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ABSTRACT

Thermal poling is an important technique in strengthening and modifying the chemical and
mechanical properties of soda-lime glass. This study uses Infrared Spectroscopy (IR) techniques to
compare structural changes in the surface of the glass for glasses poled in both a humid environment and
an inert environment. The objectives of this thesis were to determine whether and how the presence of
water vapor in the environment affect the surface structure of soda-lime glass during poling. Samples
were poled in humid (H2O), inert (N2), and deuterated water vapor (D2O) environments for 0, 5, 10, 20,
30, and 40 minutes at 200 C and at an applied voltage of 2 kV. The poled samples were analyzed by SRIR (specular reflectance) and ATR-IR (attenuated total reflectance) which gave structural information
about both the silicon oxygen network and the presence of hydrous species at the surface. Based on the
presence of hydrous species in the subsurface region of samples poled in humid environments and the
difference in the prevalence of Si-O-Si (bridging oxygen) and Si-O-(non-bridging oxygen) groups over
time between inert and humid poled samples, this thesis confirmed that the environment during poling
effects surface structure of the soda-lime glass. The SR-IR and ATR-IR spectra suggested different
mechanisms for structural rearrangement and likely different charge carriers in the glass based on
environment. The next steps in this research would be to further investigate and confirm how exactly
these two mechanisms differ.
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Chapter 1
Introduction
Soda-lime glass is used in a wide variety of industrial and residential applications such as
window panes and glass bottles. It is an ideal material for large scale use because the sodium-containing
glass is inexpensive, durable, and recyclable1. However, sodium and other modifiers which make up sodalime glass are disruptive to the internal Si-O-Si structure. To be specific, sodium ions are associated with
non-bridging oxygen (NBO) where the silica network is terminated. This structural modification can
affect some mechanical properties of the glass compared with pure silica glass. In particular, the structure
of the glass at the surface is critical to the mechanical properties of the glass2,3. Manipulating the structure
at the surface has potential applications in the treatment of inexpensive soda-lime glass in order to
improve mechanical properties. Thermal poling is a technique that alters the surface of the glass by
applying an electric field across the glass at high temperatures so that sodium ions are forced towards one
side of the glass. The thermal poling process changes the chemical structure of the glass that is poled. The
primary mechanism for charge movement during thermal poling is the migration of sodium ions from the
cathode side of the glass to the anode side as shown in Figure 1.

Figure 1: Sodium ion distribution before and after poling.

Once sodium ions leave the subanodic region, charged Si-O- groups are left behind without positive
species to ionically bond to. The structure of this region and the secondary mechanisms for the
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movement of charge in the glass have been debated since Carlson proposed oxygen-ion migration towards
the anode side of the glass in 19724. Dussauze et al. proposed that the non-bridging Si-O- bond could
function as a receiver for protons absorbed from water molecules in the air outside the anode side of the
glass towards the cathode side5. The possibility that water vapor from the air could be absorbed into the
surface of the glass and subsequently transferred to binding sites in the silicon oxygen network in various
forms is important to investigate. In order to determine the effect of water vapor on the mechanism of
thermal poling and the resulting glass structure, poling in H2O vapor and D2O vapor rich environments
was compared to poling in an inert (N2) environment. To compare structures, specular reflectance infrared
spectroscopy (SR-IR) and attenuated total reflectance infrared spectroscopy (ATR-IR) were utilized. A
brief discussion on the structure of soda-lime glass, the thermal poling process, the use of ATR-IR and
SR-IR for analysis of surface structure, and the current proposed secondary ion movement mechanisms
will follow.

Structure of Soda-Lime Glass
Understanding the structure of soda-lime glass prior to poling is critical to understanding the
structural changes that occur during the poling process. A combination of Si- O-Si bridging bonds and
sodium and calcium ions bonded to Si-O- non-bridging oxygens create a random Si-O network throughout
the bulk of the glass6,7. Non-bridging oxygen atoms are attached to one silicon atom but are not held in
place by a second silicon atom, and thus are negatively charged and attracted to cations in the network.
Figure 2 shows a basic soda-lime glass structure.
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Figure 2: Example chemical structure of soda-lime glass.

The movement of positively charged sodium ions to the cathode side during poling is also a generally
agreed upon phenomenon and is well documented in the literature4,5,8. The movement of sodium ions
through the network of oxygen and silicon during poling is caused by the very strong external electric
field. The sodium ions are initially held in place by their electrostatic attraction to the negatively charged
non-bridging oxygens, but easily move through the glass when a potential difference is applied. The
movement of the sodium ions out of the silicon-oxygen network leads to voids where negative charges
exist transiently. As mentioned previously, multiple theories predict what happens to these negative
charges during and after the poling process.
One important hypothesis is that chemical species like water molecules can be absorbed into the
subsurface region of the glass structure from the environment and subsequently transferred to the voids
left by the sodium ions. The water can also form hydronium ions which can associate with NBO groups.
Wear behavior of unpoled soda lime glass has been found to be dependent on the humidity of the
environment, suggesting that the surface structure of the glass and its interaction with water are important
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determinants of mechanical responses9-11. Furthermore, hydronium ions and hydrous species at the surface
of soda-lime glass have been found to improve wear resistance10-12. For these reasons, the effect of a
humid environment during thermal poling will be investigated. In order to determine the structural effect
of thermal poling, a brief overview of thermal poling and a discussion of SR-IR and ATR-IR techniques
will follow.

Thermal Poling Process
During the thermal poling process, a potential difference is applied across the glass surface at
elevated temperatures. At high temperatures, sodium ions can escape the silicon-oxygen network and,
because of the potential difference, the ions can electrostatically move toward the cathode in the poling
process. Additional charge moves through the glass, and the charge movement creates a measurable
current. The relationship between current and charge is shown in Eq. 1.

Q = ∫Idt

(1)

By measuring the current during the thermal poling treatment, the approximate amount of charge moving
through the glass over a given period of time can be determined. Alley et al. found that the current
measured during the thermal poling process cannot be explained simply by the movement of sodium ions,
but that multiple ionic species must move through the glass13. Although in-depth analysis of the current
profiles was not used to analyze poling results in this thesis, qualitative analysis of current versus time
plots was used to initially analyze experimental results. Figure 3 shows an example current versus time
plot for a soda-lime sample that was poled for 40 minutes in air.
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Figure 3: Example current and temperature versus time plot for thermal poling procedure.

As can be seen in the figure, the current begins to decrease well before the temperature is decreased by
the operator. By the end of the 40 minutes, the number of ions moving and thus the effect of the potential
difference on the glass, has dropped considerably. This suggests that the overall impedance of the glass
changes during the poling process. At the beginning, sodium is rich near the electrode and the overall
impedance of the glass is close to the impedance of pristine soda lime glass. As poling proceeds, sodium
ions are transported to the cathode side, which results in a layer with fewer sodium ions. Thus the overall
impedance become the combination of the sodium depleted layer and the bulk of the regular soda lime
glass, the absolute values of which increase over time and contribute to the decrease of the current.

Use of SR-IR and ATR-IR for the analysis of glass surfaces
IR is the method of choice for investigating the effects of humid environments on thermal poling because
IR can detect bridging and non-bridging oxygen groups in addition to molecular water and hydrous
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species in the glass structure14-16. There are three methods typically used in IR analysis: transmission,
specular reflectance, and attenuated total reflectance. A picture of the how the two surface-sensitive
techniques, SR-IR and ATR-IR, work is shown in Figure 4.

Figure 4: Specular reflection (SR), and attenuated total reflection (ATR) IR techniques.

ATR-IR and SR-IR are both surface-sensitive and thus useful to the present analysis; however, in SR-IR
there is the possibility of a contribution from backside reflection as shown by the dull red arrows in Fig.
4. In SR-IR, a positive signal is generated when the frequency of the incoming IR source matches the
absorption of a species in the glass. This match in frequency intensifies the reflected IR beam which is
why positive peaks in SR-IR are an indication of the presence of specific vibrational modes of chemical
bonds14. ATR-IR uses a germanium crystal in close physical contact with the glass sample. Since
germanium has a higher refractive index than the glass sample, the total reflection will happen at the Geglass interface when the incident angle of the IR beam is at 45 degrees14,17,18. Therefore, only an
evanescent wave can propagate to the glass and be absorbed by the glass. The penetration depth of the
evanescent wave in the case of this study is between 0.4 to 1 microns14. ATR-IR is thus very useful for
observing the changes in the surface region of the glass without interference from the other side or from
the bulk of the glass as is the case with SR-IR. One disadvantage of ATR-IR is the technique is not
sensitive to small differences in Si-O-Si bridging vibrations which are a key part of the analysis of
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thermal poling14. Because of higher penetration depth at lower wavenumbers, backside reflection in SRIR only needs to be taken into account at wavenumbers above ≈2200 cm-1. Because Si-O-Si asymmetric
vibrations exhibit a peak around 1100 cm-1 and Si-O- structures exhibit a peak at 940 cm-1 , SR-IR can be
used to analyze these structures; ATR-IR can be used to analyze the presence of water and other hydrous
species at the surface which show up at wavenumbers above 2200 cm-1. Amma et al. calculated
penetration depth in SR-IR as a function of wavenumber for soda-lime glass as shown in Figure 5.

Figure 5: Penetration depth of SR-IR beams in soda-lime glass. Image Credit: Amma et al14.

In the analysis of soda-lime glass, there are several regions and peaks of signature importance when
evaluating the presence of hydrous species and when evaluating the silicon-oxygen structure. In the
backside reflection region, negative peaks at 2800 cm-1 and 3400 cm-1 indicate the presence of hydrous
species in the bulk, however because of backside reflection these peaks are not useful since peaks cannot
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be distinguished as originating from the cathode surface or the anode surface14. 1050 cm-1 is the
asymmetric stretching vibrational peak of Si-O-Si groups and the shift of this group provides important
structural information19,20. If this peak blue-shifts it becomes more like pure silica which, as mentioned
previously, has a peak at 1122 cm-1. Another peak of interest in the SR-IR spectra is at 940 cm-1 which is
the stretching vibration of the Si-O bond in non-bridging groups and so can be attributed to either Si-O(non-bridging) or Si-OH groups10,14. In the ATR spectra, the OH stretching vibration creates a broad peak
between about 3650-2500 cm-1 because of the hydrogen bonds associated with the presence of various SiOH and H2O species14. In addition, the sharp peak at 1650 cm-1 indicates the presence of molecular water
in the glass network. Importantly, when D2O replaces H2O, the Si-OD and D2O peaks red-shift, which
will be important in distinguishing whether water was introduced from the environment during poling or
was naturally absorbed into the surface14.

Theories of Ion Movement in Thermal Poling
Although thermal poling in humid environments cannot provide final, conclusive evidence for the
acceptance of one of the many proposed mechanisms for ion movement during thermal poling, the role of
water in these mechanisms can be analyzed. In that interest, a brief overview of some of the main theories
for the mechanism of thermal poling is provided.
Carlson et al. suggest that non-bridging oxygen ions move through the glass against the flow of
sodium ions, towards the anode side4. Carlson’s findings have been backed up by further studies on
mechanisms in play during thermal poling5,21,22. Carlson et al. claim that in order for oxygen ions to be
mobile they must break their bond with the silicon atom they are initially attached to4. This phenomenon
is possible considering the high energy applied to the glass and due to the weak nature of the Si-O- nonbridging bond. Researchers agree that if oxygen ion movement occurs it must be due to the breaking of
the non-bridged oxygen-silicon bond. Kreiger and Lanford present another possibility: the unbridged
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oxygen ions could just as easily act as electron carriers8. The electrons would create the same effect of
negative charge moving towards the anode side of the glass as oxygen ions, but would not require the
breaking of a silicon-oxygen bond in the process. Dussauze et al. propose that the non-bridging Si-Obond could function as a receiver for protons flowing from water molecules in the air outside the anode
side of the glass towards the cathode side5.
Lepienski et al. conclude that, when a blocking electrode is used, oxygen ion movement explains
thermal poling but that, when a blocking electrode is not used, proton movement into the glass from water
molecules in the air is the dominant mechanism for charge movement21. Non-blocking electrodes allow the
environment to contact the glass surface while blocking electrodes do not. While many mechanisms have
been proposed and supported with experimental evidence, none have been accepted by the entire poling
community.
While many theories do not involve hydrogen or hydrous species, there is significant evidence to
suggest that they at least play a role in some poling configurations. Carlson found that, in poling of sodalime glasses, protons moved into the sodium-depleted region of the glass and that the protons were absorbed
from the air23. Carlson also concluded that the protons bind to the Si-O network in multiple ways in this
region23. Ernsberger argued that when water is absorbed by the subanodic region of the glass it is
oxygenated24. In an experiment not involving thermal poling, Lanford et al. proposed that H3O+ was the
main group that replaces sodium in sodium depleted regions of soda-lime glass25.
The current thesis seeks to investigate specifically the role of a humid environment during thermal
poling on the surface structure of the poled glass. Although similar studies have been completed to
investigate both the structure of glass after poling and how hydrogen species interact with the glass
structure, the current thesis looks exclusively at structure using SR-IR and ATR-IR techniques which
uniquely characterize the species present.
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Chapter 2
Experimental Methods

Sample Preparation
Asahi Glass Co. Ltd. in Japan supplied 0.7 mm thick soda lime float glass samples for use in the
thermal poling experiments. The flat glass surface was produced by floating the glass melt on a tin bed,
which results in tin residuals on one side of the glass which is appropriately called the “tin side”. The
other side of the glass is called the “air side”. To rule out complications for the surface analysis, all the
analyses are reported on the air side of the glass. While this glass has similar composition to most sodalime glasses, the chemical composition was determined by Amma et al. in a previous study by x-ray
fluorescence. The results of the XRF study are displayed in Table 1, below.
Table 1: Soda-lime glass composition from XRF study. Data Credit: Amma et al.14

Compound

SiO2

Al2O3

MgO

CaO

Na2O

K2O

Fe2O3

Mol%

70.8

1.0

6.2

9.1

12.5

0.4

0.04

Prior to poling, samples were cut into rectangles approximately 3.5” x 1.5” and subsequently washed with
DI water and exposed to an ozone environment for 10 minutes. The cathode in the thermal poling
apparatus was always placed on the air side of the glass.
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Thermal Poling Conditions
A diagram of the thermal poling apparatus used is shown below in Figure 6.

Figure 6: Thermal Poling apparatus diagram.

Soda-lime glass was sandwiched between a non-blocking stainless steel anode and a non-blocking
stainless steel or HOPG cathode. The poling area was determined by the size of the cathode and measured
approximately 0.75” x 0.75”. Once loaded, the sample was allowed to heat to a temperature of 200ᵒ C in
the furnace and during this time the environmental conditions for the poling process were introduced. For
a nitrogen environment, N2 gas with a flow rate of 3 L/min was introduced to the sealed poling
environment. Compressed air was introduced to the poling environment the same way. The nitrogen gas,
water vapor, and D2O vapor were all introduced at room temperature to the heated glass samples.
The water vapor in air introduced into the poling chamber could potentially wick a small amount
of heat away from the surface of the glass. However, because of the low heat transfer coefficients of
gases, this effect is negligible. Using Newton’s law of heating and heat transfer coefficients calculated for
forced convection over a flat plate, the heat transfer from the glass surface can be estimated for both
nitrogen gas and humid air. Equation 2 below shows Newton’s law of cooling.
𝑞𝑞 = ℎ𝐴𝐴�𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �

(2)
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Where Tsurface is equal to 200 C since the oven maintains the surface at this temperature, Tfluid is at room
temperature and equal to approximately 20 C (which is a worst case assumption, in reality the fluid
temperature is higher than room temperature because it has been heated by the furnace), A is the area of
the glass sample which is approximately 0.0034 m2. The reason this effect is not important is the very
small difference in the heat transfer coefficients for nitrogen and humid air, even when the actual
temperature of the gas is not used and when the temperature control of the furnace is not taken into
account. For nitrogen the heat transfer coefficient was calculated to be 1.77 W/m2K and for humid air the
heat transfer coefficient was 1.71 W/m2K. Carrying through the math, the amount of heat lost to the
flowing air was 1.6 J/s and 1.7 J/s lost to flowing N2. So, not only is the amount of heat transferred from
the glass surface very small in magnitude, both samples were exposed to about the same effect and thus
this heat transfer could not influence the results of the experiments significantly.
To create a humid environment, compressed air with a flow rate of approximately 3 L/min was
bubbled in either H2O or D2O liquid, creating a saturated H2O vapor or D2O vapor. A picture of the
bubbling apparatus used is shown in Figure 7.

Figure 7: Apparatus for
introducing humid environment.

Once temperatures stabilized at 200ᵒ C, samples were poled for 5, 10, 15, 20, 30, or 40 minutes. Each
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sample was exposed to one type of environment during the whole poling process. At the end of the
allotted time, the furnace was turned off and the whole system was allowed to cool to room temperature at
2 kV, so that ions would not relax back to original locations when the potential difference was taken
away. Once samples cooled to room temperature, the potential difference was turned off so that sodium
and other ions that had moved would no longer have the thermal energy required to move back to their
original location26. The poling was carried out at ambient pressures. During the poling process, current
and temperature were recorded every minute and plotted against time. An example of these measurements
was explained in the introduction in Figure 3.

SR-IR and ATR-IR Measurements
ATR-IR measurements were taken using a Bruker Hyperion μ-FT-IR system with an attached
infrared microscope objective lens from Bruker Optics Inc. capable of 15x magnification. A Germanium
ATR crystal was pushed onto the glass surface at 600 N over a 1 cm2 area. SR-IR measurements were
taken at a 40ᵒ incidence angle with a Thermo-Nicholet 670 FT-IR system. SR-IR spectra were taken
between 4000-500 cm-1 and samples were cleaned with DI water and ozone prior to measurement. ATRIR measurements were taken between 4000-1400 cm-1. Backgrounds for the SR-IR spectra were obtained
using a gold mirror and air was used as the ATR-IR background.
Based on Figure 5 in the introduction the penetration depth of the SR-IR technique changes with
the frequency of the IR beam. The penetration depth ranges from only about 1 μm at 1000 cm-1 to 700 μm
at 2200 cm-1. So, the SR-IR measurements were taken on the glass samples with the idea that depending
on the frequency of the absorption band, the reflectance profile would have more surface information or
more bulk information.
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The penetration depth of the ATR-IR technique is dependent on the type of ATR crystal, angle of
the IR beam and the sample14,27. The range of possible penetration depths is much smaller than the range
for SR-IR and is usually between 0.5 and 3 microns27. The low ATR penetration depth is the reason it is
used to determine the surface structure of the glass above 2200 cm-1 where backside reflection becomes a
significant problem for SR-IR. SR-IR does give more reliable information about Si-O-Si structures than
ATR-IR because ATR-IR, in that region of the Si-O-Si absorption bands, has too complex of a refractive
pattern to yield conclusive results14. Thus, spectra from both SR-IR and ATR-IR were collected and are
analyzed in the following section.
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Chapter 3
Results and Discussion

Current Profile
Qualitatively, the current versus time plots for poling in different environments can be compared
to establish differences between magnitudes of charge movement between the samples. Figure 8 shows
current versus time plots for poling of nitrogen flow and water vapor flow of 40 minute poling time
samples and the calculated total charge versus time for each sample.

Figure 8: Current and total charge versus time comparison for N2 and H2O samples

Figure 8 shows that the current value for the H2O flow sample does not reach the maximum of the N2
sample. However, this “maximum” based on the current versus time plots is highly variable and is not
consistent across all poling experiments. The magnitude the current reaches is inconclusive with respect
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to the structural rearrangement. The consistent result of the poling experiments—displayed in Fig. 8—is
that the current for the samples poled in more humid environments drops off less quickly than samples
poled in inert environments. In the H2O flow samples, the sodium ions move through the glass and create
current just like in the nitrogen poled samples, but once the charge carriers are done moving, hydrogen
species can move through the glass from the environment and continue to generate a current. In the
nitrogen samples, which drop off quicker in current, there are less charge carriers to continue to generate
a strong current. For samples poled for different lengths of time, the total charge passing through the glass
during poling can be compared for nitrogen and humid poled samples. Figure 9 shows the comparison of
total charge versus poling time for both the samples poled in H2O vapor and the samples poled in N2
samples.

Figure 9: Total measured charge versus poling time for samples poled in humid and inert
environments.

The Nitrogen total charge value for 10 minutes poling time does not fit the trend and expected result for
total measured charge; this experiment should be repeated to see whether or not the total charge for 10
minutes does fall between the total measured charge for 5 and 20 minutes of poling. Even given the out of
place data point, the trend for both the samples poled in water and nitrogen seems to be logarithmic and
reaches some maximum total charge movement value. So, as has been shown, poling cannot continue to
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work after a given point most likely because of a lack of mobile charge carriers remaining in the glass.
The samples poled in water do seem to have a higher maximum charge movement, most likely because of
the extra charge carriers present in the atmosphere. By integrating the current over time as shown in
Equation 1, the depth of the sodium depleted layer can be calculated by Equation 3 below22:

𝑙𝑙𝑑𝑑 =

𝑡𝑡

∫0 𝐼𝐼(𝑡𝑡)𝑑𝑑𝑑𝑑
𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁

(3)

where I(t) is the current, A is the surface area poled, e is the elementary charge, and NNa is the sodium
concentration per unit volume in the soda lime glass. In this case, the numerator will depend on the
particular poling experiment, A is 0.5” x 0.5” which equals 1.61 cm2, e is 1.602 x 10-19 C, and NNa can be
calculated from the glass’s density and composition and is found to be approximately 6.3 x 1021 Na
atoms/cm3. Assuming Na is the only charge carrier (which is not necessarily a valid assumption) the
sodium depletion layer for the 40 minute nitrogen poled sample is approximately 4.5 μm while the
sodium depletion layer in the 40 minute water poled sample is approximately 5.2 μm. Most likely, this
difference in calculated depletion layer is a result of the fact that a secondary charge carrier takes over
once sodium has been depleted in the top 4.5 μm of the subanodic region. IR spectra of the poled samples
will be used to show that hydrogen species move into the glass. If any conclusions are to be drawn from
this observation, future work will have to focus more in depth on current profiles in different
environments.

SR-IR Results
The specular reflectance IR results for the different poled samples give information on the
structural changes in the glass both at the surface and in the bulk of the sample. As shown in Figure 5, the
SR-IR technique shows surface characteristics below about 2200 cm-1, specifically the Si-O-Si structure,
and above 2200 cm-1 SR-IR includes backside reflection and will be shown to be inconclusive for this
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thesis. Figure 10 below shows SR-IR spectra of the anode side of the glass, poled in water and nitrogen
environments, as well as a “no poling sample” showing an area of glass not poled at all. (In this case the
“no poling” IR data was taken from the glass poled in the N2 environment; however, this particular area
was not subjected to any poling.)

Figure 10: SR-IR spectra of anode side of poled glasses from 700-1300 cm-1.

In Figure 10, the blue-shift of the Si-O-Si peak from 1074 cm-1 in unpoled glass to 1097 cm-1 in glass
poled in a humid environment is the most noticeable result. Interestingly, both the sample poled in a
humid environment and the sample poled in a nitrogen environment have peaks at approximately 1098
cm-1. Since pure SiO2 (quartz) has the Si-O-Si bridging peak at 1122 cm-1, this blue shift is the expected
result: as samples are poled and sodium ions vacate the anode side of the glass, a more Si-O-Si rich
network is formed. The difference in poling environments clearly does not create a significant difference
in the Si-O-Si bridging structure at the anode side of the glass after 40 minutes of poling. The Si-O- nonbridging vibration at around 940 cm-1 is a peak of interest in this case. Unlike the Si-O-Si bridging peak,
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the variation of the non-bridging peak is barely noticeable. For the pristine sample, the peak is around 935
cm-1, which is close to the expected peak, and very small which most likely indicates small amounts of SiO- ionically bonded to Na+. Once the poling occurs, however, the peak drastically blue-shifts and
becomes slightly more intense in humid conditions after 40 minutes of poling. The peak blue-shifts even
further, to 1000 cm-1, after poling in the nitrogen environment. The blue-shift in both the poled samples
indicate that once sodium leaves the subanodic region, the Si-O- groups rearrange and either form Si-O-Si
structures or are protonated and form Si-OH structures (which form more hydrogen bonds and thus could
cause a blue-shift). The intensity increase indicates an increase in Si-O- groups, which is highly unlikely
since the conjugate ion, Na+ is depleted in the subanodic region. An increase in prevalence of Si-OH
groups must be responsible for this peak shift and increase in intensity10. The N2 sample could have blueshifted more than the H2O sample because Si-O- conversion to Si-O-Si groups in the N2 was more
prevalent than conversion to Si-OH groups. In addition, the broad peak appearing at approximately 820
cm-1 only in the N2 poled spectrum is most likely the result of the symmetric vibration of Si-O-Si groups.
This peak appears in amorphous silicon oxygen structures and is a result of the bridging oxygen network
created in the subanodic surface region for samples poled in nitrogen28. The appearance of this peak in
only the nitrogen poled sample gives further evidence that rearrangement to bridging oxygen groups
occurs more when poling in a nitrogen environment because of a lack of stabilization of NBO groups by
hydrous species.
To further investigate how the Si-O-Si bridging structure changes during poling, SR-IR spectra of
samples poled for various durations (0, 5, 10,20,30,40 mins) are compared; the anode side of both the
samples poled in water vapor and the samples poled in nitrogen are displayed. The anode SR-IR spectra
for the samples poled in the humid environment are shown below in Figure 11.
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Figure 11: Anode SR-IR spectra of samples poled in a humid environment for 0, 5, 10, 20, 30, and
40 minutes.

Figure 11 shows a blue shift towards a more pure Si-O-Si bridging network structure. With no poling, the
air side of the soda lime glass has a Si-O-Si asymmetric vibrational peak at 1078 cm-1. As poling time
increases, the peak blue shifts gradually until it eventually hits 1097 cm-1 after 40 minutes of poling. So,
as time increases the surface depleted in sodium ions is creating a structure with more and more Si-O-Si
bridging character. Also, the non-bridging oxygen peak at 940 cm-1, which while hard to notice, does
blue-shift with time in this case. For the no poling sample, the peak is at 935 cm-1 but for the 10, 20, and
40 minute samples the peak shifts over to about 960 cm-1. The peak is not noticeable for the 5 minute and
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30 minute samples which could be due to a variety of reasons, but is most likely a result of the very small
magnitude of the peak and the inconsistent surface structure of the glass. This blue-shift again most likely
means that more Si-OH groups are replacing previously Si-O- groups in the glass network. The activation
barrier for formation of Si-OH groups from Si-O- groups is less than the barrier to form a new Si-O-Si
group and thus in the presence of hydrous species, Si-OH groups are formed faster. In conjunction with
the shift of the Si-O-Si peak, the shift in the 940 cm-1 peak most likely represents a shift Si-O- groups to
Si-OH groups at the subanodic surface10. Thus, the humid environment is assisting in the rearrangement
of the glass structure, even after the sodium has stopped moving. The water moving into the structure is
most likely responsible for the gradual, but continuous blue-shift of the Si-O-Si peak and changing
network of Si-O-Si bonds. Figure 12 shows the spectra from the anode side of the samples poled in
nitrogen over time.
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Figure 12: Anode SR-IR of samples poled in a nitrogen environment for 0, 5, 10, 20, and 40
minutes. Data Credit: Jiawei Luo.

An interesting phenomenon occurs over time for the N2 environment samples. After just 5 minutes of
poling, the Si-O-Si asymmetric vibrational peak blue-shifts to 1095 cm-1 which is very close to the full
shift that occurs after 40 minutes. Most of the change in Si-O-Si bridging structure on the anode side
happens in the first 5 minutes of poling. So, although the final Si-O-Si peak is very similar to the peak
observed in the samples poled in a humid environment, the way the structure changes throughout poling
is different. The Si-O- peak position is blue shifted significantly from the no poling peak at about 940
cm-1. The shift to approximately 1000 cm-1 is noticeable and essentially stays constant for the 10, 20, and
40 minute spectra. Again, it seems as if for the nitrogen sample, the Si-O- peak suddenly shifts because

23
most of the Si-O- converts to Si-O-Si relatively quickly. In this case, there are very few available protons
and hydrous species to bind to the empty Si-O- groups, so they form a bridging bond more quickly than
when water in the environment is present. Both trends support the idea that in nitrogen poling the
environment makes the structure become more Si-O-Si like more quickly. In addition, after just 10
minutes of poling a broad peak at about 820 cm-1 appears, which is the symmetric stretching peak of
bridging oxygen bonds. This peak again shows that the nitrogen poled samples create a surface structure
more prevalent in Si-O-Si groups than samples poled in a humid environment. Further experiments are
required to confirm that the 820 cm-1 peak in these spectra is a result of the bridging oxygen stretching
vibration.
From the spectra plots over time for the two environments, two different structural modification
mechanisms are present during the poling: the NBO is restructured to form Si-O-Si and NBO is
associated with protons or hydronium ions as sodium is removed. It is possible that during the nitrogen
poling, the sodium ions quickly move out of the anode side and because of an absence of any other
positive charge carrier, NBO groups quickly convert to Si-O-Si groups and stay that way throughout the
poling. Therefore, the restructuring of NBO dominates in this process. In humid environments,
hydronium ions and molecular water may move into the structure, initially stabilizing the NBO groups in
the sodium depleted region and creating Si-OH groups. However, as time goes on, and charge moves
slower and slower, the Si-O- and Si-OH groups slowly convert to Si-O-Si groups. The two mechanisms
are thus competing during the poling process. The spectra on the cathode side of the glass as a function of
time in both poling environments are shown below in Figures 13 and 14.
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Figure 13: SR-IR spectra of cathode side of glass for different poling times.

25

Figure 14: SR-IR spectra of samples poled in nitrogen environment for different
poling times. Data Credit: Jiawei Luo.

Unlike the anode side of the glass, there is no significant observable shift in the Si-O-Si vibration peak on
the cathode’s spectra for either the samples poled in a humid environment or the samples poled in the
nitrogen environment. Since the cathode side receives sodium ions, a change in the Si-O-Si bridging
structure is not expected: no sodium ions leave the cathode side so there is no room for more Si-O-Si
structures to be formed within the glass network. In addition, the peak barely moves during the entire
experiment, showing that the poling environment has very little effect on the cathode side of the glass. In
addition, the Si-O- peak stays at around 940 cm-1 throughout the poling experiment in both of the two
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environments. The environment does not significantly affect the silicon oxygen structure on the cathode
side of the glass.
The only major differences between the cathode side of the samples poled in the two different
environments is that the Si-O-Si asymmetric vibrational peak seems to be more variable in the nitrogen
environment. In this case, the slight inconsistency can be attributed to unidentified inconsistencies in the
experimental procedure. In the future, these experiments should be repeated and a larger size of times of
poling should be used.
Peaks between 2200 cm-1 and 4000 cm-1 include crucial information about the presence or the
absence of molecular water and other hydrous species. However, as explained in the introduction and
shown in Figures 4 and 5, SR-IR results from this region include part of the IR beam that has been
reflected from both the surface of the glass and the backside14. These results do not give reliable
information on the surface structure of the glass, rather they give information on both the anode and
cathode side14. Figure 15 below shows the SR-IR spectra of samples poled in a humid environment. Both
the anode side and the cathode side are shown and the spectra displayed goes from 4000-2200 cm-1.

Figure 15: SR-IR spectra of sample poled in H2O environment taken on anode, cathode, and unpoled area
of glass.
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The key feature of the Figure 15 is that the anode and cathode spectra are virtually indistinguishable.
They both exhibit negative peaks at approximately 3600 cm-1 and these peaks have similar intensities.
The reason the two spectra are nearly identical is because backside reflection essentially adds the anode
spectra to the cathode spectra when SR-IR of the cathode spectra is taken and the reverse happens when
the SR-IR spectra of the anode is taken. Because of this issue, ATR-IR must be used to gain a reliable
spectra of the surface of each sample above 2200 cm-1.

ATR-IR Results
Because of backside reflection in SR-IR results for the spectrum above 2200 cm-1, ATR-IR
spectroscopy needs to be used to determine the changes at the surface of the glass in the region between
2200 cm-1 and 4000 cm-1. This region can give accurate information on the presence or absence of water
and hydrous species in the surface of the glass, which SR-IR could not provide reliable data on.
The ATR-IR data can show how water vapor in the atmosphere during poling effects the presence
of hydrous species in the glass network at both the cathode and anode surface as a function of time. In the
ATR spectra, a broad peak between 3650-2500 cm-1 indicates the presence of Si-OH and hydrous species,
and a sharp peak around 1600 cm-1 indicates the presence of molecular water. Below, in figures 16 and
17, the ATR-IR spectra of samples poled in a humid environment are shown over different duration
poling times. Figure 16 shows the anode side spectra and Figure 17 shows the cathode side spectra.

28

Figure 16: ATR-IR of anode side of glass samples poled for 0, 5, 10, 30 & 40 minutes. Data Credit: Jiawei
Luo
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Figure 17: ATR-IR of cathode side of glass samples poled for 0, 5, 10, 30 & 40 minutes. Data Credit: Jiawei
Luo

The ATR-IR results for both the cathode and anode side are somewhat expected. The anode side of the
glass shows evidence of both Si-OH (broad 3650-2500 cm-1 peak) groups and molecular water (sharp
peak at 1600 cm-1) in all four poled samples. There is an essentially negligible Si-OH peak on the cathode
side which is also seen on the un-poled glass, so only a small amount of water was absorbed into the glass
structure on the cathode side. This makes sense because sodium moved into this region, essentially taking
all of the locations where water could possibly be absorbed. The Si-OH stretching peak suggests some
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hydrous species could have been introduced into the cathode side, but based on the SR-IR results this
introduction is not significant enough to effect the silicon oxygen structures. There is also no sharp peak
for molecular water on the cathode side.
One surprising feature of the ATR-IR spectrum is that the intensity of the Si-OH peak does not
seem to change with poling time. Even after five minutes the peak is just about as large as after 40
minutes. The molecular water peak does increase slightly between five and forty minutes. During
previous studies, when glass samples are poled in air, there is a significant increase in the amount of water
and hydroxyl groups as poling time increases10. In ambient conditions, the amount of water in the
environment is low compared with the humid environment. This trend seems to suggest that water
quickly moves into the glass structure in the submicron layer because there is a greater driving force from
the concentration gradient when samples are poled in a humid environment versus when samples are
poled in air. This result alone cannot provide proper explanation for the gradual changes of the Si-O-Si
network. One possible explanation for this phenomenon is that while water and hydrous species
temporarily stabilize non-bridging oxygen groups (Si-O-), the higher thermodynamic stability of the
bridging structure slowly wins out and continues to form more Si-O-Si bridging groups. This hypothesis
is not confirmed by these results, however, future experiments could help to clarify this phenomenon. By
using different ATR crystals, like diamond which has a penetration depth about 3 times the distance of the
germanium crystal, we can investigate how long and exactly where water molecules are located as poling
goes on. Regardless, the evidence suggests that water and hydrous species are absorbed into the anode
side of the glass and appear in the ATR-IR spectra when the sample is poled in a humid environment.
In order to confirm that water is being absorbed onto the surface and transferred to the subsurface
region of the glass structure during poling, some samples were poled in deuterated water environments
and ATR-IR spectra of these samples were collected to confirm that D2O could be detected in the
subsurface region of the glass just as H2O was detected.
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Samples poled for varying times in a deuterated water environment were investigated using ATR-IR and
the results are shown below in Figure 18.

Figure 18: ATR-IR spectra on anode side of samples poled in D2O environment for 0, 5, 10, 30, and 40
minutes. Data Credit: Jiawei Luo.

As mentioned previously, Si-OD groups in ATR-IR have the same broad peak characteristic of Si-OH
groups, but it is red-shifted significantly. The general relationship between OH and OD vibrational
frequency is inversely proportional to the square root of the ratio of the reduced masses of OH and as
shown below in Equation 4.

𝜈𝜈(𝑂𝑂−𝐻𝐻)
1
= 1.375
=
𝑀𝑀𝑀𝑀𝑂𝑂 𝑀𝑀𝑀𝑀𝐻𝐻
� 𝑀𝑀𝑀𝑀𝑂𝑂+𝑀𝑀𝑀𝑀𝐻𝐻 𝜈𝜈(𝑂𝑂−𝐷𝐷)
� 𝑀𝑀𝑀𝑀𝑂𝑂𝑀𝑀𝑀𝑀𝐷𝐷
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(4)

𝑀𝑀𝑀𝑀𝑂𝑂 +𝑀𝑀𝑀𝑀𝐷𝐷

By multiplying the broad OD peaks from 2700 cm-1 to 2200 cm-1 by the factor of 1.375, the peak shape
and position shifts to look similar to the OH peak seen in previous Figures 15 and 16. The same is true for
the presence of molecular water and molecular D2O in the glass. Interestingly, the spectra for the D2O
samples still show the broad Si-OH peak at a lower intensity. This could be due to limited experimental
control in that stored D2O slowly will convert back to H2O, and so some of the D2O vapor introduced into
the poling environment inevitably was H2O. The broad, D2O peak for all four poled samples (starting at
around 2800 cm-1) shows that the water found in both the SR-IR and ATR-IR spectra did, in fact, come
from the poling environment and not from one of the washing steps. One more important fact about the
D2O spectra is that the molecular water peak is barely present and in the case of the 10 minute sample
there are two small peaks, one at 1600 cm-1 and one at approximately 1450 cm-1. These two peaks
represent molecular water and molecular D2O respectively. Again, the molecular water peak observed in
previous IR results does in fact come in during poling, which is evidence for the movement of full
molecules of water into the anode side of the glass during poling. Because molecular water is uncharged,
it almost certainly plays the role of stabilizing Si-O- groups once sodium ions leave.
The ATR-IR spectra of samples poled in the nitrogen environment are shown below in Figure 19.
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Figure 19: ATR-IR spectra of samples poled in nitrogen environment for 0, 10, and 20
minutes on anode side. Data Credit: Jiawei Luo.

Figure 19 shows the spectrum on the anode side of the glass after no poling, 10 minutes of poling and 20
minutes of poling. The most striking feature of the spectra is that between 3650-2500 cm-1 there is no
evidence of a Si-OH peak that is seen in Figure 15. Going from a pristine sample to poling for 20
minutes the nitrogen does not introduce any hydrous species into the glass network. A peak does develop
at around 1650 cm-1 which is typically associated with molecular water. However, in this case, because of
the absence of a significant amount of molecular water, the peak can be attributed to the stretching
vibration of nitric oxide present in the glass structure. The stretching vibration for nitric oxide has been
found to occur between 1590-1650 cm-1 29. The source of this peak must still be confirmed in future work.
If samples are poled in an Argon environment, similar spectra should be obtained, except the nitric oxide
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peak should not appear, if that truly is the source of the peak at 1650 cm-1. The ATR-IR of the cathode
side of the nitrogen poled samples is shown in Figure 20.

Figure 20: ATR-IR spectra of samples poled in nitrogen environment for 0, 10, and 20
minutes on cathode side. Data Credit: Jiawei Luo

Figure 20 is almost identical to Figure 18, except for the fact that the cathode side does not have the peaks
at 1650 cm-1 indicative of nitric oxide. The absence of these peaks on the cathode side suggests that the
nitric oxide groups play some role or are a result of the charge movement in the subanodic region. By
comparing these ATR-IR spectra of samples poled in nitrogen to the ATR-IR spectra of the samples poled
in humid environments, it is clear that the environment directly influences the structure of the glass at the
surface.
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The ATR-IR and SR-IR results suggest that the environment does significantly affect the
mechanism of thermal poling and the resulting structure of the subanodic surface of the glass. SR-IR
suggests that, in humid environments, water and other hydrous species play a role in stabilizing vacated
NBO structures as some of the NBO groups transition to BO groups. While, in a nitrogen environment,
that stabilization effect does not occur and the NBO groups primarily and quickly switch to BO groups
during poling. ATR-IR confirms that during poling, molecular water and hydrous species are absorbed
into the surface subanodic region when poled in humid conditions.
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Chapter 4
Conclusions and Future Work
SR-IR and ATR-IR analysis were used to analyze the results of soda-lime glasses poled in H2O,
D2O, and N2 rich environments. All samples were poled at 200ᵒ C at 2kV and H2O and D2O vapors were
introduced by bubbling air through liquid water and D2O in a silicon bead packed tube. The SR-IR results
were useful for determining the change in the Si-O-Si structure at the surface of the glass while ATR-IR
was needed to investigate the presence of water and hydrous species at the surface of the glass after
poling. SR-IR and ATR-IR analyses confirm the fact that thermal poling environment, particularly the
presence or absence of water vapor, significantly affects the surface structure of soda-lime glass during
thermal poling. In addition, the IR results suggest that based on the environment, the mechanism of the
chemical rearrangement of the glass structure at the anode surface of the glass is effected by the
environment.
One possible explanation for the results is that, in samples poled in a nitrogen environment, the
sodium moves quickly through the glass structure, but then, because of a lack of secondary mechanisms,
the structure stops rearranging quickly and current drops off. When poling in nitrogen, vacated Si-Ogroups convert quickly to Si-O-Si because of a lack of stabilizing hydrous species. When poling in humid
environments, water is able to stabilize intermediate Si-O- structures by creating Si-OH groups which
require a lower activation energy to form than Si-O-Si groups. These Si-OH groups slow down the
formation of Si-O-Si groups in the network, but Si-O- and Si-OH groups continue to convert to Si-O-Si
over time. This stabilization mitigates charge in the subanodic region, but because the subanodic structure
continues to rearrange for some time, charge continues to move through the glass for some time. This
explanation of the poling results agrees mostly with Dussauze et al. and Lepienski et al.
In order to gain more solid evidence for the explanation above, more characterization of the
surface during poling needs to be conducted. XPS could be used to gather data confirming what kind of
functional groups exist at the surface of the soda-lime glass after poling in each type of environment.
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Mechanical strength tests need to be conducted to see what the exact effect of the structural changes
discussed in this thesis have on mechanical properties of the glass. In addition, poling in different relative
humidities and analyzing Si-O-Si structure in the resulting glasses, coupled with mechanical strength tests
would help to determine the optimal conditions for forming the strongest surface structure of the glass.
Forming stronger glass surfaces using thermal poling has applications in the glass manufacture
industry and could help to save money by replacing expensive glasses like quartz with cheap, thermally
poled soda-lime glasses. Thermally poled glasses could act as replacements for traditional glass coatings
and thus protect the surface of glasses and enhance it without the addition of more chemicals. If thermal
poling is to be used in any industrial application for the modification and strengthening of glass, optimal
environmental conditions and an understanding of the chemical changes resulting from this thermal
poling need to be understood. This thesis contributes to the overall understanding of the thermal poling
process and the effect of environmental conditions on structure; future work needs to address the effect of
the environment on mechanical properties.
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Appendix
List of Experiments and Samples
Table 2: List of Experimental Conditions
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o Ran biweekly meetings, and delegated tasks to group of 5 officers
Phollegian Editor, Phroth Humor Publication (Fall 2013-Spring 2015)
o Wrote approx. 10 articles per publication for satirical newspaper, The Phroth Phollegian
o Responsible for final edits on monthly publication distributed to over 10,000 readers

Honors

Schreyer Honors Scholar (2011-2015)
Dean’s List (Fall 2011, Spring 2012, Fall 2012, Spring 2013, Fall 2013, Fall 2014, Spring 2015)
College of Engineering Scholarship Recipient (2011-2015)

