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Abstract 

Simulated X-Ray Absorption Spectroscopy on the Water Dimer. AMY WUNG (UC 
Berkeley, Berkeley, CA, 94704) ANDERS NILSSON (Stanford Linear Accelerator 
Center, Menlo Park, CA 94025 

The ability of an individual H20 molecule to form multiple hydrogen bonds with 
neighboring molecules makes it an ideal substance for the study of hydrogen bonding. X- 
ray absorption spectroscopy ( U S )  can be used to study what intermolecular structures 
the hydrogen-bonded water molecules form. XAS excites core electrons from the oxygen 
1 s atomic orbital to an unoccupied orbital. The resulting absorption spectrum shows the' 
energy levels of the unoccupied orbitals, which in turn is dependent on the intermolecular 
structure of the H2O system. Previous studies using molecular dynamics computer 
simulations have concluded that the intermolecular structure of liquid water is a distorted 
tetrahedron. Yet x-ray absorption spectra show discrepancies between liquid water and 
ice Ih, which is already known to have a rigid tetrahedral structure. The research group, 
which is based in the University of Sweden in Stockholm and the Stanford Synchrotron 
Radiation Laboratory at the Stanford Linear Accelerator Center, has studied the possible 
presence of broken hydrogen bonds in the liquid water intermolecular structure to explain 
these deviations. Computer simulations are used to construct theoretical absorption 
spectra for models of liquid water including broken hydrogen bonds. Creating such 
models requires controlling variables. The simplest method of isolating individual 
variables, such as hydrogen bond length and angles, is to study the water dimer. Here, 
the water dimer is used to study how the absorption spectra change with the way the 
water molecules are positioned and oriented relative to each other. 
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Introduction 

Liquid water is one of the most important and abundant resources on our planet. 

Yet its molecular structure is strangely elusive to study. It is known that hydrogen bonds 

(H bonds) can be formed between a hydrogen atom and the lone electron pairs on an 

oxygen atom of a neighboring water molecule. Since oxygen is more electronegative 

than hydrogen, the hydrogen atoms have a slight positive charge that attracts them to the 

lone pairs of oxygen atoms on neighboring H20 molecules. This attraction is what 

creates the H bond. That still leaves the question of what intermolecular structure the H- 

bonded H20 molecules form. For liquid water, it has been difficult to analyze 

experimental data that might answer this question. 

In contrast to liquid water, interpreting data from X-ray and neutron diffraction on 

ice is much easier to interpret. This is because ice has a rigid, periodic crystal structure. 

In particular, the intermolecular structure of ice Ih, a common form of ice as shown in 

Figure 1, has been successfully analyzed already. Diffraction techniques have discovered 

that ice Ih forms a rigid tetrahedral arrangement bonded together by H bonds. As shown 

in Figure 2, the tetrahedron has a central H2O molecule with four H bonds. Two H bonds 

connect the hydrogen atoms to oxygen atoms of neighboring molecules. In addition, the 

oxygen atom of the central H20 molecule has two more H bonds, connecting the two lone 

pairs to hydrogen atoms on two neighboring H20 molecules (Myneni et al., 2002). 

Data from diffraction techniques used on liquid water is much more difficult to 

interpret than for ice. This is partially because of the liquid water’s fluidity, unlike the 

rigid crystal structure of ice. Also, problems arise due to the fact that in liquid water H 

bonds are constantly broken and reformed. The time scale for this rearrangement is on 
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the order of a picosecond. Thus, liquid water is composed of many different 

configurations simultaneously. Experimentalists were able to determine that the average 

distance is 2.85 f 0.5 A' between oxygen atoms on neighboring H20 molecules 

connected by an H bond (Wilson et al., 2002). However, these experiments were still 

unable to determine the number of H bonds on each liquid water molecule. Based upon 

computer simulations, it was concluded that liquid water had a distorted tetrahedral 

structure, similar to ice Ih (Chaplin, 2002). 

Now, with the development of third generation synchrotron radiation laboratories, 

high-energy radiation is available to begin a new approach to the study of liquid water 

structure. This research group, which is based at the University of Sweden in Stockholm 

and at the Stanford Synchrotron Radiation Laboratory, has used X-ray absorption 

spectroscopy ( U S )  to probe the unoccupied molecular orbitals of liquid water. This 

technique uses X-rays to excite the oxygen 1 s core electrons into unoccupied molecular 

orbitals. Since the presence of H bonds has a strong influence on the energy levels of 

molecular orbitals, the absorption spectra are dependent on intermolecular structures 

(Myneni et al., 2002). 

The results of such testing have shown that there are notable differences between 

the absorption spectrum for ice Ih and that of liquid water. This has led to the hypothesis 

that these differences are a result of a fairly large fraction of liquid water molecules that 

have broken H bonds. These molecules with broken H bonds would thus not correspond 

to the distorted tetrahedral structure (Myneni et al., 2002). To test this hypothesis, the 

group has used Density Functional Theory (DFT) to compute theoretical absorption 

spectra for different intermolecular structure models containing broken H bonds 
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(Cavalleri, 2002a). Ultimately, the group would like to create a structure whose 

theoretical absorption spectrum more closely matches the experimental absorption 

spectra of liquid water. 

It is a challenging task to compute theoretical spectra, considering the many 

variables that must be controlled and the many intermolecular interactions that must be 

taken into account. Systems that have been studied with DFT normally contain thirty to 

forty H20 molecules, making it even harder to keep track of single variables. This 

portion of the research instead uses the water dimer, the simplest H bonded configuration. 

The water dimer consists of two H20 molecules connected by a H bond. The molecule 

that contains the hydrogen atom in the H bond will be referred to as the donor molecule, 

since it has donated positive charge to the bond. Conversely, the molecule that contains 

the oxygen atom in the H bond is referred to as the acceptor molecule (Myneni et al., 

2002). The simplicity of this model makes it more efficient to study the direct effects of 

changing the molecules’ relative positions and orientations. 

Ultimately, the study of H20 intermolecular structure is a study of H bonds. H 

bonds form the essential building blocks of our universe, binding together water 

molecules as well as the double helix in our DNA. H bonds explain unique phenomena, 

such as surface tension and the global water cycle (Wilson et al., 2002). Thus this 

research has applications in fields such as biology, chemistry, physics, and environmental 

science. Unlike hydrogen fluoride and other substances that are also capable of forming 

H bonds, H20 has the unique property of being able to form multiple H bonds on a single 

molecule. This fact, as well as its abundance, makes water an ideal substance for the 

study of H bonds. 
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Materials and Methods 

Calculating the theoretical absorption spectra was preceded by first 

constructing a model of the water dimer. The first model was the optimized geometry for 

a water dimer, which had been previously calculated using DFT by the group (Cavalleri, 

2002b). Using the graphics program Molden, angles and distances could be 

systematically varied (Schaftenaar, 2002). Three variables were isolated: the length of 

the H bond, the O-H ... 0 angle, and the dihedral angle. The dihedral angle is defined to be 

the angle between the planes of the water molecule. The dihedral angle of the optimal 

configuration is referred to here as the normal dihedral angle. The length of the H bond 

is defined as the distance between the center of the oxygen atom and the center of the 

hydrogen atom within the H bond. For the optimal water dimer geometry, this distance is 

1.93 Angstroms. The O-H ... 0 angle is defined as the angle formed by the two oxygen 

atoms and the hydrogen atom within the H bond. This angle is 171" in the optimal 

geometry. This angle was varied in two situations: one where the H bond length was 

kept constant, and one where the 0 0 distance was kept constant. The optimal 

configuration and these three variables are depicted in Figure 3. 

When changing one variable, as many values of the optimized geometry as 

possible are kept constant. This way, their individual effects are kept isolated from each 

other. Unfortunately it was not possible to keep the dihedral angle constant while 

changing the O-H ... 0 angle due to the specifics of Molden. Nonetheless, the effect of 

this error will be negligible, for reasons explained later. After computing absorption 

spectra for several different geometric configurations of the water dimer, it is possible to 
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study the effects of each variable separately. It is also possible to compare and contrast 

the effects of changing each variable. 

With Molden, a set of Cartesian coordinates for the molecules could be generated. 

The coordinates were inserted into an input file. The computer could then compute 

absorption spectra from the input file using DFT techniques. Since the absorption spectra 

contained only discrete impulses of oscillator strength as a function of energy, 

convolution techniques were used to fit Gaussian curves to each impulse, creating a 

smooth curve. The convoluted curves more closely simulate experimental spectra, which 

are affected by finite energy resolution as well as high density of states for certain energy 

regions. Once the newly convoluted data files had been generated, the graphics program 

gnuplot (Woo, 2002) was used to plot the absorption spectra for varying distances and 

angles. For each set of Cartesian coordinates, the absorption spectrum for an excited 

acceptor molecule was calculated, as well as that of the excited donor molecule. 

The computer, using DFT techniques again, can also output the ground state 

energy (no core hole) of any given geometrical configuration of the water dimer. It is 

also possible to calculate the ground state energy of each individual water molecule, with 

the same geometry as the water dimer’s acceptor and donor molecule respectively. By 

subtracting the individual molecules’ energies from the total dimer energy, it is possible 

to calculate the strength, or energy, of the H bond. The H bond strength was thus 

calculated for several H lengths and 0-H ... 0 angles. 

. 

Results 

Figure 4 shows the absorption spectra calculated for the free H20 molecule 

(calculated twice, using the geometry of the acceptor and donor molecules in the 
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optimized dimer), the acceptor molecule, and the donor molecule in the optimized dimer. 

Figures 5-9 show the absorption spectra of the acceptor and donor molecules calculated 

from DFT for varying distances and angles. The primary absorption data are shown as 

green impulses, scaled vertically by a factor of 5000 in order to be plotted together with 

the convoluted data. All the spectra have the same scale on the x and y-axis, as shown on 

the bottom graph of every page. The chosen range of the energy axis focuses on the 

important near-edge region where most changes in the spectrum are observed. 

Figure 5 shows the absorption spectra of the excited acceptor molecule for 

varying the H bond length and the 0-H ... 0 angle for both a constant H bond length and a 

constant 0 0 distance. Figure 6 shows the absorption spectra of the excited donor 

molecule for varying the H bond length. Figure 7 shows the donor molecule absorption 

spectra for varying the 0-H ... 0 angle, while maintaining a constant H bond length. 

Figure 8 shows the same, except the 0-H ... 0 angle was varied while the 0 0 distance 

was kept constant. Figure 9 shows the spectra of the excited acceptor and donor 

molecule for varying the dihedral angle. Figure 10 shows the calculations of the H bond 

strength for various geometries. 

Discussions and Conclusions 

Free v. H bonded molecules 
Figure 4 shows the effect of H bonding on the orbital structure of the donor 

molecule in the water dimer. The two geometries of the free molecule show nearly 

identical absorption spectra, with two peaks at approximately the same energy levels. 

While the acceptor molecule shows two strong peaks and some weak additional structure 

at higher energies like the free molecules, the donor molecule shows a broad band-like 

intensity around 540 eV. Conceptually, these deviations between the acceptor molecule 
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and the donor molecule spectra are expected because absorption spectra probe 

unoccupied orbitals. Since the oxygen lone pairs that participate in the H bond make up 

occupied orbitals, the presence of an H bond would primarily affect these occupied 

orbitals. In contrast, the unoccupied antibonding molecular orbitals that form between 

the oxygen and hydrogen atoms on the donor molecule are affected by the presence of an 

H bond. Thus the absorption spectrum of the donor molecule should reflect the presence 

of an H bond, but the spectrum of the acceptor molecule should not (Cavalleri et al., 

2002). 

This indicates that the absorption spectrum for the acceptor molecule in the 

optimized dimer will be similar to the absorption spectrum for a free H2O molecule, 

which is also unaffected by H bonding. The absorption spectrum of the donor molecule, 

on the other hand, is not expected to be similar to the spectrum of a free H20 molecule. 

Figure 4 confirms these expectations, because the acceptor and free molecule spectra 

both have the same basic structure of two peaks at approximately the same energy level. 

The absorption spectrum of the donor molecule shows two peaks as well as a band of 

higher energies, which is very different from the shape of the free molecule spectrum. 

Acceptor v. donor 
The spectra of the acceptor and donor molecules also behave differently as the H 

bond breaks. The H bond breaks when lengthening the H bond, because the greater 

distance weakens the electrostatic interactions between the two molecules. As shown in 

Figure 5 ,  breaking the H bond causes the acceptor molecule’s peak energy levels to 

decrease slightly. This shift with decreasing confinement of the molecules is expected, 

from the particle in a box analogy. In contrast to the acceptor molecule spectra, the donor 

molecule spectra in Figure 6 display much more drastic changes when the H bond is 
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broken, notably the appearance and then disappearance of a third peak (detailed 

discussion later). These changes in the spectra indicate changes in the unoccupied 

molecular orbitals of the donor molecule. Therefore following the changes in the donor 

molecule absorption spectra can accurately monitor changes in the H-bonding in the 

water dimer. 

A similar situation appears when the O-H ... 0 angle is decreased. Changing the 

angle can be seen as breaking the H bond, just like lengthening the H bond. This is 

because the oxygen lone pairs, which are more or less fixed in position by the acceptor 

molecule’s repulsive O-H bonds, are being rotated away from the hydrogen atom. This 

will also decrease the electrostatic interactions, thus breaking the H bond. As a result, it 

is reasonable to expect similar changes in the absorption spectra from changing O-H ... 0 

angle as from lengthening the H bond. Figures 5, 7, and 8 confirm this reasoning. 

Drastic changes involving a third peak can be seen in the donor molecule in Figures 7 and 

8, whereas the acceptor molecule only shows slight shifts to lower energies in Figure 5. 

From these observations, it can be concluded that breaking the H bond does not 

affect the unoccupied molecular orbitals, and thus the absorption spectra, of the acceptor 

molecule. This conclusion correlates with past studies of bulk water. These studies 

calculated theoretical absorption using systems of thirty to forty H20 molecules 

(Cavalleri, 2002). In some systems, the H bond was broken at the hydrogen site of the 

central molecule in the distorted tetrahedron. In other systems the H bond was broken at 

the oxygen site of the central molecule in the distorted tetrahedron. These two 

geometrical configurations clearly represent the same difference that is seen between the 

acceptor and donor molecules of the dimer. The absorption spectra for broken bonds at 
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the hydrogen site were not significantly different from the absorption spectra of a system 

with no broken H bonds. The absorption spectra for broken bonds at the oxygen site did 

show significant differences (Myneni et al, 2002). Therefore breaking an H bond on the 

oxygen site could not explain why the absorption spectra of liquid water are different 

from the absorption spectra of ice. Breaking an H bond on the hydrogen site, on the other 

hand, might be able to provide such an explanation. The focus can now be shifted to the 

donor molecule, and how the donor molecule spectra change with the individual 

variables. 

H bond length and 0-H. ..O angle 
As explained previously, lengthening the H bond distance and decreasing the H 

bond angle both effectively break the H bond. Figures 6, 7, and 8 confirm this, showing 

similar changes in the absorption spectra as the H bond lengthens and in both cases of the 

0-H ... 0 angle decreasing. Figures 7 and 8 show that there seem to be little difference 

between the two cases of changing 0-H.. .O angle, and so the angle measurements will 

only be referred to once. At first, breaking the H bond causes a third peak to appear. 

This peak dominates over the first two peaks (H bond length 2.4381, 0-H.. .O angle 11 lo, 

see Figure 6c, 7c, and 8c) before merging into the second peak (H bond length 3.4381, 0- 

H.. .O angle 8 I", see Figure 6e, 7d, and 8d). In the end, there are once again two peaks 

(H bond length 5.43 81, 0-H.. .O angle 51", see Figure 6f, 7f, and 80, and the shape of the 

spectrum converges to the shape of the acceptor molecule/free molecule absorption 

spectra. The similarity of the spectra for the molecules at large distances and the free 

molecule is expected, because the acceptor molecule spectra represents a molecule which 

is unaffected by the presence of an H bond. As mentioned before, breaking the H bond 

affects the unoccupied molecular orbitals of the donor molecule. It can also be observed 
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that these effects are present for H bond lengths of 5 Angstroms even. The graphs shown 

in Figure 6 are insufficient to quantify an exact length at which the H bond breaks. 

H bond strength 
It is instructive to plot the H bond strength as a function of distances and angles as 

shown in Figure 10. The graphs are one-dimensional slices of a multi-dimensional plot 

that would show H bond strength as a function of all possible positions and orientations. 

The graphs in Figure 10 give another idea of the range of distances over which the H 

bond is present. Yet it still seems difficult to quantify an exact point at which the H bond 

is no longer present from this graph. 

The intermolecular interactions which created these potential curves are repulsion, 

electrostatic interactions, and charge transfer. The graphs of Figure 10 provide 

opportunities to quantify the effects charge transfer. More calculations will follow the 

ones presented here to address this issue. 

Dihedral angle 
It can be reasoned that changing the dihedral angle in either direction will have 

little effect on the absorption spectraj because the rotation will not change the position of 

the hydrogen atom relative to the two lone pairs on the oxygen atom. This indicates that 

the relative positions of the oxygen lone pairs and the hydrogen atom would have to be 

changed in order to create changes in the H bond and the absorption spectra. This is true 

for both acceptor and donor molecules. As expected, changing the dihedral angle in 

either direction produces almost no change in the absorption spectra in Figure 9. From 

this, it can be reasoned that changing the dihedral angle while changing the 0-H ... 0 angle 

will have negligible effects on the absorption spectra of the acceptor and donor 

molecules. 
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Figures 

Figure 1. H20 I 

Figure 1. Phase 

jhase diagram 

0 100 200 300 400 500 600 700 E 
Temperature (K) 

diagram for water. Ice Ih can be formed over a wide range of 

0 

temperatures and pressures, but is most commonly formed at 0°C and at atmospheric 
pressure (Chaplin, 2002) 

Figure 2, Tetrahedral structure of ice Ih. 
h Y 

Figure 2. The tetrahedral structure formed by ice Ih (Chaplin, 2002). 
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Figure 3. 
a) 

Water dimer, hydrogen bond length, 

.... .......-............... 

0 - H .  ..O angle, 
d) 

and dihedral angle 

.............. 

Figure 3 shows a) optimized dimer geometry, b) how the hydrogen bond length is 
changed, c) how the 0-H ... 0 angle is changed while the H-bond length is kept constant, 
d) how the 0-H ... 0 angle is changed while the 0 0 distance is kept constant, and e) how 
the dihedral angle is changed. The intramolecular geometry of each individual molecule 
is kept constant through this whole process. 
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Figure 5. X-ray absorption spectra of acceptor molecule for changing H bond length and 
0- H . .  . 0 angles 
a) 
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Figure 5 shows the 
progression of x-ray 
absorption spectra of the 
acceptor molecule as the 
a) H bond length varies, 
b) the 0-H ... 0 angle is 
varied with the H-bond 
length constant, and c) 
the 0-H ... 0 angle is 
varied with the 0 0 
distance constant. The H 
bond length of the 
optimized dimer is 1.93A, 
and the 0-H.. .O angle is 
17 1". 
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Figure 6 shows the progression of x-ray absorption spectra of the donor molecule as the H bond 
length changes. All other angles and distances are unchanged from the optimized geometry of 
the water dimer. a) Absorption spectra for hydrogen bond length 1.53A, b) 1.73 A, c) 1.93 A, d) 
2.13 A, e) 2.43 A, f) 3.43 A, g) 4.43 A, and h) 5.43 8, The H bond length of the optimized 
dimer is 1.9381. 
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Figure 7 shows the progression of x-ray absorption spectra of the donor molecule as the 0-H ... 0 
angle changes while the H-bond length is kept constant. All other angles and distances are 
unchanged from the optimized geometry of the water dimer. a) Absorption spectra for angle 
171", b) 141", c) 1 1  lo, d) 81", and e) 51". The 0-H.. .O angle of the optimized dimer is 171". 
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Figure 8 shows x-ray absorption spectra of the donor molecule for changing the 0-H ... 0 angle 
while keeping the 0 0 distance constant. Shown are absorption spectra for a) 17 lo, b) 141", c) 
11 lo, d) 81", and e) 5 1". The 0-H.. .O angle of the optimized dimer is 17 1". 
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Figure 9 shows the progression of x-ray absorption spectra for the a) acceptor and b) donor 
molecule, as the dihedral angle (see text) is changed. The spectra obtained by rotating the planes 
20" in both directions are overlaid with the spectrum for the optimized geometry. Since the 
spectra are extremely similar, only the blue curve is visible for the most part. Normal dihedral 
angle is considered as the dihedral angle of the optimized dimer. 
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Figure IO.  Ground state and final excited state energies 

I HbondLength I Groundstate I H bond 

a) Ground state energies of individual water molecules: 
H20 molecule 1 (same geometry as acceptor molecule in water dimer): -2080.92063 1 eV 
H20 molecule 2 (same geometry as donor molecule in water dimer): -2080.8727380 eV 
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Figure 10 shows calculated 
energy data for a) two individual 
H20 molecules with the same 
geometry as their counterparts in 
the optimized dimer, b) 
calculated dimer ground state 
energy and hydrogen bond 
strength for given H-bond 
lengths, c) calculated dimer 
ground state energy and 
hydrogen bond strength for given 
O-H.. .O angles (maintaining 
constant H bond length), d) 
calculated dimer ground state 
energy and hydrogen bond 
strength for given O-H.. .O 
angles (maintaining constant 0 0 
distance), e) graph of H bond 
strength as a function of H bond 
length, f) O-H ... 0 angle 
maintaining constant hydrogen 
bond length, and g) O-H ... 0 
angle maintaining a constant 0 0 
distance. The tables are 
highlighted blue where the 
energies of the optimized dimer 
are shown. The graphs have a 
vertical line indicating the 
optimized geometry. 
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