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ABSTRACT

Aqueous interfacial environments have unique properties as a result of their inherent
anisotropy; however, analysis of interfacial regions remains challenging. Sum-frequency
generation measurements can be used for their study, although determining the linear-
optical properties, and the molecular electronic structure required for quantitative analysis
remains difficult. From classical molecular dynamics simulations we found the orientation
distribution to be invariant with increasing surface number density; we can also therefore
expect the ordering of cyanophenol to be a result of interfacial water. We describe
the necessity of depth dependence to the sum-frequency response by using interfacial
structure from classical molecular dynamics. By exploiting symmetry, we can derive linear
relationships between elements of the %@ tensor which shed light on future sum-frequency
based orientational measurements. The range of possible values for the interfacial
hyperpolarizability ratio has been significantly narrowed with the aid of classical molecular
dynamics simulations. We also propose a technique for experimentally measuring the
hyperpolarizability ratio that has been derived by exploiting the polarisation null angle
method. By using Raman spectra derived from interfacial and bulk-phase ab initio
simulations we conclude there to be little difference in the hyperpolarizability ratio in the
interfacial or bulk environments; by comparing with experimental Raman measurements

we also report the existence of asymmetric broadening in the C—N mode.
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Chapter 1

Introduction

1.1 Interfaces

Understanding the structure of interfacial systems is crucial as there is a massive divergence
in phenomena compared to the bulk environment [1,2]. Chemically, one can expect to
see reactions proceed many orders of magnitude faster under interfacial conditions [3],
these unique properties arise from the inherent anisotropy present in such environments. In
particular water, one of the most complex liquids, becomes more intricate at the interface
[4]; however, with such complexity comes great difficulty in its experimental study. Various
methods exist, however most either disturb the interface such as atomic force microscopy,
cannot be performed under realistic ambient conditions (for example under vacuum), or
simply cannot achieve the specificity needed to study the 1 nm region as is the case
with Fourier-transform infrared spectroscopy. Some effective methods are second-order
based optical effects, such as second-harmonic generation or vibrational sum frequency
generation (SFG); of these two options sum frequency generation is the clear choice due to

the additional benefits that probing vibrational modes gives.

1.2 Sum frequency generation

In linear optics the polarization P to an induced field can be written as



P(0) = gxVE(0). (1.1)

Where we refer to (1) as the linear susceptibility, and & being the permittivity of free
space. An example of a x(l) effect would be infrared absorption. We will be referring to
all ¥ with i = 1 as linear, and non linear with i > 1. With a strong enough applied field

we can expand the polarization as a power series leading to [5]

PO (@) + PP (@) +-- =g (x(l)E(w) +xPE(w)>+ - ) , (1.2)

We will be focusing in second order responses; which begs the question why would
one be interested in a second order response? We illustrate one of the main advantages by

taking the negative of P2 je, by applying the field in the reverse direction

—P? = gyx? (-E(1))*. (1.3)

Then, if the material is centrosymmetric, % (2) must be equal in both directions

— PY1)=-PY(t) = PP 1) =0=gxPE(r)?> = xP =0 (14

therefore in any material with some form of centrosymmetry we can expect no overall
contribution to the ¥ 2 tensor [5-7] itis trivial to show this is true for any even order element
of x. This illustrates the main benefit, the inherent interfacial specificity. For example in the
case of a liquid-air interface, mathematically there must be some inherent centrosymmetry
breaking region, meaning if we assume the bulk region to be isotropic all of the x? signal
must arising from the interfacial region. However, it is possible for there to be some bulk
contribution to ) (2), but that is outside the scope of this text, (see Ref. [7] for more details).
Now, if we consider the specific case of vibrational sum-frequency generation, we gain
additional insight from vibrational resonance in a similar fashion to traditional infrared or

spontaneous Raman measurements. A vibrational SFG experiment generally involves two
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Figure 1.1: Energy level diagram of vibrational SFG off electronic resonance. Two incident
photons (one at infrared and one at visible) are combined to release one photon at a
frequency that is the sum of the previous two.

lasers of which one is on vibrational resonance and normally one in the visible region off
electronic resonance. In Fig. 1.1 we observe the first two photons being destroyed, where
then a new photon with a frequency that is the sum of the previous two is emitted. We
also know the momentum of the emitted photon given that sum frequency generation is a
parametric process (meaning the beginning and end quantum states are the same). We can
then describe the second order polarization as
X, V,Z
P (@R + yis = 0spg) =< Y Xi(jzk)Evis,jEIR,k (1.5)
ok
where i, j, k are any of the Cartesian lab-frame coordinates [6]. On the molecular scale we
can write the second order non linear susceptibility as

@ _1 2)
Xiik = — Z o (OIR, Wyis)
! € molecules / (1 6)

2
= N{o) (or, 0.iy))
Where a(® is the molecular second order susceptibility, normally referred to as the
hyperpolarizability more discussion of the hyperpolarizibility is available in Chapter 5).

Analogous to the macroscopic case, we can write the induced dipole moment as a power



series expansion [5, 6, 8]
p+p?@ ... =aVE@F) +aPE()? + - (1.7)

where a(!) is the linear polarizibility. Now if we consider the effective irradiance of the
SFG beam, we can then write

2

@1 I (i) (0rR). (1.8)

eff

I(a)IR + a)vis) <

Notice the use of ng) in lieu of x(z). This is due to the incident electric field being different

from where the SFG is generated. We refer to this corrected susceptibility as the effective
second order non linear susceptibility, so called as this is the measured quantity. We can
write the correction as

Xéfzf) = Lﬁ%,-(fk)ijka (1.9)

where the L. components are known precisely as the macroscopic local field factors.

For the x,y components the definition is simple due to the lack of discontinuity in the

xy plane. We have

E,._
Ly = ZE_O cos(6;)cos(2) = (1 —rp) cos(6;) cos(L2) (1.10)
i
and similarly
E,._
Ly, = ;;0 sin(Q) = (1+r¢)sin(Q). (1.11)

1

where r are the Fresnel coefficients for reflection, 6; is the angle of incidence (in the case
of IR or visible lasers) or reflection in the case of the SFG beam. Now for L,, we must

contend with the discontinuity in the interface. First we can define L,, above the interface

as
E._
L2, = =0 sin(6;) cos(Q) = (1 +rp) sin(6;) cos(€). (1.12)
i
and below
- 2
L = (1+ry) L sin(6;) cos(Q). (1.13)

2
n



Therefore at the interface it is convention to define an interfacial refractive index »’ and
therefore [6,7,9]
2
L. = (1+rp)—L sin(6) cos(€). (1.14)

n'2

There will more discussion of this parameter later. If we now turn our attention back to the
x(2) tensor, we can see that there are 27 independent elements. However if we make the
assumption of C3, symmetry of the vibrational mode we can reduce the problem to only 3
independent elements (the derivation of this is in Chapter 5). [9, 10]: xy(yzz), %y(zz ), and xz(zzz) .
Then if we take note that beams in the P polarization can probe E, and E,, while S probes
Ey, we can write the expressions for the most common polarization combinations, taking
note that by convention the first letter in the subscript corresponds to the polarization plane
of the SFG polarizer, visible the second, and finally IR.

ng),ssp = sin(Q) sin(Qyis ) cos (Qur ) LyyLyy L., xy(yzz) (1.15)

2 . . 2
xéff),SPS = sin(Q2) cos(Qyis) sin(QRr ) Lyy L Lyy xy(zy) (1.16)
3) op = c08(Q) cos(Quis) 08 (Qr) (—LuxLue Lo st — LueLezLyy o)
Xetf,pPP — c08(Q) cos(Qyis) €08 (R ) (—LuxLovx Loz Xyyz xlzz Loy Xyzy (1.17)
2 2
+ LeLalatyy + LalaLatis)

Q is defined as the polarizer angle; here we have Q = 90° as S and Q = 0° as P. We define
S to be perpendicular to the plane of incidence (from senkrecht in German) while P is
parallel. Now by using the above and Eq. 1.8, we arrive at the common formulation for the

SFG intensity [6,7,9, 10]

2
I(OR + Ois)ssp < |LyyLyy Lo 2 | 1(@yis)I(01R). (1.18)

1.3 Molecular dynamics

In brief, the idea behind molecular dynamics comes from the fact that many problems in

statistical mechanics are not explicitly solvable [11], especially as the complexity increases.



For example, liquid water compared to an Einstein crystal where for the latter we can
calculate all the thermodynamic properties explicitly. Therefore in order to study such
systems, we look towards computer assistance to simulate their properties. Different
computational tools exist. In molecular dynamics we are solving Newton’s equations of
motion with the assistance of a potential to calculate the net acceleration of the atoms.
Furthermore the system is placed under some form of thermodynamic ensemble, for
example canonical (also known as NVT), or isothermal-isobaric (known as NPT). The
velocity is corrected for by the thermostat, which effectively regulates the temperature of
the system. The pressure can be regulated by a barostat which in effect changes the size
of the simulation box to ensure the pressure is constant. Of course the method in which
these algorithms are applied is much more complicated, although they mostly operate in
a similar fashion to as described here. The way the forcefield or potential is calculated
varies; in fact, we separate them into two categories: classical where interactions between
atoms behave as balls on springs which is referred to as molecular mechanics (colloquially,
when one refers to molecular dynamics it is almost always classical), and ab initio where
the potential is calculated using quantum calculations. Generally the first step in any
MD workflow starts with an energy minimization. To avoid any strange conflict (such
as overlap) between atoms, normally one uses steepest descent or conjugate gradient to do
this. Then an equilibration is run where we let the thermodynamic properties settle, for
example at 300 K and 1 bar, the equilibration is generally run with the same parameters as
the production run, however just until the parameters converge. Because we only have
computing power to simulate a limited number of atoms, we apply periodic boundary
conditions, roughly analogous to the game of pac-man which allows for the approximation
of an infinite system. In the proceeding chapters we will be considering interfacial systems;
in that case we are changing the size of the box in the Z direction which will create two

liquid-vacuum interfaces, although applying a barostat in that case is impossible.



1.3.1 Classical molecular dynamics

Historically, classical simulations have their roots in molecular mechanics where atoms
(generally they are more separate than atoms, for example an sp” carbon is not treated in
the same way as an sp°) are treated as balls and springs. Importantly, molecular mechanics
does not refer to any sort of dynamical behavior and is much more akin to a energy
minimization. But from molecular mechanics we can define classical molecular dynamics
by the use of forcefield potentials with the addition of a thermodynamical ensemble. The
forcefields define the intermolecular forces (such as covalent bonds) but also intramolecular
forces (such as Van der Waals). These forcefields are commonly calibrated with some
form of quantum calculation, but can also be parameterized with tools such as machine
learning [12]. These forcefields come in many different flavours depending on application.
For example they may not treat every atom individually but instead as one unit of atoms.
The choice of forcefield is system and computing resource dependant, and has a drastic
effect on the evolution and trajectory of the system [11]. In general most forcefield-based
approaches are ill-equipped to solve any problem where we would expect some form of
quantum interaction (such as bond formation and breaking, or any new interaction where

the forcefield has not been parameterized for. [13].

1.3.2 Ab initio molecular dynamics

The main difference between classical and ab initio at least in the case of the Born-
Oppenheimer approximation (this means the energies are additive). Is simply the
forcefields or potential, otherwise there is not much difference between them. One can
think of ab initio MD as simply calculating the forcefields on the fly at each time step using
(in general) density functional theory methods. Then the usual considerations of basis set
and functional choice apply; with the added caveat given the amount of times the potentials
must be calculated, a lower level of theory is necessary. Another difference would be in

system size, for example in this text our ab-inito system has a volume of 8 nm?, while



Figure 1.2: Diagram of p-cyanophenol at the air-water interface. The tilt angle 6 and roll
angle y are defined. The approximate locations of the three refractive indices (n1, na, n')
are also given.

entire viruses have been studied [14] using classical molecular dynamics.

1.4 Outline of thesis

The behavior and electronic structure of p-cyanophenol at the vapor solution interface (as
in Fig. 1.2) is the focus of our inquiry, where orientational (6, V), linear optical (n’)
and electronic (R = océﬁl / ac(fg) properties are elucidated. In Chapter 3 the orientation
distribution and the effect of changing surface number density is studied. Chapter 4 is
focused on the depth dependence of the interfacial refractive index. The hyperpolarizibility
ratio is studied using density functional theory and SFG measurements in Chapter 5, and

with ab initio molecular dynamics in Chapter 6.



Chapter 2
Methods

2.1 Classical molecular dynamics and refractive index

The goal is to simulate the orientation distribution and volume fraction distribution of
cyanophenol at the vapor solution. This can be done by simulating a bulk solution, and
then extending the simulation box to create two interfacial regions as in Fig. 2.1. Classical
MD simulations were performed using GROMACS [15] with the OPLS-AA forcefield for
para-cyanophenol, [16] and the TIP4P water model [17]. The cyanophenol topology was
generated using the LigParGen software [18—-20]. A box with dimensions of 9 nm X 9 nm
x 9 nm was created and filled with 216 cyanophenol molecules. The box was then solvated
with 22,850 TIP4P water molecules. This produced a cyanophenol surface number density
that was selected based on literature surface tension data [21]. Following a minimization,
an NVT equilibration and then NPT equilibration run was carried out. The box was then
extended to a dimension of 15.3 nm in the z direction in order to create two vapor—solution
interfaces as in Fig. 2.1. This was then followed by an additional minimization and NVT
equilibration. Equilibrium trajectories using a 2 fs integration step size were acquired for
1 ns using a Nose-Hoover thermostat [22] and Parrinello-Rahman barostat [23]. The NVT
production run was 20 ns in duration, with a step size of 2 fs. A snapshot was taken
every 0.04 ns leading to 501 data frames available for analysis. For the volume fraction
determination, the molar volume of water was taken to be 18.07 cm3-mol~!. The molar

volume of cyanophenol was calculated using the B3LYP functional [24,25] with a aug-cc-
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Figure 2.1: Schematic of system for classical molecular dynamics. Blue lines describe the
system before extension in the z-axis. The three dimensional periodic boundary conditions
are applied at the lines.

PVTZ basis set [26] using Gaussian 16 [27] giving a value of 98.6 cm?-mol~!. Variable-
width bins were defined such that the number of cyanophenol molecules N in each bin was
equal in order to facilitate summation without the need for scaling, to ensure that each bin
has sufficient statistics. The orientational parameters (cos8) and (cos® @) for each bin i

were computed using

=z

(cosB); = cos 6; 2.1

1

Z[ -

1= T

1

(cos0); = A cos’ 6; (2.2)
1

=1

where the angle 0 is taken to be the angle between the surface normal and the cyano bond.
The interfacial refractive index was calculated using Eq. 4.7, where the volumes for each
bin are taken from above. The reference values for the cyanophenol contribution is taken
from an FTIR measurement in Ref. 28 as in Fig. 2.2; in a similar vein, the values for water

were taken to be 1.3311 +0.0144, and 1.3337 at infrared and visible/SFG frequencies [29].
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2.2 Depth dependant binning

Using the depth dependant refractive index (from Eq. 4.7) and the orientational parameters

the ng) response was then computed as

n oo Aijkp (a)L _ 0)0)2
NR ’ — = |day, | LLL
pZ] |:( +/0 o, — oRr — 1L exp 21—% o8 Imn,p

(2)

2
xlmn,eff = . (23)

The homogeneous broadening I' is taken to be 2.1 cm™!, the inhomogeneous broadening

taken to be 5 cm ™!

similar to the values chosen in 28. The non-resonant response NR was
used as a fitting parameter. One should note that this implies that the non-resonant response
is linearly proportional to the number density N of cyanophenol molecules. Given that
dispersion in the infrared region of the interfacial refractive index is small (considering the
relative volume fractions) and that we are assuming no dispersion in the infrared region of

ny, the approximation is likely adequate for the purposes of fitting the experimental data.

The amplitudes are calculated using Eq. 4.8.

2.3 Ab initio molecular dynamics

Two systems of interest were studied using AIMD, with cyanophenol at the interface and in
bulk solution. The two cyanophenol systems contained 1 p-cyanophenol molecule and 217
water molecules as a solvent. The systems were equilbrated using classical MD in a similar
way to as above, however the starting box size for the cyanophenol systems was 2 nm°.
The cyanophenol systems used the SPC solvation model. The bulk solution phase was
considered finished after the NPT equilibration, however the interfacial cyanophenol was
expanded to 9 nm in the z direction following NPT equilibration. The interfacial system
was then minimized and equilibrated NVT as described in the previous section. After the
systems were suitably classically equilibrated, a further two AIMD equilibrations were

performed for 1 ps and 15 ps respectively. The first equilibration used a massive thermostat
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Figure 2.2: (a) Experimental absorbance data in points, (b) real and (c) imaginary
components of the para-cyanophenol refractive index plotted with solid lines. Optical
constants plotted with dashed lines are derived from the similarly however the resonance
frequency is red-shifted by 3 cm~!. Reprinted with permission from Ref. 28. Copyright
2023 American Chemical Society.
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Figure 2.3: (a) Snapshot of an ab initio molecular dynamics trajectory with cyanophenol
in bulk solution with periodic boundary conditions in x,y,z. (b) Snapshot of an ab initio
molecular dynamics trajectory with cyanophenol at the water-vapor interface with periodic
boundary conditions in effectively x,y.

while the second used a global thermostat. The production run proceeded with the same
conditions as the second equilibration; however the simulation ran for 80 ps for the surface,
and 60 ps for the bulk. All AIMD simulations ran using CP2K QUICKSTEP [30, 31], a,
0.5 fs step size and used GTH-BLYP, and the DZVP-MOLOPT-SR-GTH as the functional
and basis-set. After the production run completed, the electron density was calculated
every 4 fs which is sufficient for the collection of non-chiral spectra, although shortening
the probing step size could provide greater accuracy in modes higher than 2000 cm™!
[32]. The electronic properties and Raman spectra could then be calculated using Vornonoi
integration [33] as implemented in TRAVIS [34,35]. The spectra were considered to be
converged after 60 ps as the depolarization ratio and spectral shape did not meaningfully

change after an additional 20 ps. The differences between the interfacial and bulk systems

are illustrated in Fig. 2.3.
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2.4 Experimental measurements

The experimental measurements were performed by Aruna Kumarasiri and is outside the
scope of this thesis, however the full experimental details are available in the Supporting

Information of Ref. 28.

2.5 Density functional theory calculations

For the density functional theory (DFT) calculations of the hyperpolarizibility in Chapter 5,
Gaussian 16 was used [27]. In all DFT calculations an optimization, followed by a
frequency calculation on the optimized geometry was done to calculate the polarizability
derivatives of cyanophenol, benzonitrile, and acetonitrile. All simulations used the B3LYP
functional with the aug-cc-TZVP basis set. For the solvated systems, a polarizable

continuum model (PCM) solvation for water/organic solvents was applied.
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Chapter 3

Orientational Properties of
p-cyanophenol

3.1 Introduction

If we consider the main applications of quantitative SFG measurement, the orientational
parameters are an obvious choice; such measurements have been done numerous times
[9, 10, 36-38]. Whether such measurements are practical to take in the face of such
problems as the (P3) magic angle [39] (analogous to the (P») magic in IR and nuclear
magnetic resonance which makes all wide distributions appear centered at 39.2°), is outside
the scope of this discussion; nevertheless understanding the importance of the orientational
contribution to ¥® is critical. Firstly we define the Euler angles using the standard
definitions found in SFG spectroscopy [40], with O defined by the angle between the
molecular axis (in the case of cyanophenol the C—N bond) and Z (the surface normal),
¢ as the roll, and y as in plane rotation. Looking back at Eq. 1.6 we have an implicit
orientational dependence from the expectation value of the hyperpolarizibility. We can

then rewrite Eq. 1.6 as

2 N 2 r2m 2w 2) .
15 = | /0 /O £(8,6,9) % sin(6)d0 dg dy 3.1)

one might notice the inclusion of the sin 8 term, this corresponds to the fact that an isotropic
distribution of 0 is not uniform, it is instead in the form of a sin@ curve. f(6,9,y)

is defined as the orientation distribution. Most commonly the orientation distribution is
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assumed to be uniform in ¢ and y. In such a situation we remove the y and ¢ dependence
and reduce the issue to an 8 only problem. Of course assuming a uniform distribution in
¢ in anything but the most simple linear molecules is questionable; however it reduces
the difficulty of the problem significantly. One must take note that the assumption of
a 0 only problem makes solving for the whole orientation distribution impossible (this
is discussed more in Chapter. 5). In such a situation, it is common in SFG literature
to refer to the orientation distribution in terms of the expectation values (cos@), and
(cos? ), which is analogous to infrared with (cos? 0) being the main parameter of interest.
However in general the systems measured by SFG are non-isotropic, in which case the
orientational parameters have a non-trivial effect on the overall signal, of which can be
very challenging to disentangle. Instead of trying to quantitatively describe the orientation
distribution experimentally, a common method is to compare with classical molecular
dynamics simulations; while classical simulations are a large approximation, they still

provide a good estimate of the true orientation.

3.2 Orientational analysis

Firstly let us consider the orientation distribution by analysing the complete trajectory with
Fig. 3.1. We set this simulation to have roughly a monolayer of cyanophenol based on
surface tension measurements [21]; and should roughly match the number density of the
experimental data. We do this by taking note of the expected surface number density from
surface tension measurements, and then populate our system with twice the amount of
cyanophenol molecules which accounts for the two interfacial regions. Importantly, the
concentration difference is quite large in comparison to the experimental 75 mmol/L, due
to the square cube law, however this should be of no consequence in our measurement as
we are only considering the top ~ 1 nm region. We observe the mean angle to be around
70° from the surface normal, indicating a weak orientational preference with respect to the

interface. This is likely due to the hydrogen bonding capability of both the O-H and C-N
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Figure 3.1: Tilt angle distribution constructed from the analysis of 2.8 million C-N
bonds from a 20 ns simulation of 216 cyanophenol molecules at the air—solution interface.
Reprinted with permission from Ref. 28. Copyright 2023 American Chemical Society.

groups, where the O—H can be considered more favorable. Interestingly if instead of p-
cyanophenol where the O—H and C—N groups are opposite with respect to the phenyl ring,
we used either ortho or even meta configuration we could likely expect stronger orientation
of the C-N group (albeit in the other direction); this could imply a stronger SFG signal.
We can also calculate the orientational parameters (cos 8) = 0.217 and (cos® 8) = 0.0767.

Now we examine the affect of changing surface number density N on the orientation
distribution, where one could expect to see a stronger orientational preference as N
increases. However from Fig. 3.2 we fail to see major changes even when increasing
the density by a factor of 100. Furthermore any difference could be easily rationalized
by the difference in statistics in the four simulations. Now we can confidently conclude
that the solvation of water is the strongest factor with respect to ordering the cyanophenol
molecules. In the largest simulation with N = 500 it is likely that many cyanophenol
molecules are forced into the bulk environment instead of contributing to the ordering.
Previous SFG measurements see little difference in signal after 75 mmol/L, which

corresponds to a surface number density of 216. Of course there should be significant
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differences in the dielectric profile in a full monolayer compared to incomplete coverage,
but if accounted for we should expect a linear relationship between the concentration of
cyanophenol and the experimental SFG response. This also gives credence to our one
cyanophenol ab initio molecular dynamics system being representative of a full monolayer
in Chapter 5.

Finally with respect to the roll angle, even though for a C., system the roll has no
effect on the overall intensity, it is still of intellectual interest. Importantly, by convention
we define y = 0° to be where the phenyl ring is parallel with respect to the interface; from
symmetry of the mirror plane in the cyanophenol molecule —180° and —180° are also
equivalent to 0°. From Fig. 3.3 we observe a preference for the phenyl ring to lay flat along
the interface. This is likely similar to the preference of a benzene ring to also be flat at
the interface as measured by Ref. 41 in a computational study. We can rationalize this by
assuming the hydrophobic nature of the phenyl ring prefers to reduce the overlap with water
as much as is possible. We can assume that only the highest cyanophenol molecules have
such a preference, as if the cyanophenol becomes more solvated (but still surface active)

such a preference is unlikely.

3.3 Conclusion

By analysing classical molecular dynamics trajectories we were able to ascertain orien-
tational properties of cyanophenol at the water-vapor interface. For a full monolayer,
cyanophenol is relatively flat with an average tilt angle of 76.4° likely due to the hydrogen
bonding of both the O—H and C-N groups. The orientation distribution did not vary
much with increasing surface number density, indicating that water dominates the ordering
of cyanophenol. The population density of the roll angle was maximized where the

cyanophenol was parallel to the interface due to the hydrophobicity of the phenyl ring.
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Figure 3.2: Tilt angle 0 histograms with varying number density N cyanophenol molecules.
All histograms have been corrected for the sin 8 isotropic distribution.
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Chapter 4

Depth-Dependence of the Second Order
Effective Nonlinear Susceptibility’

4.1 Introduction

With the emergence of surface specific second harmonic measurements in the late 1970s,
the characterization of the linear optical properties essential for quantitative analysis has
been a challenge. Specifically a parameter known as the interfacial refractive index n’ (or
dielectric constant), which phenomenologically describes the interface. However whether
the surface can be described by such a macroscopic property as the refractive index is

questionable, instead a microscopic description can be given

\/;:g:}i:? @.1)

where f; and f) are the microscopic local field factors. The definition of such local
field factors is complex; however, a complete description and derivation is available in
Ref. 6. One can think of the microscopic local field factors as a correction to L;E; that
takes the microscopic variation into account (in the macroscopic theory this correction is
n’). Deriving relationships of such microscopic field factors is challenging although has

been done [42]; a common formulation would be the direct calculation using the Lorentz

'Reproduced in part from Yang, P.; Kumarasiri, A.; Hore, D.K. ”Surface Populations as a Model for the
Distance-Dependence of the Interfacial Refractive Index* J. Chem. Phys., 161, 054703 (2024) Copyright
2024 AIP Publishing.
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Figure 4.1: Diagram of slab and Lorentz models. The chromophore is represented by either
a circle or semicircle.

model [6,36] leading to
4n3 +2
n=—5— (4.2)
n3 (n3+5)
Sometimes this model is also known as the slab model owning to the fact that chromophore
is assumed to be in a hemisphere where half is solvated; confusingly the model where the

chromophore is completely solvated is known as the Lorentz model which is simply
n =n 4.3)

Diagrams of both the Lorentz and slab models are avaliable in Fig. 4.1. The Lorentz model
is commonly used in polymer or solid interfaces, however given that we are assuming
the entire ¥ (2) response is arising from some form of anisotropy in the interfacial region,
it is likely incorrect to use a bulk property. To combat this problem, other macroscopic
descriptions of n’ have emerged. One of the most common is simply to take the arithmetic

average between the two bulk phases

;_nitm
n —
2

4.4)

which for some problems (such as the orientation distribution) have given somewhat
reasonable (by reasonable we mean can be rationalized by chemical intuition) quantitative

measurements [43]. Of course such an approximation does not have much actual basis in
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the physical reality of the system and is instead a way of avoiding the difficult problem of
describing the actual interfacial environment. Thus far all the models implicitly assume
some form of binary system (for example water—vapor), however there are many systems
(such as the presence of a monolayer at the water—vapor interface) where such a description
would not apply. This is exasperated in the infrared region where the dispersion of the
resonant species would not be accounted for.

Previously we calculated the overall SFG response using the Lorentz-Lorenz mixing
model for the interfacial refractive index (Eq. 4.7), however since the approach was
only experimental, the actual volume fractions were an unknown parameter and were all
evaluated. Furthermore at first since no experimental data on the orientational parameters
was known, all of the amplitudes were considered to be fitting parameters. This effectively
allowed for the correspondence between the volume fractions, the interfacial refractive
index, and n’ as shown in Fig. 4.2. Unfortunately, given the high amount of freedom given
to the optimizer every situation with the same amount of dispersion in n’ will result in
the same fit to the experimental data. This is due to the fact that the amplitudes are not
constrained and that the only other source of dispersion is the cyanophenol contribution
to n’. This does not only allow for limited insight into the structure of the interface, but
also gives a large range of possibilities for the hyperpolarizibility ratio R (more discussion
of the hyperpolarizibility ratio in Chapter 5). At first the solution was to constrain the
amplitudes using orientational parameters (cos @) (cos® @) collected from classical MD
simulations which does significantly lower the range of possibilities of n’, as shown by the
MD simulation range in Fig. 4.2. Importantly however, when the actual volume fractions
are taken from the same MD simulation, the situation is different; the spectra no longer has
a good fit to the PPP data evidenced by the 1 bin fit in Fig. 4.5. Therefore a new approach
was needed, the solution being the separation of the SFG response according to the depth.
In particular the interfacial refractive index must be thought of as depth-dependant.

In recent years work has been done in order to fully describe the dielectric profile of
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Figure 4.2: (a) Ternary plot of the interfacial refractive index as function of the
volume fractions of air, water, and cyanophenol using the Lorentz-Lorenz mixing model.
(b) Hyperpolarizability ratio as a function of amplitudes fit using the corresponding
interfacial refractive index calculated from the volume fractions. Reprinted with permission

from Ref. 28. Copyright 2023 American Chemical Society.
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especially aqueous interfaces. Interestingly, the majority of such progress has focused
upon the static dielectric profile, which has been studied with a wide range of techniques,
from atomic force microscopy to molecular dynamics [44, 45]. However since SFG is
generated at IR / visible wavelengths such static descriptions are not directly useful in
our analysis; although static profiles do inform about the polarization and thus structure of
water. Previously Morita has used molecular dynamics and particle mesh ewald summation
to explicitly calculate the microscopic local field factors as a function of depth [6,46], which
by Eq. 4.1 gives the depth profile of the refractive index. Importantly, while Morita did
calculate P(), the actual SFG response was not calculated, and this approach still requires
literature values of the hyperpolarizibility. In the future perhaps AIMD calculations
which provide the lineshape and hyperpolarizibility could then be combined with such
a microscopic description to explicitly calculate the entire ng) response. Nagata et al have
also developed a few methods to probe the depth dependence of n’. The first approach is to
split the SFG response for the water—vapor interface into the various hydrogen bonded
species, for example DDAA where the D and A refer to donor or acceptor hydrogen
bonding modalities. This is effectively a depth profiling as H,O molecules close to the
interface will in general have less hydrogen bonds [47,48]. The second approach is a model
for the depth dependant interfacial refractive index largely similar to the Lorentz and slab
models. Unfortunately the depth could not be disentangled from the ) 2) response, and as

a result they could only probe the average depth of the chromophore [49, 50].

4.2 Interfacial refractive index

Fig. 4.3a illustrates the volume fractions of cyanophenol fcp, water fw and air 1 — fcp — fw
as a function of distance across the interface, determined from MD data plotted in points.

Here the bulk aqueous phase exists at z = —oo and z = 0 is the Gibbs dividing surface that



26

was located by fitting the water data to the empirical relationship

fw =Aw |1— + bw (45)

1 +eHw(—2)
and solving for zp; this is plotted with the blue solid line. Aw, kw and bw are parameters
associated with the amplitude, steepness, and offset that are determined in the fitting but
are not of direct interest apart from their necessity in obtaining z.

The data in Fig. 4.3a clearly shows that all of the cyanophenol SFG response is
generated over a distance of approximately 1 nm, significantly smaller than the nonlinear
coherence length. This means that no wavevector mismatch needs to be considered in
adding values of the susceptibility x(z) (z) obtained at different depths throughout the
interface, and the entire system can be described by an effective susceptibility given by
xl.(jzk)’eff = L;L; ijkxi(Jj‘;(), as long as the L factors do not display any z-dependence. This is

reasonable for

Ly ==+(1—rp)cosO (4.6a)

Ly =1+, (4.6b)
2

L.=(1+7) (%) $in . (4.6¢)

where r, and rg are the p- and s-polarized Fresnel reflection coefficients, [51] as they are
based on the bulk air (n1) and water (n7) refractive indices. However one must consider the
influence of n’ on L. This originates from the fact that, while the tangential components
of the electric fields are continuous across the surface, there is no such requirement for
E, that can exhibit a sharp discontinuity at z = 0. This creates a complication, as it is
precisely in the neighborhood of z = 0 that the SFG field is generated. We evaluate n’ using

a Lorenz-Lorentz mixing model based on the MD simulation volume fractions

n'?—1 ng, —1 nZp—1
— + . 4.7
222 Jw (”%ﬁ‘z) fep (nép-l-Z) 4.7)

One benefit of using Eq. 4.7 is that it provides a facile route for incorporating frequency-

dependent refractive index data to model the dispersion of n’. [52—-55] This enables us
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Figure 4.3: (a) Volume fractions of cyanophenol fcp, water fyw and air 1 — fcp — fw as
a function of distance across the interface, determined from MD data plotted in points.
Here the bulk aqueous phase exists at z = —eo and z = 0 is the Gibbs dividing surface.
(b) Distance dependence of n’ at 532 nm calculated from Eq. 4.7 using these volume
fractions. Reprinted with permission. Copyright 2024 AIP Publishing.
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to account for the IR absorption of cyanophenol in the vicinity of the C-N resonance.
Fig. 4.3b shows the distance dependence of n’ at 532 nm, which has a very similar shape to
that at the SFG wavelengths, but n/(z, 0r) is also obtained using this approach, enabling
the evaluation of L. (z). The shape of n’ in the visible region roughly follows the volume
fraction distribution of water across the interface, but with a slight peak close to the Gibbs

dividing surface that results from the higher refractive index of p-cyanophenol.

4.3 Orientation parameters

For each z bin, we have analyzed the distribution of C—N bond vectors. Three distributions
obtained at different depths in the interfacial region are shown in Fig. 4.4a. Here we can
see that the cyanophenol C—N bond axis is fairly broadly tilted at the air—aqueous interface,
with an average angle of approximately 75°. This means that a significant fraction of
the cyano groups are directed to the bulk aqueous phase, with a slightly greater number
pointing towards air (0 < 90° in our coordinate system). This may be due to competing
hydrogen bonding opportunities for C—N and O—H groups. As these moieties are situated in
a para configuration, the polarity of the orientation of the whole molecule results from the
relative strength of these two types of interactions with bulk water. We then computed the
values of (cos @) and (cos® @) as shown in Fig. 4.3b. Their positive values are consistent
with the fact that the C-to-N vector is predominantly in the first quadrant, i.e. the cyano
group points up into the vapor phase and the O—H group at the para position points down
into the bulk aqueous phase. It is interesting to note that while (cos 6) increases towards
the vapor phase indicating that the cyano groups are more ordered in environments with

less water, (cos® 8) remains roughly constant throughout the interfacial region.
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Figure 4.4: (a) Distributions of cyano group tilt angles at depths of z = —0.5 nm (towards
the bulk aqueous phase, blue), the Gibbs dividing surface (our definition of z = 0, shown
in orange), and z = 0.5 nm (on the vapor side of the interface, green). (b) Values of (cos 6)
(black) and (cos3 0) (red) as a function of distance across the interface. Reprinted with
permission. Copyright 2024 AIP Publishing.
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4.4 SFG response

For the cyano C-N stretching mode with local C., symmetry, one can simplify the

hyperpolarizability tensor by defining R = aégl / (xc(gg to arrive at [9]

1 = —;Z a2 [(14 R)(cos ) — (1 —R){cos® 6)] (4.8)
0
%}gzz)z = —2]Z O‘c(gg(l —R) [(cos 0) — (cos? 6)] (4.8b)
0
1% :g 2 [R{cos8) + (1 —R)(cos” 6)]. (4.8¢)
0

However, the results presented in Fig. 4.4b reveal that (cos®) = 3(cos?8). This has
interesting consequences for the subsequent analysis, as Eqs. 4.8a and 4.8b are then

equivalent to each other and become
2 ) N
X)Exz) = z(z) ~ 28 c(c2(2R+ 1)(cos* 6). (4.9)

Furthermore, for the set of beam angles used in this experiment, (Lyy)srG(Lzz)vis (L) IR &
—(L;;)sFG (Lyx )vis (Lxx)1R [28]. Together with the fact that xg} = z(,%)z far from electronic
resonance, this has the consequence that the PPP spectrum depends only on xz(f)z and xz(fg,
which have the same dependence on R and (cos> 8) as stated in Eq. 4.9.

The further consequence of this is that the PPP amplitude, when normalized with
respect to the SSP amplitude (data shown in Fig. 4.5) is nearly independent of R and the
orientation distribution. This means that, when performing the PPP fitting in this way,
xégppp depends only on the L factors. We make use of this happy accident to explore
the sensitivity of the distance-dependence of n’ to capturing the normalized PPP intensity
profile. This is done by varying the number of discrete regions over which the volume
fraction of the species are characterized for use in Eq. 4.7. We can see that the fit to the
data improves as the number of bins increases (Fig. 4.4b), with no significant improvement
after the nanometer-sized region is divided into 10 bins. Here we reiterate that there is no
difference to the net x? response whether it is all considered together in the orientation

average, or divided into distinct regions, but this illustrates that ng) (z) since L,;(z) through
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n'(z). In other words, agreement with the experimental data (standard deviation shown
within the grey shaded region) requires that the distance-dependence of ' is considered. It
is curious that a single value of n’ (1 bin) has nearly the same fit as dividing the interface
roughly in half (2 bins). This is likely due to the mismatch between where the cyanophenol
molecules are located (as seen in Fig. 4.3a and the overall volume of the interfacial region
when only two bins are considered. In this case, one of the regions is predominantly air,
with a low refractive index and therefore a large contribution to L, and xéfz ),

Moving forward with a 10-bin model that describes the interface, we explore whether a
small change in the distribution of cyanophenol molecules from that predicted by the MD
simulations might provide an even closer match to the experimental results. We start by

noting that, since the cyanophenol distribution appears nearly Gaussian in Fig. 4.3b, it can

be fit to
(z—z0)?

b 4.10
21—,%1) :|+ CP ( )

fcp =Acpexp [—

where Acp is the amplitude, zo is the position, I'cp is the width, and bcp is an offset.
This result is plotted with the solid purple line in Fig. 4.3a. It is interesting to note that
the surfactant distribution is centered at the Gibbs dividing surface (z9 ~ 0), indicating
that roughly half of the surface population of the organic species is in a more water-like
environment, while half is in a more hydrophobic environment. From this point we chose to
keep the water distribution fixed to the profile shown in Fig. 4.3a, but vary the amplitude A
and width I" of the cyanophenol distribution in such a way that the total of the water, organic
and air volume fractions does not exceed unity. These results are shown in Fig. 4.6, where
the colors correspond to the error associated with the corresponding fits to the normalized
PPP spectra. The values of A and I" obtained by fitting the MD simulation data (purple curve
in Fig. 4.3a) produce the result indicated by the red dot. Changing A and I' in a manner
that maintains the same overall surfactant surface number density results in points along the
solid red contour. All points above this contour represent distributions with more surfactant

molecules at the surface; points below the contour have less molecules present. When both
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2024 AIP Publishing.
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the amplitude and width of the surfactant distribution are decreased, a slightly better fit
can be produced. This indicates that the real experimental system may have less molecules
adsorbed at the surface compared to what is predicted by the simulations. However, the
point corresponding to the direct simulation result produces a fit to the experimental data
that is very close to the region of the global minimum. Overall, these results demonstrate
that a remarkable agreement between experiment and simulation may be achieved using
the relative volume fractions as a function of distance across the interface to determine the

local field corrections.

4.5 Conclusion

We have described the necessity of the depth dependence to the overall SFG response.
The depth dependence of n’ was evaluated using volume fractions taken from classical
molecular dynamics and the Lorentz-Lorenz mixing model. The dielectric profile was

found to roughly match the profile of water; however, with a slight peak due to the higher
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refractive index of cyanophenol. A 10 bin model was deemed sufficient to describe the
depth distribution of nga where less than 10 did not match the experimental data. The
cyanophenol molecules were found to orient more strongly closer to the vapor phase. We
can also consider it to be likely that the number density is lower than predictions made from
surface tension measurements; although, a cyanophenol contribution to n’ is still required

for proper fit to the experimental data.
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Chapter 5

Hyperpolarizibility analysis'

5.1 Introduction

In the previous chapter we discussed the relationship between the linear optical proprieties
of the interfacial region and the general structure of said interface, now we are interested
in the electronic structure of our resonant species. In x? spectroscopy this molecular
property is referred to as the hyperpolarizibility ). SFG is similar to other forms of
spectroscopy in the sense that understanding the molecular symmetry is required for a
complete description of the overall response. For example in the case of the C—N mode
of 4-cyanophenol, it is (in solution) impossible to isolate the twist of the benzene ring
with respect to the interface; a direct consequence of the C., symmetry. In our previous
work [28] we looked to measure the hyperpolarizibility ratio, defined as

(2)

/

Q, o
R= ”E‘g: o, (5.1)
Olcee Qe

However by examining Fig. 4.2, one can see that we were left with a relatively large
range of possibilities, from around R = 0.08 to R = 0.16. To combat this problem we
took advantage of our knowledge of the orientational parameters calculated from classical
molecular dynamics, which led to Fig. 5.1. Unfortunately, as noted in the previous chapter

the fit from molecular dynamics in the one bin model is far from the global minimum

1Reproduced in part from Yang, P.; Kumarasiri, A.; Hore, D.K. ”Surface Populations as a Model for the
Distance-Dependence of the Interfacial Refractive Index* J. Chem. Phys., 161 054703 (2024) Copyright 2024
AIP Publishing.
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expected from our orientational parameters in Fig. 5.1. In Ref. [28] we took advantage
of symmetrical relationships to derive a linear relation between xy(yzz), xy(zzy), and xz(zzz) . Now
we seek to expand upon our previous work to not only narrow the possible range of the
hyperpolarizibility ratio, and generalize our previous linear relationship; but to also create

the framework for future direct measurement of R, and use calculated ab initio Raman

spectra to determine the anisotropy between the bulk and interfacial hyperpolarizibility.

5.2 Determining the hyperpolarizability ratio from SFG
data

5.2.1 Symmetry relationships

We recently provided an expression that enables R to be obtained from experimental
SFG spectra in a manner that does not require knowledge of the molecular orientation
distribution. [28]. Here we first describe how this comes about, and present a slightly more
general expression with broader applicability. If we limit the discussion to SFG that is far
from electronic resonance, then the Raman tensor is symmetric. We use /,m,n to be any
of the molecular frame a, b, ¢ Cartesian components. Using the notation o, = d(xl(nl) /dQ
where Q is the normal mode coordinate, the off-resonance condition implies that o), = @ .

Similarly, we can define y, = du,/dQ for the nth component of the dipole moment

derivative. This enables all 27 elements of the rank-3 e(?) tensor to be defined using

/ / / !
(2) aaa ac/zb aac uua
/ / /
Qo< O‘(;b a}/;b O‘;;c ® Ii;/) (5.2)
aac abc acc .uc

where only 18 of them are unique as a result of the &’ symmetry. We next transform all
elements of & into the laboratory frame, where the surface is in the xy-plane and z is
the surface normal and (i, j,k) serve as placeholders. This operation requires successive
applications of the direction cosine matrices that introduce the Euler angles, as described
previously, [56] resulting in ai(].z,g(e, o, y).

We now focus on the applications where there is rotational symmetry about the surface
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Figure 5.1: (a) Plots of Ay, /Axy; (red curve) and A,,,/A;.. (blue) curve as a function of
Rqurface Using values of (cos®) and (cos® @) from MD simulations. Intersections with
experimentally determined amplitude ratios are shown with the pale red and blue bands
for all combinations, and with dashed lines for a particular combination. (b) The difference
between the two solutions for Rgyface Obtained in this analysis is plotted as a function of
the volume fractions used to approximate n’. Reprinted with permission from Ref. 28.
Copyright 2023 American Chemical Society.
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normal z (implying a uniform distribution of ¢), and an isotropic distribution about the

molecular ¢ axis, described an integration about y.

N 2n 21

This results in 7 non-zero achiral (excluding xl(jzk) where i # j # k) elements of @), of

which 3 appear to be unique.

2 2 N 2 2 2 2 2
1 = y(yz) = e [<—2a£c24 - 2061501)7 200+ ale) + ch(bz> (cos 6)
(5.4a)
+ (20&5321 + 206152 — 205532 + aﬁig + aﬁi) (cos3 9>:
2 2 2 2 N 2 2 2
2= = =2y = i (2082~ adat — o) ) (cos 6) (5.4b)

+ (20 + 202202+ of?

C

+ Otéi%) (cos® 9>_
2) N 2 2 2 2
12 = e [(2%&3 +20%) + a2+ a,Eb>) (cos 6) (5.4¢)

C

C

~ (202 + 2040 — 208+ il + afy) ) (cos?0) |

Eqgs. 5.4 reveals that, of the 18 elements of a? that we initially considered, only ag(,iz,

OCISZZ, (XC(LZ-L)-, OCLSZZ, and aéﬁl contribute to the x(z) elements of interest when the orientation
distribution is isotropic about ¢ and .

We have then found a linear relationship between these three x(z) elements that can be
expressed as

12 =t +exd (5.5)

where the coefficients ¢; and ¢, were determined to be

ot + ol + o2
S N N S ) BN ) -0
Oaca — Oaac + ahc - ahbc
o, ( oiad + o)+ ol ) 560
2= .
o — Ol + oy — Olfy)

which is valid for any symmetry of the molecular hyperpolarizibility a?, and any

distribution of the tilt angle 6.
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There are several implications of Eq. 5.5. The first is that the three ¥ tensor
elements in Eq. 5.4 are in fact not unique. This conclusion also extends to the effective
susceptibilities, in that only two of SSP, SPS (or PSS) or PPP polarization schemes are
unique. In other words, if any two of these measurements are performed, the third is
predictable. Finally, in the analysis of SFG spectra, it is more practical to work with
ratios of intensities, or ratios of fit vibrational mode amplitudes. Such ratios serve three
functions: they enable an orientation analysis independent of the surface number density N;
independent of the absolute magnitude of the molecular hyperpolarizability tensor elements

e @)

> and does not necessitate measuring X to absolute units. The ramification of this is

that, with only two of x,&%z) , )&2,2 or xz(zzz)

unique, only one unique ratio can be formed.

The final impact is that, in the case of such symmetry about z and c, it is not possible
to isolate (cos®) and (cos® @), and only the ratio (cos®)/(cos®8) may be determined.
Some further discussion about the implications of being restricted to the knowledge of the
(cos B) /(cos’ B) ratio, without explicit access to (P;) and (Ps), can be found in Ref. 9.

We note that the coefficients ¢ and ¢, in Eq. 5.5 are independent of any orientation
parameters. This has an additional benefit when we return to our specific case of the cyano
C-N stretch where océgz = aﬁz and occ(gc) are the only three non-zero hyperpolarizability

tensor elements. In this case, Egs. 5.4 become Eqs. 4.8, and the coefficients appearing in

Eq. 5.5 simplify to

@
a=H g (5.7a)
@, @
zaaac + Otece o 1
)= — (W) = — <2—|— E) . (5.7b)

In the SFG literature, this quantity is typically referred to simply as R, but we use the
explicit notation R to illustrate that this is related to the electronic structure of the molecules

at the surface. Since Eq. 5.2 illustrates that ocl(,flL

is proportional to o, 11, we can see that
R = a),/ o, as the factors of u/ cancel. However, we make the distinction between this

and the bulk material or solution-phase quantity Rg = @,/ .. (that can be obtained from
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the Raman depolarization ratio) as the electronic structure may be perturbed at the interface
for a variety of reasons.

A final consequence of Eq. 5.5 is that no assumptions about the orientation distribution
need to be made, since (cos 8) and (cos® 8) do not appear in the coefficients in Egs. 5.6. In

the case of our high-symmetry modes characterized by R, this further enables us to write

2 _ .02

R = 4 AXX (5.8)
2+ o)

as we have recently demonstrated [28]. Similar relationships exist for local modes
with other symmetries [57] that lead to additional possibilities for orientation-insensitive

measurements [58, 59].

5.2.2 SPS spectra

Now that a suitable model for n’(z) has been established from the PPP data using 10 bins,
this can be applied to the analysis of the (SSP-normalized) SPS data. In this case, our

situation of (cos 8) ~ 3(cos® @) leads to

xxi? ~ iac%?(l —R)(cos> ) (5.9)

where we can see that the SPS to SSP (given by ;&2 in Eq. 4.9) ratio is expected to be
sensitive to R. This is indeed the case, as can be seen in Fig. 5.2. Fitting to the experimental
data identifies the optimal value of R = 0.13 +0.03. This value is within the range of
Rp < R < 2Rp that we have established previously [28], but now confined to a slightly

more narrow range.

5.3 Additional possibilities from polarization null angle
experiments

Here we describe a possible method to calculate the hyperpolarizability ratio R without the

assumption of any lineshape or the fitting of any spectra. We will be assuming that this
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Figure 5.2: (a) Fitting the SPS data with different values of R ranging from R = Rg = 0.08
to R = 0.2. Experimental data is plotted in points, and the range of one standard deviation
about the mean is highlighted in grey. (b) The quality of the fit to the experimental data
as determined by the sum of the squares of the residuals, highlighting the best fit result
obtained R = 0.13. Reprinted with permission. Copyright 2024 AIP Publishing.



42

experiment is heterodyned, (which is a technique that gives isolated access to the real and

imaginary components of the %?) response). Then we can write ¥ e(:%f) as
%éfzf) = sin(Q) sin(Q) COS(QZ)ng),ssp
+sin() cos(Q) Sin(Qz)xélzf),Sps 510
+cos(Q)sin(Q) Sin(QZ)%e(gf),pss -
+cos(Q)cos(Q) COS(Q2)x£f2f),ppp

Here we define Q to be the polarizer angle, where Q refers to the SFG polarizer, Q; the
visible and, Q; the IR. By convention 0° is defined to be P polarized and 90° polarized.

Then by setting Q to 90° (or S) and Q, to -45° we arrive at

2 _\/E . 2 \/§ 2
Then by finding Q; where there is zero SFG response, we get
(2)
wox LLL
tan(@) = £2=c00 (5.12)
XuxzLLLyy,

Up to here the PNA method was described in detail by Ref [9], but now we use the
previous assumption of a hetrodyne experiment to only probe the imaginary component of
x(z)’ this allows for the removal of the non-resonant component as we are assuming it to
be completely real. Then we can replace ) 2) in Eq. 5.12 with the resonant amplitude to
arrive at the relationship

Ay LLLy,

Q) =" 1
tan(Q]) AvoLlLy, (5.13)

In the same way as Eq. 5.11 by setting Q, = 0 or (P) and Q = —45° we can arrive at

_AXXZLLLXXZ - AXZ,XLLLXZX + AXZXLLLZXX + AZZZLLLZZZ

tan(Q") = (5.19)
(27) A LLLyy,
Then by taking advantage of the previous equation
LLL
tan(Q]) = ———— —tan(Q| ) LLLy,LLL,,,
b A LLL (5.15)
+tan(Q))LLL yyLLL,,, + —=—5

Axx;LLLyy,
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AZZZ LLLyyz " LLLXXZ / !
—= = ——>= | tan(Q7) — —tan(Q})LLLy,LLL tan(Q))LLL,LLL .
Ay,  LLL, an(€) LLL,,, A0 LLLxsLL Ly + tan( @) LLLoecL LLyey
(5.16)
Finally by taking advantage of Eq. 5.8 we then find the hyperpolarizibility ratio R
| — tan(Q) ) =
R— vy (5.17)
LLL LLL
i [tan(Q’{) — % —tan(Q})LLLyyLLLy,,
LLLZZZ AALS

LLL,
LLLy,

+ tan(Q] )LLLZxxLLLyZy] +2tan(Q))
One should note that this method still contends with the challenges of the local field
correction. In spite of that challenge our method allows for a more accurate measurement
of the amplitude ratios and therefore R, given that one should be able to measure Q', Q" to
within 1°. Another somewhat obfuscated benefit would be the lack of the requirement
for any calibration; in normal measurements one must take the ratio of two different
polarization combinations, where such a ratio must be calibrated against a known standard
such as quartz to ensure no issues arising from changes in beam overlap for example. This
is made unnecessary in such a PNA measurement due to the fact that the rotation causes
zero signal where calibration would be meaningless. This is a benefit in even the more
traditional homodyne based approach as discovered by Wang et al [9,60,61]. Given that
a hetrodyne measurement is quite challenging experimentally, it could also be possible to
use the maximum entropy method to calculate the imaginary spectrum [62]; however MEM
cannot distinguish the sign of the resonant amplitude. This is irrelevant as the signs of the

amplitudes, are unnecessary in this case; as we are only interested in the magnitude of the

imaginary response.
5.3.1 Calibration of intensity spectra using null angles

Here we give a brief description of a method to correct for the relative experimental ratios of

ng), as differences in beam overlap between polarization combinations (and other factors)

may cause deviation from the true value when measured. First let us apply a calibration
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function to Eq. 5.10
F(.Q, Qlag2>%e(f2f) = sin(Q) Sin('Q'l) COS(Q2)X(£1’2f),ssp

+ sin(Q) COS(QJ) Sin(QQ)xe(t%f),sps

(5.18)

+ COS(Q) SiIl(-Ql> Sin(Q2)xfE?f),pss

+cos(Q)cos(Qy) COS(Qz)){éfo%ppp.
Where F is a generalized function that accounts for the calibration required from varying
polarizer angles. Now given that we can assume F is non-zero everywhere, it is easy to see
that if Eq. 5.11 is zero, F no longer has any impact. Therefore one can use ratios taken from
Eq. 5.12 to correct the relative difference between the SPS and SSP polarizations; the other
polarization combinations can be corrected in the same manner. This greatly simplifies the

(2)

experimental procedure where calibrating the relative ratios between elements of i can

be difficult. We do implicitly make the assumption that the calibration function is applied to

the overall ng) response; whether this assumption is unfounded is left as an open question.

5.4 Electronic structure calculations

From our static electronic structure calculations we measured a value of R = 0.047 for
gas-phase 4-cyanophenol; however commonly a value of R = 0.26 is given [9, 36]. We
can then infer there to be some issue with the standard literature value, given that there
should not be such a large discrepancy between the two measurements even taking the
inherent challenges of density functional theory calculations. An interesting fact may be
from some confusion in nomenclature; frequently the hyperpolarizability ratio is referred
to as the depolarization ratio. This is not ideal as confusion can easily propagate as there
have been many such Raman measurements of C—N modes depolarization ratios close to
0.26 [63—65]. Furthermore, it is possible to calculate the hyperpolarizibility ratio directly
from the Raman depolarization ratio. More discussion will be given in the next section.
Of course the naming is not the only source of the aforementioned R = 0.26, the main

being Ref. 36; a paper (where the slab model for »’ is derived) which did give experimental
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Molecule Solvent Depolarization Ratio p | Hyperpolarizability ratio R
4-Cyanophenol Gas 0.28 0.047
4-Cyanophenol Water 0.29 0.046
4-Cyanophenol | Benzonitrile 0.30 0.036

Benzonitrile Water 0.28 0.045
Acetonitrile Gas 0.15 0.021
Acetonitrile Water 0.16 0.020

Table 5.1: Hyperpolarizibilities and Raman depolarization ratios calculated by static
density functional theory calculations in gas-phase and with implicit solvation models.

evidence for R = 0.26. Given the evidence from our static calculations, and our previous
SFG based approach [28], we consider it likely incorrect.

Now let us evaluate the data presented in Table 5.1; starting with the gas-phase
measurements. We see a difference of a factor of two between the acetonitrile and
cyanophenol data. We can rationalize this by assuming there to be some form of
stabilization caused by the presence of the phenyl ring. Now if we consider the addition of
a PCM solvent we can make some small inferences. In all the molecules evaluated we fail
to see much difference in the new dielectric medium. Of course we cannot conclusively
claim little difference in the presence of such a solvent because of the inherent limitations
of the PCM; although it lends credence to the belief that one should not expect a large
difference between interfacial and solvated 4-cyanophenol. The only case where a large
change in the hyperpolarizibility ratio is measured is the presence of benzonitrile used a
surrogate for cyanophenol; based on the expected surface density of cyanophenol from
tension measurements [21] we can assume that every cyanophenol molecule can be more
accurately described as being solvated in water, rather than organic solvent. Perhaps in
solid phase where we could potentially consider as significantly different based on the
benzonitrile solvation; however there is little reason to believe a PCM solvation would
translate well to solid phase, especially considering its application to real liquid solvation
is questionable. The solution would be to use some form of explicit solvation, likely in the

form of an ab initio molecular dynamics simulation.
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5.5 Conclusion

The range of hyperpolarizibility ratios as established previously [28] was narrowed slightly
to R = 0.13 £.03 by fitting to experimental SPS spectra. We derived a new general linear
relationship between 2 elements; this discovery precludes the separation of the order
parameters (cos @) and (cos® #) in most quantitative SFG measurements. A new direct
experimental method for measuring R directly was derived by: expanding previous work
in PNA measurements, removing the non-resonant component by using the imaginary

response, and the linear relationship between elements of x (2.
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Chapter 6

Ab initio Molecular Dynamics

6.1 Introduction

While static calculations are frequently used in lieu of an actual experimental measurement
of the hyperpolarizibility ratio [38,66—69], there are a few downsides to such a calculation.
Importantly most implicit solvation models are likely not sufficient to describe specific
hydrogen bonding environment of the interface, or other similar changes in the interfacial
environment. However an interesting solution is derived from experimental spontaneous
Raman measurements, the depolarization ratio. As mentioned previously it is possible to
write the hyperpolarizibility ratio as a function of Raman tensor elements
(2) (2) /

2 /
_ Oaac Oy gy Oy

R = = ¢ = =
2 2 / /A
ac(cg (Xc(cc) ®ee Qe

6.1)

Then if we also consider the form of the Raman depolarization ratio p in the case of c¢3,, (or
higher) symmetry [9,28,70]

R 3
4502 +4y2  445[(14+2R)/(R—1)]?

P (6.2)

where « is the isotropic and ¥ is the anisotropic contribution. Then if we define

0=1/(3/5)[(1/p)— (4/3)] (6.3)

we then arrive at

R=4+=__ 6.4
0 (6.4)
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giving two distinct solutions of which one is valid [71]. The determination of which
solution can generally be inferred thorough chemical intuition, for example the CHz mode
where R > 1 is well known [36] or C-N where R < 1 [28, 36,71]. The main issue with
this approach is due to the x®) nature of spontaneous Raman far from electronic resonance
where there is no centrosymmetry breaking requirement as in SFG. This implies that any
Raman measurement will in general be dominated by the bulk contribution and may not
have necessarily have the same hyperpolarizibility as the interfacial region. The solution
is to use ab initio molecular dynamics calculations to calculate Raman spectra with a
cyanophenol molecule strategically placed in the interfacial region. The Raman response
can be written as the Fourier transform of the autocorrelation of the polarizibility over
time [72].

(o) = (wmw ©) 1—exp(iha)/ka) wz/(axx(r)axx(*cjtt»fe’“”dt. (6.5)

The depolarization ratio can then be calculated using the above and Eq. 6.2, where
the polarizibilities are replaced with the correct Cartesian coordinates and the appropriate
Fourier transform. Analogously the IR and SFG spectra can be calculated using the
autocorrelation of the dipole-moment and the correlation of the dipole-moment and
polarizibility respectively. This has a few main benefits over common computational
approaches; the first being the lack of any lineshape function. Frequently when one
calculates Raman or IR spectra statically one must also use a lineshape such as a Lorentzian
or Voigt, which adds another layer of difficulty in matching experimental data. In this sense
we can consider AIMD generated spectra to be completely ab initio as we are not applying
any frequency scaling or lineshape function. Secondly, especially for bulk systems
modeling the actual system thermodynamically in one snapshot is quite challenging (if
not impossible) [32]. Both of these problems are solved in the AIMD approach; in our case
the main benefit is the accurate modelling of the interfacial and bulk environments.

Previously we have taken depolarization ratio measurements from a bulk solution of

p-cyanophenol as shown in Fig. 6.4; we measured a value of p = 0.249 +0.003 [28]. In
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liquid crystal literature many Raman depolarization measurements have been taken of both
4-cyano-4’-pentylbiphenyl (5CB) and 4’-octyl-4-biphenylcarbonitrile (8CB), of which all
had values close to p = 0.26 even under changing pressure and temperature [63—65]. This
led to reasoning that most cyano groups should have similar hyperpolarizibility ratios in
the bulk and interfacial environments [9]; furthermore, the bulk value is within the range
of possibilities expected in our non-depth dependant SFG measurement, and is close to
within our standard deviation discussed in Section 5.2. However given that Eq. 6.4 is quite
sensitive, even a change of 0.1 in the depolarization ratio would lead to a hyperpolarizability
ratio in the middle of what is expected from the depth-dependant approach; we can also
assume that it is not likely that cyanophenol has the same bulk depolarization ratio as SCB

and 8CB.

6.2 Orientation and depth distribution

While the depolarization ratio is invariant with respect to the orientation distribution, it can
be helpful to probe in order to ensure good convergence of our AIMD trajectory. One would
expect a uniform distribution of 0 in the bulk case; secondly, the order parameters of the
surface simulation should roughy match our previous classical simulations given that the
orientational distribution does not change much with increasing surface number density.
From Fig. 6.1, we have the tilt angle distributions, similar to Chapter 3, where we
had results from classical simulations. At first one might be confused about the results
presented here, given that they are both noisy and do not seem similar to those found
above. However, if we consider that the AIMD simulations ran for 80 ps or 0.08 ns (around
the time it takes water to diffuse 6 A), and that the simulation box contains 200 times
less cyanophenol molecules, we can ignore some of the differences in accuracy and focus
more on the overall shape and trends. In Fig. 6.1a we can see evidence of a somewhat
uniform distribution, while in Fig. 6.1b we see evidence of an upwards preference, both as

expected based on their bulk and interfacial environments. Furthermore in the case of the
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Figure 6.1: (a) Tilt angle histogram of cyanophenol in bulk solution calculated from AIMD.
(b) Tilt angle distribution of cyanophenol at the water—vapor interface calculated from
AIMD. Both distributions have been sin 8 corrected.
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interfacial distribution, we would expect to see slightly more upwards preference compared
to the classical trajectories based on Fig. 6.2 where the average depth of the cyanophenol
molecule is higher than the average in the classical simulations; we see similar behavior
in Fig. 4.4 where the distribution became more ordered closer to the interface. One way
to combat the problem of poor orientation would be to randomly probe different parts of
the classical simulation and then run AIMD on those snapshots. This works as there is no
requirement for the non-chiral ab initio spectra to be in any specific order [73].

If we turn our attention to Fig. 6.2, we can examine the depth distribution of the
cyanophenol molecule at the interface. We should note that we have defined 0 to be
the highest position of any water molecule in each time step which removes the issue
of the trajectory drifting, also given the fact that the simulation is relatively short and
the small size; we do not see any water molecules move into the vapor-phase. Over the
entire length of the trajectory there does not seem to be any significant time-step where
we could consider the cyanophenol molecule to be in bulk-phase; given that at most we
see a 5 Adepth probably caused by the rotation of the cyanophenol molecule instead of its
movement into the bulk. Its important to note that the average depth being higher than in the
classical simulations is a benefit in the sense that there is an even larger difference between
the the surface and bulk systems. We used the C—N bond here instead of the center of mass
as we can expect the location of the C—N bond to have the largest impact on whether the

chromophore can be considered interfacial.

6.3 Raman spectra from AIMD

We can first compare Fig. 6.3a, and Fig. 6.3b , we see some small differences in the overall
relative intensity in the low frequency modes from 500-2000 cm™!, generally trending
towards higher intensity overall in the bulk-phase spectra. There could be a few reasons
for this, it could be the case that the large box size in the z-direction for the surface spectra

causes some loss in the polarizibility. For the cyano-based peaks it could also be from the
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Figure 6.2: Depth distribution of the C-N bond of p-cyanophenol at the water—vapor
interface, where 0 is defined to be the highest extent of the water interface.

differences in the orientation distribution. A region of interest where we observe major
differences would be the O-H region from 3100-3500 cm~!. One of the most studied
regions in SFG spectroscopy 1is the sharp free-O—H peak generally blueshifted from the
common broad peak observed in neat water. We observe this peak in Fig. 6.5a and the
isolated water spectra in Fig. 6.6, another indication that our trajectory accurately represents
the interfacial region. This is interesting in the sense that such a peak would be invisible in a
standard Raman measurement owing to its x(3) nature as the bulk signal would overwhelm
any surface-active water molecules. It is likely given that the system size of the water-
vapor simulation we can consider almost every water molecule to be in some way affected
by the interface, as our system is only 2 nm in the 7 direction; the water interface is

generally considered to be slightly larger then 1 nm as seen in Fig. 4.3. This certainly
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reduces the overall density of the system. There is likely no actual bulk-phase in the surface
simulation. If one wanted more representative interfacial water spectra, or even to depth
profile the Raman (or IR) response, an idea would be to (with a larger simulation) run the
dynamics portion normally, however post-production run re-label the H,O molecules as a
function of depth before the electron density calculation; then it would be simple to split
the Raman response however one desires. This could even potentially be done at charged
interfaces such as silica-water, where the response from the Stern/diffuse layers could be
disentangled.

Now we turn our attention to the specific cyano-stretch region of 2150-2300 cm ™! from
AIMD in Fig. 6.5, and experimentally in Fig. 6.4. Interestingly even in the experimental
data there appears to be some asymmetric broadening, albeit strongest with the interfacial
simulation. We find it unlikely to have arisen from any form of solvent interaction given
that we observe the effect in the experimental data; this reasoning also precludes any
possibility of differences in the chromophore location such as maybe some anisotropy in
the dielectric medium. This could be the source of the poor fit we observed in our SFG
data in the preceding chapters. We also observe there to be significantly more broadening
in our generated spectra compared to experiment, this could be because of the functional
or basis set choice; potentially also the probing step size when calculating the electron
density. Another point of interest would be the apparent red-shift in our ab initio data
with respect to the experiment; this expected as frequencies are commonly red-shifted in
ab initio MD based spectra [72]. Importantly we are not applying any form of scaling
factor as is common in static calculations to account for the neglect of anharmonic effects.
Furthermore, higher quality frequencies are possible with more computationally expensive

functionals in the dynamics portion of generating AIMD spectra [72].
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Figure 6.3: (a) Raman spectra generated from ab initio molecular dynamics trajectory, at
the water—vapor interface with one cyanophenol present. (b) Raman spectra generated from
ab initio molecular dynamics trajectory, in bulk water with one cyanophenol present.
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Figure 6.4: Raman spectrum in the range of the C-N mode, both the parallel and
perpendicular geometries are shown. Spectra was corrected using known values of carbon
tetrachloride. Reprinted with permission from Ref 28. Copyright 2023 American Chemical
Society.

6.4 Depolarization ratio

Our main parameter of interest in the Raman depolarization ratio p, and by extension
the hyperpolarizability ratio R. As discussed previously it was unknown whether bulk
measurements could be representative of the true interfacial value. Now from Fig. 6.7, we
can calculate Pgyrface = 0.335 and pyyx = 0.312. These values especially the bulk value do
not match our experimental data, most likely due to the limitations caused by functional
choice. However, we can still infer that the values for pyyx and pgyrface are similar, which is
strong evidence that there is no significant change in hyperpolarizibility ratio from bulk to
surface modalities. We use p instead of R here as in this range R is extremely sensitive to
small changes in the depolarization ratio, and the fact that these values carry some form of
invisible error which would be magnified in the conversion to the hyperpolarizibility ratio.
From these data we can be reasonably confident that bulk-phase Raman measurements
should be representative of the true interfacial value. One way to calibrate the magnitude

of the depolarization ratio would be to use a liquid of known value and calculate p in the
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Figure 6.5: (a) C-N region of Raman spectra generated from ab initio molecular dynamics
trajectory, at the water—vapor interface with one cyanophenol present.(b) C—N region of
Raman spectra generated from ab initio molecular dynamics trajectory, in bulk water with
one cyanophenol present.



57

—— perpendicular
parallel

2
‘@
C
3
£

J\

0 500 1000 1500 2000 2500 3000 3500

Raman Shift cm~?!

Figure 6.6: Water isolated Raman spectra generated from ab initio molecular dynamics
trajectory at the water—vapor interface where the cyanophenol contribution has been
removed.

same way; a few liquids could work for such a purpose, carbon tetrachloride is an obvious
choice due to it having been used in the experimental procedure; but potentially acetonitrile

could be a better choice due to it also having a cyano stretch.

6.5 Other spectra generated from ab initio molecular
dynamics

For benchmarking purposes we have also generated power and infrared absorbance spectra
in Fig. 6.9 and Fig. 6.8 respectively. These spectra are calculated in an analogous way to to
Eq. 6.5 from our ab initio molecular dynamics trajectory; however, the infrared spectrum
uses a dipole autocorrelation, while the power spectrum uses a velocity autocorrelation.
We see the dominance of water-based vibrational modes in both the IR and power spectra

respectively; this is due to the concentration differences between the water and the
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Figure 6.8: Infrared absorbance spectra generated from an ab initio molecular dynamics
trajectory at the water—vapor interface.

cyanophenol solute.

6.6 Conclusion

From ab initio molecular dynamics we generated Raman spectra from interfacial and
completely solvated cyanophenol. We found the depolarization ratio to vary little between
the water—vapor interface and bulk solution; implying the hyperpolarizibility likely does
not vary between these two modalities. We also confirmed the discovery of asymmetric
broadening in the C-N mode in both bulk and surface ab initio spectra; whereas its origin

remains a topic for further research.
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water—vapor interface.
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Chapter 7

Conclusions

7.1 Summary of work

Orientational analysis of p-cyanophenol tilt, and roll angle distributions were calculated
from classical molecular dynamics trajectories. The depth dependence of ng) was found
to be required in order to match simulation results and experimental data; the depth
dependence of n’ was calculated using the Lorentz-Lorenz volume fraction mixing model,
while the volume fractions were calculated from a classical molecular dynamics trajectory.
A 10 bin model was found to be sufficient in order to describe the depth dependence of ng)
based on fitting to experimental PPP spectra. We discovered the orientational relationship
(cos B) = 3(cos> B), this allows for the separation of the hyperpolarizibility from the PPP
data, which allowed for the study of the interfacial refractive index. We also found the
requirement of an organic component to 7’ in order to assure proper fit to the experimental
data.

Generalized symmetrical linear relationships between elements of ng) were derived,
and their implications on measurement of the orientational distribution were discussed.
From fitting experimental data with a Faddeeva function, R was found to be within a
range of 0.13+0.03. A new relationship between the hyperpolarizability ratio and polarizer
angles in a polarizaion null angle experiment was derived. Ab initio molecular dynamics

simulations were performed in order to generate interfacial and bulk-phase Raman spectra

in order to probe anisotropy of the depolarization ratio; where it was found that the bulk
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depolarization ratio was representative of the interfacial environment. By analysing the
shape of the C—N mode in ab initio and experimental spectra we found peculiar asymmetric

broadening.

7.2 Future work

From this thesis, quite a few remaining topics of computational and experimental interest
remain. To begin, a polarization null angle measurement would be of great interest, as
the removal of the need for the calibration of the data would greatly simplify the analysis;
while benefits inherent to PNA such as less experimental error would be of great assistance.
A heterodyne SFG measurement would also allow for the inspection of the imaginary
spectrum, where the asymmetric broadening could continue to be studied. With access
to higher resolution SFG measurements, we could also similarly study the asymmetric
broadening, and potentially narrow our range of possibilities for the hyperpolarizibility
ratio. Another measurement of interest could be to analyse another isomer of cyanophenol
such as meta or ortho cyanophenol. Because of the differences in relative C—N bond
location one might expect stronger SFG signal due to stronger ordering; given that we
can assume the hyperpolarizibility ratio to be the same among these molecules possibly
even a direct measurement of the interfacial refractive index is possible.

Computationally, we could simulate each layer of water by labeling atoms in an
ab initio molecular dynamics trajectory which would allow for a depth dependant
measurement of liquid-vapor interface, or more interestingly charged interfaces with
the possibility of adding ionic contributions to the solution. The ab initio molecular
dynamics simulations could also be aided by changing the probing time-step of the electron
density; while simultaneously investigating other combinations of functionals or basis sets.
Improving the orientation distribution from the ab initio molecular dynamics trajectory (for
example by probing snapshots of the classical trajectory) would allow for the calculation of

accurate SFG spectra; then the interfacial refractive index could also be studied.This could
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be done in a few ways; firstly by direct comparison with experimental data, as the ab initio
SFG spectra have no local field correction. Alternatively one could directly calculate n’

from the simulated x(!) response.
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