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Abstract

The dimerization of glycine is the simplest oligomerization of amino acids and plays

an important role in biology. Although this reaction is thermodynamically unfavorable

in the aqueous phase, it has been shown to be spontaneous in the gas phase and pro-

ceeds via two different concerted reaction mechanisms known as cis and trans. This

may have profound implications in prebiotic chemistry as common atmospheric

prenucleation clusters are thought to have participated in gas-phase reactions in the

early Earth's atmosphere. We hypothesize that particular arrangements of water mol-

ecules in these clusters could lead to lowering of the reaction barrier of amino acid

dimerization and could lead to abiotic catalysis toward polypeptides. We test our

hypothesis on a system of the cis transition state of glycine dimerization solvated by

one to five water molecules using a combination of a genetic algorithm-based config-

urational sampling, density functional theory geometries, and domain-based local pair

natural orbital coupled-cluster electronic structure. First, we discuss the validity of

the model chemistries used to obtain our results. Then, we show that the Gibbs free

energy barrier for the concerted cis mechanism can indeed be lowered by the addi-

tion of up to five water molecules, depending on the temperature.
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1 | INTRODUCTION

The polymerization of small molecules is essential to life, and we have recently found that the product of glycine dimerization is stabilized by the

presence of one to five water molecules.[1] This suggests that the thermodynamic equilibrium between gas-phase glycine and its dipeptide can be

shifted toward the dipeptide with the help of water molecules, and our preliminary analysis of the reaction indicated a catalytic effect.[1] Here, we

take a more detailed look at the effects of hydration on the reaction barrier height of gas-phase glycine dimerization using state-of-the-art meth-

odology. As the smallest and simplest amino acid, glycine is an important molecule in the study of prebiotic chemistry and is possibly the key to

understanding the earliest formation of oligopeptides on Earth.[2] The foundational Miller experiment showed both glycine and diglycine as prod-

ucts of electrolysis of his simulated prebiotic atmosphere.[3] Since then, amino acids have been found near hydrothermal vents,[4] in gaseous

mixtures,[5,6] and on carbonaceous meteorites.[7] The polymerization of amino acids into oligopeptides proceeds through a condensation

reaction,[8] in which a water molecule is produced when the peptide bond forms between two amino acids. This reaction is nonspontaneous in

aqueous solution, so enzymes do the work of polymerization in living systems.[9–11]

Some proposed alternatives to polymerization in bulk water that change the reaction dynamics include reactions on solid surfaces,[12–17] reac-

tions with successive wet-dry cycles,[11] and reactions on the surfaces of atmospheric aerosols.[18–21] These systems are macroscopic, heteroge-

neous catalytic reactors and are nanometers in dimensions at a minimum, making them difficult to study using quantum chemistry. In contrast,
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the prenucleation clusters that precede the formation of nanoscale atmospheric aerosols are small enough for quantum chemical treatment and

are a fundamental component of the atmosphere.[22] Furthermore, they can be seen as a molecular-level model of the surface of atmospheric

aerosols, to the extent that the solvation shell is sufficiently large.

Prenucleation clusters consisting mostly of water with sulfuric acid, ammonia, and/or alkylamines have been studied extensively in their role

in nucleating water drops and forming clouds.[23–44] However, less attention has been paid to atmospheric interactions with amino acids[3,45,46] or

to the capacity of these clusters to catalyze peptide bond formation. In a recent work, we established that glycine clusters hydrated with one to

five water molecules exist at biologically relevant concentrations in the atmosphere.[1] We also showed that glycine dimerization occurs spontane-

ously in these clusters. Not only does the reaction increase in spontaneity with an increase in hydration, but we also saw initial evidence of the

favorable kinetic effects of water clusters, at least for one possible mechanism.[1] Based on these considerations, we hypothesize that

prenucleation clusters such as those mentioned above could have catalyzed the formation and growth of oligopeptides.

So far, the literature documents four different mechanisms for the formation of a peptide bond between two glycine molecules.[47]

Dornshuld et al. consolidated quantum chemical studies on uncatalyzed glycine dimerization and characterized the four reaction mechanisms

using CCSD(T)-F12/haTZ electronic energies and MP2/haTZ vibrational frequencies on MP2/6-31+G(d,p) reaction pathways.[48–50] They found

that a concerted cis pathway exists with a transition state at around 40 kcal mol−1 in electronic energy above the infinitely separated reactants

and that a concerted trans pathway exists with a transition state at around 32 kcal mol−1 in electronic energy. While this study presented very

high-accuracy electronic energies and zero-point corrections, the Gibbs free energy surface is needed to study this reaction in an atmospheric

setting.

In the present study, we examine the effects of hydration on the concerted cis transition state at a standard pressure of 1 atm and tempera-

tures of 216.65, 273.15, and 298.15 K by computing the Gibbs free energies of the transition states using a genetic algorithm (GA)-based configu-

rational sampling, density functional theory (DFT), and high-level electronic structure theory.[51]

2 | COMPUTATIONAL METHODOLOGY

We obtained our final thermodynamic data by combining gas-phase cluster configurations from GA-based sampling, molecular geometries from

DFT, and correlated electronic energies from wavefunction-based methods. The GA allows for an unbiased sampling of the potential energy sur-

face (PES) and interfaces with a variety of ab initio and semiempirical methods to find global minima at very low computational costs. DFT pro-

vides a more refined set of geometries and associated vibrational energies at a reasonable combination of chemical accuracy and computational

cost.[52,53] Wavefunction-based methods provide the most accurate electronic energies by accounting for electron-electron correlation at a high

computational cost. So, the number of calculations required for each step decreases as the computational cost of each calculation increases,

resulting in a reasonable balance between accuracy and expense.

This combination of configurational sampling and DFT geometry optimization is ideal for finding the minimum energy structures of clusters[51];

however, it was modified to find saddle point structures corresponding to transition states rather than minima in the DFT step. The GA step was

also modified to retain the bonds involved in the reaction to avoid relaxing the transition state clusters to local minima. This updated approach

first finds a large set of unique semiempirical configurations of a frozen transition state surrounded by water molecules via a partial geometry

optimization. The resulting clusters are then used as the starting guess structures for a saddle point search on a DFT PES. We used this approach

for n = 1 to 5 water molecules and obtained the partition functions of the resulting clusters using high-level wavefunction-based electronic states

and DFT-based vibrational states. The enthalpy, entropy, and Gibbs free energies of the clusters were then computed from the partition function

within a rigid rotor-harmonic oscillator (RRHO) approximation.

Our methodology starts by finding a set of unique local minimum energy structures with different relative orientations of the water molecules

surrounding a central frozen transition state. This is accomplished by using an iterative GA developed by Dieterich and Hartke.[54] This algorithm

first generates a pool of clusters with randomized relative orientations of monomers, with each monomer species' geometry provided by the user.

The random clusters are then allowed to relax on a semiempirical PES and gives a pool of local minimum energy structures. The GA then gener-

ates two new configurations by exchanging fragments between a randomly chosen pair of structures based on a “fitness” parameter, which

accounts for the stabilizing effects of various moieties. The new “child” configurations replace their “parent” configurations if their energies are

lower. This is repeated many times, with each iteration resulting in a reordering of the structures with respect to their energies and, in theory,

should arrive at the global minimum energy structure. In practice, a cutoff is imposed on the number of iterations and the energy change between

iterations. For the current study, we used the GA implemented in OGOLEM[55–62] with the PM7[63] semiempirical PES implemented in MOPAC

2016.[63–67] Each TS(H2O)n cluster consisted of a frozen transition state extracted from Dornshuld et al. surrounded by n water molecules. The

initial pool size was 250 configurations for n = 1 and 500 configurations for n = 2 to 5, and the maximum number of iterations was set to 20 000.

The final converged clusters were analyzed for uniqueness to avoid double counting.[68] If the energies of two clusters were within 0.10 kcal mol−1

of one another, while all three rotational constants were within 1%, then they were considered identical, and the higher-energy cluster was

discarded.
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The partially optimized cluster geometries consisting of the frozen transition state surrounded by relaxed water molecules were used as the

starting guess geometries for a transition state search on a PW91[69–72]/6-31+G*[52,54,68–71] PES using Gaussian 16 Rev. B.01.[73] Single-point

energies were computed along the intrinsic reaction coordinate (IRC)[74] at 10 points in both the forward and reverse directions with a step size

of 0.1 Bohr for a total of 21 points. The resulting IRC endpoint geometries were optimized to confirm that the reactant and product clusters were

indeed a hydrated glycine dimer and a hydrated diglycine molecule, respectively. As the vibrational states of a molecule are highly sensitive to its

geometry, the exchange correlation functional determining the topography of the PES needs to provide accurate geometries.[53] To this end, we

refined the PW91/6-31+G* geometries using the ωB97xD,[75,76] M08-HX,[77] and M06-2X-D3[78,79] functionals. These three functionals were

shown to give geometries comparable to benchmark wavefunction-based methods for various transition state databases,[80] especially when used

with the MG3S[81–86] basis set. The final converged structure's harmonic vibrational frequencies were calculated at the corresponding levels of

theory and were used to calculate finite temperature corrections with the thermo.pl script from the National Institute of Standards and Technol-

ogy (NIST).[87] In order to account for the variability in geometries given by different functionals,[88] we report our final results for the M06-2X-

D3/MG3S, M08-HX/MG3S, and ωB97xD/MG3S geometries.

Accurate electronic contributions to the partition function are important because they provide the largest contribution by magnitude. There-

fore, we calculated the electronic energies at the complete basis set (CBS) limit using the domain-based local pair natural orbital coupled-cluster

method with single, double, and perturbative-triple excitations (DLPNO-CCSD(T))[89–92] implemented in ORCA 4.0.1.[93,94] This correlated method

scales linearly with system size[95] while matching experimental accuracies for systems containing H, C, N, and O atoms.[96] With this choice of

electronic structure theory, we considered two- and three-point versions of the inverse 4-5 polynomial[97] and the Riemann ζ[98] CBS extrapola-

tion schemes using aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets.[99] While the formulas of the Riemann ζ scheme were extracted

directly from the reference, the derivations of the 4-5 polynomial CBS extrapolation formulas and the energies of the extrapolation points are

included in the Supporting Information. Finally, the DLPNO-CCSD(T)/CBS electronic energies were combined with the DFT/MG3S finite temper-

ature corrections to calculate the Gibbs free energy of the transition states. A diagram summarizing the entirety of the described methodology is

shown in Figure 1 below. The Cartesian coordinates; vibrational frequencies; electronic energies, including the CBS extrapolation points; and ther-

modynamic quantities of all systems are included in the Supporting Information.

3 | RESULTS AND DISCUSSIONS

3.1 | The glycine monomer

In order to obtain the monomer energies used to calculate reaction barriers, the molecular structures of gas-phase water and glycine were opti-

mized at the ωB97xD/MG3S, M08-HX/MG3S, and M06-2X-D3/MG3S levels of theory. Figure 2 shows the three lowest-energy conformations

of glycine labeled with their zero-point corrected energies (top in bold) and their electronic energies (bottom) relative to the global minimum in

units of kcal mol−1. Based on this comparison, structure (A) was chosen as the glycine monomer used in computing the reaction barrier heights.

A common point of confusion in the calculation of reaction barriers is the choice of the reference energy. The transition-state energy can be

relative to the energy of the infinitely separated reactant molecules or the energy of the bound reactant complex. As the reactant molecules

approach one another, attractive noncovalent interactions grow in strength, which lowers the electronic energy of the system by an amount

PW91/6-31+G* transition state  
optimization

GA PM7 configurational sampling with partial 
optimizations using 250 - 500 starting 

structures and 20000 iterations

DFT/MG3S optimization and 
vibrational frequencies

DLPNO-CCSD(T)/CBS 
electronic energies

Thermochemistry: 
ZPE, ΔH°(T), S°(T), G°(T)

F IGURE 1 The computational approach used to characterize the hydrated transition
states of gas-phase glycine dimerization, as described in the text above
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proportional to the inverse powers of the intermolecular distance. Therefore, excluding entropic effects, the reaction barrier will always be higher

for the bound reactant complex than for the infinitely separated reactants. Including entropy can, indeed, change the relative energy ordering

of the reactant definitions and change the overall picture for the particular reaction. Nevertheless, the change in the barrier heights due to cataly-

sis can be easily compared, regardless of the definition of the reactants, as long as one is consistent. As our work explores the catalysis of glycine

dimerization as a function of the number of water molecules, characterizing the changes in the barrier heights are sufficient to test our

hypothesis.

3.2 | Benchmarking

We carried out extensive benchmarking on the uncatalyzed transition state in order to determine the optimal balance between chemical accuracy

and computational cost. The reference energy and geometry of the transition state were taken from the work of Dornshuld et al.[50] They report

39.9 kcal mol−1 as the benchmark electronic energy when calculated at the CCSD(T)-F12/haTZ level of theory on the MP2/haTZ geometry. We

now present our electronic energies at the levels of theory discussed in the methodology section. Table 1 lists the electronic energy of the transi-

tion state calculated at the M06-2X-D3/MG3S, M08-HX/MG3S, and ωB97xD/MG3S levels of theory on their respective geometries and at

the DLPNO-CCSD(T)/CBS level of theory on the DFT/MG3S geometries using two- and three-point variants of the inverse 4-5 polynomial and

Riemann ζ extrapolation schemes. It is immediately clear from Table 1 that all of the benchmarked methods overestimate the electronic barrier

height by more than 1 kcal mol−1. We see that the M08-HX/MG3S//M08-HX/MG3S value is closest to the reference energy for the uncatalyzed

reaction. However, all of the DFT results diverge by several kcal mol−1 with the addition of each water molecule compared to the DLPNO-CCSD

(T)/CBS extrapolated energies (results not shown). All extrapolations were extremely consistent with each other. The differences between the

inverse 4-5 polynomial scheme and the Riemann ζ scheme for the aDTQ extrapolation range from 0.42 kcal mol−1 for the n = 0 reaction to

0.31 kcal mol−1 for the n = 5 reaction. This was true for electronic energies, zero-point corrected energies, changes in enthalpy, and changes in

free energy at all three temperatures. We report the thermochemistry of the hydrated glycine dimerization reaction (n = 0-5) to the transition

state using the three-point Riemann ζ extrapolation on the DLPNO-CCSD(T)/aug-cc-pVXZ.

3.3 | Transition states

The uncatalyzed concerted reaction mechanism for gas-phase dimerization of glycine proceeds through two transition-state conformations,

known as the cis and trans mechanisms, as shown in Figure 3 above, with the active bonds in yellow.[50] The peptide backbone of the cis isomer is

mostly planar, whereas the backbone of the trans isomer is rotated around the forming C N bond by about 100�. Both mechanisms involve the

cleavage of the C OH bond on the active carboxyl group, resulting in a free hydroxyl group, and the cleavage of the N H bond of the active

amine group, resulting in a deprotonated amine. Meanwhile, the OH from the active carboxyl group and the H from the active amine group form

a water molecule as the peptide bond forms. In this way, the transition state forms a four-cornered geometry where opposite bonds grow or

shrink in length. Figure 4 shows the ωB97xD/MG3S transition-state structures (TSn) with n = 0 to 5 water molecules.

The peptide backbone maintains a mostly planar geometry with n = 1 to 4 water molecules. The water molecules are observed to first form a

hydrogen bond to the leaving OH group, where the peptide bond is forming while the N H and C OH bonds are breaking. Additional water mol-

ecules then bind to the first water molecule and form a growing hydrogen bond network. Note that the two sides of the planar transition-state

structure can accommodate only up to two water molecules. This can be seen when comparing n = 2 to 4. Here, the first two water molecules sat-

urate the top side of the plane, as seen in Figure 2, and the third water molecule is forced to bind to the terminal carboxyl group. The addition of

a fourth water molecule results in the saturation of the bottom side of the plane with two water molecules. When a fifth water is added, the ends

of the transition state start to bend, with the water molecules aggregating on the inside of a slightly curved transition-state structure. When there

are enough water molecules to span the length of the transition state, hydrogen bond networks connecting the leaving OH group to the terminal

carboxyl group stabilize the planar structure. For n > 5, the accumulation of water molecules should result in a growing water cluster with a

diglycine transition state bound to its surface. We now quantify the catalytic activity of the water molecules.

F IGURE 2 Low-energy conformations of gas-phase glycine computed at the
ωB97xD/MG3S level of theory labeled with their zero-point corrected (top in bold)
and electronic energies (bottom) relative to the minimum-energy structure in kcal
mol−1. H atoms are in white, C in gray, N in blue, and O in red
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Table 2 lists the transition-state energies, in units of kcal mol−1, for the cis glycine dimerization pathway at temperatures of 0 K, 216.65 K,

273.15 K, and 298.15 K, the latter three temperatures representing different altitudes at Earth's 45� latitude. For each number of water molecules

(n), the energies are reported for M06-2X-D3/MG3S, M08-HX/MG3S, and ωB97xD/MG3S geometries, with their respective electronic energies

calculated at the DLPNO-CCSD(T)/CBS level of theory using a three-point Riemann ζ extrapolation scheme on the aug-cc-pVXZ (X = D, T, Q)

basis sets. The complete set of energies, including individual energies used in the CBS extrapolation, can be obtained from the Supporting Infor-

mation. Table 2 shows that successive additions of water molecules to the transition state results in a decrease in the electronic energy (ΔE‡) of
14 to 6 kcal mol−1 per water molecule. Therefore, the pure gas-phase dimerization of glycine at absolute zero is indeed catalyzed by water mole-

cules; however, bringing the system up to a standard state of 1 atm pressure at nonzero temperatures dramatically weakens this catalysis. The

zero-point corrected energies (ΔE0‡) show that each water molecule adds 2 to 3 kcal mol−1 to the 0 K energy, which diminishes the overall cata-

lytic effect of the water molecules. Imposing a standard state of 1 atm pressure allows the comparison of electronic energies and enthalpies.

Looking across the rows in Table 2 shows that the enthalpies (ΔH‡) are 1 kcal mol−1 lower per water molecule than the electronic energies (ΔE‡).
The Gibbs free energies (ΔG‡) show that the catalytic effect of water is most dependent on temperature. At room temperature, the first

TABLE 1 Electronic energies (ΔE‡) of the uncatalyzed glycine dimerization transition-state reaction computed on the M06-2X-D3/MG3S,
M08-HX/MG3S, and ωB97xD/MG3S geometries at their respective DFT/MG3S levels of theory and at the DLPNO-CCSD(T)/CBS level of theory
using the inverse 4-5 polynomial and Riemann ζ extrapolation schemes with two- and three-point sampling

Extrapolation scheme Theory Energy

DFT CCSD(T)-F12/haTZ//MP2/haTZ 39.9a

M06-2X-D3/MG3S//M06-2X-D3/MG3S 41.26

M08-HX/MG3S//M08-HX/MG3S 41.18

ωB97xD/MG3S//ωB97xD/MG3S 41.46

Riemann ζ extrapolation DLPNO-CCSD(T)/CBS(aDT)//M06-2X-D3/MG3S 41.95

DLPNO-CCSD(T)/CBS(aDT)//M08-HX/MG3S 41.81

DLPNO-CCSD(T)/CBS(aDT)//ωB97xD/MG3S 41.80

DLPNO-CCSD(T)/CBS(aTQ)//M06-2X-D3/MG3S 42.42

DLPNO-CCSD(T)/CBS(aTQ)//M08-HX/MG3S 42.11

DLPNO-CCSD(T)/CBS(aTQ)//ωB97xD/MG3S 42.09

DLPNO-CCSD(T)/CBS(aDTQ)//M06-2X-D3/MG3S 42.58

DLPNO-CCSD(T)/CBS(aDTQ)//M08-HX/MG3S 42.21

DLPNO-CCSD(T)/CBS(aDTQ)//ωB97xD/MG3S 42.18

Inverse 4-5 polynomial extrapolation DLPNO-CCSD(T)/CBS(aDT)//M06-2X-D3/MG3S 41.53

DLPNO-CCSD(T)/CBS(aDT)//M08-HX/MG3S 41.36

DLPNO-CCSD(T)/CBS(aDT)//ωB97xD/MG3S 41.36

DLPNO-CCSD(T)/CBS(aTQ)//M06-2X-D3/MG3S 42.16

DLPNO-CCSD(T)/CBS(aTQ)//M08-HX/MG3S 41.86

DLPNO-CCSD(T)/CBS(aTQ)//ωB97xD/MG3S 41.84

DLPNO-CCSD(T)/CBS(aDTQ)//M06-2X-D3/MG3S 42.16

DLPNO-CCSD(T)/CBS(aDTQ)//M08-HX/MG3S 41.80

DLPNO-CCSD(T)/CBS(aDTQ)//ωB97xD/MG3S 41.78

Note: CBS(aXY) stands for a CBS extrapolation using the aug-cc-pVXZ and aug-cc-pVYZ basis sets and CBS(aXYZ) for an extrapolation using an additional

aug-cc-pVZZ basis set. The CCSD(T)-F12/haTZ energy computed for the MP2/haTZ geometry by Dornshuld et al. is shown in the first row and serves as

the reference. All energies are in units of kcal mol−1.
aTaken from Dornshuld et al.[50]

F IGURE 3 Cis and trans transition states of the gas-phase glycine dimerization
reaction optimized at the PW91/6-31+G* level of theory. The four covalent bonds
involved in the reaction are highlighted in yellow
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water molecule lowers the reaction barrier by around 1 kcal mol−1, while additional water molecules have no catalytic effect. At 273.15 K, the

n = 1 to 4 transition states are each catalyzed by 1 to 2 kcal mol−1. At the lowest temperature, the first water molecule lowers the transition-state

free energy by 4 kcal mol−1, n = 2 and 5 are another 1 kcal mol−1 lower, and n = 3 decreases by another 3 kcal mol−1, making it the most catalyzed

reaction. For each of the three temperatures, the addition of the fifth water molecule significantly increases the free energy. We attribute this to

the entropic penalty associated with the TS5 structure, in which the water hydrogen bonding network is collected on one side of the transition

F IGURE 4 Cis transition states of gas-phase glycine dimerization hydrated with n = 0
to 5 water molecules optimized at the ωB97xD/MG3S level of theory with H, C, N, and O
atoms and hydrogen bonds respectively colored in white, gray, blue, red, and green

TABLE 2 Electronic energy (ΔE‡),
zero-point corrected energy (ΔE0‡),
enthalpies (ΔH‡), and Gibbs free energies
(ΔG‡) of the gas-phase glycine
dimerization reaction to form the
transition state in the presence of n
water molecules computed at the
DLPNO-CCSD(T)/CBS//DFT/MG3S
level of theory where DFT is M06-2X-

D3, M08-HX, and ωB97xD

0 K 216.65 K 273.15 K 298.15 K

n Geometry ΔE‡ ΔE0‡ ΔH‡ ΔG‡ ΔH‡ ΔG‡ ΔH‡ ΔG‡

0 M06-2X-D3 42.58 41.37 41.96 50.30 41.99 52.79 42.02 53.89

M08-HX 42.21 41.15 41.61 50.07 41.64 52.55 41.67 53.64

ωB97xD 42.18 41.28 41.55 50.28 41.59 52.79 41.61 53.89

1 M06-2X-D3 28.90 30.56 27.73 45.62 27.83 49.85 27.90 51.70

M08-HX 29.15 31.50 27.89 46.73 27.97 51.02 28.03 52.92

ωB97xD 28.97 31.39 27.77 46.40 27.85 50.62 27.90 52.48

2 M06-2X-D3 17.91 22.48 15.77 44.59 15.86 50.91 15.93 53.70

M08-HX 17.69 22.60 15.56 44.71 15.66 51.02 15.75 53.80

ωB97xD 17.44 22.79 15.29 44.72 15.37 50.99 15.44 53.76

3 M06-2X-D3 8.22 14.64 5.52 42.29 5.63 50.20 5.72 53.69

M08-HX 8.42 15.60 5.70 43.44 5.84 51.39 5.95 54.90

ωB97xD 7.34 14.58 4.68 41.80 4.79 49.59 4.89 53.02

4 M06-2X-D3 −1.07 7.30 −4.33 41.06 −4.12 50.69 −3.97 54.93

M08-HX −0.83 8.61 −4.27 42.94 −4.06 52.76 −3.91 57.09

ωB97xD −1.78 7.64 −5.09 40.94 −4.94 50.48 −4.82 54.68

5 M06-2X-D3 −7.55 3.32 −12.15 44.24 −12.14 56.11 −12.05 61.36

M08-HX −7.97 3.41 −12.40 44.15 −12.31 55.92 −12.18 61.12

ωB97xD −8.76 2.78 −13.59 43.97 −13.67 55.99 −13.62 61.31

Note: The three-point Riemann ζ CBS extrapolation scheme was used. All energies are in units of

kcal mol−1.
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state, pushing it to the surface of the cluster. The n = 5 transition state is approximately 2.5 kcal mol−1 higher than n = 4 at 216.65 K but is still

catalyzed compared to the unhydrated transition state by 6 kcal mol−1. However, at room temperature, n = 5 has a 7 kcal mol−1 penalty compared

to the uncatalyzed transition state. Therefore, increased temperature magnifies the entropy contribution to the free energy, raising the reaction

barrier. This relationship means that catalysis of the reaction is sensitive to altitude because temperature decreases with altitude. In addition, the

concentration of water molecules in the atmosphere decreases with altitude, which would change the chemical potential of water and the distri-

bution of the gas-phase clusters.

4 | CONCLUSIONS

We have characterized the effects of explicit hydration on the cis mechanism of gas-phase glycine dimerization by calculating the Gibbs free ener-

gies of the transition states bound to up to five water molecules. At room temperature, only the first water molecule is catalytic. At 273.15 K, the

first four water molecules are catalytic, and at 216.65 K, all five water molecules catalyze the reaction. For each of the three temperatures, the

addition of the fifth water molecule significantly increases the free energy due to the entropic penalty associated with the TS5 structure. We con-

clude that the catalytic effect of explicit hydration on the cis mechanism of gas-phase glycine dimerization is limited at high temperatures but

quite significant at the lowest temperature in the troposphere.
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