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Prebiotic Dimer and Trimer Peptide Formation in Gas-Phase 
Atmospheric Nanoclusters of Water  

Shannon E. Harold, a Skyler L. Warf a and George C. Shields *a 

Insight into the origin of prebiotic molecules is key to our understanding of how living systems evolved into the complex 

network of biological processes on Earth. By modelling diglycine and triglycine peptide formation in the prebiotic 

atmosphere, we provide a plausible pathway for peptide growth. By examining different transition states (TSs), we conclude 

that the formation of diglycine and triglycine in atmospheric nanoclusters of water in the prebiotic atmosphere kinetically 

favors peptide growth by an N-to-C synthesis of glycines through a trans conformation. Addition of water stabilizes the TS 

structures and lowers the Gibbs free activation energies. At temperatures that model the prebiotic atmosphere, the free 

energies of activation with a six water nanocluster as part of the TS are predicted to be 16 kcal/mol relative to the prereactive 

complex. Examination of the trans vs cis six water transition states reveals that a homodromic water network that maximizes 

the acceptor/donor nature of the six waters is responsible for enhanced kinetic favorability of the trans N-to-C pathway. 

Compared to the non-hydrated trans TS, the trans six-water TS accelerates the reaction of diglycine and glycine to form 

triglycine by 13 orders of magnitude at 217 K. Nature uses the trans N-to-C pathway to synthesize proteins in the ribosome, 

and we note the similarities in hydrogen bond stabilization between the transition state for peptide synthesis in the 

ribosome and the transition states formed in nanoclusters of water in the same pathway. These results support the 

hypothesis that small oligomers formed in the prebiotic atmosphere and rained onto earth’s surface.

 
Introduction 
 
Life most likely arose on Earth 4.2 to 4.5 billion years ago,1 
sometime after the last ocean vaporizing asteroid impact.2 One of 
the most puzzling questions for scientists in the last several decades 
revolves around the formation of the prebiotic molecules essential 
to the central dogma of molecular biology; DNA is transcribed into 
RNA and then translated into proteins for genetic expression. These 
three processes are complex and involve interplay between nucleic 
acids, peptides, and many other molecules.3 While the building 
blocks of proteins, DNA and RNA, were likely synthesized in outer 
space on metal rich meteroites4 and deposited on Earth from 
meteoric impacts,5 how the larger oligomers formed from their 
precursors is an area of active research. A prominent theory 
regarding prebiotic macromolecule formation is the RNA world 
hypothesis which asserts that RNA proceeded DNA as the first 
genetic material.6-8 This hypothesis is supported by the fact that 
RNA is self-replicating and can behave as an enzyme. Accordingly, 
there must have been an RNA strand that developed with the 
capacity to replicate itself. Over millions of replications, variations 
in this original strand could have led to the formation of other 
macromolecules like DNA and proteins. Watson-Crick base pairing is 
essential to this theory as well as the notion that genetically 
encoded proteins were unnecessary for primordial replication.9 

More recent work has begun to question this hypothesis because of 
the high prevalence of cross-over between classes of molecules like 
nucleic acids and proteins in extant biology; it seems unlikely that 
one of these classes could have evolved without the other. Or 
perhaps the primitive ribosome started out as RNA, and evolution 
drove the process of incorporating proteins. In processes such as 
ribosomal assembly and function, transcription, and polymerase-
catalyzed DNA replication, there are direct interactions between 
proteins, RNA, and DNA.3 If peptides existed before the replication 
machinery, what mechanism could have formed them? Many other 
possibilities have been investigated.10, 11 Thioesters may provide a 
plausible path for proto-peptides on the early Earth.12 Liquid sulfur 
dioxide activates amino acids resulting in peptide growth.13 Amino 
acids have been shown to spontaneously oligomerize without the 
use of enzymes or activating agents, under mild, hydroxy acid-
catalyzed, dry-down conditions.14 In contrast to all of these 
solution-based methods, we aim to investigate whether prebiotic 
peptide formation could have occurred in the gas phase, in 
nanoclusters of water.  
One of the primary challenges faced by prebiotic chemists is 
understanding how peptides formed despite the substantial 
thermodynamic and kinetic barriers of the oligomerization of amino 
acids in aqueous solution. In this context, the dimerization of amino 
acids is thermodynamically unfavorable because a water molecule 
is released. Additionally, when free amino acids are in aqueous 
environments, they exist in their zwitterionic form which prevents 
amide bond formation.15Formation of the zwitterion of amino acids 
consists of protonation of the amino group and deprotonation of 
the carboxyl group. When glycine is in its zwitterionic form, there is 
no longer a lone pair of electrons available for nucleophilic attack 
on the carbonyl carbon of the neighboring electron. This problem is 
circumvented in biological organisms due to the role of enzymes.5 
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Glycine and other amino acids exist in their canonical (neutral) form 
in the gas phase when one to four waters are hydrogen bonded to 
them.16 Thus, it is plausible that the gas-phase environment was 
hospitable for peptide bond formation in the prebiotic atmosphere.  
Amino acids such as glycine, alanine, proline, valine, glutamine, 
asparagine, and leucine have been found in carbonaceous chondrite 
meteorites.5 These meteorite fragments come from asteroids that 
are thought to have remained relatively unchanged since the 
formation of the solar system. If amino acids or dipeptides of amino 
acids were formed and then incorporated into meteorites, they 
could have been delivered to earth via comets or meteorites to act 
as biological catalysts. In interstellar environments, it has been 
proposed that cosmic radiation or gas phase collisions could lead to 
the excitation of protonated glycine dimers. These protonated 
dipeptides could further elongate into tripeptide chains, as verified 
by mass spectrometry.17Interstellar ices have been studied for their 
potential to contribute organic material to meteorites and comets. 
Dipeptide formation has also been shown to occur in interstellar ice 
models subjected to electron irradiation mimicking galactic cosmic 
rays,18 and small peptides are synthesized abiotically in aqueous 
microdroplets.19 
Another potential environment is the air-water interface of 
microdroplets of water.20 An experimental study on nucleotide 
formation examined a potential method to overcome the 
thermodynamic barrier of the phosphorylation of ribose.21, 22 It was 
proposed that microdroplets would be able to accelerate this and 
similar reactions because they have properties that allow them to 
orient molecules in a more favorable way at the air-water interface. 
They found that when they put ribose and phosphoric acid in a 
microdroplet environment, the experimental value of ΔG decreased 
from 5.4 kcal/mol in bulk solution to -1.1 kcal/mol. Additionally, it 
has been shown that uridine, adenosine, inosine, and cytidine could 
be generated in these microdroplets. Similar experiments using 
mass spectrometry have shown that dipeptide bond formation can 
occur under ambient conditions with Mg2+ as a catalyst in aqueous 
microdroplets.23 Free amino acids also react to form small peptides 
composed of alanine and glycine, with no need for metal 
catalysts.19 Thermally accessible prebiotic pathways for the 
formation of ribonucleic acid and protein precursors from aqueous 
hydrogen cyanide has recently been explored using a computational 
network methodology, revealing a diverse reactivity landscape.24 
The reaction pathways provide lower activation energies than 
previous proposed pathways, and water can catalyze these 
reactions. QM/MM MD simulations revealed that fluctuations of 
the electrostatic potential results from the dynamics of the water 
solvation shells, thus leading to enhanced rate acceleration at the 
air-water interface.25  
Evidence that prebiotic molecule formation spontaneously occurs in 
microdroplets has given rise to research in larger aerosols known to 
contain up to 50% organic material.26Atmospheric aerosols are 
suspensions of liquid and solid particles in the air that come from 
natural and anthropogenic sources such as fires, vehicle exhaust, 
desert dust, and sea spray. They scatter and absorb sunlight, thus 
playing an important role in the temperature control of earth. 
Furthermore, atmospheric aerosols provide a unique environment 
for chemical reactions because repeated wet-dry cycles can 
function to remove water and allow organic molecules to 
concentrate at the air-water interface. Models of aerosols from 

mass spectroscopy reveal that aerosols may exist as inverted 
micelles, with most of the organic content being at the surface.27 
This kind of structure can allow atmospheric aerosols to align 
molecules in such a way that reactions become more favorable with 
lower activation energy barriers. Atmospheric research on Titan, 
Saturn’s largest moon, has provided evidence for the plausibility of 
aerosols as an environment for the formation of prebiotic 
molecules. Experimentalists reproduced tholins, or aerosol analogs, 
and created an environment aligning with that of Titan’s 
atmosphere.28 The results showed that all five nucleobases as well 
as alanine and glycine were formed, revealing that prebiotic 
molecules could form in Titan’s atmosphere even in the absence of 
liquid water. We propose a similar process may have occurred in 
the reducing upper atmosphere of early Earth, with prebiotic 
molecules formed through gas phase interactions of amino acids 
and small nanoclusters of water.  
The prebiotic atmosphere was reducing, since no oxygen was 
present, and cold, as a result of weathering of ejecta from intense 
meteorite bombardment.29 Ultraviolet radiation could have 
generated simple sugars necessary for prebiotic synthesis,30 and 
epochs of moderately high volcanism would have shielded the 
atmosphere and been conducive to cyanosulfidic prebiotic 
chemistry.31, 32 The surface temperature has been modeled, and 
simulations predict a 70% probability of a cold surface environment 
below the freezing point of water based on the expected 
concentration of CO2 in the atmosphere 4.3 billion years ago, with 
an average surface temperature of 259.2 K.29 In addition, lakes and 
oceans are predicted to be mildly alkaline,33 making them more 
hospitable to life. For this reason, cold lakes have been proposed as 
sites for the origin of life, as they would overcome the 
concentration problem, which is that reactants must be sufficiently 
concentrated to drive reactions.34 We note that the favorable 
formation of polypeptides in the Earth’s atmosphere could have 
been a source for the accumulation of peptides in bodies of water 
from rainfall. 
In contrast to previous work that has explored how biopolymers are 
synthesized in aerosols or liquids, our study examines the reaction 
of peptide bond formation on the nanoscale in the gas phase as a 
function of the number of individual water molecules (n=0-9) 
forming favorable hydrogen bonding networks. Specifically, we 
explore the hypothesis that amino acids present in nanoclusters of 
water molecules in the gas phase form small peptides through 
thermodynamically and kinetically favorable reactions. By studying 
peptide formation in nanoclusters of water molecules we gain 
insight into the mechanism by which peptide formation could occur 
in the gas phase. 
 
Methodology 
 
To obtain activation barriers for the trimerization of glycine in water 
clusters, potential transition state structures were built using the 
Avogadro graphical user interface.35 The cis diglycine TS was used 
from our previous work36 and the trans diglycine TS was calculated 
in this work. Waters were added to the diglycine TS structures to 
examine the impact of water nanocluster hydration, and to 
compare the free energies of activation for the diglycine system to 
the triglycine system. To create starting structures for the N-to-C 
triglycine TSs, we added a third glycine to the carboxyl end of the  
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diglycine TS. To create a starting structure for the C-to-N triglycine 
TS, we added glycine to the amine end of diglycine to obtain an 
initial structure for the N-to-C triglycine TS. Waters were added 
systematically to all possible hydrogen bonding sites for each 
triglycine-(H2O)n TS in order to create input structures for the next 
TS, triglycine-(H2O)n+1. In this way, all possible cis TS structures were 
built for n=0-6 waters and all possible trans TS structures for n=0-9. 
From these initial models, constrained geometry optimizations 
were carried out with the transition state coordinates frozen, so 
that the waters were allowed to move freely about the TS structure. 
These constrained optimizations were followed by frequency 
calculations to ensure that the TS mode was located, followed by 
unconstrained TS geometry optimizations. A total of 102 input 

structures were created and optimized using the B97X-D/6-
31++G(d,p) model chemistry37-41 in Gaussian 1642  to locate the 29 
lowest free energy TS states (5 cis-C-to-N, 7 cis-N-to-C, 8 trans-C-to-
N, and 9 trans-N-to-C). All transition states were verified by intrinsic 
reaction coordinate (IRC)43  calculations, to ensure that each TS was 
connected to the prereactive and postreactive complexes. The 
resulting IRC endpoint geometries were optimized to confirm that 
the reactant and product clusters are indeed hydrated reactants 
and products. For every DFT structure, the harmonic vibrational 
frequencies were scaled by 0.971 to partially correct for 
anharmonicity and used to calculate finite temperature corrections 
with the thermo.pl script from the National Institute of Standards 
and Technology (NIST).44 The Density Functional Theory (DFT) 
electronic energies were corrected with the domain-based local 
pair natural orbital coupled-cluster method with single, double, and 
perturbative-triple excitations (DLPNO-CCSD(T))45-48 using ORCA 
5.0.1.49-51 The DLPNO-CCSD(T)/cc-pVnZ model chemistry electronic 
energies using the Dunning double, triple, and quadruple-zeta basis 
sets (n = D, T, Q) 52 were extrapolated using the 4-5 polynomial 
approximation53 to the complete basis set (CBS) limit and then 
combined with the Gibbs free energy corrections from the DFT 

calculations to determine the final reaction ∆G˚ and TS ΔG⸰ǂ  values. 
Extrapolation to the CBS limit eliminates the need to correct for the 
Basis Set Superposition Error that occurs with small basis sets.54 
Transition state free energies of activation were computed by 

subtracting the Gibbs free energies of the separated reactants from 
the Gibbs free energies of the transition states, and by subtracting 
the Gibbs free energies of the prereactive complexes from the 
Gibbs free energies of the transition states. Energies are reported to 
two decimal places in the tables to avoid rounding errors, although 
we estimate that actual uncertainties in the calculations are many 
tenths of a kcal/mol. The complete summarized methodology is 
outlined in Figure 1. 
 

Results and Discussion 

 
Gas Phase Reactions in the Atmosphere 
 
Gas phase reactions in the atmosphere are dominated by two body 
collisions, where two reactants collide to form the product, and 
then the product is stabilized by a second collision with an inert 
molecule (such as N2) to carry off enough energy so that the  
 product doesn’t immediately fall apart. Equations 1-3 illustrate this 
general concept, where the reactants A and B form C*, and then M 
carries off some of the energy from C*, resulting in the overall 
reaction 3. 
 
A + B                   C*           (1) 
C* + M               C + M*                 (2) 
A + B                  C           (3) 
 
For the system we are considering, where glycines and waters 
collide to produce small polymers, step-wise reactions need to be 
considered, where we have omitted the collision with M, such as 
the unhydrated reactions, 
 
Gly + Gly                 diGly         (4) 
diGly + Gly                 triGly         (5) 
 
and hydrated reactions such as: 
 
Gly + H2O                Gly(H2O)        (6) 
Gly(H2O)5 + Gly(H2O)                 diGly(H2O)6 TS                         (7) 
                diGly(H2O)7                                                                                    
     
Previous work has demonstrated that hydration of water molecules 
results in negative values for the stepwise formation of pure water 
clusters from n=2 to n=6 at 273 K, thus predicting that measurable 
concentrations of (H2O)n=2-6 will be present in the prebiotic 
atmosphere.55, 56 In addition the Gly(H2O) concentration (reaction 6) 
should also be appreciable at 273 K.16 Thus we anticipate that 
reaction 7 would occur in the prebiotic atmosphere given enough 
time, since thermodynamics will drive this reaction. We will return 
to reaction 7 later in this paper.  
 
Temperature and phase considerations 
 
It is interesting to consider the differences that temperature has on 
bulk quantities of water compared to water on the nano scale. 
While bulk water, including in large aerosol droplets, would freeze 
at 273 K and 1 atm pressure, nanoclusters of water in the 
atmosphere might not. Pressure drops as the temperature 

Figure 1. Computational methodology used to determine the structure 

and thermodynamics of oligopeptides in gaseous water nanoclusters. 
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decreases in the atmosphere, the effects of these conditions are 
different in the nanoworld than in the macroworld. This is 
illustrated by low temperature spectroscopy experiments of water 
nanoclusters. For instance, water clusters produced in a pulsed 
supersonic expansion have been studied using chirped-pulse 
Fourier transform microwave spectroscopy. These broadband 
rotational spectroscopy experiments, where the beam is at a low 
temperature estimated to be in the 20 – 30 K range from the 
supersonic expansion, reveal that there are three different isomers 
of the water hexamer at these low temperatures.57 The (H2O)6 
isomers are the Cage, Prism, and Book structures. Waters in liquid 
water move constantly, swapping hydrogen bonding partners, 
which are only locked in place when liquid water crystallizes. It isn’t 
clear when a handful of waters should be considered in a phase 
other than “cluster.” But clusters at low temperatures and 
pressures do exhibit motion. Broadband rotational spectroscopy 
and quantum simulations have revealed that the Prism hexamer 
exhibits quantum tunneling. This process breaks two different 
hydrogen bonds and two molecules in the cluster exhibit coupled 
motion during this transition.58 This geared rotation of a pair of 
water molecules involves the concerted breaking of two hydrogen 
bonds. 
 
Impact of Vibrational Anharmonicity on Predicted Gibbs Free 
Energies 
 
The harmonic oscillator approximation is used to obtain frequencies 
which are then used with statistical mechanics to convert the 
quantum mechanical electronic energy of one molecular entity to 
energies, enthalpies, and entropies for an ensemble of entities. As 
harmonic frequencies are always higher than the experimental 
frequencies, an empirical correction is required to account for 
vibrational anharmonicity.59-61 As the low frequency modes 
contribute the most to the entropy, small deviations in these modes 
can lead to large errors in Gibbs free energies. This is a real problem 
for scientists studying intermolecular forces with hydrogen bonded 
structures that contain many low modes.62 One way to confront this 
problem is to calculate anharmonic frequencies directly using 
second-order vibrational perturbation theory (VPT2),60, 61 where 
anharmonic corrections are calculated from higher-order 
derivatives of the PES. Two main drawbacks of VPT2 are the time it 
takes to carry out the calculation on larger hydrogen-bonded 
clusters, and the near-degeneracies (also known as resonances), 
that plaque perturbation methods. Because of the importance of 
calculating accurate ∆G values for cluster formation, much work has 
been done to assess the ability of various methods to compute 
reliable ∆G values. The water dimer is the only water cluster where 
the complete experimental vibrational spectrum is known. Work on 
water clusters has allowed for some conclusions to be drawn on the 
accuracy of using VPT2 anharmonic or scaled harmonic frequencies 
for these hydrogen-bonded systems. Fortunately, scaling Hartree-
Fock (HF) harmonic frequencies with the 6-31G* basis set by 0.8928 
results in good agreement with the experimental system, with a 
root-mean-square deviation (RMSD) of 24 cm-1.63, 64 The scaling is 
surprisingly effective. Combining scaled harmonic frequencies for 
the intramolecular modes with VPT2 anharmonic frequencies for 
the intermolecular modes reduces the RMSD to 20 cm-1. Larger 
water clusters, (H2O)3-9, have been thoroughly investigated with the 

frozen-core resolution-of-the-identity Moller-Plesset (RI-MP2) 
method to understand the differences between harmonic, scaled 
harmonic, and VPT2 anharmonic frequencies.65 By separating water 
clusters into three distinct regions, intermolecular modes below 
1100 cm-1, bending modes between 1100 and 1800 cm-1, and 
stretching modes above 3000 cm-1, three different scaling factors 
were derived and the scaled frequencies were compared to the 
anharmonic frequencies.56, 65 Using VPT2 or a three-split scaling 
model gave the most accurate results, a single scaling factor that 
worked best for the intermolecular modes also was in good 
agreement, as the bending and stretching modes are less 
anharmonic relative to the intermolecular modes.56, 65, 66 The 
experimental ∆G˚ for the formation of the H2SO4(H2O) dimer and 

the H2SO4(H2O)2 trimer at 298 K are -3.6  1 and -5.9  1 kcal/mol.67 
The same methodology used for the water cluster results applied to 
the sulfuric acid/water system using scaled harmonic frequencies 
yields ∆G˚ (298 K) values of -2.9 and -4.1 kcal/mol for the dimer and 
trimer respectively. The VPT2 anharmonic frequencies are within 
0.1 kcal/mol of the scaled results, -2.8 and -4.2 kcal/mol for the 
dimer and trimer, and in reasonable agreement with the 
experiments.68 For the (H2SO4)2(H2O)n=0-6 system, a similar 
methodology revealed that the mean absolute error for the scaled 
harmonic frequencies relative to eight anharmonic frequencies was 
0.25 kcal/mol.69 Much work has been completed on the appropriate 
scaling factors for many different model chemistries, and the 

b97X-D scaling factor is 0.971,70 which we used for all of the 
structures in this paper. Anharmonic frequency calculations on 

Gly(H2O) complexes with the b97X-D/6-31++G** model chemistry 
suffer from large resonances,71 so we rely on the scaled frequencies 
for this work. Finally, we note that the largest contributor to ∆G is 
the electronic energy component, so that the errors in relying on 
DFT for structures and energies versus using a CCSD(T)/CBS//DFT 
approach are most likely larger than the error in the entropies and 
thermal energy factors.72 
 
Gibbs Free Energy of Reaction 

 
The experimental Gibbs free energy change for the dimerization of 
glycine in aqueous solution at 298 K is 3.6 kcal/mol.73 The 
zwitterionic form of amino acids inhibits nucleophilic attack on the 
carboxyl carbon of the subsequent amino acid to form the peptide 
bond.74 In the gas phase, highly accurate quantum chemical 
calculations have revealed that the thermodynamics and kinetics 
for formation of diglycine from two canonical glycine molecules 
slightly favors a concerted process leading to a trans configuration 
about the peptide bond.75 Building on this result, in our previous 
work we used the PW91/6-311++G** model chemistry to predict 
that the gas-phase ∆G˚ for the reaction of two canonical glycines to 
form diglycine and a water at 298 K is -2.9 kcal/mol.16 For the 
reaction of n waters and two glycines to produce diglycine and n+1 
waters, with the reactants and products separated at an infinite 
distance, the DFT value for ∆G˚ will of course remain the same. If 
one instead calculates ∆G˚ assuming that the product diglycine is 
fully hydrated with waters at the end of the reaction, the ∆G˚ values 
steadily decrease from -7.2 kcal/mol to -18 kcal/mol as n increases 
from one to seven.16 Either way, the glycine dimerization reaction is 
thermodynamically favored. In this work we have updated the value 
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for the gas-phase reaction of n waters and two glycines to form the 
products diglycine and waters separated at an infinite distance with 

the DLPNO-CCSD(T)/CBS//B97X-D/6-31++G(d,p) model chemistry, 
and obtained values of 0.3 to 0.6 kcal/mol over the temperature 
range of the prebiotic atmosphere (217 to 273 K). For the reaction 
of diglycine and glycine to form triglycine and water over this 
temperature range, ∆G˚ for this reaction encompasses -5.6 to -5.4 
kcal/mol. These results are presented in Table 1. Thus, the 
thermodynamics for formation of diglycine and triglycine in the gas-
phase, when amino acids are not zwitterions, but exist in their 
canonical forms, favor the formation of the peptide bond. This is in 
stark contrast to aqueous solution, where ∆G˚ is positive.73 We turn 
now to the kinetics for polymerization of glycine in the gas phase. 

 
Table 1. Gibbs free energies (kcal/mol) for the reactions of glycine 
and diglycine to form triglycine at temperatures spanning the 
prebiotic atmosphere. 
 

Reaction 217 K 259 K 273 K 

Diglycine + Glycine + (H2O)n 

 Triglycine + (H2O)n+1 
-5.59 -5.41 -5.36 

 
 
Gibbs Free Energy of Activation 

 
Our previous work demonstrated that the formation of cis 
diglycine formation from two glycine monomers in the gas phase is 
stabilized in the presence of one to five water molecules.16 The cis 
reaction pathway of diglycine formation is enhanced at low 
temperatures for the addition of up to four waters, while the effect 
is lessened due to the entropic penalty of hydrogen bond formation 
at higher temperatures.36 In this work we calculated the trans 
diglycine pathway. The non-hydrated cis and trans diglycine 
transition states are compared in Figure 2. We start by calculating 
the Gibbs free energy activation barrier from the infinitely 
separated reactants, and we will discuss pathways along the PES in 
the next section. The trans diglycine TS has a free energy of 
activation of 42.6 kcal/mol at 217 K (45.2 kcal/mol at 273 K) while 
the cis diglycine TS has a free energy of activation of 49.5 kcal/mol 
at 217 K (53.1 kcal/mol at 273 K). The trans pathway for diglycine 
formation is the lowest free energy pathway with addition of 
waters. 

The trans diglycine and triglycine transition state free energies of 
activation as a function of water nanocluster size are compared in  
 
 
 
 
 
 
 

Table 2. The addition of a third glycine leads to a reduction in ΔG‡, 
suggesting that a peptide chain in gas-phase nanoclusters of water 
may grow at a lower energetic cost with the successive addition of 
amino acids. Based on this comparison, we examined the four 
different pathways leading to triglycine formation as well as the 
catalytic effect of water. All pathways involve the cleavage of the C-
OH bond in the active carboxyl group and the N-H bond in the 
active amine group. The deprotonated amine forms the C-N amide 
bond, while the proton from the amine group joins with the 
hydroxyl group to form a water molecule. Biologically, the ribosome 
forms peptide bonds from the N-terminus of the monomer to the C-
terminus of the growing peptide chain.76  
 

We gain insights into the evolution of this process by comparing the 
energetics for forming one triglycine from the N-terminus of a 
glycine monomer to the C-terminus of the diglycine dimer to the 
energetics for forming a triglycine from the C-terminus of the 
glycine monomer to the N-terminus of the diglycine dimer.    

 

Figure 2. Comparison of non-hydrated diglycine cis and trans transition 
states for the reaction of two glycines to form diglycine and a water. 
The dihedral angles are measured between the alpha carbons 
highlighted in pink. The trans TS is 6 kcal/mol more negative than the 
cis TS, so that it is six orders of magnitude faster at 217 K. 

Table 2. Comparison of DLPNO-CCSD(T)/CBS//ωB97X-D/6-31++G** ΔG⸰ǂ values in kcal/mol for the hydration of a diglycine transition state and triglycine transition 

state with 0-5 waters using ωB97X-D DFT at 217 K. The TS ΔG⸰ǂ 
 

values are calculated relative to the separated reactants, n H2O molecules and a Glycine to form the 
Trans-Diglycine TS, and n H2O molecules, Glycine, and Diglycine to form the Trans-Triglycine T. 

Number Waters  Trans-Diglycine TS  Trans-Triglycine TS 

0 42.58 36.55 

1 39.87 35.28 

2 35.19 34.34 

3 31.70 29.15 

4 30.60 28.38 

5 29.36 27.42 
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Figure 3. Section A shows the relevant resonance structures of diglycine. 
Section B shows the mechanism, transition state and products of N-to-C 
terminus triglycine formation. Section C shows the mechanism, transition 
state and products of C-to-N triglycine formation.  
 
The mechanistic difference between these two pathways is 
illustrated in Figure 3. In addition to the N-to-C directionality of 
peptide growth, trans amino acid structures are predominantly 
found in nature. This is a result of the strain caused by the R-group 
and peptide carbon-nitrogen chain interactions. To study these 
energetics, we include both the cis and trans triglycine transition 
states when finding the lowest energy pathway for triglycine to  
form prebiotically. 
 

 
 
 
 
 
 
 
 
 
 
Figure 4 shows the four non-hydrated triglycine transition states, 
trans N-to-C, trans C-to-N, cis N-to-C, and cis C-to-N. As shown in 

Table 3, the structure with the lowest ΔG⸰ǂ  at all three 
temperatures is the trans TS formed N-to-C. Interestingly, these 
results align with the way in which peptide chains have evolved in 
biology and indicate kinetic favorability for this pathway relative to 
the other three. As shown in Figure 4, trans transition  

state structures have greater bending in the peptide backbones 
while the cis structures remain more linear. Formation of the  
triglycine from the N-terminus of glycine to the C-terminus of 
diglycine has a more severe bend (Figure 4.I) because of increased 
van der Waals forces, making it the most thermodynamically 
favorable pathway. From the free energies of activation in Table 3, 
the non-hydrated trans N-to-C TS has the lowest activation energy 
and is the most favorable pathway to form triglycine. Below, we 
compare the cis N-to-C and trans N-to-C pathways to analyze how 
the two pathways compare when complexed with nanoclusters of 
water (n=0-9).  
 
Catalytic Role of Water 
 
To examine the role of the explicit addition of water molecules to 
the reaction pathway of triglycine formation in the gas-phase, 
waters were sequentially added to each TS. The results for the 
other pathways can be found in the SI (Figures S1-S3; Energy 
Tables). Figure 5 shows the sequential addition of water for the 
trans triglycine N-to-C terminus transition state, which was the 

lowest energy non-hydrated TS, while Table 4 contains the ΔG⸰ǂ 

values computed from the TS and the infinitely separated reactants.  
Examining the sequentially hydrated transition states in Figure 5, a 
fully developed water spine of hydration is formed for the structure 
hydrated with six waters, I-6W. With the sequential addition of 
waters, a hydration ring/spine motif forms and expands to envelope 
the peptide backbone which maximizes the amount of hydrogen 
bonding on the peptide backbone surface. At the two lower 
temperatures, each addition of water provides stabilizing hydrogen 
bonds that reduce the energy barrier of the reaction, as shown in 
Table 4. Trans-triglycine-N-to-C hydrated TSs with 7-9 waters are 
the lowest energy transition states at 217 K. At 259 K the best 
stabilized TS has nine water molecules, and at 273 K the best 
stabilization is found for 3, 6, and 7 waters. The results at 273 K can  

be attributed to the entropic cost (T∆S) of adding more waters at a 
higher temperature. In all of these nanoclusters, the stabilizing 
effect of the water molecules is a result of favorable hydrogen 
bonding networks involving the carboxyl and amino functional 
groups within the peptide as well as with the leaving hydroxyl 
group. From the energies reported above, the six water TS structure 

Figure 4. The structures of non-hydrated transition states for the reaction 
of diglycine with glycine on the reaction path to form triglycine. The ΔG°ǂ

 

values are presented in Table 3.   

Table 3. The DLPNO-CCSD(T)/CBS//wb97X-D/6-31++G** ΔG°ǂ
 

values in 
kcal/mol for four different non-hydrated transition states for the reaction 
of diglycine with glycine on the reaction path to form triglycine at 
temperatures relative to the prebiotic atmosphere. The TS ΔG°ǂ

 

values are 
calculated relative to the separated 
reactants. 
 

I. Trans N-to-C -Trigly T.S. II. Trans C-to-N -Trigly T.S. 

III. Cis N-to-C -Trigly T.S. IV. Cis C-to-N-Trigly T.S. 

TS  
Conformation 

TS 
Number 

217 K  259 K 273 K 

Trans-N-to-C 1 36.55 38.72 39.43 

Trans-C-to-N II 40.25 42.17 42.80 

Cis-N-to-C III 44.88 46.70 47.29 

Cis-C-to-N IV 47.22 48.42 49.87 
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is most notable. The I-6W TS has an energy reduction of 2-4 
kcal/mol relative to the I-5W TS, which corresponds to a reaction 
rate increase of roughly two to four orders of magnitude over the 
temperature range of the prebiotic atmosphere. As shown in Figure 
5, it is striking that six waters complete the spine from one end of 
the C-terminus hydroxyl group of the incoming glycine to the OH 
that is being abstracted from the carbon during the formation of 
the peptide bond. The seventh water is inserted into the water 
spine, elongating it. The eighth and ninth waters are attached to the 
water spine, and do not interact with the peptide. For I-9W, the 
classic water dimer55, 77 is attached to the outside edge of the water 
network. In the examination of the sequential hydration of the cis 
pathway, more localized water networks form compared to the 
trans pathway. These waters do not interact with all of the 
hydrogen bonding sites on the peptide chain or envelope the 
backbone as in the trans pathway. This results in the trans pathway  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

being kinetically favored over the cis pathway. In response to 
hydration, the original cis transition states sequentially rotate into a 
trans-like conformation with each addition of water. From the 
energies associated with the cis transition states, the first three 
structures (n=1-3) are most impactful. These structures have an 
energy reduction of ~5 kcal/mol which corresponds to a reaction 
rate increase of roughly four to five orders of magnitude over this 
temperature range. These figures are shown in the SI along with 
their energetics.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The structures of trans N-to-C triglycine transition states in nanoclusters of water (w=0-9). These TSs have the ΔG⸰ǂ 
values presented in Table 4. 

Hydrogen bonds are illustrated with black lines and van der Waals interactions (defined as O-H---O, N-H---O, and O-H---N bond angles less than 140˚) are 
illustrated with red lines. 

Table 4. ΔG°ǂ
 
values in kcal/mol for the trans N-to-C TS structures as waters are added for the reaction of diglycine with glycine on the reaction path to form 

triglycine at three temperatures spanning the prebiotic troposphere. The TS ΔG°ǂ values are calculated relative to the separated reactants. 

Temperature 

TS Structure 217 K  259 K 273 K 

I 36.55 38.72 40.19 

I-1W 35.28 38.67 39.78 

I-2W 31.35 36.38 38.06 

I-3W 29.15 35.44 37.52 

I-4W 28.38 35.98 38.51 

I-5W 27.42 36.53 39.55 

I-6W 23.25 34.04 37.63 

I-7W 21.75 33.72 37.72 

I-8W 21.83 35.05 49.46 

I-9W 21.46 32.11 41.93 
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Reaction Pathway for Formation of the I-6W TS 
 
The I-6W TS would not form from eight separated reactants, but 
rather from two-body collisions as in equations 1-3, so we have 
computed and plotted the PES for formation of this pathway. To 
determine the prereactive complex involved in the formation of 
the I-6W TS, we followed the reaction path by integrating the 
intrinsic reaction coordinate (IRC)78-80 from the TS towards both 
reactants and products. The IRC pathway toward the reactants 
revealed that the reactant clusters consist of Digly(H2O)5 and 
Gly(H2O) enroute to making the Trigly(H2O)7 product. Figure 6 
illustrates the thermodynamics and predicted sequential pathways 
for (1) formation of a water pentamer, (H2O)5, from the sequential 
addition of waters, (2) formation of the prereactive complex 
Digly(H2O)5 from the water pentamer and Digly, (3) formation of 
the prereactive complex Gly(H2O) from the Gly and water 
monomers, and (4) the reaction of Digly(H2O)5 and Gly(H2O) to 
form the Trigly(H2O)7 product, all at 217 K. All of the standard state 
Gibbs free energies for these reactions are negative, and the 
concentration of (H2O)5 is on the order of 109 cm-3 and the  
concentration of Gly(H2O)5 is on the order of 105 cm-3 over our 
temperature ranges,16, 55 so Figure 6 shows a plausible pathway for 
formation of the Trigly(H2O)7 postreactive complex. The PES for this 
reaction at 217, 259, and 273 K is displayed in Figure 7. The figure  
shows that ∆G˚ for formation of the water pentamer and Gly(H2O) 
ranges from -1.1 kcal/mol at 217 K to 7.3 kcal/mol at 273 K. 
Formation of diGly(H2O)5 from the water pentamer and diGly 
ranges from -0.25 kcal/mol at 217 K to 10.7 kcal/mol at 273 K. The 
next step is the formation of the prereactive complex, and the  

Gibbs free energy difference relative to the separated reactants is 
7.13, 17.84, and 21.42 kcal/mol at 217, 259, and 273 K. The Gibbs 
free energy activation barriers from these two prereactive 
complexes is 16.12 kcal/mol at 217 K, 16.24 kcal/mol at 259 K, and 
16.21 kcal/mol at 273 K. These results illustrate that when 

calculating ∆G⸰ǂ from the prereactive complexes that the Gibbs 
activation energies decrease compared to the activation energies 
calculated from the separated reactants (Table 4, Figure 7; 23.25, 
34.04, 37.63 kcal/mol). As the entropy cost is built into the 

prereactive complexes, ∆G⸰ǂ calculated from the prereactive 
complex is about 16 kcal/mol at all three temperatures. Thus, all 

Figure 6. Step-wise reaction pathway of plausible two-body gas phase 

reactions to form (Trigly)(W)7. ΔG°  values reported in kcal/mol at 217 K. 

Figure 7. The Gibbs free energy surface for the reaction of glycine and diglycine with six waters to produce triglycine and seven waters along the reaction 
pathway illustrated in Figure 6, relative to the infinitely separate reactants. 

 

Page 8 of 18Physical Chemistry Chemical Physics



Journal Name  ARTICLE 

 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

 

Please do not adjust margins 

Please do not adjust margins 

the activation energies determined from the infinitely separated 
reactants in tables 2-4 will be lowered.  
We note that in the prebiotic atmosphere, the long arc of 
evolutionary time will ensure that thermodynamically favored 
reactions will occur. As the ratio of the forward and reverse rate 
constants equal the equilibrium constant, collisions of the reacting 
species will eventually produce the lowest Gibbs free energy 
products. Therefore, the PES presented in Figure 7 is just one 
potential reaction mechanism, and one could construct others with 
different numbers of hydrating waters on the reactants. Water 
clusters, (H2O)2-6, are ubiquitous in the atmosphere.5, 56 We can 
imagine a variety of ways for two Glys and six waters to form the 
products in reaction 7, all of which are thermodynamically favored 
(Table 1 and Figure 7). 

 
Zwitterions versus Canonical Glycine, DiGlycine, and TriGlycine 
 
In aqueous solution, the polymerization of amino acids is 
thermodynamically unfavorable under biologically relevant 
conditions as free amino acids are zwitterions in solution and 
because of the condensation reaction that produces a water 
molecule.16 In the gas phase, however, if one uses a zwitterionic Gly 
and performs a geometry optimization using quantum chemistry, 
either through solving the Schrödinger equation using electronic  
structure theory, or by solving for the electron density using density 
functional theory, the zwitterion optimizes to the canonical 
(neutral) Gly: the ammonium cation returns to an amino group and 
the carboxylate anion returns to a carboxyl group as the hydrogen 
moves from NH3

+ to COO- during geometry optimization. The Gly 
zwitterion, the stable form in solution, is unstable in the gas phase. 
The local environment is critical for determining whether Gly is in 
its neutral canonical form or in its zwitterionic form. For instance, a 
canonical Gly sticks to a silica surface and its zwitterion is unstable, 
yet microsolvation with just two water molecules per Gly on this 
surface changes the population of glycines to approximately 50% of 
each form, and after microsolvation with four waters per Gly only 
the zwitterionic form remains.81 In the gas phase, the lower limit for 
stabilizing the Gly zwitterion is five water molecules, based on 

photoelectron spectroscopy of (Gly)(H2O)5
-.82 DFT calculations also 

find five waters as the minimum number to turn the neutral Gly 
into a zwitterion.16, 83 DLPNO-CCSD(T)/CBS calculations on MP2 
geometry optimized structures suggest that 10 waters are required 
before Gly is unambiguously in its zwitterionic form.84 We have 
optimized every structure reported in this paper in both the 
zwitterionic and canonical forms, and find that in every case the 

DLPNO/CCSD(T)/CBS//b97X-D/6-31++G** calculations predict that 
the neutral forms are the dominant structures.  An illustrative 
example is provided in Figure 8. The Intrinsic Reaction Coordinate 
(IRC) calculation back to the prereactive complex (Figure 7) reveals 
that the formation of (Trigly)(W)6 via the trans N-to-C pathway 
occurs from the dehydration synthesis reaction of a diglycine 
cluster with five water molecules and a glycine cluster with one 
water molecule. We optimized these two reactant clusters both in 
their canonical form and as zwitterions. The (Gly)(W) cluster 
returned to the canonical form when optimized as a zwitterion. 
Figure 8 shows the results for the optimizations of the canonical 
and zwitterionic forms of (Digly)(W)5. The canonical structure has 

seven hydrogen bonds to waters encompassing the entire structure 
of the dipeptide. Water #1 is donating a hydrogen bond to the 
amino terminus and accepting a hydrogen bond from water #3. 
Water #2 is accepting a hydrogen bond from the amino group of 
the dipeptide and donating one to water #3. Waters #4 and #5 form 
homodromic hydrogen bonds in a spine connecting to the carboxyl 
terminus of the dipeptide. The zwitterionic form has nine hydrogen 
bonds. Water #1 is accepting a hydrogen bond from the protonated 
amino terminus of the dipeptide and donating hydrogen bonds to 
water #2 and the negatively charged carboxyl terminus. Water #2 is 
accepting a hydrogen bond from water #1 and from the amino 
group of the dipeptide and is donating a hydrogen bond to water 
#3. Similar to the canonical form, waters #4 and #5 are forming a 
water spine to the carboxyl terminus. Despite this network of 
hydrogen bonds, the zwitterionic form is higher in Gibbs free 
energy at all relevant temperatures. This indicates the stability of 
the canonical form of diglycine in the gas phase which allows for 
peptide bond formation to occur. The electronic energy difference 

between these two forms at the b97-XD level, Eel (Zwitterion) – Eel 
(Canonical), slightly favors the zwitterion (-1.29 kcal/mol), while at 
the DLPNO-CCSD(T)/CBS level the electronic energy difference 
favors the canonical structure (3.64 kcal/mol). Adding zero-point-

vibrational energy raises the b97-XD difference to -0.67 kcal/mol 
and the DLPNO-CCSD(T)/CBS difference to 4.37 kcal/mol. The Gibbs 
free energy differences at all temperatures favor the canonical 
form. 

 
 

The forward path of the IRC also revealed the structure of the 
postreactive complex as a triglycine peptide with seven waters 
(Figure 7).  Using the coordinates of this postreactive complex, we 
optimized it in both its zwitterionic and canonical forms, which are 
displayed in Figure 9. The energy of the canonical form is lower at 
all temperatures, indicating that this is the form that results from 
the reaction of the (Digly)(W)5 and (Gly)(W) reactant clusters. The 
canonical form has twelve total hydrogen bonds. Water #1 is 
donating a hydrogen bond to water #2 and accepting one from the 

Figure 8. Diglycine hydrated with five water molecules in both the 

canonical (neutral) and zwitterionic forms. The zwitterion is 5 kcal/mol 

higher in Gibbs free energy relative to the canonical form over the 

temperature range of the prebiotic atmosphere. 
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carboxyl group. Water #2 is donating a hydrogen bond from the 
amino nitrogen as well as to water #3. Water #3 also accepts a 
hydrogen bond from the amino functional group and donates one 
to water #4. Water #4 donates a hydrogen bond to the carboxyl 
oxygen of the central glycine. Water 5, 6, and 7 continue the 
homodromic water network to the central carboxyl oxygen. 
Notably, this water spine creates a large amount of bending, 
allowing for two intramolecular hydrogen bonds to form between 
functional groups of the tripeptide. The zwitterionic form of the 
tripeptide forms an almost identical water spine. However, waters 
#1 and water #2 are flipped in their orientation to accept and 
donate hydrogen bonds to the charged functional groups. There is 
also less bending within the tripeptide, as one of the intramolecular 
hydrogen bonds in the canonical form is a van der Waals interaction 
in the zwitterionic form. Despite the high level of similarity between 
these two structures, the zwitterionic form is higher in energy by 5 
to 6 kcal/mol. 
 

Hydrogen Bonding Network Comparison: The Specific Case of Six 

Waters Illustrates the Special Stability of the Water Hydrogen 

Bonding Network for the Trans I-6W TS Structure 

Hydrogen bonding cooperativity is key to understanding the special 
stability of the trans I-6W TS relative to the cis III-6W TS. In the top 
half of Figure 10 the interaction between the triglycine transition 
states and six waters is shown, one transition state being cis (III-6W) 

and one trans (I-6W). The trans transition state I-6W has a ΔG⸰ǂ of 

23.25 kcal/mol and the cis transition state III-6W has a ΔG⸰ǂ value of 
28.19 kcal/mol at 217 K relative to the infinitely separated 
reactants.  The trans transition state has ten hydrogen bonds and 
one van der Waals interaction while the cis transition state has nine 
hydrogen bonds and one van der Waals interaction. We define 
hydrogen bonds as having hydrogen bonding angles greater than 
140˚ and van der Waals interactions as having N-H---O, O-H---O, and 
O-H---N angles less than 140˚. The van der Waals interactions are 
represented by the red lines and hydrogen bonds by black lines in 
the figures. The nature of these water interactions is not the same 
between the two TSs. In the trans I-6W TS structure, the water 
network encompasses the TS in a much more concerted way. As 
seen in Figure 10, key distances of water molecules are positioned 

to lower the free energy of activation. Water #1 accepts a very 
strong hydrogen bond from the C-terminus hydroxyl group of the 
glycine, 1.571 Å, and then this water donates to water #2 (1.663 Å), 
which donates to water #3 (1.919 Å), which donates to water #4 
(1.649 Å), which donates to water #5 (1.773 Å), which donates to 
water #6 (1.705 Å), and then water #6 donates a very strong 
hydrogen bond of 1.569 Å to the OH that is being abstracted from 
the carbon during the formation of the peptide bond. The oxygen 
on the OH is 2.171 Å from the carbon it is leaving and is 1.612 Å 
from the hydrogen on the nitrogen (1.071 N-H bond distance) that 
is part of the formation of the nascent water molecule. In the cis TS 
structure III-6W, synergy of the water hydrogen bonding network 
does not exist, and the OH oxygen is 2.804 Å from the carbon it is 
leaving and 2.048 Å away from the hydrogen it is abstracting from 
the nitrogen. The 4.94 kcal/mol difference in free energy of 
activation between these two pathways can be attributed to the 
differences in the concerted hydrogen bonding network of I-6W. As 
Xantheas has demonstrated, the cooperativity of the hydrogen-
bonding network in water clusters explains the stability of different 
water arrangements in gas-phase water clusters.85 Homodromic 
hydrogen-bonding networks, which consist of sequential donor-
acceptor arrangements between all water molecules, are the most 
stable. So, for instance, a gas-phase water cluster consisting of four 
water molecules arranged such that each water molecule accepts 
one hydrogen bond from the previous water and donates one 
hydrogen bond to the next water, is more stable than an 
arrangement where two double donor water molecules are bridged 
by two double acceptor molecules.64, 85 As seen in Figure 10, the 
trans TS, I-6W, has six water molecules involved in accepting and 
donating hydrogen bonds in a mostly homodromic fashion, starting 
from water #1 accepting a strong hydrogen bond from the hydroxyl 
of the added glycine (1.571 Å) and ending with water #6 donating a 
strong hydrogen bond to the dissociating water molecule (1.569 Å). 
Water #3 also accepts a hydrogen bond from the peptide backbone 
of the original diglycine (1.849 Å) while water #4 donates a 
hydrogen bond to the forming carbonyl oxygen in the TS (1.947 Å). 
Comparing the two networks between the cis III-6W TS and the 
trans I-6W TS, the hydrogen bonds are much stronger in trans TS. 
The water molecules are broken into a non-homodromic tetramer 
(waters 1-4) and a dimer, which are on opposite sides of the OH. 
bond is 2.171 Å Because glycine has a more flexible back bone, 

these structures are not strictly cis or trans (dihedral angles of 0⸰ 

and 180 ⸰ respectively). The trans TS I-6W has a dihedral angle of 
154° and the cis TS III-6W has a dihedral angle of 60.4°. Most 
importantly, the water spine of hydration in the trans TS completely 
encompasses the entire tripeptide, while in the cis TS, water only 
interacts with the glycine monomer and one of the glycines of the 
dimer.  
 

Figure 9. Triglycine hydrated with seven water molecules in both the 

canonical (neutral) and zwitterionic forms. The zwitterion is 5 

kcal/mol higher in Gibbs free energy relative to the canonical form 

over the temperature range of the prebiotic atmosphere.  
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Comparison of the trans I-6W TS with the TS of the Ribosome 
 
Ribosomes are the site of protein synthesis in living organisms and 
are complex molecular machines containing RNA and proteins.  86-89 
In the large subunit of the ribosome a peptide bond is formed by 
the nucleophilic displacement of the P-site tRNA by the amino 
group of the 3’-linked aminoacyl-tRNA in the A site, requiring that 
the tRNAs in the A and P sites are arranged with acceptor stems 
close together.90 The TS for the formation of the peptide bond in 
the ribosome has been constructed by using the crystallographic 
coordinates of the tRNA substrate located in the ribosome peptidyl 
transferase center combined with quantum mechanical 
calculations.91 In this insightful study, 50 atoms were optimized to 
calculate the TS that is formed simultaneously with the rotary 
motion that enables the translocation of the A-site tRNA 3’ end into 
the P site. The calculated TS energy, based on the DFT model 
chemistry, B3LYP/6-31+G**,92, 93 was 35.5 kcal/mol. (This is an 
energy, without the entropic corrections necessary to compute the 
free energy of activation and calculated at a lower level of theory 
than our work.) Strikingly, the calculated TS structure, TS-Rib in the 
lower half of Figure 10, shows a surprising amount of synergy with 
the trans I-6W TS. In TS-Rib, the C-N forming bond is 1.58 Å, the N-H 
breaking bond is 1.17 Å, and the C-OH breaking distance is 1.91 Å. 
These same values for trans I-6W TS are 1.517, 1.071, and 2.171 Å. 
In the ribosome, there is a catalytic hydrogen-bond from the 2’OH 
of A76 of the P-site tRNA with the carboxyl oxygen of the amino 
acid bound to A-site RNA. In I-6W, the corresponding hydrogen 
bond is the 1.57 Å hydrogen bond between the carboxyl oxygen of 

the glycine to water #1. This strong hydrogen bond is absent in the 
cis TS. Also, in the TS-Rib structure, there is a 1.91 Å breaking bond 
between the P-site tRNA and the growing peptide. This bond is 
replaced in I-6W by the 2.171 Å breaking bond between the 
diglycine carbon and the leaving OH group. Notably, the OH group is 
stabilized by water #6 and the homodromic water spine of 
hydration that connects this network to the added glycine through 
water #1. The striking resemblance of the I-6W TS to TS-Rib leads to 
the idea that perhaps prebiotic synthesis of small peptides in the 
gas phase share a similar pathway as that in the first primitive 
ribosome, because it is kinetically favored in both cases through 
hydrogen bonding. 
 
Serine peptides and chirality  
 
There are ten amino acids identified to be prebiotically relevant.94 

Based on this identification, we have built and optimized dipeptide 
TS structures involving serine, glycine, and alanine. Structures 
containing serine and alanine were built with stereochemistry in 
mind, as there is still much unknown about the origins of 
homochirality. This is an essential problem in prebiotic chemistry, 
as how would life have evolved without homochirality? There are 
three main classes of molecules wherein homochirality may have 
evolved: Sugars,95 RNA/DNA,96 and amino acids.97 As shown in 
Figure 11, there are energetic differences for unhydrated diserine 
TS structures with different stereochemistry. The lowest energy TS 
involves the N terminus of a serine with D stereochemistry adding 
to the C terminus of a serine with L stereochemistry. 

Figure 10. Comparison of cis N-to-C triglycine transition state with six waters (III-6W), trans N-to-C triglycine transition state with six waters (I-6W), and the TS 
calculated for formation of the peptide bond in the ribosome (TS-Rib).78 Hydrogen bonds are illustrated with black lines and van der Waals interactions 
(defined as hydrogen bond angles less than 140˚) are illustrated with red lines. Covalent bonds that are breaking or forming are illustrated with dashed lines. 

       T.S.-Rib Distances in Gindultye et al. 

       ωB97xD/6-31++G**distances 

       ωB97xD/6-31++G** hydrogen bond distances 

III-6W I-6W 

I-6W Compared to TS-Rib 
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Figure 11. The structures of diserine transition states. These TSs have the 

ΔG⸰ǂ values presented in kcal/mol at 217K. 

The energetic differences of these TS structures likely result from 
steric hindrance or strain between the serine R groups. The gly-ser-
D TS structures show more intramolecular bending than the ser-gly-
L TS structures (not shown). In all the gly-ser-D TS structures (Figure 
12) there is a hydrogen bond between the amino Figure 12. The 
structures of gly-ser-D transition states.  

Figure 12. The structures of gly-ser-D transition states. These TSs 

have the ΔG⸰ǂ values presented in kcal/mol at 217 K 

In all the gly-ser-D TS structures (Figure 12) there is a hydrogen 
bond between the amino terminus and the R group hydroxyl. The 
structure with one water contains five hydrogen bonds. Both amino 
functional groups are donating hydrogen bonds to the leaving 
hydroxyl group. The water is donating an additional hydrogen bond 
and accepting one from the central amino group. There is a 
remarkable decrease in energy with the addition of the second 
water molecule of 10.59 kcal/mol at 217 K. This is the largest drop 
in energy with the addition of a water molecule in any of the 

peptides examined. This structure is like the one water structure, 
with the second water donating a fourth hydrogen bond to the 
leaving hydroxyl group. The stability of this transition state is likely 
due to the way in which the four hydrogen bonds are positioning 
the leaving hydroxyl group to form a water molecule. This transition 
state structure highlights the capacity of hydrogen bonding 
topology to lower the activation energy of a reaction. The three, 
four, and five water structures form the water spine motif that has 
been observed in many of the peptides. Figure 13 shows the gly-gly-
ser-L TS tripeptide structures. These transition states were 
modelled by adding a glycine via the N-to-C trans pathway in 
accordance with the results of the triglycine study. The unhydrated 
TS structure has an intramolecular hydrogen bond between the 
amino functional group of the glycine monomer and the carboxyl 
functional group of the serine. The energy of this structure is 39.74 
kcal/mol at 217 K, making it lower in energy than trigly TS 
structures II, III, and IV (Table 3). The one and two water structures 
begin to form a hydrogen network around the leaving hydroxyl 
group. The addition of the third water begins a bridging motif 
where the intramolecular hydrogen bond exists in the zero, one, 
and two water structures. The four, five, six, and seven water 
structures builds on this bridging network. The energy values 
appear to remain consistent around 29 kcal/mol once the fourth 
water is added, whereas in the comparable triglycine TS structures, 
the sequential addition of water continuously lowers the energy of 
activation. Due to serine’s polar R group, there might be a lower 
upper limit of waters that reduces the energy barrier of peptide  
formation. This phenomenon should be further examined with 
other peptide combinations involving polar or charged R groups in 
nanoclusters of water.    

gly-ser-D-0-W                       

ΔG⸰ǂ = 43.27 kcal/mol 

gly-ser-D-1- W                                                    

ΔG⸰ǂ = 42.07 kcal/mol 

gly-ser-D-2-W                              

ΔG⸰ǂ = 31.48 kcal/mol 

gly-ser-D-3-W                                   

ΔG⸰ǂ = 27.83 

kcal/mol 

gly-ser-D-4-W                               

ΔG⸰ǂ = 27.43 kcal/mol 

gly-ser-D-5-W                                     

ΔG⸰ǂ = 26.72 

kcal/mol 

Page 12 of 18Physical Chemistry Chemical Physics



Journal Name  ARTICLE 

 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13  

 

Please do not adjust margins 

Please do not adjust margins 

Conclusions 
 
By examining four different diglycine and triglycine transition 
states, we conclude that the formation of diglycine and triglycine in 
atmospheric nanoclusters of water in the prebiotic atmosphere 
kinetically favors adding through an N-to-C synthesis of glycines 
through a trans conformation. The trans N-to-C free energies of 

activation values, Δ𝐺 ⸰ǂ, are consistently lower than trans C-to-N 
and both cis pathways by three to eleven kcal/mol over the 
estimated temperature range of the prebiotic atmosphere. Water 
stabilizes the transition state structures and lowers the activation 
energy in the trans N-to-C transition states. By adding six waters to 
stabilize the TS structure, the Gibbs free activation energy 
calculated relative to the infinitely separated reactants is reduced 
by 13 kcal/mol at 217 K, which is equivalent to a rate speed up of 
roughly 13 orders of magnitude! As temperature increases, the rate 

decreases, and the value of Δ𝐺 ⸰ǂ is reduced by 4.7 kcal/mol at 259 K 
and 2.6 kcal/mol at 273 K for the six water nanocluster. The Gibbs 
activation energies of nonhydrated diglycine and triglycine range 
from 36 – 40 kcal/mol over the temperature range of the prebiotic 
atmosphere, and these values are reduced dramatically when the 
Gibbs activation energies are calculated from the prereactive 
complexes: for the diglycine-glycine-six-water prereactive cluster, 
the Gibbs activation energies are reduced to 16 kcal/mol. 
Examination of the trans vs cis six water transition states reveals 
that a homodromic water network maximizes the acceptor/donor  
nature of the six waters. These form a spine of hydration extending 
from the added glycine to the leaving water molecule and the 
homodromic water network is responsible for the kinetic 
favorability of the trans N-to-C pathway. Nature uses the trans N-
to-C pathway to synthesize proteins in the ribosome, and we note  
the similarities in hydrogen bonding stabilization between the 
transition state for peptide synthesis in the ribosome and the 

transition states formed in nanoclusters of water in the same 
pathway.  
Our comparison of serine dipeptides with different 
stereochemistries reveals that there does not appear to be a 
significant energetic preference for the L configuration. Thus, it is 
likely that a driving force (polarized light, catalyst, etc.) was needed 
to produce the homochirality present in extant amino acids. The 
serine-glycine dipeptide TS structures show structural similarities to 
the diglycine TS structures. However, the positioning of the R group 
appears to be key in the catalytic role of waters for these reactions. 
These results support the hypothesis that small oligomers formed in 
a prebiotic atmosphere and rained down onto earth’s surface. 
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gly-gly-ser-L-0-W                      ΔG⸰ǂ = 

39.74 kcal/mol 

gly-gly-ser-L-1-W                     ΔG⸰ǂ = 

38.04 kcal/mol 

gly-gly-ser-L-2-W                     ΔG⸰ǂ = 

33.73 kcal/mol 

gly-gly-ser-L-3-W                     ΔG⸰ǂ = 

30.39 kcal/mol 

gly-gly-ser-L-4-W                     ΔG⸰ǂ = 

29.48 kcal/mol 

gly-gly-ser-L-5-W                     ΔG⸰ǂ = 

29.77 kcal/mol 

gly-gly-ser-L-6-W                     

ΔG⸰ǂ = 29.35 kcal/mol 

gly-gly-ser-L-7-W                       

ΔG⸰ǂ = 28.79 kcal/mol 

Figure 13. The structures of gly-gly-ser-L transition states hydrated with waters (0-7). These TSs have the ΔG⸰ǂ values 

presented in kcal/mol at 217 K. 
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