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 1 

ABSTRACT 

In the interstellar medium, diols and other prebiotic molecules embed onto icy mantles 
surrounding dust grains. Water in the ice may affect the reactivity and photoionization of these 
diols. Ethylene glycol (EG), 1,2-propylene glycol, and 1,3-propylene glycol clusters with water 
clusters were used as a proxy to study these interactions. The diol water clusters were generated 
in a continuous supersonic molecular beam, photoionized by synchrotron-based vacuum 
ultraviolet light from the Advanced Light Source, and subsequently detected by reflectron time-
of-flight mass spectrometry. The appearance energies for the detected clusters were determined 
from the mass spectra, collected at increasing photon energy. Clusters of both diol fragments and 
unfragmented diols with water were detected. The lowest energy geometry optimized conformers 
for the observed EG water clusters and EG fragment water clusters have been visualized using 
density functional theory (DFT), providing insight into hydrogen bonding networks and how these 
affect fragmentation and appearance energy. As the number of water molecules clustered around 
EG fragments (m/z 31 and 32) increased, the appearance energy for the cluster decreased, 
indicating a stabilization by water. This trend was supported by DFT calculations. Fragment clusters 
from 1,2-propylene glycol exhibited a similar trend, but with a smaller energy decrease, and no 
trend was observed from 1,3-propylene glycol. We discuss and suggest that the reactivity and 
photoionization of diols in the presence of water depend on the size of the diol, the location of 
the hydroxyl group, and the number of waters clustered around the diol. 

  

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
98

16
2



 2 

INTRODUCTION 

Diols, alcohols with 2 hydroxyl groups, in the interstellar medium, may have acted as prebiotic 
molecules, participating in reactions forming basic building blocks of life, such as amino acids. The 
diol ethylene glycol (EG) has been detected in space, both in the interstellar medium (ISM) as well 
as in cometary ices, specifically in the hot core-like region Orion-KL1 and in the star-forming region 
G31.41+0.31.2 EG may also have played a role in the formation of comets1 and is thought to adsorb 
onto interstellar ice, which forms on the surface of dust grains and other solar system objects.3 
Vacuum ultraviolet (VUV) light in the ISM can photoionize embedded molecules, forming cations 
as well as fragments, which may react forming larger prebiotic molecules. To better understand 
and predict these reactions, it is necessary to learn how water surrounding EG and other diol 
molecules affects the reactivity and ionization of the diol and to understand the role of hydrogen 
bonds between the hydroxyl groups and water. Unraveling hydrogen bonding between water and 
diols also has a technological relevance. EG water solutions have anti-icing properties and play 
important roles as cryoprotectants in biological systems, such as for proteins4, as well as in 
superconductors, sensors, and batteries. When EG was added to the aqueous electrolyte ZnSO4 a 
conductivity of 6.9 mS/cm was obtained at -40 oC5 and when it was added to Mg(ClO4)2, the 
reduction in freezing point resulted in a device with advanced long-term cycling stability.6 With 
the addition of EG water solutions to agar, aluminum-air batteries, and zinc-ion batteries have 
been shown to function at low temperatures.7, 8  

Here we study the photoionization of clusters with water molecules and three diol molecules, EG, 
(CH2OH)2, 1,2-propylene glycol (12PG, CH3CH(OH)CH2OH), and 1,3-propylene glycol (13PG, 
CH2OHCH2CH2OH, with synchrotron-based VUV photoionization mass spectrometry. 1,2 and 1,3-
propylene glycols will at times be referred to jointly as propylene glycol (PG). 

The dielectric behavior9 and thermodynamic properties10 of propylene glycol water mixtures have 
been analyzed, as has a comparison of the dielectric properties of EG and propylene glycol.11 Using 
theoretical calculations, the thermodynamic properties of EG water mixtures were determined12 
and used to model the microsolvation effect on ethylene glycol13 as well as determine the 
structure of the ethylene glycol water mixture14 along with that of the pure liquid.15 The hydrogen 
bond networks of pure liquid EG as well as EG and water have been examined using near-infrared 
spectroscopy16,17 and Raman spectroscopy16. Both the IR and Raman spectroscopy experiments 
found that the structure is determined by the hydrogen bonds formed between the hydroxyl 
groups and water and the nature of the bonding depends on concentration.16-18 While there has 
been extensive work, both experimentally and theoretically, on liquid-phase EG water mixtures, 
little is known about the photoionization of gas-phase EG and propylene glycol water clusters, 
leaving a gap in understanding how water surrounding a diol affects the diol’s ionization and 
fragmentation when exposed to VUV light. 

Single photoionization is the least complicated photoionization method and is most commonly 
accomplished using VUV light,19 which provides an efficient and soft method for ionizing 
molecules.20 Using this method, the ionization energy (IE), appearance energy (AE), 
photoioinization intensity curves, and energetics of molecules can be determined.20 The tunable 
nature of the VUV radiation results in precise threshold ionization, with little excess internal energy 
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 3 

imparted to the ion.20 The thermodynamics and bonding properties of water clusters have been 
analyzed using tunable VUV radiation (10 – 14 eV) with detection by a reflectron time-of-flight 
mass spectrometer. The neutral clusters were photoionized forming an unstable cation cluster, 
[(H2O)n

+], which underwent a redistribution, forming protonated clusters containing up to 79 
molecules. Photoionization intensity curves were obtained, and from these, AEs were determined. 
A decrease in AE was observed as the cluster size increased. The most substantial drop was 
observed when the cluster size increased to 4 water molecules’ causing AE to converge to an 
asymptote around 10.6 eV.21   

The effects of hydrogen bonding networks on fragmentation dynamics have been observed 
through the photoionization of alcohols and sugars. VUV photoionization of the simplest alcohol, 
methanol, in the presence of water, has been studied. Below the ionization energy of methanol, 
the mass spectrum was dominated by protonated methanol clusters, (CH3OH)nH+ (n = 1 – 12). 
When the concentration of water was increased, methanol-water clusters, (CH3OH)n(H2O)H+ (n = 
2 – 11) formed.22 Photoionization mass spectrometry of the larger alcohol glycerol has been 
performed, and fragmentation of the glycerol radical cation was found to occur via two channels. 
One channel proceeds through a six-membered hydrogen transfer transition state, forming a 
ternary intermediate, and the other channel proceeds via the cleavage of the C-C bond. The 
intermediate is composed of neutral water, neutral formaldehyde, and a vinyl alcohol radical 
cation, explaining why the first observed products result from water or formaldehyde loss.23 
Similar to glycerol, water elimination and fragmentation through a cyclic intermediate were 
observed with photoionization mass spectrometry of the sugar deoxyribose. In this case, most of 
the fragmentation occurred when the cyclic molecule was unfurled by breaking a C-C bond. This 
caused two hydroxyl groups to come close together, resulting in water elimination.24 Hydrogen 
bonding in glycerol was further investigated by performing photoionization mass spectrometry of 
glycerol water clusters. The AEs of certain fragments were found to be like those seen with pure 
glycerol, while for other fragments the AE was found to depend upon both cluster composition 
and water concentration in the beam. Theory calculations predicted certain barrierless chemical 
processes when glycerol water clusters were photoionized, which were not observed to occur with 
pure glycerol.25 

There are some reports on the thermal decomposition and dissociative ionization of pure EG 
performed via VUV photoionization mass spectrometry. From this, the appearance energies of the 
observed fragments were determined, and possible formation channels for the fragments were 
proposed via theory calculations.26 Complementing this work, Kumar et al. performed DFT theory 
calculations to determine the structure, stability, and spectral properties of pure EG as well as EG-
water clusters, which up until this writing had not been studied experimentally in the gas phase. 
These calculations found that, due to electrostatics and polarization, interactions between water 
and EG are preferred over those between pure EG.27 To further our understanding of the 
photoionization of alcohol-water clusters, we performed photoionization mass spectrometry 
experiments of ethylene glycol water clusters, 1,2-propylene glycol water clusters, and 1,3-
propylene glycol water clusters in a molecular beam paired with theoretical calculations on both 
neutral and ionized EG water clusters. Via this work, the effect of the hydrogen-bond network 
formed when water clusters around diols is understood through the changes in ionization energy, 
appearance energy, and fragmentation of the diols in the clusters. 
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 4 

METHODS 

Experimental Details 

The experiment was performed with a reflectron time-of-flight mass spectrometer containing a 
continuous supersonic expansion molecular beam source connected to a 3-meter vacuum 
monochromator and attached to the Chemical Dynamics Beamline (9.0.2) located at the Advanced 
Light Source. For a detailed description of the instruments, refer to previous studies.21, 28-29 The 
diol of interest, either EG or PG, is placed in a stainless-steel nozzle, vaporized by a cartridge 
heater, and entrained in an argon carrier gas seeded with water vapor. The gas mixture passes 
through a 50 μm nozzle source and supersonically expands into a vacuum chamber, yielding the 
desired diol water molecular beam. This beam is extracted through a skimmer into a differentially 
pumped interaction region where the clusters are exposed to and ionized by VUV synchrotron 
radiation. The ionized fragments are then detected using a reflectron time-of-flight mass 
spectrometer. Mass spectra are recorded at photon energies between 9.0 and 12.5 eV every 50 
meV. Photoionization intensity curves, which show ion count versus photon energy (in eV), of the 
diol water clusters are obtained by integrating over the peaks in the mass spectrum at each photon 
energy after being normalized by the photon flux. 

Computational Details 

Theoretical calculations were performed on the EG water cluster system. The optimized 
geometries of the observed clusters were determined through a conformation search using the 
semi-empirical quantum chemistry package Crest.30 The lowest energy conformer from this search 
was further optimized as both neutral and cation, with the cation geometry determined by setting 
the total charge to +1, using Q-Chem31 at the ωB97X-D/6-311+G-(2d,p) level of theory. For 
geometry optimization, the hybrid functional ωB97X-D reproduces the intermolecular interactions 
well given its range-separated exact exchange and dispersion corrections.32 Single-point 
calculations were carried out with the ωB97X-V functional and the def2-TZVPPD basis set to 
determine vertical and adiabatic ionization energies. This computational framework was chosen 
due to its enhanced atomic orbital basis set. Appearance energies were calculated using the 
calculated energies (E) for neutral EG (m/z 62), neutral m/z 31, and cation m/z 31, as shown in 
equation 1 below, where m, n, and k represent the number of water molecules in the cluster. 
Starting from a cluster consisting of one EG and m water molecules, the AEs of fragment 
m/z31(H2O)n

+ ionized clusters were calculated at the ωB97X-V/def2-TZVPPD level of theory.  

AE(m/z31(H2O)n
+) = E(m/z31(H2O)m-n) + E(m/z31(H2O)n

+) – E(m/z62(H2O)m)  (1) 

More details on this calculation are given in the results and discussion section. 
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 5 

 

RESULTS AND DISCUSSION 

Mass Spectra of EG  
 

 

Figure 1 40% EG mass spectrum recorded at 12.0 eV. The cluster series for m/z 31(H2O)n
+, 

m/z 32(H2O)n
+, m/z 62(H2O)n

+, m/z 63(H2O)n
+, m/z 125(H2O)n

+, and m/z 187(H2O)n
+ are indicated 

with colored dots. Ethylene glycol has a mass of 62 amu.  

The concentration of EG to water in the molecular beam was adjusted by changing the 
temperature of the nozzle as well as the pressure of the backing Ar (resulting in the peaks at m/z 
40, Ar+, and m/z 20, Ar2+) gas. The mass spectrum taken with 40% EG at 12 eV is shown in Figure 
1, where the x-axis has been split over 2 plots to better show the intensity of the peaks. The mass 
spectra are dominated by EG water clusters, both protonated and unprotonated, as well as EG 
fragments and fragment water clusters. The cluster series m/z 31(H2O)n

+, m/z 32(H2O)n
+, m/z 

62(H2O)n
+, m/z 63(H2O)n

+, m/z 75(H2O)n
+, m/z 125(H2O)n

+, and m/z 187(H2O)n
+ are indicated with 

colored dots. Pure water clusters (such as the prominent peak m/z 36, which is from water dimer) 
as well as other peaks (such as m/z 18) are observed in the mass spectra but are not the focus of 
this paper and so are not discussed further.  
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 6 

 

Figure 2 Mass spectra of EG water clusters recorded at 10.5 eV at EG mole fractions of 3%, 
16%, 27%, and 40%. Monomer, dimer, and trimer protonated EG water clusters are indicated with 
colored dots.  
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 7 

 

Figure 3 Mass spectra of EG water clusters recorded at 12.0 eV at EG mole fractions of 3%, 
16%, 27%, and 40%. Monomer, dimer, and trimer protonated EG water clusters are indicated with 
colored dots.  

The concentration of EG in the molecular beam as well as the photon energy affect the intensity 
of clusters. This can be observed in figures 2 and 3 which show mass spectra obtained at different 
mole fractions of EG, specifically 3%, 16%, 27%, and 40%. All mass spectra in Figure 2 were taken 
with a photon energy of 10.5 eV and in Figure 3 with a photon energy of 12.0 eV. Monomer, dimer, 
and trimer protonated EG water clusters are indicated in these figures. 

Along with fragments m/z 31 and m/z 32 (indicated in Figure 1), other EG fragments were 
observed with masses m/z 43, 44, 45, and 61. A previous VUV photoionization study of pure EG 
determined the formation channels and chemical identities of these fragments.26 Based upon this, 
the fragments are attributed as follows: m/z 31 is CH2OH+, m/z 32 is CH3OH+, m/z 43 is CH3CO+, 
m/z 44 is CH2CHOH+, m/z 45 is CH3CHOH+, and m/z 61 is C2H5O2

+. 

In the mass spectrum shown in Figure 1, the peak to the left of m/z 125(H2O)n
+ (which corresponds 

to m/z EG2(H2O)nH+) is from unprotonated EG dimer water clusters. Larger clusters with up to 5 
waters around EG, EG(H2O)5H+, and EG2(H2O)5H+, were observed, but are not highlighted in Figure 
1 due to the low intensity of their corresponding peaks. The signal from these largest clusters is 
found to be too noisy to give useful information, so these clusters are omitted from subsequent 
tables. 
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 8 

Figure 4 shows the sum of the cluster series as a function of the EG mole fraction taken at 12.0 
eV. EG fragments represent the sum of masses m/z 31, 32, 33, 43, 44, 45, 61. All clusters are 
observed to increase with the concentration of EG. With increasing EG concentration, the intensity 
of fragment cluster m/z 31(H2O)+ increases more rapidly than the intensity of EG water clusters. 

 

Figure 4 Sum of intensities of each cluster series as a function of EG mole fraction, recorded 
at 12.0 eV. The EG fragments summed are m/z 31, 32, 33, 43, 44, 45, 61.  

 

 

Lowest Energy Geometries of EG Water Clusters 

The lowest energy conformers of the clusters in the molecular beam were determined and 
optimized as outlined in the methods section and are shown in Figures 5, 6, and 7. 
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 9 

  

Figure 5 Geometry optimized lowest energy conformers for fragments with mass 31, both 
neutral (CH2OH) and cation (CH2OH+), and mass 32, neutral (CH3OH) and cation (CH3OH+). These 
conformers were identified using the semi-empirical quantum chemistry package Crest and then 
further optimized using Q-Chem (ωB97X-D/6-311+G-(2d,p)). 

 

 

Figure 6 Geometry optimized lowest energy conformers for both neutral and cationic EG 
(mass 62) and dimer EG (mass 124). These conformers were identified using the semi-empirical 
quantum chemistry package Crest and then further optimized using Q-Chem (ωB97X-D/6-311+G-
(2d,p)). 
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 10 

 

Figure 7 Geometry optimized lowest energy conformers of cationic protonated EG 
monomer (mass 63), dimer (mass 125), trimer (mass 187), and tetramer (mass 249). These 
conformers were identified using the semi-empirical quantum chemistry package Crest and then 
further optimized using Q-Chem ωB97X-D/6-311+G-(2d,p). 

 

Using the calculated energies of the optimized geometries of the clusters, the appearance 
energies of the ionized clusters were calculated and will be discussed in detail later. The structural 
models reveal the most energetically favorable hydrogen bonding patterns between EG and the 
water network. When EG is neutral, water molecules are observed to connect the two OH groups 
forming a pathway or water wire which makes for easy proton hopping between the two OH 
groups. When the fragments CH2OH+ and CH3OH+are surrounded by three water molecules, the 
proton from the OH group of EG detaches and is shared between two water molecules forming a 
Zundel ion, which is the ion formed when 2 water molecules share a proton between them. This 
Zundel ion is also observed to form in protonated clusters with up to four EG molecules. 

 

Photoionization Intensity Curves and Appearance Energies (AE) 

From the mass spectra, recorded every 50 meV, photoionization intensity curves were obtained 
for all clusters at each concentration of EG (3%, 16%, 27%, and 40%) and are given in the SI, figures 
S1 through S6. As an example, one photoionization intensity curve for fragment m/z 31 water 
clusters, taken with 27% EG in the molecular beam, is shown in Figure 8. The arrows indicate the 
location of the appearance energy, which for this cluster varies substantially with cluster size. This 
will be discussed in detail later. 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
98

16
2



 11 

 

Figure 8 Photoionization intensity curve for fragment m/z 31 water clusters with 27% EG in 
the molecular beam. Each curve is normalized to the largest y value to make comparisons between 
the curves easier. The arrows indicate the location of the appearance energy.  

 

From the photoionization intensity curves, the appearance energies for the clusters, as a function 
of mole fraction, were determined and are given in Table 1, along with experimental and 
calculated AE values from reference 24. We define appearance energy as the energy needed to 
ionize and potentially fragment the gas phase molecule or cluster. AE is determined by visually 
identifying the first major rise above the baseline as has been done in previous work.33 Based upon 
the determination method, an uncertainty of ±0.1 in the reported appearance energy is assumed. 
This error value varies slightly depending upon the noise in the photoionization intensity curve 
with the size in error increasing as the noise in the spectrum increases. The values determined 
from the curves with the lowest signal-to-noise are identified in Table 1 by an *. The variation in 
error overall is small so a general error of ±0.1 is justified. This paper focuses on large changes in 
AE (on the order of 1 eV), which are much larger than the error.   

The concentration of EG in the molecular beam showed no effect on appearance energy indicating 
that the concentration of water does not affect fragmentation. By contrast, the appearance 
energy is dependent upon the size of the cluster. The intensity of the clusters is directly related to 
the photon energy, as can be observed in Figures S7 through S10 in the SI. The plots are shown 
for clusters with up to 4 waters, though not all clusters were observed to be this large. 

 

 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
98

16
2



 12 

 

Table 1  Appearance energies (AE) in eV of EG clusters as well as fragment clusters observed 
at different mole fractions of EG with an error of ±0.1 eV. The error in the appearance energies 
from reference 20 is ±0.05 eV. A - indicates that the signal-to-noise ratio was not good enough to 
obtain a conclusive AE value. * indicates that the photoionization intensity curve has a low signal 
to noise resulting in high uncertainty in the AE value. The identity of the m/z # is indicated by 
square brackets.   

 

 AE (eV) as a function of EG%   
 3% 6% 27% 40% Experimental26 Calculated24 

m/z 31+  11.1 11.1 11.1 11.1 11.12 11.18 
m/z 31(H2O)+  10.2 10.2 10.1 10.1   
m/z 31(H2O)2

+ 9.8 9.8 9.7 9.8   
m/z 31(H2O)3

+ 9.7 9.7 9.6 9.6   
m/z 31(H2O)4

+  9.6*  9.6 9.5 -   
m/z 32+  10.8 11.1 11.2 11.2 11.42 11.47 
m/z 32(H2O)+ 10.4 10.3 10.3 10.4   
m/z 32(H2O)2

+ 9.9* 9.9 9.9* 9.9*   
m/z 33+ 10.2 10.3 10.2 10.2 10.45 11.77 
m/z 43+ 10.3 10.6 10.3 10.5 10.64 11.43 
m/z 44+ 10.7 10.7 10.7 10.7 10.64 10.80 
m/z 45+ 10.5 10.5 10.3 10.5 11.00 10.80 
m/z 61+ 10.9 10.9 10.9 10.9 10.84 10.77 
m/z 62+, [EG] 9.9 9.9 9.9 9.9 9.85 9.77 
m/z 62(H2O)+ - 9.6* 9.6 -   
m/z 62(H2O)2

+  9.7* 9.7* 9.7* 9.7*   
m/z 63+, [EGH]  10.1 10.1 10.1 10.1*   
m/z 63(H2O)+ 10.4 10.2 10.2 10.2   
m/z 63(H2O)2

+ 10.0* 9.9 9.8 9.8   
m/z 63(H2O)3

+ 10.0* 9.5 9.8 9.6*   
m/z 63(H2O)4

+ - 9.6 9.6 -   
m/z 124+, [EG2] 9.5 9.5 9.5 9.5   
m/z 124(H2O)+  9.5* 9.5* 9.5* 9.5*   
m/z 125+, [EG2H]  - 9.9 10.0 9.9   

m/z 125(H2O)+ - 10.1 9.6 9.6   

m/z 125(H2O)2
+ - 9.8 9.7 9.7*   

m/z 125(H2O)3
+ - 9.8 9.9 -   

m/z 125(H2O)4
+ - 9.9* - -   

m/z 187+, [EG3H] - 9.7 9.7 9.7   

m/z 187(H2O)+ - 10.0 9.6 9.7   

m/z 187(H2O)2
+ - 9.8* 9.7* 9.6*   

m/z 249+, [EG4H] - 9.8 9.8 9.8   
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 13 

Ionization Energy 

Typically, the appearance energy obtained from a photoionization intensity curve for a cluster with 
hydrogen bonds would correspond to vertical ionization energy (VIE), which occurs when a neutral 
cluster absorbs a VUV photon causing a transition to a vibrationally excited ionic state with the 
same geometry as the neutral cluster. From there the cluster may relax, resulting in a geometry 
change, and the energy difference between this relaxed cation and the neutral molecule is the 
adiabatic ionization energy (AIE). Vertical and adiabatic ionization energies for the lowest energy 
geometry optimized conformers of EG water clusters and dimer EG water clusters were calculated 
and are shown in Table 2. 

 

Table 2  Calculated adiabatic and vertical ionization energies for EG (m/z 62) clusters and 
EG dimer (m/z 124) clusters. 

 EG (m/z 62) EG Dimer (m/z 124) 
 Adiabatic IE (eV) Vertical IE (eV) Adiabatic IE (eV) Vertical IE (eV) 

(H2O)0 9.6 10.5 8.7 9.8 

(H2O)1 9.3 11.4 8.5 10.1 

(H2O)2 8.9 10.5 8.4 10.1 

(H2O)3 8.3 9.7 8.3 10.4 

(H2O)4 8.0 9.8 8.6 10.1 

 

The larger the difference in energy between the adiabatic and vertical ionization energies, the 
worse the Frank-Condon Factor and therefore the greater the geometry change upon relaxation 
after ionization. In this case, the vertical and adiabatic ionization energies are not close indicating 
a change in geometry upon relaxation. This ionization process is outlined for EG water clusters in 
Figure 9 and for dimer EG (m/z 124) water clusters in Figure 10. 
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Figure 9 Vertical and adiabatic ionization of clusters EG(H2O) (left) and EG(H2O)2  (right) 

 

 

Figure 10 Vertical and adiabatic ionization of clusters EG2(H2O) (left) and EG2(H2O)2 (right) 
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In Figures 9 and 10 certain hydrogen bonds are labeled and the Mulliken charges and spins on 
water are given. The ionization process changes the hydrogen bonding networks and cluster 
geometries. The Mulliken charge and spin are obtained theoretically via a Mulliken population 
analysis and give an estimate of the partial atomic charges.34 For the clusters shown at threshold, 
the majority of the charge and spin of the cluster is localized on EG indicating that when ionized, 
the charge prefers to stay on EG rather than moving towards water. Of the four clusters, water in 
cluster EG(H2O)+ has the highest charge and spin. Here, at 10.1 eV, no water ionization is observed, 
but at higher energies, water ionization would occur and this might result in a hole in the 3A” 
orbital as was seen in naphthalene water clusters and dimethyl uracil water clusters.35-36 

 

Changes in AE with cluster size 

As can be seen in Table 1, as cluster size around both protonated and unprotonated EG monomer, 
dimer, and trimer increases, the appearance energy decreases slightly and ultimately converges. 
This same trend was observed with glycerol water clusters,25 PAH water clusters35, and nucleobase 
water clusters.37 A similar trend in decreasing AE was observed with increasing methanol 
molecules clustered around a single water molecule.22 Pure EG (m/z 62) has an appearance energy 
of 9.9 eV, while an EG cluster with 2 waters has an appearance energy of 9.7 eV, a decrease of 0.2 
eV, which is small given that the error in appearance energy is ± 0.1 eV. The appearance energies 
for fragments m/z 31 and 32 are over 1 eV higher than that of pure EG. The higher appearance 
energy is due to the additional energy needed to break the C-C bond of the unfragmented 
molecule or cluster after ionization. This process is outlined in Figure 11. In contrast to the 
unfragmented clusters, the appearance energy of the fragment water clusters is found to decrease 
substantially as cluster size increases, with a nearly 1 eV drop when 1 water is added to the 
fragment. Water surrounding the unfragmented molecule stabilizes the product so less energy is 
required to break the C-C bond and form the fragment. 

Given the high energy of the VUV beam, it might be expected that water would evaporate during 
the fragmentation process. This is found not to be the case given the observed fragment clusters. 
To investigate this, the average excess energy (Eexcess), which could cause water molecules to 
evaporate after ionization of the EG water clusters, was calculated as: 

Eexcess = AE – AIE 

The average appearance energy (AE) for EG water clusters is 9.7 eV and the average AIE for these 
clusters is 9.3 eV giving an excess energy of 0.4 eV at the threshold. If this excess energy is higher 
than the binding energy of water in the cluster, then the water may evaporate. The binding energy 
of water in EG water clusters was determined following equation:  

Ebind = E[EG(H2O)n]+ – E[EG(H2O)n-1]+ – E(H2O) 

where E is the electronic energy calculated as described in the methods section. The calculated 
binding energies are given in Table 3.  
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Table 3  Binding energies in eV, calculated at the ωB97X-V/def2-TZVPPD level of theory, of 
the nth water (n = 1 – 4) attached to EG(H2O)n

+ clusters. 

 n = 1 n = 2 n = 3 n = 4 

BE (eV) of EG(H2O)𝑛
+ 0.60 0.88 0.87 0.71 

 

These binding energies are in the same ballpark as those found for methanol-water clusters and 
ethanol-water clusters.38 The binding energy for EG(H2O)n

+ does not exhibit a clear trend, the value 
increases when the cluster increases from one water to two, stays about the same with three 
waters, and decreases with four waters. These binding energy values can be compared with a 
study that theoretically observed the trend in binding energy for neutral open-shell, neutral 
closed-shell, cationic, and anionic molecule water clusters with up to 4 water molecules. In general 
binding energy increased as the number of water molecules in the cluster increased. This was 
especially true for the cationic and anionic clusters, where cationic water clusters had the largest 
magnitude binding energies. This increasing trend did not always hold for neutral (both open and 
closed shell) molecule water clusters. When the water clusters were large, the most powerful 
interactive force was hydrogen bonding between the water molecules and little interaction 
occurred between water and the neural molecule.39  The binding energies calculated for ethylene 
glycol water clusters are closest in absolute value to those for NH4

+ water clusters (binding energy 
from DFT calculations are -0.82 eV, -1.43 eV, -0.62 eV, and -0.62 eV for clusters containing one to 
four water molecules, respectively). Neither of these clusters follows the trend of increasing 
binding energy as cluster size increases. The low binding energy of water to NH4

+ is attributed to 
a lack of reaction when NH4

+ is solvated. In these clusters, hydrogen bonding is maximized, but no 
proton from the NH4

+ is lost to the water cluster resulting in no new chemical bonds.  

The average binding energy is 0.76 eV, which is 0.36 eV higher than the excess energy and explains 
why at threshold energies, water did not evaporate during the fragmentation process, and 
therefore fragment water clusters were observed. At higher photon energies, above the threshold, 
fragment water clusters are still observed. The clusters in the molecular beam may have argon 
clusters around them, which may evaporate with the excess energy. Previous work looking at 
argon water clusters detected (H2O)m

+ and (H2O)mH+, but did not detect Arn(H2O)m
+ nor 

Arn(H2O)mH+.40 At threshold, the excess energy was 0.2 eV and the binding energy converged to 
roughly 30 meV. This excess energy upon ionization is enough to evaporate 7 argon molecules, 
which explains the lack of detected argon water clusters. This argon water cluster finding lends 
support to the idea that the excess energy, when above the threshold of the EG water clusters, 
goes into evaporating argon clusters rather than evaporating the water cluster surrounding EG, as 
shown in Figure 6. The appearance of these EG water clusters indicates that, at least on the time 
scale of detection, the water clusters are not observing the ionization and fragmentation 
processes of EG. 

The decrease in appearance energy as water clusters around fragments m/z 31 and m/z 32 
indicates that the interaction between the water and EG is affecting both the ionization and 
fragmentation processes.  
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A suggested potential energy surface for the formation of this fragment is shown in Figure 11. This 
is based upon the appearance energy for fragment m/z 31 clusters being higher than the vertical 
ionization energy of EG. No transition state was observed when sampling the fragmentation 
process by stretching the C-C reaction coordinate and therefore no transition state is shown in 
Figure 11. 

 

Figure 11 Potential energy surface for the fragmentation process of EG water clusters 
forming m/z 31 water clusters. This process is hypothesized to occur through a cyclic intermediate. 

The appearance energy is calculated theoretically following equation 2 where m, n, and k 
represent the number of water molecules in the cluster and E is the electronic energy calculated 
as described in the methods section.  

AE[m/z 31(H2O)n
+]  = E[m/z 31(H2O)m] + E[m/z 31(H2O)n

+] – E(m/z 62(H2O)k) (2) 

The size of the EG water cluster producing the observed fragments is unknown, so the appearance 
energy for the clusters was determined using EG water clusters of different sizes. The determined 
values are shown in Table 4. 

Table 4  Calculated appearance energy for m/z 31(H2O)n
+. This table indicates that the final 

product is the determining factor in the energy, rather than the size of the reactant EG water 
cluster. 

 m/z 31+ m/z 31(H2O)+ m/z 31(H2O)2
+ m/z 31(H2O)3

+ m/z 31(H2O)4
+ 

EG 11.31 - - - - 

EG(H2O) 11.39 10.33 - - - 

EG(H2O)2 11.41 10.52 9.88 - - 

EG(H2O)3 11.29 10.43 9.96 9.54 - 

EG(H2O)4 11.24 10.32 9.88 9.62 9.31 

Table 4 shows that the size of the reactant EG water cluster does not determine the energy of the 
fragment cluster; rather, this energy is determined based on the size of the fragment cluster. The 
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calculated appearance energies in Table 4 show the experimentally seen downward trend as the 
size of the cluster increases and the roughly 1 eV drop in AE with the addition of one water to 
fragment m/z 31. 

 

1,2- and 1,3-Propylene Glycol Water Clusters 

As a comparison with EG and to see how the addition and placement of a methyl group affects 
photoionization, the VUV photoionization of 1,2-propylene glycol and 1,3-propylene glycol was 
performed. Similarly, to the EG experiments, the concentration of 1,2-propylene glycol to water 
and 1,3-propylene glycol to water was adjusted by changing the temperature of the nozzle as well 
as the pressure of the backing Ar (resulting in the peaks at m/z 40, Ar+, and m/z 20, Ar2+) gas. Mass 
spectra taken at photon energies of 10.5 and 12.5 eV with different mole fractions of 1,2- and 1,3-
propylene glycol are shown in the SI in figures S11 (12PG, 10.5 eV), S12 (12PG, 12.5 eV), S13 (13PG, 
10.5 eV), and S14 (13PG, 12.5 eV). The mass spectrum taken at 12.5 eV with 52% 1,2-propylene 
glycol is shown in Figure 12. Monomer and dimer protonated propylene glycol water clusters are 
indicated as well as the protonated propylene glycol trimer. 

 

Figure 12 52% 1,2-propylene glycol mass spectrum taken at 12.5 eV showing monomer and 
dimer protonated propylene glycol water clusters as well as the protonated propylene glycol 
trimer. Propylene glycol has a mass of 76 amu. 

The mass spectrum taken at 12.5 eV with 12% 1,3-propylene glycol is shown in Figure 13. The 
observed cluster series m/z 31(H2O)n

+, PG(H2O)n
+, and PG2(H2O)n

+ are indicated. 
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Figure 13 Mass spectrum taken with 12% 1,3-propylene glycol in the molecular beam at a 
photon energy of 12.5 eV. The cluster series for m/z 31(H2O)n

+, PG(H2O)n
+, and PG2(H2O)n

+ are 
shown. Propylene glycol has a mass of 76 amu 

The observed fragments from 1,2-propylene glycol are m/z 27, 29, 30, 31, 32, 33, 43, 44, 45, 61, 
and 63, which are the same as the fragments observed for EG, with the addition of m/z 63, which 
is attributed to protonated ethylene glycol. The observed fragments from 1,3-propylene glycol are 
m/z 27, 29, 30, 31, 32, 33, 43, 44, 45, 57, 59, 60, 75, which are similar to the other two diols, except 
for fragment m/z 61 and the addition of fragments m/z 57, 59, 60, and 75. These differences in 
fragmentation show that the addition of a methyl group as well as the location of this methyl group 
affect fragmentation. This methyl group affects hydrogen bonding in the cyclic transition state 
which then affects what fragments can form.  

Figure 14 shows the sum of the cluster series as a function of the 1,2-propylene glycol mole 
fraction taken at 12.5 eV. 
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Figure 14 Sum of intensities of each cluster series as a function of 1,2-propylene glycol mole 
fraction, recorded at 12.5 eV.  

 

Unlike what was seen with EG, as the concentration of 1,2-propylene glycol increases, the intensity 
for only 1,2-propylene glycol clusters and PG3H+ (m/z 229) increases while for all other clusters, 
the intensity decreases. This decreasing trend follows the depletion of water, which was also 
observed when glycerol water clusters were photoionized.25 This decrease suggests that clusters 
m/z 31(H2O)n

+, m/z 63(H2O)n
+, m/z 77(H2O)n

+, and m/z 153(H2O)n
+ are directly involved in the 

photoionization dynamics of 1,2-propylene glycol water clusters.  

Both propylene glycols are observed to form fragments of mass 31, just as was observed with EG. 
The photoionization intensity curves for fragments from 1,2-propylene glycol are shown in Figure 
S15 and for 1,2-propylene glycol water clusters in Figure S16. The photoionization intensity curves 
for fragments from 1,3-propylene glycol are shown in Figure S17 and for 1,3-propylene glycol 
water clusters in Figure S18. 1,2-propylene glycol does show a slight drop in appearance energy 
(given in Table 5) as more water clusters around it, but nothing like what was seen in EG. 1,3-
propylene glycol does not show any drop in appearance energy (given in Table 5) with the addition 
of water to fragment m/z 31. This difference is attributed to the addition of a methyl group, and 
in the case of 1,3-propylene glycol, the location of the methyl group between the hydroxyl groups 
affecting hydrogen bonding and the transition state that forms before or during the 
photoionization process.  

The appearance energies for forming clusters m/z 63(H2O)n
+, m/z 77(H2O)n

+, and m/z 153(H2O)n
+, 

given in Table 5, from 1,2-propylene glycol (seen in Figure S15 and S16) do not show the trend 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
98

16
2



 21 

observed with m/z 31 water clusters formed from ethylene glycol and 1,2-propylene glycol. This 
is due to differences in formation mechanisms. Fragment m/z31 forms when a C-C bond with 
hydroxyl groups attached to both carbons is broken. Fragment m/z 63 also forms through the 
breaking of a C-C bond, but in this case, only 1 carbon is attached to a hydroxyl group, the other is 
a methyl group. In the case of ethylene glycol, water can form hydrogen bonds with two hydroxyl 
groups, but can only form a hydrogen bond with one hydroxyl group when breaking off the methyl 
group to form m/z 63. The lack of change in appearance energy as the m/z 63(H2O)n

+ cluster 
increases in size may be due to this lessened hydrogen bonding which may affect the stabilization 
of the reaction. While the exact mechanism for the formation of fragment m/z 63 was not 
determined in this work, the lack of change in appearance energy as the cluster size increases 
lends support to the hypothesis that water stabilizes the formation of fragment m/z 31. The other 
cluster series, m/z 77(H2O)n

+ and m/z 153(H2O)n
+, do not form through fragmentation. m/z 77 is a 

protonated propylene glycol molecule and m/z 153 is a protonated propylene glycol dimer.  
 
Table 5  Experimental appearance energies in eV of 1,2- and 1,3-propylene glycol clusters 
as well as observed fragments and fragment clusters taken at a propylene glycol mole fraction of 
12% for 1,2- and 30% for 1,3-propylene glycol. The error is ±0.1. Using an effusive heater, the AE 
for 1,2-propylene glycol was found to be 9.80 ± 0.1 eV and that of 1,3-propylene glycol 9.75 ± 0.05 
eV, which, within experimental error matches this data. This data is given in Table S1 in the SI.  A - 
indicates that the signal-to-noise ratio was not sufficient to obtain a conclusive AE value. * 
indicates that the photoionization intensity curve has a low signal to noise resulting in high 
uncertainty in the AE value. The identity of the m/z # is indicated by square brackets. 
 

12% 1,2-PG AE (eV) 30% 1,3-PG AE (eV) 

m/z 27+ 9.6   

m/z 29+ 9.5   

m/z 30+ 10.5   

m/z 31+ 11.1 m/z 31+ 11.3 

m/z 31(H2O)+ 10.8 m/z 31(H2O)+ 11.2 

m/z 31(H2O)2
+ 10.5 m/z 31(H2O)2

+ 11.2* 

m/z 31(H2O)3
+ 10.4 m/z 31(H2O)3

+ - 

m/z 31(H2O)4
+ 10.1   

m/z 31(H2O)5
+ 9.6   

m/z 31(H2O)6
+ 9.5   

m/z 31(H2O)7
+ 9.5   

m/z 31(H2O)8
+ 9.5   

m/z 31(H2O)9
+ 9.5*   

m/z 31(H2O)10
+ 9.5*   

m/z 33+ 10.1   
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m/z 43+ 10.0 m/z 43+ 10.2 

m/z 44+ 10.1 m/z 44+ 10.2 

m/z 45+ 10.3 m/z 45+ 10.0 

m/z 63+, [EGH]  9.6 m/z 57+ 10.7 

m/z 63(H2O)+ 9.7 m/z 59+ 10.0 

m/z 63(H2O)2
+ 9.5 m/z 60+ 10.0 

m/z 63(H2O)3
+ 9.5 m/z 75+ 10.9 

m/z 63(H2O)4
+ 9.5   

m/z 76+, [PG]  9.7 m/z 76+, [PG]  9.7 

m/z 76(H2O)+ 9.5 m/z 76(H2O)+ 9.8 

m/z 76(H2O)2
+ 9.5 m/z 76(H2O)2

+ - 

m/z 77+, [PGH] 9.8 m/z 77+, [PGH] 9.8 

m/z 77(H2O)+ 10.1 m/z 77(H2O)+ 9.8 

m/z 77(H2O)2
+ 10.0 m/z 77(H2O)2

+ 9.8* 

m/z 77(H2O)3
+ 10.0 m/z 77(H2O)3

+ - 

m/z 77(H2O)4
+ 9.9 m/z 152+, [PG2] 9.7 

m/z 77(H2O)5
+ 10.0 m/z 152(H2O)+ 9.6* 

m/z 77(H2O)6
+ 10.0 m/z 152(H2O)2

+ - 

m/z 153+, [PG2H] 9.4 m/z 153+, [PG2H] 9.6 

m/z 153(H2O)+ 9.4 m/z 153(H2O)+ 9.6* 

m/z 153(H2O)2
+ 9.4   

m/z 153(H2O)3
+ 9.5   

m/z 153(H2O)4
+ 9.5*   

m/z 153(H2O)5
+ 9.5*   

m/z 229+, [PG3H] 9.5* m/z 229+, [PG3H] 9.7 

 

For 1,3-propylene glycol, a similar trend in decreasing AE was observed for certain fragment water 
clusters formed when glycerol water clusters were photoionized. Fragments m/z 61, 62, and 74 
were found to form clusters with water. No trend was observed for fragment m/z 31, as this 
fragment was not detected, though the formation of this fragment was predicted, by theory, to 
be barrierless.25 The appearance energies of the fragment clusters m/z 62(H2O)n

+ and m/z 
74(H2O)n

+ are close to that of pure glycerol (AE = 9.4 eV ) and show a change of 0.1 eV, which is 
within the experimental error, as more water molecules cluster around the fragment. Fragment 
m/z 61 from glycerol showed a decrease in appearance energy of 0.3 eV with the addition of 1 
water molecule, which is larger than was seen with the other fragments but small compared with 
what was seen with fragment m/z 31 from EG. The decrease in energy with the addition of water 
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was on the order of that observed for the fragmentation of 1,2-propylene glycol. For comparison, 
the optimized geometries of neutral (top) and cation (bottom) EG, 1,2-propylene glycol (12PG), 
1,3-propylene glycol (13PG), and glycerol (GLY)25 are shown in Figure 15. These were optimized 
with Q-Chem at the ωB97X-V/def2-TZVPPD level of theory. 

 

Figure 15 Optimized geometry of neutral (top row) and cation (bottom row) ethylene glycol 
(EG), 1,2-propylene glycol (12PG), 1,3-propylene glycol (13PG), and glycerol (GLY)25 with the 
hydrogen bond lengths given. The optimization was done using Q-Chem at the ωB97X-V/def2-
TZVPPD level of theory. 

Figure 15 shows how the hydrogen bonding between water and alcohol changes with ionization. 
Before ionization, all alcohols form at least two hydrogen bonds with water. These hydrogen bonds 

are between 1.87 and 2.1 Å. Upon ionization, one hydrogen bond between all alcohols and water 
is severed. When ionized, the alcohols 1,2-propylene glycol, 1,3-propylene glycol, and glycerol act 
as hydrogen bond donors, and the water drifts closer to one hydroxyl group. For 1,2-propylene 

glycol, the hydrogen bond that remains goes from 1.935 Å to 1.591 Å, and the severed hydrogen 

bond is 1.886 Å long. For 1,3-propylene glycol, the hydrogen bond that remains goes from 1.938 

Å to 1.551 Å, and the severed hydrogen bond is 2.029 Å long. For glycerol, the hydrogen bond that 

remains goes from 1.903 Å to 1.609 Å, and the severed hydrogen bond is 1.896 Å long. Ethylene 
glycol, which contains one fewer methyl group than the propylene glycols and one fewer methyl 
group and hydroxyl group than glycerol, undergoes a proton transfer when ionized and therefore 
acts as a hydrogen bond acceptor rather than donor as the other alcohols did. This proton is shared 
between the hydroxyl group and water, similar to a Zundel ion. Ionized ethylene glycol exhibits a 
slightly higher propensity to bind to water than the other larger alcohols given the hydrogen bond 
network connecting the oxygens of ethylene glycol via water and the lone proton.  

The fragmentation process, upon VUV photoionization, of pure glycerol occurs through either a 
six-membered hydrogen transfer transition state forming a stable ternary intermediate or through 
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elongation of the C-C bond. Cyclic hydrogen bond transition structures were found to be involved 
in the fragmentation process, upon VUV photoionization, of glycerol water clusters25 and 
deoxyribose.24 The fragmentation of the diol water clusters is proposed to occur through a similar 
cyclic hydrogen bond transition state as well as via C-C bond elongation. The cyclic hydrogen bond 
transition state that can form is dependent upon the location of the hydroxyl groups on the diol, 
which explains the difference in fragments observed for the three diols as well as the difference 
in appearance energy trends between these diols.  

The combination of diol with water is found to change the ionization mechanism for both the 
water and the diol. In general, cationic diols are found to have a lower propensity for binding to 
water than neutral diols, as shown in Figure 15, by the severing of one hydrogen bond when 
ionized. The remaining hydrogen bond is shorter and stronger than either hydrogen bond before 
ionization, which is attributed to a stronger binding energy between water and a cation than 
between water and a neutral molecule, as was found in the binding energy study of neutrals, 
radicals, and ions.39 By understanding the effect water has upon ionization mechanisms and 
fragmentation of the diols EG, 1,2-propylene glycol, and 1,3-propylene glycol, reactions occurring 
on the icy mantles of dust grains in the ISM can be better understood and predicted. Based upon 
these findings, cationic diols and alcohols in general will form fewer hydrogen bonds with water 
when ionized, but a stronger water-ion interaction will favor fragmentation through breaking the 
C-C bond when cationic diols are surrounded by water. This is supported by the lowering of 
appearance energy as the number of waters clustering around fragment m/z 31 increases. These 
findings are based on small clusters of water surrounding the alcohol. To fully understand the 
reaction dynamics occurring in the ISM, further studies involving ice and these diols along with 
calculations simulating a full surface of water are needed, such as has been done with some 
polycyclic aromatic hydrocarbons trapped onto cryogenic water-ice.41 

 

Conclusions 

A better understanding of the hydrogen bonding formed between diol alcohols and water can 
further their use as cryoprotectants in biological systems4, superconductors, sensors 5,6, and 
batteries7,8 as well as shed light into reactions potentially occurring on the icy mantles of dust 
grains. As a proxy for these systems, EG, 1,2-propylene glycol, and 1,3-propylene glycol water 
clusters were photoionized using tunable VUV radiation (in the range of 9.0 to 12.5 eV), and the 
products were detected using reflectron time-of-flight mass spectrometry. Water clustered 
around the diols as well as fragments of the diols were detected, indicating that through the 
fragmentation process, not all water surrounding the diol evaporates. The detected fragments 
differed for the three diols. EG and 1,2-propylene glycol exhibited similar fragmentation both 
forming fragments m/z 31, 32, 33, 43, 44, 45, 61, and 1,2-propylene glycol formed fragment m/z 
63. 1,3-propylene glycol exhibited somewhat different fragmentation forming fragments m/z 31, 
32, 43, 44, 45, 57, 59, 60, 75. This difference is due to the addition and location of the methyl 
group. From the mass spectra, photoionization intensity curves were determined, and from this, 
the appearance energies (AE) for the clusters were obtained. AE for the unfragmented diol water 
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clusters was found to show little variation with cluster size. A small decrease in AE was observed 
as cluster size increased, similar to what was observed with glycerol water clusters.25 The 
formation of fragment clusters through dissociative ionization was found to be affected by the 
number of methyl groups and the placement of hydroxyl groups with respect to these methyl 
groups. In the case of EG, forming m/z 31(H2O)n

+ takes roughly 1 eV less energy than forming m/z 
31. With the addition of 1 methyl group to the end of EG, forming 1,2-propylene glycol, 
fragmentation to produce m/z 31(H2O)n

+ takes 0.3 eV less than producing m/z 31. When the 
hydroxyl group is moved to the added methyl, in the case of 1,3-propylene glycol, no change in 
energy needed to form m/z 31(H2O)n

+ versus m/z 31 is observed. This indicates that methyl group 
and hydroxyl group location play a large role in the energy needed to undergo dissociative 
photoionization when water is present. This is attributed to the formation of a cyclic hydrogen-
bonded transition state, similar to that observed for glycerol water clusters and deoxyribose. 

The formation of complex organic molecules of astronomical relevance, such as aromatic 
hydrocarbons, alcohols, ethers, aldehydes, enols, ketones, and carboxylic acids, has been 
observed experimentally through ionizing radiation of interstellar analog ices.42-43 Through this 
work, mechanisms for the formation of COMs in star-forming regions can be proposed.  The 
temperature-programmed desorption of n- and i-propanol from an ice surface was determined 
using broad-band millimeter-wave rotational spectroscopy, indicating that desorption is highly 
conformer-specific.44 Low-temperature oxidation of the ice-embedded alcohol’s methanol, 
ethanol, 1-propanol, 2-propanol, 1-butanol, and t-butanol via a 1 MeV proton beam at ~20 K was 
performed, and the products were identified via infrared spectroscopy. The peak positions of the 
products, which are aldehydes and ketones, could be used when searching the ISM with IR-capable 
instruments such as the James Webb Space Telescope.45 A further infrared spectroscopy study 
looked at X-ray and vacuum ultraviolet radiation-induced transformation of ethanol, both 
deuterated and undeuterated, in solid inert matrices of Ne, Ar, Kr, and Xe at 4.4 K. The radiation 
produced dehydrogenation products, with variation in the observed products based upon the 
radiation source, whether X-ray or VUV.46 By combining information from these and other ice 
chemistry studies with the knowledge of hydrogen bond networks formed between alcohols and 
water discussed in this paper, greater insight into the processes and reactions occurring on space 
ice in the ISM can be achieved.  

The picture of these hydrogen bond networks also provides insights into how to form better 
chemical systems, such as superconductors and batteries, and for use in biological systems. The 
hydrogen bonds formed between alcohols, most often ethylene glycol, and water cause a glassy 
state resulting in anti-freezing properties. These properties are being applied to biological systems, 
such as in the case of the stabilization of proteins4, as well as in superconductors5-6 and batteries7,8 
to produce useful devices at low temperatures. Concentration and temperature effects on 
aqueous ethylene glycol solutions were studied using Raman correlation spectroscopy. With 
increasing concentration of ethylene glycol came weakening of the hydrogen bonds formed 
between water as well as a decrease in a solid ice Raman peak as the temperature was lowered47. 
A further Raman study looking at aqueous EG and 13PG solutions found that the concentration of 
the diol only weakly influenced the band spectra, with a small increase in gauche confirmation 
relative to the O-C-C-O torsional angle as concentration increased. The finding of this slight gauche 
preference when in the presence of water was supported by DFT-simulated Raman spectra.48  
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Molecular dynamics simulations using an empirical force field further support the finding of a 
preferred gauche confirmation for EG when in an aqueous solution. This preference is attributed 
to a slightly higher number of hydrogen bonds that can form in this conformation.49  

While some experimentation and theory work has been done to better understand and visualize 
aqueous diol solutions, there are still many gaps. The hydrogen bonding networks reported in this 
work, in figures 5 through 7 and 15, begin to fill some of these gaps and help pave the way for 
further experiments to fully understand these interactions and apply the obtained knowledge to 
create better chemical and biological systems. 

 

 

Supplementary Material 

Photoionization intensity curves of fragments and clusters of ethylene glycol, 1,2 and 1,3 
propylene glycol water clusters. Intensities of fragment masses and clusters as a function of 
cluster size and photon energy (eV). Mass spectra of 1,2 and 1,3 propylene glycol water clusters 
and fragments at various propylene glycol mole fractions. Appearance energies of 1,2 and 1,3 
propylene glycol and fragments recorded in an effusive source. Cartesian coordinates of 
structures calculated in this work. 
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