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CHAPTER 1 : BACKGROUND AND INTRODUCTION 

1.1 Motivation 

Surfaces and interfaces are important in many areas of science and technology, 

ranging from chemistry and physics to electronics and biology.  They are the point of 

interaction for materials with the world.  A material’s surface/interfacial properties can be 

very different from its bulk properties.  A material’s surface properties can also change 

depending on the environment with which the material is in contact.  A better 

understanding of surfaces and interfaces is of increasing importance to the development 

of nanoscience and nanotechnology.  For example, various devices such as nanofluidic 

devices,
1-4

 Micro-Electro-Mechanical Systems (MEMS),
5-9

 sensors,
10-12

 medical 

implants,
13-15

 and of electronics
16-21

 continue to shrink towards the nanoscale. 

Many interfaces are hard to probe because they are actually buried, but most 

conventional surface science techniques are unable to probe buried interfaces in situ.  By 

virtue of being an all-optical technique Sum Frequency Generation (SFG), vibrational 

spectroscopy can probe buried interfaces as long as they are accessible by light.  For 

example, biomedical implants work in the aqueous environment of the human body.  The 

acceptance or rejection of a biomedical implant depends on the molecular interactions 

between the implant surface and the body, which are mediated by the surface chemistry 

and structure of the implant in an aqueous environment.
22

 Therefore it is necessary to 

investigate the surface chemistry and structure in aqueous environment in situ, which can 
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be quite different from those in vacuum.  The surface chemistry for a potential 

biomedical implant polymer is examined in Chapter 2.  SFG can provide molecular level 

information about the surface chemistry and structure in an aqueous environment in situ 

in real time. 

1.2 Sum Frequency Generation (SFG) Vibrational Spectroscopy 

Sum Frequency Generation Vibrational Spectroscopy (SFG) is a second order 

nonlinear optical technique that is intrinsically surface specific for centrosymmetric 

media.
23,24

  It has been demonstrated to have sub monolayer sensitivity.
25

  SFG provides a 

vibrational spectrum similar to those collected using Fourier Transform Infrared (FTIR) 

or Raman spectroscopic techniques, but the spectrum that SFG provides is specifically 

from the functional groups at the surface or interface.  The major advantages of the SFG 

technique include superb surface specificity, the ability to measure the orientation of 

surface functional groups or molecules, and the capability to probe buried interfaces.  It 

does not require a vacuum, as opposed to many other surface science techniques like X-

Ray Photon Spectroscopy (XPS), Scanning Electron Microscopy, etc.  This allows for in 

situ probing of surface properties at buried interfaces including aqueous environments.  

SFG has been applied to a wide range of systems including polymers,
26-31

 proteins,
32,33

 

peptides,
34-38

 DNA,
39

 self assembled monolayers,
40-42

 lung surfactants,
43-46

 and metal 

surfaces.
41,47,48

 

1.3 Mathematical Background of SFG 

The following discussion of the physical origins of SFG closely follows the 

presentation of Colin Bain.
49

  To a first approximation, the electron distribution in the 
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molecule responds harmonically to the electric field of incident light.  The dipole moment 

µ of the molecule can be described as:  

Eαµµ += 0
            Eq. 1 

Where µ0 is the static dipole moment, α is the polarizability, and E is the electric field of 

the incident light.  Since the induced dipole is not necessarily in the same direction as E, 

α is a (3x3) tensor.   

In condensed phases the dipole moment per unit volume, or polarization P, can be 

written as. 

EPP
)1(

0

)0( χε+=   Eq. 2 

Since few materials have a static polarization and certainly none of the materials studied 

here have a static polarization, P
(0)

 will be set to 0.   

 For a simple molecular material, the susceptibility depends on the number of 

molecules per unit volume, N, multiplied by the molecular polarizability average over all 

the orientations of the molecules in the material. 

0

)1(

ε

α
χ

><
=

N
            Eq. 3    

The linear properties of isotropic materials are characterized by the complex refractive 

index. 

)1(1 χ+=n   Eq. 4 

The real part determines the speed of light in the medium.   

][n

c
v

ℜ
=    Eq. 5 

The imaginary part determines the absorption coefficient, which unfortunately, is 

conventionally also denoted α, 

][
4

0

nℑ=
λ

π
α    Eq. 6 
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In intense light, such as a focused pulsed laser beam, the electric field is high enough that 

the electrons are no longer able to respond harmonically and higher order terms must be 

included in the expression for the dipole moment.  The Taylor expansion of µ goes as Eq 

7. 

KM ++++= EEEEEE γβαµµ :0
 Eq. 7 

The terms β  and γ are known as the first and second hyperpolarizabilities, where 

EE:β  denotes ∑
kj

kjijk EE
,

β    Eq. 8 

The polarization of the material under irradiation can now be written as a Taylor 

expansion as in Eq. 9. 

KMK EEEEEEPPPP
)3(

0

)2(

0

)1(

0

)3()2()1( : χεχεχε ++=+++=           Eq. 9 

where χ(2)
 is a third rank tensor known as the second order nonlinear susceptibility. 

χ(3)
 is a forth-rank tensor known as the third order nonlinear susceptibility.  Since SFG is 

a second order nonlinear optical process, when we study SFG, we usually stop the Taylor 

expansion after the χ
(2)

 term. 

If we describe the electric field as a cosine wave for a single laser beam, we have: 

)cos()(),( trEtrE ω=   Eq. 10 

If we then substitute in and look at just the second order term, we have: 

)(cos)()(: 2)2(

0

)2(

0

)2(
trErEEEP ωχεχε ==   Eq. 11 

Rearranging the double angle trigonometric identity 

2

1
)2cos(

2

1
)(cos

1)(cos2)2cos(

2

2

+=⇒

−=

AA

AA

   Eq. 12 

and substituting the trigonometric identity back in we now have: 

))2cos(1)(()(
2

1 )2(

0

)2(
trErEP ωχε +=   Eq. 13 
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As can be seen, light at 2ω can be generated and this process is known as second 

harmonic generation.   

 If two input laser beams at different frequencies interact at the sample, the 

polarization can be written as 

)cos()cos()()(: 2121

)2(

0

)2(
ttrErEP ωωχε=   Eq. 14 

Using the trigonometric identity 

)cos()cos()cos()cos(2 BABABA ++−=   Eq. 15 

the polarization can be written as 

)]cos()[cos(
2

1
)()(: 212121

)2(

0

)2( ωωωωχε ++−= rErEP    Eq. 16 

As can be seen, light at the difference of the two input laser frequencies, ω1-ω2, can be 

generated.  This process is known as difference frequency generation (DFG).  Light at the 

sum of the two input laser beam frequencies, ω1+ω2, can also be generated.  This process 

is known as sum frequency generation (SFG), which is the process that was used in this 

thesis to probe the surface chemistry at buried interfaces. 

In the experiments described in this thesis, the two laser beams that are used are a 

visible beam at 532.1 nm, and an infrared beam that is tunable from 3 to 10µm.  SFG and 

DFG are coherent phenomena, so the direction of emission is determined by the 

conservation of momentum parallel to the surface. 

)sin()sin()sin( 2211 θθθ kkk sumsum +=  Eq. 17 

Where k is the wave number 

λ

π2
=k    Eq. 18 

The intensity of the emitted sum frequency light depends on the square of P
(2)

, therefore it 

is proportional to |χ(2)|2.  The SFG second order nonlinear optical susceptibility χ(2) is a 

macroscopic property of the sample media.  It is the sum of all the molecular second 
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order hyperpolarizability β(2)
 or β for simplicity.  An expression for β can be found by 

second order perturbation theory as an infinite sum over the quantum states of the system.  

This of course has a complicated general solution, but some physical insight can be 

gained into SFG if the simplifications of ωsum and ωvis
 
are not in resonance with an 

electronic transition in the sample and the electric dipole approximation is assumed.   

 Near a vibrational transition, ω0, in a molecule the hyperpolarizability, β, is given 

by  

∑
Γ+−

><
⊗

−

>><<
−

−

>><<−
=

s IR

n

sgvis

lm

sgsum

ml

lmn
i

gvvssgvssg
}

||
{}

)(

||||

)(

||||
{

2

1

0ωω

µ

ωω

µµ

ωω

µµ
β

hhh
 

Eq. 19
 

| g > is the ground vibrational state 

| v > is the excited vibrational state 

| s > is any other state 

Γ−1
 is the relaxation time of the excited vibrational state 

µ = er is the electric dipole operator 

The first bracket is the Raman transition dipole moment.  The second bracket is 

the infrared transition dipole moment.  Therefore, a molecule is sum frequency active 

only if it is both infrared active AND Raman active.   

 For a molecule to be infrared active the electric dipole moment of the molecule 

must change as the atoms are displaced relative to each other.  For example, homonuclear 

diatomic molecules are infrared inactive because their dipole moments remain zero 

during the stretching vibration. 

 Since an infrared absorption process is a one-photon process, the transition dipole 

moment can be deduced using first order perturbation.  Assuming we can separate 
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vibrational motions from other motions of the molecules, the gross selection rule for 

infrared activity can be justified by considering the transition dipole moment as 

 >< if vv || µ
)  

Eq. 20         
 

where µ
)

 is a dipole operator.  Subscripts i and f are used to label the initial and final 

vibrational states for a vibrational transition.   

Here we only discuss the one-dimensional case for simplicity.  If we consider the 

dipole moment as arising from two partial charges + δq separated by a distance R = Re + 

x, we can describe the displacement from equilibrium separation during a vibration, x, as  

µ
)

 = qxxqqqR δµδδδµ +=+== 0Re   Eq. 21 

where µ0 is the electric dipole moment when the nuclei are at their equilibrium separation.  

It follows that 

><+><>=< ififif vxvqvvvv ||||| 0 δµµ
)

            Eq. 22    

Since vf and vi are orthogonal states the term <vf|vi> is zero.  Thus  

><>=< ifif vxvqvv |||| δµ
)

   Eq. 23 

dx

d
q

µ
δ =      Eq. 24 

)(||||
dx

d
vxvvv ifif

µ
µ >>=<<
)

Eq. 25 

This shows that for the molecule to be infrared active the dipole moment must vary with 

displacement.  A Raman scattering process is more complicated than an IR absorption 

process. A Raman scattering process involves two photons: one incident photon and one 

outing photon.  Therefore, the Raman transition polarizability can be calculated by 

second order perturbation.  After applying some assumptions, it can be written in a 

formula with a similar format as the IR transition dipole moment.  The result shows that 

for a vibrational mode of a molecule to be vibrational Raman active the gross selection 

rule is that the polarizability should change as the molecule vibrates.  Even though the 
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mathematical representation for a Raman tensor can be complicated, for an approximate 

picture, it can be regarded as the electron cloud around the nuclei in the molecule.  For 

example, as a diatomic molecule swells and contracts during a vibration, the influence the 

atomic nuclei exert over the electron cloud varies, hence the molecular polarizability 

changes.  

 The ramifications of the gross selection rules of infrared activity and Raman 

activity for SFG are given here for the example system of a diatomic molecule.  A 

diatomic molecule only has one vibrational mode: the stretching mode.  This mode for a 

homonuclear diatomic molecule is Raman active, but infrared inactive- hence it would be 

sum frequency inactive; while this mode for a heteronuclear diatomic molecule is 

infrared active and Raman active so it would be sum frequency active.   

 Returning to the expression Eq. 19 it should be noted that the (ωIR-ω0) term in the 

denominator gives rise to a maximum in β, when the infrared frequency is in resonance 

with the molecular vibrational frequency.  The damping term Γ determines the line width 

of the resonance peak. 

 As we discussed above, χ(2)
 is a macroscopic property of a medium, which is the 

sum of hyperpolarizability β of all the molecules in the medium.  From the expression of 

β, we know that χ(2) is a polar tensor.  This intrinsic symmetry of the χ(2)
 tensor forbids 

SFG in centrosymmetric materials.  Because χ(2) is a polar tensor of rank three, it changes 

sign under the inversion operation. 

)()( )2()2( rr −−= χχ    Eq. 26 

A centrosymmetric material however is invariant under inversion so 

)()( )2()2( rr −= χχ    Eq. 27 
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0)()( )2()2( =−−=−⇒ rr χχ    Eq. 28 

Hence, SFG under the electric dipole approximation does not occur in a centrosymmetric 

material.  SFG can also occur by magnetic dipole or electric quadrupole mechanisms, but 

these mechanisms are usually much weaker than the electric dipole mechanisms.
33,50

At 

interfaces though, the centrosymmetric symmetry is broken, χ
(2)

 ( r) ≠ χ
(2)

 (-r), and second 

order nonlinear optical phenomenon can occur.   

This is the source of the surface specificity that is cited for second harmonic and 

sum frequency generation.  Thus, using vibrational SFG is possible to differentiate the 

vibrational spectrum of the chemical functional groups that are at the surface from the 

vibrational spectrum of the same chemical functional groups in the bulk. 

 By varying the polarization, (orientation of the electric field of the light) used to 

excite the molecule, we can determine the molecular orientation.  For example, 

intuitively, if the infrared electric field is oriented along the molecular vibrational axis, 

we will get a strong response, as opposed to if the electric field is oriented perpendicular 

to the molecular vibrational axis.  When the infrared electric field is oriented transverse 

to the molecular vibrational axis, no response will be observed.     

As discussed above, χ(2) 
is a third rank tensor that has twenty-seven tensor 

components.  For a particular vibrational mode, χ(2)
 is the overall sum (or average) over 

hyperpolarizability of all the molecules (or functional groups) in the sample.  If we want 

to use a mathematical formula to represent this relation, we have: 

  Eq. 29  

We can also consider this relation as following: The SFG susceptibility tensor 

element χijk (i, j, k = x, y, z) is related to the SFG molecular hyperpolarizability tensor 
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element βlmn (l, m, n = a, b, c) by Euler angle projection where the signal is the sum of all 

the projections. 

If all the molecules were randomly oriented, then the summed result, χ(2)
, would 

be zero.  If the molecules adopt some orientation order, such orientation information may 

be deduced by measuring different χ(2)
 components if molecular hyperpolarizability is 

known.   

Varied polarization combinations of the input and signal beams can be used to 

measure different tensor components in χ(2)
, which will be further discussed at a later 

point.  If the symmetry for a molecule or functional group under study for the vibrational 

mode q is known, the explicit expression between various χ(2)
 tensor components and 

hyperpolarizability components would be known.  More details will be given in the 

discussion of the orientation calculations in the later chapters.  In general, for the systems 

that will be investigated in this thesis, only one orientation angle θ (the angle between the 

principle axis of a functional group and the surface normal) will be studied.  χ(2)
 tensor 

components are related to hyperpolarizability tensor components depending on this polar 

angle θ only through averages <cos θ> and <cos
3
 θ>.   

 Different tensor components of χ(2)
 are sampled by different laser polarizations.  

In general, P polarized light samples a combination of in plane and out of plane 

contributions, while S polarized light samples only in plane contributions.  By convention, 

the polarization combinations are ordered signal, visible, and infrared.  So the 

polarization combination SSP has S polarized SFG signal beam, S polarized visible beam 

and P polarized infrared beam.  Figure 1-1 shows a cartoon of the direction of the electric 

field for P and S polarized light relative to a sample surface. 
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For a nonchiral surface that is isotropic in the x-y plane (like a spin-coated polymer), 

there are only four independent nonzero components of the 27 element tensor χ(2)
  

zyyzxx

yzyxzx

yyzxxz

zzz

χχ

χχ

χχ

χ

=

=

=
  Eq. 30 

For experiments that are conducted away from electronic resonances of the sample there 

is a further simplification known as the Kleinmann symmetry where  

zxxxzx χχ =   Eq. 31 

These different contributions can be probed by varying the polarization of the light.   

With s-polarized visible and infrared (E in the y direction) only χzyy contributes giving 

rise to p-polarized sum frequency emission.  With s-polarized visible and p-polarized IR 

only χyyz contributes and gives rise to s-polarized sum frequency emission.  With p-

polarized visible and p polarized infrared all four components can contribute with their 

relative importance determined by the electric fields at the surface in the window 

geometry.  The above discussion can be summarized using the following mathematical 

formulas: 

P 
S 

Figure 1-1 The electric field directions of P polarized light and S polarized light incident on 

a surface.  S polarized light has an electric field that goes into the page 
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             Eq. 32 

 

In the prism geometry and the PPP polarization combination the χzzz component is 

an order of magnitude greater than any other component.  When we adopt the near total 

reflection geometry,     )(ωxxL is close to zero.  Therefore,  

zzzzzzzzzppp LLL χβββωωωχ 2121 sinsinsin)()()(∝
          Eq. 33 

Since SFG is a coherent process, it also carries information in the phase of the 

signal.  Since inverting molecules changes the sign of χ(2), it also changes the sign of P
(2)

 

and hence the phase of the emitted light by π, which can be measured by interference 

methods.  The most common way this is implemented is by changing the substrate to 

something that has a nonresonant SFG signal.  The nonresonant SFG will interfere either 

constructively or destructively with the resonant SFG signal of a sample providing 

relative orientation information about the molecules under investigation.  If the phase of 

the nonresonant SFG signal can be calibrated using a reference sample of molecules with 

known orientation (thus known phase of the SFG signal), the absolute orientation of 

sample molecules can be deduced.  None of the experiments reported here, used this 

interference technique.  
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1.3 SFG Instrumentation 

In our SFG experimental setup, the sum frequency spectra are collected by 

overlapping a visible and a tunable infrared beam on a polymer surface, at incident angles 

of 60° and 54° (versus the surface normal), respectively.  The visible beam at 532.1 nm is 

generated by frequency doubling the fundamental output pulses of 20 ps pulse width 

from an EKSPLA Nd:YAG laser.  The infrared beam is tunable from 2.5 to 10µm, (1000 

to 4000 cm
-1

).  It is generated from an EKSPLA optical parametric 

generation/amplification and difference frequency system based on LBO and AgGaS2 

crystals.  Both beams are focused on the sample with diameters of approximately 0.5 mm.  

The sum frequency signal from the polymer surface is collected by a photomultiplier tube 

and processed with a gated integrator.  Two photodiodes are used to monitor the input 

visible beam and infrared beam powers by collecting the back reflections of these two 

beams.  These are used for normalization purposes to eliminate artifacts in the SFG signal 

from fluctuations in the infrared or visible beam intensities.  Surface vibrational spectra 

are obtained by measuring the SFG signal as a function of the input infrared frequency.  

SFG spectra with different polarization combinations including ssp (s-polarized sum 

frequency output, s-polarized visible input, and p-polarized infrared input), ppp, pss, and 

sps can be collected to probe orientation of surface groups.  Figure 1-2 shows a schematic 

of the SFG laser system in the Chen lab. 
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532nm Periscope

IR Periscope

532nm Periscope

IR Periscope

 
Figure 1-2 Schematic of single resonance SFG laser setup. 

1.4 Sample Geometries 

 Two different sample geometries were used for the experiments reported here.  In 

“window geometry”, a fused silica or a CaF2 substrate with parallel sides was used.  

(Figure 1-3)  In “prism geometry”, a right angle prism of either fused silica or a CaF2 was 

Figure 1-3 Schematic of window geometry. 

Figure 1-4 Schematic of prism geometry. 
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used.  (Figure 1-4)  In prism geometry, one of the right angles sides was coated with the 

sample under investigation.  The prism geometry produced a stronger signal due to more 

favorable Fresnel coefficients.  It has been shown that the polymer-substrate interface 

does not produce much SFG signal.
51

  Thickness-dependent studies have shown that the 

bulk polymer does not contribute to the signal.  If the bulk polymer contributed to the 

signal, then a thicker sample should give a stronger signal, which is not what is observed.  

Also surface specific changes such corona treating or contacting to water can show strong 

changes in the SFG spectrum.  This clearly proves that the signal arises from the bottom 

free surface and not from the CaF2 polymer interface.  Experiments where the polymer 

was contacted to water or other liquids involved bringing the water up to contact the free 

polymer-air surface. 

 

 

1.5 Overview of Presented Research 

Buried interfaces, the juncture between two bulk media, are extremely important 

to understand and yet extremely difficult to probe.  Until recently there has been no good 

nondestructive, in situ, analytical technique that can probe buried interfaces.  SFG 

provides a powerful tool to probe molecular level structure and interactions at buried 

interfaces.  This dissertation uses SFG to examine molecular level structure and 

interactions at a variety of buried interfaces.  The research presented in this thesis applies 

SFG to aid in the understanding of a wide variety of problems and areas including 

polymer surface restructuring in water, polymer adhesion, two-dimensional organic 

crystals, and polymer induced heteronucleation of pharmaceuticals.  
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The goal of this research was to investigate chemical interactions at buried 

interfaces involving organic molecules or polymer materials using SFG vibrational 

spectroscopy.  In Chapter 2, the SFG investigation of functionalized poly-p-xylylene 

(PPX) will be described.  Polymer surface structures of PPX with different functionalities 

will be probed and compared.  Surface restructures for these surfaces in varied chemical 

environments will be examined.  Specifically, we will develop a molecular level 

understanding of the Solventless Adhesive Bonding (SAB) technique developed by the 

Lahann group using aldehyde and amine functionalized PPX. 

In Chapter 3, the investigation of two dimensional crystallization of phthalate 

diester monolayers on graphite solid/liquid interface by combined scanning tunneling 

microscopy (STM) and SFG will be described.  2D crystals at the liquid/solid interface 

have attracted great attention because they may be used to build molecule-based devices 

such as sensors using well-patterned surface.
52

 These 2D crystals have been investigated 

with the aid of STM offering direct information on local packing structure.
52

  In general, 

the structural insight with atomic resolution based on the high-resolution STM images is 

complemented by computed models.  Supplemented by computed models, STM can 

provide detailed structure of 2D crystals formed at the liquid/solid interface with atomic 

resolution.  However, some structural information such as functional group orientations 

in such 2D crystals needs to be tested experimentally to ensure the accuracy of the 

deduced structures.  Due to the limited sensitivity, many other experimental techniques 

such as Raman and infrared spectroscopy are not able to provide such structural 

information of 2D crystals.  Here we show that SFG can measure average orientation of 

functional groups in such 2D crystals, or physisorbed monolayers, providing key 
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experimental data to aid in the modeling and interpretation of the STM images.  The 

usefulness of combining these two techniques was demonstrated with a phthalate diester 

monolayer formed at the 1-phenyloctane/ highly oriented pyrolytic graphite (HOPG) 

interface.  The spatial orientation of the ester C=O of the monolayer was successfully 

determined using SFG.   

Chapter 4 will describe the investigation of a series of poly-n-methacrylates and 

the effect of side chain length on the C=O orientation.  The effects of exposure to water 

on the C=O orientation were also investigated.  Our group previously investigated the 

orientation of the terminal methyl group of a similar series of polymers.
53

 However, the 

methyl groups are largely non-interacting groups though; while the carbonyl groups are 

well known hydrogen-bonding groups.  Therefore the surface interactions of the 

polymers are more likely to be determined by the C=O orientation, which this research 

investigates.  The C=O stretching spectra of the polymers in air and contacted to water 

were collected.  .  The SFG spectra of the polymers contacted to water showed that all the 

C=O groups were accessible to form hydrogen bonds with water.   

In Chapter 5, the interface of the crystallized acetaminophen polymer interface 

was investigated.  The Matzger group found that heteronucleating acetaminophen crystals 

on polymer surfaces led to previously inaccessible thermodynamically metastable 

polymorphs.
54-59

 The mechanism however was unclear.  The SFG study here provides 

insights to the interfacial interactions leading to polymer-induced heteronucleation.  In 

this study, we investigated acetaminophen heteronucleation on two polymer surfaces, 

poly (methyl methacrylate) (PMMA) and poly (n-butyl methacrylate).  It has been found 

that acetaminophen forms different polymorphs on these two polymer surfaces: on 
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PMMA it forms orthorhombic crystals while on PBMA it forms monoclinic crystals.  

SFG spectra were collected from polymer/acetaminophen solution interfaces to try to 

elucidate the crystal growth mechanism starting from the first adlayer.  For comparison, 

saturated solutions of phenol and acetanilide were also studied.  The C=O stretching peak 

of the polymer was observed to shift due to hydrogen bonding.  The phenol induced a 

peak shift of around 30 cm
-1

, while the acetaminophen and acetanilide induced peaks 

shifts of around 10 - 15 cm
-1

.  This implied that the NH group of the acetaminophen was 

hydrogen bonding to the C=O group in the polymers.  The C=O groups in PMMA and 

PBMA were determined to have different orientations when hydrogen bonded to 

acetaminophen molecules, which lead to the different polymorph selection.  These results 

are compared to the results obtained from the polymer/crystal interfaces deposited by 

solution and by subliming.  The polymer/crystal interfaces deposited by solution showed 

evidence of hydrogen bonding, too, but the crystals deposited by subliming did not show 

evidence of hydrogen bonding.  The sublimed samples only formed monoclinic crystals. 

 Chapter 6 will describe the designing and building of an SFG imaging system.  A 

collinear beam scanning system using a cassegrain all reflective microscope objective 

was designed and built.  Clearly extending the SFG technique to a heterogeneous surface 

would be of interest.  An SFG image of microcontacted printed PMMA was obtained.  

Chapter 7 will be a summary and conclusion chapter. 
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CHAPTER 2 : FUNCTIONALIZED POLY-P-XYLYENE 

2.1 Introduction 

Thin-film polymer coatings are currently being studied for many high-tech 

applications including biomaterials,
1-4

 biosensors,
5,6

 insulating layers in integrated 

circuits,
7,8

 thin-film transistors,
9-13

 light-emitting diodes,
14-18

 optical systems,
19-21

 

microelectrical-mechanical systems (MEMS),
22-27

 lasers,
28-31

 waveguides,
32-38

 and 

photodiodes.
39-44

  In some applications (e.g., for protein and cell patterning or biosensing 

purposes), a polymer coating with a micro patterned surface structure is required.
24,45-47

 

Poly (p-xylylenes) (PPX) belong to a group of special polymers that are under 

investigation for such thin-film applications.
48-69

  For example, PPX has been examined 

for use as a coating for drug eluting vascular stents.
54

 PPX coatings can have many 

favorable properties such as coating homogeneity, high mechanical stability, and low cost.  

However, PPX is relatively thrombogenic.  In the Lahann group in the Department of 

Chemical Engineering at the University of Michigan a chemical vapor deposition (CVD) 

method to deposit functionalized PPX polymer coatings on a variety of substrates has 

been developed.  The functionalization of PPX can be used to optimize the surface 

structures and surface properties of such coatings.  Currently, various functional groups, 

such as hydrophilic ethylene glycol groups, hydrophobic fluorinated side chains, reactive 

aldehyde groups and amino groups, and aromatic phenyl groups, have been introduced 

into the PPX coatings.   
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SFG spectroscopy was used to examine the surface structures of these 

functionalized PPX polymers in different chemical environments, e.g., air and water.  It 

was found that SFG is sensitive enough to differentiate between varied surface structures 

of different functionalized PPX.  SFG was successfully used to probe PPX/water 

interfaces in situ, showing that the surface structure changes when the PPX coating is in 

an aqueous environment.  Finally, SFG has been applied to investigate molecular 

interactions of an interface between two PPX polymers functionalize with different 

reaction groups (PPX-CHO and PPX-NH2), providing molecular level understanding of 

polymer adhesion.  

2.2 Sample Preparation 

 The sample preparation was done by Hsien Yeh Chen in the Lahann group.  

Functionalization of PPX materials was accomplished using the CVD method (Figure 

2-1).  The unfunctionalized PPX (Figure 2-2) was made by subliming paracyclophanes 

under vacuum between 90-100º C.  The molecules then underwent pyrolysis at 700º C 

and converted into quinodimethanes.  Spontaneous polymerization occurred when the 

molecules condensed on to a cooled and rotating substrate maintained at 15º C.  By 

changing the functionalized group on the precursor paracyclophane various 

functionalized PPX copolymers shown in Figure 2-3 to Figure 2-8 were prepared.  All 

this work was performed in a custom-made CVD polymerization system.
53

  Throughout 

CVD polymerization, a constant argon flow of 20 sccm and a working pressure of 0.5 

mbar were maintained.  Films of ~100nm thickness were used for the SFG studies. 
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Figure 2-1 CVD setup in the Lahann group used to make functionalized PPX films. 

 

 
Figure 2-2 Unfunctionalized PPX structure     

                             

 
Figure 2-3 PPX-AF4 structure 

 

 
Figure 2-4 PPX-CO-C2F5 structure                                            
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         Figure 2-5 PPX-CO-Ph structure 

 

 
Figure 2-6  PPX-Ph-PEG structure      

                                      

 
Figure 2-7  PPX-CH2NH2 structure 

 

 
Figure 2-8  PPX-CHO structure 
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2.3 Verification that functionalization modifies the surface 

chemistry of PPX via SFG spectroscopy 

 Our first goal was to verify that the functionalization did indeed change the 

surface chemistry.  To this end, SFG spectra were collected on the unfunctionalized PPX 

various functionalized PPX samples.  Figure 2-9 clearly shows three peaks at 2845, 2910, 

and 3045 cm
-1

 in the ssp spectrum collected from the unfunctionalized PPX sample.  

These peaks can be assigned to the symmetric (2845 cm
-1

) and asymmetric (2910 cm
-1

) 

stretching of the CH2 linkers and aromatic C-H stretching (3045 cm
-1

) of the phenyl 

rings.  In Figure 2-10 CH2 and phenyl rings peaks are also observed from the PPX-Phenyl 

samples.  The phenyl ring peaks are different (e.g., with a large peak width), perhaps due 

to the different chemical environments for the phenyl in the backbone and the phenyl ring 

in the side chain.  Therefore, the overall signal has a wider peak.  Figure 2-11 clearly 

shows that the SFG spectrum of PPX-CO-PEG is different from unfunctionalized PPX.  

Figure 2-9 SSP SFG spectra of unfunctionalized PPX 
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We believe the spectra difference indicates that the surface is predominately PEG groups.  

The spectrum agrees with previously published SFG spectra of PEG.
70

  Figure 2-10 

shows the CF2 peaks from the fluorinated linkers, indicating functionalized fluorinated 

groups present on the surface.  In conclusion, we clearly show that the functionalization 

of PPX does change the surface chemistry of the polymer film.  

 

 
Figure 2-10 SSP SFG spectra of PPX-CO-Ph 

Figure 2-11 SSP SFG spectra of PPX-CO-PEG 
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Figure 2-10 SSP SFG spectra of PPX-AF4 showing the F related peaks 

 

2.4 PPX in contact with water 

Knowledge about the surface structure of a polymer in an aqueous environment is 

important for a number of applications, such as biomedical implants, marine antifouling 

coatings, and biological molecule separation using polymer membranes.  As mentioned 

in Chapter 1, many conventional surface sensitive techniques require high vacuum to 

operate, thus it is difficult to probe polymer/liquid interfaces.  SFG has been applied to 

investigate polymer surfaces structures in aqueous environment.  SFG studies indicate 

that some polymers reorient in an aqueous environment.
71,72

  In this work we observe the 

reorientation of the phenyl rings in the functionalized PPX films in water.  
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For polymer applications that are for an aqueous environment, it is important to 

understand the polymer surface chemistry in situ, as the surface structures of polymers in 

aqueous environments has been shown to be different in aqueous environments and air or 

vacuum environments.  Therefore, prediction of the polymer surface structure in water 

based on the structure studied in air or vacuum may not be correct.  

Contacting Water with Unfunctionalized PPX
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Figure 2-11 The effect of exposure of water to unfunctionalized PPX surfaces. 
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SFG spectra were collected from an unfunctionalized PPX surface in air, in water, 

and after removing the sample from water and exposing it to air again (Figure 2-11).  

Similar SFG studies have been performed on the phenyl functionalized PPX (PPX-CO-

Ph, Figure 2-12).  As can be seen from Figure 2-11 and Figure 2-12 the phenyl ring 

signal at 3050 cm
-1

 disappears during and after exposure to water.  With the SSP 

polarization combination, this implies that the phenyl rings are standing up in the as 

deposited films and lie down after exposure to water.  This might be due to the 

unfavorable interactions between the aromatic ring and water molecules.  Such 

unfavorable interactions push aromatic rings to lie down on the surface to minimize the 

interactions.  Changes in the surface structure induced by an aqueous environment have 

important effects on how biological molecules interact with polymer surfaces.  For 

example, the surface reorientation of aromatic ring at the PPX surface in an aqueous 

environment may change its interactions with protein molecules.  The interaction of 
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proteins with an implant has been shown to determine the acceptance or rejection of an 

implant.
71

   

2.5 Solventless Adhesive Bonding (SAB) Introduction 

 SFG was also applied to investigate buried interface between two functionalized 

PPX polymers with different reactive groups.  After annealing two such polymer 

materials, the two functional groups were found to react, resulting in strong adhesion at 

the interface to bond two polymers together.  This Solventless Adhesive Bonding (SAB) 

method has been developed by the Lahann at the University of Michigan.  Such a method 

can be used to bind any two materials together by chemical vapor deposition of the 

functionalized PPX on surface materials.  

This SAB method is important for many applications, in biotechnology as well as 

related fields.  As mentioned in Chapter 1, recent years have seen rapid progress in 

biotechnology and related fields towards  progressively smaller devices with increasing 

biological complexity.
73-77

 This has led to a need for novel materials and advanced micro-

fluidic device fabrication processes, which can be precisely tailored towards specific 

applications.  Device integration always comes with a series of challenges.  One of the 

outstanding challenges in this field is  effective bonding of independently designed sub-

structures.
78,79  

Poly(dimethylsiloxane) (PDMS) is a common and widely used material 

for low-cost, biotechnological applications, but it requires oxidative pretreatment, such as 

oxygen plasma
27,80-82

 or UV/ozone
83

 activation for bonding. Silanol groups are created 

after exposure to a highly oxidative environment.  These silanol groups can result in 

strong intermolecular bonding,
82

 but the oxidative activation effects tend to be temporary 

due to hydrophobic recovery,
84

 meaning that the oxidation reaction must be conducted 
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immediately prior to bonding. Hydrophobic recovery of the PDMS may be slowed down 

by storage of the material in water or extraction of the low-molecular weight 

components.
78,83,85

Even so, these oxidative approaches remain limited to a small group of 

substrates, such as PDMS, silicon, or glass,(materials with Si atoms) impeding the use of 

these methods to produce new or novel materials with desirable properties.  Progress in 

bonding technology has been limited by the lack of precision in the chemical reactions 

used for bonding, many of which require empirical process optimization to make feasible.  

SAB process is an alternate strategy for chemical bonding, which relies on 

reactive polymer coatings with precisely engineered surface chemistries and is applicable 

to a wide range of materials, including (but not limited to) PDMS.  Because SFG has the 

capability to probe buried interfaces in situ, the exact molecular mechanism of the SAB 

process can be elucidated using SFG.  Because of the high degree of selectivity of the 

chemistry exploited for SAB, the process lends itself to simultaneous bonding and 

surface modification. 

The interfacial bonding here was achieved through reactions between two 

complementary polymer coatings, one amine functionalized and one aldehyde 

functionalized.  (Figure 2-13)  These CVD-based polymer films were shown to form 

well-adherent coatings on a wide range of different substrate materials including 

polymers, glass, silicon, metals, or paper.  The coated materials can be stored for an 

extended period prior to bonding without losing their bonding capability.  Tensile stress 

experiments were performed on PDMS with various substrates, and the results compared 

favorably to current methods of bonding such as oxygen plasma and UV/ozone treatment.  
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SFG was used here to probe for the presence of amine and aldehyde groups on the 

surface after CVD polymerization, and their conversion during bonding.   

2.5.1 SAB sample preparation  

Here, poly(4-aminomethyl-p-xylylene-co-p-xylylene) and poly(4-formyl-p-

xylylene-co-p-xylylene) are used to create reactive surfaces for adhesion.  Details of how 

to prepare these two functionalized PPX materials have been presented in section 2.2 

above.   

   

2.5.2 Materials   

PDMS samples were prepared by uniformly mixed PDMS prepolymer and curing 

agent (Sylgard 184, Dow Corning) at a ratio of 10:1 and were cured at 70 ºC for 1 hr.
[13]

 

Glass slides (Fisher), PTFE films (0.01 mm, Goodfellow), and stainless steel foils (AISI 

316L - Fe/Cr18/Ni10/Mo3, annealed, 0.1 mm, Goodfellow) were used as received.  Gold 

samples were prepared on silicon wafers (Silicon Valley Microelectronics, Inc.) by e-

beam deposition, with 3 nm of titanium followed by 80 nm of gold. 

Figure 2-13 Schematic illustration of the solventless adhesive bonding (SAB) process. During SAB, 

formation of a strong adhesion layer is achieved by bonding of two complementary CVD reactive 

coatings 1 and 2. 
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2.5.3 Surface characterization method   

The film thicknesses reported here were measured using a multi-wavelength 

rotating analyzer ellipsometer (M-44, J. A. Woollam) at an incident angle of 75°.  The 

data were analyzed using WVASE32 software.  Thickness measurements were recorded 

by fitting the ellipsometric psi and delta data with An = 1.65, Bn = 0.01 for polymer 1 

and An = 1.76 and Bn = 0.01 for polymer 2 using a Cauchy model and software module 

integrated with the system.  The ellipsometry measurements were performed by Hsien 

Yeh Chen. 

The details of the SFG setup and experimental geometry were detailed in Chapter 

1.
[24-28]

 Window geometry was used for this system.  SFG spectra were selectively 

detected from the buried polymer interface using SSP and PPP polarization combinations. 

2.5.4 Bonding process and tensile stress test.   

The tensile tests were performed by Hsien Yeh Chen.  The SAB process was 

performed by first coating various substrates with polymer 1(the amine functionalized 

surface) and 2 (the aldehyde functionalized surface).  After the CVD coating process, the 

samples were brought into contact, and placed in oven at 140 
o
C for 3 hr.  The resulting 

bonded samples were tensile tested and stored at room temperature (20 
o
C).  The 

UV/ozone bonding control experiments were performed by using an UVO-cleaner 

(model 342, Jelight Co.) to treat the substrates for 30 min. The  UV/ozone treated 

samples were then cured at 120 
o
C for 20 min.  The oxygen plasma bonding control 

experiments were performed using a plasma etcher (SPI Plasma-Prep II, SPI 

Supplies/Structure Probe, Inc.).The plasma treatment was performed with a 10 W 
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energetic oxygen plasma under 200 - 300 mTorr pressure for 30 sec.  The plasma-treated 

samples were then cured at 60 
o
C for 10 min or 120 

o
C for 10 min.  All  tensile stress tests 

were performed with a Bionix 100 mechanical tester (MTS, Co.) equipped with a 10N 

load sensor.  The samples were prepared in a cross-section area of 10 mm x 10 mm, and 

the measurements were recorded at the displacement rate of 0.05 mm/min. 

As can be seen in Table 1 the SAB method failed in the bulk PDMSs and not at 

the joint for PDMS-PDMS, PDMS-stainless steel, PDMS-silicon wafer, PDMS-glass, 

and PDMS-gold.  SAB method for PDMS-PTFE also showed stronger adhesion than the 

conventional plasma or ozone methods. 

The  reactive coatings used here, poly(4-aminomethyl-p-xylylene-co-p-

xylylene)
97,98

 (1) and poly(4-formyl-p-xylylene-co-p-xylylene)
52

 (2), were stable under 

dry conditions until contacted  to the complimentary film at elevated temperatures. Prior 

to mechanical testing, the chemical structures of all polymer films were confirmed by X-

ray photoelectron spectroscopy (XPS).  Film thicknesses were in the range of 40 - 80 nm 

as measured by ellipsometry.   
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Method Material Bonding Strength (MPa) 

 PDMS – PTFE 1.21±0.35 

SAB 

PDMS - PDMS > 2.44±0.15
a 

PDMS - Stainless Steel > 2.44±0.15 

PDMS - Silicon Wafer > 2.44±0.15 

PDMS – Glass > 2.44±0.15 

PDMS – Gold > 2.44±0.15 

Physical contact 

PDMS - PDMS 

 

0.02±0.11 

Heat (140 
o
C) 0.19±0.09 

UV/Ozone 0.78±0.08 

Oxygen Plasma 

(cured at 60 
o
C) 

1.15±0.18 

Oxygen Plasma 

(cured at 120 
o
C) 

2.34±0.27 

  

 

a 
Fracture strength of PDMS was 2.44±0.15 MPa compared to 2.24 MPa reported in 

Polymer Data Handbook (Mark, J. E., Polymer data handbook.  Oxford University 

Press: New York, 1999). 

 

 

Table 1 Comparison of tensile tests between SAB and traditional bonding methods 
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2.5.4 SFG studies of the SAB mechanism   

To elucidate the underlying mechanism of the bonding process at the molecular 

level, we used sum frequency generation (SFG) spectroscopy.  It was hypothesized that 

the adhesion in the SAB process was due to covalent binding via imine bonds formed 

between CHO and CH2NH2 groups of the two polymer coatings.  If there is a chemical 

reaction that occurred at the buried interface, then the characteristic stretches of the amine 

and aldehyde groups should disappear.  

The SFG spectra of the two polymer films deposited on CaF2 windows were 

collected individually.  (Figure 2-14 and Figure 2-15) 

When a PDMS substrate coated with aldehyde functionalized polymer was 

contacted to a CaF2 substrate coated with the amine functionalized polymer, the 

characteristic vibrational spectra related to the primary amino groups of amine 

functionalized polymer was still detected at 1635 cm
-1

 (NH2 bending coupled with 

aromatic ring stretching, Figure 2-14) and 3325 cm
-1

 (N-H stretch, Figure 2-16).  This 

proves that the disappearance of the SFG signal was not merely due to the change in 

optical constants when the two films were contacted.  

The characteristic C=O stretch (Figure 2-15) of the aldehyde groups stemming 

from the aldehyde functionalized polymer was detected at 1725 cm
-1

.  The spectra of the 

aldehyde functionalized polymer after heating is also shown in Figure 2-15.  The fact that 

the C=O signal is still there implies that any disappearance of the SFG signal was not due 

to surface reordering during the heat treatment. 

 Prior to exposure to sufficiently high temperatures, the complementary chemical 

groups continue to co-exist without detectable chemical conversion.  Also heating the 
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samples individually does not cause the SFG signal to disappear.  After the samples were 

contacted and heated to 140 ºC, however, both amines and aldehyde groups were 

simultaneously consumed as indicated by the disappearance of the SFG signals at 1635 

cm
-1

 and 3325 cm
-1

 in one case, and 1725 cm
-1 

on the other.  Again, these effects were not 

observed when the substrates were brought in contact without heating (Figure 2-14) or 

when one coating alone was heated (Figure 2-15), suggesting that the observed changes 

in the SFG spectra indeed correlate with the bonding event.  Based on these experiments, 

we concluded that the strong bonding is due to the chemical reaction between amino and 

aldehyde groups, as opposed to mechanical interlock of the polymer chains.  The 

implications are that we now understand the mechanism for the adhesion in this system  

and can work to further refine the SAB method for specific applications.  In addition, we 

have shown that SFG can be used to probe the buried interfacial chemical reactions 

paving the way to future studies of surface chemical reaction sites. 
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Figure 2-14 SFG spectra of PPX-CH2NH2 films 

Figure 2-15 SFG spectra of PPX-CHO films 
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2.6 Summary and Conclusions 

 We studied a variety of functionalized PPX thin films.  With sum frequency 

vibrational spectroscopy we verified that the functionalization did indeed change the 

surface structure of the samples.  We also verified that the PPX films underwent some 

irreversible reorientation when exposed to an aqueous environment.  We then probed the 

mechanism behind the SAB process using an aldehyde functionalized PPX film and a 

amine functionalized film.  It was found that there was strong evidence for a chemical 

reaction occurring between the aldehyde group and the amine group.  This research 

shows that SFG is a powerful surface analytical technique that can provide molecular 

level surface structure and can selectively probe buried polymer interfaces in situ.  This 

research also demonstrates the feasibility to develop SFG as a nondestructive tool to test 

polymer adhesion. 

Figure 2-16 SFG spectra of PPX-CH2-NH2 in air and cured with PPX-CHO 
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CHAPTER 3 : TWO-DIMENSIONAL CRYSTALS OF 
ISOMERIC DIALKYL PHTHALATES TO COMPLEMENT 

SCANNING TUNNELING MICROSCOPY STUDIES 

3.1 Introduction 

 Molecular thin films have attracted great attention to provide molecule-based 

devices such as sensors,
1-5

 optoelectronic devices,
6-9

 diodes,
10

 and photovoltaic cells
11

. 

STM has been applied to study such 2D crystal structures with excellent spatial 

resolution.
12-19

 Supplemented by computed models, STM can provide a detailed picture 

of the structure of 2D crystals formed at the liquid/solid interface with atomic resolution.  

However, some structural information (such as functional group orientations in these 2D 

crystals) needs to be tested experimentally to ensure the accuracy of the calculated 

structures.  Due to the limited sensitivity, many other experimental techniques such as 

Raman and infrared spectroscopy have not been able to provide such structural 

information of 2D crystals.  It will be shown in this chapter that Sum Frequency 

Generation Vibrational Spectroscopy (SFG) can measure average orientation of 

functional groups in such 2D crystals, or physisorbed monolayers, providing key 

experimental data to aid in the modeling and interpretation of the STM images.  The 

usefulness of combining these two techniques is demonstrated here with a phthalate 

diester monolayer formed at the 1-phenyloctane/Highly Oriented Pyrolytic Graphite 

(HOPG) interface.  The molecular formula for the phthalate diester studied here and the 

1-phenyloctane solvent are displayed in Figure 3-1 and Figure 3-2 respectively.  Recent 
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advances in laser systems have made it feasible to extend collection of SFG spectra to 

the C=O stretching frequency region (as shown in the previous chapter) and thus study 

the orientation of C=O groups using SFG.
20-25

 Here the spatial orientation of the ester 

C=O of the monolayer was successfully determined using SFG. 

 

Figure 3-1 Structure of 17 metadiester 

 

In general, computed models complement the structural insight with atomic 

resolution gained from the high-resolution STM images.  Here, we demonstrate that the 

vibrational information from 2D crystals obtained using SFG can provide critical pieces 

of knowledge to understand the entire picture of the structure.  

 
Figure 3-2 Structure of Phenyloctane 
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 The diester molecule with long alkyl chains (Figure 3-1) was selected because 

long alkyl chains contribute to forming 2D crystals on HOPG.  The C=O and C-H 

stretching are detectable at the interface by SFG if they have some ordering along the 

interface normal.  The 2D arrangements on a graphite surface of 17-m-diester were 

reported previously.
15

  According to energy minimization calculations the lowest energy 

packing, the column of benzene rings of 17-m-diester is aligned perpendicular to the alkyl 

chains and these alkyl chains are interdigitated to give a close packed structure in the 

Figure 3-3 STM image (20××××20 nm, 10.2 Hz, 800 mV, 300 pA) and computed model of the monolayer of 

17-m-diester formed at the 1-phenyloctane/HOPG interface. The computed model is superimposed on 

STM image. 
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plane group cm (Figure 3-3).  The modeling was done using Cerius2 version 4.2.  Energy 

minimization was performed using a COMPASS force field. 

3.2 Experimental Setup  

In this work, SFG spectra were collected using the near-total internal reflection prism 

geometry previously described (Figure 3-4)
26

 with the ssp and ppp polarization 

combinations.  The ppp polarization combination in this prism geometry probes 

predominately the out of plane χzzz contribution, while the ssp polarization combination 

probes predominately the in plane χyyz.  The spectra were then normalized by the 

intensities of the input IR and visible beams  A CaF2 prism instead of fused silica prism 

was used for these experiments because CaF2 prism is transparent to IR in the C=O 

stretching frequency region.  Graphite sheets were thinned and separated with scotch tape.  

The thinned graphite was then mounted on a glass substrate.  1 µL of 0.1 mM 17-meta 

diester in phenyloctane was placed on the graphite and then contacted to the CaF2 prism.  

The SFG spectra of the C=O stretch around 1720 cm
-1

 was collected in SSP and PPP 

polarization combinations (Figure 3-5).  From these polarization combinations the 

orientation of the C=O group was calculated. 

In control experiments, where the graphite surface was substituted with a glass 

microscope slide, no C=O signal was detected.  This confirms that the signal arises from 

Figure 3-4 Sample geometry.  The 17-metadiester in phenyloctane is sandwiched 

between a layer of HOPG and the CaF2 prism.    
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ordering at the graphite surface, and not anywhere else in this experimental geometry.  

Monolayers that were isotopically labeled with deuterium were also examined, 

eliminating any possibility of the C=O signal being from oxidized graphite. 

 
Figure 3-5 SFG spectra of 17 meta-diester monolayer on HOPG 
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3.3 Results and Discussion 

As we discussed in Chapter 1, for a particular vibrational mode, components of 

SFG nonlinear susceptibility are related to molecular hyperpolarizability through average 

orientations of the functional groups.  Therefore if hyperpolarizability for a vibrational 

mode is known, we should be able to deduce the orientation of the functional group by 
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measuring different components of the SFG susceptibility with SFG spectra collected 

using different polarization combinations.  Here we want to study the orientation of C=O 

groups.  For a C=O group, there is only one vibrational mode, the stretching mode.  The 

hyperpolarizability of the C=O stretching mode can be deduced by the IR transition 

moment and Raman polarizability of the mode.
25

 Since C=O group has a C∞v group, it is 

feasible to deduce the relation between the SFG susceptibility and hyperpolarizability, 

which was done in the literature.
25

 For the C∞v group we have three nonzero 

hyperpolarizabilities as shown in Eq. 34 and written in the molecular coordinates where c 

is along the C=O axis and the ab plane is perpendicular to the C=O axis. 

cccbbcaac βββ ;=            Eq. 34 

To determine orientation of the C=O bond, we need to know the relative values of the 

nonzero β
(2)

’s which can be estimated directly from the Raman depolarization ratio since 

in this case there are only two independent hyperpolarizabilities and they have equal 

transition dipole moments µc.  It follows then that  
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==              Eq. 35 

The parameter r is related to the Raman depolarization ratio ρ as follows 
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The Raman depolarization ratio ρ is reported as 0.1 in the literature.
27,28

 Two values of r 

satisfy equation 3, r = 0.3 and r = 12.  The r = 12 is regarded as unphysical since the 

change in polarizability along the C=O bond should be higher than across the C=O bond.  

So the value of r = 0.3 is used for these calculations.  The expressions for the relevant χ
(2)

 

components are as follows: 
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Where N is the number of oscillators, θ is the angle between the C=O axis and the surface 

normal.  In the prism sample geometry, the PPP polarization combination is dominated 

by the χzzz component.  The χzzz component is an order of magnitude greater than any 

other χ component.  The χyyz component contributes to the signal in the SSP polarization 

combination.   

If we assume that all the C=O group adopt the same orientation, we can use a 

delta distribution to describe such an orientation.  In that case, the relation between the 

SFG susceptibility and hyperpolarizability was calculated.  The relation for the ratio 

between PPP and SSP versus the orientation angle (the angle between the C=O group and 

the surface normal) is displayed in Figure 3-6.  The SFG signal is given by equation 38.
29
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Since we are taking a ratio between two polarization combinations, everything 

except the oscillator strength will be a constant that will drop out in the ratio.  Therefore, 

the spectra were fit to  

2

0

||)(
Γ+−

++=
i

A
NROffsetS

ωω
ω                Eq. 39 

The Fresnel coefficients, which represent the difference in reflection and transmission 

between S and P polarized light, were taken into account by shifting the measured signal, 
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appropriately.  The Fresnel coefficients contribute about a 10% difference in the intensity 

of the ratio.  

The PPP/SSP ratio was measured to be 0.9.  From the relation shown in Figure 6, it was 

found that under the delta distribution assumption that the C=O formed on average a 58º 

angle to the surface normal.  The delta distribution assumption is a reasonable assumption 

for this system since from the STM images we know that the monolayers are extremely 

well oriented.  The C=O stretch was chosen for this study to avoid possible spectral 

overlap from the phenyloctane solvent. 

The SFG results on C=O group orientation for the 2D crystal are different from the 

structure deduced from computer modeling on STM images.  The resulting structure from 

energy minimization calculation is presented in Figure 3-7, which shows that the C=O 

functional groups lie down on the surface along with the aromatic rings in the molecules.  

 

Figure 3-7 The computed model of the monolayer of 17-m-diester on HOPG.  The angle of C=O is 

parallel to HOPG. 
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This picture is satisfying to ones chemical intuition of the main interaction being π 

stacking between the graphite surface and the aromatic rings in the 17-metadiester.  

However, the computer model does not include any solvent molecules.  There is a 

favorable interaction between the phenyloctane solvent  and the diester molecules since 

the diester molecules are soluble in the phenyloctane.  It is proposed that the tilt of the 

C=O groups in the 2D crystals measured from the SFG experiments arises from 

competitive interactions between the phenyl groups in the solvent and the C=O groups in 

the 2D crystal, and π stacking between the graphite and the 2D crystal.     

An alternative interpretation of the data is that there could be a secondary adlayer on 

top of the monolayer.  This could be probed by a concentration dependent study. 

After the SFG studies on the C=O stretching frequency region, the C-H stretching 

Figure 3-8 Spectra of 2D crystals of 17-metadiester (bottom) and 17-metadiester with 

a deuterated aromatic ring (top). 
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frequency region was examined.  Figure 3-8 shows the stretches from the phenyl ring and 

aliphatic CH3 and CH2 groups, indicating that these groups have some orientation orders 

along the surface normal at the interface.  However, such SFG signals can be contributed 

by either the 2D crystal or the solvent molecules at the interface.  In order to separate the 

two sources of signal, the aromatic ring of the diester molecule was then selectively 

deuterated.  STM images of the partially deuterated diester molecules on HOPG indicate 

that they form an identical 2D crystal compared to their hydrogenated analogues.  SFG 

signal was collected from such a 2D crystal formed from such partially deuterated 

molecules (Figure 3-8) and the SFG peak at 3060 cm
-1

 vanished.  This shows that the 

original signal before the deuteration should be contributed by the 2-D crystals.  Thus it is 

believed that the aromatic rings of the diester molecules in the 2-D crystal also tilt at the 

interface.  SFG signals collected in the C-D stretching region show a weak but 

discernible peak at 2290 cm
-1

 (Figure 3-10), corresponding to the deuterated aromatic 

Figure 3-9 STM image of 17 metadiester with a deuterated aromatic ring. 
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stretches.  This further supports the conclusion that the aromatic rings (both with and 

without deuteration) in the 2D crystal tilt at the interface instead of lying down.  From 

theory, we would expect no SFG signal from an aromatic ring that is in the plane of the 

sample surface.  The deuterated sample was tested with STM and found to form the same 

2D phase.  (Figure 3-9)     

3.4 Ortho and Para substituted molecules 

In addition the 18-meta, 18-ortho-, and 18-para - substituted phthalate diesters 

were also examined using SFG.  The 18 meta- and 18 ortho-substituted showed similar 

results to the meta-substituted, that is, both C=O groups and aromatic rings tilt at the 

interface.  For the para-substituted molecules, no SFG signal was observed, possibly due 

to the centrosymmetry of the molecules.  
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Figure 3-10 C-D Stretch of d-17 metadiester 

3.5 Conclusions 

It is shown here that a combination of SFG and STM techniques can be used to gain 

a more completed picture of a 2-D crystal on HOPG.  STM and computational models 

can provide a detailed atomic picture and SFG can provide an average orientation angle 

of functional groups to better refine the computational models.  The model from the STM 

results do not indicate that the C=O group is out of the plane of the graphite; however, 

this may because these techniques neglect interactions with solvent molecules.  SFG 

results show that the C=O groups along with the aromatic rings actually twist away from 

the plane of the graphite, indicating the need for more sophisticated computational 

models that take into account interactions with the solvent. 
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Figure 3-11 shows a cartoon of a possible interaction that would cause a tilt such as 

was observed with SFG.  

Another possible interpretation of the data is that there is a secondary adlayer on top 

of the monolayer that is tilting away from the surface.  This could be tested by a 

concentration dependence study that will be conducted in the future. 

 

 
Figure 3-11 Possible interaction with phenyloctane molecules causing the tilt of the 17-metadiester 

molecules. 
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CHAPTER 4 : SURFACE C=O ORIENTATION IN POLY-N-
METHACRYLATES 

4.1 Introduction 

 Carbonyl groups are present in many polymers, and often serve as reaction sites 

for chemical modification (such as corona treatment to improve adhesion)
1-4

, or as sites 

for intermolecular interactions (such as hydrogen bonding).
5-10

  Although many previous 

SFG studies have analyzed the orientation of other surface functional groups (such as 

methyl groups, phenyl rings, and methylene groups), to date very few SFG studies have 

been done on the orientation of carbonyl groups in general
11-13

 or carbonyl groups on 

polymer surfaces specifically.
14-18

   

Many of the commonly studied CH signals are subject to overlapping bands from 

multiple functional groups containing C-H bonds, complicating spectral assignment and 

the interpretation of molecular orientation.  This is less often the case for C=O groups, 

enhancing the potential value and specificity of the information obtained.  Furthermore, 

the peak center frequency of the C=O stretch is sensitive to hydrogen bonding and the 

local chemical environment, making it possible to study the local chemical environment 

of the surface by monitoring the C=O peak position with SFG.  SFG can also be used to 

study the orientation changes of the surface C=O groups as the polymer surface interacts 

with other molecules.  Although limitations in laser design have previously prevented 
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study of the C=O stretch, the development of more broadly tunable infrared 

sources now enables  the study the carbonyl orientation using SFG.
12,18-22

 

In this study, a selection of similarly structured carbonyl-containing polymers was 

chosen for comparison (see structures in Figure 4-1).  We picked polymers that had glass 

transition temperatures well above, near, and well below room temperature.  The surface 

restructuring behavior in water was monitored.  The orientation of C=O groups on the 

polymer surfaces was deduced from SFG spectra collected using different input and 

output polarization combinations.  In addition, the effects on the C=O group of corona 

treating a dPMMA surface were also briefly investigated and will be reported here 

Previous work by the Chen group, which will be reviewed in section 4.1.1, has 

shown that varying the length and composition of methacrylate side chains lead to 

changes in orientation of surface functional groups based on CH signals, and it was 

hypothesized that a change in backbone and side chain chemistry might also affect 

orientation of the carbonyl groups.
23

 This change in carbonyl group orientation might in 

turn affect surface interactions, including the accessibility of the surface functional 

groups of polymer to hydrogen bonding. 
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Figure 4-1 Structures of polymers a) Poly(acrylic acid), (PAA) b) Poly(methyl methacrylate) 

(PMMA), c) Poly(n-butyl methacrylate) (PBMA), d) Poly(n-octyl methacrylate) (POMA), e) Poly(n-

octadecyl methacrylate) (PODMA), 

 

4.1.1 Review of Previous SFG Studies of Poly-n-methacrylates  

Previously the surface structures of a similar series of poly-n-methacrylates were 

systematically investigated in air and in water using SFG in the C-H stretching frequency 

region.
23

  Such observations were correlated to the polymer glass transition temperatures.  

The glass transition temperature (Tg) is the temperature at which a polymer transforms 
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from a more flexible rubber like state to a more brittle glass like state.
24

  The chain 

flexibility will have a strong effect on the glass transition temperature.
24

  Even though the 

glass temperature describes a bulk polymer property, we believe that the flexibility of 

surface groups is also correlated to the glass transition temperature.  For example, if the 

experimental temperature is above a polymer’s Tg, the polymer molecules on the surface 

are more likely to be able to reorder when the local chemical environment is changed.  

Room temperature is below the Tg for bulk poly(acrylic acid) (PAA) and poly (methyl 

methacrylate) (PMMA), near the glass transition temperature for bulk poly (butyl 

methacrylate) (PBMA), and far above the Tg for bulk poly (octyl methacrylate) (POMA) 

and poly(octaldecyl methacrylate) PODMA.  PAA and PODMA are somewhat different 

from the other polymers.  PAA can self hydrogen bond, as is evidenced in the FTIR 

spectrum (Figure 4-2).  The peak at 1709 cm
-1 

is due to carbonyl groups in the bulk that 

are hydrogen bonded to nearby OH groups.  PODMA is also different because it is a 

semicrystalline polymer and has a melting temperature of 37º C. 

Polymer PAA PMMA PBMA POMA PODMA 

Tg 102ºC
25

 108ºC
23

 20ºC
23

 -20ºC
23

 -100ºC
23

 

Table 2 Glass transition temperatures for the polymers studied. 

 

Previously, SFG spectra in the C-H stretching frequency region were collected 

from the PMMA surface in air using different polarization combinations of the input and 

output beams by our research group.
26,27

 The ssp spectrum was dominated by the 

contribution from the symmetric stretching mode of the ester methyl group in PMMA.  

Both ppp and sps spectra were dominated by two asymmetric stretching modes of the 
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ester methyl group.  It was found that the PMMA surface in air is dominated by the ester 

methyl groups and these  groups orient normal to the surface.
23,27,28

 

Our previous studies also showed no evidence of substantial surface restructuring 

for PMMA in water as compared to air.
23

  Both ssp and sps SFG spectra of PMMA in 

water were dominated by the signals from ester methyl groups, similar to those of the 

PMMA-air interface, although they were much weaker.
23

  Detailed analysis of the spectra 

shows that the weaker spectra were mainly due to the differences in the indices of 

refraction for air and water, which alters the Fresnel coefficients.  The Fresnel 

coefficients are the terms that describe the transmission or reflection of light at an 

interface.  They depend on the polarization of the light and the index of refraction of the 

materials at the interface and determine the intensity of the light that actually reaches the 

sample.  If we normalize the spectra for the difference in Fresnel coefficients, the SFG 

spectra collected in water overlap with those in air quite well.  This shows that the 

structure of C-H groups (especially ester methyl groups) on the PMMA surface remains 

largely unchanged when contacted with water.
23

  

Both ssp and sps SFG spectra were also collected from PBMA/air and 

PBMA/water interfaces.  In air, the ssp spectrum was dominated by the symmetric 

stretching (2875 cm
-1

) and Fermi resonance (2940 cm
-1

) of the methyl end group of the 

ester side chain, while the sps spectrum collected in air and both SFG spectra collected in 

water are dominated by the asymmetric stretching of the end methyl group at 2960 cm
-1

.  

These results indicate that the PBMA surface is dominated by the end methyl groups of 

the side chain in both air and water.  The orientation of such end methyl groups changed 

when the surface was exposed to water, this was manifest by different intensity ratios of 
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the symmetric/asymmetric peaks in the same spectrum or those of the same peak in 

different polarized spectra.
23,26,27

 We further quantitatively examined the orientation and 

orientation distribution of surface functional groups on PBMA using SFG.
23

 It was found 

that methyl groups oriented more normally towards the surface in air with a broader 

distribution.  However in water the methyl groups tilted more towards the surface with a 

narrower distribution.
23

 The surface change of PBMA in water was reversible, because 

the SFG spectra collected from the PBMA after removing the surface from water and 

exposing to air again are the same as those collected in air before contacting water.   

SFG spectra in the C-H stretching were also previously collected from other 

polymethacrylates with varied side chain lengths, such as poly (ethyl methacrylate) 

(PEMA), poly (n-propyl methacrylate) (PPMA), poly (n-hexyl methacrylate) (PHMA), 

poly (n-octyl methacrylate) (POMA), poly (n-laurel methacrylate) (PLMA), and poly (n-

octyldecyl methacrylate) (PODMA).
23

 In addition, the surface of poly (ethyl acrylate) 

was also studied by SFG in the C-H stretching region.
29

 It was found that the surface 

restructuring behaviors of PEMA, PPMA, and PHMA in water are similar to that of 

PBMA.  They had reversible end group reorientations in water.  For POMA, PLMA, and 

PEA, whose glass temperatures are substantially lower than the room temperature, 

irreversible surface changes were observed in water.  For PODMA, which has a very long 

side chain, the surface exhibited a reversible change in water.
23

 

4.2 Experimental: 

 The SFG laser system used in these experiments was described in detail in the 

previous chapters.
26,30,31

 In this work, SFG spectra were collected using the near-
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total internal reflection prism geometry previously discussed
13

 with the ssp and ppp 

polarization combinations.  

Polymer materials studied here were ordered from Scientific Polymer Products 

INC. Ontario, NY.  All polymer samples were prepared by spin coating 2% weight 

polymer solutions onto optically clear CaF2 prisms.  The poly(n-methacrylate) (P-nMA) 

solutions were prepared in toluene.  The poly(acrylic acid) (PAA) solution was prepared 

using ethanol as the solvent. 

The corona treater (Model BD-20) is from Electro-Technic Products, Inc.  

(Chicago, IL).  It generates an air plasma.  It was held approximately 3 cm from the 

surface being treated for 10 seconds.  

Fourier Transform Infrared Spectroscopy (FTIR) was performed on a Nicolet 

Magna IR 550 spectrometer. 

4.3 Orientation of carbonyl groups 

 The orientation determination of C=O groups was based on the same analysis 

introduced in Chapter 3.  In the polymer system though, the delta distribution in 

orientation is not a very realistic assumption.  A Gaussian distribution of C=O 

orientations is a more realistic approximation.  Unfortunately, in the current experiments 

SFG does not provide enough measurements to determine the orientation and orientation 

distribution.  This problem is worked around by plotting a series of curves for the 

different orientation distributions and seeing which curves the measured data intersects.  

Fourier Transform Infrared (FTIR) spectroscopy showed that polymethacrylates 

have a C=O stretch around 1730 cm
-1

.  (Figure 4-2, Table 3).  Some small variations of 

the C=O stretching peak centers for different polymethacrylates were observed.  
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Deuteration of the polymers did not affect the C=O peak positions significantly.  FTIR of 

PBMA and dPBMA are shown in Figure 4-2 for reference. 

PAA is slightly different from the other polymers since the C=O can hydrogen 

bond with a nearby OH group.  Thus the bulk C=O in PAA has a large number of 

hydrogen bonded C=O groups generating a peak centered at about 1710 cm
-1

 (Figure 4-2), 

the shoulder centered at 1738 cm
-1

 is due to the C=O groups without hydrogen bonding.  

The SFG spectra of the PAA show a significant signal from free C=O stretches, which 

will be discussed in detail below.  

Figure 4-2 FTIR spectra showing bulk C=O stretch peak positions 
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Figure 4-3 PPP/SSP ratio versus C=O orientation from surface normal 

  

 

 

Polymer Material Fit FTIR C=O Peak Center 

PAA 1710 cm
-1

, 1738cm
-1 

PMMA 1734 cm
-1 

PBMA 1730 cm
-1 

dPBMA 1729 cm
-1 

POMA 1730 cm
-1 

PODMA 1729 cm
-1 

Table 3 Bulk C=O peak positions as determined by FTIR 
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4.3.1 Orientation of C=O groups in air 

 SFG ssp and ppp spectra of C=O groups collected from polymer surfaces in air 

and water are shown in Figure 4-4,Figure 4-5, Figure 4-6, Figure 4-7, and  Figure 4-8.  

All the SFG spectra were fitted as previously explained and the results for air are 

presented in Table 4. 

 In Figure 4-3  the theoretical response of the C=O groups are plotted with the 

fitted signal strength ratio of the ppp/ssp polarization combination versus the angle from 

the surface normal.  However, it is unrealistic to suggest that all C=O angles in the 

polymer adopt the same orientation (a delta distribution).  Although we do not have 

enough measurements to determine both the orientation angle and the distribution of 

orientation angles here, the theoretical responses for Gaussian distributions of various 

widths are also plotted for comparison purposes. 

 

Polymer 
(in air) 

Polarization 
peak 

center 
(cm

-1
) 

height width PPP/SSP Assignment 

PAA 
SSP 1725 262 22 

0.90 Free C=O 
PPP 1730 247 23 

PMMA 

SSP 
 

1725 187 21 
1.53 Free C=O 

PPP 
 

1727 241 17 

PBMA 

SSP 1727 247 15 

1.79 

 

PPP 1727 441 15 Free C=O 

POMA 

SSP 
 

1734 195 14 
0.96 Free C=O 

PPP 
 

1730 250 19 

PODMA 

SSP 
 

    

Free C=O 
1733 141 20 

2.51 PPP 
 

1728 283 16 

Table 4 Fits to the SFG spectrum of the poly-n-methacrylates in air 
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It is interesting to compare the FTIR spectrum of PAA in air with the SFG 

spectrum of PAA in air.  The FTIR spectrum has a dominant peak at 1710 cm
-1

 which 

indicates that most of the bulk C=O groups in PAA form hydrogen bonds with adjacent 

OH groups.  The shoulder at 1738cm
-1

 indicates that some bulk “free” C=O groups exist 

also.  No SFG signal around 1710 cm
-1

 was observed in ssp or ppp signal.  Even though 

we could not entirely exclude the possibility that some surface C=O groups may form 

hydrogen bonds and completely lie down on the surface (thus cannot be detected by SFG), 

we believe that it is very unlikely.  The SFG signal observed was centered at ~1730 cm
-1

, 

showing that most of the surface C=O groups detected by SFG may not form hydrogen 

bonds with adjacent OH groups.  The peak shift from 1738 cm
-1

 to 1730 cm
-1

may be 

because of some small contributions from the hydrogen bonded C=O groups which are 

not completely lying down, but the SFG spectra fits using two peaks have not proved to 

be very reliable, we thus ignore the small contribution and perform the data analysis on 

the one peak fit.  The ppp/ssp ratios for PAA for the 1730 cm
-1

 peak which corresponds 

mainly to “free” C=O stretching is 0.9.  Under the delta distribution assumption (Figure 

4-3) this corresponds to a 58º angle from the surface normal.  Using a more realistic 

Gaussian distribution however, the fitted intensity ratios could correspond to a wide 

range of possible orientations from 58º to 90º depending on the width of the Gaussian 

used.  This comparison of the FTIR and SFG spectra emphasizes how the surface 

chemical environment can be very different from the bulk chemical environment.   

For the PMMA samples, the peak centers for both the ssp and ppp SFG spectra 

were more than five wavenumbers lower than detected using FTIR.  This suggests that 
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some of the surface C=O groups might form hydrogen bonds with water molecules in the 

air, but again the spectral resolution does not allow reliable 2 peak fits, so we use a one 

peak fit here also.  For PMMA the orientation of the free C=O groups was determined to 

be 42º if a delta distribution is assumed.  However, if a Gaussian distribution is assumed, 

the orientation passes through a point of ambiguity.  The Gaussian width and orientation 

could be anything.   

For PBMA, the C=O peak centers in the SFG spectra collected in air are not very 

different from those in FTIR spectra showing that the signal is dominated by the free 

C=O contribution.  The free C=O orientation in air ranges from 38º with a delta 

distribution to 0º orientation with a 40º Gaussian distribution.  The POMA free C=O 

orientation ranges from a 58º from the surface normal with a delta distribution to a 90º 

distribution with a 20º Gaussian distribution.  The PODMA free C=O orientation in air 

ranges from a 24º degree angle with a delta distribution to a 0º with a 20º Gaussian 

distribution.     

In summary, while there could some surface hydrogen bonding in air, we do not 

have the spectral resolution to reliably fit the spectrum with two peaks, so we chose to 

ignore the possibility of C=O groups hydrogen bonding to water vapor in the air. 
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Figure 4-4 SFG spectra of PAA in air and in water 

 

Figure 4-5 SFG spectra of PMMA film C=O stretching region in air and in water 
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Figure 4-7 SFG spectra of POMA film C=O stretching region in air and in water 

Figure 4-6 SFG spectra of PBMA film C=O stretching region in air and in water 
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4.3.2 Orientation of C=O groups in contact with water 

 The polymers were next contacted to deionized water and the SSP and PPP 

polarization combinations were again collected.  The first point to note is that almost all 

the C=O groups are accessible for hydrogen bonding to water, as the peak around 1730 

cm
-1 

almost completely vanished for all of the polymers examined.  If only some of the 

surface C=O sites were accessible to hydrogen bonding with the water, then we would 

expect to see a double peak in the SFG spectrum.  The peak shifts range from 10 to 20 

cm
-1

 indicating some variation in the strength of hydrogen bonding between the water 

and the polymers.  

The PAA SSP spectrum gave a very noisy spectrum, but it is clear that the ppp 

spectrum is much stronger than the ssp spectrum.  This is indicative the hydrogen bonded 

Figure 4-8 SFG spectra of PODMA film C=O stretching region in air and in water 
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C=O groups standing straight up with a narrow distribution of angles.  The hydrogen 

bonded C=O groups in the PMMA, PBMA, and POMA samples adopt roughly the same 

orientation ranging from a 32º angle from the surface  normal with a delta distribution to 

a 0º angle with slightly less than a 30º Gaussian distribution.  The PODMA unfortunately 

runs though a point of complete ambiguity.  In the delta distribution assumption then the 

hydrogen bonded C=O groups form a 41º angle.  This ratio is near the point where signal 

would arise from a randomly ordered surface. 

Except for PAA, which has a different molecular formula, all the poly-

methacrylates have a similar ppp/ssp signal stretching ratio, showing that the surface 

hydrogen bonded C=O groups have a similar orientation in water.  In air, a much larger 

variation for the ppp/ssp signal strength was observed.  This correlates well to the SFG C-

H studies on PBMA surfaces.  In air, the surface methyl groups on PBMA are more 

randomly oriented, while in water they are much more ordered.  Here, in the air, the free 

C=O groups can have more varied orientations on different polymethacrylate surfaces, 

depending on their local environments (e.g. next to an ester methyl or a normal methyl 

groups, in a crystalline domain or an amorphous domain on PODMA, etc.)  and 

flexibility of the surface groups (above, around, or below the glass transitions 

temperatures).  In water, because of the hydrogen bonding formation between water 

molecules and C=O groups, the orientations of surface C=O groups on different 

polymethacrylates are not very different.        
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Polymer (in 
water) 

Polarization  
Peak 

center 
(cm

-1
) 

height Width 
Peak 
Shift 
(cm

-1
) 

PPP/SSP 

PAA SSP  1704 80 20 ~21 
  

PPP  1709 339 21   4.03 

PMMA 
SSP  1719 67 16 

~11 1.72 
PPP  1712 137 19 

PBMA SSP  
PPP  

1711 229 21 
~16 

 1.77 

1711 349 18  

POMA 
SSP  1717 56 17 

~16 
2.09 

PPP  1718 112 16  

PODMA SSP 1720 44 11 ~12 
 

1.50 
PPP  1718 54 9  

 
Table 5 Fits of SFG spectra of C=O groups of poly-n-methacrylates in contact with water 

 

Figure 4-8 Plot of angle from the surface normal versus chain length 

4.4 Effects of Corona Treatment 

 Corona treatment is a widely used method of surface modification for polymers,
32-

40
 particularly for biocompatibility and adhesion.  Corona treatment is thought to increase 

the number of reactive C=O sites at the expense of alkyl groups.
37

  The effect of corona 
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treatment on the C=O groups in dPMMA was briefly examined with SFG here.  The fits 

are presented in Table 6.  Deuterated PMMA was used for convenience, in order to 

reduce the need for changes in laser alignment, as the CD and CO spectral stretch regions 

are relatively close.  As can clearly be seen from Figure 4-9, the corona treatment affects 

the deuterated methyl stretches much more strongly than the C=O stretch.  This is 

consistent with previously reported results,
37

 which used X-ray Photoelectron 

Spectroscopy (XPS) in order to show the loss of alkyl components and the increased 

number of  CO groups of PMMA after corona treatment. The increased number of CO 

groups can have a variety of useful purposes, such as providing more reaction sites for 

adhesion.   

 Interestingly, the dPMMA sample used here shows no hydrogen bonded C=O 

signal prior to corona treatment, and some hydrogen bonded C=O signal after treatment.  

This would correlate with the theory that corona treatment makes the C=O groups more 

reactive.  Here they become available to hydrogen bond to water in the atmosphere. 

In summary, the corona treatment method destroys the CD bonds and creates 

C=O bonds.  This can be seen by the disappearance of the CD stretches in the SFG 

spectrum.  This is consistent with previously published XPS studies of the effects of 

corona treatment on PMMA.  After the corona treatment, some C=O groups can form 

hydrogen bond to water vapor in the air.  This is seen by the increase in width of the C=O 

peak in the SFG spectrum, which can now be fit with a free C=O peak at 1732 cm
-1

 and a 

hydrogen bonded C=O peak at 1717 cm
-1

. 
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 dPMMA Corona Treated 10s dPMMA Air 

 

Peak center 

(cm
-1

) 

Height Width 

Peak center 

(cm
-1

) 

Height Width 

H-bonded C=O 1717 45 15 - - - 

Free C=O 1732 81 15 1732 116 15 

CD3 Stretches 

2084 14 5 2077 27 4 

2131 11 8 2118 24 7 

2161 4 11 2154 9 6 

2195 12 11 2185 27 8 

Table 6 SFG fits for dPMMA in air compared to 10 second corona treatment  

 

 

Figure 4-9 SSP SFG spectra of dPMMA before and after 10 seconds of corona treatment 
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4.5 Conclusions 

Surface C=O groups in polymers are important interaction and reaction sites.  

Here the orientation of surface C=O groups were examined in several similar C=O 

containing polymers.  In air, different, ppp/ssp signal strength ratios for C=O groups on 

different polymer surfaces were observed.  In water, the C=O groups can hydrogen bond 

to water.  When the polymers were contacted to water they all showed a hydrogen bond 

shift.  In the most realistic interpretation of the data,  the length of the aliphatic side chain 

in most of the poly-n-methacrylates seems to have very little effect on the orientation of 

the surface C=O groups, as they all stand up; however, it does seems to have an effect on 

the distribution of the orientation angles.  PAA, which formula is more different from 

other polymer molecules, showed a very narrow distribution of the C=O orientations.  

The surface C=O groups in PMMA, PBMA, and POMA could be interpreted to still 

stand up but with a wider distributions of angles.  The data from the PODMA surface 

C=O groups are difficult to interpret, but according to the ppp/ssp strength ratio, the C=O 

groups may not be very different from those on other surfaces.   

The corona treatment was shown affect the alkyl groups more than the C=O 

groups.  There also seemed to be evidence of increased reactivity of the C=O groups as 

evidenced by hydrogen bonding to water from the atmosphere. 
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CHAPTER 5 : INVESTIGATION OF THE MECHANISM 
FOR ACETAMINOPHEN POLYMORPHISM FROM 

POLYMER INDUCED HETERONUCLEATION 

 

5.1 Heteronucleation Crystallization Background 

How a material crystallizes can have important effects on its physical properties.  

The majority of crystallization processes are what is termed heteronucleation processes, 

where a surface in contact with the solution acts as the nucleation site.  The properties of 

the heteronucleation site can dramatically affect the crystallization process.  The 

following is a thermodynamic discussion of why materials prefer to heteronucleate on a 

surface (as opposed to homonucleation, without the aid of a surface). 

Transient structures brought about by thermal fluctuations of the liquid usually 

initiate the nucleation process.  When a liquid is supersaturated with dissolved material, 

these transient structures are more likely to form.  Following the discussion of 

homogeneous nucleation by Davey,
1
 the degree of supersaturation can be defined in 

thermodynamic terms as the dimensionless difference in the chemical potential between a 

solute molecule in equilibrium, µeq, and a solute molecule in the supersaturated state, µss. 

kT

eqss µµ
σ

−
=                Eq. 40 

The chemical potentials may be related, by the Gibbs-Duhem equation, to the solute 

activities or compositions. 
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Where “a” is the activity.  For an ideal solution with a small supersaturation this can be 

reduced to 

eq
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x −
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= lnσ            Eq. 42 

where x is mole fraction.  This supersaturation can be viewed as a driving force for 

nucleation.
1
  This can be seen as follows:  Let there be a cluster of molecules formed by 

random thermal fluctuations containing z molecules.  Of these z molecules, zb have 

properties of the bulk solid and zs have properties of the surface.  The free energy of the 

cluster, gz
, can be written a combination of the bulk and surface free energies, gb and gs. 

sbsbsbssbbz zgggzzgzgzg )()( −++=+=      Eq. 43 

The surface tension, γ, between the cluster and the solution can be written as follows 

where A is the cluster surface area. 

A

zgg sbs )( −
=γ              Eq. 44 

Thus 

Azgg bz γ+=               Eq. 45 

If we approximate the cluster as a sphere it follows that 

3

2

zA ∝                Eq. 46 

Rewriting the free energy in terms of the chemical potential 

3

2

zzg bz βγµ +=          Eq. 47 

Where µb is the chemical potential of the bulk phase, and β is a shape factor dependent 

on the shape of the nucleus. 

The nucleation of clusters can be written as a quasi-equilibrium between 

monomers and clusters. 
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zAzA ⇔         Eq. 48 

Where individual molecules of substance A, are present in the bulk fluid phase at mole 

fraction of xss.  The free energy change per mole of clusters Az nucleated is 

µzgG z −=∆         Eq. 49 

Where µ is the chemical potential of the monomers, which can be written as 

ssxkT ln0 += µµ        Eq. 50 

Substituting this into the equation for the free energy we obtain 

))ln(()( 03/2

ssb xkTzzzG +−+=∆ µβγµ       Eq. 51 

For a saturated solution x = xeq and thus µb = µ0
 +kT ln(xss), so the free energy becomes 

3/2ln z
x

x
zkTG

eq

ss βγ+













−=∆        Eq. 52 

Where ln(xss/xeq) is the degree of supersaturation.  By increasing the degree of 

supersaturation, the energy barrier to forming a crystal nucleus can be decreased.  It can 

also be seen that there is some critical nucleus size zc for which ∆G is a maximum.  For 

clusters smaller than zc, the free energy can be reduced by dissolution.  For clusters larger 

than zc, the free energy can be reduced by crystal growth. 

In polymorphic systems, a crystal may not nucleate in the most energetically 

favorable form first.  In 1897 Ostwald proposed the “Law of Stages” (Gesetz der 

Umwandlungsstufen) for polymorphic systems.  This generalized rule postulates that a 

supersaturated state does not transform directly into the equilibrium state with the current 

conditions, but to the next most stable state than it is currently in.
2
  Whether a system can 

make it through all the stages to the equilibrium stage is a question of kinetics.  For 

example, diamonds will eventually turn into graphite, but not on a human timescale. 

A container wall or some other foreign substance that allows adsorption of solute 

molecules lowers the energy barrier ∆G to nucleation.  This crystallization on a foreign 
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surface is known as heterogeneous nucleation.
1
  The free energy cost of creating a new 

surface between the solution and the crystal can be partially offset by the destruction of 

the surface between the container wall and the solution.  Consider a cluster forming in 

contact with a perfectly flat wall with a ‘wetting angle’ θ that is determined by the 

interfacial tensions γWL, γWS, and  γSL balancing in the plane of the wall. 

θγγγ CosSLWSWL +=         Eq. 53 

The formation of such a cluster will require a free energy of 

WLWSWSWSSLSLvhet AAAGVG γγγ −++∆−=∆        Eq. 54 

Where V is the volume of the cluster and ASL and AWS are the areas of the solid/liquid 

and wall/solid interface.  The first two interfacial contributions to the free energy are 

positive due to the creation of the interface, whereas the third one is negative due to the 

destruction of the wall/ liquid interface.  Using the following relations: 
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Where r is the radius of the cluster, the free energy barrier for heterogeneous nucleation 

can be rewritten as 
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   Eq. 56 

This is the same form as the free energy for homogeneous nucleation except for 

the addition of S(θ), which is known as the shape factor.  S(θ) has a numerical value < 1.  

This is why it is energetically favorable to nucleate heterogeneously.
3
  It also shows that 

heterogeneous nucleation is strongly dependent on the interfacial interaction between the 
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cluster and the surface that it is growing on.  It is this interfacial interaction leading to 

crystallization that this research hopes to probe with sum frequency generation 

vibrational spectroscopy. 

 

Figure 5-1 Schematic of heterogeneous nucleation 

 

At one extreme, heterogeneous nucleation can occur by non-oriented adsorption 

of the solute onto a surface until it resembles a crystal.  At the other extreme, a specific 

structural relationship between the catalyzing surface and the crystallizing solute exists, 

leading to what is known as epitaxial crystal growth.  In the epitaxial crystal growth case, 

the surface structure of the catalyzing surface induces an oriented adsorption of the 

crystallizing solute so as to mimic its crystal structure.
1
 

5.2 Acetaminophen Polymorph Introduction 

Different arrangements of a molecule in a solid are termed crystal polymorphs.  

These polymorphs can have radically different physical properties.  Graphite and 

diamond, two polymorphs of carbon, are the classic example.  In the pharmaceutical 

industry, it has been widely recognized that different polymorphs have different 

properties of dissolution and bioavailability.  Controlling the production of preferred 
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polymorphs would be of considerable biological and commercial value, making this an 

area of considerable research interest. 

While the importance of polymorphism in the pharmaceutical industry is widely 

recognized, no good methodology for screening for new polymorphs has been developed.  

The Matzger Group in the chemistry department at the University of Michigan has made 

substantial progress in developing a methodology for polymorph screening by 

heteronucleating compounds of interest on a diverse polymer library.  This polymer 

library includes both commercially available and combinatorially synthesized cross-

linked polymers.  This method, named Polymer Induced Heteronucleation (PIHn), has 

been successfully demonstrated on a wide variety of systems such as  the pharmaceutical 

compounds acetaminophen,
4
 sulfamethoxizole, carbemezapine,

5
 tolfenamic acid,

6
 

flurbiprofen,
7
 sulindac,

7
 5-methyl-2-2[(2-nitrophenyl)amino]-3-thiophenecarbonitrile 

(ROY),
8
 as well as protein crystals,

9
 platinum complexes,

10
 and  metal organic 

frameworks.
11

  The mechanism for what causes the polymorphism on different polymer 

surfaces is still poorly understood.  The research reported here attempts to probe this 

question. 

Acetaminophen, also known as paracetamol and sold under the brand name Tylenol, is a 

common over-the-counter analgesic and antipyretic.  The chemical structure of 

acetaminophen is shown in Figure 5-2.  Two crystal polymorphs have been discovered 

for acetaminophen.  The Matzger group showed that that polymer induced 

heteronucleation of acetaminophen forms orthorhombic crystals on all the polymers in 

column 1 of Table 7, monoclinic crystals on all the polymers in column 2 of Table 7, and 

a mix of monoclinic and orthorhombic crystals in column 3 of Table 7.  It was 
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hypothesized that the molecular structure of the polymer surface should play a strong role 

in the polymorph heteronucleation process.  Some important variables include functional 

group density, orientation, and orientation distribution.  This work used sum frequency 

generation vibrational spectroscopy to try to understand how the molecular surface 

structure of the polymer interacts with the crystallizing molecule to determine the 

polymorph formed.  This work used acetaminophen and focused on using poly(methyl 

methacrylate) (PMMA) surfaces and poly(n-butyl methacrylate) (PBMA) surfaces, since 

they heteronucleate different polymorphs despite their very similar chemical composition.  

The chemical structures of PMMA and PBMA are shown in Figure 5-3. 

Figure 5-2 Structure of acetaminophen 

 

An optical micrograph of orthorhombic crystals of acetaminophen 

heteronucleated on PMMA is shown in Figure 5-4.  A crystal structure of orthorhombic 

acetaminophen crystal structure is shown in Figure 5-5.  An optical micrograph of 

monoclinic acetaminophen crystals heteronucleated on PBMA is shown in Figure 5-6.  

The crystals structure of monoclinic acetaminophen is shown in Figure 5-7. 
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Table 7 Table of acetaminophen polymer induced heteronucleated  polymorphs
14
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Figure 5-3a) Structure of PMMA, b) structure of PBMA 
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Figure 5-4 Optical micrograph of orthorhombic acetaminophen crystals grown on PMMA.  The 

substrate is 1 inch in diameter. 

 

 

Figure 5-5 Model of orthorhombic acetaminophen crystal.  The colors represent: white – hydrogen, 

grey carbon, blue-nitrogen, red -oxygen  
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Figure 5-6 Optical micrograph of monoclinic acetaminophen crystals grown on a PBMA film.  The 

substrate is 1 inch in diameter. 

 

Figure 5-7 Model of a monoclinic acetaminophen crystal.  The colors represent: white – hydrogen, 

grey carbon, blue-nitrogen, red -oxygen 
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5.3 Experimental Setup: 

 In this work, the near-total internal reflection prism geometry previously 

described
15

 was employed.  The sample geometry is shown again in Figure 5-8.  This 

geometry has favorable Fresnel coefficients to give a stronger reflected SFG signal 

compared to a flat window geometry.  In addition, this geometry reduces sample damage, 

as excess laser light is largely reflected as opposed to transmitted through the sample. 

All polymer samples were prepared by spin coating 2% by weight polymer 

solutions onto optically clear CaF2 prisms at 2500 rpm on a Speedline Technologies Spin 

Coater.  The poly(methyl methacrylate) (PMMA) (Aldrich, MW 15,000), poly(n-butyl 

methacrylate) (nPBMA) (Scientific Polymer Products Inc.) and deuterated forms of 

PMMA (dPMMA, Polymer Source Inc., MW 219,000) and d-nPBMA (synthesized by 

Vilmali Lopez-Mejias, with deuterated side chains) were all dissolved in toluene. 

Acetaminophen, phenol, methoxyacetanilide, and acetanilide were ordered from 

Aldrich.  They were used as received.  Saturated solutions were prepared with nanopure 

water.  The acetaminophen crystals were grown by submerging the coated prism in a 

saturated solution for 30 minutes to several days.  The samples were then dried overnight 

at atmospheric conditions. 

The sublimated acetaminophen crystals were deposited under vacuum at 120º C 

for 15 minutes by Vilmali Lopez-Mejias. 
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Figure 5-8 Experimental sample geometry 

 

5.3.1 Interaction Site 

We began by exploring the nature of the interaction between the polymer surface 

and the acetaminophen molecules.  As was previously discussed in Chapter 4, PMMA 

and PBMA do show different restructuring behavior in water with regards to their methyl 

groups.  Even so, it was hypothesized that the methyl groups probably did not interact 

strongly with the acetaminophen molecules as they crystallized.  Spectroscopically, the 

possibility of hydrogen bonding with a methyl group (“improper” hydrogen bonding
16-22

) 

may be considered.  This type of interaction would cause a blue shift in the vibrational 

frequency, due to shortening of the bonds involved.  A peak shift of up to 14 cm
-1

 has 

been reported for the asymmetric methyl stretch due to “improper” hydrogen binding.
16

 

So a blue shift in the amide I stretch of the acetaminophen around 1650 cm
-1

 would be 

indicative of an “improper hydrogen bond” between the polymer CH3 groups and the 
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C=O group of the acetaminophen.  A blue shift of the polymer C=O stretch would 

indicate an “improper hydrogen bond” between the polymer C=O and the acetaminophen 

methyl group.  Such a shift would be resolvable by SFG, but this was not observed.   

Another possible interaction between the polymer and acetaminophen is a normal 

hydrogen bond between the C=O in the polymer and either the NH or OH in the 

acetaminophen.  If there was a hydrogen bonding event, then the C=O peak position of 

the polymer should shift to the red (lower in frequency) in the SFG spectrum, as seen in 

Chapter 4 between H2O and the polymer C=O groups. 

In order to address the question of which part of the acetaminophen molecule was 

interacting with the polymer surface, phenol and acetanilide were used to model the two 

halves of the acetaminophen compound (see figure 5-9).  In order to test the theory that 

the OH group interacts with the surface, methoxyacetanilide was also examined.  In 

methoxyacetanilide, the OH in acetaminophen is replaced with a methyl group.  

Unfortunately, the spectra collected when this compound was contacted were of poor 

quality, and no conclusions could be drawn.  The peaks were weak, broad and noisy, so 

no reliable fitting could be done.   
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Figure 5-9 To separate the possible functional groups that were interacting with the polymer surface 

saturated aqueous phenol and acetanilide solutions were used to model parts of acetaminophen. 

5.4 SFG data 

5.4.1 Solution/Polymer Interface 

As mentioned previously, one mode of interaction between the acetaminophen 

and the polymer could be by hydrogen bonding between either the OH or NH groups on 

the acetaminophen molecule and the C=O group on the polymer.  If this is the case, then 

an attendant red shift in the polymer C=O peak position would be observed as a result.
23-

27
 Fitted results showing peak shifts are summarized in Table 8.  The bulk polymers have 

C=O stretches at 1734 cm
-1

 for PMMA and 1730 cm
-1

 for PBMA as measured by 

absorbance FTIR.  If we believe that the signal from the free C=O groups should match 

the FTIR peak position of 1734 cm
-1

, then the SFG spectra with the PMMA peak 

centered at 1725 cm
-1

, may be interpreted as having some contribution from C=O groups 

hydrogen bonded to water from the air.  It is believed however that most of the signal is 

from the free C=O groups.  When PMMA and PBMA were contacted to water and both 
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showed an average peak shift of around 15 cm
-1

.  The resolution of the SFG system is 5 

cm
-1

. 

PMMA and PBMA films were next contacted to saturated aqueous solutions of 

phenol, acetanilide, acetaminophen and the SFG spectra were collected.  (See Figure 5-10 

and Figure 5-11)  The peak shift when contacted to acetaminophen solution and 

acetanilide are similar around 15cm
-1

 for PMMA and PBMA if considering the peak 

centers in FTIR spectra as those from free C=O groups.  In Table 8 we listed the C=O 

peak center shifts for the SFG spectra collected from different interfaces.  For comparison, 

we use the peak centers from the SFG spectra collected in air as opposed to the FTIR 

peak centers.  The peak shift when the samples were contacted to phenol solution was 

very different (around 30 cm
-1

) from the shift for acetanilide and acetaminophen for both 

PMMA and PBMA.  The much larger peak shift with the phenol solution definitively 

shows that the OH group is not the interaction site of the acetaminophen molecule with 

the polymer C=O groups.  The similarity in peak shift for the acetanilide and 

acetaminophen implies that it is probably the amine group in acetaminophen and 

acetanilide that is hydrogen bonding to the carbonyl group in the polymer.  The peak shift 

is not dramatically different from the peak shift that we observe when the polymers are 

contacted to just water, therefore it is possible that at the polymer/acetaminophen solution 

interface, polymer C=O groups hydrogen bond to water molecules.  However, we know 

that the acetaminophen and acetanilide are present at the polymer surface due to the 

presence of amide I signals (around 1650 cm
-1

), we believe that the SFG C=O stretching 

signal shift cannot be solely attributed to hydrogen bonding between polymer and water 

molecules.  The hydrogen bonding between polymer C=O and acetaminophen groups 
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play important roles.  Unfortunately, the amide I signals from solution were not strong 

and distinct enough to perform reliable orientation analysis upon when the polymers are 

contacted to the drug solution. 

 

Figure 5-10 SSP and PPP polarization combination SFG spectra.  Deuterated PMMA contacted to 

saturated aqueous solution of phenol, acetanilide, and acetaminophen.  The spectra of d-PMMA in 

air and water are given for reference.  
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Figure 5-11 SSP and PPP SFG spectra of PBMA contacted to saturated aqueous solutions of phenol, 

acetanilide, and acetaminophen.  The spectra of PBMA contacted to air and water are given for 

reference. 

 

 

SSP 

dPMMA 

Peak 

Center 

(cm
-1

) 

Shift 

PPP 

dPMMA 

Peak 

Center 

(cm
-1

) 

Shift 

SSP 

dPBMA 

Peak 

Center 

(cm
-1

) 

Shift 

PPP 

dPBMA 

Peak 

Center 

(cm
-1

) 

Shift 

Air 1725 - 1727 - 1727 - 1727 - 

Water 1718 7 1712 15 1711 16 1711 16 

Phenol Solution 1700 25 1700 27 1697 30 1694 33 

Acetanilide 

Solution 
1706 19 1720 7 1710 17 1715 12 

Acetaminophen 

Solution 
1716 9 1715 12 1707 20 1710 17 

Table 8 Table of peak centers and peak shifts from the polymer-air peak position 

 

Based on the above results, we conclude that the polymer C=O group and the NH 

in the acetaminophen form hydrogen bonds.  The similarity in peak shifts between the 

acetanilide and acetaminophen as compared to the phenol indicates that the NH group in 

the acetaminophen is the hydrogen-bonding site in the acetaminophen molecule.  
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However, both PMMA and PBMA in theory have similar interactions functional groups 

present for interactions.  The question remains, why are different polymorphs observed 

when acetaminophen is heteronucleated on these two polymer surfaces? 

Figure 5-12 C=O orientation plot for various orientational angles and distributions 

 

One possible explanation for the difference in polymorph heteronucleated 

between PMMA and PBMA is that there is a difference in the surface structure (and in 

particular the orientation of C=O groups on the polymer).  By taking the ratio of the peak 

intensities in the PPP and SSP polarization combinations, the orientation of the carbonyl 

groups can be deduced as discussed in Chapter 3.  Both PMMA and PBMA have a 

carbonyl stretch centered ~1730 cm
-1

.  First, SFG spectra were collected from the 

polymer alone in air.  From these polarization combinations the orientation of the C=O 

group was determined.  The theoretical curves were plotted (Figure 5-12), and the 

measured ratio was compared to the theoretical curves in order to deduce the possible 

orientational angles and orientational distributions.   
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As can be seen in Table 9 the C=O orientations of PMMA and PBMA in both air 

and water give very similar PPP/SSP ratios, demonstrating that such C=O groups may 

adopt similar orientation in air and water.   

The SFG PPP/SSP signal strength ratios of C=O stretches from the 

polymer/acetanilide solution interface and the polymer/acetaminophen solution interface 

are different from the polymer/air and polymer/water interfaces for both PMMA and 

PBMA.  This shows that the acetanilide and acetaminophen both induce very different 

orientations of the C=O groups on PMMA and PBMA.  The difference between the 

polymer/acetaminophen solution interface and the polymer/water interface further 

indicates that the hydrogen bonds at the polymer/acetaminophen solution interface are 

not only contributed from those between polymer C=O groups and water molecules.  The 

fact that there is a difference in the acetaminophen and acetanilide hydrogen bonded 

orientation of the polymer C=O groups could be due to the acetaminophen’s ability to 

hydrogen bond to water with the OH group on the other end of the molecule that is absent 

in the acetanilide molecule.  In PMMA the acetanilide induces the C=O groups to lie 

down, while acetaminophen causes the C=O group to form a 20° angle from the surface 

normal under the δ distribution assumption.  In contact with PBMA, acetanilide PPP/SSP 

ratio passes though the “magic angle” where the orientation cannot be definitively 

determined.  The acetaminophen induces the C=O groups in the PBMA to form a 53° 

angle from the surface normal under the δ distribution assumption.  The difference in 

angles of the C=O groups in the polymers could be due to steric hindrance effects of the 

longer side chain of the PBMA.  The difference between the orientation of the C=O 
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groups when hydrogen bonded to acetaminophen clearly could play an important role in 

the determination of the polymorph heteronucleated on the two different polymers.     

 

 SSP PPP  

 

Peak 
Center 
(cm

-1
) 

Height 
Peak 

Center 
(cm

-1
) 

Height 
Peak 

Assignment 

PPP/SSP ratio 
normalized for 

peak width 

PMMA-Air 1725 187 1727 241 Free C=O 1.53 

PMMA-Water 1718 67 1717 137 
 

1.72 H-Bonded 
C=O 

PMMA-Phenol 1700 13 1700 35 
H-Bonded 

C=O 
2.04 

PMMA-Acetanilide 1706 191 1720 61 
H-Bonded 

C=O 
0.63 

PMMA-
Acetaminophen 

1716 88 1715 205 
H-Bonded 

C=O 
2.70 

PBMA-Air 1727 247 1727 441 Free C=O 1.79 

PBMA-Water 1711 229 1711 349 
H-Bonded 

C=O 
1.77 

PBMA-Phenol 1697 35 1694 184 
H-Bonded 

C=O 
2.66 

PBMA-Acetanilide 1710 47 
1715 

 

47 

 

 

1.51 
H-Bonded 

C=O 
 

PBMA-
Acetaminophen 

1707 129 1710 103 

 

1.05 
H-Bonded 

C=O 

 

Table 9 Table of fits for the polymer-solution interface experiments. 
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5.4.2 Acetaminophen Crystal - Polymer Interface 

 

Different crystal polymorphs of acetaminophen were successfully grown on the 

PMMA and PBMA surfaces.  Figure 5-4 and Figure 5-6 clearly show the different 

polymorphic crystals on PMMA and PBMA surfaces.  The two polymorphs have unique 

Raman signatures, unfortunately in a spectral region that is inaccessible to our SFG 

system. 

SFG spectra were collected from the polymer/crystal interfaces using SSP, PPP, 

and SPS polarization combinations.  The experimental geometry is shown in Figure 5-13.  

Since the acetaminophen crystals are millimeters thick, the input IR beam cannot 

penetrate the entire acetaminophen crystal to reach the acetaminophen crystal/air 

interface.  Therefore, SFG signal would not be contributed from the acetaminophen 

crystal/air interface.  In addition, we detected similar signals from different sized crystals, 

so the signal did not arise from the bulk.  Both the acetaminophen monoclinic and 

orthorhombic crystals have inversion symmetry in the bulk.  Under the electric-dipole 

approximation, no SFG signal will be generated from the crystal bulk.  Therefore, any 

SFG signals detected must originate from the polymer/ acetaminophen crystal interface.  

The polymer C=O signal is still detectable also, lending further evidence to the 

polymer/crystal interface being the source of the SFG signal.  At the crystal/air interface 

no polymer signal would be detected.  

For reference, the C=O region Raman spectra from the two crystal polymorph 

forms are shown in Figure 5-14.   
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In the SFG spectra of the crystal/ polymer interface, signals from several 

acetaminophen stretching modes were observed, including the amide I stretch, the methyl 

C-H stretch, and some aromatic C-H stretches.   

SFG spectra were collected from the interface of acetaminophen crystals with 

PMMA and PBMA; the resulting spectra were markedly different.  (Figure 5-16 and 

Figure 5-15)  These spectra do not show only the C=O group, but also the amide I mode 

from  the acetaminophen.
28

 

The amide I stretch from the acetaminophen shows up at 1650cm
-1

, and this peak 

is quite strong in SFG spectra from monoclinic acetaminophen crystals on PBMA.  

However, the polymer C=O signal (around 1730 cm
-1

) is relatively weak.  This shows 

that at the PBMA/acetaminophen crystal interface, the orientation of PBMA C=O groups 

can be quite random, or lie down at the interface. 

In contrast, the SFG spectrum from the PMMA/acetaminophen orthorhombic 

crystal interface showed very weak amide I signal.  It is interesting that no SFG signal 

from the amide I stretch was observed, as a peak is clearly present in the Raman spectrum, 

Figure 5-14.  SFG is sensitive to molecular orientation, and thus certain orientations will 

generate no detectable signal, even when molecules are present.  Unfortunately, there are 

a number of possible orientations that would lead to no SFG signal, and so we were 

unable to quantify this in more detail. 

The SFG spectrum obtained from the orthorhombic crystal/PMMA interface 

showed predominately the C=O stretching signals on the PMMA surface, centered 

around 1715 and 1732 cm
-1

, respectively.(Figure 5-16)  As we discussed above, the 1715 

cm
-1

 peak can be assigned to the stretching mode of the C=O groups hydrogen bonded to 
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–NH-groups, while 1735 cm
-1

 peak should be the “free” C=O groups.  This observation 

indicates that at the PMMA/acetaminophen crystal interface, the majority of the PMMA 

C=O groups form hydrogen bonds with –NH- groups on acetaminophen, as was observed 

at the PMMA/acetaminophen solution interface.  Clearly, hydrogen bonding between 

PMMA C=O groups and the acetaminophen NH groups are related to the 

heteronucleation of the orthorhombic acetaminophen crystals on PMMA.   

The observation of a shoulder at 1735 cm
-1

 indicates that at the 

PMMA/acetaminophen crystal interface, some PMMA C=O groups do not form 

hydrogen bonding.  This signal might be contributed to the C=O groups near the 

PMMA/acetaminophen crystal interface where inversion symmetry for C=O groups is 

already broken.  Another possibility is that some C=O groups at the PMMA/ 

acetaminophen interface may interact with hydrophobic groups on acetaminophen, such 

as end methyl groups, therefore they do not form hydrogen bonds and their frequency is 

at 1735 cm
-1

.  Our results demonstrate that hydrogen bonding to the PMMA C=O groups 

do occur at the acetaminophen orthorhombic crystal/PMMA interface. 

 

Figure 5-13 Sample geometry used for the crystal polymer interface experiments. 
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Figure 5-14 Raman spectra of orthorhombic and monoclinic acetaminophen crystals in the C=O 

stretching region. 
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Figure 5-15 SFG spectra of monoclinic acetaminophen crystals on dPBMA in the SSP and PPP 

polarization combinations in the C=O stretching region. 

 

 Peak Center (cm
-1

) Height Width 

SSP Monoclinic 
1652 42 7 

1737 36 15 

PPP Monoclinic 
1654 56 5 

1740 43 14 
Table 10 SFG fit values for the monoclinic acetaminophen dPBMA interface 
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Figure 5-16 SFG spectra from the dPMMA/orthorhombic acetaminophen crystal interface 

 Peak Center (cm
-1

) Height Width 

SSP Orthorhombic 

1734 60 10 

1715 109 14 

1645 34 20 

PPP Orthorhombic 

1733 47 10 

1713 90 13 

1644 84 34 
Table 11 SFG fit values for the orthorhombic acetaminophen dPMMA interface 
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5.4.3 Amide I Orientation 

In the case of the monoclinic acetaminophen/PBMA interface, the orientation 

analysis can be performed similar to the manner in which the free C=O orientation was 

performed.  The main difference is that for the amide I vibration, the Raman 

depolarization ratio r=0.13, and the vibrational mode lies 22
o
 from the C=O bond axis.

28
  

The rest of the equations are the same as explained in Chapter 3.  The amide I orientation 

as determined by SFG in proteins has been previously reported.
15

  The PPP/SSP ratio of 

the amide I tensor for the monoclinic acetaminophen crystals was found to be 0.9 on 

average.  This corresponds to an amide I tensor orientation of around 56º from the surface 

normal under the delta distribution assumption, which should be a reasonable assumption 

for a crystal. 

 

Figure 5-17 Orientation curves of the Amide I stretch. 
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However, this is close to the “magic angle”, in which case the ratio obtained for a 

very narrow distribution at the magic angle would be the same as for an extremely broad 

distribution; our results are insufficient to distinguish between the two cases. 

 
Figure 5-18 Raman spectra of monoclinic and orthorhombic acetaminophen crystals in the CH 

stretching region. 

5.4.4 CH stretching region 

 The Raman spectrum for the CH stretching region is given in Figure 5-18 for 

reference.  We do observe CH stretches at the polymer/crystal interface.  This implies 

that there is also strong orientation of the methyl groups at the interface. 

As mentioned previously the CH stretching region can be hard to interpret due to 

overlapping and interfering bands.  In theory, there should be only a symmetric CH3 and 

antisymmetric CH3 stretch in the spectral region between 2800 and 3000 cm
-1

.  From 

SFG spectra, Figure 5-19 and Figure 5-20, there are clearly more than two peaks present.  
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Further work needs to be done to make reliable peak assignments before orientation 

analysis can be done.    

 

Figure 5-19 SFG spectra of orthorhombic acetaminophen on dPMMA 

 
Peak Center 

(cm
-1) Height Width 

SSP 

2860 33 9 

2885 90 14 

2942 114 14 

2992 244 50 

3080 192 50 

SPS 

2858 29 17 

2909 112 29 

2964 50 13 

3045 44 34 
Table 12 SFG fits for CH region for orthorhombic acetaminophen crystals on dPMMA 
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Figure 5-20 SFG spectra of monoclinic acetaminophen in the SSP and SPS polarization combinations 

in the CH stretching region. 

 Peak Center 

(cm
-1) 

Height Width 

SSP 

2863 6 12 

2947 26 12 

2982 18 29 

SPS 

2859 12 16 

2900 12 13 

2970 44 16 

2926 31 21 

3054 22 36 
Table 13 SFG fit results of monoclinic acetaminophen crystals on dPBMA 
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5.5 Acetaminophen Samples Formed by Sublimation 

Our collaborator (Vilmali Lopez-Mejias) observed that acetaminophen crystals 

prepared by sublimation onto the PMMA and PBMA surfaces resulted in different 

preferred crystal orientations, using powder x-ray diffraction (PXRD).  No polymorphism 

was observed in the sublimated samples.  The sublimated acetaminophen on a PMMA 

film showed strong preferential ordering of the crystals along the (001) plane.  (Figure 

5-21)  In contrast, PXRD of sublimated acetaminophen on a PBMA film showed 

preferential ordering along the (021) plane but the degree of preference was not nearly as 

strongly as on the PMMA film.(Figure 5-23)  Our SFG results correlate well with these 

observations, showing that the PMMA surface has a more ordered distribution of C=O 

groups than PBMA film. 

When crystals were grown via sublimation, all the crystals grew in the monoclinic 

form regardless of the polymer surface.  Clearly, the kinetics of crystal growth from 

vapor vs. from saturated solution are quite different.  Further, the molecular surface 

structures of the PMMA and PBMA surfaces are very different in air than in solution 

(water), as was discussed in Chapter 4.  We examined whether SFG could provide some 

insight into the differences in the interactions between acetaminophen vapor and a 

polymer surface, as compared to the growth of crystals in solution. 
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Figure 5-21 Powder X-Ray Diffraction of acetaminophen sublimated onto PMMA 

 

 

 

 
Figure 5-22 Model of the (001) plane of acetaminophen 
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Figure 5-23 Powder X-Ray diffraction of sublimated acetaminophen on PBMA 

 

 
Figure 5-24 Model of the (021) plane of an acetaminophen crystal 
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The CH region sps polarization combination SFG spectra of the samples made by 

sublimation, Figure 5-25 and Figure 5-26, are clearly quite different from the samples 

made from solution.  This implies that there is very different surface orientation, probably 

due to the difference in the kinetics of deposition.  Again, reliable peak assignments need 

to be made before more analysis can reasonably be done on the CH region spectra.  

As can be seen in Figure 5-27 there is no evidence of a hydrogen bonding induced 

peak position shift for the PMMA C=O as was observed in the solution grown samples.  

This would imply that hydrogen bonding plays a less important role in the samples made 

by sublimation.  It could be interpreted that hydrogen bonding between the 

acetaminophen and PMMA is important in generating the orthorhombic form, since in 

the sublimated samples the monoclinic polymorph is formed and there is no evidence of 

hydrogen bonding. 

In Figure 5-28 the PBMA C=O signal is much stronger compared to the 

acetaminophen amide I signal than in the solution grown crystal samples.  
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Figure 5-25 SFG spectra of sublimated acetaminophen crystals on dPMMA 

 

 Peak Center 

(cm
-1) 

Height Width 

SSP 

2859 12 10 

2885 29 11 

2946 71 17 

2991 52 42 

3079 130 50 

SPS 

2837 22 16 

2959 18 14 

2889 21 18 

3013 29 15 

3049 58 12 

Table 14 SFG fit of sublimated acetaminophen on dPMMA 
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Figure 5-26 SFG spectra of sublimated acetaminophen crystals on dPBMA 

 Peak Center 

(cm
-1) 

Height Width 

SSP 

2852 9 11 

2880 21 12 

2941 56 15 

2999 16 22 

3065 12 18 

SPS 
2972 12 15 

3000 12 15 
Table 15 SFG fit of CH region of sublimated acetaminophen on dPBMA 
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Figure 5-27 Sublimated Acetaminophen crystals on dPMMA C=O stretch region 

 Peak Center 

(cm
-1) 

Height Width 

SSP 
1732 263 17 

1650 10 12 

PPP 

1732 191 16 

1649 60 7 

1624 35 10 
Table 16 SFG fit of C=O stretching region of sublimated acetaminophen on dPMMA 
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Figure 5-28 SFG spectra of sublimated acetaminophen crystals on dPBMA C=O stretching region 

 Peak Center 

(cm
-1) 

Height Width 

SSP 1729 49 19 

1643 71 29 

PPP 1728 69 15 

1680 45 15 
Table 17 SFG fit of C=O stretching region of sublimated acetaminophen on dPBMA 
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5.7 Summary and Conclusions 

In conclusion, the mechanism of polymer induced heteronucleation was examined 

with the nonlinear optical technique sum frequency generation vibrational spectroscopy.  

Acetaminophen was used as the model polymorphic system.  The PMMA and PBMA 

surfaces were studied specifically as heteronuclei, since they heteronucleate different 

polymorphs of acetaminophen, despite  having similar chemical composition.   

In a series of experiments that looked at the saturated solution/ polymer interface, 

a red shift was observed in the polymer C=O peak position.  The red shift was indicative 

of hydrogen bonding interactions between the acetaminophen and the polymer.  By 

comparing the peak shifts when the polymers were contacted to saturated solutions of 

acetaminophen, acetanilide, and phenol, it was determined that the polymer C=O group 

was hydrogen bonding with the NH in the acetaminophen.   

SFG peak intensities in the SSP and PPP polarization combinations were then 

used to determine that the C=O groups of PMMA and PBMA adopt different orientations 

when hydrogen bonded to acetaminophen molecules.  Acetaminophen hydrogen bonding 

to the C=O groups in PMMA cause the C=O groups to form a 20° angle from the surface 

normal under the δ distribution assumption.  Acetaminophen hydrogen bonding to the 

C=O groups in PBMA cause the C=O groups to form a 53° angle from the surface 

normal the δ distribution assumption.  The steric hindrances of the longer aliphatic side 

chain in the PBMA could contribute to the differences in orientation.  The differences in 

the hydrophobicity between ester methyl groups in PMMA and regular methyl groups in 

PBMA could also play a role.  The differences in orientation probably play an important 

role in the determination of the acetaminophen polymorph that is heteronucleated.  
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The acetaminophen crystal-polymer interface was also studied by SFG.  The 

amide I, methyl, and aromatic stretches were observed from the acetaminophen .  The 

orientation of the amide I stretches were deduced for the monoclinic polymorph.  The 

orthorhombic/PMMA interface shows clear hydrogen bonding shift of the PMMA C=O 

groups.  The monoclinic/PBMA interface shows very weak PBMA C=O signal indicating 

either a disordered PBMA interface or that the PBMA C=O groups lie down when the 

full acetaminophen crystal forms. 

Finally, samples prepared by sublimation were examined.  There was no evidence 

of hydrogen bonding between the sublimated acetaminophen and PMMA.  Since only 

monoclinic crystals formed by subliming, it is thought that the hydrogen bonding to the 

C=O in the PMMA plays an important role in the formation of the orthorhombic 

polymorph. 
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CHAPTER 6 : SFG IMAGING 

6.1 Introduction 

With the improvement of technology such as light sources and detector hardware 

most spectroscopic techniques are moving towards imaging.  Examples include CARS 

imaging
1-11

, IR imaging
12-17

, and Raman imaging etc. Spectroscopic imaging is especially 

important in non-homogenous systems such as  biological samples,
4
 polymer blends,

17
 

copolymers, or micro-patterned samples.
18-22

  Research has been performed to develop 

SFG imaging.  The spatial resolution of the SFG images of course will not be any better 

than a regular optical microscope in the far-field experiment; however, the ability to map 

the molecular surface structure such as surface functional group coverage and orientation 

of the sample could provide answers to many very important questions.  Other 

comparable techniques such as CARS or IR imaging are not surface specific and have 

comparable or worse spatial resolution.  

• Polymer blends are of great interest to the polymer science community.  

Determining if the polymers blend homogeneously or phase segregate into 

domains is an important and tricky question.  AFM and IR imaging of polymer 

blends
12-15,17

 are two common approaches to this question.  However, AFM does 

not provide any chemical information, and IR lacks the surface specificity needed 

to understand how proteins, etc. will interact with the polymer blend for example.  
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• As was pointed out in Chapter 4 with PAA, the bulk vibrational spectrum can be 

very different from the surface vibrational spectrum.   

• Cells are extremely inhomogeneous systems, and local differences in structure 

and chemistry are essential to health, function, and growth.  Being able to map the 

chemical distribution in cells has helped unravel some questions about how a cell 

functions.  CARS imaging of cells
4
 has proved to be quite powerful, but it is not 

surface sensitive and is currently limited to the CH region.  The CH region is of 

less use in biological systems due to the large number of sources for signal.  

• As devices continue to shrink, micro-patterned adhesives
18-22

 will become 

increasingly valuable.  Understanding the surface chemistry of the micro-

patterned surface will help in better designs of such materials.   

The increased surface specificity of SFG imaging could have widespread 

applications in these and other areas.   

To this end, we have designed and built an SFG imaging system. 

 

6.2 Design 

The goal of SFG imaging is to have chemical and spatial information about 

nonhomogeneous sample surfaces.  Several groups have previously built SFG imaging 

systems 
23-29

 using a direct imaging mode, where the SFG signal is directed into a CCD 

camera, but the grazing angle geometry used will lead to image distortion. The approach 

we took was with a collinear beam geometry, a 90° incident angle, a reflective 

microscope objective, and a scanning stage (see Figure 6-1).  It was thought that this 

approach would provide better images and require less post processing.  The hot mirror 
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was purchased from Reynard Corporation.  An all-reflective 15x cassegrain microscope 

objective purchased from Ealing Catalog, was used to focus the visible and infrared laser 

beams.  The all reflective objective was used to circumvent chromatic aberration issues.   

The optical setup is sketched out in Figure 6-1.  The visible input beam was 

reflected from the dichroic mirror.  It then passed through the hot mirror and entered into 

the microscope objective.  The IR beam was reflected from the hot mirror into the 

microscope objective.  The signal was then collected in the back reflection direction, 

which was transmitted through the microscope objective, the hot mirror, and the dichroic 

mirror, filtered by a monochromator, and detected with a photo multiplier tube.  The plan 

was eventually to modify the system to use a CCD camera directly above the dichroic 

mirror for the signal collection.   

 

Mirror Mirror 

Dichroic 
Mirror 

Hot mirror 

Sample 

Scanning Stage 

Reflective 
Microscope 
Objective  

To detector  

IR 

VIS 

Filter 

Mirror 
Polarizer 

Lens 

Figure 6-1 Schematic of optical setup for colinear SFG imaging 

system 
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6.3 Results 

 As a proof of concept, a PMMA sample was microcontact printed with a PDMS 

stamp on a glass substrate by Dr. Jay Guo’s group at the Department of Electrical 

Engineering and Computer Science of the University of Michigan; the patterning method 

has been described previously.
30-33

  The IR frequency was fixed at 2955 cm
-1

 which 

corresponds to the ester methyl symmetric stretch in the PMMA.  The sample was 

scanned and the sum frequency signal was collected.  The patterned PMMA showed up 

clearly in the resulting image.  See Figure 6-2.  The inhomogeneities within the PMMA 

areas are actually due to incomplete transfer of the PMMA during the printing.  The 

theoretical diffraction limited resolution for the image is on the order of 0.25 µm, far 

better than the 5µm step size the image was collected with.  The stage that we used had 

step sizes as small as 1 µm.  A better stage could of course take even smaller steps.  It 

should be noticed that this SFG image is an image of the surface chemistry of the sample. 

 

Figure 6-2 SFG image collected at 2955 cm
-1

 of PMMA microcontact printed on a glass substrate 
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6.4 Summary and Conclusions 

 SFG imaging has great potential for chemically mapping inhomogeneous samples.  

Studying the surface domains of polymer blends and co-polymers will help in designing 

these materials for various applications.  For example, it has been shown that polymers 

with micro domains on the surface can better resist marine biofouling.  Here, an SFG 

imaging system was designed and built.  The system was successfully demonstrated with 

a resolution of better than 5µm with a micro-contact printed PMMA sample.     

 

Figure 6-3 Schematic of the incorporation of the SFG microscope into the current laser system 
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CHAPTER 7 : SUMMARY AND CONCLUSIONS 
 

Sum frequency generation vibrational spectroscopy (SFG) is a second order 

nonlinear optical technique that was used to probe several different buried interfaces.  It 

can provide the identity and orientation of surface functional groups at interfaces.  

Previously, a lack of appropriate analytical tools has made it hard to probe buried 

interfaces.  Here a variety of buried interfaces were studied, to further develop SFG into a 

powerful in situ, nondestructive, analytical technique able to elucidate molecular level 

structures of buried interfaces.  SFG can provide a unique probe of interfacial dynamics 

and interactions. 

The first buried interface that was investigated was the interface between two 

functionalized poly-p-xylylene surfaces.  The Lahann group in the Chemical Engineering 

dept at the University of Michigan developed a Solventless Adhesive Bonding (SAB) 

technique.  In this technique an amine functionalized surface and an aldehyde 

functionalized surface were placed in contact and heated.  After heating extremely strong 

adhesion occurred between the two layers.  SFG allowed us to examine the behavior of 

the surface functional groups at the buried interface.  The mechanism for the SAB 

technique was determined to be a chemical reaction between the amine and aldehyde 

groups.  Other functionalized PPX surfaces were also examined.  All the functionalized 

groups did go to the air interface as desired.  There was evidence of surface restructuring 

when contacted to water of some of the polymer surfaces.  This has implications towards 
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the use of these polymers for biomedical implant devices.  In summary this study 

used SFG to reveal the surface restructuring of the functionalized PPX polymer in water.  

The effect of polymer exposure to an aqueous environment which was further explored in 

chapters 4 and 5.  This study also correlates interfacial interactions to elucidate the 

mechanism for a new technique of polymer adhesion.  

The next buried interface that was examined was a monolayer of 17 metadiester 

phthalates on graphite under a phenyloctane solution.  The Matzger group in the 

chemistry department at the University of Michigan has studied this system previously 

with Scanning Tunneling Microscopy (STM).  From the STM images, it was difficult to 

determine the exact orientation of the17 metadiester molecules.  It was determined that 

the C=O groups were tilting ~30º away from the surface.  This implies that there are two 

competing interactions, one between the monolayer and the phenyloctane solvent and one 

between the monolayer and the graphite surface.  The solvent monolayer interaction 

makes some sense, since the 17 metadiester molecule is soluble in phenyl octane.  To 

summarize this study SFG was extended to the investigation of organic liquid/solid 

interface.  This study also shows that a combination of analytical techniques including 

SFG can provide a more complete picture of an interfacial interaction. 

C=O groups are important surface interaction sites for many polymethacrylate 

polymers.  A selection of C=O containing polymers were examined with SFG.  The peak 

position of the C=O stretch is sensitive to whether the groups is hydrogen bonded or not.  

When the polymers were contacted to water essentially all the C=O groups formed 

hydrogen bonds with the water.  The orientation for the C=O groups in air and in water 

were determined for the various polymers.  This study systematically investigated the 
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chain length effect on polymethacryalte surface structures in air and their changes in 

water.  It has been shown that the interfacial hydrogen bonding can be monitored with 

SFG. 

The mechanism of polymer induced heteronucleation of acetaminophen was also 

examined.  The Matzger group at the University of Michigan found that poly-methyl-

methacrylate and poly-n-butyl-methacrylate heteronucleate different polymorphs of 

acetaminophen.  The PMMA and PBMA surfaces were studied specifically as 

heteronuclei, since they heteronucleate different polymorphs of acetaminophen, despite  

having a very similar chemical composition.   

In a series of experiments that looked at the saturated solution/ polymer interface, 

a red shift was observed in the polymer C=O peak position.  The red shift was indicative 

of hydrogen bonding interactions between the acetaminophen and the polymer.  By 

comparing the peak shifts when the polymers were contacted to saturated solutions of 

acetaminophen, acetanilide, and phenol, it was determined that the polymer C=O groups 

were hydrogen bonding with the NH in the acetaminophen.   

SFG peak intensities in the SSP and PPP polarization combinations were then 

used to determine that the C=O groups of PMMA and PBMA adopt different orientations 

when hydrogen bonded to acetaminophen molecules.  Acetaminophen hydrogen bonding 

to the C=O groups in PMMA cause the C=O groups to form a 20° angle from the surface 

normal under the δ distribution assumption.  Acetaminophen hydrogen bonding to the 

C=O groups in PBMA cause the C=O groups to form a 53° angle from the surface 

normal the δ distribution assumption.  The steric hindrances of the longer aliphatic side 

chain in the PBMA could contribute to the differences in orientation.  The differences in 
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the hydrophobicity between ester methyl groups in PMMA and regular methyl groups in 

PBMA could also play a role.  The differences in orientation probably play an important 

role in the determination of the acetaminophen polymorph that is heteronucleated.  The 

acetaminophen crystal-polymer interface was also studied by SFG.  The amide I, methyl, 

and aromatic stretches were observed from the acetaminophen .  The orientation of the 

amide I stretches were deduced for the monoclinic polymorph.  The 

orthorhombic/PMMA interface shows clear hydrogen bonding shift of the PMMA C=O 

groups.  The monoclinic/PBMA interface shows very weak PBMA C=O signal indicating 

either a disordered PBMA interface or that the PBMA C=O groups lie down when the 

full acetaminophen crystal forms. 

Samples prepared by subliming were also examined.  There was no evidence of 

hydrogen bonding between the sublimated acetaminophen and PMMA.  Since only 

monoclinic crystals formed by subliming, it is thought that the hydrogen bonding to the 

C=O in the PMMA plays an important role in the formation of the orthorhombic 

polymorph in the solution crystals. 

 In summary, the study of polymer/solution and polymer/drug crystal interfaces by 

SFG led to the beginning of understanding the interfacial molecular interactions that are 

important in the polymer induced heteronucleation.  SFG is an ideal tool to study such 

molecular interactions at buried interfaces.  

In the previous chapters, SFG spectra were collected from an area approximately 

500 µm in diameter, making SFG basically a macroscopic probe incapable of 

differentiating different surface inhomogenetities.  SFG imaging has great potential for 

chemically mapping inhomogeneous samples.  Studying the surface domains of polymer 



142 

 

blends and co-polymers will help in designing these materials for various applications.  

An SFG imaging system was designed and demonstrated using a micropatterned polymer 

sample with better than 5µm resolution.  In summary, this new SFG imaging tool will 

greatly enhance the spatial resolution of SFG, opening the door to studies of micro-

patterned and imhomogeneous samples.  The research presented in this thesis applied 

SFG to the study of a variety of buried interfaces, leveraging the abilities of SFG to 

provide in situ surface specific information.  The results provide an understanding of 

many important problems and area such as polymer surface restructuring in water, 

surface hydrogen bonding, polymer adhesion, two-dimensional organic crystals, and 

polymer induced heteronucleation of pharmaceutical polymorphs. 

 


