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ABSTRACT
Trimethylamine N-oxide (TMAO) is a natural osmolyte and is known to stabilize protein
function and structure in solution. Despite its action on proteins has been widely exploited, the
molecular mechanism behind this is under debate. Protein stabilizers are proposed to act through
preferential exclusion from the protein surface or by enhancing bulk water structure.
In the first part of the thesis, we studied the stabilizing effect of TMAO on elastin like
polypeptides (ELPs). The interactions between TMAO and ELPs are studied by measuring the
depression of the lower critical solution temperature (LCST) of ELPs by TMAO and by
measuring the surface tension of TMAO solution. The experimental results indicate that there is
no measurable interaction between TMAO and ELPs. However, TMAO indeed slightly
accumulates at the hydrophobic surface. In addition, the influence of TMAO on the hydrogen
bonding network is investigated via infrared spectroscopy. TMAO affects hydrogen bonding
strength mainly by the NO dipole that serves as a hydrogen bond acceptor. Nevertheless, such
interactions are short-ranged and cannot affect bulk water structure. In addition, it is proposed
that TMAO decreases the tetrahedral ordering of bulk water structure. Such results contradict the
central tenants of contemporary theories for the means by which TMAO can lead to protein
stabilization. Namely, TMAO’s effects are clearly not due to exclusion from the protein surface
or making of water structure. Instead, a new model is required that takes into account the fact that
TMAO preferentially binds to the protein structure and stabilizes the collapsed state on entropic
grounds. Curiously, these results stand in contrast to the mechanisms of actions of other
osmolytes such as glycine, sarcosine, dimethyl glycine, and betaine, which all appear to favor
protein stabilization via the preferential exclusion mechanism.
The intracellular environment is very crowded, and up to 70% water in a cell is present at
an interface. Therefore, it is of interest to study water structure in a confined geometry. In the
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second part of the thesis, the effect of TMAO on the interfacial water structure at the air/water
interface is studied to gain further insights into the influence of TMAO on water structure at
hydrophobic portions of protein surface. Previously, our lab discovered that TMAO adopts a sideon orientation (methyl group-down) at the air/water interface. This indicates the methyl groups of
TMAO are more hydrophilic than previously thought. Further studies show TMAO reorients
slowly at the air/water interface during the adsorption process. In the early stage of adsorption,
because the surface concentration is low, TMAO is able to adopt a side-on orientation to hydrate
both the methyl groups and the NO dipole at the water-sufficient surface. In the later stage of
adsorption, because the surface pressure is high, TMAO needs to adopt a surfactant-like
orientation (NO dipole-down) to keep NO dipole sufficiently hydrated at the water-deficient
surface. In addition, the interfacial water structure is strongly enhanced when TMAO reorients
from a side-on orientation to a surfactant-like orientation. This is because the vertically-orientated
NO dipole of TMAO at the interface aligns water molecules underneath. This discovery indicates
the effect of TMAO on the interfacial water structure is strongly orientation dependent. In
addition, the adsorption of TMAO at the air/water interface is an activated-diffusion process with
an energy barrier about 22.5 kcal/mole. The adsorption energy barrier may be due to the increase
in the surface pressure and the molecular realignment. However, this temporal spectral change
may be due to the accumulation of impurity at the interface. The impurity may come from sample
itself or from the environment. This possibility has not been ruled out yet. The future direction for
the second subject is also proposed in the final chapter of the thesis.
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INTERACTIONS BETWEEN TRIMETHYLAMINE N-OXIDE AND
ELASTIN-LIKE POLYPEPTIDES

Chapter 1
Introduction
Proteins are marginally stable and are subject to pressures of salinity, pressure,
temperature, etc. Therefore, organisms must develop a living strategy to regulate their
intracellular environments to overcome fluctuations in environmental conditions. Organisms live
in a water stressed environment such as costal estuaries or tide pools frequently confront
problems of water loss and gain and they are found to adopt strikingly convergent osmolyte
systems1. Those osmolytes are believed to be responsible for maintaining cell volumes and
macromolecular functions by regulating osmotic pressures. Trimethylamine N-oxide (TMAO) is
one of the common osmolytes and a universal protein stabilizer. It is accumulated in high
concentration by organisms to stabilize proteins and is well-known to counteract the denaturing
effect of urea.2 TMAO are also widely used to modulate protein structures and functions in vitro
for a variety of applications such as protein preservation, macromolecular crystallization3 and
protein-resistant materials.4 However, the stabilizing mechanisms of proteins by TMAO as well
as other osmolytes are not well-understood yet. Understanding the mechanism of protein
stabilization by osmolytes is significant to gain insight into how creatures are able to adapt to
different environments as well as to manipulate protein functions in a variety of conditions.
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1.1 Osmolytes Effects on Protein Stability
Protein activity is highly dependent on its structure. Native proteins often have wellfolded structures. When the structure of a native protein is denatured or unfolded, it lost its
activity. Protein structures can be largely affected by the presence of solutes such as ions and
osmolytes. Common osmolytes include polyols such as sucrose, glycerol, etc., free amino acids
and their derivatives such as glycine, proline, betaine, etc., and methylamine such as TMAO. This
group of osmolytes acts as a protein stabilizer and is believed to be compatible with
macromolecules even in high intracellular concentration. The other group of natural osmolytes
denatures proteins including urea, arginine and guanidinium.1, 5 The effects of osmolytes on
protein stability are often compared with the ions of the Hofmeister series (Figure 1). As shown,
ions to the right of chloride and potassium give rise to salting-in behavior, which is also seen with
urea. Ions to the left of Cl- and K+ display salting-out effects, much like the vast majority of
osmolytes.6 Organisms require ions for specific biochemical functions. However, high
concentration of ions is detrimental. In contrast, osmolytes are often accumulated in high
concentrations in organisms but do not show the detrimental effects that ions do. For example, in
some sea water creatures TMAO is three times more concentrated than potassium and ten times
more concentrated than sodium.1 In addition, osmolytes are not obligatory to optimize enzyme
activities. This unique non-perturbing effect of osmolytes on protein functions could be explained
by the lack of specific interaction between osmolytes and proteins and may relate to their neutral
zwitterionic structures. This property makes osmolytes compatible solutes with macromolecules
and help organisms adapt to different environments.
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Figure 1 The ordering of the direct Hofmeister series and common osmolytes typically found
with neutral and negatively charged macromolecules.
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1.2 Preferential Interaction Model
Timasheff et al. proposed that stabilization verses denaturation results from the relative
partitioning of osmolytes between the aqueous/protein interface and the bulk solution.7
Specifically, when osmolytes are depleted from the protein/water interface this should give rise to
stabilization, but when they are accumulated at the interface, this would cause the protein to
unfold (see Figure 2). In other words, the (de)stabilization effect is the result of a balance between
attractive binding and preferential exclusion (preferential hydration).8 Moreover, it is believed
that the accumulation of osmolytes at the macromolecule/water interface lowers the surface
tension, whereas their exclusion or depletion raises it. In other words, preferential binding should
cause a lowering of the free energy for exposing the surface of the unfolded macromolecule to
water, whereas its exclusion should do the opposite.
Based upon the Tanford transfer free energy model, Bolen et al. studied the effects of
osmolytes on proteins by measuring the solvation of free amino acid in water and in solution
containing osmolytes.9 Their studies provide quantitative information about the contributions of
the solvation of individual side chain and the solvation of the protein backbone to the stability of
a protein. They have suggested that the effect of osmolytes on protein stability is a balancing act
between peptide backbone and side-chains and in most cases the solvation of protein backbone
plays a decisive role in protein solubility.10 For example protein denaturant such as urea increases
the solubility of peptide backbone in a solution. Because unfolded protein has larger solvent
accessible surface area of peptide backbone than folded protein, the solubility of the unfolded
state is higher than the folded state in the presence of protein denaturant. Consequently, the
equilibrium shifts from the folded state to the unfolded state. In contrast, protein stabilizers lower
the solubility of the peptide backbone, thus the folded state becomes more soluble than the
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unfolded state in the presence of protein stabilizers. Based on the same argument, Qu et al.
conclude that TMAO shifts the equilibrium from the unfolded state to the folded state by
elevating the free energy of the unfolded state more than the folded state due to the “osmophobic”
interaction between TMAO and the peptide backbone which results in lower solubility of the
peptide backbone in solution (see Figure 3)11.
However, it is difficult to accurately estimate the solvent accessible surface areas of the
individual side chain and the peptide backbone of the unfolded protein. Moreover, it is
questionable if the individual side-chain on the protein surface is really an independent molecule.
The non-uniform topography of the protein surface and more or less evenly distributed polar and
non-polar groups on the surface suggest that those functional groups on the protein surface
interact and possess properties that may be different from that of their free amino acid
counterpart. Therefore, it should be expected that the effects of osmolytes on the solvation of
individual group on the protein surface to the protein stability are not independent from one
another. In other words, the effects are non-additive.
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Figure 2 Schematic representation of the preferential interaction model. The dashed line
represents the region of the hydration shell of the protein and the region beyond the dashed line is
the bulk solution. The protein denaturant (red dots) unfolds the protein by preferential binding,
whereas the protein stabilizer (blue dots) folds the protein by preferential exclusion. This cartoon
is drew based on figure 3 in reference12.

Figure 3 Relative free energy diagram for transfer of the native and unfolded proteins from water
to solutions containing protein stabilizers (osmolytes). Uaq and Uos represent unfolded states in
aqueous solution and in osmolyte solution. Naq and Nos represent native states in aqueous solution
and in a solution containing osmolytes. ΔG represents the difference in free energy between each
state.11
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1.3 Water Structure Making/Breaking Model
Solutes may affect protein stability indirectly via solvent mediation. Intuitively, one can
correlate protein stability with water properties.13 The water structure making/breaking model
predicts that the enhancing bulk water structure would increase inter/intra protein interactions and
consequently favor the protein folding process. In contrast, breaking of bulk water structures
favors protein denaturing process. However, the principle behind this argument is not wellunderstood yet.14
Originally, strongly hydrated solutes that increase viscosity of bulk solution, slow down
water mobility, or decrease solution volume are classified as kosmotropes (water structure
maker); whereas, weakly hydrated solutes do the opposite are classified as chaotropes (water
structure breaker).13b It has been suggested that kosmotropes stabilize proteins by making water
structure, and chaotropes denature proteins by breaking water structure.14-15 However, there is no
clear connection between those measured bulk solution properties and water structure. A more
precise definition of water structure is the tetrahedral ordering of the water structure.15b Namely,
water structure makers by this definition should increase the tetrahedral ordering of the water
structure, whereas water structure breaker decreases it. In addition, there is also no simple
correlation between those measured bulk solution properties and protein stability.
Collins proposed a simplified picture to correlate the water structure making/breaking
statement with protein solubility based upon the relative strength between the water-water
interaction and the water-solute interaction.13a Figure 4 shows that kosmotropes are strongly
hydrated in bulk solution and compete for water hydrogen bonding with water in the solvation
shell of a protein. Thereby the bulk solution becomes a poor solvent for proteins because water
are “busy” solvating kosmotropes. In contrast, chaotropes are weakly hydrated and the chaotropewater interaction is weaker than the water-water interaction. Thereby, more water is “freed up” to
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help solvate proteins. This simplified picture provides a clear explanation how solutes could
possibly affect protein solvation by modulating hydrogen bonding at the protein surface.
However, it neglects one decisive factor, which is how far solutes can actually act on hydrogen
bonding network around a protein.
Recently, it is suggested that solutes can only influence water within their hydration
shells which is typically one to two water layers thick.15a This argument directly challenges the
ability of a solute to affect protein stability by modulating bulk water structures since its influence
is short-ranged. Moreover it is also suggested that the measured changes in bulk properties of
solution originated from solutes’ hydration shells but not from the bulk water.
Although the water structure making/breaking argument is controversial, it is not
sufficient to explain protein stability without considering the water structure around it. However,
instead of considering properties of the bulk water only, one should consider the structure of the
hydration shell of the protein relative to the bulk water. Solutes that directly interact with protein
surfaces certainly perturb the hydration shells of proteins significantly. Then how solutes that are
excluded from the protein surface such as kosmotropes can possibly affect the protein hydration
shell and act on protein stability becomes a clear question.
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Figure 4 Colins’s simplified picture describing how kosmotropes and chaotropes modulate the
hydrogen bonding network at the protein surface. Solute stands for the polar surface of a protein.
The solvation of the protein increases in the presence of chaotropes and decreases in the presence
of kosmotropes. The interaction between the first interfacial water and the second interfacial
water (arrow) increases from the top of the figure to the bottom under the influence of
kosmotropes/chaotrope in the third water layer. The increasing number of free water in the
second hydration shell helps water in the first hydration shell solvate proteins.13a
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1.4 Elastin-Like Polypeptides
Elastin-like polypeptides (ELPs) consist of a repeat unit Val-Pro-Gly-Xaa-Gly sequence,
where Xaa can be any combination of amino acids except for proline. The chemical structure of
ELP is showed in Figure 5. A library of ELPs with varying charges, chain lengths and chemical
compositions can be synthesized through a simple expression and purification process.16 These
simple repetitive polypeptides can serve as a great model system of a protein and they have been
extensively employed and studied in our laboratory.17
Figure 6-a shows ELPs undergo phase transition from the unfolded state to the collapsed
state when solution temperature is above its lower critical solution temperature (LCST). The
ELPs solution changes from transparent to cloudy as temperature increases due the formation of
aggregated ELP pellets. The ELP phase transition process can be monitored by measuring the
light scattering intensity as a function of temperature. Figure 6-b shows a typical plot of light
scattering intensity versus temperature of a solution containing ELPs measured by an automated
melting point system. The LCST of ELPs is determined by the onset point of the light scattering
profile.
The elastin-like polypeptide consists of 120 (VPGVG) repeat units is used as the model
system in this study. This polypeptide is neutral and hydrophobic. It is rather pH insensitive
compared to the other charged peptides.17b The LCST of this peptide remains almost constant
from pH 4 to pH 10.18 This hydrophobic polypeptide mainly contains random coil structure and
type II β-turn structure below and above the LCST.19
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Figure 5 The chemical structure of elastin-like polypeptide. The position in the red square can be
replaced by any amino acid residue except for proline.
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(a)

(b)

Figure 6 (a) The phase transition of ELPs from the unfolded state to the collapsed state and the
photo of the ELPs solution below and above LCST adapted from the website of Chilkoti
laboratory20. (b) The light scattering profile of the ELP phase transition process. The onset point
in the plot is determined as LCST.
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Chapter 2
The Osmolyte Effects on the Thermostability of Elastin-Like Polypeptides
In this chapter, the effects of the five test osmolytes: glycine, sarcosine, dimethyl glycine
(DMG), betaine and TMAO on the solubility of elastin-like polypeptides (ELPs) are studied by
measuring the LCSTs of ELPs at varying osmolyte concentrations. Five test osmolytes all act as
protein stabilizers and there are no specific interactions between any of the test osmolytes and
ELPs. The stabilizing efficacies of the glycine-based osmolytes on the collapsed ELPs decrease
as their hydrophobicity increases. It seems that the increase in the hydrophobic interactions
between osmolytes and ELPs decreases the thermostability of the collapsed ELPs.

2.1 Introduction
ELPs undergo a phase transition from the unfolded state to the collapsed state above their
LCST. The depression in LCST indicates the increase in the stability of the collapsed state,
whereas the increase in LCST indicates a decrease in the stability of the collapsed state. The
LCST measurements of thermoresponsive macromolecules in solutions are extensively exploited
to study interactions between solutes and macromolecules.1 The profile of LCSTs of
macromolecules versus solute concentration can be divided into a linear part and a Langmuir
isotherm part. The Langmuir isotherm curve is resulted from specific interactions between solutes
and macromolecules. The direct binding of solutes to macromolecules is responsible for
increasing LCSTs and destabilizing the collapsed state. The linear part is attributed to the bulk
solution effect and is responsible for decreasing LCSTs and stabilizing the collapsed state. The
bulk solution effect can be correlated with the surface tension increment or the hydration entropy
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of the solute.1a, 1c The direct binding effect is compensated by the bulk solution effect and can be
surpassed after all binding sites of the macromolecule are saturated. For example, at lower solute
concentrations the denaturing effect from binding is stronger than the bulk solution effect, thereby
the LCST of ELPs increases; on the other hand, at higher solute concentration the denaturing
effect is more than offset by the bulk solution effect, thereby the LCST of ELPs decreases.1d, 2
Figure 7 shows the plot of LCST of ELPs over concentration with a series of sodium salts. The
kosmotropic anions (Cl-, F-, H2PO4-, S2O32-, SO42-, CO32-) stabilize the collapsed ELPs and
decrease the LCST of ELPs linearly solely by the bulk solution effect. The slopes of the LCST
over salt concentration for the kosmotropic anions are well correlated with their hydration
entropies. The chaotropic anions (Br-, NO3-, ClO4-) decrease the LCST of ELPs curvedly, and this
indicates that both the binding effect and the bulk solution effect operate on the system. The bulk
solution effect for these chaotropic anions is attributed to their abilities to increase the surface
tension of water and the bulk solution effect is stronger than the binding effect in the measured
salt concentration range. Thus it causes the overall decrease in the LCST of ELP. The other group
of chaotropic anions (SCN-, I-) show an increase in the LCST at low salt concentration and a
decrease in LCST at high salt concentration. At low salt concentration, the binding effect is
stronger than the bulk solution effect; thereby, the thermostability of collapsed ELPs decreases as
salt concentration increases. At high salt concentration, the binding effect is more than offset by
the bulk solution effect; thereby, the thermostability of collapsed ELPs increases as salt
concentration increases.
Herein we studied the effects of five natural osmolytes: glycine, sarcosine, DMG, betaine
and TMAO on the solubility of the model system (VPGVG)120. This neutral and non-polar ELP is
chosen to represent the majority of proteins which have a non-polar surface. Figure 8 shows the
chemical structures of the five osmolytes. All the test osmolytes are zwitterionic at physiological
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pH. The glycine-based osmolytes are utilized to study the effect of the hydrophobic interaction
between solute and ELPs on the solubility of polypeptides.
All the test osmolytes were found to depress the LCST of ELPs linearly and show no
direct binding to ELPs. The more hydrophobic methylated glycine stabilizes the collapsed state
less efficiently. This is in agreement with the ideal that increasing the preferential hydrophobic
interactions between solutes and the non-polar ELPs decreases the stability of the collapsed state.
Surprisingly, TMAO consists of three methyl groups and acts as efficiently as sarcosine which
only has only one methyl group.
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Figure 7 Plot of LCST of ELPs versus salt concentration with a series of sodium salts.1c
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Figure 8 Chemical structures of the test osmolytes: a) TMAO, b) glycine, c) sarcosine, d) DMG,
e) betaine.
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2.2 Experimental
Materials
Trimethylamine N-oxide dihydrate (98+%, Alfa Aesar), glycine (≥99%, Sigma Aldrich),
sarcosine (98%, Sigma Aldrich), N,N-dimethylglycine (≥99%, Sigma Aldrich) and betaine
(≥99.0%, Sigma Aldrich) were used as received. All aqueous solutions were prepared from ultrapure water (Thermo ScientificTM BarnsteadTM NanoPureTM System; 18.1 MΩ·cm).

ELP preparation
Detailed expression and purification procedures of ELPs are addressed in previous
reports.3 The ELP used in this study is composed of 120 repeat unit-VPGVG and very short
leader and trailer peptides including tryptophan residue. ELPs were overexpressed by BLR/DE3
E. coli in high nutrient growth media (TB DRY; MO BIO Laboratories, Inc.) supplemented with
ampicillin, sodium salt (AMRESCO, OH). Incubation of E. coli cells was carried out with
shaking (300 rpm) at 37 ⁰C for 24 hours before harvesting cells, and followed by lysing cells via
sonic disruption at 4 ⁰C. Purification of the ELP was done after a series of inverse transition
cycling (ITC) steps. ITC-purified ELPs was further dialyzed using Snake Skin Dialysis Tubing
with 3500 molecular weight cut offs (Thermo Fisher Scientific Inc., IL) in ultra-pure water for
two days to remove any salts residual left from ITC purification process. ELP concentration was
determined with UV-VIS spectroscopy (8453 UV-Visible Spectroscopy system, Agilent
Technologies, CA) by measuring the absorption of tryptophan at 280 nm (extinction coefficient is
5690 M-1 cm-1).4 Purified samples were lyophilized and stored in Eppendorf tubes at room
temperature until use.
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Lower Critical Solution Temperature Measurements.
The LCSTs of 6 mg/ml ELP aqueous solutions at various osmolyte concentrations were
determined by an automated melting point system (MPA 100, Stanford Research System, Inc.
CA). The turbidities of samples were monitored by a built-in digital camera and were further
processed into scattering light intensity as a function of temperature (Ramp rate is 0.5 ⁰C/
minute). The LCST is determined by the first onset point from the baseline.

2.3 Results
Figure 9 shows the LCSTs of ELPs at various osmolyte concentrations. The LCST value
decreases linearly as osmolyte concentration increases with all the test osmolytes. The decrease in
LCSTs of ELPs indicates that each test osmolyte shifts the equilibrium toward the collapsed state
of the polymer with respect to the hydrated state. Glycine was the most effective osmolyte as it
had the steepest slope for depressing the LCST, followed by sarcosine, DMG and TMAO while
betaine was the least effective. The values for these slopes are provided in Table 1. Moreover, the
linearity of the depression in LCSTs of ELPs over the measured concentration range indicates
there is no measureable specific interactions between all the test osmolytes with ELPs since the
strong binding between solutes and macromolecules should result in a Langmuir binding curve.
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Figure 9 The dependence of LCST of ELPs on osmolyte concentration. The dashed line is the
linear fit of measured data.

Table 1 LCST slopes for osmolyte solutions

Table 1 LCST slopes for osmolyte solutions
glycine

sarcosine

DMG

betaine

TMAO

-18.52

-16.86

-14.08

-10.32

-15.94

LCST increment
(℃ ∙  ∙ ି )

2.4 Discussion
All test osmolytes act as protein stabilizers to depress the LCST of ELPs and there is no
observable binding between any of the test osmolytes and ELPs. This indicates if there is any
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interaction between the polypeptides and the zwitterionic osmolytes, it is too weak to be
measured by this means. In the preferential interaction model, these data would imply that there is
a significant depletion of the osmolyte from the ELP/water interface.5 Moreover, it should be
expected that glycine is more strongly depleted from the surface of hydrophobic ELPs than
successively more methylated versions of this small molecule, which are more hydrophobic.6
Indeed, this is the case for the four glycine-based osmolytes as the addition of each methyl group
leads to successively shallower slopes. Curiously, the slope for TMAO falls closest to sarcosine
even though the former has three methyl groups, while the latter only has one.
The LCST results indicate that five test osmolytes have little to no interaction with ELPs.
Similarly, common intracellular ions show little, if any affinity to the peptide backbone.7 These
findings support the idea that from an evolutionary perspective, compatible osmolytes must have
minimum affinity to macromolecules; otherwise, they may perturb macromolecular functions.

2.5 Conclusions
From the LCST results, there is no measurable interaction between all the test osmolytes
and ELPs. The capabilities of four glycine-based osmolytes to stabilize the collapsed ELPs are
correlated with their degree of hydrophobicity. The increase in hydrophobic interactions between
the ELPs and the osmolytes decreases the thermostability of the collapsed ELPs. Intriguingly,
TMAO which has more methyl groups than sarcosine stabilizes ELPs just as efficiently.
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Chapter 3
Partitioning of Osmolyte at the Air/Water Interface
In this chapter, we investigate the partitioning of osmolytes at the air/water interface by
measuring their effects on the surface tension of water. The air/water interface can serve as a
simple model for the hydrophobe/water interface. Thus, measuring surface tensions becomes a
practical method to study the preferential interaction or preferential exclusion of osmolytes and
the nonpolar portions of ELPs. The surface tension measurements demonstrated that four glycinebased osmolytes are depleted from the interface, whereas TMAO accumulates at the interface.
The stabilizing mechanism of the collapsed ELPs by glycine-based osmolytes can be rationalized
by the preferential exclusion model. Surprisingly, TMAO shows strongest affinity to the
hydrophobic surface, nevertheless stabilizes ELPs as efficiently as the other glycine-based
osmolytes. Therefore, TMAO must stabilize ELPs via a different mechanism from the other
glycine-based osmolytes.

3.1 Introduction
Surface tension has been proposed as a driving force for proteins (un)folding process.1
The cost to hydrate a cavity can be described by2
∆ ≈ 4 ଶ 
where ∆ is hydration free energy,  is surface tension and  is the radius of the cavity. It
requires more energy to hydrate the same size of a cavity in solution with higher surface tension.
In other words, the cavity contracts in solutions as the surface tension increases, whereas the
cavity expands as the surface tension decreases. Similarly, protein resembles a flexible cavity in
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solutions. Proteins fold in a solution with higher surface tension relative to water because the free
energy of the unfolded state becomes higher than the folded state since the solvent accessible
surface area of the unfolded state is larger than the folded state. On the other hand, proteins
unfold in a solution with lower surface tension by the same mechanism. The connection between
the surface tension and the surface excess for an ideal solution is described by Gibbs adsorption
equation:
=−
where

1


is surface excess,  is surface tension,



ln
is bulk concentration,  is the gas constant and

is temperature. The surface excess describes the difference between the amount of the solute at
the surface and the amount of the solute in the bulk solution. A negative surface excess indicates
that the solute is depleted from the interface when the surface tension increases as the solute
concentration increases. In contrast, a positive surface excess indicates that the solute
accumulates at the interface when the surface tension decreases as the solute concentration
increases. The Gibbs adsorption equation bridges the surface tension model and the preferential
interaction model. Conceptually, the surface tension model is essentially the same as the
preferential interaction model. Therefore, measuring surface tension is a practical approach used
to determine the partitioning of solutes at the interface and is used to test the preferential
interaction model.3
Because it can be difficult to directly measure the surface tension at the protein/water
interface, the air/water interface is often used as a simple model of the hydrophobic portions of a
protein. Therefore, the partitioning of solutes to a protein surface can be predicted by observing
the solutes effects on decreasing or increasing the surface tension of water. Namely, solutes that
increase the surface tension of water are predicted to be excluded from a hydrophobic protein
surface, and according to the preferential interaction model such solutes are protein stabilizers.
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Solutes which do the opposite to the surface tension of water are expected to act as protein
denaturants.3c, 4
The four test glycine-based osmolytes are found to increase the surface tension of water,
whereas TMAO decreases it. This indicates that four glycine-based osmolytes are depleted from
the hydrophobe/water interface, whereas TMAO accumulates at the interface. Very similar
rankings of four glycine-based osmolytes are observed in their effects on depressing the LCST of
ELPs and how they increase the surface tension of water. The stabilizing mechanism of ELPs by
the glycine-based osmolytes can be explained by the surface tension model and the preferential
interaction model. Intriguingly, TMAO shows stronger affinity to the hydrophobic surface yet,
still acts as an efficient protein stabilizer. Thus, TMAO stabilizes proteins by a different
mechanism from the glycine-based osmolytes.

3.2 Experimental
Materials
Trimethylamine N-oxide dihydrate (98+%, Alfa Aesar), glycine (≥99%, Sigma Aldrich),
sarcosine (98%, Sigma Aldrich) and betaine (≥99.0%, Sigma Aldrich) were used as received. All
aqueous solutions were prepared from ultra-pure water (Thermo ScientificTM BarnsteadTM
NanoPureTM System; 18.1 MΩ·cm).

Surface tension measurements
Surface tension at the air-water interface was measured by a force tensiometer (sigma
701, Attension, Biolin Scientific) with a platinum wilhelmy plate (width: 19.6 mm, thickness: 0.1
mm) at 21 ⁰C. The platinum plate was rinsed with ethanol and copious ultra-pure water and then
was cleaned under a flame until glowing brightly to remove any organic residue on the probe.
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Surface tension of ultra-pure water was measured as a control before each sample measurement.
Water surface tension ranging from 72.0 to 72.3 mN/m was used to ensure cleanness of the
apparatus. The surface tension of sample was measured right after pouring the solution into the
container, and 20 surface tension data points were taken continuously within half an hour. Surface
tension at each concentration is determined by averaging 4 to 6 samples. The surface tension
increments (mN•m-1 M-1) in this study for each osmolyte solutions are listed in Table 2. One
should be aware of the surface tension increments by osmolytes in this study are fairly small and
can be affected by a trace amount of impurities as well as the measurement conditions. The
measured surface tension increments of osmolytes solutions in this study are consistent with the
values measured by the other groups: TMAO (-0.99 mN/m), betaine (0.76 mN/m, shows larger
deviation in literatures), sarcosine (0.81 mN/m) and glycine (1.25 mN/m).5

3.3 Results
Figure 10 shows the surface tension data at the air/water interface as a function of
concentration with each test osmolyte. The surface tension increment values extracted from the
slopes of these measurements are provided in Table 2. As expected, glycine increases the surface
tension of water the most, followed by sarcosine and betaine. This indicates they are depleted
from the air/water interface. Moreover, the observed trend is parallel to the order of their effects
on depressing the LCSTs of ELPs (see Figure 9). Indeed, increasing methylation should allow the
osmolyte to partition more readily to the air/water interface as well as more readily to the
hydrophobic portions of the polypeptide/water interface. In addition, the effects of sarcosine and
betaine on the surface tension of water are not as distinguishable as their effects on depressing the
LCST of ELP. This finding may due to the difference in the ratio of the amount of impurity to the
accessible surface area. The effect of impurities on the surface tension is rather huge compared to
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that on LCST because of the air-water interface area is much smaller compared to the ELP
surface area.
Strikingly, TMAO decreases the surface tension at the air/water interface in contrast to
each of the other glycine-based osmolytes. Such a result indicates that TMAO is actually enriched
rather than depleted at the air/water interface. This finding is somewhat puzzling given the fact
that TMAO is as effective as sarcosine at depressing the LCST of the ELP.
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Figure 10 The dependence of surface tension on osmolyte concentration with four test osmolytes.
Table 2 Surface tension increments for osmolyte solutions

Table 2 Surface tension increments for osmolyte solutions
glycine

sarcosine

DMG

betaine

TMAO

1.11

0.76

-a

0.87

-0.57b

Surface tension increment
( ∙  ∙ ି ∙ ି )

a. No surface tension measurement of DMG for cost reason. b. the slope is determined between 0.2 M to
1.5M to have better linear fitting result.
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3.4 Discussion
The Surface Tension Model and the Hydrophobic Interactions between the Osmolyte and ELPs
Assuming the air/water interface can represent the hydrophobic ELP surface, increasing
surface tension should shift the equilibrium from the unfolded ELPs to the collapsed ELPs by
elevating the free energy of the unfolded state more than the collapsed state. Furthermore, the
increase in surface tension indicates solutes are excluded from the hydrophobic surface. Thereby,
the stabilizing effect of the glycine-based osmolytes on ELPs can be rationalized by the surface
tension model and the preferential exclusion model. Glycine, the most efficient stabilizer for
ELPs, has the weakest hydrophobic interaction with it thereby is excluded the most from surfaces
of ELPs compared to the other methylated glycine osmolytes. The increase in the hydrophobic
interactions between the osmolyte and ELPs decreases their abilities to stabilize the folded ELPs.
The negative surface tension increment by TMAO indicates that there are preferential
interactions between TMAO and the hydrophobic surface. If the hydrophobic interaction between
ELPs and TMAO plays a decisive role in ELPs stability, the equilibrium should shift from the
collapsed state to the unfolded state by TMAO. Clearly, this is not the mechanism by which
TMAO operates. One possible explanation is the air/water interface is an imperfect substitute for
the non-polar portions of the protein/water interface because the hydrophobic moieties are
directly adjacent to the polar and charged groups and the effects are not necessarily separable.6
Therefore, the actual hydrophobic interactions between TMAO and the ELP surface may be much
weaker than the interactions between TMAO and air/water interface. The other explanation is the
surface tension is not the only factor causes the actions of TMAO on ELPs.1, 3c Indeed, dissolution
of salts increases the surface tension of water, nevertheless weakly hydrated anions cause saltingin of polypeptides by specifically binding to the protein at the peptide backbone.7 Both the
surface tension and the binding event contribute to the action of an ion on ELPs. By the same
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argument, the denaturing effect of TMAO by decreasing the surface tension (or by preferential
interacting with ELPs) must be compensated by another stabilizing factor. Otherwise, TMAO
would denature ELPs or at least stabilize ELPs the least efficiently among the test osmolytes.

Interactions between TMAO and the Polar Groups
ELP contains both amide moieties as well as hydrophobic groups. As such, one would
need to expect that TMAO is strongly partitioned away from the amide moieties in order for the
preferential interaction model to hold. Specifically, even though TMAO partitions to
hydrophobe/water interfaces, it is excluded by the peptide backbone as suggested by Auton et al.8
Pazos et al. studied the interactions between TMAO and the amide group of a small molecule,
which is used as a model of the peptide backbone.9 The infrared spectroscopic results show that
there is no direct binding between TMAO and the amide group, and TMAO weakens the
hydrogen bonding strength between the amide group and water molecules. This implies that
TMAO prefers to hydrogen bond with water than the peptide backbone. The need of the NO
dipole of TMAO to be hydrated seems to be responsible for compensating the denaturing effect
of the methyl groups on TMAO.
In addition, The NO dipole of TMAO should be responsible for compensating for the
surface activity of TMAO from its three methyl groups, thus TMAO only decreases the surface
tension slightly compared to the other molecules have similar chemical structures such as tertbutanol10 that depresses water surface tension strongly.
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3.5 Conclusions
The surface tension results imply that TMAO partitions to the hydrophobic surface of
ELPs in solution, whereas the other glycine-based osmolytes are simply excluded from the
interface. The stabilizing effects of glycine-based osmolytes on proteins can be rationalized by
the preferential exclusion model and the surface tension model, whereas the stabilizing effect of
TMAO cannot be explained by the same model. The denaturing effect of TMAO by hydrophobic
interaction must be more than offset by another stabilizing effect to make TMAO an efficient
protein stabilizer.
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Chapter 4
Osmolytes’ Effects on the Hydrogen Bonding Network
It has been suggested that osmolytes stabilize proteins indirectly via enhancing bulk
water structures. However, the influence of TMAO on the water network is still under debate. In
this chapter the effects of TMAO and four glycine-based osmolytes on the hydrogen bonding
network are studied by infrared spectroscopy. TMAO organizes water mainly by its NO dipole
through hydrogen bonding. However, such influence is short-ranged and cannot influence the
bulk water structure efficiently. The water structure making model is unable to explain the protein
stabilizing mechanisms by any of the test osmolytes.

4.1 Introduction
Vibrational spectroscopy is a powerful analytical tool used to study molecular structures
and interactions. The frequency and bandwidth of the OH stretch vibrational band of water are
sensitive to the hydrogen bonding strength, thus the OH vibrational band is often used as a
reporter of the hydrogen bonding environment.1 The assignments of the water vibrational bands
are not straightforward. The broad double-peaked feature in water vibrational spectrum is
observed in the OH stretch region between 3100 cm-1 to 3700 cm-1. The broad double-peaked
feature has been proposed to be the overlapping between the OH symmetric stretch, asymmetric
stretch and bending overtone.2 On the other hand, the double peaks with the maxima centered at
3200 cm-1 and at 3400 cm-1 are assigned empirically to more and less structured water species
respectively by comparing with the vibrational spectra of ice and liquid water.3 It has also been
claimed that a Fermi resonance between the symmetric stretch and the bending overtone exists.4
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The latter suggested assignments for the water vibrational spectrum seem to be more close to the
truth. The isotope-diluted water yields a simpler water spectrum by eliminating the
inter/intramolecular vibrational coupling and the uncoupled OH band can be used as a probe of
the hydrogen bonding strength .5 In this chapter, a single uncoupled OH stretch vibrational band
from a diluted HO-D in D2O solution was exploited to investigate osmolyte’s effects on the
hydrogen bonding network. The shift of the uncoupled OH stretch band in isotope-diluted water
to a lower frequency is indicative of stronger hydrogen bond and weaker O-H bond strength of
water. In contrast, in a weaker hydrogen bonding environment the uncoupled OH vibrational
band shifts to a higher frequency.
The effects of solutes on the water structure have been evaluated by studying how solutes
affect the hydrogen bonding strength. Sharp et al. combined infrared spectroscopy with molecular
dynamic simulation to investigate the effects of TMAO on the water structure.6 They suggested
that TMAO is a water structure maker because of the red shift in the OH stretch in the infrared
spectrum upon introduction of TMAO. This spectroscopic result is backed up by computational
modeling results, whereby they attributed the action of TMAO to an increase in the population of
ordered hydrogen bonding around the nonpolar methyl groups via the geometric effect. This
resembles the ice-berg model that pictures the hydrophobic hydration as clathrate structures,
although this idea is still debatable.7 Hunger et al. reached a different conclusion and attributed
the same red shift in the OH stretch peak to the formation of hydrogen bonds between water and
the oxygen of TMAO.8 In addition, Rezus et al. studied the effect of TMAO on the orientational
dynamics of water molecules and suggested that TMAO introduces defects in water network and
disrupts the tetrahedral ordering of the water structure.9 Apparently, the effect of TMAO on the
water structure is not well-understood yet. Moreover, it’s not clear that one can make a statement
about the water structure based solely upon shifts in the peaks in the OH stretch region because
they represent a convolution of water-water and water-solute interactions. In fact, Marcus and
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Ben-Naim have stated that the water structure itself should be defined by the extent of its own
hydrogen bonding network.10 Thus, for the sake of consistency we define the water structure as
the tetrahedral ordering of water in this study.
Herein we employ difference infrared spectroscopy to differentiate the influence of the
NO dipole of TMAO from the influence of the methyl groups of TMAO on the hydrogen bonding
network. The red-shift of the uncoupled OH band is mainly attributed to the formation of
hydrogen bonds between the NO dipole and water rather than to its methyl groups via the
geometric effect. Moreover, the MD simulation results show that TMAO decreases the tetrahedral
ordering of water. A red-shift in the OH stretch region observed by the infrared spectroscopy is
mainly contributed from water in the solute hydration shells (water-solute interactions) and it
does not indicate the enhanced tetrahedral ordering of bulk water (water-water interactions). The
water structure making model cannot explain the stabilizing mechanism of ELPs by TMAO.

4.2 Experimental
Materials
Glycine (≥99%, Sigma Aldrich), sarcosine (98%, Sigma Aldrich), N,N-dimethylglycine
(≥99%, Sigma Aldrich) betaine (≥99.0%, Sigma Aldrich), deuterium oxide (D, 99.9%) and
deuterium chloride DCl 35% w/w solution in D2O (D, 99.5%) from Cambridge Isotope
Laboratories, Inc. were used as received. Anhydrous trimethylamine N-oxide was prepared by the
procedures described in the reference.11 Purity of prepared anhydrous trimethylamine N-oxide
was confirmed by NMR spectroscopy. All aqueous solutions were prepared in pure D2O or in 3%
H2O in D2O.
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ATR-IR measurement
Infrared Spectra were measured by an attenuated total reflection infrared spectrometer
(ATR-IR) (Nicolet Nexus 470 FTIR). The spectrometer is equipped with a nitrogen cooled MCT
detector (Thermo Electron Corp., Madison, WI) and an ATR attachment contains single-bounce
diamond crystal (Pike Technologies, Madison, WI). The equipment was purged with dry nitrogen
for at least one hour before measuring. And dry nitrogen is purged continuously under a constant
flow rate of 30 standard cubic feet per minute (SCFH) during the measurement to minimize the
water absorption background from the environment. Each spectrum was an average of 256 scans,
and each scan is acquired at 0.96 cm-1 or 0.48 cm-1 data spacing from 1000 to 4000 cm-1. All the
spectra were repeated 2 times from different prepared samples to ensure the reproducibility.

Data processing
Pure D2O containing the desired concentration of osmolytes was measured as background
right before the measurement of each sample contains the same amount of osmolyte but in 3%
H2O in D2O. The background spectrum was directly subtracted from each sample spectrum by the
software (OMNIC 6.0a, Thermo Nicolet Corp.). The baseline of background-subtracted spectrum
was corrected by linear extrapolation using Origin software (Origin Lab Corp., MA). The
normalized IR spectra were obtained by dividing the area under the vibrational peak. Thus, water
concentrations are normalized to the same amount for samples with different osmolyte
concentrations. The difference IR spectrum is obtained by directly subtracting the normalized
reference spectra from the normalized sample spectra.
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4.3 Results
Normalized IR Spectra of Osmolyte Solutions
To understand the influences of osmolytes on the hydrogen bonding network, we took
FTIR measurements of samples containing various amounts of osmolytes in a 3% H2O in D2O
solution. The spectra of corresponding TMAO concentrations in pure D2O were subtracted from
each sample spectrum in isotope-diluted water. Thus, the resultant IR spectrum contains only the
uncoupled OH peak from HOD without peaks from TMAO and D2O. It should be noted that the
spectra were normalized to have the same area under the entire OH band. This was done to offset
the changing concentration of water as the osmolyte solutions became more concentrated.
Figure 11-a shows the normalized IR spectra of TMAO solutions. The OH stretch
vibrational band becomes broader and the frequency at the maximum shifts from 3400 cm-1 to
3350 cm-1 as TMAO concentration increases from 0 to 10 molality.
Figure 11-b shows the normalized IR spectra of glycine solutions. The OH stretch band
becomes broader and more red-shifted as glycine concentration increases. The spectrum of
glycine solution is only taken up to 3 molal due to the low solubility of glycine12.
Figure 11-c and Figure 11-d show the normalized IR spectra of sarcosine and DMG
solutions. The OH bands red-shift to a lower frequency and become broader in shape in both
cases. Sarcosine red-shifts the OH band more than DMG. In addition, there is a small shoulder at
the low frequency side of the major peak.
Figure 11-e shows the normalized IR spectra of betaine solutions. Betaine red shifts the
OH stretch band the least among all the test osmolytes.
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Figure 11 Normalized IR spectra of various osmolyte concentrations at OH stretch vibration
frequency region in isotope-diluted water (3% H2O: 97% D2O) (a) TMAO. (b) glycine. (c)
sarcosine. (d) DMG and (e) betaine.

40
Difference IR Spectra of Osmolyte Solutions
Next, the normalized spectrum of a solute-free sample containing only 3% H2O in D2O
was subtracted from each normalized spectrum of the osmolyte solution. By doing so, the
difference spectra were obtained. Specifically, the difference spectrum provides vibrational
information of solute-perturbed water by removing non-perturbed water background from the
original spectrum. The difference spectrum can be thought of as the spectrum of the hydration
shells of osmolytes if one believes the influence of osmolyte on water network is short-ranged.
Figure 12-a shows the difference spectra of TMAO solutions. There is one negative band
with the maximum at 3400 cm-1, one positive band with the maximum at 3225 cm-1 and an
isosbestic point at 3320 cm-1. The positive band increases whereas the negative band decreases as
TMAO concentration increases. This indicates the population of stronger hydrogen bonded water
increases whereas the population of weaker hydrogen bonded water decreases. The area of the
positive band is always equal to the area of the negative band in all cases. This is because the
emergence of the solute perturbed water is at the expense of the bulk water. It should be noted
that the solutions become increasingly basic as more TMAO is added. At 0 m TMAO the pH was
7.0, but it rose to 10.2 by 10 m TMAO. Control experiments were performed by adding NaOH to
each sample concentration to bring the final pH to 11. It was found in each case the raising the pH
to 11 caused very little change to the FTIR spectra between 3100 cm-1 and 3700 cm-1.
Figure 12-b shows the difference spectra of glycine solutions. The difference spectra of
glycine solutions contain one positive peak around 3250 cm-1 and one small shoulder around
3050 cm-1. The intensity of the positive peak increases as glycine concentration increases.
Figure 12-c shows the difference spectra of sarcosine solutions. The spectrum contains
two distinct positive peaks with the maxima around 3250 cm-1 and 3100 cm-1. The peak at 3100
cm-1 grows faster than the peak at 3250 cm-1 as sarcosine concentration increases. The intensity
ratio of the two peaks approaches one as sarcosine concentration approaches 12 m. The double-
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peaked feature indicates there are two distinct water species besides the non-perturbed water
species, which was subtracted from the original spectrum, in sarcosine solutions.
Figure 12-d shows the difference spectra of DMG. Similarly, the double-peaked feature is
observed. The positive peaks grow as the DMG concentration increases. The relative intensity of
the peak at 3100 cm-1 is always lower than the peak at 3250 cm-1 at all measured DMG
concentrations.
Figure 12-e shows the difference spectra of betaine. Interestingly, different from spectra
of glycine, sarcosine and DMG, the spectrum of betaine solution contains only one positive peak
around 3250 cm-1 and the peak only modestly increases as the betaine concentration increases.
In summary, the difference spectrum of TMAO has only one positive peak which is akin
to the spectrum of betaine; whereas, the difference spectra of glycine, sarcosine and DMG have a
double-peaked feature. This indicates there is one dominate water species besides non-perturbed
water in TMAO and betaine solutions, whereas there are two distinct water species plus nonperturbed water in glycine, sarcosine and DMG solutions. Moreover, in cases of glycine-based
osmolytes, the intensity of the positive peak centered at 3100 cm-1 decreases when the amine
group is gradually methylated and disappears in the case of betaine, whereas the other positive
peak at 3250 cm-1 does not vanish upon methylation. This indicates the positive peak at 3100 cm-1
is attributed to water associated with the amine group and naturally the other positive peak at
3250 cm-1 can be attributed to water associated with the carboxylate group. Glycine, sarcosine and
DMG affect water structure through both the amine group and the carboxylate group, whereas
betaine affects water only by the carboxylate group. Since there is only one positive peak in the
difference spectra of TMAO solution, TMAO should influence the hydrogen bonding network
mainly by one particular functional group.
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Figure 12 Difference IR spectra at OH stretch vibration frequency region between pure solvent
containing only 3% H2O: 97% D2O and various osmolyte concentrations in 3% H2O: 97% D2O
(a) TMAO, (b) glycine, (c) sarcosine, (d) DMG and (e) betaine.
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IR Spectra of TMAO Solutions at Low pD
The IR spectra of TMAO solutions with the addition of various amount of DCl were
measured to distinguish the effect of NO dipole from the effect of methyl groups of TMAO on
the OH stretch band. The pD of each TMAO solution was adjusted by adding varying amount of
DCl. Once the NO dipole of TMAO is deuterated, it cannot serve as an efficient hydrogen bond
acceptor. Thus this should help identify the effect of the NO dipole on the hydrogen bonding
network. The pKa of TMAO is provided in Table 2 and the percentage of deuterated TMAO at
each pD is provided in Table 3.
Figure 13-a shows the normalized IR spectra of TMAO at various pD. The OH stretch
vibrational band becomes less red-shifted in frequency and narrower in width at lower pD. The
decrease in red-shift of the OH stretch band is directly correlated with the decrease in TMAO
percentage in solutions upon adding DCl.
Figure 13-b shows the difference IR spectra between each spectrum of TMAO at various
pD and the spectrum of pure solvent containing only 3% H2O in 97% D2O. The intensity of the
positive band with the maximum around 3250 cm-1 decreases when the TMAO solution becomes
more acidic. This indicates that the relative population of strongly hydrogen bonded water
decreases as more TMAO molecules are deuterated. Interestingly, the positive band is still
observable even though all TMAO molecules are deuterated at the lowest pD. This normalized
residual change may be directly contributed from methyl groups of TMAO.
Figure 13-c is the difference spectrum between basic TMAO solution and each acidic
TMAO solution. The difference spectra show one negative band at low frequency and one
positive band at high frequency. The decrease in low frequency band is due to the increase in
deuterated TMAO at the expense of TMAO.
Figure 14 shows the spectra of DCl solutions at various concentrations as a control
experiment. As can be seen OH stretch vibrational band becomes more red-shifted when the
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concentration is higher. Therefore the smaller red-shift of OH stretch band in the acidic TMAO
solutions than in the basic TMAO solution in Figure 13 is not caused by the addition of DCl but
by the decrease in the amount of TMAO.
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Table 3 pKa of osmolytes
Table 2

pKa

13

TMAO
4.65

pKa of osmolytes
Glycine
Sarcosine
2.35/9.78
2.12/10.2

DMG

Betaine
1.83

Table 4 Percentage of deuterated TMAO in 4 m concentration at various pD

Table 3
Percentage of deuterated TMAO in 4 m concentration at various pD
pD

added DCl (m)

TMAO (%)

TMAOD+ (%)

8.8
6.5
5.7
5.2
0.8

0
0.4
1.3
2
3.2

100%
97%
83%
61%
0%

0%
3%
17%
39%
100%
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Figure 13 (a) Normalized IR spectra of 4m TMAO as a function of pD. Difference IR spectra (b)
between pure solvent contained only 3% H2O: 97% D2O and 4m TMAO at various pD (adjusted
by DCl) in 3% H2O: 97% D2O and (c) difference IR spectra between 4m TMAO at pH 8.4 and
4m TMAO at various pD.
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Figure 14 Normalized IR spectra of (a) DCl at various concentrations in 3% H2O: 97% D2O and
(b) difference IR spectra between pure solvent containing only 3% H2O: 97% D2O and various
DCl concentrations.
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IR Spectra of Glycine-based Osmolytes Solutions at Low pD
We applied the same method to glycine, sarcosine, DMG and betaine solutions to
distinguish the effect of the amine group from the effect of the carboxylate group on the OH
vibrational band. The amount of added DCl is about half of the osmolyes in the solution.
Therefore, at least 50% carboxylate groups in the solution are deuterated and they should become
a less efficient hydrogen bond acceptor compared to the non-deuterated carboxylate group.
Figure 15-a shows the normalized spectra of glycine, sarcosine, DMG and betaine
solutions at low pD and the normalized spectrum of pure solvent. A small red shift in OH stretch
frequency is observed in cases of glycine, sarcosine and DMG solutions at low pD. In contrast,
the OH frequency is slightly blue-shifted in betaine solution at low pD.
Figure 15-b shows the difference spectra between osmolyte solutions at low pD and pure
solvent. The difference spectra of glycine, sarcosine and DMG contain two positive bands with
maxima around 3100 cm-1 and 3225 cm-1 and have relatively lower intensities compared to that of
the samples containing same amount of the osmolyte without adding DCl (Figure 12). Although
about half of the osmolytes in each solution is deuterated, the overall hydrogen bonding strength
is still stronger than pure solvent. In contrast, there is a negative band centered around 3350 cm-1
and one positive band centered around 3460 cm-1 in the difference spectrum of betaine. This
demonstrates that the hydrogen bonding strength becomes weaker than pure solvent when half
amount of betaine in the solution is deuterated.
Figure 15-c shows the difference spectra between acidic osmolyte solutions and osmolyte
solutions without adding DCl. There is a clear negative band with the maximum around 3300 cm1

and one positive band with the maximum around 3500 cm-1. Moreover, the intensity of the band

around 3225 cm-1 attenuates more than the band around 3100 cm-1 upon adding DCl. Therefore,
the band at 3225 cm-1 can be attributed to the perturbed water associated with the carboxylate
group and naturally the band at 3100 cm-1 is attributed to the perturbed water associated with the

49
amine group. In addition, both vibrational bands around 3100 cm-1 and 3225 cm-1 attenuate at the
same time although in different degrees upon deuteration. This indicates the effect of the amine
group and the effect of the carboxylate group on the hydrogen bonding network are dependent on
each other, therefore are nonadditive.
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Figure 15 (a) Normalized IR spectra of glycine, sarcosine, DMG and betaine in 3% H2O: 97%
D2O at low pD. Difference IR spectra (b) between pure solvent containing only 3% H2O: 97%
D2O and osmolytes at low pD and (c) between osmolytes without being adjusted by DCl and
osmolytes at low pD.
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4.4 Discussion
The Effect of TMAO on the Hydrogen Bonding Network
We have observed that TMAO, glycine, sarcosine, DMG and betaine all shift the
uncoupled OH stretch vibrational band to a lower frequency compared to the pure solvent. The
red-shifted OH stretch vibrational band indicates that the osmolytes increase the population of
stronger hydrogen-bonded water. The measured hydrogen bonding strength can be contributed
either from the hydration shells of solutes (solute-water interactions) or from the solute-perturbed
bulk water structure (water-water interactions).
According to the IR spectra of TMAO at low pD, we can conclude that both methyl
groups and NO dipole of TMAO are able to red shift the OH band frequency but via different
mechanisms. The NO dipole red shifts the OH vibrational band by forming strong hydrogen
bonds with water, whereas methyl groups red shift it via the geometric effect as suggested.6 In
addition, the influence of methyl groups is much weaker than the effect of the NO dipole on the
hydrogen bonding network. The NO dipole of TMAO is about five times larger than the dipole
moment of water.1c The oxygen of TMAO can hydrogen bond two to three water molecules
through the lone pairs on its oxygen.14 Once the NO dipole of TMAO is deuterated, it cannot
serve as a good hydrogen bond acceptor anymore, thus its influence on the hydrogen bonding
strength becomes much weaker. In contrast, the effect of methyl groups on the hydrogen bonding
network is not diminished when the NO dipole of TMAO is deuterated. However, the effect of
the NO dipole and the effect of methyl groups on the hydrogen bonding network are not
necessarily independent of each other. Non-additive effects should be expected. The IR results
support the ideal that TMAO increases the hydrogen bonding strength mainly by forming
hydrogen bonds between the NO dipole and water.
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The Effects of the Glycine-based Osmolytes on the Hydrogen Bonding Network
The results of difference IR spectra of four test glycine-based osmolytes indicate that
there are at least two distinct water species plus the non-perturbed bulk water in the amino acid
solution. One of the two distinct water species is attributed to water associated with the amine
group and the other one is attributed to water associated with the carboxylate group. The amine
group shifts the frequency of OH band to 3100 cm-1, and the carboxylate group shifts it to 3225
cm-1. This indicates the amine group forms stronger hydrogen bond with water than the
carboxylate groups.15 Furthermore, the amine group and the carboxylate group could not serve as
efficient hydrogen bond donor and acceptor when the amine group is methylated and the
carboxylate group is deuterated. Moreover, the relative area of the positive band at 3100 cm-1 is
smaller than the one at 3225 cm-1. This indicates that the amine group affects less number of
water molecules than the carboxylate group. This can be rationalized by the fact that at least two
water molecules are needed to stabilize the positively charged amine group, whereas at least three
water molecules are required to stabilize the negatively charged carboxylate group.16 Moreover,
the effect of the amine group and the effect of the carboxylate group on the hydrogen bonding
network are nonadditive. This is because the solvation shells around two functional groups are
essentially connected.15
Overall we found all the test osmolyes can form hydrogen bonds with water via their
polar groups. And the formation of hydrogen bonding between osmolyte and water is mainly
responsible for the increase in hydrogen bonding strength. It has been pointed out that the effect
of hydrophobic group on organization of water structures via the geometric effect depends on its
chain length.1a, 7a Those hydrophobic groups on TMAO and methylated glycine are too short to
have significant influences on hydrogen bonding network compared to their polar groups.
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The Effects of the Osmolytes on Tetrahedral Ordering of Water
It has been suggested by simulation work that TMAO in fact decreases the tetrahedral
ordering of bulk water.17 The simulation results support the ideal that TMAO increases hydrogen
bonding strength of water within their hydration shells rather than enhance the bulk water
structure. The difference FTIR results reveal the vibrational information solely from hydration
shells of solutes and the observed red-shift in the OH band is not indicative of enhancing bulk
water structures. This is consistent with the argument that solute’s influence is short-ranged.
Moreover, it also directly disproves the water structure making argument that protein stabilizers
stabilize proteins by enhancing bulk water structures.
Next, how water structure could be related to the protein folding process? Table 5
illustrates the correlation between relative structure of water and the change of entropy upon
protein folding. Solutes can make more structured interfacial water relative to the bulk water
structure by either making more structured interfacial water or making less structured bulk water.
When the protein folds, entropy is gained by releasing relatively more structured interfacial water
into the bulk solution; thus, the protein folding process is preferred on entropic grounds (case a
and b in Table 5). In contrast, solutes can cause relatively less structured interfacial water by
either making less structured interfacial water or making more structured bulk water. Because
there is entropy loss upon protein folding by releasing relatively less ordered interfacial water into
the bulk solution, the protein folding process is disfavored on entropic grounds (case c and d in
Table 5).
Therefore, it is the relative water structure between the bulk water and the interfacial
water what need to be considered in the protein folding process but not the bulk water structure
only. This question is currently under study.
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Other Studies of (De)Stabilizing of Proteins by Solutes via Water Mediation
Protein denaturants such as guanidinium chloride red shifts the frequency of the OH
vibrational band and the OH vibrational band becomes much less dependent on temperature
compared to pure water.1d Scott et al. attribute the results to the increase in the population of
strong, linear hydrogen bonds and the decrease in the population of distorted, weak hydrogen
bonds by guanidinium cations based upon their simulation results. Guanidium cation
overstructures bulk water, thus reduces the entropy penalty to solvate a hydrophobic moiety. It
disfavors the protein folding process by the mechanism of case d described in Table 5.
Sharp et al. attribute the denaturing effect of urea to direct binding mechanism based on
their IR results which show that urea has nearly no effect on the hydrogen bonding strength.6
However, Chen et al. discovered that urea adopts different orientations at protein surfaces and
causes distinct influences on the interfacial water structures according to the molecular
orientations. Therefore, the authors suggest urea denatures proteins by an indirect mechanism but
not by the specific binding.18 Moreover, although both kosmotropic salts and chaotropic salts shift
the OH band to a higher frequency, their effects on protein stability are opposite.
Apparently, there is no simple correlation between the solute effects on water based on
the OH frequency shift and the protein stability. This does not even consider the inherent
difficulty in distinguishing the bulk water structure from the hydration shell of solutes solely by
the shift of OH band.
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Table 5 Relative structure of water in bulk and at the surface of the protein, and corresponding
entropy changes (∆S) upon protein folding.
a
b
c
d

Bulk water
structured
less structured
structured
more structured

Interfacial water at the surface
more structured
structured
less structured
structured

∆S
>0
>0
<0
<0

favor protein
folding process
disfavor protein
folding process
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4.5 Conclusions
TMAO enhances hydrogen bonding strength by both methyl groups through the
geometric effect and with the NO dipole through hydrogen bonding respectively. However, the
influence of the latter is much stronger than the former. Glycine-based amino acids organize
water by the amine group and the carboxylate group as a hydrogen bond donor and acceptor.
Nevertheless, the effects of osmolytes on the hydrogen bonding network are short-ranged and
cannot influence the bulk water structures. Thus, the water structure making argument is not
sufficient to explain the protein stabilizing ability of TMAO.
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Chapter 5
Differential Scanning Calorimetry Study on the ELPs Collapse Process

5.1 Introduction
Differential scanning calorimetry (DSC) is a well-established measuring method which
provides direct thermodynamic values such as enthalpy and transition temperature of a thermally
induced transition process and is widely adopted to study the phase transition processes of
proteins1 and polymers2 in solutions. In this chapter we exploited DSC to investigate the collapse
process of ELPs in varying TMAO concentrations.
The collapse process of ELPs upon heating is an endothermic process.3 The driving force
of the collapse process of ELPs is generally believed to involve the liberation of bound water
molecules on the surface into the bulk solution.3c, 4 According to the effects of solutes on the
LCST of ELP and the enthalpy change of the collapsed process of ELP, they can be classified
into four categories. Figure 16 shows the four categories. Solutes in the first quarter disfavor the
collapsed process either solely enthalpically or both enthalpically and entropically. Solutes in the
second quarter favor the process solely on entropic grounds. Solutes in the third quarter make the
process more favorable either solely enthalpically or both enthalpically and entropically. Solutes
in the fourth quarter disfavor the process entropically. Solutes stabilize collapsed ELPs on
enthalpic grounds can be rationalized by reducing interactions between protein surfaces and their
surroundings. Thus, it requires less energy to disrupt interactions between unfolded protein with
its surrounding. On the other hand, solutes stabilize collapsed ELPs on entropic grounds can be
rationalized by introducing extra randomness to the system when proteins fold. For example
entropy is gained by releasing surface bound molecules into the bulk solution upon protein
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folding. The collapse process of ELPs was found to become more endothermic in the presence of
TMAO. Thus, TMAO stabilizes collapsed ELPs on entropic grounds.

Figure 16 Solutes can be classified into four categories according to their effects on the phase
transition temperature of ELP (Tm) and the enthalpy change (ΔH) of the ELPs collapsed process.
The definitions of terms are list below:
ΔS  ΔH/ where ΔS is entropy change.
Δ   ாି௦௨௧ି௪௧   ாି௪௧
ΔΔH  ΔHாି௦௨௧ି௪௧  ΔHாି௪௧
ΔΔS  ΔSாି௦௨௧ି௪௧  ΔSாି௪௧
The possible sign of the ΔΔS for the (un)collapse process to occur is put in each category.
TMAO5, D2O3c and NaCl4 stabilize the collapsed state by increasing the entropy change (ΔΔH>0;
ΔΔS>0). Urea4 destabilizes ELPs by both increasing the enthalpy change and decreasing the
entropy change (ΔΔH>0; ΔΔS<0).
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5.2 Experimental
Materials
Trimethylamine N-oxide dihydrate (98+%, Alfa Aesar) was used as received. All
aqueous solutions were prepared from ultra-pure water (Thermo ScientificTM BarnsteadTM
NanoPureTM System; 18.1 MΩ·cm). ELP preparation process is the same as described in Chapter
2 section 2.2.

DSC measurements
0.039 mM ELP solutions in various TMAO concentrations were prepared and stored at 4
⁰C overnight to ensure the polypeptide was completely dissolved before measuring. Samples
were degassed for 1 to 2 minutes at 4 ⁰C before being added into a 96 well tray. Heat capacity
was measured as a function of temperature by MicroCal VP-Capillary DSC (Malvern Instruments
Ltd, UK). Specifically, samples were set in cells (cell volume is 0.134 mL) at 6 ⁰C for 20 minutes
and heated to 50 ⁰C at a scan rate of 60 ⁰C /hour. Pure water was used to clean both the sample
cell and the reference cell between each scan. Typically, the curve of solution without
polypeptide was measured prior to the sample scan and used as a baseline that is attributed to the
thermal behavior of the measuring system itself.

Data processing
DSC data is analyzed by the MicroCal Origin software. The measured baseline (solventsolvent scan curve) was directly subtracted from the measured sample scan curve. The heat
capacity of the sample was further normalized by the ELP concentration (0.039 mM, using a
molecular mass of 38.298 kg/mole). A cubic polynomial interpolated baseline was determined by
judiciously choosing and connecting two linear pre- and post-transition baselines during steady
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state conditions in the region of a peak, and was subtracted from the heat capacity function. After
the baseline subtraction the enthalpy change (∆H) is determined by integrating the area under the
heat absorption peak from zero.6 The enthalpy change of each sample was determined by
averaging three fitting results, and the enthalpy change at each concentration was determined by
averaging two to five samples. The enthalpy of ELP in pure water was determined about 126
kcal/mole, which was comparable to the previous result: 168 kcal/mole.3c The temperature at the
highest heat capacity was determined as the LCST, and it is independent on the baseline
subtraction process. The molar enthalpy change over LCST equals to the molar entropy change
(∆S) in cal/mole•K at LCST where the reaction reaches equilibrium.
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5.3 Results
Figure 19-a shows the endothermic peaks of ELPs at varying TMAO concentrations. The
LCST moves to a lower temperature with increasing TMAO concentration as expected. The area
under the curve of the DSC peak grows as a function of TMAO concentration and the extracted
∆Htrans values are plotted in Figure 19-b, which shows an apparent linear trend. One can convert
this data to ∆Strans by noting that ∆Strans=∆Htrans/Ttrans.
Figure 19-c shows the relative entropy change increases as TMAO concentration
increases. The phase transition of ELPs becomes more endothermic as TMAO concentration
increases. Apparently, TMAO stabilizes ELPs on entropic grounds.
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(a)

(b)

(c)

Figure 17 (a) DSC scans of ELPs solutions in pure water (0 M)and with various TMAO
concentrations, (b) enthalpies for the phase transition of ELPs abstracted from the areas under the
curve in (a). (c) The normalized entropy values of the ELP collapse process as a function of
TMAO concentration.

65
5.4 Discussion
Since the introduction of TMAO to the sample causes the phase transition of ELP to
become more endothermic, the osmolyte is actually lowering the LCST value on entropic
grounds. It is assumed that the enthalpy change increases as TMAO concentration increases
because more interactions between TMAO and ELPs need to be disrupted upon hydrophobic
collapse. This is consistent to the surface tension results that show TMAO preferentially interact
with the ELP surface. Evidently, however, this is more than offset by the increase in entropy that
is obtained under these conditions. Namely, the disordering of surface bound TMAO and
interfacial water molecules upon collapse of ELPs is sufficient to depress the LCST and
overcomes the denaturing effects from the hydrophobic interactions between TMAO and ELP.
It is surprising that TMAO preferentially interacts with ELPs yet, still facilitates the
collapse process as efficiently as the other glycine-based osmolytes that are purely excluded from
the surface of ELPs. However, this is not the only case. Collapsed ELP shows higher stability in
D2O than in H2O and the enthalpy change of the ELP collapse process is also higher in D2O
because heavy water interacts more strongly with ELP than water.3c Therefore, D2O must
stabilize collapsed ELP on entropic grounds. It is also suggested that direct interactions between
urea and PNIPAM provide entropic stability to folded macromolecules by releasing so-called
urea clouds upon macromolecular collapse.7 Sodium chloride is also known to depress the LCST
of ELPs and it is undoubtedly excluded from the surface. Nevertheless it also increases enthalpy
change of ELPs collapse process. Luan et al. attribute the increase in enthalpy change to the
enhancement of water structure around hydrophobic surfaces in the presence of sodium chloride.
Thus the process is facilitated on entropic grounds by releasing more structured interfacial water
into the bulk solution (case a in Table 5).4 Overall, it seems even though solutes preferentially
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interact with proteins as long as such influence is weak enough to be offset by the entropy gain
upon macromolecule collapse, such solutes could stabilize proteins.

5.5 Conclusions
The phase transition of ELPs becomes more endothermic as TMAO concentration
increases. The increase in the enthalpy change implies that there are more interactions between
unfolded polypeptides and their surroundings that need to be disrupted and those interactions
presumably are the hydrophobic interactions between TMAO and the polypeptides. This is in
agreement with the surface tension results that show TMAO preferentially interacts with the
hydrophobic surface of ELPs. TMAO stabilizes collapsed ELPs on entropic grounds by releasing
organized water as well as TMAO from the polypeptide surface into the bulk solution.

67
5.6 References
1.
(a) Grikot, Y. V.; Privalov, P. L., Calorimetric Study of the Heat and Cold Denaturation
of b-Lactoglobuli. Biochemistry 1992, 31, 8810-8815; (b) Privalov, P. L., Cold Denaturation of
Proteins. Crit. Rev. Biochem. Mol. Biol. 1990, 25, 281-305; (c) Senske, M.; Tork, L.; Born, B.;
Havenith, M.; Herrmann, C.; Ebbinghaus, S., Protein Stabilization by Macromolecular Crowding
through Enthalpy Rather Than Entropy. J. Am. Chem. Soc. 2014, 136 (25), 9036-9041.
2.
(a) Maeda, Y.; Higuchi, T.; Ikeda, I., Change in Hydration State during the Coil-Globule
Transition of Aqueous Solutions of Poly(N-isopropylacrylamide) as Evidenced by FTIR
Spectroscopy. Langmuir 2000, 16, 7503-7509; (b) Tiktopulo, E. I.; V. E. Bychkova; RiEkaJ, J.;
Ptitsyntd, B., Chain Collapse and Revival Thermodynamics of Poly(N-isopropylacrylamide)
Hydrogel. Macromolecules 1994,27, 2879-2882 1994, 27 2879-2882; (c) Winnik*, P. K. a. F. o.
M., Volumetric Studies of Aqueous Polymer Solutions Using Pressure Perturbation Calorimetry:
A New Look at the Temperature-Induced Phase Transition of Poly(N-isopropylacrylamide) in
Water and D2O. Macromolecules 2001, 34, 4130-4135.
3.
(a) Urry, D. W., Physical Chemistry of Biological Free Energy Transduction As
Demonstrated by Elastic Protein-Based Polymers. J. Phys. Chem. B 1997, 101, 11007-11028; (b)
Reguera, J.; Urry, D. W.; Parker, T. M.; McPherson, D. T.; Rodriguez-Cabello, J. C., Effect of
NaCl on the Exothermic and Endothermic Components of the Inverse Temperature Transition of
a Model Elastin-like Polymer. Biomacromolecules 2007, 8, 354-358; (c) Cho, Y.; Sagle, L. B.;
Iimura, S.; Zhang, Y.; Kherb, J.; Chilkoti, A.; Scholtz, J. M.; Cremer, P. S., Hydrogen Bonding of
b-Turn Structure Is Stabilized in D2O. J. Am. Chem. Soc. 2009, 131, 15188–15193.
4.
Luan, C.-h.; Wry, D. W., Solvent Deuteration Enhancement of Hydrophobicity: DSC
Study of the Inverse Temperature Transition of Elastin-Based Polypeptides. J. Phys. Chem. 1991,
95, 7896-7900.
5.
Yamakata, A.; Soeta, E.; Ishiyama, T.; Osawa, M.; Morita, A., Real-Time Observation of
the Destruction of Hydration Shells under Electrochemical Force. J. Am. Chem. Soc. 2013, 135
(40), 15033-15039.
6.
Höhne, G.; Hemminger, W.; Flammersheim, H.-J., Differential scanning calorimetry.
2003, 115-146.
7.
(a) Sagle, L. B.; Zhang, Y.; Litosh, V. A.; Chen, X.; Cho, Y.; Cremer, P. S., Investigating
the hydrogen-bonding model of urea denaturation. J. Am. Chem. Soc. 2009, 131 (26), 9304-9310;
(b) Rodriguez-Ropero, F.; van der Vegt, N. F., Direct osmolyte-macromolecule interactions
confer entropic stability to folded states. J. Phys. Chem. B 2014, 118 (26), 7327-7334.

68

Chapter 6
Conclusions
The interactions between five test osmolytes and ELPs were studied by measuring the
LCST of ELPs in the presence of the test osmolytes. There is no measurable interaction between
any of the test osmolytes and ELPs. However, the results of the surface tension measurements
indicate TMAO is ready to partition at the hydrophobe/water interface. In contrast, four glycinebased osmolytes are purely excluded from the hydrophobe/water interface. Intriguingly, TMAO
stabilizes collapsed ELPs as efficiently as the other glycine-based osmolytes but shows strongest
affinity to ELPs. According to the preferential interaction model, TMAO should stabilize ELP the
least among five test osmolytes. However, this is not true. The glycine-based osmolytes stabilize
collapsed ELPs by the classical preferential exclusion mechanism, whereas TMAO does not.
Infrared spectroscopy was carried out to study the effect of TMAO on the hydrogen
bonding network. TMAO increases the hydrogen bonding strength via both its NO dipole and
methyl groups but in different mechanisms. The NO dipole of TMAO red-shifts water OH band
by forming strong hydrogen bonds with water. On the other hand, the methyl groups of TMAO
red-shift the OH band via the geometric effect. The influence of the NO dipole is stronger than
the effect of the methyl groups on the hydrogen bonding strength. The glycine-based osmolytes
also enhance the hydrogen bonding strength by their amine group and carboxylate group which
serve as a hydrogen bond donor and acceptor. Nevertheless, the influences of those functional
groups of the osmolyte are short-ranged and cannot efficiently affect the bulk water structure. In
fact, MD simulation work demonstrates that TMAO is unable to enhance the tetrahedral ordering
of the bulk water structure. Therefore, the water structure making model cannot explain the

69
stabilizing mechanism of protein by TMAO. In addition, the influence of TMAO on the
frequency of OH band is not indicative of enhancing water structure.
Finally, the effect of TMAO on the collapse process of ELPs was investigated
calorimetrically. The collapse process becomes more endothermic in the presence of TMAO.
Thus, TMAO stabilizes ELPs solely on entropic grounds. Then what contributes to the entropy
gain? The entropy is gained by releasing surface bound water and TMAO from the ELP surface
into the bulk solution. Whether the surface-bound water has a higher tetrahedral ordering than the
bulk water structure or not is still under study.
Although TMAO shows higher affinity to ELPs than the other glycine-based osmolytes
(they are simply excluded from ELPs), the denaturing effect from the preferential interaction is so
weak that can be more than offset by the stabilizing effect from the entropy gain when ELPs
collapsed. This makes TMAO as efficient as the other test protein stabilizers.
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TRIMETHYLAMINE N-OXIDE AT THE AIR/WATER INTERFACE

Chapter 7
Introduction
The intracellular environment is very crowded and up to 70% of the total water resides at
the interface.1 Therefore, investigation of water structures in confining geometries or in high
molecular concentration is of interest to understand biological processes. Many efforts have been
made recently to study the hydration shells of solutes and solutes’ behaviors at interfaces.2
TMAO is accumulated in high concentration intracellularly and it also mildly accumulates at the
protein surface. Therefore, it should have a substantial impact on the interfacial water structure
around the protein surface. In addition, TMAO is a small amphiphilic molecule containing both
polar group (-N-O) and non-polar group (-N(CH3)3). Two functional groups are expected to
influence water structures and interact with protein surfaces differently. Protein surfaces consist
of hydrophobic patches and hydrophilic patches and are irregular in shape. The effect of TMAO
on the interfacial water structure should highly depend on its orientation at the interface and the
orientation is decided by the interaction between TMAO and the protein surface. However, there
is relatively less work regarding the surface behavior of TMAO at the interface as well as its
effects on the interfacial water structure.
TMAO at the hydrophobe/water interface was the first time probed by surface sensitive
vibrational spectroscopy in our lab.3 Surprisingly, the net transition dipole of three methyl groups
of TMAO points away from the hydrophobic interface. This non-intuitive orientation of TMAO
at the interface is due to its slightly positively charged methyl groups what are directly attached to
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a strongly electron-withdrawing nitrogen.4 In addition, TMAO was found to adsorb to the
hydrophobic surface of self-assembled monolayers in a side-on way.5 Furthermore, although
TMAO as a amphiphilic molecule lacks of self-assembly propensity.6 All the evidence suggests
TMAO is less hydrophobic than previous thought. The delicate hydrophilic/hydrophobic balance
between the NO dipole and methyl groups of TMAO renders it this intriguing property at the
interface.
Besides the non-intuitive orientation of TMAO at the hydrophobic surface, it also shows
little-to-none effect on the interfacial water structure.3 This is somewhat surprising by the fact
that TMAO has been proved to have strong influences on the hydrogen bonding network.7
In this study, we found that TMAO forms soluble molecular layers at the air/water
interface and reorients slowly during the adsorption process. It adopts a side-on orientation at low
surface pressure, whereas adopts a surfactant-like orientation (NO dipole-down) at high surface
pressure. In addition, the interfacial water structure is significantly enhanced when TMAO is
vertically oriented. The kinetic of TMAO adsorption at the air/water interface is a slow activated
diffusion process with an energy barrier about 22.5 kcal/mole. This peculiar phenomenon seems
to be general for mild surface-active molecules such as trimethylglycine, phenylalanine8 and
hexanoic acid9 and some soluble surfactants10. However, the possibility that this phenomenon
may be due to the accumulation of impurity at the interface over time has not been ruled out yet.
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7.1 Sum Frequency Generation
Sum frequency generation (SFG) is a second order non-linear vibrational spectroscopy. It
is a powerful tool to analyze interfaces at ambient environment. The more detailed and
comprehensive descriptions of the principle for SFG are reviewed several times in the
literatures.11 Briefly, one visible beam (ωVIS) and one infrared beam (ωIR) are temporally and
spatially overlapped on the surface of interest and light at the sum of these two frequencies (ωSFG
= ωVIS + ωIR) is generated.
The visible beam is often fixed at a particular frequency as a pump source and the
infrared can be either scanned step by step over the vibrational range of interest (scanning SFG)
or use broad bandwidth IR pulses (broad-band SFG). When the infrared matches to the
vibrational transition of the molecule the SFG signal is resonantly enhanced.
SFG spectral intensity is proportional to the absolute value of the square of the effective
second order non-linear optical susceptibility (χeff(2)), the intensity of the visible beam(IVIS) and
the intensity of infrared beam (IIR).
ISFG ∝ | χeff(2)|2IVISIIR

(1)

The χ(2) describes how second-order nonlinear polarization P(2), a macroscopic term for
the dipole moment per volume of a material, response to the applied electric field (E).12
P(2) = ε0 χ(2) E2

(2)

where ε0 is vacuum permittivity.
The effective second order non-linear optical susceptibility χeff(2) can be expressed as:
χୣ = χୖ + ∑ χୖ = χୖ + ∑ ఠ
(ଶ)

ሺଶሻ

(ଶ)

(ଶ)
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where χୖ and χୖ represent the non-resonant and resonant contributions. Non-resonant
contribution produces featureless background whereas resonant contribution contains information
(ଶ)

(ଶ)

of molecular vibrations. Both χୖ and χୖ contain phase information. The resonant contribution
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χୖ can be further expressed as a function of oscillator strength,  , resonant frequency,  ,
(ଶ)

peak width, Γ and frequency of infrared, ூோ . The macroscopic term of χୖ from an interface
(ଶ)

reflects the averaged hyperpolarizability (β) of molecules at the interface.13 The
hyperpolarizability can be expressed as:
β∝
where the first term

డఈ
డ

డఈ డఓ
డ డ

(4)

is the change in polarizability, which is the selection rule for Raman
డఓ

spectroscopy and the second term డ is the change in dipole moment, which is the selection rule
for infrared spectroscopy. Equation 4 indicates that SFG active vibrational modes must be both
Raman and IR-active. As a consequence, only those vibrational modes which lack an inversion
center can be both Raman and IR-active.14 Therefore, SFG can selectively probe the interface,
which inherently lacks centrosymmetry, and avoid signals from the isotropic bulk.
The polarization of the input infrared beam, visible beam and output SFG signal can be
adjusted to either parallel (p-polarized) or perpendicular (s-polarized) to the plane of incidence.
Three frequently used polarization combinations are ssp, ppp and sps. The first is the polarization
of SFG, the second is the polarization of visible beam and the third is the polarization of infrared
beam. Different polarization combinations are sensitive to transition dipole moments at different
orientations at the interface. Therefore, SFG can be used to probe molecular orientation at the
interface. The ssp-polarization combination is sensitive to the transition dipole moment
component which is perpendicular to the interface, sps probes the transition dipole moment
component which is parallel to the interface and ppp probes all components of the allowed
vibrations.11a It often requires not so trivial calculations to obtain accurate molecular orientation
based on vibrational spectra.15
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In equation 3 the oscillator strength,  contains phase information which allows
determining the direction of probed transition dipole moment. However, conventional SFG
acquires the absolute square of the effective second-order susceptibility, thus the spectrum lose its
phase information. Often the conventional SFG spectrum is fitted by equation 1 and equation 3 to
regain the phase information. The MEM phase retrieval algorithm is developed to retrieve the lost
phase information.16 The most rigorous method to obtain phase information with the least
speculation is to exploit phase sensitive SFG to directly measure the imaginary part of the
second-order susceptibility.17
SFG has been widely adopted to study various interfaces including air/water2b, 2e,
oil/water2i, 18, liquid/solid19 interfaces and emulsion droplets in liquids20. SFG is used to provide
interfacial information in atmospheric chemistry21, to study interactions between macromolecules
and solutes22, and recently chiral-SFG has been developed to study secondary structures of
proteins at the interfaces.2d, 23
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7.2 Water Spectrum at the Air/Water Interface
The air/water interface is frequently studied by SFG. It is not only a fundamentally
important subject but also often used as a simple model for the hydrophobe/water interface.
Figure 1 shows the ssp, ppp and sps polarized SFG spectra of the air/water interface. The
intensity of the ssp polarized SFG spectrum is much stronger than the ppp and the sps SFG
spectra. This indicates the surface water is well-ordered and has the averaged net transition dipole
perpendicular to the surface. The intensity in sps-SFG spectrum is very low and this indicates the
transition dipole components of water in the plane of the surface organize randomly.
The peak assignment for the spectrum of air/water interface is not straightforward except
for the sharp peak at 3700 cm-1 which is unambiguously assigned to the dangling bond of water at
the topmost surface layer. Two broad bands are observed in the OH stretch region between 3100
to 3600 cm-1 in the ssp polarized SFG spectrum and this feature has been interpreted in three
different ways: first the broad band centered around 3200 cm-1 is attributed to strongly hydrogen
bonded water (ice-like) and the other one centered around 3400 cm-1 is attributed to less
coordinated water (liquid-like)11c, second the double bands feature comes from the overlapping
between symmetric stretch, antisymmetric stretch modes and bending overtone of water24 and
third the double-peaked feature is the result of vibrational coupling between symmetric stretch
vibrational mode and the bending overtone.25 The last one is most likely to be true based on the
isotopically diluted experiment. The SFG spectrum of the isotopically diluted water has a much
simpler feature without inter/intra vibrational coupling. Figure 2 shows the Imχ(2) spectra of
air/water interface with various isotope concentration. The spectrum of neat water shows a
negative broad double-peaked feature in the hydrogen-bonded region which is attributed to the
peak split by the vibrational coupling. The broad double-peaked feature becomes a narrower
single band in the isotope-diluted water spectrum. The narrow single band is assigned to the
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uncoupled OH stretch band which can be used to unambiguously probe the hydrogen bonding
strength.
The adsorption of charged molecules or ions at the interface creates local electric field
and aligns water molecules underneath and results in the enhancement of interfacial water
structure.26 On the other hand, the screening of surface charge by ion or molecule adsorption
leads to the decrease in the interfacial water structure.19a In addition, the dangling bond is
sensitive to the surface coverage.34 It vanishes easily in the presence of highly surface active
molecules. Therefore, it becomes a common stratagem to investigate surface behaviors of
molecules such as adsorption and reorientation by observing changes in the interfacial water
spectrum.2e
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Figure 1 SFG spectra of air/water interface taken with ssp, ppp and sps polarization
combinations.

Figure 2 Im χ(2) spectra of air/water interface with various isotope concentration (blue, neat H2O,
yellow, H2O:HOD:D2O=2:5:3; red, H2O:HOD:D2O=1:6:9). OH(x) is assigned to strong H-bond
pair, OH(0) is assigned to uncoupled OH, OH(I) is assigned to the lower frequency component of
the fermi split OH band from coupled water and OH(II)is assigned to the higher frequency
component of the fermi split OH band from coupled water.25b
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Chapter 8
Sum Frequency Generation Study of TMAO Solutions

8.1 Introduction
Studying surface behaviors of TMAO at the interface as well as the effect of TMAO on
the interfacial water structures provides decisive information to understand the stabilizing
mechanism of macromolecule by TMAO. TMAO has one polar group which can strongly
hydrogen bond with water and non-polar groups which can enhance water structures via the
geometric effect. One can imagine the effects of TMAO in the vicinity of a macromolecule on
their hydration shells are highly dependent on the interactions between TMAO and the
macromolecule. In other words, the interaction between macromolecules and TMAO determines
whether the NO-dipole or the methyl groups of TMAO points toward water. Sum frequency
generation (SFG) is a powerful surface sensitive technique. In this chapter, SFG was utilized to
study the orientation dependency of TMAO on the bulk concentration at the air/water interface.
Time-dependent SFG spectra of TMAO solutions were also acquired to study the adsorption
process of TMAO at the air/water interface. The orientation of TMAO does not depend on the
bulk concentration very much. Surprisingly, TMAO was found to slowly rotate at the interface
during the adsorption process. In addition, the interfacial water structure was gradually enhanced
over time.

8.2 Experimental
SFG spectra were measured by a SFG spectrometer (EKSPLA). Briefly, the spectrometer
contains a 1064 nm Nd:YAG laser (28 ps pulsed; 40 mJ; rate 50 Hz), which is used to pump a
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harmonic unit, a 532 nm laser is generated and is further split into two beams. One is sent to the
sample stage to generate sum frequency and the other one is sent to an optical parametric
generator to generate tunable infrared radiation (1000 to 4300 cm−1). The IR beam and visible
beam are spatially and temporally aligned on the surface of the prepared solution in a Langmuir
trough. The sum frequency response is recorded by a PMT detector. The angles of the IR beam
and the visible beam with respect to the surface normal are 55⁰ and 60⁰. All the spectra are
typically measured under 200 µJ/pulse for the visible beam and 150 µJ/pulse for the infrared
beam in the region between 2500 and 3200 cm−1. Each spectrum was normalized by visible and
IR intensity.
The SFG spectrum of TMAO is highly affected by the presence of trace amount of
impurity. We have found that TMAO purchased from various brands including Sigma-Aldrich
(98%), Acros (98%) and Alfa-Aesar (98+%) gave different SFG spectra. Therefore, TMAO was
recrystallized by following the procedure described in the literature.1 Briefly, commercial TMAO
was dissolved in hot dimethylformamide (DMF) and the solution was allowed to cool down
overnight. Many large and needle-like TMAO crystals were formed in the solution. Those
crystals were filtered by using Buchner funnel and washed with cold DMF and pentene several
times. The washed crystals were dried by vacuum at room temperature overnight. The purity of
the product was checked by NMR. The recrystallized TMAO and TMAO product purchased from
Acros gave similar spectra except the spectrum of recrystallized TMAO has slightly sharper and
well-defined peaks. All the samples were prepared from recrystallized TMAO or TMAO
purchased from Acros in this study.
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8.3 Results
SFG Spectra of TMAO Solutions at Various Concentrations
Figure 3-a shows the SFG spectra of TMAO at various concentrations under ssp
polarization combinations. Table 1 summarizes all the peaks observed in the measured spectra. In
the CH stretch region (2700-3100 cm-1), there are two very small bumps at 2780 and 2850 cm-1,
one sharp peak at 2950 cm-1, one asymmetric peak at 2970 cm-1 and a very small bump around
3030 cm-1. The feature of the spectrum does not change significantly as TMAO concentration
increases from 0.5 M to 5.3 M. Only the intensity of the CH stretch peaks increases
monotonically by the bulk concentration. In the hydrogen-bonded region (3100- 3600 cm-1), the
water structures of TMAO solutions are very much like pure water in the measuring
concentration range.
Figure 3-c displays the free OH region from Figure 3-a. The intensity of the OH dangling
bond decreases slightly in the presence of TMAO. However, it does not disappear even at 5.3 M
TMAO concentration. In addition, the frequency of the OH dangling bond is slightly blue-shifted
in the presence of TMAO.
Figure 3-b shows the ppp polarized SFG spectra at various TMAO concentrations. In the
CH stretch region, there are two asymmetric peaks at 2960 cm-1 and 3020 cm-1. The spectral
feature does not change significantly within the measured concentration range and the water
structure is only slightly enhanced as TMAO concentration increases.
Figure 3-d displays the free OH region from Figure 3-b. The intensity of the free OH
peak slightly decreases and it shifts to a higher frequency as TMAO concentration increases.
Overall, the SFG spectral features of TMAO solutions taken in ppp and ssp modes do not
change significantly by bulk concentration. Moreover, TMAO shows very a little influence on the
interfacial water structure in the hydrogen-bonded range as well as the dangling OH.
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Figure 3 SFG spectra at the air/water interface in the presence of varying concentrations of
TMAO taken (a) with ssp polarization combination, (b) with ppp polarization combination. (c)
and (d) are the free OH region from (a) and (b).
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Table 1 Summary of observed peaks in (ssp-, ppp- and sps-) SFG spectra of TMAO solutions

ons
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Time Dependent SFG Spectra of TMAO solutions
Time-dependent SFG spectra of TMAO solutions were acquired to study the adsorption
process of TMAO at the air/water interface. Surprisingly, the SFG spectrum of TMAO at the
air/water interface changes significantly over time.
Figure 4-a shows the time-dependent ssp-SFG spectra of TMAO solutions measured at
32 ⁰C. In the CH stretch range (2700-3100 cm-1), the intensity ratio of the peak at 2950 cm-1 to
the peak at 2970 cm-1 decreases over time. The destructive interference (the dip around 2990 to
3020 cm-1) gradually disappeared and the small peak at 3024 cm-1 becomes more well-defined
over time. In the hydrogen-bonded region (3100-3600 cm-1), the water structure is obviously
enhanced over time and the frequency of the maximum of OH band gradually shifts from 3400
cm-1 to 3200 cm-1.
Figure 5-a and 5-b show the ssp-spectra of TMAO solutions in the free OH region as a
function of time. The free OH only slightly decreased in intensity over time even though the
intensities of OH bands in the hydrogen-bonded region were enhanced enormously.
Figure 4-b is the time-dependent ppp-SFG spectra of TMAO. In the CH stretch region,
the intensity ratio of the peak at 2850 cm-1 to the peak at 2925 cm-1 increases over time. The
asymmetric peaks at 3020 cm-1 become weaker and disappear after 3 hours. In the hydrogenbonded region, a broad band with the maximum around 3550 cm-1 is gradually enhanced over
time.
Figure 5-c shows the time-dependent ppp-SFG spectra in the free OH region, the
intensity of free OH slightly decreases over time and the frequency of free OH shifts to a higher
frequency. The free OH peak indeed disappears after 12 hours.
Figure 4-c is the time-dependent sps spectra of TMAO solutions. In the CH stretch
region, there is only one dip at 3020 cm-1 in the early stage, after a period of time three peaks at
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2925, 2970 and 3040 cm-1 emerge. In the hydrogen-bonded region, a broad band with the
maximum around 3500 cm-1 is enhanced over time.
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Figure 4 Time-dependent VSFS spectra (a) 2.5 M TMAO at 32 ⁰C taken in ssp, b) 2.4 M TMAO
at 21⁰C taken in ppp and c) 3 M TMAO at 31⁰C taken with sps polarization combination.
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Figure 5 Time-dependent VSFS spectra at free OH region (a) 3M TMAO at 21⁰C; ssp, (b) and
(c) are the free OH region from figure 2-(a) and 2-(b).
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Time Dependent SFG Spectra of TMAO in D2O
In order to minimize the interference from water background in the CH stretch region we
measured SFG spectra of TMAO in D2O. The frequency of OD stretch vibrational band is lower
than 2800 cm-1.
Figure 6-a shows the time-dependent ssp-SFG spectra of TMAO in D2O. The spectrum in
the CH stretch region changes over time. In the early stage, there are several CH vibrational
bands including a small bump at 2850 cm-1, a sharp peak at 2950 cm-1 with a shallow shoulder at
2920 cm-1, an asymmetric peak at 2970 cm-1 and a dip starts from 2990 to 3030 cm-1. The sharp
peak at 2740 cm-1 is the OD dangling bond from D2O. In the later stage, the spectrum contains
one peak at 2850 cm-1 with a shoulder at 2820cm-1 and two sharp peaks at 2870 cm-1 and at 2920
cm-1. The OD dangling bond attenuates over time.
Figure 6-b shows the time-dependent ppp-polarized SFG spectra of TMAO in D2O. In the
early stage the spectrum contains two asymmetric peaks at 2950 cm-1 and 3020 cm-1. After a
period of time, four sharp peaks at 2850 cm-1, 2890 cm-1, 2920 cm-1 and 2960 cm-1 show up and
the asymmetric peak at 3020 cm-1 disappears.
Figure 6-c shows the time-dependent sps-polarized SFG spectra of TMAO in D2O. In the
early stage, the spectrum contains one asymmetric peak at 3020 cm-1. In the later stage, three
weak peaks at 2850 cm-1, 2890 cm-1 and 2950 cm-1 appear in the spectrum and the asymmetric
peak disappears.
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Figure 6 Time-dependent SFG spectra (black dot) of 3M TMAO in D2O taken with a) ssp, b) ppp
and c) sps polarization combination.
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8.4 Discussion
The Impurity Concerns
It is possible that the change in the SFG spectrum overtime is due to the accumulation or
adsorption of impurity at the air/water interface. The time-dependent SFG spectrum of TMAO-d9
shows an increase in CH stretch peaks and the enhancement of water structure overtime although
there should contain no CH vibrational bands. The increase in the CH stretch band indicates the
accumulation of impurity. The impurity may come from air or from the bulk solution.

The Side-On Orientation of TMAO at the Air/Water Interface
The SFG spectral feature of TMAO solutions has no significant change as TMAO bulk
concentration increases. This indicates the orientation of TMAO at the interface is not
significantly dependent on the bulk concentration. This supports the ideal that TMAO does not
associate with itself strongly but is hydrated in solution individually.2
The destructive interference and constructive interference in the SFG spectrum between
vibrational bands from two species provides information of relative orientation of two species. In
most surfactants and lipids studies, there are three main vibrational bands from the terminal
methyl group including the CH3 symmetric stretch (~2875 cm-1), the CH3 Fermi resonance of the
CH3 symmetric stretch and the bending overtone (2950 cm-1), and the CH3 antisymmetric stretch
vibrational band (~2970 cm-1). Te negative phase of CH3 symmetric stretch and the Fermi
resonance and the positive phase of CH3 antisymmetric in the Imχ(2) spectrum indicate the
terminal methyl group points toward air.3 Normally the monolayers cannot flip at the air/water
interface, thus the direction of the CH3 terminal group is known. Thereby, the orientation of water
can be understood from the interference between CH3 vibrational bands and OH bands.
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Figure 7-a shows the schematic representation of interferences between CH3 bands and
OH band for cationic surfactants on water. The destructive interference between CH3
antisymmetric vibrational band and OH stretch band results in a dip. This dip feature is well
known in literatures as cetyltrimethylammonium bromide (CTAB) on water.3-4 On the other hand
Figure 7-b shows the constructive interference between water OH band and CH3 antisymmetric
vibrational band for the case of negatively charged surfactant on water.
Although the interference stratagem helps identify molecular orientation for surfactants
and lipids that form stable monolayers at the interface, it is not so helpful for the case of TMAO.
Figure 8 shows the schematic representations of two extreme orientations of TMAO.
Water is in the hydrogen-up orientation when the NO dipole of TMAO points toward the bulk
solution, whereas water is in the hydrogen-down orientation when the methyl groups of TMAO
points toward the bulk solution. Therefore, the phase of the CH3 band relative to the phase of the
OH band should be always the same no matter which orientation TMAO adopts. Apparently, it is
not easy to conclude the orientation of TMAO from the interference between CH band and OH
band.
The other more convincing method to determine the orientation of TMAO at the interface
by conventional SFG is to acquire the interference information between CH3 band of TMAO and
a reference with a known orientation. Sagle et al. measured SFG spectrum of TMAO at the
OTS/water interface. The OTS monolayer was fixed at the interface to serve as a reference. The
constructive interference between the CH3 band of TMAO and the CH3 Fermi resonance of OTS
indicates the methyl groups of TMAO and the terminal methyl group of OTS orient to the same
direction. 5 This results support the claim that the methyl groups of TMAO orients away from the
hydrophobic surface. Nevertheless, this non-intuitive orientation of TMAO is only observed at
the early stage of adsorption when the surface concentration of TMAO is low (see Chapter 9).
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TMAO Rotates Slowly at the Air/Water Interface during Adsorption
The time-dependent SFG spectra of TMAO in water shows dramatic changes in both CH
stretch region as well as OH stretch region over time. The relative intensity of CH3 vibrational
band becomes different and the water structure is hugely enhanced over time. The temporal
evolution of spectrum can be explained by molecular adsorption or by molecular reorientation or
by both occurring simultaneously over time. The continuing decrease in surface tension
demonstrates the increase in molecular concentration during the adsorption process of TMAO at
the air/water interface (will be discussed in Chapter 9). Then, the remaining question is whether
TMAO adopts different orientations when TMAO surface concentration increases? If the
temporal evolution of SFG spectrum of TMAO does not depend on orientation, the spectral
feature in the CH stretch region of TMAO solution should also be independent of time. Thus, we
measured SFG spectrum of TMAO in D2O to eliminate the interference from water background.
Evidently, the spectral feature in the CH region of TMAO in D2O also changes over time (see
Figure 6). This clearly indicates that TMAO reorients over time.
Figure 9 shows the schematic representations of two mechanisms, one is a simple
adsorption process without changing molecular orientation and the other one is the adsorption
plus reorientation process. Based on the spectroscopic results and surface tension results, the
temporal evolution of spectrum of TMAO solution is due to the reorientation of TMAO at the
air/water interface during the adsorption process.

Influences of TMAO on the Interfacial Water Structure
The exact orientation of TMAO at the air/water interface is not easy to determine by
looking at peaks in the CH stretch region because the assignments for each peak in the region are
unclear. Probably another easier way to determine TMAO orientation is by looking at the
enhanced water structure. The NO-dipole of TMAO has been proved to strongly hydrogen bond
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with water molecules by infrared spectroscopy in this study (see Chapter 4) and in the other
literatures6. Moreover, the ssp-SFG spectrum of N, N-dimethyltetradecylamine N-oxide soluble
monolayers on water shows strong enhanced water structures. This demonstrates that wellaligned NO-dipoles at the interface enhance the ordering of water molecules underneath.
Tahara et al. performed phase sensitive SFG to investigate trialkylamine N-oxide at the
air/water interface.7 They found there are two distinct water species at the zwitterionic interface.
One OH band has a positive phase at low frequency and the other one has a negative phase at
high frequency. The positive OH band associated with the negatively charged oxygen and the
negative OH band associated with the positively charged trialkylammonium group. The
difference in frequency of two water species indicates that the negatively charged oxygen causes
stronger hydrogen bonding than the positively charged trialkylammnium group. Presumably, the
effect of TMAO on the interfacial water structure should be in harmony with the case of
trialkylamine N-oxide. In addition, although both NO dipole and trimethylammonium group
could align water, the NO-dipole should have a stronger influence than the trimethylammonium
group. It has also been suggested that water shows a rather parallel orientation near the methyl
groups of TMAO.8
At the early stage of adsorption, there is nearly no enhanced water structure even up to 5
M TMAO in the ssp spectra. This is because the NO dipole of TMAO is tilted. Therefore, the zcomponent of the NO dipole at the interface is reduced. There is no enhanced water structure in
the sps spectra of TMAO solutions at the early stage as well. This indicates there is also no net xy component of the electric field due to random orientation. Figure 10-a shows the schematic
representation of two tilted TMAO molecules at the interface. The magnitude of the z-component
of the NO dipole is reduced due to the large tilted angle to the surface normal. The dipole
moment components in the xy-plane (in the plane of surface) largely cancel with one another due
to the broad orientation distribution.
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At the later stage of adsorption, the water structure is enhanced dramatically in the ssp
spectra of TMAO solutions (see Figure 4-a). This indicates the number of vertically oriented
water increases. In addition, the water structure is also enhanced in the sps spectra of TMAO
solutions (see Figure 4-c). This indicates the number of aligned water in the surface plane is also
increased. These spectroscopic results indicate there are net electric fields in- and out-of the
surface plane. Figure 10-b shows TMAO molecules align at the interface in a more vertically
orientated direction. The net dipole moment of TMAO at the interface contains one component at
z-direction and one component in the xy-plane. Consequently, water molecules are aligned
accordingly. Figure 11 shows the averaged orientation of aligned water that is slightly tilted from
the surface normal at the interface.
Figure 12 is the schematic representation of the increase in number of aligned water as
the surface electric filed increases over time. This is because the averaged orientation of NO
dipole of TMAO becomes more perpendicular to the surface during the adsorption process.
Interestingly, the enhanced water structure cannot be achieved by increasing bulk TMAO
concentration (up to 5M) but can be achieved by adsorption.
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Figure 7 Schematic representations of interferences between CH3 vibrational bands of surfactants
and OH band of water. (a) cationic surfactants on water and (b) anionic surfactants on water. The
blue arrows represent the transition dipoles for the OH band of water and the CH3 symmetric
stretch of terminal CH3 of the surfactants. The upper-right figure depicts the relative phases of the
CH3 symmetric stretch (CH3, SS), the CH3 Fermi resonance (CH3, FR) and the CH3 antisymmetric
stretch (CH3, AS) from surfactants and the OH stretch from water. The bottom-right figure is the
resulting interference spectrum.
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Figure 8 Schematic representation of the interference between methyl vibrational band of TMAO
and OH band of water. The blue arrow represents the transition dipole moments of CH3
symmetric stretch and OH stretch. The interferences between OH band and the CH3 band are the
same in both (a) and (b) orientations.

Figure 9 Schematic representations of the two mechanisms of the temporal evolution of spectrum
of TMAO solution. Route A to C shows TMAO accumulate over time at the interface without
changing its orientation. Route B to C shows TMAO reorients during the adsorption at the
interface.
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(a)

(b)

Figure 10 Schematic representations of (a) TMAO molecules at the air/water interface at the
early stage, and (b) in the later stage. The dashed line indicates the interface, black arrow stands
for the dipole moment of the NO group and red arrows stand for the in- (x-y) and out-of-plane(z)
vector components.

Figure 11 Schematic representation of the averaged orientation of water molecules at the
interface of TMAO solution at the later stage of adsorption. The net transition dipole contains a
component at z axis and another component in x-y plane. x-y plane stands for the surface of the
solution and z axis stands for the surface normal.
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Figure 12 Schematic representation of water reorients over time in response to the increasing
surface electric field.
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Influence of TMAO on Dangling OH
The free OH stretch vibrational band is very sensitive to the surface coverage. It only
requires trace amount of surfactant to suppress free OH at the interface. However, the free OH in
the spectrum of TMAO solution does not vanish but only slightly decreases as TMAO bulk
concentration increases. This indicates TMAO molecules do not cover the whole surface area in
the measuring concentration range. This is consistent with the fact that it only decreases surface
tension slightly in the measuring concentration range.
Surprisingly, the free OH is preserved even when the hydrogen-bonded OH bands are
enhanced enormously over hours. This indicates even though TMAO strongly perturbs the
hydrogen bonding network, the free OH is rather insensitive to the presence of TMAO at the
interface. This observation resembles the cases of ice and water. Ice and water have very different
water structure in hydrogen-bonded region but have almost identical free OH peak.9 Thus, the
enhancement of water structure in the presence of TMAO is mainly due to vertically-orientated
NO dipole but not due to significant increasing surface coverage otherwise the free OH should
vanish. The dangling bond indeed disappeared after overnight adsorption. This is due to the large
increase in surface concentration of TMAO at the interface after a long time adsorption.
The interaction between surface molecules and free OH often results in a red-shift in
frequency of free OH and broader peak shape.10 However, this is not the case of TMAO. TMAO
barely affects the frequency and the shape of the remaining free OH band. In addition, the
frequency of the remaining free OH in the spectrum of TMAO slightly shifts to a higher
frequency. However, the magnitude of the shift is very small.

Implication for the stabilization of Protein Structure
The accumulation of TMAO at the hydrophobic surface increases the ordering of local
water structures. This presumably would increase entropy penalty to solvate a hydrophobic
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protein. Thus the spectroscopic results support the proposed protein stabilizing mechanism of
TMAO on a neutral elastin polypeptide. That is TMAO stabilizes proteins by releasing ordered
molecules from the protein surface into the bulk upon folding on entropic grounds. Those
molecules should be water, TMAO as well as additional water that are organized by the NO
dipole.
The influence of urea on the water structure at the BSA/water interface has been studied
by SFG previously.11 Urea shows mild influence on hydrogen bonding strength and flips at the
protein/water interface according to the net charge of the protein surface. Specifically, NH2
groups of urea point toward the protein surface at high pH and the C=O group of urea points
toward the protein surface at low pH. Because urea flips, the interfacial water flips accordingly.
This should dramatically alter the hydrogen bonding network around the protein surface. Urea
does not affect interfacial water structure as effectively as TMAO does. Their influences on the
interfacial water structure measured by SFG are consistent with the measurements of their bulk
solutions by infrared spectroscopy. TMAO strongly affects water spectrum whereas urea has
minimal effects.12
TMAO should also flip according to the chemical composition or the charge on the
protein surface just like urea does. In addition, TMAO should enhance interfacial water structure
much stronger at the negatively charged surface than at the positively charged surface of a protein
because the NO group affects hydrogen bonding strength stronger than the trimethylammonium
groups. TMAO is a universal protein stabilizer, meaning it can stabilize proteins with different
surface charges.
Figure 13 shows the hypothetical surface behaviors of TMAO at charged protein
surfaces. TMAO may directly interact with negatively charged protein surfaces and its NO dipole
can organize water molecules around it. The stabilizing mechanism for negatively charged
protein by TMAO is expected to be similar to that for a neutral protein. In contrast, TMAO may

103
not be in direct contact with positively charged protein surface because the NO dipole is strongly
hydrated and the interaction between the positively charged protein surface and the NO dipole of
TMAO is not strong enough to break the hydration shell of the NO dipole. Thus, the stabilizing
mechanism of positively charged protein by TMAO might simply due to the preferential
exclusion from the protein surface.
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Figure 13 Schematic representation of TMAO orientation at the protein surface. The arrows
represent the local electric field. (a) At the negatively charged protein surface, the NO dipole of
TMAO points toward solution and organizes surrounding water through hydrogen bonds. (b)
TMAO is excluded from the positively charged protein surface because the NO dipole of TMAO
is strongly hydrated.
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8.5 Conclusions
The orientation of TMAO is not significantly dependent on bulk TMAO concentration.
This is consistent with the fact that TMAO does not associate with itself strongly. In addition,
TMAO does not cover the entire surface area at high bulk concentration. Surprisingly, TMAO
rotates slowly from a side-on orientation to a surfactant-like orientation at the air/water interface
during the adsorption process. When TMAO adopts a surfactant-like orientation at the interface,
the interfacial water structure is dramatically enhanced. This is because the NO group points
toward the bulk water and align water molecules underneath. The influence of TMAO on the
interfacial water structure is highly dependent on the molecular orientation at the interface.
However, this temporal SFG spectral evolution may come from the impurity accumulation at the
interface overtime.
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Chapter 9
Surface Behaviors of TMAO at the Air/Water Interface

9.1 Introduction
The observed temporal evolution of spectrum of TMAO at the air/water interface is due
to the slow adsorption process. Two adsorption mechanisms at the interface have been proposed:
1) a diffusion-only mechanism and 2) a mixed kinetic-diffusion mechanism.1 In the two
mechanisms, molecules must first diffuse from the bulk solution into the subsurface and then
adsorb to the interface. In the diffusion-only mechanism, the adsorption barrier is in effect zero
and the rate-controlling step is the diffusion process from the bulk to the subsurface. The mixed
kinetic-diffusion mechanism is an activated-diffusion process.2 The rate-controlling step is the
adsorption from the subsurface to the interface. Only molecules in the subsurface have higher
energies than the activation energy barrier can adsorb to the interface. The adsorption energy
barrier prevents molecules from adsorbing to the interface and forces molecules to diffuse into the
bulk solution. Therefore, the activated-diffusion process often takes longer time to reach
equilibrium.3 The activation energy barrier may be due to increasing surface pressure, molecular
realignment or both.
In this chapter we measured dynamic surface tensions of TMAO solutions to monitor the
adsorption process of TMAO at the air/water interface. TMAO solution compressibility is
investigated by measuring the surface pressure-area (π-A) isotherms. SFG spectra were taken at
varying surface density of TMAO. The kinetic energy barrier of the adsorption process of TMAO
at the interface is obtained by monitoring the increase of SFG signals of TMAO solution at
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various temperatures. The adsorption of TMAO at the air/water interface is an activated
adsorption process with an energy barrier about 22.5 kcal/mole. TMAO adopts a side-on
orientation at low surface pressure, whereas it adopts a surfactant-like orientation at high surface
pressure. The interfacial water structure is enhanced as the surface pressure increases. However,
the temporal change of surface tension of TMAO solution may be due to the accumulation of
impurity at the interface.

9.2 Experimental
Dynamic surface tension measurements
Surface tension at the air-water interface was measured as a function of time by a force
tensiometer (sigma 701, Attension, Biolin Scientific) with a platinum wilhelmy plate (width: 19.6
mm, thickness: 0.1 mm) at 21 ⁰C. The platinum plate was rinsed with ethanol and copious ultrapure water and then was flamed until glowing brightly to remove any organic residue on the
probe. The surface tension of the solution was measured every 2-3 minutes over a period of
hours.

Surface pressure-area (π-A) isotherms
The surface pressure as a function of surface area (π-A isotherm) was measured by
pouring 35 mL of prepared solution in a Langmuir trough (Model 601 M, Nima, U.K.) with a
paper wilhelmy plate at 21 ⁰C. The Langmuir trough was cleaned by ethanol and water several
times. The cleanliness of the trough was checked by measuring the surface tension of pure water,
which should be close to 72 mN/m. The π-A isotherm cycles of pure water were also measured
until there is no increase in surface pressure upon surface compression to check the trough
cleanliness.
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SFG measurements
SFG spectra of TMAO solutions were measured as a function of surface area. The
surface pressure of the TMAO solution cannot be held at constant pressure for a long time
because TMAO forms a soluble molecular film at the interface and this will be discussed in the
following sections. Thereby, SFG spectra were taken at a constant surface area but not at a
constant surface pressure. The SFG signal of the OH stretch of TMAO solution at 3200 cm-1 is
continuously measured during the compression-expansion cycles.
To study the kinetic of the adsorption process of TMAO solution, the SFG signal of the
OH stretch at 3400 cm-1 of TMAO solution was continuously acquired right after solution was
poured into a small Langmuir trough, which is held at a desired temperature, until the intensity
reaches to a plateau.

9.3 Results
Figure 14-a shows the dynamic surface tension measurements of TMAO at various
concentrations acquired at room temperature. The surface tension drops over time and the slope
becomes sharper at higher concentrations. The temporal profile of surface tension shows an
induction time in the beginning followed by a slow decrease for hours. The rate of the slow
decrease stage becomes smaller over time. The induction time may be due to the initial adsorption
of TMAO from the subsurface to the interface. The induction time becomes shorter and the
decreasing rate becomes higher in higher TMAO concentration. The slow decrease could involve
both adsorption and molecular realignment process. The decreasing rate of the slow decrease
stage is also higher in higher TMAO concentration. The surface tensions after 12 hours for three
samples are 66.5 mN/m for 2M TMAO solution, 61 mN/m for 3M TMAO solution and 57.5
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mN/m for 4M TMAO solution. The adsorption of TMAO at the air/water interface does not
achieve equilibrium at the measured range at room temperature.
Figure 14-b shows the surface pressure-area (π-A) isotherms of 3M TMAO solution
measured at different time. The surface pressure of TMAO solution is increased when surface
area is compressed. In addition, TMAO solution becomes more compressible over time; that is
the surface pressure is higher at the same surface area in the successive compression cycles. This
indicates the surface concentration of TMAO increases overtime before each compression cycle
due to the adsorption process.
Figure 15-a shows the time dependence of surface pressure for 3M TMAO solution under
two expansion-compression cycles. The surface pressure sharply increases from 0 mN/m to ~25
mN/m when the surface area is compressed from 65 cm2 to 25 cm2. At constant 25 cm2 surface
area, the surface pressure gradually decreases from ~25 mN/m to ~17 mN/m in 40 minutes and
this is because the area compression rate is faster than the dissolution rate of TMAO. When
barriers open, the surface area increases from 25 cm2 to 65 cm2 and the surface pressure sharply
decreases from ~17 mN/m to 0 mN/m. This is because those accumulated TMAO molecules
spread from small area to larger area very quickly. The accumulation-re-dissolution-spreading
process under the expansion/compression cycles is reversible.
Figure 15-b shows the corresponding ssp-SFG spectra of 3M TMAO at low surface
pressure before compression (measured at constant 65 cm2 surface area) and at high surface
pressure after compression (measured at constant 25 cm2 surface area) during the expansioncompression cycles. The spectral feature of TMAO solution before surface compression contains
two sharp peaks at 2950 cm-1 and 2970 cm-1, minimum water structure and dangling OH at 3700
cm-1. After surface compression, the spectral feature has significant changes. There are two small
sharp peaks at 2850 cm-1 and 2875 cm-1, a strong peak at 2945 cm-1, a small bump at 3015 and
two broad hydrogen-bonded OH stretch bands around 3200 cm-1 and 3400 cm-1 in the spectrum.
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The intensities of CH3 stretch bands increase a lot after compression. This is consistent with the
increase in surface pressure of TMAO solution upon compression. The SFG spectral feature of
compressed TMAO solution is different from that of the time-dependent SFG spectra of TMAO
in H2O at the later stage (see Figure 4). This is due to the differences in surface density and
molecular organization. Recall from Chapter 8 the dangling OH remains in the time-dependent
SFG spectrum of TMAO in H2O after 3 hours, which indicates the surface is not fully covered by
TMAO within the measuring period. The dangling OH completely disappears when the TMAO
solution surface is compressed to 25 cm-1. This indicates TMAO molecules cover the entire
solution surface under surface compression. This is true that such high surface density of TMAO
can be achieved when the solution is compressed to a small area, but cannot be easily achieved by
spontaneous adsorption at the interface in a short period. Moreover, the intensity of hydrogenbonded OH relative to the intensity of CH3 stretches in the spectra of compressed TMAO solution
is lower than that in the time-dependent spectra of TMAO in H2O at the later stage. This indicates
that molecules are less vertically aligned in the compressed TMAO solution compared to those
spontaneously adsorb to the interface of solution. During the period of re-dissolution of TMAO at
constant 25 cm2 surface area, the surface pressure gradually decreases over time, whereas the
SFG spectra measured at different time in that period are almost identical (marked by (2) and (3)
in Figure 15-(a) and 15-(b)). SFG response to the surface change becomes less sensitive than
surface tension above a critical surface pressure. This may due to the fact that SFG signals are
only generated from top few layers of the surface where the centrosymmetry is broken and the
infrared beam does not attenuate too much.
Figure 16 shows the SFG intensity of hydrogen-bonded OH stretch at 3200 cm-1 for 3M
TMAO solution as a function of time under three compression/expansion cycles. The change in
intensity of SFG signal is in coherence with the change in surface pressure as a function of time.
However, the response of SFG signal is less sensitive compared to the response of surface
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pressure to the surface change. The shape of surface pressure under a compression/expansion
cycle is an asymmetric rounded square, whereas the shape of SFG signal under a cycle is more
square-like which shows less details about the surface changes. In addition, the reversibility of
realignment of water at the air/3M TMAO solution interface under compression/expansion cycles
is demonstrated.
Figure 17-a shows the kinetic study of adsorption process of TMAO at the air/water
interface. The SFG signal of hydrogen-bonded OH stretch at 3200 cm-1 of 3M TMAO solution
was acquired continuously until a plateau was reached. At a given temperature, the increase of
SFG signal as a function of time could be fit by a single-exponential function (eq 1):
 =  +  ି௧

(1)

where  is the intensity of SFG signal,  is the background intensity,  is a proportionality
factor,  is the apparent rate constant for the process, and  is time. The  constant increases as
temperature increases.
The dependence of rate constants () on temperature ( ) can be fit by Arrhenius equation
(eq 2):
 =  ିாೌ /ோ்

(2)

where  is pre-exponential factor,  is the activation energy and  is the gas constant. Equation
2 can be written in logarithmic form:
ln  = ln  − ோ்ೌ
ா

(3)

Figure 17-b is the plot of ln  versus 1/ for the TMAO adsorption process from which the
Arrhenius activation energy  can be calculated. The calculated activation energy is 22.5 kcal/
mole. This huge activation energy explains why the adsorption process is so slow.
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(a)

(b)

Figure 14 (a) Dynamic surface tensions of TMAO solutions at various concentrations and (b) πA isotherms of 3M TMAO taken at different time.
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(a)

(b)

Figure 15 (a) Plot of the time-dependence of surface pressure of 3M TMAO solution under two
expansion/compression cycles; the black dashed curve represents the surface area and the red
solid curve represents the surface pressure. b) The corresponding SFG spectra (are designated by
number) measured in the expansion/compression cycles.
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Figure 16 The time dependence of SFG signals at 3200 cm-1of 3M TMAO solution under three
compression/expansion cycles. The surface pressure was controlled by closing and opening
barriers on a Langmuir trough subsequently. Black line represents SFG signal and the red line
represents surface pressure.
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(a)

(b)

Figure 17 (a) SFG signal increases for 3M TMAO solution at 3400 cm-1 versus time at 29.6,
23.3 and 39 ⁰C and the fit (cyan) to the curve. (b) Arrhenius plot of TMAO reorganization at the
interface.
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9.4 Discussion
The slow decrease in surface tension over time is in harmony with the observed temporal
evolution of spectrum of TMAO at the air/water interface. Both dynamic surface tension data and
spectroscopic results demonstrate the slow adsorption process of TMAO at the air/water interface
involves the increase in surface concentration and molecular reorientation. However, again this
decrease in surface tension may be due to the impurity concentration increases overtime at the
interface.
Unlike a typical Langmuir monolayer there is no distinct phase transition and collapse
point in the π-A isotherm of TMAO solution. This indicates TMAO forms a soluble molecular
film at the interface. TMAO molecules re-dissolve into the bulk solution when the surface is
compressed to a smaller area. The orientation of TMAO is directly correlated with surface
pressure. TMAO adopts a side-on orientation at low surface pressure, whereas TMAO molecules
are vertically orientated at high surface pressure upon surface compression. The NO dipole of
TMAO points toward the bulk solution upon surface compression; thereby, water structures are
significantly enhanced.
At low surface concentration, each TMAO molecule can be well-hydrated so that it
adopts a side-on orientation to hydrate both methyl groups and the NO group. On the other hands,
at high surface concentration, TMAO becomes dehydrated and start to consume dangling OH.
Because it costs more energy to dehydrate NO dipole than to dehydrate methyl groups, TMAO
must give up hydrating methyl groups and adopt a more surfactant-like orientation to keep the
NO dipole sufficiently hydrated in a water deficient environment.
Figure 18 shows the schematic representation of TMAO at the air/water interface under
expansion and compression. When the barriers are opened, TMAO adopts a side-on orientation at
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the interface without covering the entire surface area. TMAO molecules diffuse from the bulk
solution to the subsurface and adsorb to the interface. When the barriers are closed, TMAO
packed into a small area and some of them desorb from the interface and re-dissolve into the bulk
solution. TMAO molecules are vertically oriented at the interface and cover the entire surface
area, with water molecules underneath preferentially align their dipole (HO) away from the
oxygen of TMAO.
The adsorption of TMAO at the interface is a mixed kinetic-diffusion controlling process
with an activation energy barrier about 22.5 kcal/mole. The energy barrier is due to the increasing
surface pressure and molecular realignment at the interface.1 Surprisingly, the slow adsorption
process of small molecule at the air/water interface is not widely recognized in literatures.
However, this phenomenon seems to be general for mild surface-active small molecules such as
trimethylglycine, tetramethylammonium chloride, phenylalanine4 and hexanoic acid5 and some
soluble surfactants3a, 6.
Intracellular environment is very crowded and contains many kinds of molecules.
Moreover, protein surface is never flat but irregular in shape. Thus, multiple orientations of
molecules in those confining geometries are expected.7 TMAO was found to adopt a side-on
orientation or a surfactant-like orientation at the hydrophobe/water interface depends on surface
pressure. Furthermore, two orientations have substantially different impacts on the hydrogen
bonding network. Therefore, a more complex picture of interactions between TMAO, water and
macromolecular surface in a real cell is expected. This work is expected to have significant
impacts on the understanding of TMAO stabilizing effect on macromolecules and the
development of protein-resistant materials8.
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(a)

(b)

Figure 18 Schematic representation of TMAO at the air/water interface in a Langmuir trough
with two barriers (grey rounded squares) under (a) surface expansion and (b) surface
compression. The black arrows represent adsorption of TMAO to the interface in (a) and
desorption of TMAO from the interface in (b).
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9.5 Conclusions
The slow adsorption process is monitored by measuring surface tension over time. The
slow decrease in surface tension is consistent with the slow temporal evolution of SFG spectrum
of TMAO solution. The adsorption process of TMAO at the air/water interface is an activated
diffusion process with an energy barrier about 22.5 kcal/mole. The huge adsorption barrier is due
to the increasing surface pressure and realignment of TMAO at the interface. The orientation of
TMAO is directly correlated with surface pressure. TMAO adopts a side-on orientation when the
environment provides sufficient water to hydrate both methyl groups and NO dipole such as in a
dilute solution. On the other hand, TMAO adopts a surfactant-like orientation in a water deficient
environment such as in a crowded environment. However, this temporal change in surface
tension and the SFG spectrum of TMAO solution at high surface pressure may be due to the
accumulation of impurity at the interface.
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Chapter 10
Future Direction
Impurity Concern: Measuring SFG spectra of TMAO at the NO vibrational band region
If the SFG spectral change is really due to TMAO solely, the NO dipole around 970 cm-1
should also appear in the spectrum. Moreover, the intensity of the NO dipole should increase
when the number of vertically orientated NO dipole at the interface increases overtime. In
addition, measuring ssp, ppp and sps spectra of TMAO solution in the NO vibrational region can
help determine the orientation of TMAO at the interface.

The Effect of TMAO on the Interfacial Water Structure: Isotopically Diluted Experiment
Figure 19 is the time-dependent SFG spectra of TMAO solution in the OH bonded
region. The enhanced intensity of the hydrogen-bonded OH band and the red-shift of the
frequency of the maximum indicate the number of well-ordered water molecules increases and
the hydrogen bonding strength becomes stronger when TMAO rotates from a side-on orientation
to a surfactant-like orientation. However, to unambiguously study the dependence of hydrogen
bonding strength on TMAO orientation, the complex inter/intramolecular coupling has to be
avoided. Mondal et al. have performed phase sensitive SFG of N, N-dimethyldodecylamine Noxide (DDAO) on isotopically diluted water to study the effect of the NO dipole on the uncoupled
OH stretch. They found two distinct water species at the interface. One OH band with the
maximum at 3200 cm-1 associated with negatively charged oxygen and the other one with the
maximum at 3500 cm-1 associated with the positively trialkylammonium group.1 Presumably,
TMAO should have similar effect on the interfacial water structures.
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I proposed to acquire time-dependent SFG spectra of TMAO in isotopically diluted water
(ଶ /(ଶ  + ଶ ) = 1/3) or acquire spectra at varying surface pressures. The frequency of the
narrow uncoupled OH band is expected to shift to a lower frequency when TMAO rotates from a
side-on orientation to a surfactant-like orientation. MEM phase retrieve algorism can also be used
to retrieve phase information from the spectrum. The phase of uncoupled OH band is expected to
flip from negative (H-down) to positive (H-up).

Microscopic Image of TMAO Molecular Film: Brewster Angle Microscopy
Brewster angle microscope has been widely adopted to study thin film morphology on
liquid surface.2 Typically a simple Brewster angle microscope contains a monochromatic
polarized light source propagates to the surface of interest with a Brewster angle, and a camera to
detect the reflection of light from the surface.3 Specifically, a p-polarized laser beam is used and
shows negligible reflectivity from the air/water interface at the Brewster angle about 53.1⁰. The
presence of molecular film or domains changes the reflective index locally. Thus, those surface
structures can be imaged by reflectivity contrast.
I propose to take the BAM images of TMAO at the air/water interface as a function of
time or at varying surface pressures. Thus, the aggregation behaviors of TMAO at the interface
can be understood by imaging the surface morphology.

125

Figure 19 SFG spectra of 3M TMAO at the air/water interface over time in the hydrogen-bonded
region.
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