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Chapter

Introduction

1.1 Interfaces - A General Perspective

Surfaces are ubiquitous in nature. Essentially, of everything we see around us, we observe the exposed
surface. Surfaces define the boundary with the surrounding environment and influence interactions
with that environment, and so it is no surprise that surfaces and interfaces have been intensely
studied. We are confronted with interfaces almost every day through phenomena like corrosion,
tarnishing of metals, friction, lubrication of moving parts,adhesives, surface tension in liquids and a
variety of heterogeneous chemistry in atmospheric (e.g., aerosol chemistry), geological (e.g., mineral
oxide-water interfaces) and biological processes.

The discipline 'Surface Science’ deals with surfaces ranging from very well-defined single-crystal
metal surfaces in ultra high vacuum to extremely complex surfaces of biological cells in living or-
ganisms. These efforts are prompted both by a fundamental interest in these intriguing systems,
and by the technological importance of surfaces and interfaces: industrial-scale heterogeneous catal-
ysis - whereby reactants (monomers) are adsorbed typically on a metallic surface which reduces the
activation energy barrier and provides the essential reaction site - has revolutionized the polymer,
petroleum, food and automobile industries today; large surface area materials have been essential for
this development. Asymmetric heterogeneous catalysis has recently been used to synthesize enan-
tiomerically pure compounds using chiral heterogeneous catalysts; implications of this development
in drug discovery and medicinal chemistry can only be imagined. Metal-insulator interfaces are
beginning to show their true power in emerging technologies, like spintronics - whereby the intrinsic
electron spins can be used to transport information efficiently. For instance, a major breakthrough
has recently been reported on transporting electron spins by efficient quantum-mechanical tunnel-
ing through a thin layer of insulator, interfacial with two flanking ferromagnetic layers - termed as
Tunnel Magneto-Resistance [1]. So we see interfaces of different materials have remarkable properties
that can truly revolutionize existing, and emerging technologies likewise.

Arguably one of the most important interfaces is the membrane surrounding living cells, which
enclose a small volume of aqueous solution and separate it from the outside. However, membranes
are not simply passive molecular barriers between the interior and the exterior; in fact, their active

participation in a variety of natural phenomena is essential for life. In this thesis, we aim at getting



new insights into biological membranes using novel laser-based techniques.

There is a major challenge associated with obtaining a comprehensive understanding of the
complex physics and chemistry of interfaces, owing to the difficulty in probing a few angstroms of
matter. Nobel Laureate Wolfgang Pauli once said, God made the bulk; the surface was invented
by the devil. Pauli explained that the diabolical properties of surfaces were due to the simple fact
that surface atoms do not have an isotropic environment: they interact with three different types of
atoms: those in the bulk below, other atoms from the same surface, and atoms in the adjacent phase.
As a result, the properties of surface atoms are very different from those in the adjacent bulk media.
With intense experimental pursuits and the advent of a wide variety of surface techniques over
the past 50 years, like transmission electron microscopy [2,3], low energy electron diffraction [4, 5],
scanning tunneling microscopy [6-8], atomic force microscopy [6, 9], neutron reflectometry [10],
neutron scattering [11] and X-ray diffraction [12,13], complemented by powerful molecular dynamics
simulation studies [14-20], our understanding of surfaces has been radically enhanced, as testified
by a variety of emergent surface technologies and a better control over the variety of fundamental
interfacial phenomena observed in nature.

The applicability of many surface science techniques is limited to surface samples that can with-
stand ultrahigh vacuum (UHV) conditions. These techniques are often invasive and generally set
specific requirements on the samples, that limit the types of interfaces that can be studied. For in-
stance, UHV conditions are not conducive to study solid-liquid and liquid-liquid interfaces. Probing
surfaces by optical techniques is, in general, more flexible, non-invasive and is applicable to samples
in their native environment. Indeed, optical techniques such as surface plasmon resonance [21,22]
and reflection absorption IR spectroscopy [23-25] have been insightful while probing surfaces non-
invasively. In the past two decades, second-order nonlinear optical techniques of second harmonic
generation (SHG) and sum frequency generation [26-30] (SFG) have proven to be versatile non-
invasive tools for probing all kinds of interfaces with excellent molecular and surface specificities.
The strength of these techniques for studying surfaces and interfaces lies in their inherent surface
specificity. Although it was established in the mid-sixties that second harmonic and sum frequency
generation could be used to investigate specifically the structures of surfaces and interfaces of cen-
trosymmetric materials (under the electric dipole approximation), it was not until about 1980 that
technical advances in laser sources enabled nonlinear optical spectroscopy of surfaces to become well
established as a separate subfield!

In this thesis I present briefly, the vibrationally-resonant sum frequency generation (VSFG) tech-
nique that we use to to probe molecular processes at liquid-vapor interfaces but primarily introduce
a novel time-resolved IR pump - VSFG technique in our continuing quest to unravel some of the

mysterious dynamical phenomena associated with biological membranes.

IFor a historical perspective of surface nonlinear optics, I refer to the following review articles by Nobel Laureate,
Nicolaas Bloembergen:

e Nonlinear optics and Spectroscopy. Reviews of Modern Physics, Vol. 54, No. 3, July 1982
e Surface nonlinear optics: a historical overview. (Invited Review) Applied Physics B, Vol. 68, 289-293, 1999



1.2 Interfaces in Biology

The main motivation behind the work presented in this thesis is the intriguing yet extremely complex
biological interface - the cellular membrane - which compartmentalizes different cell organelles from
the external environment and keeps them together for specific biological functions. The cartoon
shown in figure 1.1 depicts some of the major constituents of a cell membrane: the lipid bilayer,
forming the primary boundary of the cell and various integral and transmembrane proteins embedded
in this lipid bilayer for selective transport across the membrane barrier or cellular signaling functions

across the cell.
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Figure 1.1. The cell membrane. (Courtesy: Wikipedia)

Membranes define the external boundaries of cells and regulate traffic across that boundary.
These membranes are however, not merely passive observers of intercellular events. They chaperone
and organize a variety of complex reaction mechanisms that control the cellular mass-energy balance
and signaling. These membranes have some remarkable properties. Their flexibility permits shape
changes that accompany cell growth and movement. They have the ability to break and reseal,
causing two membranes to fuse (in exocytosis), or causing a single membrane-enclosed compartment
to undergo fission to yield two sealed compartments (in endocytosis or cell division) without any
gaping holes or leaks. The selective permeability of membranes allow them to retain certain ions
and molecules within cells while excluding others, thus maintaining the ion-balance of the cell. The
cell membranes thus participate in a multitude of biochemical processes either actively or by pro-
viding a scaffolding for various transmembrane proteins like sodium-potassium ion channels. These
functionalities indicate that membranes are not merely a passive barrier but crucial for fundamental

cell functioning. Different types of membranes with different compositions, are found even inside



the cells compartmentalizing different cell organelles; for instance, the inner and outer mitochondria,

lysosomes, nucleus, rough endoplasmic reticulum (ER), smooth ER, golgi apparatus, etc.

1.3 Membranes and Interfacial Water

To understand the remarkable properties exhibited by membranes, one needs to consider their un-
derlying molecular structure. Lipids, particularly phospholipids, are the basic building blocks of
cellular membranes. The key property of lipid molecules is their amphiphilicity - lipids consist of a
polar (hydrophilic) head and an apolar hydrocarbon (hydrophobic) tail, as shown in figure 1.2. As
soon as the lipid molecules come in contact with water, the amphiphilicity of the lipids provides the
driving force for the spontaneous self-assembly into monolayers and bilayers, with interfacial water
molecules hydrating the hydrophilic headgroups? (see figure 1.2).

The lipid hydration process has important structural and functional consequences [31] for the
membrane itself. For instance, hydration dynamics [32] and water-lipid interaction strengths [33]
are closely related to the membrane fluidity and the molecular organization of the lipids.

The details of the mono-/bilayer self-assembly, including its mechanical properties, the lipid
density in the bilayer and the thermodynamics of the process, depend strongly on the hydration
of the hydrophilic lipid head groups. The biophysical processes at the cellular interface leading to
proper cell functioning are thus dependent, not only on the lipid self-assembly per se, but also on
the closely associated interfacial water molecules which dictate the mono-/bilayer functionalities.
A detailed molecular level picture of the variety of biophysical processes occurring at biological
membranes can only be gained by understanding how lipids, proteins and water interact among
themselves and with each other. The molecular details of such interactions are expected to be
crucial towards the functioning of particular membrane-bound proteins.

Our guess towards understanding of the complexity of membrane function has largely overlooked
the role of water in membranes: water is still only efficiently represented as a dielectric medium [34].
Various prior studies imply that this view of water may not do justice to the complexity of its role in
membrane function. For instance, studies of partially hydrated bilayers by X-ray scattering, neutron
scattering and calorimetry suggest that the lipid phase - an essential parameter for membrane
function - varies strongly with membrane hydration [31]. Further, NMR data from stacks of hydrated
bilayers make clear that lipid head groups exhibit a strong influence on local water structure: the
mobility of membrane-bound water is 100 times slower than that in bulk [35-37]. There is also
a growing evidence for the importance of water in specific biochemical /biophysical functions: for
example, recent computational studies have highlighted the possibility that water may mediate the

interaction between some transmembrane proteins and the surrounding lipids [38, 39].

2In the presence of apolar (hydrophobic) tails, water tends to form ordered hydrogen-bonded caged structures
around the apolar groups leading to a decrease in entropy of the water-hydrophobe system. Driven by this reduced
entropy, the hydrophobic tails tend to aggregate in order to minimize their exposure to water. This phenomenon
of aggregation of the hydrophobic tails in the presence of water, called hydrophobic interaction, together with the
hydration of the hydrophilic headgroups, leads to the spontaneous assembly of the amphiphilic lipid molecules, forming
a monolayer on the water sub-phase.
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Figure 1.2. (a) Lipid molecule (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC) with the indicated
hydrophilic (blue) and hydrophobic (purple) groups. (b) Schematic of the water/air interface. (c) Schematic
of a self-assembled monolayer of lipid on a water sub-phase.

The structural dynamics in membranes span timescales from picosecond to millisecond. The
short timescales typically indicate fast structural processes like hydrogen-bond rearrangements of
water, and the slower processes are associated with both conformational change in larger molecules
(lipids and proteins) and collective processes like flip-flop dynamics in the membrane. Since the
molecular level properties of small molecules, particular those of water, are known to be important
for a number of biochemical /biophysical processes, these time scales are coupled. For instance, it is
simply not sufficient to understand conformational rearrangements of transmembrane proteins as an
event occurring in a static background of a dielectric continuum of local water molecules. Moreover,
the underlying dynamic structure of the membrane along with its local environment (interfacial water
molecules) has implications in the observed timescales of various biological events at the interface.
Understanding the dynamics of bio-membrane systems on very short timescales is thus essential for

a complete understanding of events occurring on longer timescales.



1.4 Challenges in probing interfacial water

Probing the interfacial water and their interactions with the membranes has always been an exper-
imental challenge, as this layer of water is extremely thin. Although Berkowitz et al have shown,
through molecular dynamics (MD) simulations, that this membrane hydration layer extends only up
to ~5 A from the membrane layer [20], these simulations depend heavily on the choice of model po-
tentials used in the calculations. It is only imperative that the membrane hydration layer is directly
observed through experiments to validate the true nature of these membranes. As a guideline, we
can see from the water density profile calculated by MD simulations (shown in figure 1.3), the mem-
brane bound water essentially has several locations along the surface normal as we move towards the
bulk. The plot reveals the locations of buried water (region I) near backbone and carbonyl groups
of the lipid headgroup, a first external hydration shell (region II) near the phosphocholine group,
secondary hydration shells (regions III-IV) and the bulk water (region V).

water density

-15
— -10
— -5
| & M. “.*’
B P % q?
> H
N o) )
” 7 - 5 3 {‘ @ofopfo .
I D b - é ¢
IV ‘ — 10 e °
.. ©
v 15 O\‘/ Q- ©

Figure 1.3. The water density profile at the DPPC/water interface from MD simulations [20], is shown on
the left. Five distinct regions of interfacial water have been indicated as I-V as a function of the depth (in
A), starting from -15 A (air), towards 0 A (phosphate group of the lipid) and finally to 15 A (bulk water).
Region I (-5 to 3 A) represents location and density of buried water near the carbonyl groups. Region
II (3-6 A) indicates first external hydration shell. Region III-IV (6-12 A) indicates secondary hydration
shells. Region V (>12 A) indicates bulk water. The cartoon of the hydrated lipid on the right indicates the
interfacial water regions, roughly corresponding to the depth scale on the left.

Since directly observing this interfacial water and its role in various complexities of membrane

structure/function poses a great experimental challenge, there is no one perfect method for studying



such systems. Although it is beyond the scope of this thesis to describe in detail, the wide variety
of methods that have successfully been applied to study biological membranes, include time-domain
fluorescence (upconversion [40]or correlation [41]) spectroscopies, ESR/EPR, [42—44] and NMR (see,
e.g. Refs. [45-47]) studies of membrane dynamics, neutron [37,48,49] and X-ray scattering [50-52],
conventional [53] and multidimensional infrared [54] spectroscopies and scanning probe microscopies
[65]. Each of these techniques has its own unique strengths and limitations. In terms of limitations,
some of the techniques require a perturbation of the sample due to the local environment necessary
for the measurement, such as the elimination of an adjoining liquid water phase (for studies in
vacuum), or the stacking of lipid bilayers (e.g. for NMR). Extrapolating such results to biologically
relevant conditions clearly requires that the properties of interest do not change as a function of
hydration level or headgroup-headgroup interaction. Other techniques may inherently perturb the
sample by the means of measurement, for instance by adding a fluorescent label for microscopy,
using the tip of a scanning probe microscope, or using high-energy neutrons, X-rays or electrons.
Moreover with the existing surface techniques, directly probing such a complex membrane-bound
interfacial water non-perturbatively, is almost impossible without compromising on the surface- or
molecular-selectivity.

In the recent past, the second order non-linear optical techniques of second harmonic generation
(SHG) and sum frequency generation [26-30](SFG) have proven to be a versatile non-invasive label-
free all-optical tool for probing interfaces, especially liquid-liquid interfaces, with excellent molecular
and surface specificities. Using vibrational SFG (VSFG), one can probe the vibrational chromophores
present in the interfacial molecular moieties, in a background-free, label-free manner. This, as we

shall see, is our primary choice of technique to look at the interfacial water.

1.5 Vibrational Sum Frequency Generation (VSFG) Spec-
troscopy - The Surface Probe

Although a vast number of literature has been written on various nonlinear optical techniques, in
this section I introduce some of the basic concepts behind VSFG and its surface and molecular
specificity. A comprehensive theoretical treatment of nonlinear optics is beyond the scope of this
thesis, but can be followed up in the textbooks of Boyd [56] and Shen [57].

1.5.1 Concepts in Nonlinear Polarization

In linear optical phenomena like reflection or refraction, the optical response of the material atoms
is linearly proportional to the strength of the externally applied optical field. Nonlinear opti-
cal phenomena, on the other hand are nonlinear, in the sense that the optical response of the
atoms/molecules in the material depends in a nonlinear manner on the strength of the applied op-
tical field. For instance, second harmonic generation is one of the processes that may occur when
the optical response of the material depends quadratically on the applied optical field strength. To

quantify the material optical response as a result of the applied optical field, one needs to consider



the time-dependent polarization P(r, ) induced in the material, which can be expanded in a Taylor

series in terms of the applied field E(r,t) to give, in a simplified notation:

P(r,?) YYE(r, t) + xPE2(r,t) + xOE3 (r,t) + ... (1.1)

= PO, )+ PA(r,t) + PO (r,8) + ... (1.2)

where x(!) is the linear susceptibility (or polarizability) - responsible for all linear optical processes;
x® and x(®) are the second-order and third-order optical susceptibilities, respectively - responsible
for various nonlinear phenomena like SHG/SFG and third harmonic generation. The induced time-
dependent polarization P(r,t) in the material acts as a source term for generating new fields and is
governed by the optical wave equation that follows directly from Maxwell’s equations in the electric
dipole approximation?
2 2

—V2E(r, t) + C—lz%E(r,t) = —%%P(r,t) (1.3)
The term E(r,t) in this equation 1.3, is the electric field generated in the material as a result of
the induced polarization P(r,¢). This induced polarization is a sum of the linear and non-linear

polarizations in the material as shown in equation 1.4

P(r,t) = PW(r,t) + PN (¢ 1) (1.4)
where P(M)(r,t) is the linear polarization and P(NY)(r,¢) is the non-linear polarization. The non-
linear polarization term is the driving field for various non-linear processes.

1.5.2 Sum Frequency Generation

Sum frequency generation (SFG) is a second-order non-linear optical process in which the second-
order polarization P (r,t) acts as the nonlinear source term P™NY(r,#) (see eq. 1.4) in Maxwell’s
optical wave equation shown in equation 1.3. From equation 1.1, we have seen that the generic

second-order polarization term is given by:

PR _ , @R? (1.5)

When two different optical fields E; and Es are applied in a material, the total electric field expe-

rienced by the system is:

E=E +E, (1.6)

3Under the electric dipole approximation, the wavelength of the electromagnetic radiation which induces (or is
emitted during) transitions between different energy levels, is much larger than the typical size of the material atom,
approximated to a dipole. It is assumed that the dipole induced within a molecule is related solely to the applied
macroscopic field and that contributions from the dipolar fields of neighbouring induced dipoles may therefore be
ignored. In addition, within this approximation, the effects of optical magnetic fields and multipoles are neglected, in
order to simplify the Maxwell’s equations in the course of deriving the optical wave equation.

8



where the applied fields have optical frequencies w; and wy and have the form:

E, = FEjcoswit (1.7)
E2 = EQ COS wat (18)

Now using the equations 1.6, 1.7 and 1.8 in equation 1.5,

P? =3 [E} coswit + B cos wat]? (1.9)

On expansion of equation 1.9, we get all the possible second order nonlinear optical processes:

(2)
P® = XT [E? + E2 — E? cos 2wit — E3 cos 2wat 4 2E 1 Ey cos(wy +ws )t +2E1 Ep cos(wi —ws)t] (1.10)

In equation 1.10, the first two terms on the right-hand side, represent frequency-independent optical
rectification, the next two represent SHG processes at 2wy and 2ws optical frequencies, the next one
SFG at wy + wo frequency and the last term difference frequency generation at w; — wy frequency.
Although the simple classical electromagnetic approach adopted here is sufficient to demonstrate the
origins of various second-order nonlinear processes, an exhaustive definition is obtainable through
rigorous calculations, such as those presented in the textbooks by Shen [57] or Boyd [56].

In the following section(s), I shall focus mainly on the SFG component of the second-order
polarization, where the generated field has a frequency at the sum of the frequencies of the applied
optical fields. We shall also show how to use this nonlinear optical technique as a surface-sensitive

optical probe.

1.5.3 Vibrational Sum Frequency Generation at Interfaces

The VSFG experiment is schematically shown in figure 1.4. Experimentally, when two laser beams
- one with a tunable mid-IR frequency (Mg ~3000 nm) resonant with a vibrational mode in the
system and the other with a fixed near-IR (visible) frequency (Avis =800 nm) - are overlapped in
space and time at an interface and such that the energies and momenta (phase matching) of the
incoming and outgoing photons are conserved, vibrational SFG (VSFG) is generated at a visible
frequency (Agp ~630 nm). The energy and momentum conservation (phase-matching condition) of

the photons involved in the VSFG process are shown in the relations:

hwspe = Twir + hwyis (1.11)
SFG  _ IR | pvis
K¢ = KR4k (1.12)

where kh is the component of the wavevector of the corresponding photon ¢ parallel to the surface.
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Figure 1.4. (a) Schematic of the Vibrational SFG (VSFG) experiment at an interface. (b) The energy level
diagram depicting the VSFG process where the IR frequency is resonant with the 0—1 transition and the
visible frequency is non-resonant and simply upconverts the 0—1 transition to generate the SFG signal.

The correct description of the second-order nonlinear polarization in the Cartesian co-ordinates

of the lab frame, is given by:

P3G = X 0B visBin (1.13)

where i, j and k are indices that correspond to the Cartesian co-ordinates x, y and z (corresponding

to the axes shown in figure 1.4). Pi(zs)FG denotes the induced polarization in the i*? direction due

to the jth and k'™ components of the applied fields, E;is and Ey 1r, respectively and Xijl)c is the
third-ranked second-order macroscopic susceptibility tensor.
In the VSFG process, the emitted SFG field, Egpg is phenomenologically related to the induced

second-order polarization Pi(QS)FG, through the equation:

Eisrc = LiP{dng (1.14)

where L; is the non-linear Fresnel factor associated with Pi(QS)FGv and it takes into account the
geometric (phase matching) considerations of the SFG process - for instance, the polarizations and
the angles of the incident applied fields, define the direction of the emitted SFG field.*

4The electric fields also have Fresnel factors associated with them, usually denoted by K j. Essentially equation
1.13 can be re-written while including the electric field Fresnel factors as:

2 2
Pi(,S)FG = ngl)cKjEp/s,ViSKkEp/s,IR (1.15)
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The SFG intensity Ispg, which is the square of the emitted SFG field E; srg, is then simply

proportional to the square of the induced polarization, as follows:

1.16
1.17

Lsrc = |Eisrcl?
2
Isrc = |LiPi(,S)FG|2

= |Lin(']2‘I)cELIREk,ViS|2

—~ o~ o~
—_
—_
(0¢)

= D =

—_
[t
=)

2
|Lin(‘j])€|21j,IRIk,vis

Therefore, by simply measuring the SFG intensity using certain polarization combinations of the

incoming and outgoing beams, one can estimate the value of Xz(f,l for a given material.

1.5.3.1 Properties of x(?) and surface-sensitivity of VSFG

XE?,)C is a third-rank tensor, where i, j and k indices represent the Cartesian co-ordinates of the

laboratory frame, thus leading to 27 possible susceptibility tensor elements. The macroscopic x(?
is related to the molecular second-order hyperpolarizability B/(\i)v (defined in the molecular frame),

through:

Xigk =N YA NG - k283, (1.20)

A,
where N is the number density of molecules, (%, 7 I%) are the unit vectors in the laboratory frame
and the (5\, fi, U) are the unit vectors in the molecular frame. The angular brackets indicate
averaging over the molecular orientational distribution. Thus X(g,)c is an orientationally- and number-
which is a product of the IR and

the Raman transition moments of the molecule. [58] Both X(2) and 3? are third-ranked tensors:

averaged quantity of the molecular hyperpolarizability,

224

third-ranked tensors have the property that they change sign upon an inversion operation in which

i— —%,j — —j,k — —k. Therefore,

2 2
X =%, (1.21)

For materials or systems possessing inversion symmetry, molecular properties do not change upon

inversion operation. Therefore:

2 2

The only solution that satisfies both the equations 1.21 and 1.22 is:

2 2
ﬁﬁf—ﬁﬁfo (1.23)

For purposes of this section where the electric fields are represented as vectors and not scalar quantities, it is not
necessary to discuss the electric field Fresnel factors exhaustively, although a thorough discussion can be found in [58].
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This sets the selection rule that SFG is forbidden in any medium/material that possesses inversion
symmetry, where the net Xg,l = 0 under the electric dipole approximation. The bulk of most liquids
or solids is regarded as macroscopically random, i.e. possesses inversion symmetry, and is therefore
SFG-inactive. However at surfaces and interfaces the inversion symmetry is broken, thus rendering
the near-surface region SFG-active. This makes SFG a very attractive surface-sensitive, background-
free probe, particularly for liquid-vapor or liquid-liquid interfaces, as there is no contamination of
SFG generated from the bulk. In fact, the surface region probed by SFG can be as small as a few
angstroms or less, of course depending on the details of the surface being studied.

Ejzl)c values at the interface contain information about the macroscopic

orientation of surface molecules. There are 27 possible XEJQZC

Moreover, the non-zero x
tensor elements which reflect the molec-
ular hyperpolarizability and molecular orientation at the interface. For an interface composed of
non-chiral molecules, with an overall azimuthal symmetry, only seven of the 27 elements are non-zero
due to symmetry considerations at the interface, of which several are degenerate, finally leading to
only four distinct different sets:

X2 xS (= X0y X5 (= X520)s X2 (= X)

The magnitudes of the different tensor elements can be determined by using polarization-resolved
measurements. Two different polarizations can be investigated for the two incident beams and the
SFG beam: one with the electric field vector perpendicular to the plane of incidence, labeled ”s”,
and one for the electric field vector parallel to the plane of incidence, labeled ”p”, as shown in figure
1.4.

Four polarization combinations of the 3 beams are sufficient to address the four distinct different
sets of the seven non-zero tensor elements: PPP, SSP, SPS, PSS, with the letters listing the polar-
ization of the three fields in the order of decreasing frequency, so the first is for the sum frequency,
the second is for the visible beam, and the last is for the infrared beam. The four combinations give

rise to four different intensities:

Ippp o< |LLL.L.X%, + L;LiLiX,(jz)‘ + LngLz‘X@(‘gz + Lng’LzXz(‘?z)F (1.24)
Issp o |LiLiL.x)? (1.25)
Isps  |LiL.Lix\2)? (1.26)
Ipss o |LLL;iLix2)? (1.27)

(1.28)

, where index ¢ is of the interfacial zy-plane, and L and L’ are the linear and nonlinear Fresnel
factors, respectively which are essentially a function of the beam geometries and angles with respect

to the surface normal (which is along the Z-axis in the figure 1.4).

1.5.3.2 VSFG - A surface-specific IR probe

As shown in the previous section, the SFG intensity is essentially a measure of the macroscopic x?):

12



Isrc o |x@P (1.29)

In VSFG spectroscopy, the x(2) can be expressed as a function of the IR frequency wig as:

Aj(No,j — Nij)

1.30
wir — wj + Iy ( )

X(Z) — ANR6L¢NR + Z
J

Here the nonlinear susceptibility y(?), and hence the VSFG signal, is enhanced when the IR frequency
is resonant with a vibrational mode j of the surface molecules, as seen in the second term of equation
1.30. By scanning the IR over a range of frequencies, we get the VSFG spectrum of the interface.
The amplitude of the resonant SFG signal is given by A;, which is a function of the population
difference between the ground and first excited vibrational states, AN; = Ny ; — N1 ;. wir is the
frequency of the incident IR pulse, w; is the vibrational resonance frequency, and I'; is the linewidth
of the 5 resonance. Generally, there is also a non-resonant contribution to the overall SFG signal,
characterized by amplitude Axgr and phase ¢ngr. Although the non-resonant signal can exceed
the resonant signal in case of metallic substrates, for the interfaces studied in this thesis, the non-
resonant contribution from the sub-phase (either water or D2O) is generally much smaller than the
resonant modes at the interface.

Therefore VSFG spectroscopy, with its high sensitivity to molecular-specific vibrational reso-
nances, makes it a surface analogue of IR spectroscopy. Together with its sub-monolayer sensitivity,
VSFG technique has proven to be a highly desirable surface tool in the recent past. VSFG is further
appealing to the surface science community owing to the relative simplicity in implementation of a
basic VSFG setup, that has recently become available commercially [59]. As a result, the past two
decades have seen much work in frequency- and polarization-resolved VSFG devoted to characteriz-

ing and understanding various solid-gas, liquid-gas, and liquid-liquid interfaces (see, e.g. [60-78].)

1.6 Time-Resolved SFG Spectroscopy

By providing the information-rich vibrational spectrum of interfaces in a surface-specific, label-free
and background-free manner, frequency-resolved static VSFG studies have created a significant im-
pact in the surface science community. However this static spectroscopy falls short of providing direct
information on the dynamics of molecular structures and intra-/intermolecular vibrational coupling,
which evolve at ultrafast time scales. IR pump-probe [79,80] and 2D-IR [81,82] techniques developed
in the recent past, have shown their advantage over static spectroscopy in their ability to directly
probe the ultrafast molecular dynamics in bulk systems. Although the first literature on pump-probe
SFG experiments using picosecond pulses to probe vibrational lifetimes of adsorbates on semicon-
ductor [83] and on metal surfaces [84] appeared in 1990, the time and frequency resolutions and
the applicability of the technique to any interface were restricted to picosecond molecular dynamics.

With the development of short amplified pulses (~100 fs) and better detection techniques, broad-
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band IR pump - SFG probe experiments with sub-picosecond time resolution have now become a
possibility. As a result, sub-picosecond surface vibrational lifetimes and dynamics can be interro-
gated directly. In the recent past, pump-probe SFG experiments have been performed to study the
mechanisms of adsorption and desorption of gases on catalytic metals under UHV conditions [85].
Recently time-resolved electronic SFG studies have interrogated probe molecules at buried inter-
faces [86]. The work presented in this thesis, demonstrates a novel time-resolved SFG (TR-SFG)
technique that was developed by combining static broadband SFG spectroscopy with IR pump-probe
spectroscopy to study the ultrafast structural dynamics of molecules at the air-water interface and
various water-lipid (model bio-membrane) interfaces: an attempt to elucidate the structure and
dynamics of water at the model biological interfaces, under normal laboratory conditions. The de-
velopment of our time-resolved SFG spectrometer was contemporaneous with that in the group of
Y. R. Shen, which published the first IR pump - SFG probe results of interfacial water [87].

z

A
incidence plane reflection plane

VIS SFG

"‘~.._1{i5ib|e ‘Q probe
SFG _ .

Vou =1

Vo =0
IR pump IR probe

(a) (b)

Figure 1.5. (a) Schematic of the TR-SFG technique with the indicated pump IR, probe IR, the visible and
the SFG beams. (b) The energy level diagram in the presence of a pump pulse which excites molecules to
the first vibrationally excited state. The pair of probe pulses generating the SFG beam is scanned in time
Tdelay With respect to the IR pump pulse. By monitoring the modulation in the SFG signal as a function of
time, the evolution of the system can be followed in real-time as molecules relax back to the ground state.

The basic schematic of the pump-probe TR-SFG technique and the energy level diagram is shown
in figure 1.5. In a pump-probe TR-SFG experiment, the pump IR pulse excites molecules from the
ground state v = 0 to the first vibrationally excited state v = 1 in a two-step process: high intensity
IR pump pulse first prepares the two-level system by creating a vibrational coherence between the

v =0 and v = 1 and then population is transferred from v = 0 to v = 1. If the anharmonicity of
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the vibration is larger than our experimental IR probe frequency window (~120 cm~1), the excited
state SFG signal (v = 1 — 2) will not be observed. Moreover, this v = 1 — 2 signal will be very
small, given the fact that the SFG intensity depends on the square of the surface population density.
This pump-induced population transfer from v = 0 — 1, transiently reduces the effective x(?) of the
system since x® ~ AN, where AN is the population difference between v = 0 and v = 1 states.
This perturbation in the equilibrium population distribution is observed as a reduction in the SFG
probe signal ("bleach’). As the molecules relax back to the vibrational ground state, the equilibrium
population distribution is regained: the SFG signal returns to its original magnitude as a function
of the delay time between the IR pump pulse and SFG probe pulse pair. In this mode, TR-SFG
is fully analogous to the more widely applied transient IR absorption spectroscopy, except for the
fact that the latter involves detection of a third-order coherence (two interactions with the pump IR
field and one with the probe IR field), while the former involves the up-conversion of the third-order
coherence created by the pump and probe IR fields, to a fourth-order coherence by the visible pulse.
Hence the TR-SFG technique involves a x(*) optical interaction while static SFG spectroscopy is a
x@ process. The time dependence of the fourth-order signal is contained in the population densities

of the ground (Np) and the excited state (N7), such that, in the absence of intermediate states:

Ispa o< [No(t) — Nyi(t)]? (1.31)
= [1-2N())? (1.32)
= 1 —4N;(t) +4NE (1) (1.33)
~ 1—4N(b) (1.34)

This has some interesting consequences: for example, when the pump excites 10% of the ground
state molecules to the excited state at zero pump-probe delay, the population difference amounts to
[No(t) — N1(t)]?> = (0.9 — 0.1)> = 0.64. The SFG intensity level thus decreases to 0.64 and thus a
bleach of 36% is observed. We further note that, for sufficiently small N, the signal will decay with
Ti. This simplified analysis of TR-SFG data is dealt with, in greater detail in Chapter 3.

1.7 Thesis Outline

This thesis is essentially a compilation of various experiments performed using the novel TR-SFG
spectroscopy technique. In the next chapter (Chapter 2), I describe the TR-SFG experimental setup
in detail. In Chapter 3, I show the results of the first experiments performed using TR-SFG to study
the vibrational dynamics of water molecules at the water-air interface. In Chapter 4, I discuss the
TR-SFG experiments performed to elucidate the dynamics of water molecules at a variety of lipid-
water interfaces. Chapter 5 deals with the TR-SFG studies of water on a model lung surfactant
system. In Chapter 6, I describe the studies on the vibrational relaxation dynamics of C-H moieties

and the energy flow dynamics across a model membrane system.
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Chapter

Experimental Technique

Abstract

We present a novel setup to elucidate the dynamics of interfacial molecules specifically, using surface-
selective femtosecond vibrational spectroscopy. The approach relies on a fourth-order nonlinear op-
tical interaction at the interface. In the experiments, interfacial molecules are vibrationally excited
by an intense, tunable femtosecond mid-infrared (2500—3800 cm™!) pump pulse, resonant with the
molecular vibrations. The effect of the excitation and the subsequent relaxation to the equilibrium
state are probed using broadband infrared+visible sum frequency generation (SFG) light, which
provides the transient vibrational spectrum of interfacial molecules specifically. This IR pump-SFG
probe setup has the ability to measure both vibrational population lifetimes as well as the vibra-
tional coupling between different chemical moieties at interfaces. Vibrational lifetimes of interfacial
molecules are determined in one-dimensional pump-SFG probe experiments, in which the response
is monitored as a function of the delay between the pump and probe pulses. Vibrational coupling
between molecular groups is determined in two-dimensional pump-SFG probe experiments, which
monitor the response as a function of pump and probe frequencies at a fixed delay time. To allow for
one setup to perform these multifaceted experiments, we have implemented several instrumentation
techniques described here. The detection of the spectrally resolved differential SFG signal using a
combination of a charge-coupled device camera and a galvanic optical scanner, computer-controlled
Fabry—Pérot etalons to shape and scan the IR pump pulse and the automated sample dispenser

and sample trough height corrector are some of the novelties in this setup.



2.1 Introduction

In this chapter, the experimental setup for time-resolved sum frequency generation (TR-SFG) spec-
troscopy is presented in detail. The first section describes the scheme for generating high intensity
mid-IR pulses (2900-3500 cm~!) and the home-built pulse shaper for generating the narrowband
visible upconversion pulse (12500 cm™!; 800 nm). The second section deals with the instrumenta-
tion and device controls at the sample stage. The third section discusses the novel instrumentation
utilized in the detection path and acquisition schemes, followed by a fourth section that deals with
the electronics, device synchronization and the data acquisition software. Finally, the chapter ends

with a section that gets us started with the essentials to perform a TR-SFG experiment.

2.2 Generation of Mid-IR and Visible upconversion pulses
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Figure 2.1. TR-SFG Experimental Setup.

The TR-SFG experimental scheme can be seen in figure 2.1. A conventional broadband SFG
setup [77] requires a pair of probe laser pulses, i.e., a weak broadband IR (~10 pJ, FWHM ~150
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ecm~1) and a narrowband visible upconversion pulse (~1 pJ, FWHM <10 cm™1!), to generate SFG at
the interface. However for the TR-SFG experiments, an additional high intensity (~40 pJ) mid-IR
pump pulse is required to excite ground state molecules to a higher vibrational state. This section
will be used to describe the schemes adopted to generate appropriate mid-IR and visible pulses. The

pulse generation scheme can be seen in Figure 2.2.

800 nm signal A I
100 fs 1250 nm

~1- BBO
3.5mJ 1:3BS |
OPA
1mJ ¢ idler L
2200 nm FICICICIEINY IR
2.5mJ
800 nm
Pulse shaper 1  sieirenrennnnanns
: grating <> ‘[ —<
<| -2l
slit Y
R IR probe
PROBE 3000 nm
: ~20 pJ >
T Lo —P

Narrowband visible pulse (1 pJ, 800 nm)

Figure 2.2. Generation of Mid-IR and narrowband visible pulse.

The Laser System

The laser system consists of a Verdi (diode-pumped Nd:YVO, CW laser from Coherent) which
pumps a Ti:Sapphire based oscillator (Mira 900, Coherent) to generate mode-locked 800 nm pulses
with sub-100 fs pulse duration. This provides the seed pulses for a Ti:Sapphire regenerative multi-
pass amplifier (Titan, Quantronix), that is pumped by a high energy (18W, 100 ns) Nd:YLF laser
(DQ-527, Quantronix). The multipass amplifier produces ~3.5 mJ/pulse centered at 800 nm with
a bandwidth of ~12 nm with repetition rate of 1 kHz and 100-120 fs pulse duration. A commercial
5-pass beta-Barium Borate crystal (BBO)-based optical parametric amplifier (TOPAS, Light Con-
version) is then pumped with 30% (1 mJ) of the amplified 800 nm beam to generate ~350 pJ of
tunable signal (~1250 nm) and idler (~2200 nm) beams. The idler is then doubled in another type-I
beta-Barium Borate crystal (BBO) (beta-BaByOy, 5x5x3 mm?, ¢ = 90°, § = 22.2°) to generate ~45
ud of ~1100 nm pulses.
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Difference Frequency Mixing

Difference frequency mixing (DFM) of the doubled idler beam (1100 nm) with the remaining 70%
(2.5 mJ) amplified 800 nm beam in a type-II parametric conversion process in Potassium Titanyl
Phosphate (KTiOPOy4, KTP) crystal (10x10x3 mm?®, ¢ = 0°, § = 41.8°) produces ~100 pJ mid-IR
pulses (~3000 nm). This scheme of DFM of the 800 nmm and doubled idler, adopted from the scheme
by Emmerichs et al. [88], not only generates a high intensity mid-IR beam but also amplifies the
number of doubled idler photons as a result of an optical parametric amplification (OPA) process.
This OPA can be viewed as an optical scattering process in which an 800 nm photon is scattered to

two lower energy photons in K'TP, while satisfying the requirement that energy be conserved:
fwsoo = Twi100 + Twsooo (2.1)
In addition, photon momentum, k must also be conserved (phase matching of the wavevectors):
ksoo = k1100 + K3000- (2.2)

This scattering of one 800 nm photon could, in principle, yield two photons with an infinite
number of combinations of lower energy scattered photons while maintaining the conservation of
energy. However the phase-matching conditions of the KTP crystal [89] limit the range of the
desired wavelengths. To generate high intensities, 1100 nm photons are required to seed the DFM
process, leading to a stimulated emission of 1100 nm and generation of 3000 nm photons. This
DFM/OPA process can be easily understood from the energy level scheme as shown in figure 2.3.
The generation of mid-IR beam is hence always associated with a substantial amplification of the
doubled idler beam. The amplification of the 1100 nm beam can be used as a beam alignment
diagnostic for mid-IR generation. By placing a Potassium Dihydrogen Phosphate (KH2PO4, KDP)
crystal in the path of the doubled idler beam, the second harmonic of the doubled idler is generated
- seen as a green beam (550 nm). At the correct phase matching angle of the KTP crystal and the
correct temporal overlap of the 800 nm and the doubled idler beams, the second harmonic beam
(550 nm) at the KDP, intensifies manifold, indicating the generation of the mid-IR beam.

Frequency tuning of the mid-IR pulse requires changing the fundamental idler frequency at
the OPA stage (changing the phase matching angle of the BBO in the TOPAS) and subsequently
optimizing the phase matching angles of the idler doubling crystal (BBO) and the KTP crystal.
Using this approach of DFM, the centre frequency of the generated high-intensity mid-IR pulses is
limited by the tuning curves of the KTP and the BBO crystals corresponding to the doubled idler
and the NIR frequencies; generated mid-IR frequencies range from 2860 nm (3496 cm~1) to 3570
nm (2801 cm™1!), with pulse energies in the order of 80-100 pJ. Typical full-width half maximum
(FWHM) bandwidths of the mid-IR pulse amount to ~150 cm™!. This is used as the IR pump pulse;
the intensity is typically attenuated using a neutral density filter to ~40 pJ to prevent cumulative
heating of the interface which may affect the lipid phase and cause irreversible chemical changes

of some of the lipid samples. The mid-IR transient SFG spectra used in our experiments typically
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Figure 2.3. Energy level scheme for Difference Frequency Mixing. The levels with dotted lines represent
virtual states in the photon scattering process.

range from 2900 to 3500 cm™! and their corresponding spectra are shown in Figure 2.4.
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Figure 2.4. The range of mid-IR wavelengths generated by difference frequency mixing of 800 nm and
doubled idler in the setup. The non-resonant SFG spectra shown here are generated at Au-air interface

The residual 800 nm pulse and the amplified doubled idler pulse after the pump IR generation,
are separated using dichroic mirrors and recombined in a collinear fashion after appropriate time
delays for the two pulses. The two pulses are then mixed in a second type-II KTP crystal (5x5x3
mm?,¢ = 0°,0 = 41.8°), to generate ~25 uJ of probe IR (FWHM ~150 em~!). In this manner, the
probe IR wavelength can be tuned independently of the pump IR wavelength to a limited extent - the

pump and the probe IR frequencies can be detuned by 200 cm™!. With this scheme, we can perform
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two-color pump-probe SFG experiments [90], but only to a limited extent. The limited detuning is
caused by the fact that the doubled idler frequency which is used for IR pump generation is also
used to generate the probe IR frequency.

Home-built pulse shaper for the visible upconversion pulse

The large frequency content of the broadband IR pulse allows us to investigate several vibrational
resonances at once. The IR pulse sets up coherent polarizations, both in the bulk and at the interface.
The interfacial polarization is upconverted using the visible laser pulse, to give a signal in the phase-
matched direction. As such, the frequency resolution of the SFG depends on the bandwidth of the
upconversion pulse. Shown in figure 2.5 is a home-built pulse shaper, that narrows the bandwidth
of the visible pulse and thus allows us to maintain high frequency resolution in the experiment.
The pulse-shaper has a 4-f configuration (see figure 2.5a). In this configuration, the grating at
the input disperses the incoming pulse. This frequency-dispersed pulse is imaged by a convex lens
of focal length f onto its Fourier plane which is at a distance of 2f from the grating. Here all the
frequency components of the pulse are spatially separated. A slit placed at the Fourier plane can
be used to select a certain frequency range thus making the pulse narrow in the frequency domain.
Fourier recomposition of this shaped pulse from the frequency to the time-domain is achieved by

placing another grating at a distance of 2f from the lens, away from the first grating.

Fourier
Plane
O° mirror
Founer

Plane

i o e D e
f f f f f f

Figure 2.5. Our 4f-configuration pulse shaper: unfolded (a) and folded (b).

Our home-built pulse shaper has essentially a folded 4f-configuration (see figure 2.5b). The input
for the pulse shaper is the residual of the 800 nm (FWHM ~12 nm) beam that is used to generate
signal and idler pulses in the TOPAS. After the Fourier decomposition of the pulse and selection
of a narrow frequency at the Fourier plane with a mechanical slit, a 0 mirror is placed very close
to the slit. This mirror reflects the selected frequency back onto the input grating (only slightly

displaced in the vertical plane), for Fourier recomposition of the narrowband pulse back into the
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time-domain. Typical bandwidth of the shaped pulse is ~0.3-0.6 nm or 5-10 cm~!) FWHM. Figure
2.6 shows different spectra obtained with the pulse-shaper, at different slit-widths.

140 = Mechanical slit width
@ 1750 pm (fully open)
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120 = @ 500 pm
e 250 um
—&— Lorentzian fit
—~ 100=
=
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> 80
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Figure 2.6. Frequency shaping of visible pulse at various slit widths of the pulse-shaper.

Since this visible pulse is used to up-convert a vibrational resonance to generate the SFG spectrum,
a narrow band visible pulse (much narrower than the bandwidth of a typical vibrational mode ~15
ecm~1), ensures a high resolution of the spectrum acquired. However this high resolution comes at
a cost. Due to the time-bandwidth product, the narrower the bandwidth is, the longer is the pulse
duration, leading to a reduced peak intensity. This limits the high-resolution SFG spectral intensity
usually between 0.1 and 10 detected photons per laser shot. Of course, maintaining high resolution
of the SFG spectrum makes sense only when the vibrational resonances are narrow; for instance

while probing the CHsz symmetric stretch mode which has a linewidth of ~12 cm™!.

However in
case of the hydrogen-bonded O-H vibrational modes in H,O, which span ~400 cm ™!, the spectral
resolution can be safely compromised on, and a spectrally broader and hence a more intense visible
pulse can be used to up-convert the resonance.

Note: Frequency shaping of the mid-IR pump is also a possibility in this experimental scheme, which
have been used in 2D-SFG experiments reported in [91]. The 2D-SFG instrumentation involves
placing a piezo-controlled Fabry-Pérot etalon (ThorLabs) in the pump IR path of the existing TR-

SFG scheme (see figure 2.7). By adjusting the voltage on the piezoelectric actuators, one can
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control the parallelism and the distance between the mirrors of the etalon, thus controlling the
center frequency and width of the pulse. The etalon shapes the broadband pump IR pulse (FWHM
~ 200 cm~!) into a narrowband pulse (FWHM ~ 20 cm~1). Typical energies of the shaped pump
IR pulses is ~10 wpJ, due to the inherent reflective losses in the Fabry-Pérot etalon. As shown in
figure 2.7, a small part (1%) of the pump IR and the visible upconversion pulse are mixed in a
Lithium Niobate (LiNbOj3) crystal to generate a sum frequency signal which is used to calibrate the

excitation frequency.

2.3 Instrumentation at Sample
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Figure 2.7. Instrumentation at the sample.

In figure 2.7, a schematic overview of the instrumentation at the sample is shown. The pump
IR, probe IR and the visible beams are kept in the same vertical plane of incidence and focused
down to beam waists of 150, 100 and 100 pm, respectively. The beams are overlapped at the sample
interface, at incidence angles of 56°, 46° and 50°, respectively with respect to the surface normal.
The probe IR and the visible beam generate the SFG spectrum at the interface when the two incident

fields are temporally and spatially overlapped. The temporal overlap can be achieved by scanning
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the delay of the visible pulse. The spatial and temporal overlap of the pump IR with the SFG
probe pair can be optimized by monitoring the third-order (bulk-allowed) nonlinear optical process
of infrared-infrared-visible-SFG (IIV-SFG) [92], which occurs only when all the three incident pulses
overlap. The energy level scheme for such an ITV-SFG process is shown in figure 2.13. Also in the
figure, a typical pump-probe cross-correlation ITV signal from an interface is shown (discussed later).
The sample is held in a home-built Teflon™ trough (~5 cm radius) which is rotated at ~5 rpm to
reduce cumulative heating. The sample is effectively refreshed every ~5 laser shots. This trough is
supported on a motorized lab-jack, specially designed to damp mechanical vibrations while rotating
the trough or while moving the trough vertically. To account for the evaporation of the water sub-
phase, the vertical position of the SFG spectrum on the CCD chip is monitored by the measurement
software throughout the experiment. Due to evaporation of the water sub-phase over long data
acquisition times, the surface height changes and moves out of the foci of the incident beams. As a
result, the SFG signal decreases in intensity and is displaced vertically on the CCD chip. The latter
effect is used as a feedback to correct the trough height for evaporation, by a motorized (Standa
stepper motor controller 8SMC1-USBh) lab-jack, to restore the signal (and intensity) at the original
position on the CCD. Some of the experiments require hours of SFG signal acquisition. Over this
period, the surface pressure of the lipid monolayer tends to drop, leading to a drop in signal intensity.
One possible reason for this is that the Teflon™ trough becomes coated with lipids. The effect of
the pressure drop can be circumvented by the addition of small amounts of fresh surfactants onto
the monolayer. The shape of the SFG spectra of a repaired monolayer was identical to that of a
freshly prepared one. The monolayer repair during data acquisition is performed when the probe
SFG signal intensity drops by 20% of the original SFG intensity at the start of the experiment. The
computer-controlled feedback program uses a motorized lipid sample injector (syringe filled with
the lipid solution in chloroform, attached to a Standa stepper motor) to add a few drops of the
lipid solution onto the water sub-phase, and allowing the system to equilibrate. This automation of

sample control allows to perform many hours of scanning without human intervention.

2.4 Detection Schemes and Data Acquisition

The pump-probe SFG signal generated from the interface is collected and collimated by a 150 mm
positive lens (see figure 2.7) and then sent to either a photomultiplier tube (PMT, Acton Research,
PD438) or a monochromator/CCD camera depending on the application. The PMT is used to
record the spectrally integrated pump-probe SFG signal in the photon-counting mode [93,94]. The
electronics used for the PMT detection is shown in figure 2.8 with green lines. The PMT signal is
averaged on a boxcar integrator, with typical electronic gate widths of 3 ps. The averaged PMT
signal is then sent to the PC through an analog-to-digital coverter (ADC, National Instruments,
16-bit). To separate the pump-on and pump-off SFG photons, a diode laser (continuous wave) is
transmitted through the same hole in the chopper as the pump beam and onto a photodiode (PD)
as schematically shown in figure 2.8. The PD signal is sent to the PC via the ADC; this provides the

information as to which laser shot corresponds to pump-on and which one to pump-off SFG signal.
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Figure 2.8. Electronics.

For obtaining spectral information during a pump-probe SFG experiment, the SFG signal is
dispersed by a monochromator (Acton SpectroPro 300i) and the image is recorded on a CCD chip
(512x512 pixels, 24 pum/pixel). In a typical spectrally-resolved TR-SFG experiment we have used
two kinds of CCD cameras. Originally an intensified CCD (Princeton Instruments, PI-MAX2:512
Gen IIT) was used and then an Electron-Multiplying CCD (Andor, iXon®™ +). In an intensified
CCD (iCCD), the frequency-dispersed SFG photons are incident on a multichannel plate (MCP)
that creates an avalanche of photoelectrons for every incident photon - this is the intensifier. These
photoelectrons then fall on a phosphor screen creating fluorescent photons which are then incident
on the CCD chip. By applying a trigger gate voltage on the MCP, the intensifier gate opens only
for a few nanoseconds for CCD image acquisition for SFG. This way, one can record large SFG
photon fluxes with minimal shot noise. At high SFG signal photon counts (for example from Au-
air or water-charged lipid interface), the iCCD works better than a non-intensified CCD as it cuts
down on the ambient noise significantly. However at very low SFG signal limits (e.g., neat water-
air interface), an EM-CCD (thermo-electrically cooled down to about -100°C) seems to be a much
better choice as the iCCD at low signals has such a large read-out noise that it overwhelms the SFG
signal. In the EM-CCD, every photon is converted to an electron on the CCD. All the electrons in

an image frame are first binned vertically onto a single shift register (1x512) which is then amplified
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in a multiplication register and then read out. This way for a 512x512 chip the read-out noise
corresponds to only 512 pixels. In contrast, the iCCD image is read out line-by-line and the read
out noise corresponds to 512x512 pixels. Apart from this, the quantum efficiency of an EMCCD at
lower photon fluxes is larger than that of an iCCD!

In order to record the SFG spectra with and without the effect of the IR excitation, before
sending the SFG signal to the monochromator, the pump-on and pump-off SFG signals are spatially
separated using a galvanometric servo-controlled optical scanning mirror (GSI Lumonics, VM2000)
synchronized with the 1 kHz laser repetition rate. The galvano mirror is supplied with a 500
Hz sinusoid voltage from a function generator (Agilent Technologies, 20 MHz/Arbitrary Waveform
Generator), by which the mirror oscillates with an angle of ~ 1° about the mirror axis. This
translates to a spatial separation of ~4 mm on the CCD chip (total chip size:12 mm = 512 pixels)
between the pump-on and pump-off SFG signal. Figure 2.9 shows the detection path optics and the

use of the galvano mirror to spatially separate the pump-on/pump-off SFG signals.
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Figure 2.9. Detection optics

To ensure that the pumped shot always falls onto the same position on the chip, the phase of the
scanning mirror is synchronized with the phase of the chopper output signal (figure 2.10). The diode

signal through the chopper has a square waveform as shown in the upper diagram. The sinusoidal

IFor a more detailed discussion on EMCCDs and iCCDs, please refer to the websites of Andor (www.andor.com)
and Princeton Instruments (www.princetoninstruments.com)
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waveform supplied to the galvo mirror is shown in the lower diagram. FEach crest and trough on
the sinusoid function correspond to two fixed mirror positions. The chopper waveform phase must
then be adjusted with respect to the sinusoid waveform to synchronize the pump-on/pump-off SFG

positions on the CCD chip.

Pump-on
|
: Chopper output signal R
time(ms)
Pump-off

/\ /\error pos 1 (pump-on SFG)
\/ \/ \/ SEROTPTS i)

Mirror pos 2 (pump-off SFG)

Figure 2.10. Galvo/chopper synchronization.

By binning the individual pump-on and pump-off SFG spectra, vertically on the CCD chip, we
can obtain the spectral information with and without the IR excitation. A typical screenshot, shown
in figure 2.11, includes the pump-on SFG and the pump-off SFG images on the CCD chip with the
galvano mirror in action, which spatially separates the two images.

Note: For the 2D-SFG experiments, the reference SFG (generated by mixing a small fraction
of the narrowband visible and the narrowband pump beams in an LiNbOj crystal) is sent to the
monochromator and the CCD via the detection path shown in figure 2.9). Image of this reference
SFG on the CCD chip can also be seen in figure 2.11; the computer program uses this image as
a feedback for the piezo-controller of the Fabry-Pérot etalons to adjust the bandwidth and center
frequency of the shaped IR pump pulse.

2.5 Software and Electronics

The electronics scheme for this setup have been shown earlier in figure 2.8. A small fraction of the
76 MHz 800 nm seed pulses from the oscillator is detected by a fast photodiode. This photodiode
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Figure 2.11. CCD screenshot.

signal is then divided by an electronic frequency divider to generate a 1 kHz signal which is used
to trigger the Nd:YLF laser and all the electronics in the setup, including the phase-locked optical
chopper, the boxcar integrator, the A-to-D converter, the function generator for the galvano mirror
and the CCD camera.

The data acquisition software was written in LabView 8. Typical CCD readouts such as presented
in Figure 2.11 contain the spectrally dispersed pump-on, pump-off and pump reference SFG signals.
The software controls the pump-probe delay line and analyzes the CCD images in real-time to
establish whether specific action should be taken, such as trough height modification or adjustment
of the Fabry-Pérot piezo voltage.

The ratio between the pump-on/pump-off spectra is instantaneously calculated to monitor in
real-time any spectral shifts during a pump-probe SFG experiment. The pump-probe delays for
the TR-SFG, the Fabry-Pérot voltages for the 2D-SFG, the spectrograph settings and the function
generator settings for the galvanic mirror can all be set in specific panels in the software shown in
figure 2.12. The spectrograph settings include the grating, the center wavelength of detection, the
pixel-wavelength calibration, intensifier gain and the signal acquisition times. A function generator is
included to set phase, the amplitude of the oscillation and the offset position of the scanning galvano

mirror. The number of scans, the sample height control and the pump polarization (controlling the
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motorized halfwave plate in the pump IR path) may also be adjusted in the software.

The ratio between the integrated pump-on and pump-off SFG spectra, is plotted as a function of
pump-probe delay during the scan, for real-time monitoring purposes. The feedback to the sample
control program is taken from the CCD image (figure 2.11) after every scan. The signals are fit to
Lorentzians as a function of the vertical pixel position to reliably determine the vertical position of
the spectra on the CCD camera. As soon as the spectrum is observed to have been shifted vertically
by a pre-set number of pixels (typically 10), the feedback control program moves the trough height
motors to re-position the signal. As discussed earlier, to account for sample degradation over long
acquisition times, when the amplitude of the Lorentzian falls by 30% of the original amplitude, the
sample injector dispenses a pre-calibrated number of drops required to restore the original signal
amplitude. This way the SFG signals are maintained at their initial conditions before every scan,
throughout the experiment, typically consisting of 100 scans. A typical scan is performed from -1.8

ps to 100 ps, in linear steps of 50 fs till 500 fs and logarithmic thereafter.

2.6 Getting Started

Before starting a TR-SFG experiment, apart from generating the appropriate mid-IR frequencies,
one needs to characterize the temporal durations of these mid-IR pulses, since this defines the
instrument response of our experiments and hence the accuracy in our time-resolved dynamics
measurements. Also maintaining the protocol for preparing the model biological interfaces, has

proven to be extremely crucial in the success of a TR-SFG experiment.

Instrument Response

To determine the time-resolution of a typical TR-SFG experiment, one needs to characterize the
pulse duration (FWHM) of the IR pulses by cross-correlating the pump IR with probe IR pulses at
the interface. This is done by scanning the delay of the pump IR with respect to the probe SFG
pair (IR probe+visible) and recording the third-order nonlinear process of infrared-infrared-visible-
SFG (IIV-SFG) intensity [92]. Figure 2.13(a) shows the energy-level schematic for the IIV-SFG
process, while figure 2.13(b) shows a typical pump-probe IIV-SFG cross-correlation trace at the
DMPS-water interface [94]. In this cross-correlation, the narrowband visible pulse has a duration
of ~1-2 ps (10 times longer than the IR pulse durations). This makes the cross-correlation trace
essentially a convolution of only the two IR pulses. Now since the time envelopes of two IR pulses
can be approximated as Gaussians, the actual time-resolution (7,) of the individual IR pulses can

be extracted from the cross-correlation FWHM (7.) as,

Tee
V2

The pump and probe IR for all the TR-SFG experiments are reasonably described as Fourier-
limited pulses with typical widths of ~120-140 fs.

(2.3)

T =
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Figure 2.12. (a)Energy level scheme for the third-order nonlinear optical process of IIV-SFG. (b)Cross-
correlation trace of pump-probe IR

Preparing the model biological interface

Time-resolved SFG experiments are typically performed at various model biological interfaces which
shall be dealt with in detail in the later chapters. For most interfacial water studies, ultra pure water
is used (Millipore-filtered, 18 M-cm resistivity) as the sub-phase, supported in a home-built Teflon
trough. For the interfacial lipid studies, DoO (DLM-6 Deuterium Oxide 100%, Cambridge Isotopes)
is used as the sub-phase, in order to reduce the heating effects due to absorption of mid-IR (~2900
cm™1) radiation by water. The lipids used to prepare the model biological interfaces were always
purchased from Avanti Polar Lipids. Typically a solution of lipid is prepared in 90% chloroform
and 10% methanol (Sigma Aldrich) and a Langmuir monolayer film of lipid molecules is prepared
by careful addition of drops of the lipid solution in steps of 0.5 L on the water subphase while
monitoring the surface pressure of the monolayer with a Wilhelmy-plate based tensiometer (model
Kibron DeltaPi). The surface pressure is maintained such that all experiments are performed in the

liquid condensed phase of the lipid monolayer (~40 mN/m).
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Chapter

Ultrafast Energy Transfer between
Interfacial and Bulk Water at the

Air-Water Interface

Abstract

In the previous chapter we developed a femtosecond time-resolved SFG spectroscopy scheme to study
the vibrational dynamics of interfaces. In this chapter we shall be using this scheme to study the
O-H stretch vibrational lifetime of hydrogen-bonded water molecules at the neat water/air interface.
The vibrational lifetime in the frequency range of 3200 to 3500 cm ™! is found to closely resemble that
of bulk water, indicating ultrafast exchange of vibrational energy between surface water molecules
and those in the bulk.



3.1 Introduction

Interfacial water plays an important role in many biological, chemical and physical processes (see
e.g. [95-97] and references therein). The air-water interface, owing to the asymmetric nature of its
terminated hydrogen bond network, has been shown to play an eminent role in the heterogeneous
chemistry of a variety of atmospheric and geochemical processes. For instance, through a number
of simulations and experiments on simple aqueous salt solutions (eg, NaCl), the anions (particularly
halides) have been found to be present at the air-water interface at enhanced concentrations than in
the bulk water itself; the cations on the other hand, prefer to remain solvated in the bulk phase [98].
This is consistent with observations of hydrogen bonding in aqueous ionic clusters. Cations form
hydrated clusters in which the ion binds to water oxygen atoms. The water molecules are distributed
fairly symmetrically around the ion. In contrast, anions bind to water hydrogen atoms. The water
molecules are arranged asymmetrically around the ion, enabling hydrogen bonding between them.
This behavior is seen for the larger anions C17, Br—, and I~ [99]. Hence, sodium cations should
prefer the homogeneous environment in the bulk liquid, whereas large anions should form asymmetric
structures near the interface. This observation indicates the potential of the terminated H-bond
network at the air-water interface to cause preferential adsorption of a number of reactive species
at the interface and subsequently enhance the surface reactivity. Halide ions at the surfaces of
atmospheric aerosol particles play an important role in controlling oxidant levels in the marine
boundary layer of the atmosphere. Even a number of gases, like Cly; and Brs have been shown to
have higher adsorbed concentrations at the air-water interface than in the bulk of solvent [100].
The air-water interface has also shown to be a preferential adsorption site for biologically important
species like single-stranded DNA [101]. Therefore one can only imagine, the immense potential
the air-water interface has, in a variety of natural or artificial heterogeneous chemical reactions.
However, because of the experimental difficulties in investigating liquid interfaces in general, and
the most prevalent water-air interface in particular, knowledge of the structural and dynamical
interface properties has not yet reached the same degree of sophistication that has been attained for
bulk water. [102]

Non-linear optical techniques, such as Second Harmonic Generation (SHG) and Sum Frequency
Generation (SFG) [26,103] spectroscopy are generally surface specific and have been shown to be
selectively sensitive to the outermost few monolayers of water molecules [104-106]. Vibrational SFG
(VSFG) is a particularly powerful tool, as it allows the molecular vibrations of surface water to
be probed, which are known to be sensitive reporters of the hydrogen-bonding water environment.
Briefly, VSFG relies on the coherent interaction of infrared (IR) and visible (VIS) fields at the
surface, to produce a field with a frequency that is the sum of the two incident fields. This surface-
specific process is resonantly enhanced by surface vibrations. Indeed, the application of SFG to
investigate water at the water/air interface has revealed important new insights in the interfacial
water structure [61,62] and orientation. [107]. It has been shown, for instance, that a significant
fraction of surface water molecules (~ 20%) have a free O-H group sticking into the vapor. These free,

non hydrogen-bonded O-H groups are characterized by a relatively high vibrational frequency of the
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O-H stretch. For the H-bonded interfacial water molecules, the spectrum is broad and featureless,
a situation reminiscent of the vibrational spectrum of bulk water. A typical SFG spectrum of water
at the neat water-air interface is shown in figure 3.1.

In studies of bulk water, a wealth of information about the properties of water has been obtained
by the study of the vibrational dynamics of the O-H stretch vibration through the use of non-linear
infrared (pump-probe) spectroscopy (see e.g. [L08-112]). The motivation for much of this work lies
in the realization that the ultrafast femtosecond behaviour of water molecules contains additional
information on the structural and dynamic behaviour in its hydrogen-bonded environment. In pump-
probe spectroscopy, by exciting certain vibrational modes with a pump IR pulse, a non-equilibrium
perturbation is introduced in the molecule and with the delayed probe pulse, one can essentially
take snapshots of the excited vibrational mode in time, as it relaxes back to its original equilibrium
state. Such non-linear spectroscopies have been shown to be extremely useful in unraveling different
aspects of water dynamics, including intermolecular energy transfer, reorientational motion, and the
effects of ions thereon. In addition to investigations of bulk water, there has been much interest in
how the water vibrational dynamics are affected by confinement and/or the binding to molecules
that mimic a biological environment [113-115].

In this chapter, we shall present our pump-probe studies on water molecules at the air/water
interface by using the novel femtosecond IR pump-VSFG probe spectroscopic technique. In these
studies, the frequencies of the IR pump and probe pulses are resonant with a symmetric stretch
vibrational mode! of the hydrogen-bonded interfacial water molecule. The pump pulse excites
this vibrational mode and the modulation of the interfacial SFG spectrum originating from the
IR probe and up-conversion visible pulses, is monitored as a function of the pump-probe delay
[83,84,87,103,116]. The time evolution of recovery of the SFG signal then reflects the vibrational
relaxation of the interfacial water molecules. The femtosecond time-resolved SFG study that is
presented here, is thus a one-colour pump-probe experiment that allows us to selectively probe the
lifetime dynamics (T1) of the O-H stretch vibration and provide new insights in the structure and

dynamics of water at the neat water-air interface.

3.2 Static and Time-resolved VSFG experiments

Two independent setups have been used in this study: one for static SFG spectroscopic studies
and one for the time-resolved studies. We used the easily tunable static SFG setup to record the
broadband (2000-2900 cm~!) SFG spectrum of heavy water DoO at the neat water-air interface as
shown in figure 3.1. In this setup, the IR frequency can be easily scanned from 2000 cm ™! to 2900
cm ™!, which is why DO was used for the static measurements, instead of HoO. The D2O spectrum

ranges from ~2250 cm ™! to ~2850 cm~! and resembles the frequency-shifted H,O spectrum.?

IThe fundamental O-H symmetric stretch mode being isoenergetic with the overtone of the water bending mode,
leads to Fermi resonance coupling of the two modes

2The features of the D2O spectrum are essentially the same as the HoO spectrum, only red-shifted in frequency
due to a larger reduced mass of the O-D oscillator. Assuming the O-H and O-D force constants to be the same,
Ton/Pop=+/pop/pon ~ 1.374
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Figure 3.1. The SFG spectrum of O-D at the neat D2O-air interface is shown in light grey. The top
axis represents the IR frequency scaling for the equivalent HoO spectrum. The solid line is a fit to the
observed SFG spectrum, assuming two inhomogeneously broadened resonances and a single Lorentzian for
the dangling O-D vibration. The linear infrared absorption spectrum of H2O is also shown here (solid blue
line), to show the contrast between the O-H in bulk and at the surface.

In the static SFG experiment, the SFG signal is spectrally dispersed by a monochromator and
detected by a CCD camera. The spectral resolution is limited by the bandwidth of the visible beam

and is ~20 cm~1.

The reduced spectral resolution explains, as discussed in chapter 2, why the
intensity of the spectrally narrow free O-D peak is relatively low compared to the H-bonded peaks,
when comparing the results of figure 3.1 to other reports in literature.

The TR-SFG setup is much more involving owing to the requirement of generating high energy
mid-IR pump pulses, which limits the tunability to the O-H stretch region (2900-4000 cm ™), with
a bandwidth? of ~150 cm™!. In the experiments, the central frequency of pump and probe pulses
are set at fixed positions within the ~400 cm~! SFG resonance as indicated by the arrows across
the SFG spectrum in figure 3.2

In the TR-SFG experiments on neat water-air interface, distilled Millipore-filtered water (HO,
18 MQ-cm resistivity) at pH 7 was used in a home-built Teflon trough. The trough was rotated at 5
rpm to suppress the effect of sample heating. The one-colour TR-SFG experiments were performed
at fixed IR pump and probe frequencies across the hydrogen-bonded spectrum (3200-3500 cm™~1) as
indicated by the dotted arrows in figure 3.2. The foci of the pump IR, the probe IR and the visible

pulses were overlapped spatially and temporally at the surface of the water. The temporal overlap

3For transform-limited Gaussian pulses, one can simply compute the bandwidth that can be covered with a pulse
of duration, A7 (in s) by using the equation, AU = 0.441/cA7 where ¢ = 3 x 10'%cm/s and A7 is the bandwidth in
-1
cm
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Figure 3.2. One-colour pump and probe frequencies for the TR-SFG experiments are indicated by the solid
arrows across the O-H spectrum.

of all three beams was optimized by monitoring the IITV-SFG signal (see Getting started in Chapter
2). Subsequently, the TR-SFG experiment was performed by monitoring the SFG signal while
delaying pump pulse with respect to the probe (IR + visible) using a mechanical delay line. These
experiments were performed from -0.5 ps to 3 ps pump-probe delays in steps of 100 fs. The SFG
signal was filtered using bandpass filters and a monochromator and was detected in a spectrally-
integrated manner with a Photo Multiplier Tube (R9910, Hamamatsu). Because the SFG signal
is less than 0.1 detected photon per laser shot, and the pump-induced modulation typically 10%
thereof, 25 scans were averaged, each consisting of 20 points (10,000 laser shots per point). The 1
kHz pump beam was chopped to 500 Hz and the normalized, differential SFG signal was computed
as the ratio between the signals with and without the pump.

At the neat water-air interface, the largest resonant VSFG signal is generated by the X(wa)z

(= X@(/%;)z) components of the stretch dipoles of the HoO molecule. If the xz-plane (see figure 3.3) is
defined as the plane of incidence for the IR probe and visible beams (and plane of reflection for the
SFG beam), then the polarization vector in the xz-plane (and perpendicular to direction of beam
propagation) is defined as P and the polarization vector perpendicular to the xz-plane is defined
;2) ( (2) )

as S. In this beam geometry, the polarization combination required to probe the xuz: (= Xyy=
component is S,S and P for SFG, visible and IR probe beams, respectively. TR-SFG experiments
were also performed with two different pump polarizations (P and S, parallel and perpendicular to
the surface normal) in order to investigate anisotropy effect on the pump-probe SFG signal. The

polarizations of all beams could be rotated independently using A/2-plates mounted on a motorized
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Figure 3.3. Schematic of the TR-SFG experiment.

rotation stages controlled by the measurement software.

3.3 Results and Discussion

3.3.1 Static SFG Results

Except for the shift in frequency due to the mass difference, the DoO spectrum is equivalent to
previous reports of SFG spectra of HoO [62,63]. The narrow resonance in the SFG spectra at
v=3690 (2730) cm~! has been shown to be due to the dangling O-H (O-D) bond. The hydrogen-
bonded O-H however, is represented by a broad, double peaked spectral feature spanning from ~
3100 to 3550 cm ™! (see figure 3.1). The solid line shown in the spectra, is a fit to the data assuming
two inhomogeneously broadened resonances and a single Lorentzian for the dangling O-D vibration.
Figure 3.1 also shows the linear infrared absorption spectrum of HoO (dotted lines), which reveals
that the infrared response of the H-bonded part of the surface spectrum is markedly different from
that of the bulk.

The assignment of the broad double-peaked feature, however has been a subject of intense debate
in recent literature: on the one hand, in analogy with the IR spectrum of liquid water and ice, it has
been argued that the two apparent peaks at ~3200 and at ~3450 cm™! are the result of strongly
hydrogen bonded (’ice-like’) water, and weakly hydrogen bonded (’liquid-like’) water, respectively.
This argument has been bolstered by a series of MD simulations that have been interpreted to suggest

that each spectral feature is actually a combination of multiple, distinct, water structures [117-124].
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However, on the other hand, it has also been argued based on analogy to gas phase water molecules,
other simulations and interpretations of the spontaneous Raman spectra of bulk water, that the two
peaks can largely be explained as the symmetric and asymmetric vibrational modes of the water
molecule [104, 125]. Recently published work, however, by showing that each peak has a similar
dependence on IR and VIS polarization, has demonstrated that both peaks result from vibrational
modes with the same symmetry thus ruling out the latter interpretation [126]. Recent isotopic
dilution experiments show that a third mechanism best explains the double peaked nature of the
interfacial water spectrum. At both the air/water and lipid/water interfaces the two peaks collapse
to one upon isotopic dilution, showing that the two-peak structure is not the result of a distribution
of H-bonded structures [127]. Owing to the frequencies and polarization dependencies of the SFG
response [126], the interpretation in terms of symmetric and asymmetric vibrational modes can also
be discarded. The variety of experimentally observable characteristics of the double peaked spectral
feature can be thus best explained if the visible dip in the spectrum is the result of a Fermi resonance
between the bend overtone and the stretch fundamental [127]. Such coupling has been demonstrated

to exist, using two-colour IR pump-probe experiments in bulk water [111,128,129].

3.3.2 Time-resolved SFG Results

The typically broad and featureless time-averaged SFG spectra of the hydrogen-bonded O-H species
almost immediately prompts us to ask whether the underlying dynamic structure of water is indeed
different. The results of the pump-probe measurements of the relaxation of O-H stretching modes
of hydrogen-bonded water after pumping at frequencies vpyum, = 3200, 3300, 3400 and 3500 cm ™!,
are depicted in figure 3.4. Also shown in figure 3.4 is the third-order IR+IR+VIS (IIV) SFG signal,
which is used to determine time zero (At = 0) and quantify the time resolution in each experiment.

The normalized pump-probe SFG signal of the water-air interface reveals a pump-induced de-
crease in the signal that is observed after At = 0. At 3400 and 3500 cm ™!, this is followed by a
recovery of the signal that deviates from the level before At = 0; at lower frequencies, it is followed
by an additional, slower decrease. The initial decrease in SFG is due to excitation of the O-H stretch
mode to its first excited state by the pump pulse. Owing to the large vibrational anharmonicity of
~ 300 cm~! [130], SFG generated from the excited state (v = 1 — 2) is shifted out of the spectral
window. The recovery at 3400 and 3500 cm~! reflects vibrational relaxation, and the long-time
offset is caused by an increase in the local temperature due to the energy deposited by the pump
pulse, which is eventually converted to heat. The pump-induced temperature increase in the focus

has been calculated to be approximately 15 K. As observed in the transients, this offset goes from
1

, in accordance with

~0 at Vpump = 3500 cm™! to much smaller than 0 at vpym, = 3200 cm™
an expected blue shift of the spectrum due to the pump-induced heating that results in a weaker
hydrogen-bonded network.

From the data in figure 3.4, two timescales seem apparent: a fast (~100 fs) relaxation time
corresponding to the recovery of the pump-induced bleach signal (most clearly evident at v = 3500

ecm ™!, and the slower (~500 fs) timescale by which the final SFG level is reached (most apparent at
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Figure 3.4. TR-SFG one-colour pump-probe transients across the hydrogen-bonded H2O spectrum. Time-
resolved SFG data for interfacial water for vpump = 3200, 3300, 3400 and 3500 cm ! (traces are offset for
clarity). Polarizations of the SFG, VIS probe, IR probe and IR pump were S, S, P and S. The solid lines are
the fits based on a four level system explained in the text. The lower trace is the third-order IR+IR+VIS
SFG signal (shown for v = 3300 cm™1).

v = 3200 cm~!). Indeed, a four-level energy scheme characterizing such a system shown in figure
3.5 provides a very good description of the experimental data.

In bulk studies it was shown that vibrational relaxation from v=1 occurs through an intermediate
state v*, which is a mixed state of the ground state of the stretch vibration and other modes that
accept energy from the v=1 state [131]. From v* relaxation then occurs to the system at elevated
temperature, which is a long-lived state with optical properties different from the original ground
state. This explains the observed long-time signal offset in the data. The following physical picture
thus emerges: the ground state (v=0) is depleted by the pump, and relaxation from the excited
state (v=1) occurs to an intermediate state (v*), before reaching the new ground state (v’=0) at
elevated temperature. We calculate the population in each level by solving the coupled differential

equations,

N

ddot(t) = —I(t, Trwhm)oo(No — N7) (3.1)
dj\st(t) - I(t,wahm)ao(Nole)f% (3.2)
AN, (t) Ny N,

dt T Teq (3.3)
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Figure 3.5. A four-level energy description for intermolecular vibrational relaxation.

dN /(t) N’U*

v = 3.4
dt Teq ( )
where,
dN,(t
c;t( ) = the rate of population change in level x at time, ¢
I(t, 7twhm) = the Gaussian pump pulse with a certain pulse duration, T¢ywhm
o9 = is the absorption cross-section for the 0 — 1 transition,

We know that the SFG intensity is proportional to the square of the population difference between
the ground (Np) and the excited vibrational state (N1). Therefore,

Ispg o (No — Nyp)? (3.5)

At room temperature the thermal excitation of the vibrational excited state is very low, so that,
N1 ~ 0. If we define AN as the population that is transferred from the ground to the excited state
by the pump pulse, then Ny — (Nyg — AN) and N; — AN, so that:

Ispg < (Ng — 2AN)? = NZ — ANgAN + 4(AN)? (3.6)

This demonstrates that the technique is relatively sensitive to population changes, as the differential
signal is dominated by the second term, which is proportional to 4 times the population transfer.
The third term is quadratic in the population difference and can generally be neglected, since the
degree of pump-induced population transfer is generally small. The pump-probe differential TR-SFG

signal can then be approximated as:
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Isra(At)/Isrc(0) o< 1—4AN/No (3.7)
or Alsgpg x 1 —4An (3.8)

where An is the normalized excited state population and Alspg the differential TR-SFG signal.
Considering the populations in all four levels of the 4-level system, the effective, time-dependent

susceptibility x((jf) reads:

X&) = [No(8) = Nu(t)]xo + N (£) X0 + Nov(t)xar (3.9)

where the time dependence is contained in the time-dependence of the occupation of the different
levels, each with their own SFG activity x, -

Note that the differential TR-SFG signal (Algrg) is then proportional to the population dif-
ference AN, between the ground and excited state. The time constant reflecting population decay
in the experiments is T;. The two time constants obtained from the four level model describe the
vibrational relaxation to the intermediate state (T1) and the thermalization process (7eq). Such
dynamics are reminiscent of observations for bulk water [130,132] and observations for water at the
water-silica interface [87]. The TR-SFG data can be described very well using T1=190 fs obtained
from bulk water measurements [130] and a 7,q=400 £100 fs (solid lines in figure 3.4). We found no
evidence for a frequency dependence of T4, in analogy with the recent hole burning experiments of
water at the water/silica interface [87].

Moreover, we also performed polarization-resolved pump-probe experiments whereby the pump
polarization was altered between P and S polarizations, and the pump-probe signal was acquired at
all delay times as in the TR-SFG transients. From the data presented in figure 3.6, it is apparent
that within the time resolution of the experiment, pumping with either horizontal (S-) or vertical
(P-) polarized light results in the same efficiency of excitation of the surface molecules. This ran-
domization of the excitation polarization is the first clear and direct indication of a very fast energy
transfer between the isotropic bulk molecules and the surface molecules: although we selectively
probe the outermost few molecular layers of water molecules, the excitation depth is determined by
the absorption length of IR light in water (a few pm). A large reservoir of isotropic excitations is
therefore present right below the surface, which exchanges rapidly with excitations at the surface.
Further evidence for ultrafast energy exchange with the bulk comes from the observed timescales
as noted earlier, which correspond very well to the timescales observed in bulk water. Hence, it
is clear that the vibrational dynamics of the hydrogen-bonded water at the surface are dominated
by ultrafast vibrational energy transfer processes. For bulk water, the fast spectral diffusion has
been attributed to extremely fast Forster energy transfer [132]; the same mechanism is apparently
operational at the water-air interface. The cartoon shown in figure 3.7 depicts the Forster energy
transfer-type relaxation mechanism.

This also explains the similarity between the dynamics at the water-air interface and those at
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Figure 3.6. P- and S-pump dependence on TR-SFG at 3300 cm ™!

the hydrophilic and hydrophobic silica/water interface recently reported using SFG in total internal
reflection (TIR) geometry [87]. For the latter interface, McGuire et al. reported somewhat similar
dynamics, with T7=300 fs and 7.,=700 fs. Although the rigid silica surface (required for TIR-SFG)
has been shown to induce order in the interfacial water compared to water at the water/air interface
[107], the effect of the increased order on the vibrational dynamics is limited due to the ultrafast
energy transfer processes that dominate the observed relaxation behaviour. Future experiments with
isotopically diluted water to suppress the energy transfer will enable answering the question to what
extent the vibrational dynamics at the surface are intrinsically different from those in bulk.

A Note about Coherent Artifacts: It has been demonstrated that coherent artifacts may con-
tribute to a pump-probe signal [133]. This can result in a change in the SFG signal unrelated to
the vibrational dynamics. These artifacts should be more pronounced when the pump and probe
IR polarizations are parallel. When comparing results for orthogonal and parallel pump and probe
polarizations (as shown for Vpymp = 3300 ecm~! in figure 3.6), the results are very similar. Since
coherent artifacts are expected to be much larger in the situation of parallel polarization, the resem-

blance of the two data sets indicate that the data represent the true dynamics and is not influenced
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Figure 3.7. Cartoon depicting Forster-type intermolecular energy transfer. After excitation of the O-
H oscillator, a very fast Forster-type energy transfer randomizes the excitation energy and pola/rization;
subsequently relaxing to an intermediate state (v*) and finally to a thermally equilibrated state (v ).

by coherent artifacts. This check was performed for all frequencies. A second argument against
coherent artifacts is the observation that the first minimum in the signal (corresponding to the max-
imum population of the excited vibrational state) is always found at positive delay times. This is
most clearly visible in the data for 3500 and 3400 cm~!. This clearly indicates that the decrease of

the signal is due to population being transferred to the excited state.

3.4 Conclusions

In conclusion, we have demonstrated ultrafast energy transfer between surface and bulk water at the
air-water interface using a novel pump-probe TR-SFG experiment. Although the spectral response
differs appreciably for bulk and surface water, the O-H stretch vibrational dynamics at the surface
are indistinguishable from that in the bulk, in the 3200-3500 cm ™! hydrogen-bonded region.
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Chapter

Ultrafast Dynamics of Water at

various lipid-water interfaces

Abstract

We present results of a comparative study of surface vibrational dynamics of interfacial water at
various model membrane systems. We employ tr-SFG spectroscopy to probe the surface dynamics
of water molecules at the monolayers of DPTAP, DMPS, DPPC and DPPE on a water sub-phase.
DPTAP is chemically very different from DMPS, DPPC and DPPE and has a positively charged
head-group. DMPS, DPPC and DPPE are chemically similar but differ in the details of their polar
head-group: DMPS is negatively charged whereas DPPC and DPPE have zwitterionic head-groups;
DPPC and DPPE differ in that in PC the terminal amine group is tri-methylated. The static
vibrational SFG spectra of interfacial water in these systems reveal subtle differences in linewidths,
but are very broad and quite featureless and therefore difficult to interpret in detail. TR-SFG allows
us to excite specific sub-ensembles within the distribution of O-H oscillators of water in the monolayer
system and subsequently follow the SFG response of this perturbation in time. The resulting time-
dependent SFG response provides information about the structure and structural dynamics of these

interfacial water molecules.



4.1 Introduction

As noted in the previous chapter, the aqueous interfaces are of paramount importance in a variety of
chemical, biological and physical processes. An important factor in determining the adsorption and
reactivity characteristics of these interfaces, is the interruption of the hydrogen bonded network at
these interfaces. As the local hydrogen bond characteristics also determine the vibrational properties
of the water high-frequency O-H stretch, these vibrations can provide useful information about the
interfacial water structure and dynamics. In this chapter, we report investigations on a biologically
ubiquitous interface: the lipid/water interface. As a model system, we use a lipid monolayer on
water. This is a reasonable model for a real biological membrane, as in a real membrane the two
leaflets that constitute the lipid bilayer are relatively weakly coupled. A multitude of different types
of lipids exist in nature. These lipids vary in the details of their polar head groups (small, large;
strongly or weakly hydrogen bonding; neutral, zwitterionic, charged) and apolar alkyl chains (link,
degree of saturation). For the interaction with the water it is apparent that the details of the polar
had group are the most important. Here, we present a systematic study of water interacting with
four distinct types of lipids. We investigate similarities and differences between water interacting
with pure monolayers of these for lipids. A comparison with the results obtained for the water-air
interface is used to separate ’trivial’ effects due to termination of the water hydrogen bond network,
with specific effects due to the interaction with the lipids. Our results provide new insights on,
lipid/water and interfacial water/water interactions. These interactions are themselves important

for understanding membrane function.

4.2 Surface-specific Vibrational Spectroscopy: Frequency- and

Time-Resolved Sum Frequency Generation

The main challenge in understanding interfacial water is largely a technical one, since the interfacial
water extends upto only within ~ 1 nm from the membrane molecules. To overcome the challenge of
specifically investigating this ultra-thin layer of water molecules, we use our non-invasive, label-free,
all-optical surface-specific spectroscopic techniques of VSFG and TR-SFG. As the frequency of the
O-H stretch is known to vary strongly as a function of hydrogen-bond strength [134], vibrational
spectroscopy provides an attractive approach. The measurement of the O-H stretch frequency of
membrane-associated interfacial water might, therefore, provide useful insight into the interaction of
this water both with itself and various other membrane components. Measurement of the frequency
of the O-H stretch of membrane bound water using conventional linear spectroscopies (e.g. IR) is
challenging in that it requires the cancellation of a large bulk signal. This obstacle was largely over-
come 20 years ago with the first measurements of interfacial water in the air/water and quartz/water
systems using vibrational sum frequency generation spectroscopy (VSFG) [62,117,118]. Briefly, in
VSFG a pulsed visible and IR beam are overlapped at an interface and the emission of photons
at the sum of the frequencies of the two incoming beams measured. In the dipole approximation

the sum frequency process is prohibited in environments with local inversion symmetry and is thus,
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for many systems, VSFG provides an interface-specific probe (inversion symmetry is always broken
at the interface). The SFG emission intensity increases when the IR energy matches a vibrational
transition in the interfacial species. These characteristics make VSFG an ideal optical probe for the
vibrational spectrum of water-membrane interfaces. The sum-frequency generation (SFG) intensity
is essentially a measure of the square of the nonlinear polarization Péi,zc generated at the surface

by the visible and infrared optical fields :

ISFG X ‘PS(?GP X |X(2)|2IIRIViS (41)

where X(Q) is the second-order nonlinear susceptibility and Itg and Iyis are the intensities of the

incident fields. x(?) is given by,

@ _ 2 O _ 4 b An 49
X XNR+XR 0€ +;LU77,7WIR*LFTL ( ' )

So when the frequency of the incident infrared field is resonant with a vibrational mode, n, the
SFG field is strongly enhanced. Here, A is the real amplitude of the non-resonant susceptibility, ¢
its phase, A, is the amplitude of the n'”* vibrational mode, w,, the resonant frequency, and T',, the
linewidth of the transition.

Although the static spectral observables are useful (center frequencies and linewidths), it is clear
that the structure of interfacial water and that of membrane bound water, is under-constrained by
the few parameters that can be obtained from VSFG spectra. Irrespective of the type of interface,
the SFG spectral linewidth of hydrogen-bonded water is very broad (~3100 to ~3500 cm~!) and
essentially featureless. This situation is analogous to studies of bulk water, where linear infrared
absorbance and spontaneous Raman spectral lineshapes convolute homogenous, inhomogeneous and
structural effects.

It has been shown in the past few decades that time-resolved vibrational pump-probe spectro-
scopies have the capability to provide experimental observables that further our understanding of
the underlying dynamical molecular structure which is otherwise difficult to extract by a simple
vibrational lineshape analysis. For instance, the IR absorption spectrum of bulk water is inho-
mogeneously broadened, which renders lineshape analyses practically meaningless for extracting
relaxation and dephasing times of the O-H oscillator. However, by introducing a short-duration
non-equilibrium vibrational perturbation to a sub-ensemble of O-H oscillators and subsequently
monitoring the mechanism and rate of relaxation of this perturbation in time, one can obtain in-
sights of the underlying H-bond networks at play. For bulk aqueous systems, pump-probe and
multi-dimensional infrared spectroscopy have proven extremely useful in both describing the struc-
ture and time-dependent structural evolution of water itself as well as the manner in which water
solvates small molecules [128,129,132,135-139]. Such a pump-probe concept has recently been ex-
tended in our time-resolved SFG technique (TR-SFG) independently by the Shen group [87] and by
us [93,140], to study interfacial water. By using an intense IR pulse to excite O-H stretch vibrations
at the interface and subsequently monitoring the dissipation of this excitation using VSFG, one

can follow the relaxation of the non-equilibrium vibrational perturbation in real-time and thereby
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increase our understanding of the influence of underlying molecular interactions and structure, on
the macroscopic properties exhibited by biological membranes.
In this study, we have investigated water (H2O) at the monolayer interfaces of four different

lipids using frequency- and time-resolved SFG spectroscopy.

4.3 Experimental Section

Sample Preparation

All the lipids used in these experiments, 1,2-dipalmitoyl-3-trimethylammonium-propane (chloride
salt) (DPTAP), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine  (sodium  salt) (DMPS),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) were all purchased from Avanti Polar Lipids. The chemical structures
are shown in figure 4.1. For the time-resolved SFG experiments, the lipid monolayers were prepared
at room temperature (22° C) in a commercial Langmuir trough (Kibron Inc, Finland) by spreading
drops (0.5 ul/drop) of ~1.5 mM lipid solution in chloroform/methanol (Sigma-Aldrich) onto an ul-
trapure water (HyO) sub-phase (Millipore water, 18.2 MQ-cm resistivity). For the frequency-resolved
SFG experiments, DoO was used as the sub-phase. Self-assembled monolayers of the corresponding
lipid form on the sub-phase as the chloroform/methanol solution evaporates. The surface pressures
were measured with a tensiometer using the Wilhelmy-plate method. Frequency- and time-resolved
SFG measurements were both carried out at surface pressures corresponding to the liquid condensed
phases of the different lipids (~30-40 mN m™1).

The setups and experimental schemes for the frequency- and time-resolved SFG experiments have
been described in detail in earlier chapters. Briefly, in a typical TR-SFG experiment, an intense
mid-IR pump pulse, tuned to a vibrational resonance within the broad SFG spectrum of water at
a lipid/water interface, vibrationally excites a sub-ensemble of O-H oscillators and the response of
this excited system is monitored by observing the modulation in the SFG spectrum and intensity
generated at the interface, as a function of the delay time between the IR pump and SFG probe
pulses. A series of differential SFG transients (Ipho,—on/Tonmp_of) are recorded as a function of
pump-probe delay time (usually varied from -2 ps to 100 ps), typically at four frequencies across
the broad hydrogen-bonded SFG spectra for all the lipid monolayers: 3200, 3300, 3400 and 3500
cm~!. In these experiments, the pump-on and pump-off SFG signals generated at the interface
are spatially separated by a galvano mirror, synchronized to the 1-kHz laser repetition rate in a
way that the galvano mirror has a certain position when an excitation pulse is blocked (pump-off)
by a phase-locked chopper, and a certain other position when the pulse is unblocked (pump-on).
Subsequently, these SFG signals are spectrally dispersed by a monochromator and finally recorded
on an EM-CCD camera (discussed in chapter 2), whereby the accumulated pump-on and pump-off
SFG spectra are read out from different regions on the CCD chip.

Note: The studies on DMPS /water interface were the first TR-SFG experiments done along with the

neat water/air interface. These transients were recorded as a function of a pump-probe delay window
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Figure 4.1. Chemical structures of the studied self-assembled monolayers on water:(a) 1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine (sodium salt) (DMPS), (b) 1,2-dipalmitoyl-3-trimethylammonium-propane
(chloride salt) (DPTAP), (c) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) , (d) 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE). (a) has a net negative charge on the headgroup and (b) has a net
positive charge. (c¢) and (d) are both zwitterionic (hence dipolar) and are chemically similar: (c) is the
N-methylated form of (d)

of -500 fs up to 2 ps, in a spectrally integrated manner on a photomultiplier tube (instrumentation
described in chapter 2). With further improvements of the detection technique and stability issues
we were able to do experiments from -2 ps up to 100 ps pump-probe delays, using an EMCCD
camera: the DPPC, DPPE and DPTAP monolayers on water were studied using this improved
TR-SFG technique.

4.4 Results and Discussion

4.4.1 Frequency-resolved SFG experiments

The static frequency-resolved SFG spectra of the H-bonded water (D20) at various lipid/D20O mono-
layer systems are shown in figure 4.2. We observe that the static SFG spectra of the interfacial water
at the chemically similar DPPC and DPPE monolayer systems are essentially identical. This is ob-
served despite the fact that lipids with a bulkier headgroup (choline in DPPC) can pack less tightly
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in the monolayer than the ones with a less bulky head group (ethanolamine in DPPE), thus causing
a greater degree of hydration in the former (pp. 215 in [141]). The SFG spectral intensities of the
interfacial water at charged lipid monolayers (DMPS and DPTAP) are much larger than the ones
at the zwitterionic lipid/water interfaces, primarily due to two effects: (i) an extended orientation
of water dipoles into the bulk due to a net electric field provided by the charged lipid headgroups
and (ii) the second-order P®) of the interfacial water is enhanced by a bulk x®) response due to
the additional DC-field (Eg), provided by the sheet of charged headgroups,

PR = X® Bir Eyis + X Eig Buis Eo (4.3)
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Figure 4.2. The static SFG spectra of the hydrogen-bonded O-D are shown for the four D2 O/lipid interfaces:
DPTAP, DMPS, DPPC and DPPE. The respective lipid headgroup charges are also indicated in brackets.

As discussed in the previous chapter, the assignment of the double-peaked structure in the
static SFG spectra of interfacial water has been the subject of intense debate. We follow here the
reference [127]. Briefly, the SFG spectra of interfacial water is essentially from an inhomogeneously
broadened symmetric stretch vibrational mode of the O-H (or O-D) oscillator, owing to a large
distribution of hydrogen bond strengths in the interfacial water. Through recent findings in isotopic
dilution experiments (HOD/D,O subphase) at both the air/water and lipid/water interfaces, it has
been shown that a Fermi resonance coupling between the symmetric stretch and the isoenergetic
overtone of the bending mode causes a lowering of the density of states around 3300 cm~! which
appears as a dip in an otherwise continuous and inhomogeneously broadened VSFG spectrum of H-
bonded water [127]. Such coupling has been demonstrated to exist, using two-colour IR pump-probe
experiments in bulk water [128,129]. In these experiments, the O-H stretch modes are excited and

a fast relaxation (~200 fs) process is observed to occur into the excited H-O-H bend mode. This is
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consistent with the picture that the overtone of the bend mode, being iso-energetic with the O-H
stretch fundamental, couples strongly with the excited O-H stretch mode, whereby the relaxation

occurs through the bending mode.

4.4.2 Time-resolved SFG experiments

As we can see from the static SFG spectra (figure 4.2) of the four lipid monolayer systems, apart
from the slightly varying double-peak structure, the spectra in the hydrogen-bonded region of water
(D20O) appear to be fairly similar in their center frequencies and broad line-widths. There seems
to be a week increase in hydrogen bonding strength going from DPPE-DPPC-DMPS to DPTAP,
without any distinct spectral signature of prominent difference in the molecular structure or dynam-
ics of the interfacial water molecules. As the headgroups are chemically fairly different, one might
expect more pronounced differences in hydrogen-bonding properties. It is therefore interesting to
study the spectrally broad rather featureless response with a non-equilibrium probe, the TR-SFG
technique, and search for signatures of hydrogen-bonding heterogeneity in these model biological
interfacial water molecules. TRSFG measurements were carried out at the water-model membrane
interfaces, with the pump and probe IR pulses centered at 3200, 3300, 3400 and 3500 (£10) cm™!,
using IR pulses with a spectral widths of ~120 cm~! and pulse durations of ~140 fs. The TR-SFG
transients from the various lipid/water interfaces are shown and discussed individually in the fol-
lowing sub-sections with figures 4.4, 4.6, 4.7 and 4.8. Preliminary inspection of the transients of the

different systems, reveals that the response from the four interfaces can be classified into two groups:

(i) The charged lipid/water interface: DPTAP and DMPS

(a) Response at 3200cm™!:

After the IR excitation, the decrease and initial recovery of the
SFG intensity occur within the time resolution of the experiment (within ~ 100 fs). The maximum
bleach signal occurs very quickly (at t<50 fs) after t=0; there is very limited build-up of vibrational

excitation during the pump pulse, indicative of a very short T, lifetime.

(b) Response at 3300, 3400 and 3500 cm™!: The features of the transients at these frequen-
cies look similar, where the bleaching occurs significantly delayed (t>50 fs) compared to the traces
observed at 3200 cm™!. Also the initial recovery of the SFG intensity appears to be much slower at
these frequencies than at 3200 cm™'. After this initial relaxation process, a slow relaxation process

is also evidently occurring, on timescales of tens of ps.

(ii) The zwitterionic lipid/water interface: DPPC and DPPE

(a) Response at 3200 and 3300 cm™!: After the IR excitation, the SFG intensity decreases
instantaneously (within ~50 fs), due to bleaching of the ground state. Subsequently, there is a

partial recovery of the SFG signal, after which the signal decreases again, and finally continues to
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recover to a level that is lower than its original value. The initial dynamics (bleach, partial recovery
and second signal decrease) occur on sub-picosecond timescales, whereas the final slow rise occurs

over tens of picoseconds.

(b) Response at 3400 and 3500 cm™': The transients look similar to the ones at the charged
lipid/water interface - with an initial delayed bleach after excitation, subsequent relaxation of the
bleach within 1 ps, followed by a slow rise in order of tens of ps. No additional signal decrease was
observed at these frequencies.

The different long-time signal offsets in all the transients at delay times >100 ps can be readily
attributed to the spectral shifts due to the IR pump-induced heating: it was verified that the SFG
spectrum of the hydrogen-bonded O-H stretch mode shifts to blue frequencies owing to heat-induced

weakening of H-bonds.

1]1
Ny Ll

Figure 4.3. The 5-level kinetic model used in the TR-SFG data analysis. The population of the i*" state is
denoted by Nj, the absorption cross-section for 0—1 transition is denoted by oo, the relative susceptibility
of state i is denoted by x; and the i—j time-constant is denoted by Tj;.

These transients can be described accurately by a 5-level kinetic model shown in figure 4.3: an
extension to the 4-level system used to describe bulk water IR pump-probe transients [131,136,142,
143]. The relevant coupled differential equations describing the population kinetics in such a system

can be written as,

IO~ 1t )0 (No(t) — Na (1) (4.4)
d]\(;lt(t) = I(t, Towhm) oo (No(t) — N1(t)) — ]\;171(;) (4.5)
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dN>(t) Ni(t)  Na(t)

_ _ 4.6
dt T2 To3 0
N. N- N.
dt T34 ’
where,
dN.(t . . .
dt( ) = the rate of population change in level x at time, ¢
I(t, Ttwhm) = the Gaussian pump pulse with a certain pulse duration, Tywhm
o9 = is the absorption cross-section for the 0 — 1 transition

As shown earlier in chapter 3, in our modeling of the TRSFG transient data, the susceptibilities
and the relaxation times are kept as fit parameters and the normalized differential SFG signal,
Algrg as a function of the pump-probe delay ¢, is then computed from the time-dependent state

populations by,

[(No(t) = Ni(t))xo + x2Na(t) + x3Ns(t) + xaNa(t)]?

Aara(0)= NP

(4.9)

This simple model provides an adequate description of the data as will be shown in the following
sections for all the lipid/water systems. In contrast to the 4-level model used to describe the IR
pump-probe measurements in bulk water [131,136,142,143], the lipid/water TRSFG measurements
require a 5-level model as shown in figure 4.3. The 5-level model can readily be interpreted as follows:
infrared excitation of the molecules promotes population from the O-H stretch vibrational ground
state vy, to the first vibrationally excited state v;. Subsequent vibrational relaxation occurs to a state
v9 on a timescale 1o, which can be identified as the vibrational lifetime T;. State vy corresponds
to the system in which the energy has flowed out of the high-frequency vibrational O-H stretch, but
has not yet equilibrated over all degrees of freedom. vo subsequently relaxes to vz with a timescale
of Th3. w3 corresponds to the situation where the excess energy is equilibrated over all degrees of
freedom, following a reorganization of the hydrogen bond network. The timescale associated with
the H-bond network rearrangement is T53. Finally, the increase in temperature results in a change of
the hydration state of the lipid monolayer: v3 converts into the slightly different v4 with a timescale
of T34, which is much larger (>20 ps) than 75 and Ths. Its precise value depends on the monolayer

composition. In the following, the different monolayer systems will be discussed one by one.

4.4.2.1 DPTAP/H;,O Interface

The TR-SFG transients for the DPTAP /water interface are shown in figure 4.4. As we can see, the
data can be well described with the aforementioned 5-level kinetic model. Previous investigations

of the vibrational dynamics of interfacial water at the water-air interface [93] and the water-silica
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Figure 4.4. One-colour TR-SFG transients for the DPTAP /water interface recorded at four different IR
frequencies indicated in the graph. The left panel depicts the dynamics up to 5 ps; the right up to 20 ps.

interface [87] have revealed very fast intermolecular energy transfer between water molecules. This
very rapid (sub-50 fs) energy transfer leads to a homogeneous response of the different spectral
components within the water band. When exciting a weakly hydrogen-bonded water molecule at
high frequency (3500 cm™!), the excitation can 'hop’ rapidly to a strongly hydrogen-bonded water
molecule at low frequency (3200 cm~1!). Moreover, the excitation is not restricted to the surface; the
surface excitation can be transferred to and from the bulk. Therefore, although the intrinsic response
may be different for interfacial water molecules with different hydrogen bonds, an averaged response
was observed for both the water-air (as shown in chapter 3) and the water-silica [87] interfaces. It
would therefore seem intuitive to attempt to apply a similar model of homogeneous response to water
at the water-lipid interface. This implies that the three time constants that describe the transitions
between the different states in the 5-level model would be the same for all frequencies.

Indeed, three out of four traces for DPTAP - and, as will be shown below, the same is true for
the other lipids - can be described using one set of time constants. Remarkably, the 3200 cm~! data
are notably different: the vibrational relaxation time (T;2 in the model) is appreciably shorter than
that inferred for the other frequencies.

The following table 4.1 shows the various time constants extracted from the model:

Table 4.1.

DPTAP T12 (fS) T23 (fS) T34 (ps)

3200 cm™t <50 840 20
3300 cm™' 180 840 20
3400 cm™' 180 840 20
3500 cm™' 180 840 20
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From table 4.1, we note that for the DPTAP /water interface, the lifetime of the O-H stretch
excited state relaxes with a time constant of T15 = 180 fs, for the frequencies 3300, 3400 and 3500
cm ™!, whereas for 3200 cm™!, the T appears to be extremely fast (< 50 fs). Figure 4.5 shows
that although the 3300-3500 cm ™! transients can be described very well using a a single T15 = 180
fs, this homogeneous model breaks down at 3200 cm ™!, where a Ty of 180 fs is evidently too large,
and we must conclude that Tq5 <50 fs.

The T;, time constants obtained for 3300 to 3500 cm ™! are found to be consistent with the
scenario that a very fast Forster energy transfer causes the O-H excitation quanta to randomize
amongst neighboring water molecules. The subsequent relaxation occurs into vy - the anharmonically
coupled states, presumably bending modes and finally of the excited O-H stretch mode and the
excited low-frequency H-bond modes. This is consistent with the observations in bulk water [130,132]
and the neat water-air interface [93]. However for the 3200 cm~! mode, the Tys is extremely fast,
<50 fs, thus suggesting that vibrational relaxation is faster than intermolecular vibrational energy
transfer.

These observations indicate a very fast spectral diffusion of the O-H excitation across the SFG
spectrum of the DPTAP /water interface, between 3300 and 3500 cm~!, that causes the Tio to be
the same in this regime; at 3200 cm~!, the extremely fast Tio can only suggest that the strongly
H-bonded O-H oscillators relax faster than resonant energy transfer to neighbouring water molecules
can occur. As a consequence, water molecules at the DPTAP /water interface exhibit homogeneous
dynamics across the SFG spectrum beyond 3300 cm™!, but display heterogeneity of the O-H oscil-
lators associated with very strong hydrogen bonds (i.e., at 3200 cm™1).

The Ta3 value of 840 fs observed for all the transients suggest that the energy flow out of the
vy state associated with of the adjustment of the hydrogen bond network to the local temperature
increase due to vibrational relaxation - is comparable to the value obtained for bulk water, where
the excitation flow out of vy into the hot ground state takes ~0.55 - 1 ps [142,143].

The relatively long T34 value of ~20 ps suggests a relaxation process which involves a collective
rearrangement of water molecules associated with the change in hydration of the lipid head group
region. This assignment is consistent with NMR studies of partially hydrated bilayers, which have
shown that the timescale on which exchange occurs between bulk water and water associated with

lipid head groups, is of the order of ~100 ps [37].
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Figure 4.5. The one-colour TR-SFC transient for the DPTAP /water interface recorded at 3200 cm™!. The
solid grey line is a fit to the transient data using T12<50 fs and the black line, using T12=180 fs. This shows
that the homogeneous model where T12=180 fs should describe the transients at all frequencies across the
H-bonded O-H spectrum, breaks down at low O-H frequencies (i.e., 3200 cm™"), where the hydrogen bonds
are strong.

4.4.2.2 DMPS/H-0 Interface

The features of the TR-SFG transients for the DMPS/water interface, shown in figure 4.6 closely
resemble those observed at the DPTAP /water interface and the time constants are indistinguishable:
Ty for 3200 cm™! < 50 fs whereas for 3300-3500 cm ™! is /2 180 fs; Tas3 is =~ 800 fs and Tsy > 20
ps. This suggests a similar mechanism of energy flow dynamics being operative at the DMPS /water
interface as at the DPTAP /water interface, showing signatures of strongly bound water molecules
to the lipid head-group moieties (at 3200 cm~!) and that of weakly bound water molecules whereby
O-H excitations are randomized through a Forster type transfer mechanism to other neighbouring
water molecules (at 3300 cm™! and beyond).

Note: Before the TR-SFG technique had been improved to perform most of these lipid/water dy-
namics experiments, an earlier interpretation of the DMPS/water dynamics had been made based
on the experiments performed up to 2 ps pump-probe delays. According to this interpretation, one
distinct time-constant at each frequency could well describe the TR-SFG data. Such an interpreta-
tion indicates the existence of distinct sub-ensembles of water molecules across the SFG spectrum,
energetically decoupled from the bulk of the system. The new interpretation presented here, con-
cluded from improved experimental results, suggest a less heterogeneous behaviour: The response
seems to be homogeneous for water molecules with vibrational frequencies in the range of 3300-3500

em ™!, whereas at 3200 cm ™!, a distinct sub-ensemble of strongly hydrogen-bonded water molecules
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Figure 4.6. One-colour TR-SFG transients for the DMPS/water interface recorded across the H-bonded
O-H SFG spectrum.

seem to be energetically decoupled from neighbouring water molecules.

4.4.2.3 DPPC/H;0 and DPPE/H,0 Interface

The TR-SFG transients for the DPPC/water and DPPE/water interfaces are shown in figures 4.7
and 4.8.
The data for both systems can be described well with the 5-level kinetic model and the time-constants

of the O-H stretch mode excitation energy flow through the systems can be extracted as shown in
tables 4.2 and 4.3:

Table 4.2. Time-constants for DPPC tran- Table 4.3. Time-constants for DPPE tran-
sients sients
DPPC T12 (fS) T23 (fS) T34 (pS) DPPE T12 (fS) T23 (fS) T34 (pS)
3200 cn ! <50 950 40 3200 cm ! <50 680 70
3300 cm™! 180 950 40 3300 cm ! 180 680 70
3400 cm~* 180 950 40 3400 cm ™! 180 680 70
3500 cm™* 180 950 40 3500 cm ™! 180 680 70
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Figure 4.7. One-colour TR-SFG transients for the DPPC/water interface recorded at four different IR
frequencies indicated in the graph. The left panel depicts the dynamics up to 5 ps; the right, up to 20 ps.

The initial relaxation dynamics (T;2) of HyO across the DPPC/water and DPPE /water SFG spec-
trum are identical to those at the DPTAP /water and DMPS/water interfaces: T1o < 50 fs at 3200
ecm™! and is ~180 fs at 3300 cm ™!, 3400 cm~! and 3500 cm~!. Figure 4.9 demonstrates that Ty, =
180 fs is incompatible with the transient data at 3200 cm™?!.

As we can see, although the initial dynamics of the TRSFG transients, from 3300 through 3500
cm ™! can be described with a single T12, the 3200 cm ™! lifetime is much shorter (>50 fs) than the
lifetime at the blue side of the SFG spectra. This indicates a similar homogeneity of water molecules
at zwitterionic interfaces as at the charged interfaces, for medium to weak hydrogen-bonded water
(at 3300 cm~! and up), where a Férster energy transfer of the excitation energy dominates the initial
dynamics. The strongly hydrogen-bonded water molecules (at 3200 cm™!) dissipate the excitation
energy through IVR into the strong H-bond modes associated with the lipid headgroup moieties;
thus energetically decoupled from the neighbouring bulk water.

This physical picture is schematically represented in figure 4.10, which shows the intrinsic Ty
lifetimes (in the absence of Forster energy transfer), along with the Forster energy transfer, as a
function of frequency. The excitation of the O-H stretch vibration rapidly hops from one molecule
to another. As a result, the excitation samples all the different types of local O-H oscillators, on
a very short time scale. This timescale depends on the cross section of the O-H stretch vibration,
which is also frequency dependent. As a results, the effective relaxation time is a weighted average
of the Ty values of all O-H oscillators near the interface - both bound to lipid headgroups and
in the nearby bulk. Only at very low frequencies (~3200 cm~!, where hydrogen bonding is very
strong and vibrational relaxation apparently is very fast, does the vibrational relaxation process

outpaces the energy transfer process, and IVR occurs quickly, without averaging over all possible
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Figure 4.8. One-colour TR-SFG transients for the DPPE/water interface recorded at four different IR
frequencies indicated in the graph. The left panel depicts the dynamics up to 5 ps; the right up to 20 ps.

hydrogen-bonded arrangements.

An additional interesting feature in the data is observed at ~500 fs for both the DPPC and
DPPE transients, particularly at 3200 and 3300 cm™!, where a clear overshoot in the transients
is evident. This feature, apart from the different long time signal offsets, make the DPPC and
DPPE interfacial TR-SFG transients distinct from the DMPS and DPTAP interfacial dynamics,
where the overshoot at t=500 fs is clearly not present. The appearance of this feature demonstrates
that the non-thermal intermediate state at the DPPC/water and DPPE/water interface has a quite
different spectrum from that at the DMPS/water and DPTAP /water interface. This difference
can be quantified through the difference in the relative SFG susceptibilities () of the excited O-
H oscillators at the zwitterionic interface, when compared to those at the charged interface. The
following table shows the relative susceptibilities of the DPPC and DPTAP systems (extracted from

the data fits), where the difference is most prominent.

Table 4.4. Relative susceptibilities of all the energy levels extracted from the TRSFG transients at 3200
em™! for DPPC/water and DPTAP /water interfaces

X0 X2 X3 X4
DPTAP 1 0914 0.939 0.949
DPPC 1 0.709 0.609 0.696

As is apparent from table 4.4, in the case of DPTAP /water interface, the susceptibility of every
subsequent transient state is higher than the preceding one during the excitation energy flow after

bleaching the ground state, i.e., xa < x3 < x4. However in the case of DPPC/water interface, the
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Figure 4.9. TRSFG transient data for 3200 cm™' at (a) DPPC/water and at (b) DPPE/water interface.
Also shown are the fits (grey solid lines) to the data with T12< 50 fs and the attempts to fit the data (black
solid lines) with T12 = 180 fs.

order of values of the relative susceptibilities is: x2 > x3 < x4. This suggests that the transient
structures of the strongly hydrogen-bonded water molecules at the DPPC interface are quite different
from those at the DPTAP interface.

The Ty3 for DPPC and DPPE interfaces - timescales of equilibration of excitation energy over
all the degrees of freedom of the hot water molecules - are ~950 and ~680 fs respectively, and are
within the order of the bulk values of 0.55 - 1 ps, as discussed earlier. The T34 for DPPC and DPPE
interfaces have been found to be ~40 and ~70 ps respectively, thus indicating a slow rearrangement

of the hydration layers around the lipid head-groups.
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Figure 4.10. Schematic representation of the frequency dependence of the vibrational lifetime (7rvr) [144]
and Forster energy transfer time [145], demonstrating that at low frequency the lifetime is shorter than the
energy transfer time, and fast (sub-100 fs) vibrational relaxation can occur before energy transfer causes
homogeneous response.

4.5 Conclusion

Four different model biological lipid/water interfaces were studied, namely monolayer’s of DPTAP,
DMPS, DPPC and DPPE on water, using our novel time-resolved SF'G technique in order to elucidate

the structural dynamics of the water molecules interfacing the lipid monolayers.
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Figure 4.11. Cartoon depicting ultrafast vibrational relaxation. After excitation of the O-H oscillator,
IVR occurs through the strong H-bond mode associated with the lipid headgroup moieties thus relaxing
to an intermediate state and subsequently to a thermally equilibrated state.This mechanism of vibrational
relaxation is concluded to be operative for strongly hydrogen bonded water molecules (#=3200 cm™*)

We find two predominant mechanisms of vibrational relaxation, irrespective of the details of the

lipid monolayer system studied:

(i) For the strongly bound water molecules (3200 cm™! O-H stretch fundamental), vibrational re-
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laxation occurs on timescales appreciably shorter than the pulse duration, presumably through the
hydrogen bond modes associated with the lipid headgroup moieties (see figure 4.11). These wa-
ter molecules relax so quickly, that they do not have time to exchange vibrational energy with
neighbouring water molecules and the bulk.

(ii) For the medium and weakly bound water molecules (3300-3500 cm !

, a Forster-type energy
transfer amongst the neighbouring water molecules dominates the energy dissipation mechanism,
which randomizes the excitation on very short timescales and subsequent relaxation occurs essentially
with a time-constant of ~200 fs - a phenomena also observed in bulk and neat water-air interfaces
as we’ve seen in the previous chapter (see figure 3.7)

(ili) For the strongly bound water molecules (3200 cm™!), transient features (”overshoot”) were
observed at the zwitterionic lipid/water systems that were absent for the charged lipid/water sys-
tems, which suggest differences in the way the interfacial water molecules couple to the zwitterionic
headgroups than to the charged lipid headgroups. Shorter pulses and two-colour pump-probe SFG
schemes need to be implemented, whereby exciting the water molecules and probing the headgroup
moieties, one can conclusively make the distinction between the bonding mechanisms of the interfa-
cial water molecules with the different lipid headgroups.

(iv) On inspection of the Tag - the time constant that reflects the rearrangement of the hydrogen-
bonded network following relaxation of the O-H stretch excitation - we find that the values are
within the range observed in bulk water. Therefore the vibrational energy redistribution among the
low frequency H-bond modes at the interface is not so different from those in the bulk.

(v) Finally, a relatively long relaxation time has been identified (Ts4), which has been assigned to
a slow, collective reorganization of the hydration layers around the lipid headgroups - we find that
it takes a factor of 2-3 longer for the zwitterionic headgroup water molecules than for those at the
charged lipid headgroups. This might be suggestive of a more complex collective coupling of the

hydration layers with the zwitterionic headgroups than with the charged lipid headgroups.
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Chapter

Structure and Dynamics of Water at
Model Human Lung Surfactant

interfaces

Abstract

We investigated the structure and dynamics of water in contact with a monolayer of artificial lung
surfactant (LS), composed of four types of lipids and one protein. The interfacial water is investigated
with frequency-domain and time-domain surface sum-frequency generation spectroscopy, in which
the vibrational relaxation of specifically interfacial water molecules can be followed. We compare the
response of water interfacing with three systems: a monolayer of the pure lipid that is dominant in
the LS mixture, a monolayer of the four lipids, and a monolayer of the four lipids including the lung
surfactant protein. We find remarkable differences in the vibrational energy relaxation mechanisms
between the pure DPPC/water system and the mixtures - which essentially reveals the underlying

differences in the associated interfacial water structure.



5.1 Introduction

This chapter reports on surface-specific experiments performed to directly probe the interfacial water
at the water-model lung surfactant (LS) interface. Using steady state and time-resolved SFG we aim
at elucidating the structure and dynamics of interfacial water, in order to increase our molecular-
level understanding of the role of water in lung functioning. Human LS is a complex mixture of
lipids and proteins that forms a monolayer at the air-alveoli interface of the lungs. This LS has
some remarkable properties that make it crucial for the proper functioning of lungs, the deficiency
and dysfunction of which leads to fatal respiratory disorders. In premature infants, deficiency of
LS results in respiratory distress syndrome (RDS), which is one of the leading causes of infant
deaths [146]. Dysfunction of LS is a condition associated with acute RDS (ARDS). ARDS is a result

1. Current clinical treatment for RDS is through

of lung injury and can affect patients of all ages
surfactant replacement therapy, namely, administration of exogenous model LS which mimic the
natural LS. Thus a fundamental molecular understanding of LS structure and function can lead to
improvements of the established treatments as well as invention of novel therapies. Prior studies
have essentially focused on the LS lipid structure (with and without the LS protein/mimics) [147],
however without much focus on the role of the interfacial water. With our frequency- and time-
resolved SFG we have attempted to further our molecular understanding of the role of interfacial

water at such biological membranes.

5.1.1 Lung Surfactants and Interfacial Water

The human LS monolayer at the air-alveoli interface of the lungs [146, 148,149] is secreted by the
alveolar type II cells into the hypophase in the form of lamellar bodies, which is then transformed
into a unique surfactant assembly, tubular myelin (TM). With the aid of TM, the LS can adsorb
rapidly onto the airalveolar hypophase interface during inhalation, forming a surfactant monolayer
covering the alveolar hypophase. From a biophysical point of view this LS must satisfy three re-
quirements for proper lung functioning: it must (i) reach ~ 0 mN/m surface tension near the end
of exhalation, (ii) have relatively high surface activity, and (iii) adsorb/desorb from the interface
rapidly [147,150]. The first requirement is met by monolayers of pure DPPC (1,2-Dipalmitoyl-
sn-Glycero-3-Phosphocholine). Unfortunately, this system is neither sufficiently surface active, nor
does it adsorb sufficiently rapidly, to be useful in-situ. Both requirements (ii) and (iii) are generally
addressed by mixing lipids with DPPC that have either unsaturated bonds in their alkyl tails or
tails that are particularly bulky. Pure DPPC monolayers have a relatively small lipid condensed
(LC)/ lipid expanded (LE) phase coexistence that spans ~2-5 mN/m. The addition of unsaturated
or bulky lipids expands this coexistence region over a much larger range in surface pressure: where
the LC phase is then dominated by DPPC and the LE by the bulky or unsaturated lipids [147]. The

pressure range of this phase coexistence can be further enhanced by the addition of a component

ISome celebrities victims and survivors of ARDS:
1.Patrick Bouvier Kennedy, son of President John F. Kennedy and First Lady Jacqueline Kennedy, died of RDS two
days after his premature birth at 34 weeks gestation in 1963.
2.Freddie Highmore, a popular young British actor survived RDS after being born at 29 weeks.
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that specifically interacts with DPPC in such a manner as to cause an increase in density; such a
component might be thought of as a way of making LC domains more condensed [151]. LS films are
thought to function in lungs by excluding components that form the LE domains at high pressure,
leading to the ”squeeze-out hypothesis” [147,152,153]. In the absence of any mechanism of retaining
such material near the air/water interface one might expect that, over many expansion/compression
cycles, loss of LS components through diffusion away from the film might be significant. Adding
small amounts of a synthetic mimic of LS protein B helps overcome this problem by catalyzing
the reversible formation of multi-layers at high compression: instead of being lost to diffusion LS
components form multi-layers at high compression and reinsert into the monolayer at low compres-
sion [153-155]. Useful insights into such LS systems may be gained by studying mono-/multi-layers
spread over an aqueous sub-phase. There is an extensive body of literature, and existing therapeutic
products, that suggest LS function can be mimicked by a mixture of 3-4 well-defined synthetic lipids
and a small, amphiphilic peptide that mimics the function of LS protein B [156,157]. Though such
mixtures are known to be therapeutically effective, the role of interfacial water at membranes has

not yet been clarified.

5.1.2 Frequency- and Time-Resolved SFG on model lung surfactant mono-

layers on water

In this study, we follow prior workers and use DOPG (1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-(1-
glycerol)]) and tripalmitin (TP) as unsaturated and bulky components, add palmitic acid (PA)
to drive further condensation of DPPC and employ the artificial protein KL, as an SP-B mimic
[147,151]. We take VSFG spectra over the entire CH and O-H H-bonded region for first DPPC,
then a 6:2:1:1 (by mass) mixture of DPPC:DOPG:PA:TP (called mixture) and finally a 6:2:1:1:1
mixture of DPPC:DOPG:PA:TP:KL, (called mixture + KL,4) at several molecular densities. The
chemical structures for each of these LS components are shown in figure 5.1. In addition to the
VSFG measurements, we also perform TRSFG measurements centered at 3200 cm~'. Water in all
three systems shows a new kind of dynamical response to vibrational excitation. The combined
frequency resolved and pump-probe study of the LS system and its constituents sheds new light on

the role of water in the molecular organization of the LS monolayer.

Sample preparation

1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) and 1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-
(1-glycerol)] (sodium salt) (DOPG) were purchased from Avanti Polar Lipids. Palmitic Acid (PA)
and Tripalmitin (TP) were purchased from Sigma-Aldrich. All were used as received. The structures
of the lipids and surfactants are shown in figure 5.1. The 21 amino acid peptide KL, used in our
experiment consists of 4 repeating units of Lys(K)-Leu(L)-Leu-Leu-Leu terminating with K. This
short sequence peptide was custom made by AnaSpec, Inc. (San Jose). Stock solutions (/2 mg/mL)
of DPPC, PA and TP were prepared in HPLC grade chloroform while DOPG (/2 mg/mL) and KL,

(0.6 mg/mL) were prepared in 1:3 methanol/chloroform. The model lung surfactant lipid mixture
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Figure 5.1. Chemical structures of the Lung Surfactant constituents:(a) 1,2-Dipalmitoyl-sn-Glycero-3-
Phosphocholine (DPPC), (b) 1,2-Dioleoyl-sn-Glycero- 3-[Phospho-rac-(1-glycerol)] (DOPG), (c) tripalmitin
(TP), (d) palmitic acid (PA).

without the KL, (i.e. mixture) was prepared by mixing DPPC/DOPG/PA/TP in a 6:2:1:1 mass
ratio; and with the KLy (i.e. mixture + KL4) with a mass ratio of (DPPC/DOPG/PA/TP/KLy)
6:2:1:1:1 [158].

For the VSFG experiments, Langmuir monolayers of DPPC and the model surfactant with
and without KL, were prepared by drop wise addition of the stock solutions onto an ultrapure
(Millipore) water sub-phase in a home-built teflon trough. A monolayer or multi-layer forms on top
of the aqueous phase after rapid evaporation of the chloroform and methanol. As the time resolved
measurements take several hours in our set up, a rotating trough was used in these experiments
to prevent cumulative heating by the laser pulses. The surface pressures for the monolayers were
monitored using a tensiometer (Kibron). Experiments were performed at two different surfactant
densities for each sample type. For single component DPPC monolayers, experiments were performed
at surface densities of 2.9 and 4.4x10~* mg/cm? (corresponding to surface pressures of 15 and 35
mN/m respectively), for the mixture surface densities of 1.7 and 3.1x10~* mg/cm? and for the
mixture+KLy, 2.1 and 3.1x107% mg/cm? (TRSFG results are presented only for the high density
mixture+KL, sample). We observed large variability in the surface pressure for the mixture and
mixture+KL, systems as measured with our tensiometer. Prior fluorescence and scanning probe
images of systems of similar composition to ours indicate lipid phase separation. It is therefore
expected to be difficult to extrapolate point pressure measurements to entire monolayers in these

systems [150, 158], as we observe for the mixture and mixture + KLy.
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The experimental setups that have been used for frequency-resolved and time-resolved SFG

experiments have been discussed in detail in chapter 2 (Experimental Technique).

5.2 Results and Analysis

Measurements were performed on 3 samples: pure DPPC, a 6:2:1:1 mixture of DPPC:DOPG:PA:TP
(mixture) and a 6:2:1:1:1 mixture of DPPC:DOPG:PA:TP:KL4 (mixture + KL4). The frequency-
resolved experiments were performed on a sub-phase of DO, rather than H2O, as our frequency-
resolved set-up is more suited to generate IR frequencies in the O-D stretching region than in the
O-H. Without exception, experiments performed on an HoO sub-phase reveal the same behavior for
H5O0 as for D50, allowing a straightforward comparison through a renormalization of the frequency
axis. Time-resolved experiments were performed on an HoO sub-phase. For the conventional VSFG
measurements spectra were taken for each of the 3 systems at 2 distinct lipid densities corresponding
to surface pressures of approximately ~15 and 30 mN/m for the lipids and ~7 and 15 mN/m for
the lipid-protein mixture, giving a total of 6 measurements. For the TRSFG measurement no low

density mixture + KL, traces were collected.

5.2.1 Frequency-resolved VSFG measurements

Frequency resolved VSFG measurements Figure 3 shows VSFG spectra for pure DPPC, the mixture
and the mixture + KL4, at two densities each. The spectra are characterized by broad O-D reso-
nances in the 2200-2600 cm~! range and narrow C-H resonances around 2900 cm~!. The VSFG data
is fitted using a Lorentzian model, as described in literature [159]. Briefly, the sum-frequency gen-
eration (SFG) intensity is proportional to the square of the nonlinear polarization Pspg generated

at the surface by the visible and infrared optical fields:

Isrg o |Pipgl® o< X P IvisIir (5.1)

where X(Q) is the second-order nonlinear susceptibility and Iyig and I1g are the intensities of the

incident fields. As discussed in earlier chapters, x(?) is given by,

@@ @) _ 4 An 5.2
X XNRrR T XR o€ +;W’n_w1R_LFn (5.2)

So when the frequency of the incident infrared field is resonant with a vibrational mode n, the
SFG field is strongly enhanced. Here, Aq is the real amplitude of the non-resonant susceptibility,
¢ its phase, A,, is the amplitude of the n'” vibrational mode, w, the resonant frequency, and I,
the linewidth of the transition. We substitute equation 5.2 into equation 5.1 and use the resulting
expression to fit the frequency resolved VSFG spectra, the results are shown as black solid lines in
figure 5.2.

The signal in the O-D stretch region is significantly larger for the lipid mixture - both with and
without KL, - than for DPPC. The fits to the data reveal that the amplitudes of the susceptibility
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Figure 5.2. Frequency-resolved VSFG spectra of the three monolayers at low (dark grey) and high (light
grey) lipid densities each corresponding to surface pressures of ~15 and 30 mNm~!. Lipid surface densities
for low and high densities are: 2.9 and 4.4 mg cm ™2 for DPPC, 1.7 and 3.1 for the mixture, and 2.1 and 3.1
for the mixture with KLy, all expressed in units of 107* mg cm™2. Fits to the data (see text) are shown as
black lines. Top panel shows data for the DPPC monolayer, centre panel shows data for the lipid mixture
(no KL4) and bottom panel shows data for the lipid mixture + KL4. All static SFG data were collected in
SSP (SFG : VIS : IR) polarization configurations.

for the C-H stretch are very similar for all three 3 systems; the lowered SFG intensity for DPPC
in the C-H stretch region is caused by reduced interference with the O-D stretch. As expected, for
all three systems the C-H resonances increase in intensity when the lipid density increases [160].
This is an effect of both an increase in the number of methyl (CH3) and methylene (CHs)groups
contributing to the signal and the increased order among the CHj3 groups. There is, however, a
remarkable difference between the behaviour of the water resonances as the lipid density is varied:
for DPPC, the water SFG signal intensity increases weakly with increasing lipid density but for the
mixture, with and without KL4, there is a significant decrease in the water signal as the lipid density

is increased.
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Figure 5.3. VSFG spectra of interfacial water with (pump-on) and without (pump-off) IR excitation,
centered at ~3200 cm™ ' and at a pump-probe delay of 50 fs.

5.2.2 Time-resolved SFG measurements

In addition to the VSFG measurements, TRSFG measurements were carried out at the water-
membrane interfaces centered at 3200410 cm~! (using pulses with a spectral width of ~120 cm™1).
This frequency corresponds to the maximum in the SFG response in figure 5.2, for H5O in the O-H
stretch region. In all three systems, the dynamical response of water looks qualitatively similar.
Immediately after excitation the SFG intensity decreases, due to bleaching of the ground state.
The pump-on and pump-off SFG spectra of interfacial water at a pump-probe delay of 50 fs are
shown in figure 5.3. The TRSFG dynamics transients for all the systems are shown in figure 5.4.
For all cases, the look qualitatively similar: following the initial bleach, there is a partial recovery
of the SFG signal, after which the signal decreases further, and finally levels off to a level that is
significantly lower than its original value. The initial dynamics (bleach, partial recovery and second
signal decrease) occur on sub-picosecond timescales, whereas the final slow rise occurs over tens of
picoseconds. After this bleach, then, inspection of the data makes clear that it is characterized by
three other distinct processes: partial rapid recovery, a second signal decrease and continued slow
recovery.

Such a response is most simply described by a 5-level kinetic system, with three associated time
constants as used in previous bulk studies (see chapter 4). The relevant coupled differential equations

describing the population kinetics in such a system can be written as,

d]\;Ot(t) = —I(t, Tfwhm)oo(No(t) — Ni(t)) (5.3)
T~ 1 ryamdon(No() - M) - S22 (5.4
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Figure 5.4. One-colour IR pump-SFG probe transients of water at various water/lung surfactant interface
systems. Plots on left are the transients upto 5 ps pump-probe delay and the ones on right upto 100 ps.
The systems studied are (i) DPPC at low density(LD), (ii) DPPC at high density (HD), (iii) LS without
KL4 at LD, (iv) LS without KL4 at HD and (v) LS with KL4 at LD. The transients are normalized by the
pump-off reference SFG spectra, and have been offset for visual clarity. The 5-level model fits (explained in
text) are also shown along with the data as solid lines.

dt T2 Ta3 .
dt T3 T34 .
dNy(t) _ Ns(t) (5.7)
dt T34 '
where,
dN,(t
dt( ) = the rate of population change in level x at time, ¢
I(t,Tfwhm) = the Gaussian pump pulse with a certain pulse duration, Tfynm
o9 = is the absorption cross-section for the 0 — 1 transition

In modelling of the data, the SFG susceptibilities and relaxation times are kept as fit parameters
and the normalized differential SFG signal, Algprg as a function of the pump-probe delay t, is then

computed from the time-dependent state populations by,

[(No(t) — N1(t))xo + x2N2(t) + x3N3(t) + xaNa(t)]?

Aaralt) = NP

(5.8)
As is evident from inspection of figure 5.4, this simple model provides an adequate description

of the data. The time constants that are inferred from the fit are shown in Table 5.1.

We interpret the relaxation times as follows: 175 represents the vibrational relaxation time T7; Tb3
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Table 5.1. Relaxation times obtained from the fits® to the data in figure 5.4 using the 5-level scheme.*LD
= Low Density, ¥HD = High Density, *Mix = Mixture.

T., DPPC(LD*) DPPC(HD¥) Mix™(LD) Mix(HD) Mix+KL4(HD)

Ty (fs) <50 <50 190 190 200 Time
Tys(fs) 950 950 500 500 577
Ty, (fs) 40000 40000 20000 21450 60000

constants obtained are within +15% error, except for Tp3 for DPPC, for which the values are
within +£50%

represents the time associated with the adjustment of the hydrogen bonded network to the sudden
temperature increase upon vibrational relaxation; T34 is associated with the equilibration over long
timescales — its origin will be discussed below.

Several observations can be made. First of all, the values for 715 for the pure DPPC-water
system (low and high density) are significantly smaller (772 <50 fs) than for both the mixtures -
with and without KL4. Very fast vibrational relaxation rates were also reported for all other pure
lipid monolayer systems presented in chapter 4. Remarkably, the transients of the mixtures show a
significant increase in the T2 (~200 fs). Figure 5.5 shows attempts to fit the transients for the LS
mixture, with and without KLy, with the same fast T72 < 50 that was observed for pure DPPC and
other lipids at this IR frequency. It is apparent from this figure that fits with 775 = 50 fs and T34
= 100 fs do not adequately describe this data set.

1.104
O water/LS with high density
1.05 —— Fitto LS 1 (T1,=50fs)
—_ 500 —_— F?t to LS 2 (T1, =100 fs)
£ 1.004 —— Fitto LS 3 (T1, =190 fs)
2
vﬁ 0.95
0)
_% 0.90
<
0.85 P
0.80 °
T T T T T
-0.5 0.0 0.5 1.0 15 2.0

pump-probe delay (ps)

Figure 5.5. TRSFG transients (data in dots) of the water/Lung Surfactant (LS) mixture (without KL4.
Shown in bold red, is the best fit to the transient of LS/water using the 5-level kinetic model. The blue

and green bold lines are fits to the LS/water transient data, using different time-constants indicated in the
figure.
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Secondly, the T53 of the DPPC-water system is ~950 fs, whereas for the mixtures, with or
without KL4, the Th3s are ~500 fs. Thirdly, concerning the slow time constant T34, although not an
extremely sensitive parameter in the fitting procedure for the given signal-to-noise of the transient
data, there is a significant dependence on the monolayer composition and ranges between ~20 to

~60 ps - depending on the monolayer system and their densities on the subphase.

5.3 Discussion

5.3.1 Frequency-resolved SFG measurements

The generic VSFG spectra of interfacial liquid water all have in common a broad, double peaked
feature from ~ 3100-3550 cm ™! originating from the O-H stretch vibrations of interfacial water (see
figure 5.2). The much-debated assignment of this broad double-peaked feature has already been
discussed in chapter 3. Despite the complications arising in quantitative structural interpretation of
the O-H stretch spectrum owing to intermolecular coupling and intramolecular couplings, a number
of qualitative observations can be made from the O-H SFG spectra studied in this chapter, for
instance, (i) the SFG intensity in the O-D stretch region is significantly larger for the lipid mixture -
with and without KL, - than for DPPC, and (ii) for DPPC, the water signal increases weakly with
increasing lipid density but for the mixture with and without KL, it decreases with increasing lipid
density.

The VSFG amplitude of the O-H (O-D) stretch vibrations of interfacial water is known to increase
at nominally charged interfaces (see, for example, the study by Gragson and coworkers of monolayers
of differently charged surfactants at the air/water interface [161]). As indicated in figure 5.1, the
headgroup of DOPG is negatively charged. With this information, observation (i) can thus be
rationalized by noting that both the mixture and the mixture + KL4 contain significant amounts
of negative charge in the monolayer and thus the amplitude of the O-H (O-D) stretch in these
systems might be expected to be larger than that near the pure DPPC (zwitterionic) monolayer.
Rationalizing observation (ii.) requires noting that mixtures of DPPC, DOPG, PA and TP are
known to phase separate (under a wide range of pressures) into relatively more condensed domains
(enriched in DPPC and PA) and relatively more liquid domains (enriched in DOPG, TP and, if
applicable, KL4) [162,163]. The relatively liquid domains are thought to preferentially squeeze out

as the monolayer is compressed [147,153].

5.3.2 Time-resolved SFG measurements

As discussed above, it is challenging to extract details of structural dynamics of interfacial water
from the static SFG spectra. Although differences in lineshape are clearly evident, interpreting
the structural significance of these observations is not straightforward; the dynamical response
can however, shed additional light on local water organization. As shown in previous chapters,
we have applied TRSFG to both the air/water [93] and 1,2-dimyristoyl-sn-glycero-3-[phospho-L-
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serine|(DMPS) /water interfaces [94] while others have applied it to water at the silica/water inter-
face [87].

The TRSFG transient data could be described by the mentioned 5-level kinetic model shown in
chapter 4 (figure 4.3), as discussed earlier in this chapter and also in chapter 2. First, from the O-H
stretch vibrational ground state NV, excitation is taken into state N7, almost instantaneously, in
which the stretch mode is excited. Subsequently vibrational relaxation occurs to a state No in T7o
timescales: a non-equilibrium state arising out of efficient anharmonic coupling of the excited O-H
stretch mode with the excited low-frequency H-bond modes in response to the quasi-instantaneous
temperature increase due to the excitation pulse. No subsequently relaxes to N3 with a timescale
of Th3: a hot ground state where the excess energy is equilibrated over all degrees of freedom of the
H-bond modes and thereby reorganizing the hydrogen bond network. Finally, the excitation energy
flows out of N3 into Ny with a timescale of T34 much larger (>20 ps) than Tj5 and Ts3, depending
on the monolayer composition. The Ny state can be interpreted as a state arising out of a collective
reorganization of the hydrogen bond network due to exchange of water molecules across the lipid
hydration shell.

Keeping this scenario in mind we can attribute the obtained time constants to the structural
dynamics of the interfacial water at the various monolayers in our study. We observe that the Tio
of the DPPC/water system at 3200 cm™! is <50 fs and is comparable to those observed at 3200
cm~! for the DPTAP /water (see figure 4.5, chapter 4) and DMPS/water systems. On the other
hand, the mixtures with and without KL, exhibit a T} of 200 fs. This relatively slower T}5 for the
mixture/water systems is however, reminiscent of the bulk water population dynamics, where it has
been argued that the initial O-H stretch excitation is randomized via a Forster-type energy transfer
between neighbouring water molecules [93,130,132], whereby the subsequent relaxation occurs in
~200 fs. Thus, the water molecules at the interface of LS mixtures are more bulk-like, in the sense
that Forster-type energy transfer dominates the relaxation dynamics of this type of interfacial water.
However, at the DPPC/water interface, the vibrational relaxation is almost 4 times faster than at
the LS mixture/water interface - faster than (or at least as fast as) the rate at which a Forster-type
transfer can randomize the excitation on the O-H oscillators. Such a fast relaxation process may arise
due to efficient coupling between the O-H oscillators of the interfacial water and the head-groups
moieties, for instance the phosphocholine moiety.

Tss, which is interpreted as the vibrational energy redistribution (VER) timescale for the ex-
citation quanta over all degrees of freedom of the reorganized H-bond network in response to the
quasi-instantaneous thermalization, ranges between ~500 and ~950 fs for all the interfaces: consis-
tent with previously reported timescales in bulk water [142,143].

For DPPC, T34 is ~40 ps, ~20 ps for the mixture without KL, and ~60 ps for the mixture
with KL4. NMR studies of partially hydrated bilayers suggest this to be a significant fraction of the
timescale on which exchange of individual water molecules between those strongly associated with
lipid head groups and the bulk occur (typical exchange times (7ezcn) reported to be ~100 ps) [37].

As described above, the addition of KL, to the mixture has relatively little effect on vibrational

relaxation (712 and Th3) but does have a significant influence on relatively slow structural relaxation
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processes (i.e. T34). Interestingly, the addition of KL, to the lipid mixture does have a significant
effect on the pressure isotherm [162,164]: at high surface pressures, the lipid density (normalized to
the monolayer interfacial area) is lower in the presence of KL4. This observation, in combination with
scanning probe studies of model LS films, is most simply understood as the result of formation of
multi-layers in the lipid mixture with KL4 present [150]. The formation of multi-layers also explains
the slowing down of structural rearrangement: multi-layer formation is expected to slow down the
exchange of water with the bulk. From the spectrally resolved data we have already concluded that
at high pressures in both the mixture and mixture + KL, interfacial water contact with DOPG is

likely decreased.

5.4 Conclusions

In the current study, we investigated the structure and dynamics of interfacial water in contact with
a monolayer of model lung surfactant, composed of four types of lipids (referred to as mixture) and
one 21-amino acid peptide (KLy4), at various surface densities. Using frequency- and time-resolved
SFG spectroscopies, we followed the rate and mechanism of vibrational relaxation of interfacial water
molecules in real-time, after being excited with an intense IR pump pulse. This essentially revealed
the vibrational dynamics of interfacial water molecules which is a sensitive probe of the interac-
tions between the water and the membrane moieties - a primary event in defining the macroscopic
functionalities of the membrane itself.

In our static SFG studies, we have addressed the differential hydration (by D20) of each lung
surfactant (LS) component by examining three systems: a monolayer of the pure lipid that is
dominant in the lung surfactant mixture (DPPC), a monolayer of the four lipids (mixture), and
a monolayer of the four lipids including the protein (mixture + KL4). The lineshapes of the O-
D stretch observed in the static SFG spectra for each experimental system are similar. However
qualitative differences in SFG spectral amplitudes as a function of monolayer density and composition

are clearly present:

1. The O-D stretch SFG amplitude is larger for the mixture and the mixture + KL, than for

DPPC, regardless of the surface pressure and,

2. the amplitude of the O-D stretch increases in the DPPC monolayer as a function of pressure

but decreases with pressure for the mixture and the mixture + KL4

These differences are consistent with prior VSFG studies which have shown that the presence of
DOPG in the LS film gives it a large O-D stretch amplitude relative to DPPC and this amplitude
decreases with pressure as DOPG is preferentially excluded from the film into relatively less ordered
multi-layers.

In the TR-SFG experiments at the 3200 cm~! pump and probe frequencies - synonymous with

strong hydrogen-bonding of the O-H - some remarkable observations have been made:
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1. The initial relaxation process defined by T2 of the mixture/water system, with and without
KLy, is =200 fs - which is reminiscent of the bulk water population dynamics, where it has been
argued that the initial O-H stretch excitation is randomized via a Forster-type energy transfer
between closely lying neighbouring water molecules (within 2.8 A). This is consistent with
the squeeze-out model, where the water molecules are more dense in the headgroup region of
the LS mixture (with and without KL4). Remarkably however, at the DPPC/water interface,
the T75 of the water molecules is <50 fs, suggesting an alternative mechanism of energy flow
rather than randomization of the excitation through Forster transfer. This is consistent with
a scenario where the density of interfacial water molecules is much sparse at the DPPC/water
interface than at the LS mixture/water interface - thus water molecules efficiently coupling to
the H-bond modes associated with the phosphocholine headgroups rather than the surrounding

fewer water molecules.

2. The vibrational energy redistribution of the excitation energy over all the degrees of freedom of
the thermally excited H-bond modes, defined by Ts3 is essentially the same for all the systems

and is consistent with time constants observed in bulk, which ranges from 0.5 to 1 ps.

3. A very long T34 is observed for all the lipids in the order of 10s of picoseconds and the values
range from 20 to 60 ps, depending on the lipid details. Such slow processes can be attributed
to collective rearragements of water molecules or exchange of water molecules across hydration

layers.
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Chapter

Ultrafast energy flow in model

biological membranes

Abstract

We report on the energy flow dynamics in model membranes, investigated by surface-specific time-
resolved (femtosecond) sum frequency generation spectroscopy. This recently developed technique
allows us to probe energy dynamics selectively at the water/lipid interface. We report vibrational
relaxation dynamics of C—H stretch modes in the lipid alkyl chains, and reveal that incoherent
energy transfer occurs from excited CHq groups to the terminal CHg groups. We also find evidence
for strong anharmonic coupling between different CHy and CH3 modes. Relaxation and energy
transfer processes within the lipid alkyl chain occurs on (sub-)picosecond timescales. Studies of the
dynamics on different lipid phases (gel or liquid crystalline phase) reveal a marked independence of
the dynamics on the precise molecular conformation of the lipids. In addition, we report the energy
transfer dynamics between membrane-bound water and lipids, and find that the transfer of heat
between water and lipids occurs remarkably fast: heat is transferred across the monolayer, from
the polar head group region of the lipid to the end of the alkyl chain, within 1 ps. These results
demonstrate the potential of using ultrafast surface-specific spectroscopies to elucidate biomolecular

dynamics at membrane surfaces.



6.1 Introduction

The dynamics of excitation transfer and energy flow in biological systems have been studied exten-
sively the past decade [165,166], for several reasons. First of all, a number of important biological
processes relies on fast energy transfer processes. In photosynthesis, for example, the events that
occur when photons impinge on a light harvesting complex, involve the excitation going through
several intermediate states before reaching the reaction center; the initial steps in this energy mi-
gration process occurs on femtosecond timescales. [167] It is evident that a complete understanding
of photosynthesis requires insights on all relevant timescales.

Moreover, it has become apparent that even for biofunctionality that does not rely on large-
scale, dynamical energy transfer processes, dynamical studies can provide important insights into
biomolecular processes and functions: it is becoming increasingly clear that insights into the static
structure of biomolecules is not always sufficient to completely understand their function. [168,169]
For instance, conformational fluctuations that may occur over many timescales have been shown to
play an important role in protein action. [168,170-172]

This realization is prompting increasing efforts to elucidate dynamical aspects of biomolecular
structure and functioning. Indeed, femtosecond, time-resolved studies of biomolecules which probe
the energy dynamics in biomolecules is providing important information about the function of those
biomolecules, which cannot be obtained from static experiments. [171-175] Although biomolecular
dynamics are being studied extensively in bulk biological systems (see e.g. [166,171-177] and refs
therein), this is less so for biological surfaces, most notably membranes [54,175,178-180]. This is
remarkable, considering that up to 40% of all cellular proteins - the micro-machines of life - are
embedded in membranes. Our understanding of this intricate surface is essential to comprehend
- and ultimately control - the many biochemical and biomedical processes that occur at, or even
within, the membrane surface, including viral infection and targeted drug delivery. The reason for
this lag in our knowledge is therefore clearly not the lack of relevant questions, but the limited
number of techniques that are sufficiently sensitive and surface specific to probe molecular dynamics
in a membrane. Indeed, much of our knowledge of membrane protein and lipid dynamics originates
from molecular dynamics (MD) simulations (see, e.g. Refs. [181]).

The reports mentioned above [54,166,171-177] are based on femtosecond laser spectroscopy.
This approach is uniquely suited to provide direct access to biomolecular dynamics, by investigating
the temporal evolution of the biomolecular system in real-time. As such, the approach complements
techniques that infer biomolecular dynamics in membrane systems from steady-state measurements,
such as time-domain fluorescence (upconversion [72] or correlation [41]) spectroscopies, ESR/EPR
[42,43] and NMR (see, e.g. Refs. [45,46] studies of membrane dynamics, neutron [48,49] and x-ray
scattering [51,182].

Indeed, there have been several femtosecond laser-based studies addressing the dynamics of
biological membrane model systems, notably water-lipid interactions. [178-180] and trans-membrane
proteins [54,175]. We present here the first surface-specific study of vibrational energy relaxation and

energy transfer in such a model membrane system. The technique presented here — time-resolved
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sumfrequency generation (TR-SFG) — has the advantage of being surface specific. The experiments
reported here were performed on lipid monolayers prepared on an ultrapure water subphase, which
allows for detailed control of the membrane parameters, e.g. the surface pressure and lipid phase.

Our method relies on exciting specific vibrational modes within, or at, the membrane surface
and monitoring the subsequent energy relaxation and transfer processes with femtosecond time
resolution. The cell membrane consists of two leaflets of lipids where the hydrophobic chains of
the lipid form the interior of the membrane and the hydrophilic headgroups face the aqueous en-
vironment. [183] Our model membrane is a self-assembled lipid monolayer on water. Monolayers
are considered excellent model systems for membrane biophysics, since a biological membrane can
be considered as two weakly coupled monolayers. [184] We study monolayer vibrational dynamics
using the surface-specific vibrational spectroscopy of second order nonlinear sum frequency gen-
eration (SFG) spectroscopy. [26,30,185] A limited number of time-resolved studies of specifically
surface properties have been reported [83,84,87,93,103,116,186-188], but this is, to the best of our
knowledge, the first application of this technique to lipid systems.

Lipid layers can be in different thermodynamic phases, depending on lipid composition, tempera-
ture and lateral pressure. [189] Different lipid phases exhibit different properties, e.g. in terms of the
mobility of constituents. Thus, the phase behavior of lipids is very important for the functioning of
a membrane. Owing to its relevance, the study of (model) membrane phase behavior has therefore
received much attention. [190] Fluorescence studies (e.g. [191-193]) have revealed domain formation
in biological and model systems, and have provided important information about the mobility of
membrane components, i.e. membrane fluidity. The lipid phase can be traced directly to the or-
der / disorder state of the lipid hydrocarbon chain. For a highly compressed, saturated lipid, the
alkyl chain will be in an ordered all-trans configuration (figure 6.3). Lipids with a lower degree
of saturation may be in the more fluid crystalline liquid state at room temperature. This state is
characterized by gauche defects in the alkyl chain, to which SFG is extremely sensitive

Indeed, steady-state SFG spectroscopy has been applied extensively to study lipid and surfactant
interfaces. [60, 64, 75,194,195] This paper reports the first time-resolved SFG measurements of the
energy flow in model membranes. We report on the vibrational relaxation of the C—H modes in
lipids in different thermodynamic phases (the ordered gel and disordered liquid crystalline phase),
as well as the dynamics of energy transfer between the water and the lipid.

The outline of the paper is as follows: first, the basic principles of the surface specific SFG
technique are discussed in section 6.2. Here, it is also explained how an infrared pump field can
be added to the SFG scheme to measure the dynamics of vibrational energy relaxation and energy
transfer processes. In section 6.3, schematics of the experiment, the detection technique and sample
preparation methods are provided. The results for the measurements of the vibrational relaxation
and energy transfer are presented in section 6.4, as well as the analysis to obtain the lifetimes and
transfer rates from the experimental data. Finally, the findings are compared to previous bulk studies

in section 6.5, which reveals the specifics of the role of the interface in the relaxation dynamics.
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6.2 Time-resolved Surface Spectroscopy

Our experimental approach relies on pump-probe spectroscopy. An ultrashort (femtosecond) infrared
pump pulse excites a specific vibration within the model membrane (e.g. a C-H stretch vibration
within the lipid alkyl chain or the O-H stretch vibration of membrane-bound water). The relaxation
and energy transfer dynamics are interrogated by a second, delayed probe pulse pair, using femtosec-
ond Time Resolved Sum Frequency Generation (TR-SFG) spectroscopy. This technique provides
direct, non-invasive access to membrane lipids and membrane-bound water, through their molecular
vibrations. TR-SFG relies on the resonant enhancement of frequency mixing when an infrared pulse
is resonant with a surface vibration. It is inherently surface sensitive (owing to broken inversion
symmetry at the surface [26]), and therefore only probes ~1 monolayer deep. The time resolution
is determined by the duration of the laser pulses (~ 120 fs); the time delay between the excitation
and probing pulses can be varied in a controlled manner by increasing the optical path length trav-
eled by the probe pulses. As the laser probes an area of typically ~0.1 mm?, it interacts with a
large number of molecules (typically ~10!!). Molecular scale information is obtained through the
molecular vibrations, and the synchronized response of the individual molecules in the membrane
ensemble following the excitation process.

Before discussing the time resolved technique in detail, the main features of the SFG probe
are briefly discussed first. Subsequently, the technique of TR-SFG is detailed, in particular the

similarities and differences with common time resolved techniques like transient IR spectroscopy.

6.2.1 Steady-state Sum Frequency Generation

In the TR-SFG scheme presented here, the second-order non-linear technique of SFG is applied
as a probe. As illustrated in figure 6.1, SFG relies on the resonant enhancement of the process
of generating the sum frequency of an infrared and a visible photon when the former is resonant
with a vibrational transition. This process is governed by the second order non-linear susceptibility
x?) of the system. Due to symmetry considerations, y(?) vanishes in isotropic, centro-symmetric
bulk media, such as water. At the interface, the symmetry is necessarily broken and second order
nonlinear processes are allowed.

In the experiment, an infrared (IR) and a visible (VIS) laser beam are spatially and temporally
overlapped at the surface, inducing a nonlinear polarization at a frequency which is the sum of the
frequencies of the two incoming fields: wspg = wrr+wyrs. In figure 6.1, a schematic representation
of the water-lipid interface is shown with the IR and VIS probe beams (the pump IR beam will
be discussed later). The generated SFG signal is emitted both in transmission (not shown) and
reflection, conserving the phase-matching of the in-plane components of the wavevectors. The SFG
intensity Ispq is proportional to the nonlinear Fresnel factors L, [196] the nonlinear susceptibility

tensor X(Z) and the intensities of the incoming fields Iy ;s and I;g:

2
Ispg =1L ‘X@)‘ Ivrsiir (6.1)
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Figure 6.1. The experimental geometry of (TR-~)SFG spectroscopy is shown in the left panel for a water-
lipid interface. The IR probe and VIS probe are overlapped in space and time at the surface to generate an
SFG signal. In a TR-SFG experiment, an additional IR pump beam is overlapped with the probe beams,
which induces a change in the SFG signal. In the right panel, an energy diagram of the TR-SFG scheme is
presented. The IR pump field transfers population from the ground (v=0) to the first excited vibrational
level (v=1), decreasing the SFG signal. Vibrational relaxation will repopulate the ground state and the
original SFG signal will be recovered. SFG generated from the IR pump and VIS probe can be spatially
filtered out.

For a nonresonant VIS and SFG field, the nonlinear susceptibility tensor can be described as:

An(NO,n - Nl,n)
WIR — Wn + ZF’I’L

X = Aygexp(ig) + > (6.2)
n

Here, the vibrational resonance n is characterized by amplitude A,,, frequency w, and width IT',,.
A relatively small amount of SFG can also be generated away from the resonance; this process is
characterized by Axg and ¢ representing the nonresonant amplitude and phase. When the IR field
is resonant with a vibrational transition, the SFG signal is enhanced and a vibrational spectrum
of surface molecules is obtained. The resonant amplitude A, depends on the population difference
between the excited and ground states An = Ny, —Ni . The probe IR field is sufficiently weak that
An remains unchanged; at room temperature An/(Np , + N1 ,4,) is close to unity for high-frequency
vibrations, such as the C-H and O-H stretch.

Femtosecond laser pulses inherently support a large bandwidth (~ 200 cm ™!

, in our case). We
therefore make use of a multiplex SFG scheme as described elsewhere. [197-199] Using a broadband
IR field several spectrally narrow vibrations can be addressed resonantly at once, and a full spectrum
is recorded without the necessity of tuning the IR wavelength. The spectral resolution is governed

by the narrowband (~ 10 em™1!) visible upconversion field.

6.2.2 Time-resolved Sum Frequency Generation

The principles behind the TR-SFG technique are explained in detail in chapter 1-3. As shown in

Equation 6.2, the effective non-linear susceptibility tensor is proportional to the population difference
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between the first excited and the ground state: x? ~ An. In the TR-SFG scheme, a vibrational
transition is excited with a resonant IR pump, changing An and the subsequent relaxation dynamics
(the decay back from the vibrationally excited state v=1 to the vibrational ground state v=0) can
be followed by probing the nonlinear susceptibility after a variable delay time 7 using the SFG probe
pair. The geometry of the different beams is depicted in figure 6.1, and the energy-level diagram of
the technique is shown in the right panel. Due to the pump-induced population transfer from the
ground to the excited state, the population difference An becomes smaller temporarily, and the SFG
signal decreases accordingly. In other words, after the arrival of the pump pulse, a transient decrease
of the signal (*bleach’) is observed. The population distribution will subsequently evolve back to
equilibrium by vibrational relaxation and the original SFG level will be recovered. This technique
has been implemented previously in the picosecond regime. [83,84,103,116,186,187] Recently this
technique has been applied with femtosecond time resolution, so far only to probe adsorbates on
metal surfaces [188] and interfacial water. [87,93]

In conventional time-resolved IR spectroscopy, when different vibrational resonances are present
in the steady-state spectrum, the (transient) spectrum can be described by a linear combination
of , e.g., Lorentzian line-shapes. For SFG, the coherent nature of the process dictates that the
vibrational resonances can interfere with one another. This means that changes in one resonance
due to vibrational excitation will affect the spectral shape of other resonances in the proximity. To
correctly infer the dynamics from the transient spectra, it is therefore necessary to fit the peaks of
each vibration using equation 6.2 to obtain the amplitudes A,, for every mode at each delay time.
The time-dependent differential TR-SFG signal for a specific amplitude A/, is therefore computed in
terms of the fitted amplitude A, (7) at pump delay 7 and the fitted amplitude A, of the reference

with the pump off
An(7)
AnO .

In our data analysis, we fit the two SFG spectra with pump on and pump off to expressions 6.2

Al = (6.3)

and 6.1 for each delay time, varying only the amplitudes A,, between the spectra. The ratio A/, then

provides a direct measure of the temporal evolution of the vibrational population.

6.3 Experiment

The study of ultrafast surface dynamics with TR-SFG, requires an intense IR pump, an IR probe and
narrowband visible field. The pump-induced decrease in the SFG signal is detected by alternating
the pump field on/off, and computing the ratio of the SFG signals. The lipid monolayers were
prepared using the Langmuir-Blodgett method on a HoO or DyO subphase. Details of the laser

setup are described in Chapter 2 while the sample preparation methods are presented below.

6.3.1 Sample preparation

The lipids 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
(DOPC) and 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP) were purchased from Avanti
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Figure 6.2. Schematic representation of the experimental setup. The output of a 1 kHz amplified fem-
tosecond laser system is used to generate IR pump and probe pulses in a two-step process; narrowband VIS
pulses are generated in a pulse shaper with an adjustable slit to select the wavelength. The pump IR beam
can be variably delayed using an optical delay line, is mechanically chopped to 500 Hz and all beams are
intersected at the interface. The SFG generated at the interface from the IR probe and the VIS beams is
dispersed by a monochromator and imaged onto a CCD array. On the CCD, the SFG signal with the pump
on is displaced vertically with a galvano mirror from the signal with pump off at 500 Hz

Polar Lipids and were used without further purification. The chemical structures are depicted in
figure 6.3. Solutions of the lipids were made in chloroform. The lipid monolayer was spread using
a drop cast method in a home-built Teflon trough while monitoring the surface pressure with a
Wilhelmy plate tensiometer (Kibron). All measurements were carried out at surface pressures of
IT ~ 25 mN/m, where at room temperature DPPC and DPTAP are in the highly ordered gel phase,
but DOPC is in the disordered liquid crystalline phase. Hence, the tails of DPPC and DPTAP are
all straight up in a all-trans (zig-zag) configuration, whereas in the case of DOPC, the tails are much
more randomly oriented and have gauche defects with cis-trans configurations (see cartoons in figure
6.3). For the subphase, either distilled Millipore filtered HoO (18 MQ cm resistivity) of pH 7, or
commercially obtained DyO (Cambridge Isotopes, 99.96% D) was used.

For the temperature dependent measurements of HoO-DPTAP, the trough was heated or cooled
with four Peltier elements from 10° up to 60°. The temperature was measured using a thermocouple.
To prevent the formation of bubbles upon heating, the water was degassed prior to the experiment.

To avoid the effect of laser damage of the sample due to repeated laser shots, the trough was
rotated to completely refresh the sample every 5 laser shots. New samples were prepared after every

three hours of data acquisition, if necessary.

6.4 Results

6.4.1 Static SFG Spectra

In figure 6.3, the steady-state spectra for monolayers of DPPC (a), DOPC (b), both on D2O and
DPTAP on H20 (c) at room temperature and surface pressures of II =~ 25 mN/m are shown as
gray lines in the C-H stretch region from 2800-3000 cm~! (for HoO-DPTAP up to 3300 cm~!). The
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Figure 6.3. The steady-state SFG spectra (solid gray line) are shown for D;O-DPPC (a), D2O-DOPC (b)
and HoO-DPTAP (c) at room temperature and surface pressures of IT ~ 25 mN/m. For DPTAP, additional
spectra at 30°C, 40°C and 50°C are shown. The dashed black line is a fit to the experimental data. For the
assignment of the peaks, see text. The chemical structures of the lipids are shown for convenience and the
phase of the lipids is indicated by the cartoon next to the spectrum.

spectra are not corrected for the Gaussian shaped IR power spectrum. The spectra for DPPC and
DOPC are recorded during the time resolved measurements on a DoO subphase as the average of all
the spectra recorded with the pump field off. The DPTAP on H5O is recorded in a separate setup
where the IR wavelength was scanned to include the O-H stretch region of water. The spectrum
shows the wing of the water spectrum that interferes with the C-H stretch bands. The assignment of
the peaks are well-known from literature. All spectra show the CHj3 vibrations: symmetric stretch
vs,cH3at2870 cm~! | Fermi resonance (vrr,cH3) at 2940 cm~! and antisymmetric stretch vibration
Vas,cH3 at 2955 cm~!. For DPPC and DPTAP, the CH, resonances are almost invisible, due to
the high degree of order within the lipid alkyl chain: In the ordered all-trans configuration, the
chain has inversion symmetry and, as a result, the CHy resonances are SFG inactive. For DPTAP
a slight CHy (at 2847 cm™!) contribution can be observed due to laser heating of the sample. Since
DOPC is in the disordered liquid crystalline phase at room temperature, the alkyl chains have many
gauche defects and the CHy vibrations are clearly observed: the symmetric CHs stretch at 2847
em ™! (v5 cm2), antisymmetric stretch at 2911 em™ (v4s,cm2) and Fermi resonance (vpgr cm2) at
2893 cm~!. For the case of DOPC, where the resolution has to be sufficient to distinguish the CHy
and CHg peaks, the VIS pulse shaper is operated in high-resolution mode at the expense of intensity
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Figure 6.4. Pumped and unpumped SFG spectra at a pump-probe delay of 500 fs for DPPC. The thin
solid lines are fits to the experimental data using models as detailed in section 6.2; the dotted lines show
the fitted amplitudes of the vs cm3-mode, which are used to determine the vibrational relaxation time for
this mode.

and signal-to-noise. The dashed black lines in figure 6.3 are fits of the data using equation 6.2 and
the literature values for the resonance frequencies.

The SFG peak around 2950 cm™! contains contributions from both Vas,cr3 and Vpgr cHs, with
a four times larger contribution from the former. In the analysis of the time-resolved spectra, the

influence of the much smaller vpr cm3 is neglected in this study.

6.4.2 Time Resolved SFG Spectra

For the dynamical studies, the average spectra of ~ 125,000 laser pulses, the IR pump being alter-
natingly switched on and off, are obtained at typically 40 time points. Next, each of these spectra
are fit individually to account for the interference effects as discussed in section 6.2.2 and to obtain
the amplitudes A in equation 2 that are proportional to the population differences between different
vibrational levels. And finally, the ratio between the amplitudes with the IR pump on/off as a
function of time delay are computed for each vibration. Data is collected up to 100 ps to accurately

obtain the final signal level.
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Figure 6.5. Time traces (open squares) are shown for DPPC for the following vibrations and polarization
combinations: SSP (pump: P-polarized), vs,cas (a); SSP (pump: P-polarized) vas,crs (b); SSP (pump: S-
polarized), vs,cus (c); and SSP (pump: S-polarized), vas,ca3 (d). The solid lines are fits to the experimental
data models as detailed in section 6.5.

6.4.2.1 DPPC

In a first set of experiments, the vibrational relaxation of lipid monolayers was investigated using
a one-colour experiment with pump and probe IR wavelength centered at ~ 2900 cm™!.
to the large bandwidth of the IR pulses, all CHs and CHgs vibrations in the lipid alkyl chain are

excited simultaneously. The relaxation of the different modes can be followed independently using

Owing

the amplitudes of the different SFG resonances, as explained in section 6.2.2. A D;O-subphase
was used to avoid the heating of the subphase by the IR pump pulse. Heating by the IR pump
pulse is suppressed in D50, since the O-D vibrations are far off from the IR pump frequency. The
polarizations of the SFG, VIS and probe IR fields were respectively S, S and P.

A typical experimental result is shown in figure 6.4, which reveals a decrease in SFG intensity
for all frequencies within the bandwidth (most evident for the symmetric CHs stretch around 2880
ecm™1). Fits to the data are also shown, with the individual amplitude for the symmetric CHz stretch
shown as dotted lines. These amplitudes are used to infer the vibrational dynamics for the different
modes.

In figure 6.5 the time traces for the inferred amplitudes of the susceptibility for the terminal CHg

vibration are shown as open squares for v; o3 (a) and v,s,cms (b) for the parallel pump and probe
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IR fields (P-polarized). For the orthogonal pump and probe IR field (pump: S-polarized), the data
for vs cm3 is shown in panel (c) and for v,s cms in panel (d).

The main features are the bleach due to excitation to the first vibrational level and recovery of
the signal by vibrational relaxation. It is apparent that relaxation occurs significantly quicker for
the v4s,cr3 mode than for the v, cp3 mode. The relaxation rates will be quantified in the next
section. The bleach for the case of parallel polarized pump and probe IR fields is significantly larger
than for the orthogonal case: for vs cmrs the bleach is respectively ~ 15% and ~ 5%, and for ves crs
respectively ~ 10% and ~ 2%. For the symmetric CH3 stretch vibration, the transition dipole has
an angle of 30° with respect to the surface normal which implies that the bleach for the P-polarized
pump is indeed expected to be larger than for the S-polarized pump. The overall signal-to-noise
ratio is better for the symmetric vibration than for the asymmetric, because the SFG intensity is
much larger.

In most of the time traces, in particular panel (a) and (c) of figure 6.5, a decrease of the SFG
signal is observed before the pump arrival. This can be explained by the perturbed Free Induction
Decay: [200] the probe IR field induces a coherent polarization that decays with the decoherence
time constant 75. As long as this coherent polarization exists and the visible pulse is present, an
SFG signal will be generated. At small negative delay, the pump pulse arrives at the sample after
the probe pulse has interacted with the sample, but before the coherent polarization has completely
decayed. As a result, the pump can change the signal already at negative delay. This process only
affects the data before time ¢ = 0 fs, does not affect our conclusions and is not included in the
analysis of the data.

Surprisingly, for orthogonal polarizations of pump and probe, the signal is not only smaller (panel
(c) of figure 6.5), but there is clearly a second, much slower, contribution to the bleach of (v cms).
This process cannot be attributed to a bleach due to laser excitation, because the FWHM pulse
duration of the IR field is < 120 fs. Since the slow component cannot be attributed to direct laser
excitation of vy ¢ g3, this process must be caused by energy transfer from a different mode.

Because this component is only observed in the data with the pump IR field S-polarized, the
energy transfer is most likely from the CH, vibrations whose transition dipole moments are parallel
to the interface. The pump field excites the in-plane CH, vibrations more efficiently when the pump
field is polarized parallel to the surface (i.e. S-polarized). The observed line-shape effects on the
CHj; group is due to the excitation of the CHsy. There can be two ways by which CHy —CHjs energy
transfer happens. (i) In a coherent process, vibrational excitation transfer occurs directly from
the CHs- to the CHs-groups. (ii) The CH2-CHjs energy coupling can be attributed to incoherent
processes: the excitation energy on the CHs-groups is transferred to the surrounding low frequency
bath modes that are, in turn, anharmonically coupled to the CH3 group, thereby exciting the CHjs
modes. It will be shown below that we have strong indications that the latter, incoherent process is

responsible for the delayed signal in-growth.
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Figure 6.6. Time traces (open squares) are shown for DOPC for the parallel SSP (pump: P-polarized)
polarization combination for vs cH3, Vas,crs and vs cg2. DOPC is in the liquid crystalline phase at room
temperature. The solid lines are fits to the experimental data.

6.4.2.2 DOPC

To investigate whether the lipid vibrational dynamics are dependent on the lipid phase, i.e. the
molecular conformation of the lipid, we also investigated the molecularly disordered DOPC lipid
monolayer. The DOPC SFG spectrum (figure 6.3b) shows CHs vibrations in addition to the CHj
resonances, due to the presence of gauche defects in the alkyl chain that break the symmetry.
This is due to the gel-to-liquid crystalline phase transition point of DOPC being well below room
temperature (see cartoons next to the spectra in figure 6.3).

The results are shown in figure 6.6. Due to the disorder in the liquid expanded phase, both
the SFG intensity and the bleach are much lower than those observed for DPPC. Furthermore, to
disentangle all peaks the VIS bandwidth is reduced at the cost of intensity. In figure 6.6 the time
traces are shown (open squares) for vs cms (a), Vas,cus (b) and vy cge (c) for the parallel pump
and probe polarizations.

Although the energy transfer process from CHs- to CHs-groups was observed in DPPC only for
the perpendicular pump and probe polarizations, in the case of DOPC this process is clearly present
for parallel polarizations as well. The reason is that in the case of DPPC the transition dipole
moments of the CHy groups are largely restricted to the horizontal plane and cannot be excited
efficiently with P-polarized pump field. In the liquid expanded phase of DOPC, many CHs groups
have a component in the vertical plane and can be excited with the P-polarized pump field.

It is evident from figure 6.6 that the dynamics are remarkably similar for the two different lipids
in different phases. A qualitative comparison with the results for DPPC (figure 6.5) reveals fast
relaxation of the v4s c 3 mode and slower relaxation for the v; ¢z mode in both cases. The vy cpo

symmetric CHy stretching mode also exhibits very fast decay.

6.4.2.3 Heat transfer across the monolayer

The incoherent energy transfer or heat transfer from bulk water phase across the lipid monolayer

was investigated by exciting the water near the interface and monitoring the terminal CHjs signal
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Figure 6.7. The time trace (open squares) is shown for heat transfer from water to DPTAP with the
SSP (P-polarized pump) polarization combination (a). The contribution from CHjs symmetric and the
combination band of the antisymmetric stretch and Fermi resonance are summed together. The solid line is
a fit to the experimental data. Data points between 10-100 ps (not shown) reveal that the signal remains
at the value indicated by the fit at long delay times. In panel (b) the temperature dependent amplitudes of
vs,cr3 and Vas,cr3 are shown from 20 to 50°C, obtained from temperature dependent DPTAP SFG spectra,
as shown in the inset.

of DPTAP. For reference purposes, the influence of a change in temperature on the C-H region of
the lipid spectrum was studied under steady-state conditions as shown in the inset in figure 6.7b.
For the temperature interval from 20°C to 50°C, a small decrease in the overall signal is observed.
Because the IR wavelength is centered further to the blue side, the spectral shape is slightly different
from 6.3c.

For the time-resolved studies, a two-color scheme was employed with the IR pump wavelength
at the wing of the O-H-stretch region at ~ 3100 cm™! and the IR probe centered at the C-H-
stretch region at ~ 2900 cm~!. Since the effect on the signal intensity of the CHs vibrations due
to a temperature change is very limited, the SFG spectrum over the entire C-H stretch region
(symmetric, asymmetric and Fermi-resonance) was integrated to obtain an acceptable signal-to-
noise ratio. The time trace for the heat transfer process is shown in figure 6.7 as open squares. The
change in the steady-state amplitudes due to a change in temperature is shown in figure 6.7b) and
was computed from the temperature-dependent spectra as shown in the inset. From the dynamical
studies, a decrease of the signal level of ~1.5 % is found, corresponding to a change in temperature
of ~2 degrees. To rule out any energy transfer process that does not originate from pumping the
surface water molecules, the experiment was repeated with D5O instead of HoO. In this case, no
dynamics were observed (data not shown), showing that the dynamics originate only from excitation

of the water molecules, from which heat is transferred into the lipids on sub-picosecond timescales.
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Figure 6.8. To describe and quantify the vibrational relaxation in lipids, 3-level (a) and 4-level (b) models
are employed. In the 3-level model, after excitation the system relaxes directly to a final “hot” ground state.
In the 4-level model, both CHs and CH2 vibrations are excited: the relaxation of the CHs decays to an
intermediate state and the relaxation of the CHjy results in an energy transfer from the ground state to the
intermediate state. Finally, the system equilibrates to a “hot” ground state.

6.4.3 Data Analysis

To quantify the time scales of the vibrational relaxation and energy transfer processes from the data,
we calculate the population distribution in the ground and excited states. The experimental data
can be modeled according to this model and time scales can be extracted.

The simplest model to describe the features of the vibrational relaxation as observed in figure 6.5a
and 6.5b for the SSP (P-polarized pump) polarization combination, is a three level model as shown
figure 6.8a. Besides the ground state Ny and the excited state Ny, a hot ground state Ny is necessary
to account for the slight offset of the final SFG level at long delay times. The physical meaning of
the hot ground state Ns is that after vibrational relaxation, the temperature has increased locally.
The hot ground state is populated by vibrational relaxation at a rate T;. The differential equations

that describe the time-dependent population distribution read:

dN,
(TCO = —0oG(t)(No — Ny)
N, N,
T - oG(t)(No — N1) — T
dNs Ny
- 1 4
dt T (6.4)

Here, o is a measure of the IR cross section, which determines the efficiency of the population transfer
and G(t) describes the Gaussian pulse profile of the excitation (pump) pulse. The generated SFG

signal from state Ny and N is then proportional to
Isp o (No — Ny + cN»)? (6.5)

where ¢ accounts for a smaller/larger SFG signal from state Ny than from the ground state N,

caused by the heating. To fit the amplitudes for a specific vibration the square root of equation 6.5
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is used.

It is apparent that the three level model cannot account for the observations of v cg3 in panel
c) of figure 6.5 for the orthogonal pump and probe polarization, as it cannot account for the delayed
ingrowth of the signal. Clearly, a second process in addition to direct vibrational excitation results
in a decrease of the SFG intensity. Given its strong dependence on the pump polarization, it is
evident that this process must be attributed to excitation of CHy modes in the lipid chain. The fact
that the additional ingrowth of the signal occurs on precisely the same ~1 ps timescale on which
the CHy modes decay (see Fig. 6.6¢) demonstrates that this energy transfer from CHs to CHj
modes must be due to incoherent energy transfer, i.e. heating of the CHjz groups due to relaxation
of the CHy groups. The complete process can thus be modeled with the 4-level energy diagram of
figure 6.8b: the pump field excites the vs ¢ g3 by inducing population transfer from the ground state
Ny to the excited N; of this mode. At the same time the v, cpo is excited to its first vibrational
level. The sub-picosecond relaxation of the CHy groups (figure 6.6 ¢) results in the lipid heating up
considerably, bringing the lipid and its CHg groups to a hot, intermediate state No. Relaxation of
CHj groups themselves will also lead to a population of this state. Thermal equilibration with the
water bath - i.e. heat flow out of the monolayer into the water subsystem - is reflected in the model
by a transition from Ny to the final new ground state (at elevated temperature) N3 at a rate 1/T.,.

The corresponding differential equations read:

d]\]OOH2 — —oony G(t)(NCHZ _ NCHQ)
dt 0 1
dNCH2 NC’H2
dt Th,cH2
dN
T‘LO = —O0CHS3 G(t)(No—Nl)
le Nl
- = G(t)(Ng — N1) —
dt ocns G(t)(No ) Ty cHs
ANy N NPERON
dt T1,cH3 Ticr2 Teg
dN3 No
_ 6.6
dt T., (66)

Here, ocgs and ooy are IR cross sections determining of the population transfers to respectively
Vs crs and vs cp2, and A is a measure for the strength of the effect of the relaxed CHy mode on

the CH3 mode. The signal is then given by
Ispa (NO — Ny 4+ cNy + C/N3)2 (67)

where ¢ and ¢’ account for the SFG signal strengths from the intermediate and final level.
Finally, for the model to describe the heat transfer from the water to the lipids (experiments
shown in figure 6.7), we assume a single exponential process. We have previously established that

vibrational relaxation of water molecules at low O-H stretch frequencies occurs very quickly (sub-
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50 fs) [94], so that heat is deposited quasi-instantaneously at the lipid interface. Its flow into the
lipid layer is assumed to follow simple exponential behavior. Hence, due to the heating from initial
temperature T to final temperature T s, the nonlinear susceptibility x(¢) evolves in time from x(7Tj)

to x(Tt) at an exponential rate 1/7; as (see figure 6.8)

x(8) o< (x(To) = x(Tr)) exp (=t/Ti) + x(Ty), (6.8)

with the SFG signal proportional to x ().

The data for DPPC in figure 6.5a, 6.5b and 6.5d is fitted using the 3-level model as CHy excitation
is minimal for the P-polarized pump pulse. The time constant for the vibrational relaxation of vs ¢ g3
in the parallel pump and probe polarization is found to be 77 = 3.6 +0.5 ps. For v,s cms the time
constant is fitted globally for the parallel and orthogonal pump/probe data and is found to be T}
= 1.0 £0.3 ps. The data for DOPC in figure 6.6b and 6.6¢ is also fitted with the 3-level model
and yields time constants of T} = 0.8 £0.3 ps for the v, cp3 and 17 = 0.8 £0.3 ps for the vs cpo.
The heat transfer rate for the HoO-DPTAP system is modeled with equation 6.8 and yields a time
constant of 7;=0.95 £0.4 ps. Finally, the vy g3 data with CHy energy transfer for DPPC (figure
6.5¢) and DOPC (figure 6.6a) are both reproduced with the 4-level model. All time constants are
fixed, as they have been determined independently in the other measurements, i.e. 71, cmg3 = 3.6 ps,
T1,cr2 = 0.8 ps and T, = 0.95 ps. For T,,, it is assumed that the energy transfer from the lipid to
the subphase (i.e. the equilibration process) occurs at the same rate at which the transfer from the

subphase to the lipid occurs.

6.5 Discussion

The vibrational relaxation of the C-H stretching mode has been investigated in numerous studies
in bulk liquids. [201,202] It has been shown that the pathway of relaxation of all C-H stretching
vibrations occurs via the same intermediate level and therefore the different vibrations show similar
dynamics. [201] The vibrational lifetime 7 = 3.6 ps for Vs cms in the terminal methyl groups of
DPPC and DOPC is comparable to the bulk values. It is also similar to the v, cp3 lifetime of
acetonitrile at the acetonitrile-air interface and the vy ¢ g3 lifetime within a Cd stearate monolayer
on silver. [116,203] The lifetime 7 = 1.2 ps for the asymmetric v,s cg3 is significantly faster than
the observed lifetimes of v c i3, indicating that unlike in bulk liquid, the vibrational pathway is
distinctly different for the two modes.

The much faster relaxation of v,5,cH3 can be explained by strong coupling of the v44 cr3 to the
CH;, vibration. For these two modes, the transition dipoles lie in the same plane, and dipole-dipole
coupling is expected to play an important role. The CHy vibrations are highly delocalized in the
all-trans chains, which may account for the faster relaxation than in bulk where the chains have
more random conformations, and the CHy vibrations are expected to be localized. Another possible
effect that may play a role in the apparent fast relaxation is the rotational motion of the terminal

methyl group around the C-C bond. [204-206] This reorientation does not affect the v, cps, since
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its transition moment is parallel to the axis of rotation. For the in-plane v,s cps vibration, the
rotational motion leads to dephasing of the v,s.cr3 vibration on the timescale of To= 0.8ps. [205] It
is clear that the relatively high degree of order within the lipid alkyl chain - even for the crystalline
liquid DOPC facilitates vibrational relaxation and energy transfer.

Energy transfer across membranes and cooling has been studied previously in reverse micelles.
[178,207] It has been shown, using micelles of different sizes, that the cooling within the interior
water, can be well described using classical thermodynamics. [207] The energy transfer across a
surfactant layer can actually follow different pathways. [178] The timescale of 7 = 0.95 ps obtained
here, is in good agreement with the value found for the energy transfer from the interior water to
the polar headgroup of the surfactant in the reverse micelles. [178]

To summarize, the energy flow in model lipid membranes after vibrational excitation can be de-
scribed with three time constants. The v, ¢ 3 relaxes with a time constant of 7'=3.6 ps, comparable
to findings in bulk studies. Unlike in bulk, in lipid membranes with the chains an all-trans confor-
mation, the v,s.cHs is strongly coupled to the CHy vibration and shows a much faster relaxation
time of T=0.8 ps. The fast relaxation of CHy mode is tentatively attributed to delocalization of CHy
modes. In principle, one would expect the CHs relaxation to slow down for the DOPC monolayer,
due to the presence of gauche defects in the alkyl chain that will reduce the delocalization of the CHg
vibrations. Apparently, the number of gauche defects is insufficient to reduce the vibrational relax-
ation rates. Finally, the energy transfer between the subphase and lipid membranes or equivalently

the equilibration to a “hot” ground state takes place on a timescale of T,=0.95 ps.

6.6 Conclusions and Outlook

We have reported the dynamics of energy flow in a biomimetic lipid monolayer using surface-specific,
femtosecond time-resolved vibrational spectroscopy. We find that relaxation of C-H stretching modes
occur on very short timescales, with marked variations for different modes, in contrast to observations
for bulk alkanes. The technique also allows us to elucidate energy transfer times across the lipid
monolayer, providing insights into the dynamics of water-membrane interactions. The successful
application of this technique to the study of model membranes, as presented here, paves the way for
a novel class of experiments to study biomolecular dynamics in membrane systems, including the

dynamics of conformational fluctuations and transformations of specifically membrane proteins.
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Summary

Biological membranes which define the external boundaries of living cells, are mostly composed of
self-assembled bilayers of phospholipid molecules. Phospholipids are amphiphilic in nature, where
the hydrophilic head consists of either dipolar or charged moieties and the hydrophobic tail is an
apolar alkyl chain. These molecules self-assemble into bilayers as soon as they come in contact with
water, with the polar heads solvated by the water molecules and the apolar tails trying to stay away
from the water. However, a real biological membrane is not just the bilayer by itself. The lipid bilayer
also provides the essential scaffolding for a variety of transmembrane and integral proteins. Together,
they chaperone and organize a variety of complex reactions that control the cellular mass-energy
balance and signaling across the cell, thus giving life to a cell. The complex membrane structure
and function relies on subtle interactions with the surrounding interfacial water plays. The role of
water in membrane functioning has been somewhat overlooked, and is often approximated as merely
an effective dielectric medium in which the cell resides and functions. However, the properties
of the membrane change dramatically as the degree of hydration varies; lipid hydration process
has important structural and functional consequences for the membrane. For instance, hydration
dynamics and water-lipid interaction strengths are closely related to the membrane fluidity and
the molecular organization of the lipids. Thus the cellular membrane structure and function is
essentially dependent on the interplay of interactions between the lipids, proteins and the interfacial
water molecules. However, the interfacial water layer around the membranes is only a few molecules
thick (~5 A). It is therefore technically very challenging to directly observe the interfacial water
molecules in order to get a clearer picture of the contribution of water to membrane structure and
function.

In this thesis, the nonlinear optical technique of vibrational sum frequency generation (VSFG)
spectroscopy is used to directly probe the structure of interfacial water and lipid molecules in a
model biological membrane, with surface-specificity. Since the focus of this study lies on the inter-
action between interfacial water and lipids, a lipid monolayer system provides a good membrane
model, rather than the actual lipid bilayer system. The surface-specificity of the technique relies
on the intrinsic breaking of symmetry at interfaces, where the 2"d order nonlinear optical process

of sum frequency generation (SFG) is allowed. By overlapping two focused laser beams in space



and time, and intersecting those at the water-lipid or the water-air interface, one can generate the
sum frequency (SF) spectrum originating only from the interfacial molecules. When the frequency
of one of the laser beams is tuned (in the mid-infrared range) to a vibrational resonance of inter-
facial molecules, the SF signal is greatly enhanced, thus providing the essential IR spectrum of the
interfacial species.

As we know from IR absorption spectroscopy, a wealth of structural information can be extracted
about a molecule by monitoring the IR spectrum under different conditions of, say, temperature,
solvents, pH, etc. Similarly VSFG provides us with surface molecular information. However, since
both IR and VSFG spectroscopies are time-averaged techniques, the spectra reflect only the time-
averaged molecular structure, thereby washing out any dynamic structural process that maybe
hidden beneath the spectra. This is also true for VSFG experiments performed on water-air and
water-lipid interfaces. The static VSFG spectra of water at these interfaces is generally broad (~500
cm~!) and rather featureless. The different interfaces that are studied in this thesis vary from a
simple neat water-air interface to as complex an interface as a model lung surfactant comprising of
4 different kinds of lipids and a 21-amino acid polypeptide; and for all of these interfaces, the VSFG
spectra of the interfacial water appear quite similar.

This situation is reminiscent of IR studies of bulk water, where the broad and featureless spectra
have been interrogated with ultrafast IR, pump-probe laser techniques. Using these techniques, much
information on the structural dynamics of water could be gathered. In a typical IR pump-probe
experiment, a highly intense ultrashort IR pump pulse (~100 fs pulse duration) with its frequency
tuned to the O-H stretch vibration of water, locally excites the molecular vibration and subsequently
an IR probe pulse monitors the relaxation of the vibrational excitation at different delay times after
the excitation process. In this way, transient spectra can be collected on time-scales as short as
~100 fs. The ultrafast spectral changes reflect the dynamic structural evolution in real-time. Taking
cues from these IR pump-probe technique on bulk water, a novel IR pump-VSFG probe has been
developed to probe interfacial water. In this thesis, VSFG spectra from the interfacial molecules
are collected at various delay times following an IR excitation. In this technique, in addition to the
two SF generating laser beams, a high intensity ultrashort (~100 fs) pulsed IR laser beam is also
overlapped at the interface and is variably delayed with respect to the probe SF generating laser
beam. A number of model biological interfaces have been studied using this IR pump-VSFG probe
(or time-resolved SFG, TRSFG).

In the first study, the neat water-air interface was investigated with the TRSFG technique, keep-
ing the IR pump and probe frequencies the same. The static VSFG spectrum of the hydrogen-bonded
O-H oscillators at the neat water-air interface is broad (3200-3500 cm~!) and might be expected
to be inhomogeneously broadened: at 3200 cm~! the sub-ensemble of O-H oscillators is strongly
H-bonded whereas at 3500 cm ™! it is weakly H-bonded. However, the TRSFG relaxation dynamics
across the spectrum was demonstrated to be independent of the sub-ensemble of water molecules
being excited and probed. The relaxation dynamics of these two widely different sub-ensembles
being the same, is very much like the behavior exhibited by bulk water. In the bulk, an ultrafast

Forster-type vibrational energy transfer (~50 fs) between neighboring water molecules, dominates
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the vibrational relaxation dynamics. As a result of the fast vibrational energy transfer between
different water molecules, the excitation samples various sub-ensembles on ultrafast timescales and
also randomizes the excitation polarization information. The same mechanism was found to be
operative at the water interface. Indeed, the bulk relaxation timescales could well describe our TR-
SFG transient data, with T1=200 fs and Tipermatization=5000 fs. Furthermore, polarization-resolved
TRSFG show that the excitation is scrambled very quickly, consistent with the scenario of bulk-like
relaxation. Thus we demonstrated that the surface and bulk water are indistinguishable as a result
of an efficient Forster-type vibrational energy transfer between the surface and bulk water molecules.

In our second study, a lipid monolayer-water interface was investigated using TRSFG in order
to distinguish between effects due to water-lipid headgroup interactions and effects due to mere
termination of the bulk, as at the neat water-air interface. The lipid used here was 1,2 Dimyris-
toyl Glycero-3-Phospho-L-Serine (DMPS, Sodium salt), which has a net negative charge on the
headgroup. We demonstrated that the TRSFG dynamics at the lipid-water interface was indeed
different from those at the air-water interface. Although the sub-ensembles of medium to weakly
hydrogen-bonded water molecules (3300-3500 cm ™) showed similar T; dynamics as the neat water-
air interface, the sub-ensemble of strongly hydrogen-bonded water molecules (at 3200 cm~!) showed
relaxation dynamics faster than the duration of the pulse itself (<100 fs). Also the thermalization
time-scales for all the sub-ensembles are demonstrated to be slightly longer than at the neat water-
air interface (~1 ps). Further experiments with different kinds of lipid monolayer-water interfaces
(positively-charged DPTAP, zwitterionic DPPC, DPPE) demonstrated that indeed the strongly
hydrogen-bonded sub-ensemble of water molecules have sub-pulse T relaxation time-scales (of the
order of <50 fs) whereas the dynamics of those sub-ensembles with medium and weaker hydrogen-
bond strengths are dominated by a Forster-type transfer as at the neat water-air interface.

In a separate study, the structure and dynamics of water in contact with a monolayer of artificial
lung surfactant (LS), composed of four types of lipids (DPPC, DPPG, tripalmitin and cardiolipin)
and a 21 amino acid peptide, were investigated using both static VSFG and TRSFG spectroscopy.
In this study, the dynamic responses of only the sub-ensemble of strongly hydrogen-bonded water
molecules (i.e. at 3200 cm™!) interfacing with three systems were investigated: a monolayer of
the pure lipid that is dominant in the LS mixture (DPPC), a monolayer of the four lipids, and a
monolayer of the four lipids including the LS protein. Although the static VSFG spectra of all three
systems are similar, remarkable differences are demonstrated in the vibrational energy relaxation
mechanisms between the pure DPPC/water system and the mixtures. In contrast to the sub-pulse
relaxation dynamics (T1), observed for the DPPC/water interface, the LS mixture with and without
the peptide show evidences that the relaxation dynamics are primarily dominated by a Forster-type
vibrational energy transfer even for the sub-ensemble of strongly hydrogen-bonded water molecules,
thus demonstrating the underlying structural differences of interfacial water in these different types
of interfaces.

In the final chapter, the energy flow dynamics in model membrane-water interfaces were investi-
gated by TRSFG. In this study, the vibrational relaxation dynamics of C-H stretch modes (CH3 and

CH,, stretch modes) in the lipid alkyl chains were investigated. The results reveal that incoherent
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energy transfer occurs from excited CHy groups to the terminal CHj3 groups. Evidences for strong
anharmonic coupling between different CHy and CH3 modes were demonstrated. Relaxation and
energy transfer processes within the lipid alkyl chain occurs on (sub-)picosecond timescales. Studies
of the dynamics on different lipid phases (gel or liquid crystalline phase) reveal a marked indepen-
dence of the dynamics on the precise molecular conformation of the lipids. In addition, the energy
transfer dynamics between membrane-bound water and lipids are also demonstrated, in which the
transfer of heat between water and lipids occurs remarkably fast: heat is transferred across the
monolayer, from the polar head group region of the lipid to the end of the alkyl chain, within 1 ps.
These results demonstrate the potential of using ultrafast surface-specific TRSFG spectroscopy to

investigate biomolecular dynamics at (model) membrane surfaces.
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Samenvatting

De biologische membranen die de buitengrenzen van levende cellen vormen, bestaan voornamelijk
uit een dubbele, zelfvormende laag van fosfolipiden. Fosfolipiden zijn amfifiele moleculen, waarin
de hydofiele kopgroep dipolair of geladen is, terwijl de hydrofobe staart gevormd wordt door een
apolaire alkylketen. Zodra deze moleculen in contact komen met water vormen ze zich spontaan tot
een dubbellaag, met de polaire kopgroepen in contact met watermoleculen en de apolairen staarten
bij elkaar, zo ver mogelijk van het water vandaan. In werkelijkheid bestaat een biologisch membraan
echter niet enkel uit deze lipide dubbellaag. De laag fosfolipiden biedt namelijk ook het noodzakelijke
platform voor een grote verscheidenheid aan membraan-geassocieerde eiwitten. Samen begeleiden en
organiseren ze de talrijke complexe reacties die het cellulaire massa-energie balans en de chemische
communicatie van en naar de cel controleren, waarmee ze de cel in staat stellen te leven. Maar
ook de fosfolipiden en eiwitten tezamen kunnen de complexe structuur en functionaliteit van het
membraan niet volledig verklaren. De rol van het omringende water voor het functioneren van het
membraan in het verleden vaak is vaak beschreven als een effectief dilectrisch medium waarbinnen de
cel functioneert. Het is echter bekend dat de eigenschappen van het membraan sterk afthankelijk zijn
van de de details van de moleculaire interacties met water. Het hydrateren van de fosfolipiden heeft
belangrijke gevolgen voor de structuur en het functioneren van het membraan zelf. De dynamiek van
hydratatie en de kracht van interacties tussen water en lipiden zijn bijvoorbeeld nauw gerelateerd
aan de moleculaire ordening van de lipiden. Zodoende is de structuur en het functioneren van het
membraan afhankelijk van de interacties tussen lipiden, eiwitten en de nabije watermoleculen. Maar
omdat de watermoleculen die het membraan kunnen beinvloeden een laag vormen van slechts enkele
moleculen dik (~5 A), is het technisch zeer uitdagend om deze laag direct waar te nemen en zo een
beter beeld te krijgen van de bijdrage van het water op de eigenschappen van membranen.

In dit proefschrift wordt de niet-lineaire optische methode vibrational sum frequency generation
(VSFG) spectroscopie gebruikt om de structuur van fosfolipiden en het aangrenzende water in een
modelmembraan direct te observeren. Het aantrekkelijke van de techniek is dat deze zeer specifiek
informatie over het oppervlak levert. Omdat de focus van dit onderzoek de interactie tussen lipiden
en water behelst, is een enkele laag lipiden op water een goed model voor een membraan. De speci-

ficiteit van de gebruikte techniek voor oppervlakken berust op het gegeven dat aan een grensvlak de



symmetrie is gebroken, waardoor het tweede-orde optische proces sum frequency generation (SFG)
kan plaatsvinden. Door twee gefocuseerde laserstralen in ruimte en tijd te laten overlappen, kan
een sum frequency (SF) spectrum worden gegenereerd dat alleen afkomstig is van de moleculen aan
het grensvlak. Wanneer de optische frequentie van een van de laserstralen wordt afgestemd (in
het mid-infrarood) op een specificke, vibrationele resonantie van deze moleculen, waarbij de andere
laserstraal niet resonant is, wordt het SF-signaal versterkt. Door de frequentie van de eerste laser-
straal te varieren kan zo het infrarood (IR) spectrum van de moleculen aan het oppervlak verkregen
worden. Zoals reeds bekend is van IR absorptie-spectroscopie, kunnen tal van structurele eigenschap-
pen worden onderzocht door het IR-spectrum te observeren onder verschillende omstandigheden -
bijvoorbeeld onder variatie van temperatuur, oplosmiddel, of zuurgraad. Volgens hetzelfde principe
kan VSFG ons informatie verstrekken over moleculen aan een grensvlak. Maar omdat zowel IR-
als VSFG-spectroscopie een tijdsgemiddelde nemen geven deze spectra alleen het gemiddelde van
de moleculaire structuur weer, waarbij dynamische, structurele informatie die in de spectra ver-
scholen kan zitten, verloren gaat. Dit is precies wat er gebeurt wanneer de VSFG-metingen aan
een water-lucht of aan een water-lipide grensvlak worden uitgevoerd: de statische VSFG-spectra
van deze interfaces zijn over het algemeen breed, en zonder noemenswaardig detail. De verscheidene
grensvlakken die in dit proefschrift bestudeerd worden varieren van een simpel water-lucht grensvlak
tot een model van een longmembraan, bestaande uit vier verschillende soorten fosfolipiden en een
polypeptide van 21 aminozuren. Voor al deze media lijken de VSFG-spectra van het water aan het
grensvlak erg op elkaar.

Soortgelijke observaties van brede en ongedetailleerde IR-spectra van watermoleculen in de bulk
fase leidden op den duur tot de ontwikkeling van ultrasnelle infrarood pump-probe lasertechnieken.
Met deze technieken, is veel informatie verzameld over de structurele dynamica van bulk water. In
een typisch IR pump-probe experiment zorgt een zeer intense ultrakorte IR pump-puls (~100 fs puls-
duur), met een frequentie afgestemd op bijvoorbeelde de O-H strek vibratie van water, voor excitatie
van die vibratie. Hierna wordt met een IR probe-puls de relaxatie van de vibrationele verstoring
bekeken op verschillende tijdstippen na de excitatie. Zodoende kunnen spectra worden opgenomen
binnen een tijsduur van slechts ~100 fs. De ultrasnelle spectrale veranderingen reflecteren de ul-
trasnelle structurele veranderingen. Op basis van deze IR pump-probe techniek, wijd toegepast op
bulk systemen, is de nieuwe, IR pump - VSFG probe methode ontwikkeld die de kern vormt van
dit proefschrift, waarin de VSFG-spectra van water moleculen aan grensvlakken opgenomen kunnen
worden op verschillende tijdstippen na een IR-excitatie. In deze methode wordt, naast de twee SF-
genererende laserstralen, gebruik gemaakt van een ultrakorte (~100 fs), gepulste IR laser van hoge
intensiteit die met de andere bundels samenvalt op het grensvlak en die een variabele vertraging
heeft met betrekking tot de SF-genererende probe laserstraal. Een aantal modellen van biologis-
che grensvlakken is bestudeerd met deze IR pump - VSFG probe methode (ook aangeduid met
time-resolved SFG, TRSFG).

In het eerste onderzoek werd de TRSFG-techniek gebruikt om het water-lucht grensvlak te
bestuderen, waarbij IR-pump en probe frequenties gelijk werden gehouden. Het statische VSFG-

spectrum van de O-H waterstofbrug-oscillatoren van dit grensvlak is breed (3200-3500 cm ™) en mo-
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gelijk inhomogeen verbreed: bij 3200 cm ™! is het sub-ensemble van O-H oscillatoren sterk verbonden
door waterstofbruggen, terwijl deze verbindingen bij 3500 cm ™! zwak zijn. Toch werd aangetoond
dat de dynamische TRSFG-relaxatie onafthankelijk is van het sub-ensemble van de beschouwde wa-
termoleculen. Omdat de relaxatie-dynamica van deze twee zeer verschillende sub-ensembles gelijk
zijn, doen ze denken aan het waargenomen gedrag voor water in bulkvorm. Net als in de bulk worden
de TRSFG relaxatie-dynamica gedomineerd door een ultrasnelle (~50 fs) vibrationele energieover-
dracht van het Forster-type tussen naburige moleculen. Hierdoor worden verscheidene ensembles
ultrasnel aangeslagen, en verliest het systeem heel snel zijn geheugen voor de polarisatierichting van
de excitatie. Hetzelfde mechanisme viel te herkennen in het water aan het oppervlak. Inderdaad
blijken de tijdschalen van relaxatie van de bulk goed onze TRSFG-data te kunnen beschrijven, met
T1=200 fs and Tipermaiisatie=500 fs. Bovendien toont polarisatie-afhankelijke TRSFG aan dat de
excitatie zich snel verspreid, in overeenstemming met de hypothese dat relaxatie zich voltrekt zoals
in de bulk. Zodoende hebben we laten zien dat water aan een oppervlak en in bulk niet van elkaar
te onderscheiden zijn ten gevolge van de hoge eflicintie van Forster- energieoverdracht tussen de
watermoleculen.

In ons tweede onderzoek werd TRSFG gebruikt om het grensvlak tussen een enkele laag fos-
folipiden en water te beschouwen, om zo onderscheid te kunnen maken tussen enerzijds de effecten
van interacties tussen water en de kopgroep en anderzijds de effecten die simpelweg ontstaan door
begrenzing van de bulk, zoals bij het water-lucht grensvlak. Het gebruikte lipide was 1,2 Dimyris-
toyl Glycero-3-Phospho-L-Serine (DMPS, natriumzout), met een negatief geladen kopgroep. We
hebben laten zien dat de TRSFG-dynamica bij het lipide-water grensvlak inderdaad verschilden
van die aan het water-lucht grensvlak. Hoewel de sub-ensembles met zwakke tot middelmatige wa-
terstofbrugverbindingen (3300-3500 cm™!) gelijksoortige T; dynamica vertoonden als die aan het
lucht-water grensvlak, waren er voor het sub-ensemble met sterk gebonden watermoleculen (rond
3200 cm~ 1) relaxatiedynamica te zien die sneller waren dan de pulsduur zelf (<100 fs). Ook bleek
de tijdschaal van thermalisatie voor alle sub-ensembles ietwat langer te zijn dan aan het water-
lucht grensvlak (~1 ps). Vervolgexperimenten met verschillende typen fosfolipiden (positief geladen
DPTAP, zwitterionisch DPPC, DPPE) lieten zien dat het het sterk gebonden sub-ensemble van
watermoleculen inderdaad T;-relaxatietijden heeft korter dan de pulsduur (in de orde van <50 fs),
terwijl voor de dynamica van de sub-ensembles met zwakkere waterstofbruggen een Forster-type
overdracht de overhand heeft, zoals ook bij het water-lucht grensvlak te zien is.

In een onafhankelijk onderzoek werden de structuur en dynamica van water in contact met een
enkele laag van oppervlakte-actieve stoffen van de long (lung surfactant, LS) - bestaande uit vier
soorten lipiden (DPPC, DPPG, tripalmitin and cardiolipin) en een peptide van 21 aminozuren - on-
derzocht door middel van zowel statische VSFG- als TRSFG-spectroscopie. In dit onderzoek werd
gekeken naar de dynamica van alleen het sub-ensemble met sterke waterstofbrugverbindingen (rond
3200 cm 1), grenzend aan drie systemen van elk een enkele laag lipiden: een laag van het lipide dat
het meest voorkomt in het LS-mengsel (DPPC), een laag van de vier lipiden, en een laag van de vier
lipiden met daarin ook het LS-eiwit. Hoewel de statische VSFG-spectra voor elk van de drie syste-

men vergelijkbaar zijn, werden opmerkelijke verschillen aangetoond in de relaxatiemechanismen van
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vibrationele energie tussen het pure DPPC-water systeem en de twee mengvormen. In tegenstelling
tot de (T;) relaxatiedynamica van het DPPC-water grensvlak, die opnieuw sneller zijn dan de puls-
duur, waren er aanwijzingen dat de dynamica voor de twee LS-mengvormen voornamelijk worden
beheersd door een Forster-type vibrationele energieoverdracht. Dat dit zelfs het geval was voor het
sub-ensemble van sterk gebonden watermoleculen duidt op onderliggende structurele verschillen van
de interactie van het het water aan het grensvlak met deze verschillende lipidesystemen.

In het laatste hoofdstuk wordt het gebruik van TRSFG bij het onderzoek naar de dynamica
van energiestromen op het grensvlak van modelmembranen en water beschreven. In dit onder-
zoek word gekeken naar de vibrationele relaxatiedynamica van de C-H strek-vibratie (CHz en CHy
strek-vibraties) in de alkylketens van de lipiden. De resultaten onthullen dat een incoherente en-
ergieoverdracht plaatsvindt vanuit de aangeslagen CHy-groepen naar de CHs groepen aan de uitein-
den van de ketens. Tevens werden aanwijzingen gevonden voor een sterke anharmonische koppeling
tussen verschillende CHs- en CHs-vibraties. Relaxatie en processen van energieoverdracht binnen
de alkylketen vinden plaats binnen een tijdsduur van een picoseconde. Metingen bij verschillende
fasetoestanden van de lipiden (gelfase of vloeibaar-kristalfase) onthullen dat de dynamica duidelijk
onafhankelijk is van de precieze moleculaire structuur van de lipiden. Daarnaast zijn dynamica van
energieoverdracht tussen aan het membraan gebonden water en lipiden getoond waarin de over-
dracht van warmte tussen water en lipiden zich opmerkelijk snel voltrekt: warmte begeeft zich door
de monolaag, van de polaire kopgroep van de lipiden tot het uiteinde van de alkylketen, binnen een
tijdsduur van 1 ps. Deze resultaten onthullen het potentieel van het gebruik van ultrasnelle, opper-
vlaktegevoelige TRSFG spectroscopie in het doorgronden van biomoleculaire dynamica in (modellen

van) membraanoppervlakken.
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Stellingen

Ultrafast dynamics studies of interfacial water molecules at the air-water interface show that
surface water behaves very similarly to bulk water in terms of its vibrational dynamics. (This
thesis, Chapter 3)

Ultrafast dynamics studies of lipid membrane-water interfaces show that membrane-bound
water molecules are different from the ones in bulk water or those at the air-water interface.
(This thesis, Chapter 4).

Stacks of (partially) hydrated lipid bilayers do not necessarily present good model systems for
biological membranes. Specifically, the dynamics of water molecules incorporated in
hydrated lipid bilayer stacks are very different from those at the interface of bulk water and
lipids. (Volkov et al., Phys. Rev. Lett. 99, 78302, 2007; this thesis, Chapter 4 and 5).

The generic understanding of the complexity of biological membrane function has largely
overlooked the role of membrane-bound water, owing to the technical challenges in probing a
water layer as thin as ~5 A — leading to a convenient, yet insufficient assumption that the
interfacial water is simply an effective dielectric continuum around the membrane system.

The two peaks in the SFG spectrum of surface water at 3200 and 3450 cm™ were initially
proposed to be the result of “ice-like” and “liquid-like” water species existing at the surface.
SFG experiments on isotopically diluted water however proves that the two-peak feature in
the spectrum can be best explained if the dip in the spectrum is the result of a Fermi resonance
between the bend overtone and the stretch fundamental modes of the water molecule and not
due to different species of water at the surface. (Sovago et al, Phys. Rev. Lett. 100, 173901,
2008).

SFG spectroscopy although a powerful tool in the surface science community, must be used in
conjunction with other traditional surface techniques, in order to understand the true nature of
surfaces and interfaces.

Although SFG spectroscopy is highly surface-sensitive (sensitive to ~1 monolayer of matter),
the efficacy of the technique largely depends on the kind of surfaces it is being used to probe:
if the material symmetry is maintained to a large extent into the bulk from the surface, SFG
will be sensitive only where the symmetry breaks, i.e. a few monolayers beneath the actual
surface.

SFG spectral intensities of interfacial water at charged lipid monolayers are much larger than
those at zwitterionic or neutral lipid monolayers, primarily due to the second-order P®® of the
interfacial water being enhanced by a bulk %® response originating from the DC-field
provided by the sheet of charged head-groups. (This thesis, Chapter 4).

By extending the time-resolved SFG setup, mentioned in this thesis, to a twodimensional SFG
setup, one can address the molecular vibrational couplings and their evolution in real-time, in
a very surface-specific manner. (Bredenbeck et al, J. Am. Chem. Soc. 130(7), 2152, 2008).

The concept of “Stellingen” is archaic and environmentally unfriendly since it takes up an
extra piece of paper which people usually don’t read or it gets lost somewhere down the line.
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