state energy levels, spin-orbit coupling (SOC)
matrix, and conformation-dependentphosphorescenceof SNI. Electron density
distribution and energy levels of the frontier molecular orbitals of the deproto-
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excited states and the spin-orbit coupling (SOC) matrix of the deprotonated SNI
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hypothesis, we conducted temperature-dependent Raman spectro-
scopy of an aqueous solution of alanine due to its excellent solubility
(Fig. 5a). At a concentration of 0.50M, we observed strong peaks at
864, 1318, 1370, 1427, and 1477 cm-¹, which gradually weakened and
vanished abruptly at 180 K. In addition, a blue shift for peaks at864 and

935 cm-1 (assigned as the stretching motion of C-C-C)50 to 874 and
945 cm−1 was alsonoted51. Suchchanges are consistentwith a transition
from the zwitterionic to the neutral form of alanine for two main
reasons. First, in its zwitterionic state, alanine is more polarizable due
to the presence of the carboxylate anion. Upon transitioning to the
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Fig. 5 | Temperature-dependent Raman spectroscopy of amino acids and
phosphorescence spectroscopy of SNI-doped amino acid samples.
a Temperature-dependent Raman spectra of alanine in water, [Ala] = 0.50M,
λex = 532 nm. b Steady-state (dashed line) and delayed emission (solid line) spectra
of SNI in solid-state amino acids at 77 K. From top to bottom: SNI@Leu, SNI@Ile,
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Inserts: stick-and-ball chemical structures of related amino acids. SEM images of
freeze-dried aqueous solutions of leucine (c), isoleucine (d), and glutamic acid (e),
illustrating variations in morphologies and surface structures across different
amino acids, [amino acids] = 166.8mM.
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neutral form, protonation of the carboxylate group reduces polariz-
ability. Secondly, a higher frequency in the motion of the carbons
connecting to carbonyl group clearly indicates reduced electronic
density, consistent with protonation. Temperature-dependent Raman
spectroscopy at different concentrations supports proton transfer as a
mode of intramolecular transfer (Fig. S45). Therefore, these spectral
changes provide strong evidence for low-temperature-induced proton
transfer.Wenote, however, that theobserveddisappearance of Raman
signals could also be attributed to physical effects such as enhanced
light scattering upon freezing and changes in crystal orientation. This
phenomenon is therefore likely the result of a combination of these
factors.

As this point, we have experimentally verified that, for one,
amino acids form nanoaggregates at low temperature due to an
intramolecular proton transfer process to increase hydrophobicity,
and that, for another, the SNI probe exhibits both pH- and
conformation-dependent photoluminescence, particular phosphor-
escence. We now show that the SNI probe exhibits almost identical
phosphorescence features when the frozen solutions of Leu, Ile, and
Glu were sublimed to yield solid-state amino acids. As shown in
Fig. 5b, SNI@Leu exhibits phosphorescence at 599 nm (τ = 1.56ms),
while SNI@Ile and SNI@Glu display phosphorescence emission
maxima at 573 nm (τ = 1.31ms) and 525 nm (τ = 1.16ms), demon-
strating notable differences in emission wavelengths (Figs. S46-S47).
These results align with the phosphorescence colors of SNI in amino
acid aqueous solutions (Fig. S48): SNI emits yellow phosphorescence
(596 nm) in Leu/H₂O, greenish yellow (570 nm) in Ile/H2O and green
phosphorescence (515 nm) in Glu/H₂O (Fig. 5b). This consistency
indicates that, even in the solid state, amino acids can influence the
ground-state electronic configuration of the SNI probe through
short-range interactions. For a closer examination of the large-scale
aggregation behavior of amino acids in the ice matrix, we used
scanning electron microscopy (SEM) to examine solid samples
obtained after the lyophilization of amino acid aqueous solutions.
Figures 5c–5e show the microstructures of the sublimed samples,
which reveal significant differences in morphologies. The SEM ima-
ges of leucine (Figs. 5c, S49) reveal plate-like structures ranging from
1 to 10 um in length. At higher magnification (center and right), these
plates appear irregular in shape with smooth surfaces.

In contrast, isoleucine aggregates (Figs. 5d, S50) exhibit similar
block-like structures but are comparatively smaller, ranging from 1 to 5
um. Glutamic acid forms significantly smaller and more dispersed
aggregates (Figs. 5e, S51), with lengths between 100 and 500nm. The
observed morphological variations among leucine, isoleucine, and
glutamic acid indicate that subtle structural differences between
amino acids may influence packing behavior.

Discussion
In summary, this study demonstrates that freezing induces the for-
mation of amino acid nanoaggregates within water ice, a process cri-
tically influenced by the conformation-dependent behavior of the
organic phosphor SNI. By integrating phosphorescence spectroscopy,
cryo-transmission electron microscopy (Cryo-TEM), and molecular
simulations, we have provided direct evidence that amino acids such
as leucine, isoleucine, and glutamic acid aggregate into uniform nano-
sized structures upon freezing. These nanoaggregates interact speci-
fically with the SNI probe, which adopts distinct conformations based
on the aggregate’s morphology, resulting in characteristic phosphor-
escence signatures. Our findings indicate that under freezing condi-
tions, amino acids undergo a proton-transfer from their ammonium to
carboxylate groups, increasing their hydrophobicity and facilitating
aggregation. This mechanism not only enhances the local concentra-
tion and stabilization of amino acids in ice but also creates conducive
environments for prebiotic polymerization processes like peptide
formation. The conformation-dependent phosphorescence of SNI

offers a spectroscopic tool for probing molecular interactions within
ice matrices. The current study signifies ice as a medium for prebiotic
molecular evolution and provides foundational insights into the phy-
sical and chemical processes thatmayhave contributed to theorigin of
life in low-temperature environments.

Methods
Materials
2-(2-Hydroxyphenyl)benzothiazole, iodomethane were obtained
from Aladdin Reagent (Shanghai) Co., Ltd. All amino acids were
acquired from Sigma-Aldrich LLC. Bovine serum albumin and pep-
tides were acquired from Shanghai Macklin Biochemical Technology.
All other reagents and solvents were acquired from Sinopharm
Chemical Reagent Co., Ltd and used as received. Water was deio-
nized with a Milli-Q SP reagent water system (Millipore) to a specific
resistivity of 18.2 MΩ.cm. All amino acid aqueous solution samples in
this article were dissolved by ultrasound and heating, and then fil-
tered through an aqueous phase filter membrane with a pore size of
0.1 μm.

Instrumentation
NMR spectra were recorded on a Bruker AV400 NMR spectrometer
operated in the Fourier transformmode. NMR spectra were recorded
at 400MHz for 1H and 101MHz for 13C. 1H NMR spectra are repre-
sented as follows: chemical shift, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br = broad), integration, and
coupling constant (J) in Hertz (Hz). 1H NMR spectra were referenced
to the signal for residual protio DMSO at 2.50 ppm. Electrospray
ionization (ESI) mass spectra were recorded on an Acquity UPLC-
Xevo G2 QT mass spectrometer (Waters). UV/Vis absorption spectra
were recorded on a PerkinElmer Lambda 465 UV-Vis spectrometer.
Steady-state emission spectra were recorded on a Horiba FluoroMax-
4 spectrofluorometer (Horiba Scientific). The light source (xenon
lamp) that supplies UV excitation is focused onto the entrance slit of
the excitationmonochromator with an elliptical mirror. According to
the manufacturer, the light source is a vertically mounted 150-W
ozone-free cw xenon arc lamp. The distance between excitation and
the sample is ~120 cm, and the integration time is 0.1 s. Phosphor-
escence lifetime data were acquired with a 1MHz LED laser with the
excitation peak at 374 nm (SpectraLED-370). Lifetime data were
analyzed with Data Station v6.6 (Horiba Scientific). The delayed
emission spectra were recorded on a Horiba FluoroMax-4 spectro-
fluorometer as well, using a 10-W xenon flash lamp as the excitation
source with an integration time of 0.1 s, delay time = 3ms. Single
crystal samples were obtained by slow evaporative crystallization of
compounds in methanol, and single crystal data was collected on a
Bruker Smart APEXII CCD diffractometer using graphite mono-
chromated Cu- Kα radiation (λ = 1.54178 Å). Raman spectrum is
measured by a self-built instrument. In brief, a CW laser (Coherent,
532 nm) with a power of 5W was employed as the excitation light.
The Raman scattering light was dispersed by a triple-
monochromator system (Acton Research, TriplePro) and recorded
in the region of 800–1700 cm−1 by a liquid nitrogen-cooled CCD
detector (Princeton Instruments, Spec-10:100B) at a spectral reso-
lution of ~1 cm−1. The Raman shift was carefully calibrated using the
standard spectral line of a mercury lamp. SEM images used for the
morphology study were obtained via ZEISS GeminiSEM 500 Schottky
field emission scanning electron microscope.

Cryo-TEM sample preparation and data collection
3μL of sample (SNI aqueous solution and after addition of amino
acids) was applied to freshly glow-discharged QUANTIFOIL (R1.2/1.3,
300 mesh, holey carbon films) copper grids. The grids were blotted
with filter paper for 3.5 s and zero blotting force. Then, the grids were
plunged into liquid ethane cooled by liquid nitrogen using a Vitrobot
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Mark IV (FEI) under 100%humidity at 8 °C.Micrographswere collected
with EPU 2 software on a Glacios 200 kV transmission electron
microscope (Thermo Fisher) equipped with a Falcon3 camera.

Theoretical calculation methods
Moleculardynamics (MD) simulationswereconductedusing theOPLS-
AA force field and the TIP4P-2005 water model with the GROMACS
2018 package. The study focused on the impact of ice growth on the
behavior of Leu, Ile, and Glu, as well as the influence of C14H12NOSI. To
enhance ice nucleation rate, the crystal/liquid coexistence state was
employed. An ice Ih slab was generated using Genice v.2 software, and
Leu, Ile, and Glu molecules were individually solvated in the liquid
water slab alongside C14H12NOSI molecules. Each system underwent
equilibration for 1 ns at 250K. Subsequently, the ice/water system was
equilibrated for 400ns at 240K under ambient pressure. All simula-
tions were carried out in the isothermal-isobaric (NPT) ensemble using
the V-rescale thermostat and Parrinello-Rahman barostat. Periodic
boundary conditions (PBC) were applied in the x, y, and z directions. A
1.0 nm cutoff was applied for Lennard-Jones interactions, and long-
range electrostatics were treated with the Particle-Mesh-Ewald (PME)
method.

Conformational searches for the molecules in aqueous solution
were conducted using theGFN-xTBmethodwith themolclus software,
and the lowest-energy conformer was selected for subsequent quan-
tum chemical calculations.

Ground-state (S0) geometry optimizations were performed using
Gaussian 16 (revision C.03) at the B3LYP/def2-SVP level of theory with
empirical dispersion correction (GD3BJ), incorporating solvent effects
via the SMD model for water. Vibrational frequency analyses were
conducted to confirm that the optimized ground-state geometries
exhibited no imaginary frequencies, ensuring stable minima. The dis-
tribution and energies of the molecular frontier orbitals (HOMO and
LUMO) were calculated based on the optimized ground-state geo-
metry using the same B3LYP/def2-SVP level of theory with GD3BJ and
SMD solvation.

The geometry optimizations for the first excited singlet (S1) and
triplet (T1) states were performed using Gaussian 16 (revision C.03) at
the ωB97XD/def2-TZVP level of theory, incorporating solvent effects
via the SMD model for water. Time-dependent density functional
theory (TD-DFT) within the Tamm-Dancoff approximation (TDA) was
employed, considering 10 singlet or triplet states with the lowest-
energy root selected, and the IOp(9/40 = 4) option was used to facil-
itate hole-charge analysis, as described in [Carbon 2020, 10.1016/
j.carbon.2020.05.023], with subsequent processing using Multiwfn
software. Visualization of the results was performed using VMD
software.

Spin-orbit coupling (SOC) matrix elements were computed
using ORCA 5.0.4 based on the optimized S1 geometry, employing
the ωB97X-D3 functional with the DKH2 scalar relativistic Hamil-
tonian for all-electron relativistic corrections, the DKH-def2-TZVP
basis set (supplemented with SARC-DKH-TZVP for iodine-
containing systems), SARC/J auxiliary basis, and RIJCOSX approx-
imation. The CPCM solvation model with SMD parameters for
water was applied, and TD-DFT calculations included 30 roots with
SOC enabled under TDA. For molecules containing iodine, the SOC
computation utilized the DKH2 Hamiltonian to account for all-
electron scalar relativistic effects. In the calculation under solvent
environment, the source of molecular coordinates can be said to
be based on single crystal coordinates, and conformational search
was conducted.

Data availability
All relevant data generated in this study are provided in the supple-
mentary information and are also available from the authors upon
request. Source data are provided as a SourceData file. CCDC 2495887

contains the supplementary crystallographic data for this paper. These
data are provided free of charge by The Cambridge Crystallographic
Data Centre. Source data are provided with this paper.
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