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Abstract 

PNIPAM (poly(N-Isopropylacrylamide)) is a well-known thermoresponsive polymer. 

Dissolved in water, it shows a structural change at 32 
o
C, above which the polymer folds 

together, and a phase separation occurs. The temperature where the polymer changes 

structure is known as the LCST (Lower Critical Solution Temperature), and can be 

modified by adding certain salts to the solution [1]. The mechanism by which the ionic 

components of the salts affect the LCST is not yet completely understood. The purpose of 

this master thesis is to study this mechanism.  

In order to investigate the mechanism, a combination of diffusion NMR and 

electrophoretic NMR was used, giving the effective charge per molecule which is directly 

proportional to the grade of association of ions to the polymer.  

The salts tested were: NaCl, NaClO4, NaSO4, NaI, NaSCN and CaCl2 from which the 

ClO4
-
, SCN

-
, and I

-
 ions, as well as Cl

-
 ions from CaCl2, were found to bind to PNIPAM.  

Keywords 

PNIPAM, poly(N-isopropylacrylamide), electrophoretic NMR, diffusion NMR, LCST, ion 

association.  
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Sammanfattning 

PNIPAM(poly(N-isopropylakrylamid)) är en välkänd termoresponsiv polymer. Löst i 

vatten uppvisar den en strukturändring när temperaturen höjs till över 32 
o
C, där polymeren 

viker ihop sig, vilket medför en fasseparation [2]. Den temperatur som övergången sker vid 

kallas för LCST (Lower Critical Solution Temperature), och kan påverkas vid tillsats av 

vissa salter [1]. Mekanismen bakom hur saltets joniska komponenter påverkar LCST är 

inte säker. Syftet med detta examensarbete är att utreda denna mekanism. 

För att undersöka mekanismen användes en kombination av diffusions-NMR och 

elektroforetisk NMR (eNMR) som gav den effektiva laddningen per molekyl som är direkt 

proportionell mot utsträckningen av joner associerade till polymeren.  

Följande salter testades: NaCl, NaClO4, NaSO4, NaI, NaSCN och CaCl2 av vilka det kunde 

visas att ClO4
-
, SCN

-
, och I

-
-joner, samt Cl

-
-joner från CaCl2 binder till PNIPAM  

Nyckelord 

PNIPAM, poly(N-isopropylacrylamid), elektroforetisk NMR, diffusions-NMR, LCST, 

jonassociation.  
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1. Introduction 

That salts can help precipitate certain proteins from a water solution has been known for over 

a century [1]. The magnitude of that effect depends on the specific ions involved in the salt 

according to the Hofmeister series [3] (see section 2.1). It has also been shown that the 

properties of thermoresponsive polymers can be modulated by addition of salts, and that the 

effect also can be ordered by the relative position of the involved ions in the Hofmeister series 

[1]. The molecular explanation of the Hofmeister behavior is yet unclear, as is the effect of 

salts on the lower critical solution temperature of thermoresponsive polymers (see section 

1.1). In this thesis, using a combination of diffusion- and electrophoretic NMR, the binding of 

various ions to poly(N-isopropylacrylamide) will be studied. 

1.1.  PNIPAM 

Poly(N-isopropylacrylamide), often named by its acronym 

PNIPAM, is a popular research subject due to its thermo and 

pH responsive nature. At temperatures below 32 
o
C, the 

polymer shows an extended coil-structure which, when the 

temperature is raised, collapses and takes a globular form, 

maximizing the contact between its hydrophobic side chains 

[2]. The temperature where this structural change takes place 

is known as the Lower Critical Solution Temperature 

(LCST). In the case of PNIPAM in aqueous solution, the 

folding of the polymer chain causes a phase separation. Analogously, upon heating a cross-

linked PNIPAM gel, the gel collapses [1]. The stimuli responsiveness of the polymer and the 

ability to adjust its LCST by introducing blocks of other polymers into the chain makes it a 

very interesting candidate for controlled drug delivery systems and many other applications 

[4]. The structure of PNIPAM can be seen in Figure 1. 

1.2. NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful tools for 

chemical and medical analysis. Using the behavior of atomic nuclei with nonzero magnetic 

spins in a magnetic field, a great deal of chemical information can be extracted. 

The phenomenon of NMR was experimentally shown by Isidor Rabi et al. in 1938 as the 

result of a series of molecular beam experiments at the Columbia University where the 

trajectories of the molecules in magnetic fields were correlated to the magnetic moments. This 

Figure 1 The structure of PNIPAM [17]. 
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discovery merited Rabi the Nobel Prize in physics in 1944. NMR as an experimental method 

applied to bulk materials was developed shortly thereafter, by two independent research 

groups: Purcell et al. at MIT and Bloch et al. at Stanford. The discovery led to them to sharing 

the Nobel Prize in physics in 1952 [5].  

Diffusion NMR probes the self-diffusion coefficient of various species by examining 

molecular displacements with help of pulsed magnetic field gradients. The self-diffusion 

coefficient can give information about, among other things, molecular size, shape and 

surroundings. Electrophoretic NMR utilizes an electric field over the sample and, with help of 

pulsed magnetic field gradients, measures the electrophoretic mobility. From the 

electrophoretic mobility and the self-diffusion coefficient, it is possible to calculate the 

effective charge of the investigated species.  
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2. Background 

The section dedicated to the theory of NMR is mainly based upon the books of Farrar and 

Becker [6] and Hore [7]. 

2.1. Hofmeister series 

It has been shown that certain ions, anions in particular, can exert a strong effect on 

macromolecular conformations in aqueous solution [3]. The extent of the ionic influence 

follows the so called Hofmeister series [1]: 

, 

where the ions left of chloride are often called kosmotropes (order-makers) and the ones to the 

right chaotropes (order-breakers). Addition of a kosmotropic anion to a macromolecule 

dissolved in water is assumed to promote intramolecular association and thereby facilitate 

precipitation of the molecule. Similarly, addition of a chaotropic ion may destabilize protein 

folding, allowing for better solvation [3]. Although there are very many examples of systems 

following the Hofmeister series, much is yet to be discovered and it is a field that is currently 

subject of much research [3]. The names for the two parts of the series refer to the assumed 

ability of the involved ions to change the water structure around molecules in aqueous 

solution by influencing the hydrogen-bonding network around the solute. However, lately it 

has been shown [3] (and references therein) that the presence of the ions may not influence 

the hydrogen-bonding network, and other theories are currently being tested. For the system 

of PNIPAM in aqueous solution, Zhang et al. have been able to report, by using a 

combination of a recently developed temperature gradient microfluidic apparatus with dark-

field microscopy, that the effect probably comes from a combination of three separate 

interactions, [1] as also illustrated in Figure 2: 

 Polarization of the hydration water by the anion. 

 Change of surface tension of the water surrounding the hydrophobic surfaces. 

 Direct binding of the anion to the amide group. 
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Figure 2 The salting-out effect by anions of PNIPAM as proposed by Zhang et al. [1]. (a) The water molecules hydrogen 

bonded to the amide are polarized by the anion, destabilizing the solvation. (b) The surface tension of the water surrounding 

the hydrophobic parts might be modulated by salt. (c) The anion might bind to the amide group. 

Also, for the first time, it was shown that, at high enough salt concentrations, the LCST 

occurs in a two-step mechanism [1]. The values for the LCST of PNIPAM in aqueous 

solution with different salts are shown in Figure 3. 

 

Figure 3 LCST values for PNIPAM in water for different sodium salts at varying concentrations [1]. The circles show the 

concentration above which the LCST occurs by a two-step mechanism after which, only the lower temperature transition is 

shown.  

2.2. Theory of NMR 

When an atomic nucleus with a non-zero magnetic spin   is inserted into a magnetic field, it 

attains      energy levels. The number of possible alignments corresponds to the number of 

energy levels. Hence, a 
1
H nucleus with a nuclear spin of      , which equals two energy 

levels associated to the nucleus, aligns either along or against the direction of the magnetic 

field. For a magnetic field   , the spacing between the energy levels is given by 

   
   

 
,    (1) 
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where   is the nuclear magnetic moment given by 

  
   

  
.    (2) 

  is the gyromagnetic ratio (or magnetogyric ratio) and is a constant for any given nucleus 

and   is Planck’s constant. As seen in (2), the higher the gyromagnetic ratio, the bigger the 

spacing between the energy levels in a given magnetic field. For 
1
H, the gyromagnetic ratio is 

very high, 26.75 10
7
 T

-1
s

-1
, making it very sensitive to changes in the magnetic field, which is 

one of the main reasons why 
1
H NMR is the most commonly used NMR method. Combining 

(1) with the Boltzmann-distribution, the ratio of the nuclei aligned along the field (spin-up) 

and against to the field (spin down) is 

   

     
  

 
  

   ,   (3) 

where    is the Boltzmann factor and   is the absolute temperature (in K). At room 

temperature, the difference between the two energy levels, and accordingly the difference in 

their populations, is very small. For this reason, a very strong magnetic field is required for 

adequate signal strength.  

A spinning mass will, when exposed to gravitational force, precess with a frequency   

depending on the size of its angular momentum and the strength of the gravitational force. 

Analogously to that classical mechanical case, the magnetization of nuclei with non-zero 

spins precesses in a magnetic field with a frequency known as the Larmor frequency, which is 

given by the Larmor equation, 

     
   

  
.    (4) 

As it is only possible to study ensembles of nuclei, the precessions of individual nuclei are 

collectively depicted by a net magnetization vector M, which at thermal equilibrium is 

oriented along   . In analogy to classical mechanics,   can be perturbed out of equilibrium 

upon application of a second magnetic field with a component orthogonal to M. Thereafter, M 

precesses around the z axis (defined along the direction of   ) with the Larmor frequency. 

The applied orthogonal magnetic field is generated by a radiofrequency (rf) coil directed in 

the x-y plane and supplied by a current with a frequency close to the Larmor frequency. 

What makes NMR a useful tool for identifying the molecules and various sites within 

molecules is the fact that the surrounding of a nuclear spin affects its precession frequency in 

a magnetic field. This phenomenon is explained as the effect of magnetic shielding of the 
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nuclei by the surrounding electrons. The more electrons orbiting the nucleus, the less affected 

the nucleus will be by the magnetic field and consequently, the slower it will precess. The 

frequency difference between the precession of a given nucleus in a sample molecule and that 

of a reference molecule (often tetramethylsilane) is a big clue to the structure of the sample 

molecule. The frequency difference is often divided by the Larmor frequency yielding the 

chemical shift  , expressed in ppm. 

Since the magnetic field is not completely homogenous, that is differs from place to place 

within the sample volume, the nuclei precess with slightly different frequencies. In order to 

adjust the magnetic field more homogeneous, a number of coils are placed around the sample 

volume within the superconducting magnet. A proper combination of the magnetic fields 

induced by the coils can correct for specific deviations of the field from homogeneity, a 

process called shimming. Proper shimming can greatly improve the signal. A 
1
H-NMR 

spectrum of PNIPAM can be seen in Figure 4. 

 

Figure 4 A 1H NMR spectrum of PNIPAM dissolved in a 90% D2O solution. 

A 
1
H nucleus, a proton, in a 9.6 T magnetic field precesses with a Larmor frequency of 

approximately 500.13 MHz. Typically, functional groups are distinguished by differences in 

their precession frequency in the range of 20 kHz for 
1
H NMR. This difference is very small 

compared to the frequency itself, making it hard to detect. Picturing the frame of reference, x-

y-z, in which the proton spins, as spinning with the same frequency as the Larmor frequency, 

x’-y’-z’, will render the net magnetization vector immobile in the x’-y’-plane. A 90
o
x-pulse 

(changing polarity with the Larmor frequency) would turn M from pointing along the z-axis 

(same as the z’-axis) to pointing along the y’-axis instead.  
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The rf pulse is often adjusted in terms of power and pulse length to push the net 

magnetization vector either 90
o
 or 180

o
 from the z axis. If, for example, a 90

o
 rf pulse is 

applied along the x’-axis, it is denoted 90
o
x. After a 90

o
x pulse has been applied, the 

magnetization vector precesses around the z axis in the x-y plane while, simultaneously, the 

system will strive toward its original state in thermal equilibrium. The time it takes for the z-

component of M to return to equilibrium is called the longitudinal (or spin-lattice) relaxation 

time, T1. Since the z-component of M is perpendicular to the coil that generates rf pulses, a 

current is induced in the coil when the z-component of M changes.  

In order to measure the T1 relaxation time, a 180
o
x pulse is applied to the sample, turning M 

into pointing along the –z-axis. The pulse is followed by a delay   during which M relaxes 

back towards the equilibrium position. After the delay, a 90
o

x pulse is applied and the induced 

current is recorded (see Figure 5). The signal from the recorded current is called the Free 

Induction Decay (FID). 

 

Figure 5 The inversion recovery experiment pulse sequence for acquiring the T1 relaxation time.  

 

This pulse sequence is repeated for different  , and the relationship [6] 

  (     )    (   )  
 

  
   (5) 

gives T1, where    is the amplitude of the FID following the 90
o

x pulse for a very long delay 

between the pulses (M has reached equilibrium) and    is the amplitude of the FID after the 

90
o
x pulse at the time  . The time it takes for the magnetization vector along the z-axis to 

return to 67% of that at equilibrium for M defines T1 (see Figure 6).  
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Figure 6 The result of a T1 inversion recovery experiment. The delay   between the rf pulses (see figure 5) is varied along 

the rows, giving a relation between signal amplitude and T1relaxation time. 

 

While the NMR signal is additive, the background noise isn’t. Hence, the signal/noise ratio 

can be improved by simply repeating the experiment, generating more FIDs, which can be 

added together. Alongside the longitudinal relaxation, another relaxation, the transverse 

relaxation, takes place. The transverse relaxation is characterized by the time T2 and relates to 

the rate of which the nuclei precessing around the z-axis in the x’-y’ plane lose phase 

coherence. As a consequence of this, the y’-component of M will decrease as the nuclei return 

to equilibrium. The mechanisms by which the different relaxations take place are 

mathematically complicated and are not mentioned further in this report.  

Nuclei precessing slightly faster or slower than the Larmor frequency exhibit precession 

around the z´-axis of the rotating frame, which rotates by     , with a relative frequency 

            . Hence, after some time they either “gain on” or “are left behind” by the 

nuclei precessing with the Larmor frequency. If after a time  , a 180
o
x pulse is applied, the 

corresponding magnetization vectors are turned around the x´-axis (see Figure 7, picture E.).  

 

Figure 7 The original Hahn spin echo pulse sequence. [8] 
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This changes the relative position of the magnetization components and, while their speeds 

remain unchanged, they all get together at time   , resulting in a so called “spin echo” (see 

Figure 8). This method to overcome phase incoherence was first proposed by Erwin Hahn in 

1950. 

A modification of the Hahn spin echo was proposed by Herman Carr and Edward Purcell 

where another 180
o

x pulse is applied after the spin echo to produce another spin echo with 

opposite sign since the nuclei now rephase along the y’-axis. This can be repeated many times 

over. In practice, it is hard to set the rf pulse length so as to flip the magnetization vectors 

exactly by a predefined angle. Any such error accumulates with each spin echo and attenuates 

the echo signal for longer pulse trains. A modification of the Carr-Purcell sequence was in 

turn suggested by Saul Meiboom and David Gill where instead a 180
o

y pulse is applied, 

rotating the magnetization around the y’-axis. The rephasing is then affected less by pulse 

imperfections because the effects of two subsequent imperfect pulses will in the first order 

cancel out. The pulse sequence is called the CPMG (Carr Purcell Meiboom Gill) sequence 

and can be used for T2-measurements. 

Figure 8 The Hahn spin echo sequence [16]. A) The system is in equilibrium. B) During a 90o
x pulse, the vector is shifted 

towards the y’-axis. C) Following a 90o
x pulse, the vector now points along the y’-axis. D) The nuclei precessing slower and 

faster than the Larmor frequency begin to spread out. E) A 180o
x pulse is applied, rotating the magnetization vectors of the 

nuclei around the x´-axis. F) The nuclei will rephrase. G) The nuclei have rephrased, producing a spin echo. H) The nuclei 

spread out again and another 180o
x pulse may be applied to produce another (weaker) echo. 



10 

 

 

2.3. Diffusion 

In this thesis, diffusion below refers to self-diffusion.  

A group of molecules starting at the same point in space will, with time, move away from 

each other. The rate at which they scatter is given by the diffusion coefficient from the 

Einstein-Sutherland equation 

  
   

 
,    (6) 

where   is the friction coefficient given by  

       ,    (7) 

where   is the viscosity of the medium in which the object in question diffuses and    is the 

hydrodynamic radius or Stokes radius. The hydrodynamic radius is the radius of a hard sphere 

that diffuses at the same rate as the molecule. Equations (6) and (7) combine into the Stokes-

Einstein equation 

  
   

     
,     (8) 

that provides a useful relation between the self-diffusion coefficient and molecular size. [9] 

2.3.1.Diffusion NMR [10] 

The precession frequency of the nuclei is directly dependent on the magnetic field strength. 

Upon application of a magnetic gradient along the z-axis of the sample, nuclei will precess 

faster the farther they are along the gradient which is defined as 

     ,    (9) 

which renders the expression for the magnetic field spatially dependent 

 ( )        ,   (10) 

and combined with the original Larmor equation (4) yields 

 ( )    
 (      )

  
.   (11) 

In other words, applying gradients labels the spatial positions of the nuclei via their Larmor 

frequency.  
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Figure 9 The PSGE pulse sequence for diffusion NMR. [8]  

In order to measure molecular movement in a sample, a magnetic field gradient pulse of 

length δ is applied in order to encode the initial position of the spins. The spins are then 

allowed to diffuse during a time Δ during which a 180
o
x pulse is applied (see Figure 9). After 

Δ, a decoding gradient pulse of equal length as the first one is applied which then gives the 

final position of the nuclei. The displacement of a nucleus along the magnetic gradient field 

results in a shift in phase from the nuclei remaining at the starting point ( ( )    ) 

      .    (12) 

The decoding gradient pulse is followed by a, this time incomplete, refocusing of the spins, 

resulting in a spin echo. Since the nuclei diffuse during the time  , the precession frequencies 

of the individual nuclei will change with time and consequently, the 180
o

x will not bring on a 

complete rephrasing. The signal attenuation of the spin echo relates to the diffusion 

coefficient D as follows [8]: 

 

  
              (  

 

 
)},  (13) 

where   and    are the spin echo amplitudes with and without gradient pulses, respectively. In 

practice, the gradient field strength is varied and the function above is fitted to the amplitudes 

of the resulting spin echoes, yielding the diffusion coefficient D.  
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Figure 10 A diagram showing the spectra acquired from a diffusion NMR experiment. The peak to the left comes from HDO 

(Water with one deuterium atom) and the right from PNIPAM’s CH3 groups. Water has a much higher diffusion coefficient 

than PNIPAM, which can be seen by the rate of the attenuation of the signal. The magnet gradient pulse strength is varied 

along the rows starting without gradient and ending with a gradient strength of 15.27 G/cm. 

A fundamental pulse sequence for diffusion NMR is the pulsed gradient spin echo (PGSE) 

sequence. The PGSE is basically the Hahn spin echo sequence modified by addition of one 

magnetic gradient pulse following the 90
o
x pulse and another one leading up to the 

acquisition. A spectrum from diffusion NMR can be seen in Figure 10. 

In order to prevent fast T2-relaxation suppressing the signal during the pulse sequence, one 

exploits another technique where the magnetization is kept along the z-axis between the 

gradient pulses. This is advantageous because in many systems T1 is much longer than T2. To 

this end, the 180
o
x pulse between the magnetic field gradient pulses is replaced by two 90

o
x 

pulses (see Figure 11). 

 

Figure 11 A pulsed gradient stimulated spin echo (PGSE) pulse sequence. [8] 



13 

 

2.4. Electrophoresis 

Taking advantage of the ability to spatially label the nuclei using magnetic field gradient 

pulses, the movement of charged particles in an electric field can also be probed. 

For an electric field generated by two electrodes separated by the distance   and voltage  , the 

field strength is given by 

  
 

 
.    (14) 

A particle with a charge    in this field is exposed to a force 

      
   

 
.   (15) 

The particle accelerates due to the force, but this is quickly (within nanoseconds) balanced out 

by the frictional force, 

            ,      (16) 

where   is the constant drift velocity. Equation (14) and (15) combine into  

  
   

 
,     (17) 

from which   
  

 
 

 

 
 is defined as the electrophoretic mobility  .  

2.5. Electrophoretic NMR 

An electric field is generated over the sensitive volume of the NMR sample by using a custom 

built NMR sample holder where two electrodes are inserted in the sample, one at the bottom 

and one at the top. When a voltage is applied between the electrodes, ions begin to migrate 

toward the electrode with opposite charge to the ions. Before and after the voltage is applied 

over the electrodes, the position of the nuclei are encoded and decoded, respectively, by the 

magnetic gradient pulses. A spectrum given by electrophoretic NMR is seen in Figure 13. 

A problem arises from the use of an electric field. Due to the current that appears in an 

electrically conducting sample, heat is generated, as given by Joule’s first law 

      ,    (18) 

where Q is the delivered energy,   is the current,   the resistance and   the time during which 

the voltage is applied.  
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Since the sample is heated homogeneously over its volume but is cooled at its surface there 

appear temperature gradients. In case of low viscosity, this causes thermal convection which 

leads to additional displacement of the molecules and thereby interferes with the 

electrophoretic mobility measurement. Since thermal convection is unidirectional, its effect 

on the spectrum can be circumvented by using a convection compensated pulse sequence 

where two electric field pulses are applied, the second with opposite polarity to the first (see 

Figure 12). In this case and under the assumption of static flow patterns, the phase factors are 

subtracted and because the electrophoretic phase factors change sign, the result is a 

cancellation of the effect of unidirectional displacement. In other words, this pulse sequence 

measures the electrophoretic displacement relative to the flowing liquid. 

For cylindrical tubes, the resulting electrophoretic flow velocity is related to the phase shift by  

         ,    (19) 

which when combined with (17) yields,  

         .   (20) 

 

Figure 12 Basically, the same pulse sequence as used in diffusion NMR is used here, but twice, and with the addition of two 

electric field pulses. [8]  

Typically, in order to obtain  , the voltage is varied linearly from 0 to a couple of hundred 

volts and the resulting phase shifts relative to water are plotted against the electric field 

strength. The electrophoretic mobility relates to the diffusion coefficient, and consequently 

the effective charge of the species   can be obtained through combining (17) with (5) into  

  
    

  
,    (21) 

which is an essential relation for this thesis where   is the charge of the electrophoretically 

dragged species.  
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Figure 13 The result of an electrophoretic NMR measurement of PNIPAM in water with sodium iodide. The water peak to 

the left has been phased as to remain constant, allowing one to see the phase shift of the PNIPAM peak relative to water. The 

phase shift of the PNIPAM peak is testament to its charge. In this experiment, the voltage is varied between 0 and 1000 V. 

 

For monovalent ions, the charge acquired from (21) directly relates to the association of ions 

to the polymer. This can be used to calculate the association constant for the following 

association [11] 

                      ,   (22) 

where A is the examined anion. Since the polymer alone is uncharged (see section 4), 

[          ]    [       ] ,   (23) 

where [       ]  is the initial polymer concentration.  

The association constant can consequently be acquired by  

   
  [       ] 

([  ]    [       ] )([       ]    [       ] )
.  (24) 

2.5.1.Electroosmosis 

Dissolved ions are coordinated by, and to some extent attached to, neutral solvent molecules 

which, upon application of an electric field that forces the ions to move, also drift along with 

the ions. For a solution where the charge distribution is homogeneous, the flow of the solvent 

molecules due to anions is typically cancelled out by the flow due to cations [12]. However, 

in presence of a charged surface (as that of the sample tube itself), for example the negatively 

charged silicon oxide (Si-O
-
) ions at the glass-solvent interface, cations can be attracted to it 
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and collect adjacent to the charged surface resulting in an inhomogeneous charge distribution 

[12]. The consequence of this is a net bulk flow of the solvent at a certain distance from the 

surface where the ions are assumed not to be strongly coordinated to the surface, and are 

thereby free to move [12]. This boundary is called the slipping plane. The potential at the 

slipping plane is called the ζ(zeta)-potential and it is this quantity that is the driving force of 

the resulting flow [13] (see Figure 14).  

 

Figure 14 A model of the surface interactions of ions to a charged surface. [8] 

 

The mobility of the molecules at the slipping plane is given by [14]  

    
     

 
,    (25) 

and relates to the electro-osmotic flow velocity at the slipping plane as      
   

 
. 

For an open tube with possibility for net mass transport, the result is a net flow in the 

direction set by the polarity of the electric field and the sign of the surface charge. In the case 

of electrophoretic NMR however, the flow occurs in a stagnant liquid column in a cylindrical 

tube. Hence, compensating for the flow at the surface there will be a counterflow in the center 

of the tube in the opposite direction with a flow velocity given by [8] 

 ( )      (
   

     
   ),   (26) 

where       is the tube radius and r is the distance from the center. This equation shows that 

the electro-osmotic velocity is the highest in the middle of the tube and that it follows a 

parabolic function.  
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Since eNMR is sensitive to all kinds of movement and convection of the sample, electro-

osmotic flow is unwanted. Moreover, it cannot easily be compensated for (like it had been 

done for thermal convection) since it changes sign with the electric field just like the 

electrophoretic displacement. The time scale of the build-up of the electro-osmotic flow is in 

general much longer (around 100 ms [12]) than the acceleration of the ions due to the 

electrophoretic voltage (nanosecond scale). Hence, by keeping the time during which the 

electrophoretic movement occurs short, the effects of electro-osmosis can be reduced. 

Research has also been done on coating the glass of the NMR tubes with polymer, for 

example methylcellulose or polyacrylic amide, in order to move the slipping far enough from 

the surface, to the point where the zeta-potential is vanishingly small which then suppresses 

electroosmosis [14]. 
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3. Experimental aspects 

3.1.  PNIPAM 

The polymer was ordered from Polysciences, Inc and had a molecular weight of 40 000 

g/mol. The polymer was dissolved in 90% D2O with a concentration of 10mg/ml which 

corresponds to approximately 88 mM.  

The association of the following salts was tested: 

Table 1 A list of the examined salts with concentrations. 

Salt Concentration 

NaCl 10mM 

CaCl2 5mM 

NaClO4 10mM 

NaSO4 10mM 

NaSCN 10mM 

NaI 10mM 

 

As a rule, after dissolving the polymer, it was left to stabilize for a day before addition of salt, 

after which it was left for another day before electrophoretic NMR experiments were 

performed. The salt concentrations used in the experiments can be seen in Table 1. 

3.2.  NMR 

The spectrometer used was a 500 MHz Bruker spectrospin with a Bruker 5 mm diff 30 probe 

with a maximum gradient of 1800 G cm
-1

.  

The sample cell seen in Figure 15 was developed by Hallberg et al [8] and consists of two 

electrodes, separated by 3.12 cm, immersed into a normal NMR tube. Processing was done 

with Topspin 2.1. The sample temperature for all tests was set to 20 
o
C in order to run the 

experiments below the LCST of the polymer.  

In order to be able to set the delay between diffusion and electrophoretic NMR scans, so that 

the sample has reached thermal equilibrium before next scan starts without waiting more time 

than necessary, the value of T1 was acquired by a T1 inversion recovery experiment. 
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In order to generate magnetic gradients, a Bruker GREAT-60, with a maximum current of 60 

A, was used. For generating the electrophoretic currents, a P&L Scientific eNMR-1000 was 

used. 

  

Figure 15 The sample holder used for electrophoretic NMR. The electric field is created by two electrodes immersed in the 

NMR tube. [8] 

The phase shift of the nuclei is affected by the electrophoretic current according to (20) and 

by the magnetic gradient according to (12). A deal of time was spent optimizing the 

parameters concerning the magnetic gradient and the electric field. A high magnetic gradient 

results in a high phase shift but also attenuates the signal according to (13). A strong electric 

field also gives good phase shifts but, heats the sample and thereby creates convection which 

also attenuates and distorts the signal. The experimental setup for electrophoretic NMR 

yielding the strongest phase shifts while still leaving a fairly undistorted and easy-to-read 

spectrum was with the following parameters: 

         

         

        

                  

        

          

The phase shifts due to the electrophoretic mobility of charged species were related to the 

phase of water, whose phase is unaffected by the electrophoretic current. The samples 

contained 10% H2O and 90% D2O in order to still have enough water signal left after 

attenuation by the magnetic field gradient and the electric field for the phase shifts to be clear. 
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3.3. Problems encountered 

There are very many different advanced components of electrophoretic NMR and diffusion 

NMR which have to work well together. Every day presented a new problem to overcome 

before results could be achieved.  

The biggest problem arose from the first polymer sample, which was ordered from Sigma 

Aldrich. Initial experimental results showed that adding sodium perchlorate and sodium 

sulphate had no discernable effect on the molecular charge of the polymer. The pH of the 

polymer solution was found to be 3.5, whereas the reported pH was said to be roughly neutral. 

Whether the acidity came from deprotonation of the polymer or from impurities was an initial 

concern. In the case of the deprotonation, that would result in a negatively charged polymer 

which would be less prone to associate with the anions. As for the case with the impurities, 

maybe they would associate to the polymer instead of the anions resulting in an incorrect 

change in charge. For this reason, another polymer from Polymersciences, Inc was ordered. 

Some of the samples were, to some extent, electrolyzed by the electric current running 

through the sample. For solutions containing the polymer with NaI or NaSCN, the sample 

turned slightly brown at the bottom of the tube. Repeated measurements of the same sample 

showed no significant effect of sample degradation but even so, all samples were discarded 

after two runs. The pH of the samples were measured before and after electrophoretic NMR 

experiments were run and was found to not change due to above effect. 

Because the custom-built sample holder was asymmetrical, shimming was sometimes 

troublesome. Since the ionic association to the polymer was weak at best, it was important to 

have an as good as possible signal. 

Many experiments showed a linear relation between the phase shift and the applied voltage 

but with the first point of the fitting differing considerably. This problem was circumvented 

by raising the voltage between the rows slowly in the beginning, but the reason for the effect 

is still unclear.  
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4. Results and discussion 

Every electrophoretic NMR experiment was run twice, once with opposite polarity of the 

electric field to the other (see Figure 12 for one of the polarities). The value of the 

electrophoretic mobility of the polymer was found to differ slightly between the two 

polarities. Since electroosmotic flow changes direction with the sign of the applied voltage 

while the thermal convection is unidirectional, the induced motions are quite complex. The 

compensation for the effects is not perfect and thus, it is assumed that the effect is 

undercompensated for in the case of one polarity, and overcompensated for in the case of the 

other. For this reason, the results of the experiments are averaged between the different 

polarities.  

 

 

 

Figure 16 A chart showing the charge of the polymer in aqueous solution with the different salts. 

Out of the anions of the investigated sodium salts, three associate to the polymer strongly 

enough for detection with the used experimental setup: SCN
-
, I

-
, and ClO4

-
, out of which 

SCN
-
 associates the strongest. Interestingly, chloride ions from CaCl2 bind to the polymer, 

while chloride ions from NaCl do not. Direct binding of calcium to the polymer would result 

in a positive charge and binding of the ion pair would not change the charge at all. Thus, it 

can be concluded that the calcium ions further the association of the chloride ions. It has been 

reported that the CaCl2 ion pair binds to polyacrylamide gels 9 times better than NaCl ion 

pairs [11].  
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Since the only data acquired from the measurements were effective charges and diffusion 

coefficients, it says little or nothing concerning eventual association of ion pairs. Using 

equation (24), a set of association constants between the anions and the polymer were 

calculated. Since the relation between charge and association constant is not linear, the 

calculated association constants are numerically very sensitive to charge differences. In the 

case of thiocyanate with a charge of z = -0.90 giving a of Ka = 890 M
-1

,  a change of charge of 

around 5% to z = -0,85 instead gives Ka = 573 M
-1

. 

 

Table 2 A list of the association constants of the different anions calculated using equation (24). 

Anion Association constant Ka (M
1
) Ka

†
 (M

-1
) Bmax

†
 (

o
 C) 

I
-
 144          ± 

106 
4.3 1.1 

57 

SCN
-
 879          ± 

811 
4.3 1.6 

306 

ClO4
-
 117          ± 

149 
5.1 1.8 

63 

Cl
-
(CaCl2) 60          ± 

51 
- - 

31 

 

To the author’s knowledge, association constants presented earlier have all been based on 

theoretical models and none on direct measurement, as was done in this project. 

Zhang et al. presented the following data: 

Table 3 Data presented by Zhang et al. showing theoretical binding of anions to PNIPAM. 

Anion Association constant (M
-1

)
 

Bmax (
o
C) 

I
- 4.3 1.1 

SCN
-
 4.3 1.6 

ClO4
- 5.1 1.8 

 

from fitting an equation relating the LCST to salt concentration and association constant to 

the LCST values from Figure 3, where Bmax is the change in LCST due to direct ion binding. 

[1] 
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Although a comparison between the association constants would not be applicable, it can be 

concluded from the data from Zhang et al. in Table 3 that perchlorate ions seem to bind the 

hardest, followed by thiocyanate, and that iodide ions seem to bind the weakest. This is not 

consistent with the results acquired in this project. 

Zhang et al. [1] and Baldwin [15] both report that, out of the ions investigated in this thesis, 

sulphate ions display the biggest salting out effects, and that perchlorate, iodide and 

thiocyanate all show lesser salting out effects, which is consistent with the Hofmeister series. 

From this, it can be reasoned that the salting out effect of the polymer is not an effect of ion 

binding.  

Table 4 The diffusion coefficients of the polymer in water with different salts at concentrations of 10 mM (5 mM for CaCl2) 

Salt Diffusion coefficient (10-11 m2s-1) 

No salt 3.20 

NaI 2.93 

NaCl 2.96 

NaSCN 3.01 

NaClO4 2.59 

Na2SO4 2.83 

CaCl2 3.09 

NaF 3.39 
 

Seen in Table 4 are the diffusion coefficients of the polymer, used for calculating the charges 

in Table 2. Interestingly, the diffusion coefficients differ quite widely between the solutions, 

even though only solutions with very low salt concentrations of 10 mM were examined. The 

trend does not follow the Hofmeister series. Salt concentrations of 10 mM do not change the 

viscosity or the surface tension of water noticeably. It is documented that sodium ions do not 

bind to PNIPAM very well and it is seen in Figure 16 that the association of anions to 

PNIPAM is very small. Therefore, it can be reasoned that the change in diffusion speed is not 

a consequence of direct anionic association.  
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5. Conclusions 

There are not many experimental setups that can measure ionic association. Although eNMR 

is a fairly old technique, combined with modern NMR equipment, it is a powerful tool for 

measuring charge and association. The possibility of making in situ measurements and the 

relative quickness of the experiments merit eNMR for many more applications than it is 

currently being used for, and hopefully soon, interest will grow. 

The effective charge of the polymer when associated to the different anions was very small. 

An effective charge of around 0.3 for one polymer chain seemed to be the detection limit for 

the experimental setup used in this thesis, which is quite impressive.  

Future work could be focused on investigating the association of cations to the polymer. As 

seen in the case of NaCl and CaCl2, only the chloride ions from CaCl2 associate to the 

polymer. The role of the calcium ions in this is definitely worth investigating. The results 

from this thesis do not give any information about the mechanism by which the anions 

associate to the polymer. The effective charge calculated is not influenced by association of 

ion pairs. Perhaps, the anionic association could be examined for PNIPAM solutions into 

which the anions are added in their acid forms, i.e. HClO4 and HSCN etc. as to remove cation 

effects or effects due to association of ion pairs.  

The effect of switching polarity of the applied voltages over the sample is also an interesting 

area of investigation. The motion patterns of the mobile species in the sample are related to 

the phase shifts of the species and understanding those motions would facilitate the 

compensation for thermal convection and electroosmosis. 

Another result that deserves deeper investigation is the effect of the addition of small amounts 

of salt on the diffusion coefficient of the polymer. As seen in Table 4, the diffusion 

coefficient for the polymer in the very dilute NaClO4 solution is almost 20 % lower than for 

the polymer. A better understanding of this effect could have good uses in the polymer 

industry.  
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