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George Mason University, 2016 

 

Thesis Director: Dr. Paul Cooper 

 

 

 

 This thesis describes the theoretical and experimental studies of the H2O-SF6 Van 

der Waals complex as well as the H2O-NF3 complex. Both SF6 and NF3 are extremely 

potent greenhouse gases and therefore cause significant concern when released into the 

atmosphere as industrial waste. Until recently the actual atmospheric burden of these two 

gases was not fully understood when better atmospheric modeling suggested that they 

have a larger impact on the rising global temperatures than once believed. Additionally, 

complexation with abundant water molecules in the atmosphere causes the wavelengths 

at which these molecules absorb infrared radiation to change, making it impossible to 

accurately model the global climate without taking this fact into account. Therefore, 

presented here is an in depth investigation into the water molecule interactions of both 

SF6 and NF3 in an effort to better understand the impact of these greenhouse gas 

pollutants on our planet.  
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INTRODUCTION 

Part I: Global warming and its Causes 

 

 

 

The rising temperatures on planet Earth have become a more significant cause for 

concern over the past few decades. Some people present the argument that global 

warming is a normal process caused by natural changes in the environment. One of the 

key origins of this type of argument rests on the fact that the most abundant greenhouse 

gas in our atmosphere is water. The amount of water vapor present in the air at a given 

time is largely affected by the temperature of the air and the humidity levels. On average, 

the atmosphere is comprised of approximately 2-3% water vapor while CO2 comprises 

only 0.04%.
1
 However, 97% of climate scientists agree that the warming trends we have 

observed over the course of this past century are due to human activities, which release 

numerous different types of greenhouse gases into our atmosphere. 
2
 

Greenhouse gases (GHG) allow direct, shortwave energy from the sun to pass 

through the atmosphere and hit Earth’s surface. Once that energy is reradiated in the 

atmosphere as infrared, longer-wave energy, it is absorbed by the GHG compounds, 

preventing its escape into space and trapping it in the lower atmosphere. 
3
 Under normal 

conditions this effect, known as the greenhouse gas effect, is what allows the planet to 

maintain a temperature that can sustain life. Without the greenhouse effect the surface 



2 

 

temperature of the Earth would be approximately -21°C causing all water on the surface 

to freeze thereby making Earth uninhabitable.   

 

 

 

Figure 1: The Greenhouse Effect
4
 

 

There are three major factors that influence the greenhouse effect and the 

temperature of the Earth: the total energy influx from the sun, which is a factor both solar 

activity and Earth’s distance from the sun, the composition of the atmosphere, and the 

ability of Earth’s surface to reflect light back into space, albedo. The only thing that has 

changed in recent history is the composition of gases in our atmosphere. The presence of 
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these gases in the atmosphere is regulated by various natural processes. Plant uptake of 

CO2 during photosynthesis and CO2 dissolution into the oceans are both major carbon 

sinks that help to buffer the GHG effect and slow warming of the atmosphere. 

There are numerous natural, as well as anthropogenic sourced gases that absorb infrared 

radiation in this region and the overwhelming rate at which humans are contributing 

GHG such as CO2, CH4, chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), and 

perfluorocarbons (PFCs), as well as sulfur hexafluoride (SF6), is the leading cause of this 

unprecedented warming trend as shown below. 
3
  

 

 

Figure 2: Global Mean Surface Temperature Over Time
4
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Table 1: GHG global warming potentials
5
 

Greenhouse gas Global Warming 

Potential (GWP) over 100 

years 

% of total anthropogenic 

GHG emissions (2010) 

Carbon dioxide 1 76% 

Methane (CH4) 25 16% 

Nitrous oxide (N2O) 298 6% 

Hydrofluorocarbons (HFCs) 124-14,800 < 2% 

Perfluorocarbons (PFCs) 7,390-12,200 < 2% 

Sulfur hexafluoride (SF6) 22,800 < 2% 

Nitrogen trifluoride (NF3) 17,200 < 2% 

 

 

The natural sinks that normally keep GHGs in check cannot keep up with the 

overwhelming amount of anthropogenic GHG being emitted into the atmosphere. Not to 

mention many of the afore mentioned anthropogenic gases do not have natural sinks in 

the environment and are only destroyed very slowly through atmospheric chemical 

reactions. CO2 is a natural and anthropogenic sourced GHG. Since the industrial 

revolution, when human activity began to introduce CO2 into the atmosphere at a much 

faster rate, the world’s oceans have stored nearly half of the carbon from CO2 emission. 
2
 

However, due to the acidic nature of CO2, which forms carbonic acid upon dissolution in 

water, the large amounts of stored CO2 is beginning to decrease the overall pH of ocean 
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water and is having a negative impact on marine life. Additionally, higher temperatures 

will lead to rise in sea levels, warming oceans, and in increase in extreme weather events.  

It is obvious that something has to be done about global warming, but addressing 

this problem is difficult because there is not one thing or one nation that can be blamed. 

There are numerous causes of this problem that need to be addressed. For example, CO2 

is the most commonly blamed culprit in global warming arguments but other GHGs 

present in the atmosphere can have an even more detrimental effect despite being 

overwhelmingly dominated by CO2 in terms of atmospheric tonnage. Other 

anthropogenic GHGs such as CFCs and sulfur hexafluoride have global warming 

potentials (Table 1) thousands of times greater than CO2. Therefore, these types of gases 

with high global warming potentials should also be addressed. In this paper, two such 

gases that are studied are NF3 and SF6.  
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INTRODUCTION 

Part II: SF6 and NF3 

 

 

 

         Sulfur hexafluoride is a chemically inert, colorless, odorless gas that has extremely 

high insulating capacities. The high electron affinity of the molecule allows for the 

capture of free electrons. Once the free electrons are captured, the large, heavy ions 

formed by SF6 have such low mobility that they effectively prevent electron avalanches. 

The SF6 gas is resistant to this breakdown process; preventing electron avalanches is 

essential in order to avoid the breakdown of the insulating gas. Dielectric materials are 

electrical insulators that can be polarized by an electric field. The dielectric strength of an 

insulating gas is measured by its ability to resist breakdown upon application of a strong 

electrical field. The dielectric properties of SF6, which are about 2.5 times that of air 

under the same conditions, combined with its chemical inertness allow it to act as an 

excellent insulator for electrical applications. 
6
   

As a result of these unique properties, SF6 is primarily used as a dielectric 

medium within voltage breakers, switchgears and various other electrical equipment 

within the electrical industry. Industrial usage of SF6 began around 1953 and since then 

the production has grown steadily along with increasing demand. However it was not 

until 1972, when insulated switchgear became more widespread, along with the eventual 
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ban of polychlorinated biphenyls in the United States, did the production pick up to an 

even greater rate. 
7
   

        Prior to the use of SF6, polychlorinated biphenyls (PCBs) were the main electrical 

insulators used in the industry since they have many of the desirable characteristics which 

were discussed previously. However, in 1979 PCBs were banned due to suggestions that 

they could cause harmful, unintended impacts on human health as well as the 

environment. 
8
 Initially SF6 was thought to be an improvement to oils used for the same 

purposes that contained harmful PCBs. Since it is a chemically inert gas, direct effects on 

human health are negligible. However, it can have detrimental effects on the environment 

which were unforeseen at the time of its rise in popularity.  

 Once released into the atmosphere, SF6 is very long-lived with an atmospheric 

lifetime of approximately 3200 years. 
5
 This lifetime is a result of the nearly negligible 

oceanic uptake rates due to the low solubility of SF6 in water and no known 

microbiological processes destroy the compound in plants or soils. The only known 

destruction process for SF6  in  our atmosphere takes place above 60km within the upper 

mesosphere and thermosphere by ultraviolet radiation at very short wavelengths less than 

240nm. While the full extent of the SF6 chemistry is not well understood, it is believed 

that the degradation process begins with an electron attachment forming SF6
-
. The 

electron attachment can be destructive, leading to the decay of the molecule, or it can 

leave SF6
-
 in an excited state that undergoes further chemistry to ultimately yield HF. It is 

also believed that SF6 does not react with OH radicals in the troposphere 
9
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 The longevity of SF6 in the atmosphere combined with its effective absorption in 

radiatively important windows in the infrared region (radiative efficiency = 0.52 W*m
-

2
*ppb

-1
) make SF6 one of the most potent greenhouse gases. A global warming potential 

(GWP) compares other atmospheric gases to the greenhouse capabilities of CO2. Upon 

comparison, the GWP of SF6 over a 100 year timescale is 24000 times larger than that of 

CO2. Despite this large effect on the warming of the atmosphere, SF6 has contributed 

only 0.1% of the man-made global warming effect due to atmospheric concentrations that 

are approximately a factor of 10
8
 lower than CO2. 

6
 However, this contribution will 

continue to rise if actions are not taken to stop release of SF6 into the atmosphere and 

mitigation of the current levels of SF6 in the atmosphere since they cannot be eliminated 

naturally.    

 Nitrogen trifluoride (NF3) is similar to SF6 in that the industrial usage of the gas 

has grown rapidly over the past few decades. NF3 first appeared in industry around the 

1960s and 1970s in applications such as rocket fuel oxidizer and a fluorine atom donor 

for use in chemical lasers. 
10

 The use of NF3 in mainly specialty applications helped to 

limit the emissions into the atmosphere. However, beginning in the 1990’s more regular 

industrial usage of NF3 began in the manufacture of semiconductors and both plasma and 

LCD flat panel display devices. In these applications, NF3 is mainly used as a fluorine 

donor where it is broken down to form highly reactive F atoms and radicals. Once broken 

down, these F atoms and radicals then go on to react with and remove silicon containing 

contaminants in the process chambers of the electronics being manufactured. 
10
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NF3 follows the same storyline as SF6 described above. Initially NF3 was thought 

to be a safer alternative to the perfluorocarbons (PFCs), mainly hexafluoroethane, which 

had been used for the same purposes in electronics manufacturing. The fact that NF3 was 

a much safer gas to transport due to its stability and nonflammable nature compared to 

the PFCs.
10,11

 NF3 was also preferable to PFCs due to faster cleaning rates and higher 

efficiency. It was believed that NF3 was an environmentally safer alternative due to its 

supposed higher conversion efficiencies which would help industries meet their emission 

reduction requirements. Conversion efficiencies to form reactive F atoms and radicals 

were only ~30% for hexafluorethane and ~98% for NF3. 
10

 

The higher efficiency of NF3 compared to its PFC counterpart did reduce 

emissions of electronics manufacture. According to Arnold et al. “the emissions benefit 

of using NF3 over hexafluoroethane (C2F6) in electronics manufacture is significant—

emissions of between 53 and 220 Tg CO2-eq⋅y−1
 were avoided during 2011.” Despite 

this, the detrimental effects that anthropogenic NF3 released into the atmosphere could 

have on global climate has been overlooked. The radiative efficiency of NF3 is 0.211 

W*m
-2

*ppb
-1

, contributing to the fact that the global warming potential of NF3 over a 100 

year timespan is nearly 17,000 times higher than that of CO2 
10

. The main atmospheric 

sink for NF3 once it has been released into the atmosphere is photolysis in the 

stratosphere, but recently studies have suggested that reaction with O(
1
D) also plays a 

significant role in determining the fate of NF3. 
12

 Nevertheless, the atmospheric lifetime 

of NF3 is nearly five times longer than that of CO2 making it a potent GHG.   
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Many believed that the high conversion rate of NF3 limited the amount that could 

escape into the atmosphere from industrial emissions and it was not covered by the 

original 1997 Kyoto protocol as a result. As recently as 2006, the techniques available to 

measure NF3 in the atmosphere were not sophisticated enough to make accurate 

measurement of a gas with as low a concentration of NF3. It was estimated that in 2006 

the global atmospheric burden of NF3 was 1,200 metric tons, while recent measurements 

suggest that the actual amount was closer to 4,200 metric tons. In 2008 the measured 

amount of NF3 in the atmosphere was approximately 5,400 metric tons, showing an 

annual increase of around 11%. 
13

 Due to this discovery, NF3 was added to the list of 

gases in the Kyoto protocol in 2012. While the atmospheric burden of NF3 is much 

smaller than that of CO2 and many other GHGs, including SF6, the fact that the emissions 

of such a potent GHG were so grossly underestimated is alarming.   
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INTRODUCTION 

Part III: Water Complexes 

 

 

 

Water is the most abundant GHG in the atmosphere, it is the direct cause of nearly 

60% of the global warming trend.
14

 Water vapor in the atmosphere provides the life-

sustaining temperature that we experience. The addition of anthropogenic GHGs upsets 

the natural balance causing even more water vapor to evaporate into the atmosphere due 

to the increasing temperatures. As global temperatures continue to rise more water vapor 

will be present in the atmosphere where much of the atmospheric chemistry takes place. 

Due to its overwhelming abundance as well as its strong proclivity to form hydrogen 

bonds, water plays a key role in many atmospheric reactions. Some reactions involve 

water acting as a reactant in a bimolecular reaction but many other utilize a molecular 

complex with water molecules. It is believed that water molecules can stabilize other 

reactive species, such as ClO, OH, and HO2, providing ample time for them to react.
15

 

Whatever the reason is, there is no doubt that water molecules complex with other 

species in the atmosphere. The effect of the complexation on the absorption properties of 

the molecules involved compared to the monomers has been long neglected and 

underestimated. Consistent discrepancies between atmospheric measurements and 

theoretical model results incited many scientists to investigate the role that these 

molecular complexes play in the absorption of solar and terrestrial radiation.
16
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The spectral properties of molecular complexes are much different than those of 

the individual monomers. Complexation can lead to shifting and/or broadening of 

existing bands or generation of new absorption bands within the spectrum. On an 

individual scale the effect of this on the absorption capabilities of the molecules may 

seem small; for example Haedrick et al. state that “O2-N2 complexes contribute 2.2-3.11 

W/m
2
 to the total absorption from an overhead Sun during clear-sky conditions.”

16
  

However when looking at the number of complexes that may be in the atmosphere at any 

given point in time, that amount of additional radiation absorption that this could generate 

is much more significant; especially since majority of the weak intermolecular interaction 

are typically IR active. 
15,16

 

Water complexes, as well as other molecular complexes, occurring in the 

atmosphere are a type of van der Waals complex. Van der Waals complexes are defined 

as “molecular systems in which the individual parts are held together by forces other than 

covalent bonds. These include ionic complexes (where the dominant attractive force is of 

electrostatic origin), complexes with hydrogen bonds, charge-transfer complexes, and 

true van der Waals molecules for which the dominant attractive contribution is the 

dispersion energy.”
17

 The strong hydrogen-bonding character makes it the preferred way 

for water to interact with other molecules, as it appeared in the case with water and NF3. 

 However, recent studies suggest that there may be a more complex way through 

which NF3 and H2O interact. Dunitz and Taylor present studies to support that, in most 

cases, covalently bound fluorine hardly ever acts as a hydrogen bond acceptor compared 



13 

 

to anionic fluoride.
18

 Dunitz and Taylor present theoretical calculations and come to the 

following conclusion; “It is interesting that in general fluorine atoms attached to carbon 

do not have significant power to act as proton acceptors in the formation of hydrogen 

bonds in the way that would be anticipated from the large difference in electronegativity 

of fluorine and carbon.
18

”  

Although the molecules being investigated here involve fluorine covalently bound 

to sulfur, not carbon, it would seem that similar effects would probably occur. In fact, this 

phenomena is wide spread Weinhold and Klein actually assert that there should be a 

change in the way hydrogen bonds are defined: “Both direct and statistical lines of 

evidence point to the essential resonance covalency of H-bonding interactions, rather than 

the statistically insignificant ‘‘dipole–dipole’’ character that is persistently advocated in 

current textbooks.
19

” Considering the facts presented above, the interactions involved in 

the complexation of SF6/NF3 with water may be more complex than once previously 

believed. 
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MATRIX ISOLATION SPECTROSCOPY 

 

 

 

The formation of the molecular complex H2O-NF3 has been previously 

investigated through the use of matrix isolation spectroscopy. The data presented below 

for the H2O-NF3 complex is courtesy of Jolayana Wold and Jonathan Boron. Matrix 

isolation spectroscopy is a method by which guest, analyte, molecules or atoms are 

trapped within a solid matrix. The matrix itself may be comprised of reactive or inert 

gases depending on the analysis being conducted but in order to solidify the matrix 

extremely low temperatures must be utilized. Most commonly matrices are comprised of 

an inert gas that is utilized to trap a species of interest by acting as a cage to prevent 

diffusion and most rotation. Ideally this can be utilized to trap transient or reactive 

species that would otherwise be difficult to detect.
20

 

 A diagram of the apparatus used in matrix isolation experiments is shown in 

Figure 3 below. Specifics of the matrix isolation cold cell can be found in Figure 3a while 

the set-up relative to the IR detector can be seen in Figure 3b. The gas mixture is 

deposited on a cold window which can be made of various materials including CsBr and 

CsI, both of which are fairly expensive. Therefore many people have turned to KBr 

windows for their matrix isolation experiments, including those presented here. Radiation 

shields are necessary to minimize exposure of the cold end of the refrigerator to external 

sources of blackbody radiation. The vacuum shields allow matrix isolation work to take 



15 

 

place below 10K. The deposition window is rotated within the cold cell in order to align 

he window with gas inlet for deposition or the IR beam to allow for scanning of the 

sample.   
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a) 

 
b) 

 
Figure 3: Schematic of matrix isolation instrumentation

20
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Once the sample is solidified into the matrix, various spectroscopic techniques 

can be employed such as Raman, UV-Vis absorption and IR spectroscopy. The H2O-NF3 

complex was analyzed by depositing a matrix of H2O, NF3 and Ar onto a KBr window at 

6K and an IR spectrum was collected. Differing ratios of water and NF3 gas were mixed 

together with argon to a final pressure of 700 torr following by deposition of 200 torr of 

the mixture. Using an FTIR spectrometer with a resolution of 0.5 cm
-1

, spectra of the 

various mixtures were collected in the mid-infrared region from 500cm
-1

 to 4500cm
-1

.    
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H2O-NF3 EXPERIMENTAL STUDIES 

Part I: Theoretical Calculations 

 

 

 

Computational studies of this van der Waals complex were also carried out 

utilizing the CCSD level of theory (coupled cluster with singles and doubles). CCSD is a 

post-Hartree-Fock ab initio method which improves on the Hartree-Fock molecular 

orbital method by utilizing multi-electron wavefunctions to account for electron 

correlation.
21

 The optimized geometry features hydrogen bonding of both hydrogen 

atoms on the water molecules coordinated with two of the three fluorine atoms of the 

NF3. The optimized geometry and the vibrational frequencies for the complex can be seen 

in Figure 2 and Table 1 respectively.  
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a) 

  
b) 

 

Figure 4: Optimized geometry for the H2O-NF3 complex
22
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Table 2: Density functional theory: CCSD (Basis Set: cc-pVTZ) calculation results 

for H2O-NF3 van der Waals complex 
22

 

 

H2O-NF3 NF3 H2O Δν (cm
-1

) 

524.0
a 

(0.1099)
b 

522.9 

(0.03460) 

- 1.1 

685.8 

(3.339) 

686.0 

(3.283) 

- 0.2 

1006 

(189.4) 

1015 

(199.7) 

- 9 

 

1011 

(202.6) 

1015 

(199.6) 

- 4 

1094 

(38.43) 

1100 

(38.35) 

- 6 

1680 

(61.74) 

- 1678 

(66.08) 

2 

3875 

(4.962) 

- 3876 

(4.483) 

1 

3977 

(42.60) 

- 3979 

(43.31) 

2 

a
 Frequencies (cm

-1
) 

b
 Band intensity 
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H2O-NF3 EXPERIMENTAL STUDIES 

Part II: Matrix Isolation Experiments 

 

 

 

The results of the IR analysis revealed two peaks, one at 1591cm
-1

 and the other at 

3730cm
-1

 that were identified as the complex. As shown in the table of vibrations above, 

complexation with NF3 causes a shift in the vibrational frequencies of the non-rotating 

monomer (nrm). Once the nrm peak is identified in a spectrum it indicates clear locations 

in which to look for the shifted peak resulting from the complex. An example IR 

spectrum from this experiment is show below. 

 

 

 
(a) 1:100 H2O:Ar (b) 0.1:1:100 NF3:H2O:Ar 

Figure 5: Peak identification of H2O-NF3 complex in the 1680-1580 cm
-1

 region
22
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The assignment of this peak was further confirmed by concentration studies. The 

concentration of H2O was held constant as the concentration of NF3 was increased. If the 

peak was correctly identified as belonging to the H2O-NF3 complex, then the peak height 

should increase as the concentration of complex is increased by increasing the NF3 

concentration. Increasing the NF3 concentration caused a direct increase in the observed 

peak height of the peak at 1591cm-1. 

 

 

 
(a) 2:1000 H2O:Ar 

(b) 2:5:1000 H2O:NF3:Ar 

(c) 2:10:1000 H2O:NF3:Ar 

Figure 6: Concentration studies of water and NF3 in an argon matrix
22
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From the experiments completed so far, it is evident that fluorine containing 

compounds in the atmosphere do form van der Waals complexes with water. It was not 

clear however, on the exact nature of the interaction between NF3 and water. It appears as 

though there is a hydrogen bonding interaction taking place based on the optimized 

structure. It is also possible that there is no actual H-bonding taking place and water is 

simply orienting itself along the dipole generated by the NF3 molecule. Nevertheless, in 

order to further examine the effect that water complexes have on the IR spectra of 

fluorine containing compounds, SF6 water complexes were analyzed with similar 

methods. 
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H2O-SF6 EXPERIMENTAL STUDIES 

Part I: Theoretical Calculations 

 

 

 

The optimized geometries for the H2O-SF6 complexes were calculated using the 

GAUSSIAN
23

 program using the B3LYP and WB97XD levels of theory with various 

basis sets ranging from 6-31G (2d, 2P) to CC-pVTZ. B3LYP is a hybrid functional 

theory which includes a mixture of Hartree-Fock exchange with DFT exchange-

correlation. The non-local correlation is provided by the correlation functional of Lee, 

Yang, and Parr (LYP), while the local correlation is provided by the Vosko, Wilk, and 

Nusair 1980 correlation (VWN) functional III.
24,25

  While B3LYP works well for most 

systems, at large distances, as is present in a van der Waals complex, it can become 

inaccurate. This is due to the non-Coulomb part of the exchange functional dying off too 

rapidly making it highly inaccurate at large distances.
26
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Figure 7:H2O-SF6 optimized geometry- DFT with B3LYP calculation method and 

aug-CC-pVTZ basis set 

 

 

The far intermolecular distance coupled with the existence of several imaginary 

frequencies, indicated that the B3LYP level of theory did not work well for this type of 

complex. After consulting Dr. Henrik Kjaergaard from the University of Copenhagen it 

was decided that the WB97XD functional theory would be more applicable for the long-

range interaction present in the H2O-SF6 complex.  

Head-Gordon and Chai developed the WB97XD functional that includes 

empirical atom-atom dispersion corrections as well as long-range corrections making it 

much more suitable for the type of interactions in the H2O-SF6 van der Waals complex.
26

 

Utilizing this functional theory the basis sets were varied beginning at 6-31G (2d, 2P) 

ending with the highest level basis set utilized in this experiment, cc-pVTZ. Figure 6 

depicts the preliminary calculations which utilized the WB97XD functional, while Figure 
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7 illustrates the final optimized geometry (additional summaries for lower level 

calculations can be found in the Appendix).    

 

 

 

Figure 8: H2O-SF6 optimized geometry- DFT with WB97XD calculation method and 

631G++ basis set  

 

 

 

Table 3: Bond angle differences (DFT with WB97XD calculation method and 

631G++ basis set) 
SF6 

Angle Between 
Atoms 

Monomer Dimer Difference 

1-2 180.00 179.55 -0.45 

1-3 90.00 90.16 0.16 

1-4 90.00 89.84 -0.16 

1-5 90.00 89.84 -0.16 

1-6 90.00 90.16 0.16 

2-3 90.00 90.16 0.16 

2-4 90.00 89.84 -0.16 

2-5 90.00 89.84 -0.16 

2-6 90.00 90.16 0.16 
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3-4 90.00 89.98 -0.02 

4-5 90.00 89.74 -0.26 

5-6 90.00 89.98 -0.02 

3-6 90.00 90.29 0.29 

3-5 180.00 179.72 -0.28 

4-6 180.00 179.72 -0.28 

Water 

 104.10 104.84 0.74 

 

 

 

Table 4: Vibrational frequencies of the complex compared to individual monomers 

calculated using ultrafine convergence criteria and 631G++ basis set (DFT-

WB97XD) 

H2O-SF6 H2O SF6 Δν (cm
-1

) 

-63.76 

(88.07) 

- - - 

-19.33 

(0.79) 

- - - 

30.10 

(6.86) 

- - - 

37.50 

(0.00) 

- - - 

40.26 

(0.11) 

- - - 

110.81 

(209.94) 

- - - 

317.31 

(0.02) 

- 316.71 

(0.00) 

0.60 

317.38 

(0.01) 

- 316.71 

(0.00) 

0.67 

317.86 

(0.00) 

- 316.71 

(0.00) 

1.15 

490.82 

(0.03) 

- 489.40 

(0.00) 

0.79 

491.19 

(0.00) 

- 489.40 

(0.00) 

1.79 

491.28 

(0.01) 

- 489.40 

(0.00) 

1.88 

574.98 

(27.00) 

- 568.52 

(53.55) 

6.46 
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575.80 

(26.48) 

 568.52 

(53.55) 

7.28 

576.26 

(22.72) 

- 568.52 

(53.55) 

7.74 

624.08 

(0.19) 

- 615.57 

(0.00) 

8.51 

625.46 

(0.48) 

- 615.57 

(0.00) 

9.89 

728.42 

(0.51) 

- 726.34 

(0.00) 

2.08 

915.83 

(386.46) 

- 870.04 

(570.18) 

45.79 

915.85 

(443.51) 

- 870.04 

(570.18) 

45.81 

916.79 

(405.26) 

 870.04 

(570.18) 

46.75 

1642.13 

(114.93) 

1636.08 

(82.20) 

- 6.05 

3907.91 

(12.13) 

3905.03 

(9.27) 

- 2.88 

4019.50 

(53.05) 

4019.27 

(4019.27) 

 0.23 

 
 
 

 
Figure 9: H2O-SF6 optimized geometry- DFT with WB97XD calculation method and 

CC-pVTZ basis set  
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Table 5: Bond Angle Differences (DFT with WB97XD calculation method and CC-

pVTZ basis set) 

SF6 

Angle between 

atoms 

Monomer Dimer Difference 

1-2 180.00 179.75 0.25 

1-3 90.00 90.09 0.09 

1-4 90.00 89.91 0.09 

1-5 90.00 89.91 0.09 

1-6 90.00 90.09 0.09 

2-3 90.00 90.09 0.09 

2-4 90.00 89.91 0.09 

2-5 90.00 89.91 0.09 

2-6 90.00 90.09 0.09 

3-4 90.00 89.96 0.04 

4-5 90.00 89.91 0.09 

5-6 90.00 89.96 0.04 

3-6 90.00 90.16 0.16 

3-5 180.00 179.87 0.13 

4-6 180.00 179.87 0.13 

Water 

 104.10 104.25 0.15 

 

 

 

As can be seen in the table above, there are notable differences between the bond 

angles of both H2O and SF6. Some of the IR vibrations of SF6 are normally invisible in 

the IR due to the symmetry of the molecule. Once complexed with water the symmetry of 

the SF6 molecule is altered, making those once invisible vibrations visible to the IR.  

The vibrations of the optimized structure, as predicted by Gaussian are shown in Table 3 

below.  
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Table 6: Vibrational frequencies of the complex compared to individual monomers 

calculated using ultrafine convergence criteria and cc-pVTZ basis set (DFT-

WB97XD) 

 

H2O-SF6 H2O SF6 Δν (cm
-1

) 

-86.42
a
 

(71.84)
b 

- - - 

-31.56 

(117.5) 

- - - 

58.18 

(0.3021) 

- - - 

64.27 

(194.7) 

- - - 

88.76 

(57.20) 

- - - 

93.24 

(0.00) 

- - - 

338.3 

(0.00) 

- 339.9 

(0.00) 

-1.6 

339.2 

(0.0287) 

- 339.9 

(0.00) 

-0.7 

339.4 

(0.1815) 

- 339.9 

(0.00) 

-0.5 

509.4 

(0.00) 

- 510.0 

(0.00) 

-0.58 

509.4 

(0.0155) 

- 510.0 

(0.00) 

-0.58 

509.7 

(0.0348) 

- 510.0 

(0.00) 

-0.28 

595.4 

(57.03) 

- 596.2 

(54.28) 

-0.75 

596.1 

(54.17) 

 596.2 

(54.28) 

-0.05 

597.2 

(49.06) 

- 596.2 

(54.28) 

-0.05 

630.3 

(0.1499) 

- 634.4 

(0.00) 

-4.1 

634.5 

(0.3374) 

- 634.4 

(0.00) 

0.12 

 

768.3 

(0.6341) 

- 769.7 

(0.00) 

-1.4 
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904.9 

(569.8) 

- 910.8 

(582.3) 

-5.9 

905.7 

(610.7) 

- 910.8 

(582.3) 

-5.1 

 

911.9 

(580.1) 

 910.8 

(582.3) 

1.1 

 

1639.6 

(119.7) 

1639.7 

(97.96) 

- -0.10 

3880.9 

(21.04) 

3872.0 

(15.40) 

- 8.9 

3974.2 

(76.76) 

3962.9 

(80.12) 

 11.3 

a
 Frequencies (cm

-1
) 

b
 Band intensity  

 

 

 

It should be noted that some imaginary frequencies still remain in the optimized 

structure. Imaginary frequencies are indicative of vibrations that would breakdown the 

structure, however imaginary frequencies of approximately 100 or less can generally be 

ignored for the purposes being explored here.  From Table 3 above it can be ascertained 

that notable frequency shifts occur which could be helpful in identifying the complex. 

First, the SF6 blue shift of approximately 6cm
-1

 around 910 cm
-1

,
 
as well as the larger 

magnitude blue shifts associated with the vibrations of the water molecule, are large 

enough that they should be identifiable in the experimental spectrum. It is also of 

importance to note that the potential energy surface of this interaction is extremely 

shallow, emphasizing weak nature of the underlying interactions. Unlike NF3, SF6 does 

not have a permanent dipole moment. Therefore it is possible that the SF6 interaction is 

even weaker than that of NF3, if in fact the nature of the interaction is not due solely to 

hydrogen bonding, making the complex even more difficult to detect.     
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H2O-SF6 EXPERIMENTAL STUDIES 

Part II: Matrix Isolation Experiments 

 

 

 

 Initially, the concentrations of both SF6 and water had to be optimized in order 

determine the ideal concentration at which to mix the two gases. The spectra of the 

individual components were gathered by depositing either SF6 or H2O in an inert argon 

matrix onto a cold window comprised of KBr at 6K. Then the resulting matrix was 

scanned using an FTIR spectrometer. Figures 10 and 12 show the effect of concentration 

on the spectra of SF6 and H2O respectively.  

 

a)  
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b)  
Figure 10: a) Complete spectrum of SF6 b)Magnified IR spectrum at various 

concentrations 

 

 

 

 The SF6 spectrum does not have many differing features. It absorbs very strongly 

at 938cm
-1

 with minimal other characteristic peaks in the spectrum. In fact, there are only 

2 IR active peaks associated with SF6, ν3 and ν4. The other smaller peaks are a result of a 

mixture of one of these two IR active modes with a non-IR active mode.  
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Figure 11: Vibrational modes of SF6

27
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a)  

b)  
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c)  
Figure 12: a) H2O IR spectrum at various concentrations 

       b) and c) magnified IR spectra of absorbing regions   

 

  

 

From the IR spectrum of water, the key peaks of interest are those of the non-

rotating monomer (nrm). Shifts calculated theoretically correspond to shifts of the nrm 

peaks in the spectrum. Other peaks are either rovibrational in nature or are the result of 

dimers, trimers, or multimers that occur as a result of aggregation of molecules within the 

matrix. The grouping of peaks from approximately 1575cm
-1

 to 1675cm
-1

 are the result of 

the ν2, or bending mode, associated with the water molecule. In this region the nrm peak 

can be identified around 1590cm
-1

 and it is from this peak that shifts would be assigned 

based on the GAUSSIAN calculations.
28

 However, the theoretical calculations showed 
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little, to no shift in this region (-0.10cm
-1

 as shown in Table 5). Therefore, unlike the 

NF3-H2O complex, the complexation with SF6 shows no appreciable shift in this 

particular water nrm peak.  

Another nrm peak exists in the ν1 and ν2 stretching regions of the spectrum which 

includes the range of 3500cm
-1

 to approximately 3800cm
-1

. The nrm peak in this region 

occurs at about 3736cm
-1

.
28

 Table 5 shows that there is a sizable shift associated with the 

nrm in this region upon complexation with SF6. This was one of the key peaks used to 

identify the H2O-NF3 complex in previous studies making this an ideal place to begin the 

investigation. However, this nrm peak is very weak and shows up very small in the IR 

spectrum (Figure 12) making it more difficult to distinguish a shifted peak due to the 

complex that would be even smaller in magnitude.  

The spectra of 1 SF6:100 Ar and 1 H2O:100 Ar were each compared to the 

spectrum of the mixture 1SF6:1H2O:100Ar. 
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a)  

b)  
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c)  
Figure 13: Comparison of 1 H2O:100Ar and 1 SF6: 100Ar spectra to that of 1 SF6:1 

H2O:100Ar mixture 

 

 

 

From this comparison, no obvious distinction can be made regarding peak assignments 

for the H2O-SF6 complex. However, the lack of an obvious peak is not unexpected since 

the interaction itself is so weak and the amount of complex present is minute.   

In order to further evaluate the presence of a peak due to the complex, 

concentration studies were carried out by altering the concentration of SF6. Changing the 

concentration of one of the components may decrease the concentration of the complex 

but it will also decrease the absorbance of the sizable SF6 peaks, possibly allowing 

originally obscured peaks to be revealed. Additionally, if the peak due to the complex 
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could be identified, the size of said peak would increase as the concentration of SF6 

increased thereby solidifying the assignment.   

 

 

a)  
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b)  

c)  
Figure 14: Concentration Studies - Increasing SF6 concentration 
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 As can be seen in the above figures, there was little appreciable difference 

between the trials within the H2O stretching region and the only differences in the range 

of 900-1000cm
-1

 could be assigned to increasing SF6 concentration alone. However, the 

strong absorbing properties of SF6 in this region make small peaks that would be 

associated with the complex difficult to detect. Therefore, in order to better evaluate the 

possibility of peak shifts as a result of complexation, the SF6 was held at low 

concentration while the H2O concentration was increased. If a suspect peak could be 

identified, the intensity of such a peak would increase as the complex concentration is 

increased due to the increasing water concentration. 

 

 

a)  
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b)  

c)  
Figure 15: Concentration Studies – Increasing H2O Concentration 
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 The concentration studies of increasing water concentration did not reveal much 

novel information either. The H2O bending regions did not expose any further candidate 

peaks for the shift of the nrm band at 3736cm-
1
. Similarly, the absorbing region of SF6 

did not divulge further information regarding the shift of the SF6 peak centered around 

938cm
-1

 mainly due to the strength of the SF6 peaks in this region. Even at this lower SF6 

concentration, the relative absorbance values of the strongest SF6 peak was still too large 

to make any plausible classifications of band shapes. Therefore, in order to more fully 

evaluate this area of the spectrum, further trials had to be conducted at even lower 

concentrations of SF6.   

 

 

 
Figure 16: Low Concentration SF6 studies 
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 Additionally, these trials were subjected to an annealing process, which involves 

heating the matrix slightly from 6K to 25K. Annealing, theoretically, could allow the 

component molecules to move around within the solid argon matrix. This type of study 

could have two effects: 1) the complex which was formed originally within the matrix is 

broken apart and peaks resulting from the complex decrease in size or disappear 

altogether as complex concentration decreases or 2) the movement of the molecules 

allows previously uncomplexed water and SF6 molecules to find and interact with each 

other causing an increase or appearance of peaks resulting from the complex. It is 

difficult to predict the effects annealing would have but if either one of those two 

possibilities were to occur it would help solidify the classification of a peak believed to 

result from the H2O-SF6 complex.   
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a)  

b)  
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c)  
Figure 17: Effect of Annealing at 25K for 10 minutes (0.025 SF6:1.5 H2O:100 Ar) 

 

 

 

From the annealing studies, it was noted that a two small shoulder peaks begin to 

form at approximately 933cm
-1

 and 941cm
-1

. The peaks are not clearly distinguishable 

from the larger peak itself centered at 938cm
-1

. However, since these trials did 

successfully decrease the relative abundance of the center peak to less than 1, the peaks 

could be analyzed using a Gaussian deconvolution method. Deconvolution is simply a 

means of “breaking down” a raw data spectrum by looking at peaks as a sum of Gaussian 

curves. Therefore, if these shoulder peaks could only be explained by additional Gaussian 

curves not present in the pre-annealing spectrum it would be possible they were due to 
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formation of the H2O-SF6 complex. To start, the spectrum was fitted using two peaks as 

the basis of the center, main peak in the spectrum. 

 

 

 
Figure 18: Gaussian Deconvolution of 0.025: 100 SF6:Ar spectrum utilizing Two 

Base Peaks 

 

 

 

Figure 18 clearly depicts that this particular peak in the spectrum cannot easily be 

fitted utilizing two base peaks. A small shoulder region exists around 940 cm
-1

 while only 

using two Gaussian curves as the base of this peak. In order to account for this shoulder 

region, a third peak had to be added.  
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Figure 19: Gaussian Deconvolution of 0.025: 100 SF6:Ar spectrum utilizing Two 

Base Peaks with an Additional Shoulder Peak 

 

 

 

 Exploiting three peaks instead of only two allows the full peak in the raw data 

spectrum to be explained as indicated by the close fit of the sum of the three Gaussian 

curves. Now this same fitting method was applied to the pre-annealing and post-

annealing spectra of the 0.025 SF6: 1 H2O: 100 Ar mixture. If the pre-annealing spectrum 

can be closely fitted using a similar method to the SF6 spectrum and the post-annealing 

spectrum requires additional peaks not present in the pre-annealing spectrum, then it 

would provide evidence that this peak could be a result of the formation of H2O-SF6 

complex.  
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Figure 20: Gaussian Deconvolution of pre-annealing 0.025 SF6:1 H2O:100 Ar 

spectrum  

 

 

 
 

Figure 21: Gaussian Deconvolution of post-annealing 0.025 SF6:1 H2O:100 Ar 

spectrum  
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The two shoulder peaks centered around 934 cm
-1

 and 941.5 cm
-1

 are present in 

Figure 21 but not in Figure 20. These two peaks agree with shifts calculated with 

GAUSSIAN and correlate closely to the -5cm
-1

 and +1cm
-1

 shift displayed in Table 5. 

Based on this promising new evidence, several trials of the same concentration were 

carried out in order to ensure that this phenomenon was a repeatable occurrence. The 

Gaussian curving fitting graphs as well as the spectra for these trials can be found in the 

appendix. Those repeat trials also show the same result and support that those peaks are 

repeatable experimentally and that they show promise as being classified as peaks due to 

the H2O-SF6 complex.  

 However, previous SF6 trials had not been subjected to the annealing process. 

Therefore, in order to rule out that these additional shoulder peaks in Figure 21 are not 

simply due to aggregation of SF6 molecules, a sample of SF6 was subjected to the 

annealing process.  
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Figure 22: Spectrum of 0.025 SF6: 100 Ar prior to annealing at 25K for 10 minutes 

and post-annealing    

 

 

 

The raw spectrum of the post-annealing SF6 trial does not appear to show the 

same shoulder peaks as demonstrated in the spectra of the H2O and SF6 mixture trials. 

Nevertheless, the same Gaussian deconvolution method was applied to this data as well.  
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Figure 23: Gaussian curve fitting of 0.025 SF6: 100 Ar post-annealing at 25K for 10 

minutes  

 

 

 

There does not seem to be the same shoulder peak pattern shown here for the 

annealed SF6 alone as there was for the annealed mixture. The shoulder peak around 

940cm
-1

 does appear to be shifted as is the case with the other annealed mixtures, but the 

peak around 933cm
-1

 is absent. The Gaussian deconvolution of the peaks in question as 

well as the annealing of the SF6 trial demonstrate a case for the classification of these 

peaks resulting from the H2O-SF6 complex. It does seem slightly counter-intuitive that the 

annealing process would have this effect on a complex with such a weak interaction as 

that of water and SF6. Initially it would seem that the annealing process would more 

likely break apart existing H2O-SF6 dimers causing the peak height to decrease. Not to 
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say that annealing would cause the migration of the molecule to come in closer proximity 

is completely out of the question, it just seems far more unlikely. In any case, the 

Gaussian curve fitting show that there are, in fact, peaks that are both repeatable and not 

explainable by the annealing process of SF6 alone. Based on this data, it cannot be proven 

beyond a shadow of a doubt that these peaks are a result of the complex, but that fact has 

not been disproven either. Nonetheless, the assignments based on this deconvolution are 

weak and would not be able to stand on their own. While the case presented so far makes 

it reasonable to state that those peaks are due to the complex, it is not an assignment 

made with absolute certainty. 

 In order to provide more validity to the argument present above for the 

assignment of the shoulder peaks at 934cm
-1

 and 941.5cm
-1

, the search began for another 

candidate peak that would also match up with the theoretical GUASSIAN calculations. 

With all of the other candidate regions thoroughly searched, the final region that held a 

promising shift in the GAUSSIAN calculation was the SF6 peak around 630cm
-1

 with a 

shift of approximately -4cm
-1

. This peak in the experimental spectrum occurs around 

612cm
-1

, very close to the edge of the observable range of the FTIR instrument being 

used. Despite this fact, this range was searched for candidate peaks that were 

distinguishable from the noise associated with approaching the range limit of the 

spectrometer. One such candidate peak was found as a shoulder peak off the main peak at 

612cm
-1

. 
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 The candidacy of the peak in question was further analyzed by carrying out a 

concentration study, where the concentration of SF6 was held constant as the 

concentration of water was increased. Again, this concentration study would have the 

same effect as the SF6 concentration studies discussed previously. However, in this case 

altering the SF6 concentration would not prove or disprove the possibility of this as a 

complex peak since the peak would increase if it were only due to SF6 as well. Water 

does not have any IR active motions that absorb in this region of the spectrum, so if 

increasing the water concentration, while holding SF6 concentration constant, causes the 

peak in question to increase absorbance, then it is most likely due to the H2O-SF6 

complex.  

 

 
 

Figure 24: Water concentration studies 
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 The candidate peak at approximately 608cm
-1

 does appear to have some 

correlation to the increase in water concentration, this fact, combined with the close 

correlation of the shift to one theoretically calculated for the H2O-SF6 complex, makes a 

strong case for this peak to be a result of the complexation of SF6 with water. However, 

further studies would need to be conducted in order to ensure that this phenomenon is not 

simply an artifact of the noise in this region.      
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CONCLUSION 

 

 

 

In conclusion, the research described here was aimed at theoretically calculating 

the expected shifts of the IR absorption bands of SF6 upon complexation with water and 

to find experimental evidence of the H2O-SF6 complex. The theoretical calculations 

showed that the hydrogen atoms of the water molecule coordinate with the fluorine atoms 

of the SF6 molecule. The very shallow potential energy surface which describes the 

dimer, leads to the possibility that the nature of the interaction is not an actual hydrogen 

bond, as was once previously believed with NF3. Despite the weak interaction, the 

GAUSSIAN calculations did show that there would be shifts in the absorption bands that 

could be observed experimentally.  

The shift in the H2O bending region proved much too small to reliably detect 

experimentally at a value of approximately -0.10cm
-1

. The theoretically calculated shift in 

the H2O stretching region did appear to be a plausible place to begin the search for a 

candidate H2O-SF6 peak due to the large shift of around 10cm
-1

. If such a peak did exist it 

remained elusive in the spectra obtained. The original non-rotating monomer peak of 

water in this region (3736cm
-1

) is very small to begin with and the amount of complex 

formed would only produce a peak at a fraction of that already small intensity. Therefore, 

the search for an H2O-SF6 complex peak in this region was unsuccessful as well.  
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Since the search for candidate peaks in the water absorbing regions previously 

utilized by the search for H2O-NF3 peaks proved ineffective, the investigation then turned 

to the SF6 absorbing region. The results from the calculations in this region also proved 

promising with calculated shifts off the most intense peak of nearly -5cm
-1

 and +1cm
-1

, 

both of which should be experimentally observable. This search revealed in two possible 

candidate peaks in the form of shoulder peaks off the peak at 938cm
-1

 as a result of the 

annealing process. Further classification of these peaks required the process of Guassian 

deconvolution, or fitting, where Gaussian curves are fitted to the raw data spectrum. This 

analysis did in fact reveal that those two shoulder peaks most likely were not present in 

the pre-annealing spectrum. Additional studies of SF6 only annealing indicated that this 

same pattern of shoulder peaks is not reproducible through aggregation of SF6 molecules 

alone. Therefore, it is possible that the annealing allowed the migration of H2O and SF6 

molecules through the matrix and caused an increase in the concentration of the complex. 

Although, this result is counter-intuitive based on the very shallow potential energy 

surface of the complex, it does indicate the possibility that these two shoulder peaks 

could be caused the complexation of SF6 with water.       

In order to provide supplementary evidence of the H2O-SF6 complex, the region 

of the second strongest intensity band of SF6 was investigated. This region was not 

originally investigated due to its proximity to the capable wavelength region of the 

spectrometer. However, this region did show promising shifts theoretically and thus 

required further examination. A shoulder peak could be identified off the main peak at 
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612cm
-1

 in the spectrum of water and SF6 that was not present in the spectrum of only 

SF6 at the same concentration. Concentration studies, where the amount of water added to 

the mixture was increased, revealed a slight increase in this shoulder peak’s intensity that 

was consistent with an increasing concentration of complex.   

Although the initial candidate peaks around 934cm
-1

 and 941.5cm
-1

 would alone 

provide a weak argument, at best, for the identification of complex, the additional 

evidence provided by the shoulder peak around 608cm
-1

 makes the argument as a whole 

much more convincing. Additional studies would be required to say with 100% certainty 

these peaks are the result of the H2O-SF6 complex. A spectrometer with greater resolution 

than 0.5cm
-1 

could be utilized to in order to more fully resolve the shoulder peak around 

608cm
-1

 and gas phase experiments would be able to investigate the shoulder peaks at 

934cm
-1

 and 941.5cm
-1

 more thoroughly. Even though this research did not prove the 

presence of the H2O-SF6 complex, it did not disprove its existence either. Additionally, it 

has provided a strong base off of which further experimentation could potentially identify 

the complex.      
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APPENDIX 1A: Theoretical Calculations with B3LYP Calculation Method 

 

 

 

Water Vibrational Frequencies by basis set 

631G 631G++ 6311G++ aug-cc-pVDZ aug-cc-pVTZ 

1678.65 

(66.85) 

1627.23 

(78.33) 

1640.48 

(70.95) 

1618.63 

(71.33) 

1616.88 

(102.26) 

3808.95 

(1.75) 

3815.10 

(6.06) 

3819.89 

(7.48) 

3794.51 

(4.06) 

3782.49 

(18.22) 

3915.51 

(23.88) 

3926.41 

(56.52) 

3921.16 

(61.44) 

3904.38 

(60.62) 

3871.27 

(107.25) 

 

 Water bond angles 

631G: 103.42 

631G++:105.00 

6311G++:105.06 

aug-cc-pVDZ:104.75 

aug-cc-pVTZ:104.57 

 

SF6 Vibrational Frequencies by basis set 

 

631G 631G++ 6311G++ aug-cc-pVDZ aug-cc-pVTZ 

314.74 

(0.00) 

307.20 

(0.00) 

321.17 

(0.00) 

310.13 

(0.00) 

325.18 

(0.00) 

314.74 

(0.00) 

307.20 

(0.00) 

321.17 

(0.00) 

310.13 

(0.00) 

325.18 

(0.00) 

314.74 

(0.00) 

307.20 

(0.00) 

321.17 

(0.00) 

310.13 

(0.00) 

325.18 

(0.00) 

484.72 

(0.00) 

474.96 

(0.00) 

486.91 

(0.00) 

457.77 

(0.00) 

489.83 

(0.00) 

484.72 

(0.00) 

474.96 

(0.00) 

486.91 

(0.00) 

457.77 

(0.00) 

489.83 

(0.00) 

484.72 

(0.00) 

474.96 

(0.00) 

486.91 

(0.00) 

457.77 

(0.00) 

489.83 

(0.00) 
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565.95 

(19.30) 

557.16 

(19.71) 

572.43 

(17.30) 

550.01 

(21.39) 

573.42 

(49.25) 

565.95 

(19.30) 

557.16 

(19.71) 

572.43 

(17.30) 

550.01 

(21.39) 

573.42 

(49.25) 

565.95 

(19.30) 

557.16 

(19.71) 

572.43 

(17.30) 

550.01 

(21.39) 

573.42 

(49.25) 

627.25 

(0.00) 

596.53 

(0.00) 

596.72 

(0.00) 

617.90 

(0.00) 

605.29 

(0.00) 

627.25 

(0.00) 

596.53 

(0.00) 

596.72 

(0.00) 

617.90 

(0.00) 

605.29 

(0.00) 

712.19 

(0.00) 

689.07 

(0.00) 

703.45 

(0.00) 

698.14 

(0.00) 

730.10 

(0.00) 

917.90 

(328.36) 

876.38 

(395.73) 

881.43 

(416.44) 

926.53 

(384.39) 

863.72 

(572.97) 

917.90 

(328.36) 

876.38 

(395.73) 

881.43 

(416.44) 

926.53 

(384.39) 

863.72 

(572.97) 

917.90 

(328.36) 

876.38 

(395.73) 

881.43 

(416.44) 

926.53 

(384.39) 

863.72 

(572.97) 

 

Dimer 

 

Water SF6_B3LYP_631G 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.36 -0.64 

1-3 90.00 90.22 0.22 

1-4 90.00 89.77 -0.23 

1-5 90.00 89.77 -0.23 

1-6 90.00 90.22 0.22 

2-3 90.00 90.22 0.22 

2-4 90.00 89.77 -0.23 

2-5 90.00 89.77 -0.23 

2-6 90.00 90.22 0.22 

3-4 90.00 89.90 -0.10 

4-5 90.00 89.75 -0.25 

5-6 90.00 89.90 -0.10 

3-6 90.00 90.45 0.45 

3-5 180.00 179.65 -0.35 

4-6 180.00 179.65 -0.35 

Water 

 104.57 102.90 -1.67 

 

 

Water SF6_B3LYP_631G++ 
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Bond Angles (same numbering scheme as above) 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.57 -0.43 

1-3 90.00 90.15 0.15 

1-4 90.00 89.85 -0.15 

1-5 90.00 89.85 -0.15 

1-6 90.00 90.15 0.15 

2-3 90.00 90.15 0.15 

2-4 90.00 89.85 -0.15 

2-5 90.00 89.85 -0.15 

2-6 90.00 90.15 0.15 

3-4 90.00 89.99 -0.01 

4-5 90.00 89.70 -0.30 

5-6 90.00 89.99 -0.01 

3-6 90.00 90.31 0.31 

3-5 180.00 179.69 -0.31 

4-6 180.00 179.69 -0.31 

Water 

 104.57 104.73 0.16 

 

 

Water SF6_B3LYP_6311G++ 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.61 -0.39 

1-3 90.00 90.14 0.14 

1-4 90.00 89.86 -0.14 

1-5 90.00 89.86 -0.14 

1-6 90.00 90.14 0.14 

2-3 90.00 90.14 0.14 

2-4 90.00 89.86 -0.14 

2-5 90.00 89.86 -0.14 

2-6 90.00 90.14 0.14 

3-4 90.00 89.98 -0.02 

4-5 90.00 89.71 -0.29 

5-6 90.00 89.98 -0.02 

3-6 90.00 90.33 0.33 

3-5 180.00 179.69 -0.31 

4-6 180.00 179.69 -0.31 

Water 

 104.57 104.87 0.30 

 

 

 

Water SF6_B3LYP_augccpVDZ 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.98 -0.02 

1-3 90.00 90.01 0.01 

1-4 90.00 89.99 -0.01 

1-5 90.00 89.99 -0.01 

1-6 90.00 90.01 0.01 

2-3 90.00 90.01 0.01 

2-4 90.00 89.99 -0.01 

2-5 90.00 89.99 -0.01 

2-6 90.00 90.01 0.01 

3-4 90.00 90.00 X 

4-5 90.00 89.99 -0.01 

5-6 90.00 90.00 X 

3-6 90.00 90.02 0.02 

3-5 180.00 179.99 -0.01 

4-6 180.00 179.99 -0.01 

Water 

 104.57 104.18 -0.39 

 

 

 

Water SF6_DFT_B3LYP_aug-cc-pVTZ 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 180.00 X 

1-3 90.00 90.00 X 

1-4 90.00 90.00 X 

1-5 90.00 90.00 X 

1-6 90.00 90.00 X 

2-3 90.00 90.00 X 

2-4 90.00 90.00 X 

2-5 90.00 90.00 X 

2-6 90.00 90.00 X 

3-4 90.00 90.00 X 

4-5 90.00 90.00 X 

5-6 90.00 90.00 X 

3-6 90.00 90.00 X 

3-5 180.00 180.00 X 

4-6 180.00 180.00 X 

Water 

 104.57 104.57 X 

 

 

Vibrational Frequencies of DFT_B3LYP level of theory calculations by basis set 

631G 631G++ 6311G++ aug-cc-

pVDZ 

aug-cc-

pVTZ 

-31.79
a 

(33.82)
b 

-84.73 

(91.86) 

-15.49 

(3.74) 

-131.22 

(113.35) 

-141.48 

(110.46) 

52.19 

(8.08) 

-59.47 

(0.00) 

5.65 

(79.97) 

-63.09 

(0.00) 

-83.25 

(0.00) 

58.29 

(132.23) 

-11.60 

(3.11) 

17.90 

(12.40) 

-11.45 

(10.73) 

-40.18 

(319.03) 

59.16 

(0.00) 

20.22 

(0.03) 

22.27 

(0.00) 

-10.99 

(0.84) 

-27.98 

(0.00) 

101.15 31.98 48.68 31.37 3.84 
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(76.87) (0.14) (0.18) (0.01) (0.00) 

101.40 

(0.59) 

84.78 

(198.88) 

98.24 

(201.98) 

58.84 

(302.48) 

9.73 

(0.00) 

314.40 

(0.00) 

306.78 

(0.00) 

319.08 

(0.01) 

308.38 

(0.00) 

323.23 

(0.00) 

315.32 

(0.10) 

307.31 

(0.02) 

319.22 

(0.03) 

309.96 

(0.01) 

324.31 

(0.00) 

315.44 

(0.09) 

307.68 

(0.00) 

319.92 

(0.00) 

310.09 

(0.00) 

324.32 

(0.00) 

483.87 

(0.13) 

474.32 

(0.03) 

485.20 

(0.05) 

456.35 

(0.00) 

488.98 

(0.00) 

483.89 

(0.03) 

475.28 

(0.00) 

486.50 

(0.00) 

456.40 

(0.00) 

488.98 

(0.00) 

483.99 

(0.00) 

475.45 

(0.01) 

486.97 

(0.04) 

457.41 

(0.00) 

489.31 

(0.00) 

562.60 

(21.99) 

556.02 

(21.82) 

569.76 

(19.44) 

543.57 

(44.98) 

572.78 

(47.69) 

564.28 

(19.98) 

557.43 

(20.76) 

570.65 

(17.93) 

543.89 

(43.82) 

572.79 

(47.73) 

567.13 

(15.89) 

557.50 

(17.94) 

571.14 

(15.14) 

544.23 

(42.58) 

573.07 

(48.65) 

620.43 

(0.30) 

594.58 

(0.23) 

592.92 

(0.38) 

609.52 

(0.00) 

604.71 

(0.00) 

626.24 

(1.62) 

597.10 

(0.54) 

596.21 

(0.71) 

609.93 

(0.00) 

605.34 

(0.00) 

708.92 

(1.44) 

688.82 

(0.53) 

702.72 

(0.78) 

697.88 

(0.00) 

729.54 

(0.00) 

907.94 

(388.01) 

873.45 

(374.15) 

877.48 

(457.25) 

885.07 

(555.90) 

864.97 

(573.81) 

908.23 

(301.43) 

873.61 

(432.85) 

877.66 

(392.86) 

885.09 

(549.71) 

864.98 

(573.15) 

920.77 

(327.17) 

879.48 

(394.14) 

884.75 

(415.42) 

885.29 

(551.74) 

864.99 

(574.22) 

1682.20 

(143.73) 

1631.23 

(114.64) 

1643.39 

(108.97) 

1610.33 

(102.54) 

1616.99 

(102.13) 

3825.35 

(8.56) 

3816.62 

(7.91) 

3822.33 

(9.80) 

3782.69 

(18.13) 

3782.60 

(18.28) 

3923.61 

(22.55) 

3924.87 

(46.88) 

3921.55 

(51.84) 

3878.48 

(100.61) 

3871.35 

(107.17) 

a: vibrational frequency (cm
-1

) 

b: intensity 
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APPENDIX 1B: Theoretical Calculations with WB97XD Calculation Method 

 

 

 

Water Vibrational Frequencies by basis set 

631G++ 6311G++ cc-pVDZ cc-pVTZ Ultrafine-cc-

pVTZ 

1636.08 

(82.20) 

1646.07 

(72.99) 

1668.21 

(60.30) 

1645.51 

(69.72) 

1639.70 

(97.96) 

3905.03 

(9.27) 

3902.49 

(9.43) 

3854.97 

(7.38) 

3885.09 

(4.54) 

3872.04 

(15.40) 

4019.27 

(4019.27) 

4007.63 

(65.91) 

3960.00 

(33.19) 

3989.76 

(45.31) 

3962.91 

(80.12) 

  

Water bond angles 

631G++: 105.13 

6311G++: 105.21 

cc-pVDZ: 102.99 

cc-pVTZ: 104.61 

ultrafine-cc-pVTZ: 104.10 

 

SF6 Vibrational Frequencies by basis set 

 

631G++ 6311G++ cc-pVDZ cc-pVTZ Ultrafine-cc-

pVTZ 

316.71 

(0.00) 

330.61 

(0.00) 

326.33 

(0.00) 

339.28 

(0.00) 

339.94 

(0.00) 

316.71 

(0.00) 

330.61 

(0.00) 

326.33 

(0.00) 

339.28 

(0.00) 

339.94 

(0.00) 

316.71 

(0.00) 

330.61 

(0.00) 

326.33 

(0.00) 

339.28 

(0.00) 

339.94 

(0.00) 

489.40 

(0.00) 

501.53 

(0.00) 

478.54 

(0.00) 

509.05 

(0.00) 

509.98 

(0.00) 

489.40 

(0.00) 

501.53 

(0.00) 

478.54 

(0.00) 

509.05 

(0.00) 

509.98 

(0.00) 
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489.40 

(0.00) 

501.53 

(0.00) 

478.54 

(0.00) 

509.05 

(0.00) 

509.98 

(0.00) 

568.52 

(53.55) 

584.77 

(48.14) 

569.62 

(56.40) 

595.61 

(56.32) 

596.15 

(54.28) 

568.52 

(53.55) 

584.77 

(48.14) 

569.62 

(56.40) 

595.61 

(56.32) 

596.15 

(54.28) 

568.52 

(53.55) 

584.77 

(48.14) 

569.62 

(56.40) 

595.61 

(56.32) 

596.15 

(54.28) 

615.57 

(0.00) 

615.34 

(0.00) 

662.89 

(0.00) 

638.25 

(0.00) 

634.38 

(0.00) 

615.57 

(0.00) 

615.34 

(0.00) 

662.89 

(0.00) 

638.25 

(0.00) 

634.38 

(0.00) 

726.34 

(0.00) 

741.12 

(0.00) 

753.86 

(0.00) 

771.18 

(0.00) 

769.67 

(0.00) 

870.04 

(570.18) 

874.12 

(584.47) 

959.32 

(527.15) 

913.56 

(580.56) 

910.77 

(582.26) 

870.04 

(570.18) 

874.12 

(584.47) 

959.32 

(527.15) 

913.56 

(580.56) 

910.77 

(582.26) 

870.04 

(570.18) 

874.12 

(584.47) 

959.32 

(527.15) 

913.56 

(580.56) 

910.77 

(582.26) 

 

 

Dimer 

 

 

 
 

WaterSF6_DFT_WB97XD_631G++ 
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Bond Angles 

 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.55 -0.45 

1-3 90.00 90.16 0.16 

1-4 90.00 89.84 -0.16 

1-5 90.00 89.84 -0.16 

1-6 90.00 90.16 0.16 

2-3 90.00 90.16 0.16 

2-4 90.00 89.84 -0.16 

2-5 90.00 89.84 -0.16 

2-6 90.00 90.16 0.16 

3-4 90.00 89.98 -0.02 

4-5 90.00 89.74 -0.26 

5-6 90.00 89.98 -0.02 

3-6 90.00 90.29 0.29 

3-5 180.00 179.72 -0.28 

4-6 180.00 179.72 -0.28 

Water 

 104.10 104.84 0.74 

 

 

 
WaterSF6_DFT_WB97XD_6311G++ 

(same numbering of complex) 
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Bond Angles 

 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.94 -0.06 

1-3 90.00 90.02 0.02 

1-4 90.00 89.98 -0.02 

1-5 90.00 89.98 -0.02 

1-6 90.00 90.02 0.02 

2-3 90.00 90.02 0.02 

2-4 90.00 89.98 -0.02 

2-5 90.00 89.98 -0.02 

2-6 90.00 90.02 0.02 

3-4 90.00 89.97 -0.03 

4-5 90.00 90.01 0.01 

5-6 90.00 89.97 -0.03 

3-6 90.00 90.04 0.04 

3-5 180.00 179.98 -0.02 

4-6 180.00 179.98 -0.02 

Water 

 104.10 104.69 0.59 

 

 

 

 
WaterSF6_DFT_WB97XD_ccpVDZ 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.51 -0.49 

1-3 90.00 90.17 0.17 

1-4 90.00 89.83 -0.17 

1-5 90.00 89.83 -0.17 

1-6 90.00 90.17 0.17 

2-3 90.00 90.17 0.17 

2-4 90.00 89.83 -0.17 

2-5 90.00 89.93 -0.17 

2-6 90.00 90.17 0.17 

3-4 90.00 89.94 -0.06 

4-5 90.00 89.76 -0.24 

5-6 90.00 89.94 -0.06 

3-6 90.00 90.36 0.36 

3-5 180.00 179.70 -0.30 

4-6 180.00 179.70 -0.30 

Water 

 104.10 102.34 -1.76 

 

 

 

 
WaterSF6_DFT_WB97XD_ccpVTZ 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 175.75 -0.25 

1-3 90.00 90.09 0.09 

1-4 90.00 89.91 -0.09 

1-5 90.00 89.91 -0.09 

1-6 90.00 90.09 0.09 

2-3 90.00 90.09 0.09 

2-4 90.00 89.91 -0.09 

2-5 90.00 89.91 -0.09 

2-6 90.00 90.09 0.09 

3-4 90.00 89.96 -0.04 

4-5 90.00 89.92 -0.08 

5-6 90.00 89.96 -0.04 

3-6 90.00 90.16 0.16 

3-5 180.00 179.88 -0.12 

4-6 180.00 179.88 -0.12 

Water 

 104.10 104.23 0.13 

 

 

 

 

WaterSF6_DFT_WB97XD_ccpVTZ_ultrafine 
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Bond Angles 

SF6 

Angle Between 

Atoms 

Monomer Dimer Difference 

1-2 180.00 179.76 -0.24 

1-3 90.00 90.08 0.08 

1-4 90.00 89.91 -0.09 

1-5 90.00 89.91 -0.09 

1-6 90.00 90.08 0.08 

2-3 90.00 90.08 0.08 

2-4 90.00 89.91 -0.09 

2-5 90.00 89.91 -0.09 

2-6 90.00 90.08 0.08 

3-4 90.00 89.97 -0.03 

4-5 90.00 89.90 -0.10 

5-6 90.00 89.97 -0.03 

3-6 90.00 90.16 0.16 

3-5 180.00 179.87 -0.13 

4-6 180.00 179.87 -0.13 

Water 

 104.10 104.25 0.15 

 

 

 

 

Water-SF6 Vibrational Frequencies by basis set- calculated using WB97XD level of 

theory 

 

631G++ 6311G++ cc-pVDZ cc-pVTZ Ultrafine-cc-

pVTZ 

-63.76 

(88.07) 

-156.88 

(128.45) 

-5.95 

(3.18) 

-135.47 

(111.15) 

-86.42 

(71.84) 

-19.33 

(0.79) 

-22.74 

(0.01) 

41.84 

(25.67) 

-34.40 

(102.92) 

-31.56 

(117.52) 

30.10 

(6.86) 

-18.44 

(6.84) 

85.57 

(0.93) 

54.70 

(0.34) 

58.18 

(0.30) 

37.50 

(0.00) 

18.90 

(0.00) 

109.78 

(106.30) 

64.25 

(18.29) 

64.27 

(194.69) 

40.26 

(0.11) 

51.91 

(0.09) 

118.88 

(0.00) 

67.85 

(208.76) 

88.76 

(57.20) 
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110.81 

(209.94) 

80.21 

(334.14) 

124.27 

(284.35) 

89.00 

(0.00) 

93.24 

(0.00) 

317.31 

(0.02) 

328.61 

(0.00) 

324.71 

(0.00) 

337.51 

(0.00) 

338.30 

(0.00) 

317.38 

(0.01) 

328.79 

(0.00) 

326.78 

(0.08) 

338.45 

(0.01) 

339.15 

(0.03) 

317.86 

(0.00) 

329.51 

(0.02) 

327.48 

(0.19) 
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APPENDIX 2: Additional Gaussian curve fitting analyses 
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Trial 1: post-annealing 

 
Trial 2: pre-annealing 
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Trial 3: pre-annealing 

 

 
Trial 3: post-annealing 
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