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Chapter 1: Motivations 

1.1 Introduction 

 The field of surface chemistry has risen in popularity in the years between the Nobel Prize 

winning achievements of Irving Langmuir in 1932 and Gerhard Ertl in 2007.1 Even prior to 1932, 

scientists worked to discover new ways of utilizing the chemistry of surfaces through 

heterogeneous catalysis, but much of the work done was limited to the study of hard surfaces 

because the tools necessary to produce “clean” surfaces and investigate other types of surfaces 

were unavailable. Space exploration in the 1960s spurred scientists on to develop ultra-high 

vacuum (UHV) techniques for the production of cleaner surfaces.2,3 Due to these developments, 

surface science is now a broad field that incorporates many disciplines including physics, 

chemistry, and biology. 

 Due to the ubiquity of surfaces, the study of surface chemistry has lent itself to a wide 

variety of applications. Solar cells, computer chips, protective coatings, and adhesives must exhibit 

certain surface properties, which allow them to function in the manner intended.1-3 The study of 

surfaces yields a deeper understanding of the fundamental physical processes and interactions 

occurring at interfaces, thereby providing insight that results in improvements to the production, 

versatility and efficiency of devices and materials. While the study of surfaces yields information 

about the physical properties of the surface, it can also uncover chemical characteristics. By 

studying the nature of chemical reactivity at surfaces, development of new reaction methods that 

permit greater control of chemical reactions may be promoted.1,2 
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 With the development of new tools to study surfaces and the importance of interfacial 

phenomena to a wide range of scientific fields and applications, it is no small wonder that 

interfacial chemistry is increasing in popularity. In this chapter, a review of the theoretical 

background of the primary technique used in our investigation of the surface is presented and the 

motivations of the research project within the broader literature are discussed. 

1.2 Second-Harmonic Generation Spectroscopy 

SHG spectroscopy is an effective tool in the study of chemical surfaces in that it is 

applicable to a number of different types of interface. The technique is selective for anisotropic 

media, media with properties that are non-uniformly distributed with respect to their orientation, 

which is a defining characteristic of an interface. SHG is a second-order nonlinear optical process 

converting two photons, each of frequency ω, to a single photon of frequency 2ω via promotion 

through virtual states, |𝑣⟩, which are non-stationary states of the system taken as constructs used 

to describe the process using quantum mechanics.4 Upon relaxation, the newly generated photon 

is therefore equal in energy to the sum of the energies of the two absorbed photons5,6 (Fig. 1-1 & 

1-2).  

Figure 1-1: Energy level diagrams of SHG processes where two photons of frequency ω generate a single photon of 

frequency 2ω. |𝑔⟩ and |𝑒⟩ are the ground and excited electronic states of the molecule, respectively, and |𝑣⟩ represents 

virtual states, which are transient states of indeterminate energy. Diagram (a) is a nonresonant case where the 

molecular transition frequency does not overlap significantly with the fundamental or SH frequency. Diagram (b) 

shows a molecular transition that is singly resonant at the SH frequency and diagram (c) represents a molecule with 

two excited energy states that are resonant with both the fundamental and SH frequency. 
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The manner in which the photons interact with a molecule with respect to molecular 

transitions determines the intensity of the second-harmonic (SH) signal produced. Eq. 1-1 

represents this relationship, where 𝛽𝑖𝑗𝑘
(2), a second-order molecular hyperpolarizability tensor 

referenced to the molecular coordinates i, j, and k, is expressed as a sum over states. The bra-kets 

in the numerator refer to the probabilities of transition between states, where �⃑�𝑗 and �⃑�𝑘 are the 

transition dipole moments associated with fundamental frequency, 𝜔, and �⃑�𝑖 is the transition dipole 

moment associated with the SH frequency, 2𝜔. The frequency terms, 𝜔𝑔𝑣 and 𝜔𝑒𝑔, represent a 

molecular transition occurring near the fundamental and SH frequencies, respectively. It is 

important to note that these terms are not represented in Fig. 1-1 as the transition between the 

ground and excited state of the molecule does not have to overlap with the transitions associated 

with the virtual states. This does not mean, however, that SHG cannot take place, but that it will 

not be resonantly enhanced. Lastly, Γ𝑔𝑣 and Γ𝑒𝑔 are lifetime broadening terms which arise from 

uncertainty in the energy.5-13  

 
𝛽𝑖𝑗𝑘
(2)(2𝜔;𝜔,𝜔) =∑

⟨𝑔|�⃑�𝑗|𝑣⟩⟨𝑣|�⃑�𝑘|𝑒⟩⟨𝑒|�⃑�𝑖|𝑔⟩

(𝜔 − 𝜔𝑔𝑣 + 𝑖Γ𝑔𝑣)(2𝜔 − 𝜔𝑒𝑔 + 𝑖Γ𝑒𝑔)𝑔,𝑒

 (Eq. 1-1) 

Figure 1-2: The SHG process occurs when the fundamental beam interacts with noncentrosymmetric media. This 

diagram shows the fundamental beam striking the surface of a solution of p-nitrophenolate and generating the SH 

signal. 
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From Eq. 1-1, as the frequency of either the fundamental or SH beam approaches the 

frequency of a molecular transition, the hyperpolarizability tensor increases. The diagram in Fig. 

1-1(a) depicts a non-resonant case where there is no appreciable overlap between the frequency of 

the molecular transition and either the fundamental or SH frequency. A case where there is 

significant overlap at one (Fig. 1-1(b)) or both of the virtual states (Fig. 1-1(c)) would represent a 

molecule that is either singly or doubly resonant with the laser source and would result in an 

increase in the number of photons generated at the SH frequency. 

While the hyperpolarizability tensor yields insight into the molecular picture of SHG, it is 

also important to consider the macroscopic property to which it relates. When the 

hyperpolarizability tensors in the molecular frame are resolved into the laboratory frame and 

multiplied by the number of adsorbed molecules, 𝑁𝑠, they return the 𝜒𝐼𝐽𝐾
(2)

 second-order 

susceptibility tensor elements (Eq. 1-2).5,6,14-17 In this equation, the 𝑅Λ𝜆′ terms represent elements 

of the Euler coordinate transformation, where 𝐼, 𝐽, 𝐾, are unit vectors in the laboratory frame and 

𝑖, 𝑗, 𝑘, are unit vectors in the molecular frame. 

 𝜒𝐼𝐽𝐾
(2)
= 𝑁𝑠 ∑ 〈𝑅𝐼𝑖′𝑅𝐽𝑗′𝑅𝐾𝑘′〉𝛽𝑖′𝑗′𝑘′

(2)

𝑖′𝑗′𝑘′=𝑥′𝑦′𝑧′

 (Eq. 1-2) 

As a generalization, this equation relates the macroscopic second-order susceptibility term 

to both the number of molecules adsorbed to a surface and, 〈𝛽(2)〉, the second order 

hyperpolarizability averaged over molecular orientation with respect to the laboratory frame (Eq. 

1-3).5,6,12,14,15,17-21 When written in this manner, this relation highlights two of the surface 

properties that much of our work will focus on. 

 𝜒(2) ∝ 𝑁𝑠〈𝛽
(2)〉 (Eq. 1-3) 

While the preceding discussion details two of the major considerations for this work, it is 

also important to understand why SHG is effective for selectively studying chemical surfaces. It 
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is therefore necessary to understand that molecules at surfaces experience the dielectric 

characteristics of the two media at the interface and that these adsorbed molecules align themselves 

with a measurable average orientation with respect to the surface normal. In Fig. 1-3, the dipoles 

represent solute molecules with an affinity to the interface, such that the driving force is towards 

the surface. Upon adsorption, the molecules align with an average orientation with respect to the 

surface normal. In this case, both the air and bulk solution are isotropic, meaning that the dipoles 

of the solute and solvent molecules are randomly distributed such that the net dipole moment of 

the bulk solution is zero. In contrast, the line on the graph depicting the solution surface has a net 

nonzero dipole moment, making the surface anisotropic. 

This surface anisotropy is what makes SHG surface selective. To demonstrate this, 

consider induced polarization as a Taylor expansion (Eq. 1-4). 

 �⃑⃑� = �⃑⃑�0 + 𝜒
(1) ⋅ �⃑⃑� + 𝜒(2): �⃑⃑��⃑⃑� + 𝜒(3) ⋮ �⃑⃑��⃑⃑��⃑⃑� … (Eq. 1-4) 

In equation 4, the induced polarization, �⃑⃑�, is expressed in terms of applied electric field vectors, 

�⃑⃑�, and susceptibility terms relating to different optical processes, 𝜒(𝑛). For example, 𝜒(1), the first-

Figure 1-3: Basic representation of molecules adsorbed to a solution surface. Molecules from bulk solution are driven 

to the air-water interface where they align with an average molecular orientation with respect to the surface normal, 

an imaginary line perpendicular to the plane of the surface represented by a dashed line in the figure. 
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order term, relates to linear spectroscopies and gives rise to properties such as the refractive index 

of a material. SHG, however, relates to the second-order susceptibility term, which is isolated to 

obtain Eq. 1-5.5,9,14,17,19,22-24 The physical interpretration of this is that an ensemble of oscillators 

interacts with two in phase electric fields which correspond to the electric field components of two 

photons from the fundamental beam. This interaction between light and matter will effect a second-

order induced polarization, �⃑⃑�(2), in the oscillators if the susceptibility term is greater than zero. 

 �⃑⃑�(2) = 𝜒(2): �⃑⃑��⃑⃑� (Eq. 1-5) 

Consider an isotropic material, characterized as having uniformly distributed microscopic 

forces that result in a macroscopic net force of zero, and apply the inversion operator (Eq. 1-6, 1-

7, & 1-8). 

 𝑖̂�⃑⃑�(2) = 𝑖̂𝜒(2): �⃑⃑��⃑⃑� (Eq. 1-6) 

 −�⃑⃑�(2) = 𝜒(2): −�⃑⃑� − �⃑⃑� (Eq. 1-7) 

 −�⃑⃑�(2) = 𝜒(2): �⃑⃑��⃑⃑� (Eq. 1-8) 

By applying the inversion operator, all vector quantities become negative. It follows that for Eq. 

1-5 and 1-8 to be true, the value of 𝜒(2) must be zero for isotropic media. However, in anisotropic 

materials, such as surfaces or crystalline materials, the value of 𝜒(2) does not become zero because 

the forces experienced by the molecules will vary from axis to axis, thereby allowing SHG to take 

place. As it pertains to the study of the air-water interface, this means that the SH signal observed 

from the experiment is generated by the surface itself or by molecules adsorbed to it. 

 A goal of the research project has been to utilize this tool to develop a fundamental 

understanding of the equilibrium and photochemical properties exhibited by phenolic compounds 

at the aquatic surface. SHG spectroscopy is therefore an effective tool to this end. While the 
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theoretical background presented here is not comprehensive, it does provide an understanding of 

how this tool applies to our system. 

1.3 Phenolic Compounds in the Aqueous Environment 

 According to the United States Geological Survey (USGS) and National Aeronautics and 

Space Administration (NASA) 71-75% of the surface of the Earth is water covered.25,26 With so 

much of the Earth covered in water, the air-water interface is ubiquitous. It is therefore important 

to develop an understanding of the chemical processes that occur at this interface. 

Phenolic compounds are a class of organic compounds used in or produced by a number 

of industrial processes and applications. Their widespread use in petrochemical,27-29 

agrochemical,29,30 pharmecutical,28-30 and other industries27-32 ultimately results in these 

compounds making their way into the aquatic environment. 

1.3.1 Phenolic Compounds at the Air-Water Interface 

 Not only do these compounds find their way into waterways, but they also have an affinity 

for the air-water interface. SHG experiments on the adsorption of neutral phenol11,19,33,34 and p-

nitrophenol9-11,19,20,35 (PNP) show that these compounds adsorb to the solution surface. In 1988, 

Bhattacharyya et al. showed that charged phenolates will adsorb to the air-water interface if an 

alkyl chain of sufficient length is attached to the molecule.19,33,36 They initially postulated that 

without a significantly hydrophobic group attached to the molecule, the affinity of phenolate to 

the solution surface would not be great enough to drive these ions to the surface. However, in 

2007, Minofar et al. simulated the adsorption of phenolate anions to the air-water interface and 

found that the process was favorable.37 This was subsequently confirmed by collecting the sum-

frequency spectrum of phenolate at the air-water interface.34 This was a surprising result in that 
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ions would be expected to remain dissolved in solution due to favorable solvation of the anion in 

water. 

 In order to describe relative affinities of phenol, phenolate, and PNP to the aqueous surface, 

the Gibbs free energy of adsorption values obtained from both surface tension11,34 and SHG 

experiments10,33,38 are presented in Table 1-1. From these data, we may conclude that the neutral 

phenol has a greater affinity for the air-water interface than its conjugate anion, a reasonable 

conclusion as the anion is expected to be more solvated than is its neutral counterpart. Furthermore, 

PNP is shown to have a greater affinity for the air water interface than that of phenol, indicating 

that the nitro group also drives the molecule to the surface. 

 ∆𝑮𝒂𝒅𝒔 (kJ mol-1) pH Method Used 

Phenol 

-16±0.2 1 Surface Tension34 

-14.7±0.4 ~7 Surface Tension11 

-15.9±0.1 x* SHG33 

-16.1±0.3 1 SHG38 

Phenolate 
-7.9±0.3 13 SHG38 

-7.8±0.3 13 Surface Tension34 

PNP 

-16.4±0.2 ~7 Surface Tension11 

-19 2 SHG10 

-21.13±0.08 1 SHG38 
Table 1-1: Comparison of the Gibbs free energy of adsorption of phenolic compounds to the air-water interface. *The 

absent pH value is one for which the literature is unclear as to how the solution was prepared. 

 Literature is also available regarding the average and absolute orientation of phenol and 

PNP at the air-water interface. Using the nonlinear polarization sheet model of the surface 

(Appendix-I), a model which treats the refractive index of the surface as an average of the two 

interfacial media, Tamburello et al. reported the average molecular orientation, 〈𝜃〉, of phenol to 

be 43° from the surface normal (Fig. 1-4) when dissolved in Millipore water.11 In addition, they 

reported the average molecular orientation of PNP to be 48° from the surface normal under the 

same conditions.11 At pH 2, Higgins et al. reported their determination of the average molecular 

orientation of PNP to be 55°,10 also calculated using the nonlinear polarization sheet model. Bell 
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et al. reported two different values for the molecular orientation of PNP about the surface normal. 

In their contribution, they did not use the nonlinear polarization sheet model, but assumed that 

adsorbed molecules reside either just above or just below the interface. For a solution of 100 mM 

PNP in 0.005 M HCl, approximately pH 2.3, they reported an average molecular orientation of 

51° for the air layer and 38° for water.35 Determinations of the absolute molecular orientation of 

both phenol19 and PNP9,10,19 at the aqueous surface indicate that the OH group is pointing down 

into the solution. 

 This data appears to suggest that phenol adsorbs to the interface in a more vertical 

alignment than PNP,11 but variations in the experimental parameters between studies affect these 

calculations. Variations in the pH of the solutions shifts the equilibrium of each system such that 

the SH signal is not solely generated by either the neutral or the anionic species, but includes 

contributions from both (Fig. 1-5). The same holds true for the determination of their adsorption 

Figure 1-4: The surface normal is an imaginary line drawn perpendicular to the plane of the surface. Average molecular 

orientation is described by θ, the angle between the surface normal and the molecular axis. 

Figure 1-5: Equilibrium of PNP and its conjugate anion. At pH 2 and pH 13, more than 99.9% of PNP in solution is 

either the neutral molecule or the conjugate anion, respectively. 
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affinities. Furthermore, the concentration of the solution may have an effect on the calculations of 

molecular orientation and it is unclear from the studies at which concentration these experiments 

were performed.10,11 

1.3.2 Photodegradation of Phenolic Compounds 

 As a wastewater contaminant, phenolic compounds pose a health risk to organisms when 

ingested or absorbed through the skin and cell membranes,28-32,39 and are known to bioaccumulate 

through the food chain. Furthermore, phenolic compounds are classified as priority pollutants by 

the EPA,40,41 making their removal from wastewater a concern. While many methods of their 

removal from wastewater exist, our primary interest is that of UV photodegradation. 

 Irradiation by UV light offers a pathway to the removal of organic pollutants from 

environmental waters that is both cost effective and has low environmental impact.27,29-31,39-46 

There is a large volume of literature available about the photodecomposition of PNP utilizing UV-

based advanced oxidative processes (AOPs), including photocatalysis with a variety of materials 

and methods.27,29-32,39,41-45 Emphasis in the literature has been placed on investigating these AOPs, 

which are known to effectively and efficiently remove phenolic compounds from wastewater. In 

contrast, the direct UV photolysis of phenol and PNP has not been intensively studied as this 

process does not provide an effective means for the mineralization of organic pollutants. 

Nevertheless, information concerning the direct photolysis of these compounds can be gleaned 

from these resources and the few studies that concentrate on this process.40,43,46-48 

 Machalický et al. state that “quantum efficiency, 𝜑Δ𝜆, is one of the most useful and 

fundamental quantities in the study of photochemical reactions.”49 That is to say, the rate of a 

photochemical reaction is dependent on the number of photons of each wavelength incident on the 

system investigated per second. This quantity, called the incident photon flux, 𝑞𝑝, varies between 
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light sources and experimental setups. Quantum efficiency calculations provide a way to 

quantitatively compare reaction rates between experiments under different laboratory conditions 

(Eq. 1-9). For this reason, we are interested in not only the reaction rate, but also the quantum 

efficiencies of the photolysis of PNP. In the equation, the reaction rate, 𝑟, is equal to the 

infinitesimal change in the concentration of the reactant with respect to time, 
−𝑑[𝐴]

𝑑𝑡
. Photochemical 

rates are directly proportional to the quantum efficiency, 𝜑Δ𝜆, a photon quantity that is an intensive 

property of the molecule describing the number of moles of reactant consumed per mole of photon 

(mol einstein−1). The photokinetic of the reaction is also proportional to the product of the number 

of moles of photons incident on the sample per second, 𝑞𝑝,𝜆, and the fraction of light absorbed by 

the molecule, 𝑓𝜆, at discrete wavelengths summed over the range, Δ𝜆, per unit volume, 𝑉𝑟. 

 𝑟 =
−𝑑[𝐴]

𝑑𝑡
=
𝜑Δ𝜆∑ 𝑓𝜆𝑞𝑝,𝜆Δ𝜆

𝑉𝑟
 (Eq. 1-9) 

 It is important to note here, that the notation used in the literature differs from paper to 

paper. Machalický et al. state that quantum efficiency is used to describe photochemical rates over 

a range of wavelengths, essentially a weighted average, and that quantum yield, Φ, is used when 

describing irradiation by a single wavelength. Other sources use “quantum efficiency” and 

“quantum yield” synonymously and use only the notation, Φ. As this is the case, the notation used 

here is explicitly defined as it relates to the analysis of the system and review of the literature. The 

term quantum efficiency, 𝜑Δ𝜆, is used to describe the quantum efficiency over a wavelength range, 

Δ𝜆. Quantum yield, Φ𝜆, is used when referring to a quantum yield at a specific wavelength and 

Φ(𝜆) when describing quantum yield as a function of wavelength. 

 Alif et al. provided the most comprehensive analysis of the quantum yield of PNP under 

different pH conditions and at different wavelengths.47 In their analysis, the quantum yield of the 

photodegradation of PNP when irradiated by 365 nm light decreased with increasing pH. They 
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also showed that the quantum yield of PNP in acidic solution increased as the irradiation 

wavelength decreased, 4.1 × 10−5 mol einstein−1 at 365 nm and 6.0 × 10−4 mol einstein−1 at 

253.7 nm. This is in good accordance with a study by Zhao et al. that compared the photokinetic 

of PNP when irradiated with light of 254 nm, 185 nm, and both wavelengths simultaneously.48 

Their determination was performed at pH 7 and is taken as comparative and not quantitative. They 

attributed the increased reaction rate to the formation of hydroxyl radicals from the decomposition 

of water, as the reaction rate of the photodegradation with 185nm light was only slightly slower 

than the reaction rate when irradiated at both wavelengths. This is a reasonable conclusion, as 

water does not absorb a significant amount light at 254 nm. A more quantitative analysis of the 

photolysis of PNP was performed by Bing et al. who reported a quantum efficiency of 7.94 ×

10−4 mol einstein−1 over an irradiation range of 200 to 400 nm when irradiated by a 

polychromatic light source (1 kW medium pressure mercury lamp).40 

 Furthermore, the presence or absence of oxygen has a small effect on the quantum yield 

and reaction rate of the photolysis of PNP. Alif et al. reported a slight increase in the quantum 

yield of PNP in pH 2 solution when irradiated by 365 nm light in the absence of oxygen,47 whereas 

Zhao et al. reported a decrease in the reaction rate when a pH 7 solution of PNP was irradiated by 

254 nm light in the absence of oxygen.46,48 Studies on the photolysis of phenol also report a similar 

trend with respect to pH: the anion is more photostable.42 The quantum yield of phenol under 

irradiation by 254 nm light has been reported to decrease from 0.12 to 0.02 when the pH is 

increased from 1.6 to 13.2 with a minimum value at  pH 11.1. 

 A number of mechanisms have been proposed to explain the photolysis of phenol41,42,50 

and PNP40,46-48 into their photoproducts. In the case of PNP at pH 7, Bing et al. reported that after 

15 min of irradiation, approximately 25% of the initial concentration of PNP had degraded.40 The 
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percent yields of the photoproducts observed at a reaction progress of 25% are: 9.7% oxalate, 6.9% 

nitrite, 2.4% nitrate, 2.4% formic acid, 1.2% nitrocatechol, 0.5% phenol, and 0.4% maleic acid.40 

After 15 minutes, the concentration of phenol and maleic acid in solution begins to decrease but 

the concentration of nitrocatechol increases to a maximum at 30 minutes, at which point 

approximately 70% of the PNP in solution had degraded. This is in good agreement with the 

determinations made by Alif et al.47 and Zhao et al.46,48. Variations in product formation exist in 

very acidic and very basic solution,47 such that nitrohydroquinone is formed in small amounts 

when photodegraded in very acidic solution but not in basic solution. Furthermore, the 

concentration of nitrates formed from PNP photolysis in basic solution is lower than the 

concentrations produced from photolysis in acidic or neutral pH. In contrast, the observed 

concentration of nitrites formed by photodegradation is higher in alkaline conditions than either 

acidic or neutral pH. 

 The available literature appears to suggest that the degradation pathways for PNP are 

initiated by reaction with hydroxyl radicals generated from the decomposition of water molecules 

upon irradiation with light of very short wavelengths.40,46-48 A mechanism for the reaction PNP 

with a hydroxyl radical was proposed by O’Neill et al. and includes pH considerations such that 

hydroxylation of the ring at the ortho and para positions is favored at low pH (Eq. 1-10), whereas 

denitration of the aromatic ring is favored in basic conditions (Eq. 1-11).51  These mechanisms are 

in good agreement with the experimental observations of photoproduct formation in both acidic 

and basic conditions.40,46-48,51,52 In the acidic reaction scheme, radical (II) and radical (I′) were 

reported as the stable protolytic forms due to the conjugation of the electrons on the O− and nitro 

groups in radical (II) but not radical (I′).51 These reaction schemes clarify how the photolysis 

process generates the nitrite photoproducts, as well as nitrocatechol in the acidic reaction. It also 
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depicts the formation of the radical precursor in the formation of benzoquinone in an alkaline 

environment. It is unclear as to how nitrohydroquinone is formed in acidic media from these 

schemes, however, it has been suggested that the ring is nitrated subsequent to these initial 

reactions.47 

 

 

(Eq. 1-10) 

 

 

(Eq. 1-11) 

1.4 Research Goals 

 The research project in this study aims to augment our understanding of the adsorption of 

phenolic compounds to the air-water interface and to investigate the photochemistry of this surface 

(Fig. 1-6). PNP was selected as a target molecule for these investigations because its conjugate 

Figure 1-6: Representation of the photochemical behavior of PNP– and its interactions with the surface. We are 

interested in both the surface equlibrium (Kads) and surface photokinetic (ksurface). 
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anion, p-nitrophenolate (PNP–), has an absorption maximum at 400 nm that is resonant with the 

laser. Presented here is a study that has systematically controlled the surface contributions by 

maintaining the equilibrium such that the surface is predominantly populated by either the neutral 

or the anionic species. Furthermore, a comparison of the bulk photodegradation of PNP– to that of 

both bulk PNP and PNP– at the surface is discussed. 
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Chapter 2: Experimental 

2.1 Surface SHG 

 A solid state Nd:YVO4 laser (Spectra-Physics, Millennia PRO 15sJ) was used to pump a 

Ti:Sapphire Tsunami oscillator (Spectra-Physics, 3941X1BB) generating 70 fs pulses at 80 MHz. 

The Tsunami was tuned to produce an 800 nm fundamental beam, which was directed toward a 

Teflon dish containing 50 mL of the sample to be tested (Fig. 2-1). Prior to impinging upon the 

surface, the beam passed through a neutral density filter to reduce the incident power so as to 

prevent any thermal effects or burning of the sample. A polarizer and a half-wave plate were 

included to select and then modulate the linear polarization of light. Both the polarizer and half-

wave plate were calibrated in the experimental geometry and installed with respect to the surface 

normal such that p-polarized light (0°) is parallel to the surface normal whereas s-polarized light 

(90°) is perpendicular. The light was then passed through a longpass filter to remove any 400 nm 

light that could be present in this geometry. A lens then focused the beam onto the surface at a 70° 

angle of incidence, which relates to the determination of SHG orientational fitting coefficients 

Figure 2-1: Optical schematic for the surface SHG experiments. The 800 nm fundamental beam is incident upon the 

surface, generating a 400 nm SH signal. The UV light is only used during the surface photochemistry experiments. 

The arrow picutred here represents translation into and out of the page. [M=mirror, P=polarizer, λ/2=half-wave plate, 

RF=red (longpass) filter, L=Lens, BF=blue (shortpass) filter] 
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(Appendix-I). The 800 nm fundamental beam generated the SH signal upon interaction with the 

solution surface and was reflected. After reflecting off the surface, the SH beam was then 

collimated and passed through a shortpass filter, removing any remaining 800 nm light. A polarizer 

was then used to select the polarization of light to be analyzed. The intensity of the SH signal, 

𝐼𝑆𝐻𝐺 , was focused into a monochromator (Acton SP2500, Princeton Instruments) for detection by 

a PMT camera (H11461P-01, Hamamatsu). This optical setup was confirmed to provide a strong 

SH response from a silver reference mirror (Appendix-II). The photocurrent from the PMT was 

fed into a 350 MHz preamplifier (SR445A, Stanford Research Systems, Inc.) with three 50 Ω 

channels cascaded for a gain of 125x. The preamplifier and alignment was optimized using a silver 

reference mirror (Appendix-II). The amplified signal was then sent to a single photon counter 

(SR400, Stanford Research Systems, Inc.) to be analyzed and then processed by LabView 

Software. The signal generated at the air-water interface was confirmed to be the SH by adjusting 

the power incident on the sample (Appendix-III). During each surface SHG experiment, the power 

incident on the sample was measured before each data collection period to ensure that the laser 

power remained stable. Optical components were purchased from Thor Labs and Newport 

Corporation. 

2.1.1 Solution Preparation 

 Unless specifically stated, all compounds were purchased from Sigma Aldrich and used as 

received. Stock pH 2 and pH 13 solutions were prepared by dissolving concentrated HCl (ACS 

Reagent, 37%, 320331-500ML) or solid NaOH (ACS reagent, ≥97.0%, 221465-500G) in 

deionized (Millipore, Milli-Q 18.2 MΩ  cm−1). The pH was measured using a pH meter (AB150, 

Fischer Scientific) that was calibrated immediately prior to use. Solid PNP (Reagent Grade,  ≥ 

99%, 241326-50G) was dissolved in the pH 2 or pH 13 stock to yield 500 mL of 70 mM PNP and 
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130 mM PNP– respectively. The pH of the resulting solutions was tested and showed little 

deviation from the pH of the stock solutions. The PNP and PNP– solutions were then diluted using 

the appropriate stock pH 2 or pH 13 solution in order to obtain a range of concentrations. Millipore 

water and pH solutions were used as references. For each sample and reference, 50 mL of solution 

was added to a 6.5 cm diameter Teflon dish and given 15-20 minutes for the surface to equilibrate. 

All glassware and the Teflon dish were soaked in aqua regia for 15-30 minutes and then rinsed 

with copious amounts of distilled and Millipore water prior to use. The dish was then carefully 

moved into the experimental geometry on a motorized translation stage (MT S50-Z8). In order to 

prevent any thermal effects and control for any variation in the non-planarity of the surface, the 

translation stage was set to oscillate a distance of 7 mm in a direction perpendicular to both the 

surface normal and the direction of the laser propagation vector. The stage oscillated at a velocity 

no greater than 0.2 mm/s to prevent any perturbation of the surface.  

2.1.2 Surface Equilibrium 

 The signal arising from the surface SHG was optimized by raising or lowering the height 

of the translation stage at a polarization configuration of p-in, p-out. Three spectra from 380 to 420 

nm were then collected from the sample and the wavelength corresponding to the signal maximum 

(~400 nm) was set as the wavelength at which subsequent measurements were taken. The half-

wave plate was then rotated with a motor to collect three data points for every 4.5° and was rotated 

a total of 180°, corresponding to a modulation of the light such that polarization data was collected 

every 9° over 360° of rotation for PNP. A similar procedure was used for PNP–, but five data points 

were taken for every 3° of rotation of the half-wave plate. The output analyzer was then manually 
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rotated from p-out to s-out and data was collected by rotating the input polarizer as described 

above. 

2.1.3 Surface Spectrum of PNP– 

  The fundamental beam generated by the Ti:Sapphire laser was tuned to various 

wavelengths. At each wavelength, three spectra were collected such that the SH peak could be 

observed. This procedure was carried out in the same geometry as described above for three 

different samples; a Z-cut quartz reference crystal that was affixed to a Teflon dish and placed in 

the geometry without translation, a sample of pH 13 solution and a sample of 130 mM PNP–. 

2.2 Irradiation by Polychromatic UV Light 

 Photolysis was carried out by irradiating the samples with UV light generated by an ozone 

free 300 W Xenon arc Lamp (6258, Newport) installed in a research arc lamp housing with an F/1 

type condenser lens and rear reflector (67005, Newport) which was connected to a power supply 

(69911, Newport). The light from the lamp was passed through an aluminum body liquid filter 

(67015, Newport) to remove IR radiation and then focused down onto either a 1 cm quartz cuvette 

in a Flash 300 temperature controlled cuvette holder or the Teflon dish. The incident power at both 

photodegradation sites was 0.4 W ca.. The light struck the cuvette through a 1 cm2 window and 

the radius of the UV light incident on the Teflon dish was 2.5 cm. 

2.2.1 Chemical Actinometry 

 Potassium ferrioxalate was selected as a chemical actinometer to determine the incident 

photon flux on the cuvette due to its sensitivity to irradiation by a wide range of wavelengths.1,2 

When excited by a photon, the ferrioxalate ion degrades into ferrous ions according to the 

following reaction (Eq. 2-1 & 2-2): 
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 [𝐹𝑒(𝐶2𝑂4)]
−3

         ℎ𝜈        
→       𝐹𝑒2+ + 𝐶2𝑂4

∙− + 2𝐶2𝑂4
2− (Eq. 2-1) 

 [𝐹𝑒(𝐶2𝑂4)]
−3 + 𝐶2𝑂4

∙−
          ∆         
→      𝐹𝑒2+ + 2𝐶𝑂2 + 3𝐶2𝑂4

2− (Eq. 2-2) 

The ferrous ions produced can then form a complex with o-phenanthroline, resulting in a deep red 

color. A micro-version of the original procedure proposed by Hatchard and Parker was used for 

our determination.1-4 Two solutions were prepared: 

a) 250 mL of a 0.006 M potassium ferrioxalate was prepared from 0.75 g of solid potassium 

ferrioxalate trihydrate (31124, Alfa Aesar) dissolved in 0.05 M H2SO4 (diluted from ACS 

Reagent, 95.0-98.0% H2SO4). 

b) 0.1% phenanthroline buffer was produced by dissolving 0.1 g of solid 1,10-phenanthroline 

monohydrate (ACS Reagent, T170-02, J.T. Baker) and 13.5 g of sodium acetate (ACS 

Reagent, ≥99.0%, 2411245-100G) in 100 mL of 0.5 M H2SO4. 

All solutions were prepared under red light in glassware cleaned with aqua regia and rinsed with 

copious amounts of distilled and Millipore water. 

The actinometry was carried out under red light as follows. 3 mL of solution (a) was placed 

into two 1 cm quartz cuvettes. One cuvette was left in the dark and the other was placed into the 

cuvette holder and held at 22°C with stirring. The sample in the cuvette holder was then irradiated. 

The irradiation time was measured by a stopwatch and recorded. 0.5 mL of solution (b) was then 

added to each cuvette and both cuvettes were stirred. UV/Vis spectra were then collected for the 

irradiated sample as well as the control and the difference in absorbance at 510 nm, corresponding 

to formation of the o-phenanthroline complex, was determined. The UV lamp power was such that 

the reaction progressed too quickly and neutral density filters were placed in the geometry to lower 

the incident power of the UV light onto the sample. The actinometry was performed at 3 second 

time intervals for three different combinations of neutral density filters until the conversion rate 

was no longer linear, which it is assumed to be early in the reaction. To correct for the difference 
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in power, the power of the UV light incident on the sample was measured for each combination 

and the absorbance of each neutral density filter was collected at two different positions on the 

filter and averaged. 

A standard curve was generated by preparing a solution of 0.1 M FeSO4 and 0.05 M H2SO4 

and diluting that solution down to 400 mM FeSO4 using more 0.05 M H2SO4. Ten different 

solutions were then prepared by addition of 0.0 to 1.0 mL in 0.1 mL increments of the 400 mM 

FeSO4 solution. Further volumes of 0.05 M H2SO4 were added such that the volume of FeSO4 and 

H2SO4 solutions was 2.0 mL. This was followed by addition of 1.4 mL of solution (b) and 0.6 mL 

of 0.05 M H2SO4. The UV/Vis spectrum of each solution was collected using the solution 

containing 0.0 mL of the FeSO4 solution as a blank. Absorbance at 510 nm was plotted as a 

function of concentration and a molar extinction coefficient of 11290 ± 20 dm3 mol−1 cm−1 was 

calculated (Appendix-IV), which is in good agreement with literature values.1-3 

2.2.2 Bulk Photochemistry 

 Solutions of PNP and PNP– were prepared in the same manner as described for the SHG 

experiments and diluted into a range of concentrations so that the absorbance peaks could be 

detected with an Agilent Cary 8453 diode array UV/Vis Spectrometer. The molar extinction 

coefficients were determined to be 19350 ± 50 dm3 mol−1 cm−1 at 316 nm and 19420 ±

70 dm3 mol−1 cm−1 at 401 nm respectively (Appendix-V). Solutions of 109 μM of PNP and 129 

μM PNP– were prepared for photolysis. For each sample, approximately 4 mL of solution was 

placed into two 1 cm quartz cuvettes that were then capped to prevent evaporation. One cuvette 

was stored in the dark as a control and the other was placed into a Flash 300 temperature controlled 

cuvette holder and stirred at a constant temperature of 22°C. The sample in the cuvette holder was 

irradiated by UV light. Irradiation times measured by a stopwatch were recorded, and UV/Vis 
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spectra of both the irradiated sample and the control were collected. This procedure was performed 

on the same samples over a period of months and the samples were stored in the dark between 

experiments. 

2.2.3 Surface Photochemistry 

 SHG data was collected using the same procedure as described above for the surface 

equilibrium but on a single sample of 130 mM PNP–. The control for this experiment was left 

exposed to the room conditions and data was collected over time, which was measured by a 

stopwatch. Another sample was then prepared and irradiated by light from the UV lamp that had 

been redirected onto the center of the Teflon dish. In order to remove excess UV radiation that 

would otherwise affect our results, a box was constructed from foamboard to block the light which 

fit over the lamp housing during the times when data was being collected. During the surface 

photodegradation, the shutter for the monochromator was closed in order to prevent any damage 

to the cameras that may have been incurred from exposure to the UV light. 
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Chapter 3: Surface Equilibrium Properties of PNP and PNP– 

 An important goal in this research project is to develop an understanding of the 

photochemistry of PNP and PNP– adsorbed to the air-aqueous interface. Consequently, it is 

necessary to understand their surface equilibrium behavior with respect to average molecular 

orientation, affinity to the air-aqueous interface, other factors that may influence their adsorption 

to the surface, and any changes to the molecule that may occur at the interface. This chapter details 

the analytical methods used to determine these surface phenomena.  

3.1 Average Molecular Orientations of the Molecules 

 SH intensity generated at the air-liquid interface was measured by rotating the input 

polarization of light, 𝛾, at a constant output polarization, Γ, of either s- (Γ = 90°) or p- (Γ = 0°) 

polarized light. This procedure is carried out on solutions that represent a range of concentrations 

of both PNP and PNP–. Data collected from each concentration may be fitted using Eq. 3-1, which 

assumes that the x- and y-axes are interchangeable and that the orientation of adsorbed molecules 

with respect to the surface normal is invariant with rotation about the z-axis,1-7 applicable in the 

case of the air-aqueous interface. In the equation, 𝐼2𝜔 is the intensity of the second harmonic signal, 

𝛾 and Γ are the input and output polarizations of light, respectively, such that p- is 0° and s- is 90°. 

The orientational fitting parameters, 𝑎𝑖, are coefficients relating to the fractions of reflected and 

refracted light upon interaction with the surface, and the 𝜒(2) terms are elements of the second 

order susceptibility. By holding the output polarization constant, at either s- or p-, this equation 

can be simplified (Eq. 3-2 & 3-3). 
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𝐼2𝜔 ∝ |𝑎1𝜒𝑋𝑋𝑍
(2)

sin(2𝛾) sin(Γ)

+ (𝑎2𝜒𝑋𝑋𝑍
(2) + 𝑎3𝜒𝑍𝑋𝑋

(2) + 𝑎4𝜒𝑍𝑍𝑍
(2) ) cos2(𝛾) cos(Γ)

+ 𝑎5𝜒𝑍𝑋𝑋
(2) sin2(𝛾) cos(Γ)|

2

 

(Eq. 3-1) 

 𝐼2𝜔,𝑠 ∝ |𝑎1𝜒𝑋𝑋𝑍
(2) sin(2𝛾)|

2

 (Eq. 3-2) 

 
𝐼2𝜔,𝑝 ∝ |(𝑎2𝜒𝑋𝑋𝑍

(2) + 𝑎3𝜒𝑍𝑋𝑋
(2) + 𝑎4𝜒𝑍𝑍𝑍

(2) ) cos2(γ) + 𝑎5𝜒𝑍𝑋𝑋
(2) sin2(𝛾)|

2

 (Eq. 3-3) 

In determining the molecular orientation of molecules at the surface, we used a nonlinear 

polarization sheet model of the surface to calculate the 𝑎𝑖 coefficients (Appendix-I). 

 Fitting the data with this equation first required that we correct the collected SH intensity, 

𝐼𝑆𝐻𝐺,𝑟𝑎𝑤, to remove any solvent contributions, 𝐼𝑆𝐻𝐺,𝑠𝑜𝑙𝑣𝑒𝑛𝑡. SH intensity as a function of the input 

polarization angle was collected on a sample of pH 2 solution and pH 13 solution for experiments 

on PNP and PNP–, respectively. The correction used is dependent on whether the molecule has a 

transition that is resonant with the laser, either at 400 nm or 800 nm, or if its transitions are 

nonresonant at these wavelengths. The absorbance spectra of PNP and PNP– (Fig. 3-1) indicate 

Figure 3-1: Absorbance spectra of a 91.0 μM solution of PNP in pH 2 solution (red line) and a 94.9 μM solution of 

PNP– in pH 13 solution. The wavelength of SH signal is 400 nm (dashed line). Overlap with the absorbance peak of 

PNP– provides resonant enhancement to the SH signal generated at the surface. PNP, however, is shown to be off-

resonant, which results in a weak signal. 
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that PNP must be treated as nonresonant (Eq. 3-4), however, PNP– can be treated as a resonant 

molecule (Eq. 3-5), which explains why the SH signals arising the surface of PNP– solutions are 

much stronger than the signals obtained from PNP. 

 𝐼𝑆𝐻𝐺,𝑃𝑁𝑃 = |√𝐼𝑆𝐻𝐺,𝑟𝑎𝑤 −√𝐼𝑆𝐻𝐺,𝑠𝑜𝑙𝑣𝑒𝑛𝑡|
2
 (Eq. 3-4) 

 𝐼𝑆𝐻𝐺,𝑃𝑁𝑃− = 𝐼𝑆𝐻𝐺,𝑟𝑎𝑤 − 𝐼𝑆𝐻𝐺,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (Eq. 3-5) 

 After correction, 𝐼𝑆𝐻𝐺  was plotted as a function of the input polarization angle (Fig. 3-2) 

for a single output polarization. The plot corresponding to s-output was then fit with Eq. 3-2 to 

yield the 𝜒𝑋𝑋𝑍
(2)

 susceptibility term, the only element upon which the SH intensity depends for the 

s-polarized output configuration. Subsequently, the plot of the p-out configuration was fit with Eq. 

3-3, holding the value of  𝜒𝑋𝑋𝑍
(2)

 constant in order to obtain the 𝜒𝑍𝑋𝑋
(2)

 and 𝜒𝑍𝑍𝑍
(2)

 terms. 

Figure 3-2: 𝐼𝑆𝐻𝐺  plotted as a function of the input polarization angle, 𝛾, and the fit lines produced from Eq. 3-2 & 3-

3. Graphs (a) and (b) are the plots for s- and p-output, respectively, for PNP and graphs (c) and (d) are the plots for s- 

and p-output for PNP–. The comparatively large magnitude of error in graph (a) and (b) can be attributed to instrument 

noise and the low intensities are due to the fact that PNP is nonresonant with both the fundamental and SH frequencies. 
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 Once the 𝜒(2) terms have been determined, the SHG orientation parameter, 𝐷, can be 

calculated (Eq. 3-6), from an assumption that PNP and PNP– are treated as rod-like molecules with 

a dominant 𝛽𝑧𝑧𝑧 hyperpolarizability element.4,7 Assuming that the distribution of the average 

molecular orientation is narrow, 𝐷 is approximated as equal to a cosine squared function of 〈𝜃〉, 

the average angle between the molecular axis and the surface normal (Eq. 3-7). For both PNP and 

PNP–, we treat the molecular axis as consistent with the O–C bond of the molecule. 

 𝐷 ≡
〈cos3 𝜃〉

〈cos 𝜃〉
=

𝜒𝑍𝑍𝑍
𝜒𝑍𝑍𝑍 + 2𝜒𝑍𝑋𝑋

 (Eq. 3-6) 

 𝐷 ≈ cos2 〈𝜃〉 (Eq. 3-7) 

 Pictured below are plots of the average molecular orientation as a function of concentration 

(Fig. 3-3). In the case of PNP, the adsorbed molecules appear to tilt from the surface normal at an 

angle of around 44°, varying between 37° and 47°, however the orientational change does not 

appear to follow a discernable trend, therefore, it is reasonable to assume that the molecular 

orientation is remaining constant within the magnitude of the experimental uncertainty. The 

concentration dependent orientational profile of PNP–, however, behaves much differently. As the 

bulk concentration of the solution increases, corresponding to an increase in the surface number 

Figure 3-3: The graphs pictured here illustrate the reorientation about the surface normal that PNP (a) and PNP– (b) 

undergo as a function of the surface number density. Within the error bar, the tilt angle of PNP remains relatively 

constant, but as the number of ions present at the surface increases, PNP– begins to conform to a configuration that is 

nearer to the interface. 
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density, the tilt angle between the molecular axis and the surface normal increases from a value of 

approximately 43° to 54°. The physical representation of this trend is that as number density of 

PNP– anions at the surface increases, the anions begin to settle into a configuration that moves the 

partial negative charge on the nitro group closer the plane of the surface. 

3.2 Surface Affinity Determination 

 Utilizing the same data collected for the average molecular orientation determinations, we 

can determine the affinity of the molecules to the surface. Since the SH field is proportional to the 

second-order susceptibility term, it is thereby proportional to the number of molecules adsorbed 

to the surface and their orientation (Eq. 3-8).6,8-14 From this relation, we may plot �⃑⃑�𝑆𝐻𝐺 , calculated 

from the corrected intensities (Eq. 3-9), collected from a single polarization configuration as a 

function of bulk concentration, 𝐶, corrected for water by dividing by 55.5. The data is then fit with 

a Langmuir isotherm model (Eq. 3-10), commonly used to determine adsorption affinities to the 

air-water interface using SHG,3,8,10,11,14-16 this isotherm model assumes monolayer coverage on 

surfaces that are planar and homogeneous, and that the adsorbates do not interact with one another. 

From the fitting parameter, 𝐾𝑎𝑑𝑠, we then calculate the Gibbs free energy adsorption, Δ𝐺𝑎𝑑𝑠 (Eq. 

3-11). 

 �⃑⃑�𝑆𝐻𝐺 ∝ 𝜒
(2) ∝ 𝑁𝑠〈𝛽

(2)〉 (Eq. 3-8) 

 �⃑⃑�𝑆𝐻𝐺 = √𝐼𝑆𝐻𝐺  (Eq. 3-9) 

 
𝑁𝑠
𝑁𝑚𝑎𝑥

=
𝐾𝑎𝑑𝑠𝐶

1 + 𝐾𝑎𝑑𝑠𝐶
 (Eq. 3-10) 

 Δ𝐺𝑎𝑑𝑠 = −𝑅𝑇𝑙𝑛(𝐾𝑎𝑑𝑠) (Eq. 3-11) 



30 

 

 Fig. 3-4 and 3-5 show adsorption isotherms of PNP and PNP–, respectively, for four distinct 

polarization configurations: p-in p-out (a), s-in p-out (b), 45°-in p-out (c), and 45°-in s-out (d). In 

the case of PNP (Fig. 3-4), the value of Δ𝐺𝑎𝑑𝑠 remained constant for each configuration, yielding 

an average Δ𝐺𝑎𝑑𝑠 of −22 ± 2 kJ mol−1. In contrast, the fit for PNP– (Fig. 3-5) returned adsorption 

free energies of between −15.1 ± 0.3 kJ mol−1 to −21.2 ± 0.8 kJ mol−1. Since the equilibrium 

constant only relates to the relative number of molecules adsorbed to the surface and �⃑⃑�𝑆𝐻𝐺  relates 

to both the number of adsorbed molecules and their average molecular orientation, fitting the data 

Figure 3-4: PNP adsorption isotherms fit with the Langmuir isotherm model at four different polarization 

configurations, p-in p-out (a), s-in p-out (b), 45°-in p-out (c), and 45°-in s-out (d). The value of 𝛥𝐺𝑎𝑑𝑠 at each 

configuration was relatively invariant, with (a), (b), and (d) resulting in −23 ± 1 𝑘𝐽 𝑚𝑜𝑙−1 and (c) returning a value of 

−21.6 ± 1 𝑘𝐽 𝑚𝑜𝑙−1. 
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with the Langmuir isotherm is only applicable if the average molecular orientation of the adsorbed 

molecules is constant over a range of concentrations. A more appropriate polarization 

configuration, one where the SH field does not vary much as the orientation of the molecules 

change, needs to be used. This orientation insensitive angle, 𝛾∗, for the p-output configuration is 

calculated from the same 𝑎𝑖 coefficients (Appendix-I) as were used previously in the determination 

of the molecular orientation (Eq. 3-12).7,16,17 

 𝛾∗ = cos−1 (
𝑎5

3𝑎4 + 𝑎5 − 𝑎2 − 𝑎3
) (Eq. 3-12) 

Figure 3-5: PNP– adsorption isotherms fit with the Langmuir isotherm model at four different polarization 

configurations, p-in p-out (a), s-in p-out (b), 45°-in p-out (c), and 45°-in s-out (d). The value of 𝛥𝐺𝑎𝑑𝑠 at each 

configuration varied, with values of −21.2 ± 0.8 𝑘𝐽 𝑚𝑜𝑙−1 (a), −15.1 ± 0.3 𝑘𝐽 𝑚𝑜𝑙−1 (b), −17.1 ± 0.4 𝑘𝐽 𝑚𝑜𝑙−1 (c), 

and −16.0 ± 0.06 𝑘𝐽 𝑚𝑜𝑙−1 (d). 
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In our geometry, the orientation insensitive angle was found to be 61.5°. Fitting the isotherms 

obtained from this approximate configuration (Fig. 3-6), 63° for PNP and 60° for PNP– due to the 

experimental parameters set, yielded Δ𝐺𝑎𝑑𝑠 values of −24.7 ± 0.6 kJ mol−1 and −16.0 ±

0.3 kJ mol−1, respectively. The relative invariance of Δ𝐺𝑎𝑑𝑠 at each polarization configuration 

gives us added confidence in our results from the molecular orientation determination, in that the 

orientation of PNP does not vary with changing surface number density, but PNP– does. 

3.3 Surface SHG Spectrum of PNP– 

 The three spectra collected from PNP– were averaged and the SH intensity at the peak of 

each averaged spectrum was extracted and plotted as a function of wavelength (Fig. 3-7(a)). This 

plot represents the raw SHG spectrum of PNP– adsorbed to the air-water interface. The raw SHG 

Figure 3-6: Langmuir adsorption isotherms of PNP (a) and PNP- (b) collected at the orientation insensitive polarization 

configuration resulting in 𝛥𝐺𝑎𝑑𝑠 values of −24.7 ± 0.6 𝑘𝐽 𝑚𝑜𝑙−1 and −16.0 ± 0.3 𝑘𝐽 𝑚𝑜𝑙−1, respectively. 

Figure 3-7: Raw surface SH spectra of PNP– (a), quartz (b), and pH 13 (b) samples. The raw spectrum of PNP– is 

reflective of the molecular transition of the molecule, optical throughput of the setup used, and wavelength dependent 

changes laser power. Since neither the quartz nor pH 13 samples have molecular transitions near the fundamental or 

SH frequency, the features in their spectra are attributed solely to the optical throughput and laser power variations. 
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spectra of the quartz crystal and pH 13 solutions were collected as references (Fig. 3-7(b)), and 

since they do not have an electronic transition in this range, the features of their plots are reflective 

of variations in the intensity of the SH signal that arise from tuning the laser. As in the previous 

two sections, the raw SH intensity of the pH 13 solution was subtracted from the PNP– to correct 

for the solvent contribution. The solvent corrected SH intensities were then normalized with the 

pH 13 spectrum. Using the pH 13 spectrum as opposed to the quartz spectrum was preferable since 

the SH signal from pH 13 was weaker and therefore less sensitive to changes which may arise 

from variations in the room environment. 

 The resulting spectrum (Fig. 3-8) is a representation of the electronic transition of PNP– at 

the surface. Comparing the surface SHG spectrum to the absorption spectrum of PNP– in bulk 

solution reveals that the excitation wavelength differs at the surface. The absorption spectrum of 

bulk PNP– has a spectroscopy peak at 400 nm, however, this peak shifts to 408 nm upon adsorption 

Figure 3-8: SHG spectrum (blue circles) of PNP– normalized with a pH 13 reference solution. The Gaussian fit line 

(black line) shows that surface spectrum peaks at 408 nm. An 8 nm red shift from the absorbance peak (red line) at 

400 nm is observed. This shift in the excitation frequency suggests that the molecule is experiencing a change at the 

surface that brings the ground, 𝑆0, and excited, 𝑆1, states closer together.  

16

14

12

10

8

6

4

2

0

N
o
rm

a
liz

e
d
 I
n

te
n
s
it
y

440420400380360

SH Wavelegth (nm)

2.0

1.5

1.0

0.5

0.0

A
b

s
o
rb

a
n
c
e



34 

 

to the air-water interface. This shift is indicative of changes in its molecular structure or chemical 

environment such that the ground state of the molecule, 𝑆0, is destabilized, the excited state, 𝑆1, 

has been stabilized, or that the molecular transition is affected by Franck-Condon factors when 

adsorbed to the surface. 
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Chapter 4: Photochemistry of PNP and PNP– 

 The results obtained from the study of PNP and PNP– adsorbed to the air-water interface 

represent the surface equilibrium properties of an unperturbed surface, which serve as a reference 

in the investigation of the surface photochemistry of PNP and PNP–. An objective of the research 

project is to provide a quantitative comparison of the photodecomposition of PNP– at the air-water 

interface to the same process occurring in bulk solution. Presented here is a discussion detailing 

the experimental quantification of the UV light source determined from potassium ferrioxalate 

actinometry, and a determination of the photolysis quantum efficiencies of PNP and PNP–. Lastly, 

outcomes of a determination of the surface properties of PNP– as it undergoes irradiation are 

presented and compared to the unperturbed surface as well as to the bulk photochemistry. 

4.1 Chemical Actinometry 

 Calculations for the incident photon flux on our samples from a polychromatic light source 

were carried out in the manner described by Aillet et al.1 Here, the rate of conversion of the 

actinometer, 
𝑑𝑋

𝑑𝑡
, is expressed as a function of wavelength dependent parameters and experimental 

variables (Eq. 4-1 & 4-2). 

 
𝑑𝑋

𝑑𝑡
=
𝑞𝑝,0

𝐶𝐴0𝑉𝑟
∑ (𝑇𝜆𝑖Φ𝜆𝑖𝑔𝜆𝑖𝑓𝜆𝑖

Δ𝜆𝑖

) (Eq. 4-1) 

In the equation, 𝑋 is the conversion of the actinometer such that: 

 𝑋 =
𝐶𝐹𝑒2+

𝐶𝐴0
 (Eq. 4-2) 

where 𝐶𝐹𝑒2+ is the concentration of the ferrous ion produced by irradiating a sample of the 

potassium ferrioxalate solution of concentration, 𝐶𝐴0. In the equations above, 𝑉𝑟 is the volume of 
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solution in the reaction vessel in mL and 𝑞𝑝,0 is the total incoming photon flux. The transmittance 

function, 𝑇𝜆, and the density function, 𝑔𝜆, are the material transmittance of the optical components 

and the relative number of photons emitted from the UV light source per second, respectively. The 

quantum yield, Φ𝜆, refers to the number of products produced per photon, and 𝑓𝜆 is the fraction of 

light absorbed by the actinometer. Each wavelength dependent parameter must be determined for 

discrete wavelengths within the range, Δλ. In our calculations, we modeled values of the 

wavelength dependent variables in the range of 200 to 550 nm in 1 nm increments. 

 Values of 𝑔𝜆 were obtained nm by modeling spectral irradiance data for the lamp, applying 

correction factors for the condenser lens and rear reflector as provided by the supplier,2,3 and 

converting to the number of moles of photons emitted per second relative to the total number of 

moles of photons per second at all wavelengths (Appendix-VI). The quantum yield of potassium 

ferrioxalate at each wavelength was approximated from a plot of the known literature values of the 

quantum yield4-7 as a function of wavelength which was then fit to a fourth order polynomial, 

which produced a fit function similar in both magnitude and shape to the fourth order polynomial 

expression reported by Bing et al.6 (Appendix-VII). The fraction of light absorbed by the 

actinometer was then calculated using Eq. 4-3: 

 𝑓𝜆𝑖 = 1 − 𝑒
−𝜅𝜆𝑖

𝐶𝐴0(1−𝑋)ℓ (Eq. 4-3) 

where 𝜅𝜆𝑖 is the Napierian molar absorption coefficient, which is derived from a Beer’s Law 

relationship such that 𝐴𝜅 = 𝜅ℓ𝑐, where 𝑐 is the concentration in mol dm−3, ℓ is the pathlength of 

the cell in cm, and 𝐴𝜅 is the log base 𝑒 material absorbance. More commonly, Beer’s law is 

expressed as 𝐴 = 𝜀ℓ𝑐, where 𝜀 is the molar extinction coefficient, and 𝐴 is the log base 10 material 

absorbance. These terms differ only in the way they relate material absorbance to material 

transmittance, 𝑇, such that 𝐴𝜅 = − ln 𝑇 and 𝐴 = − log 𝑇. The Napierian molar absorption 
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coefficient was also fit to an equation using known literature values1 (Appendix-VIII). The 

transmittance function was determined experimentally from the UV/Vis spectrum of the neutral 

density filters installed in the path between the UV lamp and the cuvette. The absorbance spectrum 

of each filter was converted to a transmittance spectrum and the transmittance spectrum of the 

three neutral density filters used in concert were multiplied together to determine the net 

transmittance. 

 The sum of the products of the wavelength dependent parameters is constant for a single 

neutral density filter combination, as is the initial concentration of the actinometer solution, 0.006 

M, and the volume of solution in the reaction vessel, 3.5 mL. It is important to note that the rate 

of conversion of the actinometer is approximately linear at less than 10% conversion, such that 𝑋 

was held constant at a value of zero in Eq. 4-3. 

 From the experiment, the concentration of ferrous ions in solution after the addition of 0.5 

mL of the o-phenanthroline buffer is calculated from the change in absorbance at 510 nm, Δ𝐴510, 

and the extinction coefficient from the standard curve, 𝜀510, using the Beer-Lambert Law. 

Converting this concentration from the final volume, 𝑉2, to the concentration of ferrous ions 

produced in the reaction vessel and dividing by the initial concentration of the actinometer returns 

the value of 𝑋 (Eq. 4-4). 

 𝑋 =
𝐶𝐹𝑒2+

𝐶𝐴0
=
Δ𝐴510𝑉2
𝐶𝐴0𝜀510𝑉𝑟

 (Eq. 4-4) 

 Using nonlinear regression analysis, the incoming photon flux was determined by 

minimizing the RMSE in the values of 𝑋 from each experiment performed with one of the neutral 

density filter combinations and from the model (Eq. 4-5). 

 𝑅𝑀𝑆𝐸 =∑ [(𝑋)𝑚𝑜𝑑𝑒𝑙
𝑖 − (𝑋)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝑖 ]
2

𝑖
 (Eq. 4-5) 
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Each neutral density filter combination resulted in a 𝑞𝑝,0 of approximately 6 × 10−7 einstein s−1. 

To determine the incoming photon flux for a configuration with no neutral density filters, we 

determined the rate of conversion with each neutral density filter combination (Fig. 4-1). We then 

assumed that the reaction rate would be linearly proportional to the UV lamp power incident upon 

the sample (Fig. 4-2). The reaction rate at an incident lamp power of 0.4 W was calculated from 

Figure 4-2: Plotting the conversion rate as a function of the incident power allows us to extrapolate the conversion 

rate of the actinometer at an incident UV lamp power consistent with a geometry without any neutral density filters. 

Figure 4-1: The conversion of the actinometer, 𝑋, plotted as a function of time allows us to determine the rate of 

conversion by fitting the data points with a line. Each line in the figure represents a specific neutral density filter 

combination (C1, C2, or C3) for which the slope was calculated. 
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the change in reaction rate with respect to incident power. This reaction rate was then substituted 

back into the Excel model and the transmittance function was set to 1 for all wavelengths, which 

assumes that the wavelength dependent absorption of the other optical components in the geometry 

was negligible. We report an incoming photon flux of (6.3 ± 0.2) × 10−7 einstein s−1. Error was 

propagated from the 95% CI of slope of the fit line in Fig. 4-2 as it is reflective of the major source 

of experimental error, which is error in the measurements of irradiation times. 

 C1 C2 C3 C0 

Incident Power (W) 0.04 0.049 0.06 0.4 

𝒅𝑿

𝒅𝒕
  (𝒔−𝟏 × 𝟏𝟎−𝟒) 18.9 ± 0.6 21.6 ± 0.4 20 ± 1 190 ± 7 

Table 4-1: Power of the UV lamp incident on the cuvette and conversion rates interpolated from the linear fit lines for 

each neutral density filter combination used. C0 in the table is in reference to the incident power and extrapolated 

conversion rate for an experimental setup with no neutral density filters. 

 From the incoming photon flux, we may then calculate the incident photon flux on our 

samples at discrete wavelengths using Eq. 4-6. Again, we assume that the transmittance of the 

optical components in our geometry is negligible such that 𝑇𝜆 = 1 for all wavelengths between 

200 and 550 nm. Finally, the sum over all wavelengths in the range is the total photon flux received 

by the sample, 𝑞𝑝,Δ𝜆, which can be calculated for any range of wavelengths that 𝑞𝑝,0 was calculated 

for (Eq. 4-7). 

 𝑞𝑝,𝜆 = 𝑇𝜆𝑔𝜆𝑞𝑝,0 (Eq. 4-6) 

 𝑞𝑝,Δ𝜆 =∑ 𝑞𝑝,𝜆𝑖
Δ𝜆𝑖

 (Eq. 4-7) 

Finally, the total incident photon flux received by a sample undergoing photolysis can be used to 

calculate the quantum efficiency, 𝜑Δ𝜆, of the molecule6 (Eq. 4-8 & 4-9). 

 𝑓𝜆 = 1 − 10
−𝐴𝜆,0  (Eq. 4-8) 

 𝜑Δ𝜆 = 𝑟
𝑉

∑ 𝑓𝜆𝑞𝑝,𝜆Δ𝜆
 (Eq. 4-9) 

From these equations, the fraction of light absorbed by the molecule at a specific wavelength, 𝑓𝜆, 
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is calculated from the absorbance spectrum of the sample collected before being irradiated, 𝐴𝜆,0, 

such that the UV exposure time is 0 seconds. The quantum efficiency of the reaction is then 

calculated for the range specified by Δ𝜆 where 𝑉 is the irradiation volume and 𝑟 is the reaction 

rate. 

4.2 Bulk Photochemistry 

 The photolytic process in the bulk was determined from UV/Vis spectra collected at 

different irradiation times (Fig. 4-3). Absorbance measurements taken at 318 nm for PNP and 400 

nm for PNP– were recorded for both a photodegraded sample and a control. As the kinetics for 

these reactions were very slow, in the order of days, the irradiated sample and control were placed 

in the dark overnight on a number of occasions. Consequently, non-isosbestic behavior is observed 

in the spectra due to spontaneous reactions occurring between intermediate photoproducts. The 

difference in absorbance at the wavelengths associated with the target molecules between 

overnight cessations, however, was negligible. These variations were corrected by multiplying 

each absorbance value recorded for a given experimental period, defined as a period of continuous 

irradiation by the UV light source stopping only to collect a spectrum, 𝐴𝑝,𝑛, by the ratio of the last 

absorbance recorded from the previous period, 𝐴𝑝−1,𝑓𝑖𝑛𝑎𝑙, to the first absorbance recorded from 

Figure 4-3: UV/Vis spectra collected at different irradiation times. Absorbance was recorded at 318 nm for PNP and 

at 400 nm for PNP– as a measure of their concentrations in solution. The arrows denote the decrease of the peak over 

time. 
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the current period, 𝐴𝑝,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (Eq. 4-10). In the notation, 𝑝 refers to the collection period and 𝑛 

refers to each absorbance value obtained for that period. 

 𝐴𝑝,𝑛,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐴𝑝,𝑛𝐴𝑝−1,𝑓𝑖𝑛𝑎𝑙

𝐴𝑝,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (Eq. 4-10) 

 The percent concentration remaining was then calculated by dividing the absorbance of the 

degraded sample by the absorbance of the control. Plotting the percent concentration remaining as 

a function of irradiation time demonstrates that the photolysis is very slow, taking approximately 

3800 minutes to decrease to around 5% remaining (Fig. 4-4). The initial rates were (8.2 ± 0.2) ×

10−10 mol L−1 s−1 after 240 minutes of irradiation for a 109 μM solution of PNP and 

(6.9 ± 0.2) × 10−10 mol L−1 s−1 after 150 minutes of irradiation for a 129 μM solution of PNP–. 

 As previously discussed, photochemical rates are dependent on the incident power of the 

UV light and the relative number of incident photons of each wavelength. The rate of 

Figure 4-4: Percent concentration of PNP and PNP– remaining as a function of UV exposure time. 
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photodegradation may therefore be converted to a quantum efficiency, 𝜑Δ𝜆, in order to quantify 

the photochemistry of these molecules6 (Eq. 4-8 & 4-9).  

 For PNP, the quantum efficiency was calculated in the range of 200-400 nm, as the 

molecule absorbs less than one percent of the photons at wavelengths much longer than 400 nm. 

Using the results from the actinometry, a quantum efficiency of (3.31 ± 0.08) ×

10−5 mol einstein−1 is reported. This value varies significantly from the quantum efficiency 

determined in this range by Bing et al.,6 who report the quantum efficiency of the photolysis of 

PNP to be 7.94 × 10−4 mol einstein−1. However, the mercury arc lamp used in that experiment 

emits more photons of a shorter wavelength relative to the number of photons it emits at a higher 

wavelength, whereas the ozone free xenon arc lamp used in this study emits a greater number of 

photons of a longer wavelength than those of a shorter wavelength. In fact, only one third of the 

total incident photons from the UV lamp used in the present study are emitted in the range of 200-

400 nm. Recalling the article by Alif et al., which suggests that the quantum yield of PNP increases 

at shorter wavelengths8, it is reasonable to assume that the quantum efficiency reported by Bing et 

al.6 would be higher than those from this study, as quantum efficiency is a weight average. 

 In the same manner as for PNP, the quantum efficiency of PNP– was calculated in the range 

of 200-480 nm, as less than one percent of the incident photons are absorbed by the molecule at 

wavelengths above 480 nm. A quantum efficiency of (1.33 ± 0.04) × 10−5 mol einstein−1 for 

this reaction was determined. As the quantum efficiency of PNP– is about one third less than that 

of PNP, we may conclude that PNP– is much more photostable, which is in accordance with the 

available literature.6,8-10 
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4.3 Surface Photochemistry of PNP– 

 The molecular orientations of the control sample and two samples undergoing irradiation 

by UV light were determined in the same manner as described earlier in this work. Plots of 𝐼𝑆𝐻𝐺  

as a function of the input polarization angle for each sample are shown for s- and p-output 

polarizations (Fig. 4-5). The p-output plot of the control sample, a sample kept in the dark on the 

Figure 4-5: s-output (a,c,e) and p-output (b,d,f) plots of 𝐼𝑆𝐻𝐺  versus input polarization angle for a control sample (a,b), 

and trial 1 (c,d) and trial 2 (e,f) of the photodegradation of PNP– at the air water interface. The arrows in graph (b) 

represent the change in the features of the graph over time, which may be caused by acidification of the surface which 

would shift the equilibrium such that PNP– ions adsorbed to the surface may protonate into PNP. 
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translation stage and exposed to room conditions for the duration of the experiment, shows that 

the SH intensity associated with p-input increases, whereas the SH intensity measured for s-input 

decreases as a function of time. In contrast, peak and trough intensities in both the p-output and s-

output plots of the samples exposed to UV light seem to be relatively invariant over time or the 

change in SH intensity over time does not appear to follow a trend. 

 It is possible that these changes arise from a slow acidification of the interface as 

atmospheric carbon dioxide dissolves into the solution where it would form carbonic acid. If this 

hypothesis is valid, then the change in the features of the plot may be explained by either a change 

in the surface number density of PNP– adsorbed to the interface, an orientational rearrangement of 

the adsorbed molecules, or a combination of the two. This is a reasonable conclusion, as these are 

the two surface properties that affect the magnitude of the SH intensity generated at the interface. 

A change in the surface pH may shift the equilibrium between PNP and PNP– towards that of the 

neutral species such that that number of PNP– ions at the surface decreases as they protonate to 

form PNP. The polarization dependent plots of the control sample may be reflective of this, as the 

changes in the features of the plot appear to be characteristic of PNP and indicate a reduction in 

the features associated with PNP– (Fig. 3-2). However, the possibility exists that time dependent 

change in the features of the control sample are reflective of a change in the orientation of PNP– 

at the surface which could be due to a reduction in the surface number density of PNP– ions 

adsorbed to the interface or a change in the monolayer-substrate interactions. We may conclude, 

however, that any change in the SH signal in this experiment is due to a corresponding change in 

the PNP– ions adsorbed to the surface as it provides a resonant contribution, whereas PNP does 

not. 
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 A plot of the average molecular orientation of PNP– as a function of time for the control 

sample shows that the molecule begins to shift to a configuration closer to the surface normal as 

the amount of time it is exposed to the atmosphere increases (Fig. 4-6). The same variation in 

orientation is shown to occur for both irradiated samples, which differ only in that trial 1 includes 

a data point reflective of irradiation over a longer period of time than trial 2 and is presented to 

reveal whether or not there is a change in the behavior of PNP– over this longer time scale. Within 

the magnitude of the experimental uncertainty, there are no significant differences in the 

orientational behavior of PNP– between the control and irradiated samples. As such, the reasons 

for this change may the same as those postulated previously to explain the time dependent change 

in the polarization plots of the control sample. 

Figure 4-6: The average molecular orientation of the control sample and the two irradiated samples, begin to conform 

to an orientation that is closer to the surface normal. 
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 Since the average molecular orientation of the adsorbate changes as a function of time, it 

is necessary to utilize the orientation insensitive polarization configuration to relate �⃑⃑�𝑆𝐻𝐺 to the 

number of adsorbed particles, specifically those with a resonant contribution, namely PNP–. In the 

control, a decrease in SH field strength is observed which may be representative of the number of 

adsorbed PNP– ions that have been converted into PNP (Fig. 4-7(a)). In contrast, the 

photodegraded samples either do not appear to change over time or show an increase in the SH 

field. If the interpretation of the orientation insensitive configuration is accurate, then what we 

observe is either no change to or an increase in the surface number density as the samples are 

irradiated. 

 This implies a number of possibilities. One is that the surface number density of PNP– at 

the air-water interface is either not changing or increases slightly. This may be due to the 

orientation of the molecule at the surface, specifically that the nitro group is pointing out of the 

surface. This would reduce the probability of the denitration reaction, as any hydroxyl radicals 

generated would be less likely to access the carbon of the C-N bond. Another possibility is that 

Figure 4-7: Normalized �⃑⃑�𝑆𝐻𝐺  plotted as a function of UV exposure time, simulated for the control, normalized from 

the first data point collected from each experiment (a), and normalized �⃑⃑�𝑆𝐻𝐺  of trial 2 (b), normalized with the control. 

In both plots, 𝐸𝑆𝐻𝐺  was obtained using the orientation insensitive configuration. The decrease in SH field strength for 

the control sample is a representation of the number of PNP– ions that may have been converted to PNP because of a 

change in the pH of the surface. The slight rise observed in the photolysis trials may indicate that there is no change 

in the surface number density of adsorbed PNP– ions or that one or more of the photolysis products have an affinity 

for the surface. 

(a) (b) 
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one or more of the photolysis products have an affinity to the air-water interface. If this is the case, 

it is either that a significant number of these products adsorb to the surface, or that one or more of 

them have a transition that is resonant with our laser. Of the reported photolysis products,6,8 

nitrocatechol is the most likely to contribute to SHG if adsorbed to the interface because it has a 

transition resonant with the SH frequency, however, it is not likely to be produced in high enough 

concentration to allow a significant number of these molecules to adsorb to the surface. 

 Irrespective of the reasons for the changes observed, a comparison of the photochemistry 

of the surface to that of the bulk is presented (Fig. 4-8). In the plot, the normalized �⃑⃑�𝑆𝐻𝐺 collected 

from the solution surface as it undergoes irradiation by UV light, and the normalized concentration 

from the bulk photodecomposition, are compared over a time span of 420 minutes. Over this period 

of time, the surface number density does not appear to change significantly within the magnitude 

of the experimental uncertainty, however, approximately 15% of the initial concentration of PNP– 

Figure 4-8: Normalized �⃑⃑�𝑆𝐻𝐺  from the surface and normalized concentration of the bulk plotted as a function of UV 

exposure time. From the graph, it can be concluded that the photochemistry of PNP– at the air-water interface is slower 

than the bulk photolysis. 
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in the bulk solution has degraded. It may therefore be concluded that the photochemistry of PNP– 

at the air-water interface is slower than that of the bulk under the experimental conditions utilized 

for this project. 
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Chapter 5: Conclusions and Future Work 

5.1 Surface Equilibrium 

 The surface affinities of PNP and PNP– in this study are reported to be higher than those 

reported in the literature for phenol1-4 and phenolate,2,4 respectively. This finding suggests that the 

nitro group drives the molecules to the solution surface. This is counter intutitve as the electron 

withdrawing effects should increase the overall polarity of the molecules, however, a recent study 

has reported nitro groups as having a hydration number of approximately zero.5 The implication 

of this is that nitro groups do not form strong hydrogen bonding interactions with water molecules 

and is therefore considered hydroneutral, as opposed to hydrophilic. This hydroneutrality of the 

nitro group may be what drives PNP and PNP– to the solution surface with a greater affinity than 

phenol and phenolate, respectively. 

 The orientational rearrangement of PNP– potentially arises because of charge-charge or 

dipole-dipole interactions between anions adsorbed to the surface. Assuming that the molecules 

adsorbed to the surface are both sufficiently close to one another and that the magnitude of the net 

dipole or local charge densities are significant, the molecule may begin to rearrange into a 

configuration that is more parallel to the solution surface as they move closer to one another in 

proximity. If this is the case, however, application of the Langmuir isotherm model may not be 

justified as it assumes that the molecules adsorbing to the interface are non-interacting. It is also 

possible that the rearrangement observed arises from monolayer-substrate interactions, such that 

the molecular orbitals are interacting with the hydroxide ions in solution. This possibility is 

supported by observations of so-called “orientational fluctuations” in long-chain phenolate, 
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anilines, and N,N-dimethyl aniline.6,7 In the study, the surface density of the molecules was 

adjusted and held constant while SHG measurements were taken as a function of time. While the 

method of measurement used in this study does not reveal the average molecular orientation, it 

does show that at certain surface number densities, different for each molecule, long-chain anilines 

dissolved in water, and long-chain phenolate dissolved in 2 N KOH undergo an orientational phase 

transition at the surface. In contrast, the same study found that long-chain phenols and long-chain 

aniliniums dissolved in 1 N HCl do not experience an orientational fluctuation. Furthermore, the 

study also precluded the possibility that the orientational fluctuation could be associated with a 

chain-chain interaction. In this study, they relate the chain-chain interaction to a frictional force 

that increases the time scale of the phase transition. Although these molecules are different from 

those used in this investigation, the forces influencing the orientational rearrangement are likely 

the same. 

 The red shift of the excitation wavelength from 400 nm to 408 nm may be due to a 

destabilization of the ground state of the molecule, a stabilization of the excited state, or related to 

Franck-Condon factors.8 The source of this shift may be solvatochromatic, as the air-water 

interface has been shown to be analogous to a nonpolar solvent for a known polarity indicator, 

N,N′-diethyl-p-nitroaniline.9 This may mean that the ground state of the molecule, which is polar, 

is destabilized due to the nonpolar quality of the surface, or that the excited state of the molecule 

is less polar than the ground state, thereby stabilizing the excited state at the interface. To explore 

this further, we intend to investigate the solvatochromatic behavior of PNP– in bulk solution for 

comparison with the surface. 
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5.2 Surface Photochemistry of PNP– 

 In our investigation, the photokinetic of PNP– appears slower at the air-aqueous interface 

than in bulk solution. This may be explained by the orientation of the anion at the surface. In basic 

pH, the denitration reaction pathway is equally as likely as hydroxylation at the ortho position.10-

12 In order for denitration to proceed, the hydroxyl radical must have access to the carbon carrying 

the nitro group.10,11 Since the orientation of PNP– is such that the nitro group is pointing out of the 

solution,13-15 it is less likely that the hydroxyl radical will be able to gain access to this carbon, 

which would effectively prevent the denitration reaction from occurring. Accordingly, the rate of 

photodegradation would be reduced as compared to that of the bulk solution. 

 It is interesting to note, however, that the orientation of PNP– at the solution surface still 

changes under irradiation by UV light. It is still possible that the surface pH is changing, thereby 

shifting the equilibrium between PNP and PNP– towards the neutral species. It is also possible that 

the orientational change experienced by PNP– under irradiation is caused by a change in the 

chemical make-up of the bulk, assuming that the monolayer-substrate interaction is the primary 

reason for the orientational change of PNP– at the air-aqueous interface. Similarly, if the 

orientational change observed in the control is attributed to dipole-dipole or charge-charge 

interactions at the surface, the orientational rearrangement could be attributed to the same change 

in the composition of the interface under irradiation. 

5.3 Future Work 

 To investigate the equilibrium properties of phenolic compounds at the air-water interface 

further, para-substituted phenolic compounds with a variety of inductive effects should be studied, 

as well as phenolic compounds that form different charges in acidic and basic solutions. This would 

reduce the likelihood that the orientational rearrangement is caused by dipole-dipole or charge-
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charge interactions. If a change in the average molecular orientation of molecules at the surface is 

observed only for molecules in alkaline solution, then we may conclude that the observed 

orientational change arises from a monolayer-substrate interaction with the metal cations or 

hydroxide anions in the bulk. Following this, we may investigate the effect of using different bases 

containing different cations. Our lab also intends to study the equilibrium of PNP– at a hexane-

water interface for comparison with this study. This is in an effort to understand how the 

equilibrium of PNP– may change at this interface as well as to elucidate fundamental knowledge 

about this surface and how it differs from the air-water interface. 

 With respect to the photochemistry of PNP– at the air-aqueous interface, performing the 

surface photodegradation for a longer time span would ensure that the surface has had sufficient 

exposure to the UV light source and confirm the result of this study. Due to the low quantum 

efficiency of the reaction, we will explore the possibility of using H2O2 as a catalyst for the 

reaction. Increasing the overall reaction rate will provide more insight into the photochemistry of 

the surface by reducing the number of uncontrolled variables that arise due to the long time scale 

of the reaction. 
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Appendix I: Modeling of the Surface 

 The method we used to model the air-water interface in our study is that of the nonlinear 

polarization sheet as described by Brevet et al..1 This model (Fig. A-1) treats the surface as a region 

with unique dielectrics, 𝜀𝑚(𝜔) and 𝜀𝑚(2𝜔), that is the average of the two linear optical dielectrics, 

Figure A-1: Diagram of the nonlinear polarization sheet. In the figure, the bounded region denoted by diagonal lines 

represents the surface region, treated as a unique medium. Pictured above are multiple reflections and transmissions 

of both the fundamental, 𝜔, and second harmonic, 2𝜔, beams. 
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𝜀1(𝜔) and 𝜀2(𝜔), and 𝜀1(2𝜔) and 𝜀2(2𝜔), respectively. This model is used to calculate the 𝑎𝑖 

coefficients used in the determination of average molecular orientation and the orientation 

insensitive polarization configuration and is dependent upon the geometry. 

 In the reflection mode, the 𝑎𝑖 coefficients (Eqs. A-1), where 𝑖 = 1…5, are calculated from 

the fundamental (Eqs. A-2) and harmonic unit vectors (Eqs. A-3), 𝑒(𝜔) and 𝑒(2𝜔), respectively. 

 𝑎1 = 𝑒𝑦(𝜔)𝑒𝑧(𝜔)𝑒𝑦(2𝜔)  

 𝑎2 = −2𝑒𝑧(𝜔)𝑒𝑥(𝜔)𝑒𝑥(2𝜔)  

 𝑎3 = 𝑒𝑥(𝜔)𝑒𝑥(𝜔)𝑒𝑧(2𝜔)  

 𝑎4 = 𝑒𝑧(𝜔)𝑒𝑧(𝜔)𝑒𝑧(2𝜔)  

 𝑎5 = 𝑒𝑦(𝜔)𝑒𝑦(𝜔)𝑒𝑧(2𝜔) (Eqs. A-1) 

 

 𝑒𝑥(𝜔) = (𝑟𝑚2
𝑝 − 1)𝑡1𝑚

𝑝 cos 𝜃(𝜔)  

 𝑒𝑦(𝜔) = (1 + 𝑟𝑚2
𝑠 )𝑡1𝑚

𝑠   

 𝑒𝑧(𝜔) = (1 + 𝑟𝑚2
𝑝 )𝑡1𝑚

𝑝 sin 𝜃(𝜔) (Eqs. A-2) 

 

 𝑒𝑥(2𝜔) = (𝑅𝑚2
𝑝 − 1)𝑇1𝑚

𝑝 cos 𝜃(𝜔)  

 𝑒𝑦(2𝜔) = (1 + 𝑅𝑚2
𝑠 )𝑇1𝑚

𝑠   

 𝑒𝑧(2𝜔) = (1 + 𝑅𝑚2
𝑝 )𝑇1𝑚

𝑝 sin 𝜃(𝜔) (Eqs. A-3) 

The fundamental and harmonic vectors relate to the fractions of reflected and transmitted light, 𝑟 

and 𝑡, respectively, as they travel from one medium to another, where capital letters refer to the 

SH beam. In the equations above, s and p refer to s and p-polarized light, respectively. The angles 

𝜃(𝜔) and 𝜃(2𝜔) refer to the angle between the surface normal and the fundamental and harmonic 

beam, respectively, within the nonlinear polarization sheet. The values of 𝜃 are determined from 

the experimental geometry and Snell’s law (Eq. A-4), where 𝑛1 and 𝑛2 are the refractive indices 

of the two media that comprise interface. 

 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (Eq. A-4) 
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 The Fresnel factors, 𝑟 and 𝑡, are obtained from the dielectric constants of the media at the 

interface and the experimental geometry (Eqs. A-5, A-6, & A-7). In all equations, 𝑖 and 𝑗 refer to 

the media at the interface where, for our experiment, 1 is the air, 𝑚 is the nonlinear polarization 

sheet, and 2 is the bulk solution. 

 𝑟𝑖𝑗
𝑠 =

𝑤𝑖 −𝑤𝑗

𝑤𝑖 +𝑤𝑗
  

 𝑟𝑖𝑗
𝑝 =

𝑤𝑖𝜀𝑗 − 𝑤𝑗𝜀𝑖

𝑤𝑖𝜀𝑗 + 𝑤𝑗𝜀𝑖
 (Eqs. A-5) 

 

 
𝑡𝑖𝑗
𝑠 =

2𝑤𝑖
𝑤𝑖 + 𝑤𝑗

  

 
𝑡𝑖𝑗
𝑝 =

2𝑤𝑖√𝜀𝑖𝜀𝑗

𝑤𝑖𝜀𝑗 + 𝑤𝑗𝜀𝑖
 (Eqs. A-6) 

 

 𝑤𝑖 = √𝜀𝑖 cos 𝜃𝑖 (Eq. A-7) 

 The angle of incidence upon the surface in the experiment is 70° and the differences in the 

refractive indices of each material at 400 nm and 800 nm were negligible. Thus, the calculated 𝑎𝑖 

coefficients are as follows: 

𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 
0.33923 -0.38455 0.19228 0.32011 0.33924 

Table A-1: SHG orientational fitting coefficients for average molecular orientation calculations. 

From these coefficients and for p-output polarized light, the orientation insensitive input 

polarization angle, 𝛾∗, is calculated for a dominant 𝛽𝑧′𝑧′𝑧′ molecular hyperpolarizability2 (Eq. A-

8). 

 

𝛾∗ = cos−1 (
𝑎5

3𝑎4 + 𝑎5 − 𝑎2 − 𝑎3
)

1
2
 (Eq. A-8) 

The geometry used in the experiments results in an orientation insensitive configuration of 61.5° 

input and p-output polarized light. 
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Appendix II: Confirmation of SH in Reflection Geometry 

The Teflon dish from the surface SH experiments was replaced with a silver reference 

mirror because it provides a strong SH response. The mirror was not translated to minimize 

variations in the signal caused by imperfections on the surface of the mirror. The power incident 

on the mirror was adjusted by utilizing different combinations of neutral density filters. This 

procedure is carried out to optimize the detector and alignment, since the intensity of the SH is 

proportional to the square of the intensity of the fundamental beam (Eq. A-9)1. 

 𝐼2𝜔 ∝ 𝐼𝜔
2  (Eq. A-9) 

A plot of SH intensity versus input power (Fig. A-2) confirms that this relationship holds 

for input power readings below approximately 0.45 W, as the slope of the line from the log-log 

Figure A-2: SH intensity as a function of input power. The solid line is drawn to illustrate the quadratic dependence 

of the SH signal, 𝐼2𝜔, on the intensity of the fundamental beam, 𝐼𝜔. The inset is that of the log-log plot of this 

relationship. The slope of the solid line in the inset is 2, which provides confidence that the measured signal is that of 

the SH.  
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plot of this relationship is 2 in this range. This plot also shows that for incident power above 0.45 

W, processes other than SHG may be occurring, such as third-harmonic generation. 
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Appendix III: Confirmation of the SH Signal from a Solution of PNP– 

The same procedure as in Appendix II was carried out at a 45°-input and s-output 

polarization configuration for a sample of PNP– that was translated in order to confirm that the 

signal generated from the surface of the solution was the SH signal. Plots of SH intensity as a 

function of incident power and the log-log plot of that relationship were generated (Fig. A-3). In 

the log-log plot, the slope of the line was 2.05 ± 0.03, confirming that the signal measured from 

the surface is the SH. 

 

 

Figure A-3: SH intensity as a function of input power on a sample of PNP– confirming that the signal generated at the 

surface is that of the SH. 
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Appendix IV: Standard Curve of Fe2+ Complexation with o-Phenanthroline 

 A standard curve of the iron (II) o-phenanthroline complex was produced using the method 

described in Chapter 2 (Fig. A-4). The molar extinction coefficient of this compound at 510 nm 

was found to be 11290 ± 20 dm3 mol−1 cm−1. 

  

Figure A-4: Standard curve of the iron (II) o-phenanthroline complex. The absorbance spectra (left) of ten different 

concentrations were analyzed at 510 nm and plotted as a function of concentration (right). The slope of this line 

represents the molar extinction coefficient, which was 11290 ± 20 𝑑𝑚3 𝑚𝑜𝑙−1 𝑐𝑚−1. 
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Appendix V: Molar Extinction Coefficients of PNP and PNP– 

 The molar extinction coefficients of PNP and PNP– were determined from UV/Vis 

spectroscopy. Different concentrations of each solution were prepared and analyzed with a UV/Vis 

spectrometer. The extinction coefficients were found to be 19350 ± 50 dm3 mol−1 cm−1 at 316 

nm and 19420 ± 70 dm3 mol−1 cm−1 at 401 nm, respectively. 

  

Figure A-5: UV/Vis spectra of PNP (a) and PNP– (c) were analyzed at 316 and 401 nm, respectively. The resulting 

plots of absorbance as a function of concentration reveal the molar extinction coefficients to be 19350 ±
50 𝑑𝑚3 𝑚𝑜𝑙−1 𝑐𝑚−1, for PNP (b) and 19420 ± 70 𝑑𝑚3 𝑚𝑜𝑙−1 𝑐𝑚−1, for PNP– (d). 
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Appendix VI: Modeling of the UV Lamp 

 The UV lamp used in the photochemical experiments was modeled in the manner described 

by Aillet et al..3 The spectral irradiance of the arc lamp, provided by the supplier,4 was digitized, 

converted to a log plot, and then fit to an exponential as it provided a fit of the interpolated data 

(Fig. A-6) with a 𝜒2 of 0.0221503. The fit function was then converted back to spectral irradiance 

with units of W m−2. To correct for the F/1 condenser in the lamp housing, the spectral irradiance 

was multiplied by a factor of 0.11 for all wavelengths, as instructed by the supplier.5 The correction 

used for the rear reflector in the lamp housing was multiplication by a factor of 1.2 for wavelengths 

below 250 nm which was then scaled linearly to a factor of 1.6 for wavelengths of 350 nm and 

above.5 This process gives us the radiant exitance, 𝑀𝑒,𝜆, of the lamp for each wavelength in the 

Figure A-6: The log plot of the interpolated spectral irradiance data. The exponential fit function used was in the form 

𝑦 = 𝑦0 + 𝐴𝑒
−𝜏𝜆. The fitting coefficients were 𝑦0 = −1.31 ± 0.02, 𝐴 = −50 ± 10, and 𝜏 = 0.018 ± 0.001. 
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range of 200 to 550 nm. For each wavelength in this range, the radiant exitance was converted 

from energy quantities to photon quantities, 𝑀𝑝,𝜆, with units of einstein s−1 (Eq. A-10), using the 

wavelength, 𝜆, Avogadro constant, 𝑁𝐴, Planck constant, ℎ, and constant speed of light, 𝑐. 

 
𝑀𝑝,𝜆 = 𝑀𝑒,𝜆

𝜆

𝑁𝐴ℎ𝑐
 (Eq. A-10) 

These photon quantities were then converted to the density function of the lamp, 𝑔𝜆, by dividing 

each photon quantity in the range of 200 to 500 nm by the sum of all the photon quantities in that 

range (Eq. A-11). 

 
𝑔𝜆 =

𝑀𝑝,𝜆
∑ 𝑀𝑝,𝜆𝑖𝜆𝑖

 (Eq. A-11) 

This function represents the relative number of photons emitted by the lamp per second. When the 

relative photon quantities are plotted as a function of wavelength, it is evident that the lamp used 

in the photochemistry experiments has a preponderance of photons of longer wavelengths as 

compared to those of shorter wavelengths (Fig. A-7).  

Figure A-7: The density function of the lamp, representing the relative number of photons of each wavelength emitted 

from the lamp per second, as a function of wavelength shows that the lamp used in the photochemistry experiments 

emits a greater number of photons of longer wavelengths compared to shorter ones. 
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Appendix VII: Interpolation of the Quantum Yield of Potassium Ferrioxalate 

 Quantum yield values of the potassium ferrioxalate actinometer obtained from literature6-9 

were plotted as a function of wavelength (Fig. A-8). From this plot, the quantum yield values were 

fit to a fourth order polynomial, Φ(𝜆), to interpolate quantum yield values for all wavelengths in 

the range of 200 to 550 nm (Eq. A-12). This method is similar to the one used by Bing et al..6 

From the fit, wavelength, 𝜆, is in nm, and the fitting coefficients, 𝐴𝑖, obtained are tabulated below 

(Table A-2). 

 Φ𝜆 = 𝐴0 + 𝐴1𝜆 + 𝐴2𝜆
2 + 𝐴3𝜆

3 + 𝐴4𝜆
4 (Eq. A-12) 

𝐴0 𝐴1 𝐴2 𝐴3 𝐴4 

−38 ± 6 0.41 ± 0.07 −(1.6 ± 0.3) × 10−3 (2.8 ± 0.5) × 10−6 −(1.8 ± 0.3) × 10−9 

Table A-2: Coefficients obtained from the fourth order polynomial fit of quantum yield values from the literature. 

Figure A-8: Polynomial fit of the quantum yield values for the potassium ferrioxalate actinometer. The fit line was 

used to interpolate quantum yield information for each wavelength in the range of 200 to 550 nm. 
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Appendix VIII: Fraction of Light Absorbed by Potassium Ferrioxalate 

 In order to obtain the wavelength dependent fraction of light absorbed by the actinometer 

solution, 𝑓𝜆, Napierian molar absorption coefficients, 𝜅𝜆, were interpolated from a graph published 

by Aillet et al..3 The information obtained from this graph was then fit to an exponential, and 

converted to the fraction of light absorbed using Eq. 4-3 (Fig. A-9).  
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Figure A-9: The exponential fit line in the graph on the left was used to interpolate the Napierian molar absorption 

coefficient for each wavelength in the range of 200 to 550 nm. The fitting parameters were such that 𝑦0 = −200 ±
100, 𝐴 = (1.8 ± 0.7) × 106, and 𝜏 = 0.019 ± 0.001, with the wavelength, 𝜆, in nm. These molar absorption 

coefficients were then applied to Eq. 4-3 to obtain the fraction of light absorbed as shown in the graph on the right. 


