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Abstract 

Poly(N-isopropylacrylamide) (PNIPAM)  is a thermo-responsive hydrogel; that is, it is a 

macromolecule which exists in a hydrated state beneath its lower critical solution temperature 

(LCST).  Polymers such as PNIPAM undergo a phase transition in response to changes in 

temperature, pressure, pH, salt concentration, and the addition of co-solvents.  Previously, 

visible-light microscopic measurements of the pressure-induced phase transition have been 

hindered by the lack of a pressurization apparatus with the short working distance and optical 

transmission properties necessary for high resolution microscopy.  We employ a high pressure 

setup which uses a fused silica micro-capillary to contain the sample.  Our experiment reveals 

differences in the spatial evolution of the phase change across the temperature and pressure 

thresholds, and Raman measurements allude to conformational differences in the evolution of 

the phase transitions.  The Raman peaks positions are in agreement with previous FTIR 

measurements, and due to a difference in selection rules additional vibrational bands are 

observed in the Raman spectra.  

  



 

iv 
 

Acknowledgements 

 A special thanks to my mentor, Dr. Schulte, for his guidance, support, and endless 

patience in guiding me through the thesis writing process.  Furthermore, a thanks to the Chair 

for functional materials, TU Munich, for providing the polymer samples.  Also, my gratitude 

goes out to my thesis committee and Dr. Lunsford for providing invaluable feedback during the 

writing process.  

 I would also like to express my eternal love and gratitude for my family: my wife, Emilye, 

for providing the encouragement, support, and faith in my abilities needed to press on, and my 

daughter, Kennedy, the inspiration for everything that I do.  Without you two none of this 

would be possible. 

  



 

v 
 

Table of Contents 

List of Tables .................................................................................................................................. vii 

List of Figures ................................................................................................................................ viii 

1.Introduction ................................................................................................................................. 1 

1.1 Polymer Entropy of Mixing .................................................................................................... 2 

1.2 Model of Phase Separation of a Polymer in Aqueous Solution ............................................ 4 

1.3 The Phase Transition of PNIPAM .......................................................................................... 7 

1.4 Raman Spectroscopy ........................................................................................................... 9 

1.5 Raman Microscopy .............................................................................................................. 12 

2. Experimental Procedures .......................................................................................................... 14 

2.1 Experimental Setup ............................................................................................................. 14 

2.2 Procedure ............................................................................................................................ 15 

3. Experimental Results ................................................................................................................ 16 

3.1 Optical Imaging of the Phase Transition ............................................................................. 16 

3.2 Spectroscopic Analysis of the VPT ....................................................................................... 19 

3.2.1 Analysis of the Temperature Induced VPT ................................................................... 23 

3.2.2 Analysis of the Pressure Induced VPT .......................................................................... 38 

3.3 Conclusion ........................................................................................................................... 45 



 

vi 
 

References .................................................................................................................................... 47 

 

  



 

vii 
 

List of Tables 

Table 1: list of spectral band assignments, (a) denotes vibrations associated with the methyl 

group, (b) denotes modes associated with the molecular backbone. (6) (29) ............................ 19 

 

  



 

viii 
 

List of Figures 

Figure 1: Two-dimensional lattice model of polymer molecule in solution, showing one possible 

configuration ................................................................................................................................... 3 

Figure 2: Gibbs free energy as a function of concentration (upper) and T vs. concentration 

diagram showing stable and unstable regions (lower) (12) ........................................................... 6 

Figure 3: Numerical simulation of spinodal decomposition, evolving left to right (14) ................. 7 

Figure 4: Model of PNIPAM polymer, showing monomer-monomer, polymer-solvent, and 

solvent-solvent interactions. (15) ................................................................................................... 7 

Figure 5: molecular depiction of phase transition (left) (2), skeletal structure of PNIPAM 

molecule segment (right) (1) .......................................................................................................... 9 

Figure 6: Depiction of the two types of bound water hypothesized in PNIPAM. Water bound to 

the hydrophilic amide group stabilizes the solvation of the molecule, while the ordered water 

molecules around the methyl groups adds an entropic penalty to solvation. (17) ....................... 9 

Figure 7: Diagram of vibrational energy levels showing different types of scattering. (24) (25) . 12 

Figure 8: Raman microscopy setup in lab (pressurization apparatus not shown). ...................... 15 

Figure 9: Optical imaging of PNIPAM at various temperatures: (right to left, top to bottom) 23, 

27.5, 32, 33, 36, 38, 40, and     . ............................................................................................... 16 

Figure 10: Optical imaging of PNIPAM across the pressure-induced phase transition, at 

pressures (right to left, top to bottom) 227.5, 244.8, 248.2, 255.1, 262.0, 268.9, 275.8, and 

365.4MPa. ..................................................................................................................................... 17 

Figure 11: P-T of PNIPAM, determined using cloud point measurements. (28) .......................... 18 



 

ix 
 

Figure 12: Diagram of some characteristic normal modes found in PNIPAM/             (25)

....................................................................................................................................................... 20 

Figure 13: Low resolution spectra of PNIPAM temperature/pressure, without baseline 

correction. ..................................................................................................................................... 20 

Figure 14: Comparison of Raman and FTIR spectra, showing the fingerprint region. (30) .......... 21 

Figure 15: Comparison of Raman and FTIR spectra, showing the C-H region. (30) ..................... 22 

Figure 16: High-resolution Raman spectra in the spectral fingerprint region of PNIPAM inside a 

capillary at various temperatures, after baseline correction and FFT smoothing. ...................... 23 

Figure 17: High resolution Raman spectra of PNIPAM at various temperatures, with grating 

centered at around 2620    , after baseline correction. .......................................................... 24 

Figure 18: Raw data showing the C-H spectral region, taken from high resolution spectra of 

PNIPAM ......................................................................................................................................... 25 

Figure 19: C-H data after performing baseline correction. .......................................................... 26 

Figure 20: FFT smooth shown in red, superimposed onto baseline corrected data. ................... 27 

Figure 21: Fit of smoothed data using Lorentzian function.......................................................... 27 

Figure 22: Plot of the C-H spectra region of PNIPAM at various temperatures. .......................... 28 

Figure 23:  Peak frequency of the symmetric stretch mode of the hydrophobic methyl C-H 

bonds at various temperatures. ................................................................................................... 30 

Figure 24: Peak frequency of the asymmetric stretching vibration of the hydrophobic methyl 

group at various temperatures. .................................................................................................... 30 



 

x 
 

Figure 25: Relative area of the 2920     peak, belonging to the symmetric C-H stretching 

vibration of the isopropyl backbone, at various temperatures. ................................................... 31 

Figure 26: Relative area of the peak belonging to the asymmetric C-H stretching mode of the 

isopropyl backbone, at various temperatures. ............................................................................. 31 

Figure 27: Raman spectra of the     region of PNIPAM spectra, at various temperatures. ...... 32 

Figure 28: Frequency of the 2375         peak at various temperatures. .............................. 33 

Figure 29: Frequency of the 2490         peak at various temperatures. .............................. 34 

Figure 30: Relative area of the 2375         peak at various temperatures. .......................... 34 

Figure 31: Relative area of the 2495         peak at various temperatures. .......................... 35 

Figure 32: FFT smoothed Amide I' spectra at various temperatures. .......................................... 35 

Figure 33: FFT smoothed spectra of C-H spectral region at various temperatures. .................... 37 

Figure 34: Raman spectra of PNIPAM in the fingerprint spectral region at various pressures.... 38 

Figure 35: Raman spectra of PNIPAM in the    /C-H spectral region at various pressures. ..... 39 

Figure 36: Frequency of the 2880     peak at various pressures. ............................................ 40 

Figure 37: Frequency of the 2980     peak at various pressures. ............................................ 40 

Figure 38: Frequency of the 2490     peak at various pressures. ............................................ 41 

Figure 39: Frequency of the 2375     peak at various pressures. ............................................ 41 

Figure 40: Relative area of the 2375         Raman peak at various pressures. .................... 42 

Figure 41: Relative area of the 2490         Raman peak at various pressures. .................... 42 

Figure 42: Amide I' spectral region at various pressures. ............................................................. 43 



 

xi 
 

Figure 43: Spectral region containing contributions from methyl and backbone C-H groups at 

various pressures. ......................................................................................................................... 43 

 

 



 

1 
 

1.Introduction 

PNIPAM is a thermo-responsive polymer that is characterized by a sharp phase transition that 

occurs at approximately     , notably in the vicinity of the normal human body temperature.  

During this process the molecule undergoes a dramatic transition, expelling its hydration water 

and changing configuration from random coil to globular. (1) While most often a phase change 

is induced by temperature fluctuation, it is also possible induce a phase separation by applying 

pressure.  Because of these properties, PNIPAM has become a model system for studying 

multifunctional smart materials that undergo similar volume phase transitions. (2) (3) These 

materials have been developed for medical uses such as controlled drug release, artificial 

muscles, and skin grafting. (4) (5) The versatility of these materials stems from the ability to 

tune the phase transition with stimuli such as temperature differences, electric fields, solvent 

concentration, or the addition of salts. (3) Furthermore, proteins have similar properties to 

hydrogels, unfolding from their native globular configuration below a certain temperature.  This 

behavior, cold denaturation, is nearly the reverse of the PNIPAM hydrogels, which are hydrated 

in their relaxed state.   Previous FTIR results show that spectroscopic shifts in the amide I’ bands 

of PNIPAM are also observed in proteins undergoing similar phase transitions. (6) Also, 

molecules such as PNIPAM have spectra that can be interpreted more readily than the spectra 

arising from the complex structure of proteins.  In particular, analysis of the amide group in 

PNIPAM is simplified since the polymer is composed of a C-H backbone, with the amide groups 

situated on the side chains. (1) In contrast, the amide groups constitute the backbone of 

proteins, causing the amide spectra to be sensitive to the secondary structure of the molecule. 

Lastly, the cold denaturation process in proteins typically occurs below the freezing point of 
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water, complicating observation. (7) Studies of the phase transition of PNIPAM may therefore 

contribute to models of the cold denaturation of proteins.  (6) (8) (9) 

In this thesis we begin by providing a background in the theory describing the phase separation 

of polymers in solution.  We then give a description of spectroscopic methods, elaborating on 

our particular experimental setup.  Next, we present our Raman and optical microscopic 

measurements of PNIPAM across the temperature and pressure-induced phase transition, 

focusing on the spectral regions which show changes across the transition.  Finally, we will 

analyze our results, comparing with FTIR data from similar experiments. 

1.1 Polymer Entropy of Mixing 

The entropy S of a substance is defined by the number of configurations the particles in a 

system can assume, specifically 

        

Where    is the multiplicity of the system.  A polymer is a molecule built from a succession of 

identical segments, joined together by a backbone of C-C bonds.  This allows the polymer to 

adopt a large range of conformations, owing to the numerous rotations that can occur at these 

bonds.  In a solution, the polymer molecules adopt the state of lowest energy, a highly 

degenerate random coil configuration.  When considering the entropy of a polymer, a 2 

dimensional lattice can be used to represent the spatial configuration of particles, drawn with 

one monomer segment at each site and lines representing the covalent bonds of the molecular 

backbone linking the segments together.    is then the number of possible configurations the 

polymer can assume on the lattice. (10) 
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Figure 1: Two-dimensional lattice model of polymer molecule in solution, showing one possible configuration 

When using this method to calculate the entropy there are 3 assumptions made: 1) that there 

are no interactions between particles, 2) only one particle can occupy a lattice site, and 3) that 

all of the lattice positions must be occupied.  Then, following the derivation by Flory (11): 

  
 

   
∏  

  

   

 

where    is the number of possible configurations of the     polymer chain and    is the 

number of polymer chains belonging to the system, one can arrive at   

           
  

      
     

  

      
   (   )   

   

 
 

where N is the number of monomers per polymer chain, z is the coordination number, and    is 

the number of solvent molecules.  The total entropy of the system is the sum of the entropy of 
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mixing and the conformational entropy which arises from differences between the polymer 

molecules, however if we ignore the disordering entropy and consider one mole of an ideal 

polymer solution (    ), then the entropy of mixing is 

              
  

 
      

where            are the volume fractions of the two types of particles in the lattice.  The 

enthalpy change is dependent on the properties of both the solvent and the solute, and is given 

by 

               

where      is a parameter introduced to describe the interactions between solvent and solute 

molecules.  The Gibbs free energy change, which determines whether or not mixing will be 

spontaneous under certain conditions, is defined as 

            . 

Assembling the previous expressions we arrive at the expression for the Gibbs free energy 

change for mixing a polymer with a solvent, we have 

                             . 

1.2 Model of Phase Separation of a Polymer in Aqueous Solution 

Considering a polymer solution with Gibbs free energy change   ( ), and the same solution 

separated into its two constituents with volume fraction         so that          , if an 
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adiabatic system is in equilibrium then   ( ) is minimal and thus phase separation will not 

occur as long as 

  ( )     (  )     (  ). 

Figure 2 shows a graph of the Gibbs free energy as a function of the polymer concentrations at 

different temperatures.           denote the positions where 
  

  
 = 0.  These positions define 

the binodal line, shown in blue on the lower graph.  This line on the phase diagram denotes the 

point beyond which the single and two-phase states exist in equilibrium.           show the 

inflection points where 
   

    = 0.  These points give the locations of local stability, where 
   

       

defining the spinodal line (shown in red) on the phase diagram.  Between the binodal and 

spinodal lines the solution is metastable and demixing typically requires the presence of 

impurities; that is, nucleation and growth may occur.  Note that the system has a lower critical 

solution temperature, or LCST, at        where the regions of stability disappear and the 

solution is forced to phase separate. 
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Figure 2: Gibbs free energy as a function of concentration (upper) and T vs. concentration diagram showing stable and unstable 
regions (lower) (12) 

Beneath the spinodal line, a homogeneous solution is unstable against microscopic fluctuations 

in density or composition and there is no thermodynamic barrier to the growth of a new phase; 

that is, the phase transition is modulated solely by diffusion.  Due to this simplification, the 

process can be modeled by an approximate analytical solution to the general diffusion 

equation. (13) Numerical simulations modeling the evolution of spinodal decomposition are 

shown in Figure 3.  Our interest in these models will soon become apparent. 
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Figure 3: Numerical simulation of spinodal decomposition, evolving left to right (14) 

 

1.3 The Phase Transition of PNIPAM 

 

Figure 4: Model of PNIPAM polymer, showing monomer-monomer, polymer-solvent, and solvent-solvent interactions. (15) 

Although simple when compared to biomolecules like proteins, current theoretical models fail 

to comprehensively predict the LCST behavior of PNIPAM. (1) This failure results from the 

complicated interactions taking place between the hydrophilic C=O and N-H, hydrophobic 

methyl groups, and the bound water (see Figure 4), all of which contribute to the     

parameter contained in the entropy of mixing and enthalpy.   
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Two species of bound water have been suggested to exist within a PNIPAM solution, one type 

bound to the hydrophilic amide group, and the other belonging to the water surrounding the 

hydrophobic moiety found on the side group. (16) (17) The latter forms a clathrate structure 

around the methyl molecules, reducing the coordination of the water molecules (the number of 

hydrogen bonds per molecule), and thus increasing the order of the water molecules.  This 

decrease in entropy is balanced by the decreased order associated with the highly degenerate 

random coil structure of the polymer, as opposed to being in a more ordered, folded state.  The 

water molecules bound to the amide group through hydrogen bonding provide a nucleation 

site for more water molecules, thought to have a cooperative stabilizing effect on the hydration 

of the polar groups. (3) The phase separation is thought to occur when the unfavorable entropy 

associated with the orderly arrangement of water molecules around the hydrophobic groups 

overcomes the stabilization provided to the solvated polymer by the water molecules bound to 

the amide group. (18) (19)  Studies have shown that the number of water molecules bound to 

the N-H and C=O sites decreases from roughly 11 below the LCST to 2 above, resulting in the 

adoption of a compact structure which minimizes the hydrophobic groups’ interface with the 

solvent. (20)  While the mechanism for the pressure induced phase transition has also been 

investigated (3) (6) (21), spectroscopic analysis has previously been limited to infrared 

absorption experiments. In particular, high resolution microscopic measurements of PNIPAM 

under pressure have not been previously performed due to the lack of a pressurization 

apparatus with the requisite optical transmission properties.  Intense interest remains in 

elucidating the exact nature of the interactions of PNIPAM with solvent, both to further 

materials technologies as well as to provide a more fundamental understanding of the complex 
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interactions governing the function of biomolecules and the behavior of polymers in solution. 

(9) (21) (17) 

 

Figure 5: molecular depiction of phase transition (left) (2), skeletal structure of PNIPAM molecule segment (right) (1) 

 

Figure 6: Depiction of the two types of bound water hypothesized in PNIPAM. Water bound to the hydrophilic amide group 
stabilizes the solvation of the molecule, while the ordered water molecules around the methyl groups adds an entropic penalty 
to solvation. (17) 

1.4 Raman Spectroscopy 

First demonstrated in 1928 By Krishna and Raman (22), Raman spectroscopy has since been 

refined and is now a widely employed method due to the sensitivity to changes in molecular 

structure (amongst other things).  The theory of Raman scattering is complimentary to the 
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somewhat simpler but more well-known theory of infrared (IR) absorption.  IR absorption 

occurs when the energy of the incident photon is such that there is a resonance effect with the 

vibrational modes of the molecule.  When this occurs the incident photon is absorbed, its 

energy converted into vibrational energy in the molecule.  By contrast, Raman scattering is a 

two-photon event, occurring when the excitation from the incident radiation modulates the 

polarizability tensor of the molecule, causing an induced dipole moment in the molecule.  The 

strength of the polarization is proportional to the polarizability   and the electric field E: 

      

Considering an excitation source with a field given by 

             

where   is the frequency of the laser.  Then the molecular vibrational normal modes   are 

given by  

     
          

where    is the characteristic harmonic frequency of the jth normal mode.  For a molecule with 

N atoms, there are 3N-6 (or 3N – 5 for a linear molecule) normal modes.  The radiation emitted 

by this induced dipole contains both elastically (Rayleigh) scattered radiation and inelastically 

(Raman) scattered light.  The Raman scattered light differs in energy from the Rayleigh 

scattered light by the vibrational energy that is gained or lost by the molecule.  The 

polarizability of the molecule is modulated by the molecular vibration so that 
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      (
  

   
)     

Now when considering the previous, and noting that 

         
    (   )      (   ) 

 
  

neglecting higher order terms we have: 

                   (
  

   
) (     (     )       (     ) )  . 

Note that as a consequence of the above, there will be both positive and negative Raman shifts.  

Also, this equation suggests that polarization and scattering are linear with the laser intensity 

(non-linear scattering can occur with high values of    but is not normally a concern in 

analytical applications).  Also, only vibrations that change the polarizability will yield Raman 

scattering.  Lastly, (
  

   
) is generally much smaller than   , so that Raman scattering is much 

weaker than Rayleigh scattering.  If the energy of the excitation source is close to an electronic 

transition energy of the molecule, then resonance Raman scattering is observed.  This results in 

a resonance enhanced signal that is orders of magnitude more intense than ordinary Raman 

scattered light.  (23) 
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Figure 7: Diagram of vibrational energy levels showing different types of scattering. (24) (25) 

1.5 Raman Microscopy 

Raman microscopy is the application of Raman spectroscopy to small samples, or to localized 

volumes in a larger sample, and is inherently more technically challenging than traditional 

Raman scattering measurements for several reasons.  One reason is that microscopic samples 

with a large surface area-to-volume ratio typically have a much more intense Rayleigh signal 

relative to the Raman scattering intensity than their macroscopic counterparts.  For example, 

consider a polyethylene sphere 1 micrometer in radius.  The Raman scattering intensity for this 

sphere is estimated to be      times smaller than the Rayleigh scattered intensity.  This is 

roughly the equivalent of trying to see the light from a firefly at a distance of 1m, if said firefly 

was superimposed onto the midday sun. (26)   Therefore, Raman applications were limited 

prior to the development of monochromatic, directed light (laser) excitation sources.  Even 

then, Raman microscopy was not commonly used until the advent of the highly efficient notch 

filters, CCD detectors, and simplifications to spectrometers.  The improvements to Raman 

microscopy made by recent technological advances cannot be understated-most modern 
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Raman setups sold currently come equipped with a microscope.  A Raman microscopy setup 

uses a microscope to focus the laser beam, and includes a pinhole or slit to provide confocal 

resolution as well as resolution in the XY plane.  This enhanced resolution makes Raman 

microscopy especially suited to studying particular regions of larger biological assemblies such 

as cells, as well as acquiring spectra from a thin film atop a substrate.  (27) The drawbacks of 

this type of experimental setup include limitations on sample size/geometry (it must fit into the 

microscope), and the short working distance required by the optics.    
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2. Experimental Procedures 

2.1 Experimental Setup 

Our experimental setup consists of a customized Raman microscopy system currently 

incorporating a 633nm HeNe excitation source, however a 785nm diode and 442nm HeCd laser 

are also included in the setup and can be interchanged with minimal effort.  The novelty of the 

setup lies in the ability to perform Raman microscopy under pressure using a visible excitation 

source.  This apparatus employs a hydraulic pressurization device connected via a series of low-

volume tubing to an interchangeable micro-capillary, which contains the sample. (28) Ethanol 

was used as a pressurizing medium; the application of hydrostatic pressure permitted the 

sample pressure to be measured by a Bourdon pressure gauge connected to the system.  The 

micro-capillary is made of fused silica, due to its strength and favorable optical transmission 

properties.  With this apparatus it is possible to pressurize samples to > 400MPa, while 

maintaining the ability to perform optical and spectroscopic measurements through the wall of 

the capillary tube.  The small volume of the capillary allows it to withstand a large pressure 

while still having a wall thickness small enough to accommodate the short working distance 

demanded by the Raman microscopy setup.  This setup allows us to monitor PNIPAM and other 

macromolecules under pressure using visible microscopic measurements, probing the phase 

transition with methods previously inaccessible.  It should also be noted that a temperature-

controlled (with circulating water) copper slide was fabricated to house the micro-capillary, so 

that the temperature induced phase transition could be observed in the (otherwise) same 

conditions as the pressure induced case.  
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Figure 8: Raman microscopy setup in lab (pressurization apparatus not shown). 

2.2 Procedure 

PNIPAM samples were first obtained with the assistance of the Chair for Functional Materials, 

Physics department, TU Munich, and further PNIPAM polymer was purchased from Sigma 

Aldrich.  The samples used in experiment were 25% wt. PNIPAM dissolved in    .  After 

dissolving, PNIPAM samples were agitated at 400 rpm overnight to ensure adequate mixing.  

After storage, samples were agitated at 400 rpm for an hour prior to examination.  For both 

Raman and optical measurements, the sample was placed inside a fused silica capillary tube 

having a 75um inside diameter and a 96um wall thickness.  Calibration of the spectrometer was 

performed using a Neon lamp in the fingerprint region and using the Argon lines from the 

ambient fluorescent lighting to calibrate for the C-H region.  A re-calibration was performed at 

the beginning of each day, as well as any time the spectrometer was repositioned, with a record 

of each calibration maintained. 
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3. Experimental Results 

3.1 Optical Imaging of the Phase Transition 

First, optical imaging of the temperature phase transition was performed.  After preparing the 

sample inside a capillary tube, the sample was thermally coupled to a copper temperature-

controlling slide (initially at room temperature).  Observation of the sample under 50x 

magnification was carried out while slowly increasing the temperature from      to     , 

then decreasing the temperature back to     .  The temperature of the sample was 

approximated to first order to be that of the circulating water, and the rate of change was kept 

under      /minute to maintain thermal equilibrium between the sample and the copper slide.  

Later, this approximation was verified by attaching a PT100 resistance thermometer to the 

copper slide and measuring the resistance of the PT100 to monitor the temperature of the 

slide.  The temperature reading on the thermometer and the temperature measured using the 

PT100 was found to be in agreement to within    .  The data was later adjusted to agree with 

the temperature calculated from the measured resistance of the PT100. 

 

Figure 9: Optical imaging of PNIPAM at various temperatures: (right to left, top to bottom) 23, 27.5, 32, 33, 36, 38, 40, and 
    . 

  𝜇𝑚 
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The pressure induced phase transition was similarly observed.  The sample was prepared inside 

a capillary tube which was then fitted into the hydrostatic pressurization apparatus.  The 

sample was imaged as the pressure was increased to over 400MPa, with a phase transition 

observed around 240MPa.   

 

Figure 10: Optical imaging of PNIPAM across the pressure-induced phase transition, at pressures (right to left, top to bottom) 
227.5, 244.8, 248.2, 255.1, 262.0, 268.9, 275.8, and 365.4MPa. 

 

Optical observation of the pressure and temperature induced VPTs reveal differences between 

the two cases in the spatial evolution of the phase change.  Worthy of note are the similarties 

between Figures 3 and 10; the pressure induced phase transition strongly resembles spinodal 

decomposition.  To ensure the structures formed in Figure 10 were not due to sample 

contamination or some other artifact, the experiment was performed on multiple samples.  The 

results were found to be reproducable.  In contrast with pressure, the temperature induced 

phase transition appears spatially homogeneous.  Microscopic imaging of PNIPAM at pressures 

up to 400MPa was reported by Kunugi et. al. (21), using the Teramecs high pressure cell, which 

incorporates 7mm thick sapphire windows through which to perform measurements.  They do 

  𝜇𝑚 
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not report any phase separation at higher pressures, possibly because they used a 1% weight 

solution.  They do, however, observe a re-hydration of the polymer chains at temperatures 

above the LCST with increased pressure.  This suggests that higher pressures have a cooperative 

effect on the hydration of the polar groups, since it is known that the high pressure imposes an 

entropic penalty to the bound water surrounding the hydrophobic moieties.   The P-T diagram 

for PNIPAM, determined through cloud point measurements by Otake et al., is shown below in 

Figure 11. 

 

Figure 11: P-T of PNIPAM, determined using cloud point measurements. (28) 
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3.2 Spectroscopic Analysis of the VPT 

Once visual observation of the sample had been performed, Raman microscopy measurements 

were then carried out on the sample.  In order to determine spectral band assignments, a low 

resolution spectrum of the sample was obtained.  Spectral bands were then compared with the 

various band assignments of the PNIPAM moieties found in other literature, compiled in Table 

1.  

Band Position (c   ) Assignment 

2982 Asymmetric C-H stretching (a) 
2940 
2920 

Asymmetric C-H stretching of –    (b) 
Symmetric C-H stretching of –     (b) 

2882 Symmetric C-H stretching (a) 
1626 
1480 

Amide I’ Region (C=O stretching) 
    asymmetric deformation (a) 

1460 
1450 

    asymmetric deformation (b) 
Assignment Pending 

1391     symmetric deformation (a) 
1371     symmetric deformation (a) 
1133     rocking (a) 

Table 1: list of spectral band assignments, (a) denotes vibrations associated with the methyl group, (b) denotes modes 
associated with the molecular backbone. (6) (29) 
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Figure 12: Diagram of some characteristic normal modes found in PNIPAM/              (25) 

 

Figure 13: Low resolution spectra of PNIPAM temperature/pressure, without baseline correction. 

Once an initial assignment of the various spectral bands from the PNIPAM sample under study 

was obtained, high resolution spectra were acquired across both the temperature and pressure 

induced phase transitions.  Due to the increase in resolution, the range of observable spectra 
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was diminished.  Covering the entire spectral range required two separate acquisitions, 

observing the spectral changes in the fingerprint region in one acquisition then observing 

spectral contributions from the     and the C-H regions in another.  Figures 14 and 15 show a 

comparison between high resolution Raman and FTIR spectra of PNIPAM, demonstrating the 

complimentary nature of Raman and FTIR spectroscopy.  Normal modes associated with Raman 

scattering are also tied to absorption frequencies, demonstrated by the many shared peak 

frequencies.  The different selection rules for absorption and Raman scattering are noted by the 

different intensities and line shape observed for the same peak frequency, with some bands 

missing entirely from one or the other. 

 

Figure 14: Comparison of Raman and FTIR spectra, showing the fingerprint region. (30) 
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Figure 15: Comparison of Raman and FTIR spectra, showing the C-H region. (30) 
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3.2.1 Analysis of the Temperature Induced VPT 

 

Figure 16: High-resolution Raman spectra in the spectral fingerprint region of PNIPAM inside a capillary at various 
temperatures, after baseline correction and FFT smoothing. 

The high resolution Raman spectra of PNIPAM across the LCST transition contain some changes 

worth noting.  Specifically, shifts in peak frequency and/or relative area can be seen in the 

fingerprint region around 1175, 1450, and         .  The     and C-H spectral regions at 

          and           also contain differences above and below the LCST, shown in 

Figure 13. 
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Figure 17: High resolution Raman spectra of PNIPAM at various temperatures, with grating centered at around 2620    , after 
baseline correction. 

Once spectral regions of interest were identified, each group was isolated (Figure 18) and data 

analysis was performed using standard spectroscopic data analysis methods, outlined in the 

following.  First, a baseline correction was performed on the data (Figure 19).  This correction 

reduced the number of parameters in the subsequent fitting, resulting in more consistent 

results.  Once a baseline correction had been performed, the data was smoothed using the Fast 

Fourier Transform method included in the analysis software (Figure 20).  This smoothing also 
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helped produce more consistent results in the analysis, and is justified by the similarity 

between the actual and the smoothed data.   

 

Figure 18: Raw data showing the C-H spectral region, taken from high resolution spectra of PNIPAM 
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Figure 19: C-H data after performing baseline correction. 
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Figure 20: FFT smooth shown in red, superimposed onto baseline corrected data. 

 

Figure 21: Fit of smoothed data using Lorentzian function. 
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Deconvolution of the data was done by using the analysis software to obtain a least squares fit 

to a minimum sum of peaks, in this case fitting the data to four Lorentzian functions (Figure 19).  

The Lorentzian function was chosen due to the similarity to the observed signal, as well as 

producing more consistent results and a visibly better fit than when using the Gaussian 

function.  This was also the line shape chosen in previously published studies. (18) The natural 

line shape of Raman peaks is the Lorentzian, however it should be noted that often in practice 

signal broadening occurs due to heterogeneities in the sample.  In these cases Voigtian 

functions may be more appropriate to use, and in certain limits can also be approximately 

Gaussian. 

 

Figure 22: Plot of the C-H spectra region of PNIPAM at various temperatures. 
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Figure 22 shows the high resolution spectra of the C-H region acquired at various temperatures.  

From Table 1, we identify the peaks around 2880 and 2980     as being associated with the 

symmetric and asymmetric stretch modes of the hydrophobic methyl group.  The peaks around 

2920 and 2940     are assigned to the symmetric and asymmetric stretching vibrations of the 

C-H backbone of the PNIPAM molecule.  Examination of the peak frequencies of the methyl 

groups’ C-H stretching modes reveals a sharp downshift in frequency for both the asymmetric 

and symmetric modes, which can be observed in Figures 23 and 24.This downshift occurs 

abruptly at       , where a discontinuous decrease in the optical transmission of the sample is 

also observed.  In contrast, the backbone C-H vibrations do not show a dramatic frequency 

shift, rather a change in the relative areas of the 2920 and 2940     is observed across the 

LCST.  The change in areas observed for these peaks is not discontinuous across the LCST, like 

the frequency shift noted in the methyl groups’ C-H vibrations.  Instead, the change in area 

appears to occur linearly with the increase in temperature, as can be seen in Figures 25 and 26.  

A molecular description explaining the discontinuous downshift the methyl groups’ C-H stretch 

modes has not been decided on, however it is known to characterize the temperature induced 

phase transition. (16) (31) As we will see, results from the pressure phase transition along with 

these observations support the hypothesis that the frequency shifts seen in the methyl groups 

can be associated with the amount of water bound to the adjacent polar group. 
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Figure 23:  Peak frequency of the symmetric stretch mode of the hydrophobic methyl C-H bonds at various temperatures. 

 

Figure 24: Peak frequency of the asymmetric stretching vibration of the hydrophobic methyl group at various temperatures. 
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Figure 25: Relative area of the 2920     peak, belonging to the symmetric C-H stretching vibration of the isopropyl backbone, 
at various temperatures. 

 

Figure 26: Relative area of the peak belonging to the asymmetric C-H stretching mode of the isopropyl backbone, at various 
temperatures. 
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Figure 27: Raman spectra of the     region of PNIPAM spectra, at various temperatures. 

The     spectral region of PNIPAM can be seen at various temperatures in Figure 27 above.  

We deconvolute the     spectrum into 2 constituent Gaussian peaks, at 2380 and 2495    .  

The 2495     peak dominates the     spectrum of PNIPAM, therefore likely originates in the 

bulk water.  The 2380     peak contributes roughly 10% of the intensity to the     spectral 

region, and can be seen to decrease in area as the temperature is lowered.  This suggests a 

decrease in concentration of the corresponding species of     molecules.  Both of these 

vibrations increase monotonically in energy, as indicated by the upwards shift in frequency in 

Figures 28 and 29.  The shift does not appear discontinuous across the phase transition.  Figures 
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30 and 31 show the decrease in area of the 2380     peak along with the corresponding 

increase in the 2495     peak, indicative of a change in the relative concentrations of 

different species of    .  Okada et al. (32) interpreted Raman shifts in O-H stretch modes to 

characterize changes in hydrogen bond strength between water molecules, which is consistent 

with the loss of bound water molecules in PNIPAM at higher temperatures. 

 

Figure 28: Frequency of the 2375         peak at various temperatures. 
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Figure 29: Frequency of the 2490        peak at various temperatures. 

 

Figure 30: Relative area of the 2375         peak at various temperatures. 
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Figure 31: Relative area of the 2495         peak at various temperatures. 

 

Figure 32: FFT smoothed Amide I' spectra at various temperatures. 
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In Figure 32, the amide I’ spectral differences across the LCST are noted.  The peak situated at 

roughly 1625    , attributed to the carbonyl group hydrogen bonded with water (31), is more 

diffuse at lower temperatures.  This is likely from interactions of the group with other nucleated 

water molecules.  At higher temperatures the peak becomes more well-defined, and another 

peak at around 1650     increases in area relative to the peak at 1625    .  Manas et al. 

observed a upshift of        in the frequency of the amide I band when a protein buries the 

polar group inside its hydrophobic core. (33) The sharpening of the 1625     peak can be 

explained by a loss of additional bound water molecules, and the 1650     is thought to 

characterize a coil to globule transition in the PNIPAM. (16) (17) Similarly, Asher et al. proposed 

the formation of hydrophobic nano-pockets in PNIPAM above the LCST, with the polar groups 

buried inside. (18) 
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Figure 33: FFT smoothed spectra of C-H spectral region at various temperatures. 

Figure 33 shows the spectral region containing contributions from the C-H deformation modes 

of the hydrophobic group at 1480    , the backbone at 1460    , and an unassigned 

contribution at 1450    .  The latter Raman peak is an example of a Raman active mode that 

is not seen in absorption measurements due to the difference in selection rules (Figure 12).  

The spectral shifts are similar to those observed in the C-H modes found at higher 

wavenumbers, with the backbone peak showing a large increase in area and the frequency 

assigned to the methyl group showing a discontinuous downshift across the LCST. 
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3.2.2 Analysis of the Pressure Induced VPT 

 

Figure 34: Raman spectra of PNIPAM in the fingerprint spectral region at various pressures 
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Figure 35: Raman spectra of PNIPAM in the    /C-H spectral region at various pressures. 

We now examine the spectra of PNIPAM across the pressure induced phase transition, shown 

in Figures 34 and 35.  We analyze the spectral shifts observed in the C-H and     regions and 

look qualitatively at the amide I and C-H deformation modes in the fingerprint region.  The 

changes noted in the amide I, C-H, and     spectral regions across the temperature induced 

VPT are absent in the high pressure spectra after phase separation.  The frequencies of the 

water peaks shift down monotonically with increasing pressure until about 200MPa, in contrast 

with the case of increasing temperatures, where an upshift in frequency was observed.  The 
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relative areas of the water peaks remained stable across the observed pressure transition, 

where we saw a marked decrease in the relative area of the 2375     peak above the LCST.   

 

Figure 36: Frequency of the 2880     peak at various pressures. 

 

Figure 37: Frequency of the 2980     peak at various pressures. 
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Figure 38: Frequency of the 2490     peak at various pressures. 

 

Figure 39: Frequency of the 2375     peak at various pressures. 
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Figure 40: Relative area of the 2375         Raman peak at various pressures. 

 

Figure 41: Relative area of the 2490         Raman peak at various pressures. 
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Figure 42: Amide I' spectral region at various pressures. 

 

Figure 43: Spectral region containing contributions from methyl and backbone C-H groups at various pressures. 
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In the C-H spectral region, the peak at 2880    remains stable at the pressure was increased.  

The 2980     peak frequency, on the other hand, increases linearly with the increase in 

pressure.  These results agree with FTIR data acquired by Heremans et al., where a diamond 

anvil cell was used to pressurize the sample. (6) The C-H spectral region at lower wavenumbers, 

shown in Figure 38, shows the same behavior. The frequency of the O-D stretch modes 

decreases monotonically until around 200MPa, where an upshift in frequency with pressure is 

seen.  Okada et al. found similar results in Raman experiments using a commercial stainless 

steel pressure cell capable of withstanding higher pressures than our fused silica capillaries yet 

not so well-suited for microscopic measurements, having a 7mm thick sapphire window.  They 

interpreted the downshift in frequency at moderate pressures ( <150MPa) to characterize the 

increasing strength of hydrogen bonding between     molecules, then increasing between 150 

and 300MPa, then decreasing again at higher pressures. (32) They offer the interpretation of 

the O-H stretch spectral region as having contributions from hydrogen bonded (polymer) and 

non-hydrogen bonded (monomer) water molecules, with the former having a lower peak 

frequency, and also propose a pressure dependence on the average coordination of the water 

molecules.  This supports the hypothesis that the frequency of the methyl groups in PNIPAM 

depends in part on the number of water molecules bound to the adjacent polar groups.  A 

strengthening of hydrogen bonding at moderate pressures would result in more bound water 

molecules at the polar groups, which matches the observed upshift in frequency.  Furthermore, 

the drop in the C-H stretch mode at a 200MPa coincides with the pressure at which the O-D 

stretch frequencies begin to upshift.   
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The change in the relative intensities of the 2920     and 2940     peaks seen across the 

LCST transition was not observed as the pressure was increased.  Since these frequencies are 

attributed to the isopropyl groups, it demonstrates the same distribution of Ramachandran 

angles before and after the pressure-induced phase transition.  In other words, the random coil 

configuration is maintained across the phase transition.  The amide I spectral region, shown in 

Figure 40, also provides evidence for this.  The increase in the area of the          peak that 

we observed across the temperature transition is not observed with an increase in pressure.  

This is evidence that formation of hydrophobic nano-pockets, believed to occur across the LCST 

transition, does not occur during the pressure induced phase transition.   

3.3 Conclusion 

In this thesis we report results on the temperature and pressure dependence of the Raman 

spectra of PNIPAM, as well as microscopic imaging showing the evolution of phase transition 

induced by temperature and pressure.  The temperature results are in good agreement with 

previously published studies and validate the analysis techniques used for both the 

temperature and pressure experiments.  Results from the pressure experiments corroborate 

similar experiments performed with FTIR, QENS, and cloud point measurements (16) (3) (6), 

supplementing the FTIR data and requiring less baseline correction in certain spectral regions.  

Additional vibrational bands are investigated that are excluded from FTIR analysis due to the 

difference in absorption and Raman selection rules.  

Our Raman measurements of the     region point to a strengthening of the hydrogen bonds in 

water with increased pressure, concurring with other pressure experiments done on water.  
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Conversely, the loss of bound water noted across the LCST is apparently the primary driving 

mechanism for the temperature transition.  Thus the evolution of the pressure induced phase 

transition is markedly different from the evolution of the system with increasing temperature, 

with microscopic imaging suggesting that the pressure transition evolves via spinodal 

decomposition.  Also, the discontinuous downshift in the C-H vibration of the hydrophobic 

group does not occur across the pressure induce phase transition, suggesting that the 

hydrophobic pockets formed during the collapse of the PNIPAM molecule at high temperatures, 

which stabilize the collapsed state, are not similarly formed at high pressures.  Also, the 

discontinuous shift in the two constituent Amide I’ peak areas, noted across the LCST, is absent.  

It has been suggested that PNIPAM remains in a coil-like configuration at higher pressures (6) 

(34); the lack of change in the C-H backbone spectra (noted across the LCST) and the absence of 

a peak at          across the pressure transition further assert the veracity of this claim. 
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