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Abstract 

Poly(N-isopropylacrylamide) (PNIPAM) is a well-known thermoresponsive polymer. In 

aqueous solution, PNIPAM shows drastically change of its conformation upon temperature elevation 

above a critical solution temperature. Such conformational changes in solution directly lead to 

changes in the solubility of the polymer, resulting in phase separation of the polymer solution. 

Although there has been wealth of observations of the structural changes upon thermal phase 

separation of an aqueous PNIPAM solution, little is known about the dynamic behaviors of phase 

separation such as the time scales of the phase separation processes. For precise understanding of 

fundamental mechanisms of phase separation of aqueous thermoresponsive polymer solutions, it is 

indispensable to reveal the phase separation dynamics quantitatively. Also, such dynamic study will 

promote applications of the polymers to smart materials such as drug delivery systems. In this thesis, 

the phase separation rates in aqueous PNIPAM solutions and the factors regulating the phase 

separation rate are investigated by means of a laser-induced temperature jump technique combined 

with transient transmittance-photometry techniques. The phase separation rate of an aqueous 

PNIPAM solution was investigated as a function of the following three important factors: the 

PNIPAM concentration, the molecular weight of PNIPAM, and the stereoregularity of PNIPAM. 

Three main conclusions in the present study are summarized: 

 

1) Phase separation of an aqueous PNIPAM solution is accelerated with increasing the 

polymer concentration (chapter 3).  

2) There is an optimum molecular weight of PNIPAM for rapid phase separation in an 

aqueous solution (chapter 3).  

3) Phase separation in an aqueous solution is accelerated by setting a high stereoregularity 

of PNIPAM (chapter 4 and 5). 
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The dynamic aspects of the phenomena are well correlated with the satic aspects. 

Entanglements of the polymer chains formed at a high polymer concentration play an important role 

in the phase separation dynamics: the phase separation time constant levels-off at a certain 

concentration value. Phase separation of aqueous highly syndiotactic-rich PNIPAM solutions 

becomes considerably fast when the polymer chains are entangled below the critical temperature. 

Cooperative dehydration of PNIPAM in an aqueous solution, defined by simultaneous dissociation 

of the bound water molecules from the sequential polymer chains, and subsequent formation of 

intrapolymer hydrogen bondings also result in rapid phase separation of an aqueous highly 

syndiotactic-rich PNIPAM solution. Furthermore, it has been demonstrated that formation of 

microscopic inter-chain networks even below the critical temperature in an aqueous isotactic-rich 

PNIPAM solution is the origin of rapid phase separation in the solution. 

 

By accumulating the knowledge about the phase separation dynamics as a function of the 

primary structures of a polymer in solution, it would be possible to develop a new model predicting 

the phase separation rate based on the fundamental structural and solution properties of a 

thermo-responsive polymer. The present study and further investigation of the phase separation 

dynamics as a function of various primary factors controlling phase separation will open new 

channels toward the design and development of stimuli-responsive-polymer-based smart materials.  
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Chapter 1| Back ground and introduction 

1.1 General introduction 

The impact of synthetic organic polymers on our everyday lives is not to be overestimated, 

since these are, in many cases, indispensable and are widely used in automobiles, electronics, 

buildings, textiles, food packaging, (bio-) medical applications, personal care products, sports 

leisure items [1]–[8], and so on. The properties of a synthetic organic polymer depend on its 

molecular weight, stereoregularity and its higher-order structure, which originates from monomers 

with specific chemical structures [9]–[11]. The higher-order structures of some polymers with 

specific primary structures can be varied by external stimuli such as temperature, light, electric or 

magnetic fields, or ionic strength [12]–[17]. Among the available stimuli-responsive polymers, 

thermoresponsive polymers have attracted much attention because of the ease with which their 

chemical and physical properties can be finely tuned. 

Thermoresponsive polymers are defined as those whose conformation changes radically in 

response to a small change in temperature. Generally, such conformational changes in solution lead 

directly to changes in the solubility of the polymer, resulting in phase separation of the polymer 

solution [17]–[21]. Such macroscopic changes in thermoresponsive polymers have prompted the 

development of intelligent or smart materials [22]–[29].  

Poly(N-isopropylacrylamide) (PNIPAM) whose structure is shown in Figure 1-1 is a 

well-known thermoresponsive polymer. Although there has been a wealth of observations of the 

structural changes upon thermal phase separation in aqueous PNIPAM solutions, little is known 

about the dynamic behavior of phase separation. As an example, even the time scales for phase 

separation processes in aqueous PNIPAM solutions still remain unclear because of the lack of an 

experimental technique to make measurements on these time scales. For a precise understanding of 

the fundamental mechanisms of phase separation in aqueous thermoresponsive polymer solutions, a 

quantitative evaluation of the phase separation dynamics is absolutely necessary. Also, such 

dynamic studies will promote applications of the polymers to smart materials such as artificial 
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organs [30], actuators [31] and drug delivery systems [25], [32]–[38]. In this thesis, the phase 

separation rates in aqueous thermoresponsive polymer solutions and the factors regulating the phase 

separation rate are investigated by means of a laser-induced temperature (T)-jump technique 

combined with transient transmittance-photometry techniques. 

 

Figure 1-1. Typical examples of thermoresponsive polymers exhibiting lower critical solution 

temperature (LCST)-type and upper critical solution temperature (UCST)-type behavior in water. 

 

1.2 LCST and UCST behavior 

1.2.1 Turbidity change 

Whereas large parts of small molecules are soluble in solvents at ambient temperature, some 

synthetic polymer solutions exhibit thermally induced phase separation as shown in Figure 1-2. Typical 

examples of such synthetic organic polymers are displayed in Figure 1-1 [17], [21], [39]–[43]. Some 

thermoresponsive polymers, such as PNIPAM, undergo phase transitions from a coil structure to a 
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globular structure at certain temperatures. In solution, such polymers have a lower critical solution 

temperature (LCST: TLCST). Below TLCST, the polymer solution is transparent since the coil structure of 

the polymer is likely to be soluble in solution, while the solution becomes turbid above TLCST owing to 

the low solubility of the globular structure of the polymer in solution. Another type of thermoresponsive 

polymer in solution exhibits an upper critical solution temperature (UCST: TUCST). In contrast to 

LCST-type polymers, the globular structures of UCST-type polymers in solution are insoluble below 

TUCST while those with coil structures are soluble above TUCST. Therefore, the LCST or UCST behavior 

of a polymer solution can be easily confirmed by the turbidity of the solution as shown in Figure 1-2. 

Figure 1-2. Changes in optical transparency of aqueous LCST-type and UCST-type polymer 

solutions upon heating and cooling.  

 

1.2.2 Classification of thermoresponsive polymers 

The LCST behavior of a polymer solution can be viewed phenomenologically as the inverse of 

the UCST behavior and both behaviors are characterized by polymer chain collapses or phase separation 

with a change in temperature. However, the physical basis of LCST-type phase separation is quite 

different from that of UCST-type phase separation. According to the second law of thermodynamics, the 

most stable phase has the lowest Gibbs free energy G at a given temperature T and pressure P. Three 

terms contribute to the change in the Gibbs free energy ΔGm when mixing a polymer with a solvent, the 

change in the internal energy ΔUm, which is related to the intermolecular attraction, the volume of the 

mixture ΔVm, and the entropy change ΔSm upon mixing. Thus 

∆𝐺𝑚 = ∆𝑈𝑚 + 𝑃∆𝑉𝑚 − 𝑇∆𝑆𝑚 (1.1) 
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    = ∆𝐻𝑚 − 𝑇∆𝑆𝑚        (1.2) 

where ΔHm is the enthalpy change upon mixing. Whereas UCST phase separation is explained by the 

enthalpy change, the LCST phase separation is driven by the entropy change.  

As shown in Figure 1-1, LCST-type and UCST-type thermoresponsive polymers have 

different structural features. For example, non-ionic amphiphilic polymers such as 

poly(N-isopropylacrylamide) (PNIPAM) [17], [39], poly(methylvinylether) (PMVE) [44]–[46] and 

poly(N,N-diethylacrylamide) (PDEA) [47]–[53] are well-known as LCST-type thermoresponsive 

polymers. The hydrophilic part in the amphiphilic polymer interacts strongly with water molecules 

and increases its solubility in water. The hydrophobic part contributes to the negative entropy 

change upon mixing, and the hydrophobic attraction between the hydrophobic parts plays a role in 

minimizing the entropic loss of the system. The total negative entropy change upon heating 

becomes larger than the enthalpy of the hydrogen bonding, and the change in ΔGm becomes positive, 

causing shrinking of the polymer chain and phase transition. Therefore, the balance between the 

hydrophilic part for solubilization and the hydrophobic part for aggregation is important to the 

LCST-type phase separation behavior in water. The change in the hydrophilic-hydrophobic energy 

balance upon heating causes phase separation of the solution by dehydration of the polymer.  

The hydrophilic-hydrophobic energy balance depends on the stereoregularity of the 

polymer. A schematic illustration for the stereoregularities of vinyl polymers of the type 

[(CH2)-(CHR)]n is shown in Figure 1-3. As shown in Figure 1-3a, if the skeletal bonds are in the 

trans conformation and lie in the plane of the paper, the R groups on successive asymmetric carbons 

projecting on the same side define a meso diad and perpetuation of this configuration leads to an 

isotactic polymer. Assignment of a configuration d to the asymmetric carbons in this figure is 

arbitrary. If one of the asymmetric carbons of the diad is in the d configuration and other is in l, the 

diad is racemo (Figure 1-3b) and regular alternation of the d and l centers along the chain defines a 

syndiotactic polymer. Random occurrence of d and l centers along the chain leads to an atactic 

polymer, as shown in Figure 1-3c. The effect of stereoregularity on the properties of polymers has 
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long been recognized, with such basic differences as in the glass transition temperature [54]–[56], 

crystallization [57]–[60], and solubility [61]–[64]. 

Figure 1-3. Schematic illustration of the definition of the stereoregularity of an asymmetric chain of 

the type [(CH2)-(CHR)]n. 

 

On the other hand, UCST-type thermoresponsive polymers in solution show strong 

polymer-polymer interactions on the basis of hydrogen bonding and/or Coulomb interactions in 

many cases. According to eq. 1-2, UCST-type polymers should have positive ΔHm and ΔSm values. 

This suggests that stronger polymer-polymer and solvent-solvent interactions compared to 

polymer-solvent interactions are required for positive ΔHm. The hydrophobic part, which induces 

the large negative entropic change upon mixing, is less dominant for UCST-type polymers showing 

positive ΔSm. Therefore, UCST-type polymers generally have hydrophilic characteristics and strong 

hydrogen bond forming groups such as amide [40], carboxylic acid [41], ureido [42], and uracil 

groups [43]. Hydrogen bonds and electrostatic interactions are stabilized in less polar solvents. Thus, 

UCST behavior is scarcely observed in aqueous media (especially under physiological conditions), 

because both the hydrogen bonds and electrostatic interactions between the polymer chains are 

destabilized by water and salts. Therefore, polymers exhibiting LCST-type behavior have been 
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studied more extensively compared to those exhibiting UCST-type behavior. 

 

1.2.3 Structural changes upon phase separation in an aqueous solution of a LCST-type polymer 

The complete LCST-type phase separation process observed typically for an aqueous PNIPAM 

solution consists of 4 steps as shown in Figure 1-4. i) At (or below) room temperature, the polymer 

chains are homogeneously dissolved in water, taking hydrated coiled-structures [65]–[73] and, hence, 

the solution is transparent. ii) Upon a temperature rise above the critical temperature (≈ 32 °C), the 

polymer chains become dehydrated by dissociation of the hydrogen bonds [65]–[68], [70]–[72], iii) 

leading to a phase transition from coil to globular structures (coil-globule transition) [41], [74]–[76]. 

This critical temperature is called the lower critical solution temperature (LCST). iv) The globules 

aggregate with one another due to the hydrophobic interaction and free mutual diffusion in water [77]–

[80]. Consequently, the solution undergoes phase separation into polymer rich domains and water rich 

domains [66], [70]. This phase-separated solution is turbid due to light scattering by such 

micro-domains.  

Figure 1-4. Schematic illustration of the phase separation mechanism of an aqueous PNIPAM 

solution. 
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1.3 Studies on the phase separation dynamics of aqueous solutions of 

thermoresponsive polymers 

1.3.1 Studies on the phase separation dynamics with low time resolution 

The phase separation mechanisms of aqueous PNIPAM solutions have been extensively 

studied using various methods to reveal the static properties of polymers, such as structural changes 

to the polymer chain. In contrast to the wealth of observations underlying the broad structural 

changes of the polymer chain, there have been fewer reports on the dynamics of the phase 

separation processes. 

Van Mele et al. investigated the phase separation dynamics of an aqueous PNIPAM 

solution in a modulated temperature DSC study [81]. They measured the time necessary for the 

formation of an aggregate of PNIPAM upon a temperature change. They indicated that the phase 

separation processes took place on time scales of <100 s and that the phase mixing, which they 

defined as the phase transition from a dehydrated aggregate to a hydrated coil upon cooling of the 

solution below the LCST, was slower than that of the phase separation. Yushmanov et al. studied the 

phase separation dynamics of an aqueous PNIPAM solution based on 
1
H NMR spectroscopy 

combined with a T-jump technique [82]. Their study demonstrated that the coil-globule transition 

and subsequent interpolymer aggregation upon heating was completed within a few seconds. 

Although their study provided an insight into the phase separation dynamics, the time resolution of 

the experimental technique was not sufficiently high to follow the phenomena, because the T-jump 

was done by electrical heating and was of the order of 350 ms. Liu et al. investigated the dynamics 

of the coil-globule transition of an aqueous solution of PNIPAM copolymerized with 4-(1-pyrenyl) 

butyl acrylate using a stopped-flow technique [83]. They found that the chain collapse upon phase 

transition proceeded in two steps: First, formation of small locally collapsed nuclei on the chain, 

and second, subsequent compaction of the chain. These steps were characterized by two time 

constants, τfast ≈ 12 and τslow ≈ 270 ms, respectively. Note that the stopped-flow technique has been 

widely used to study the kinetics of micellar formation and protein folding with a time resolution of 
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a few milliseconds, though, it cannot detect a chemical event faster than ≈ 1 ms. In order to 

investigate the phase separation processes of an aqueous PNIPAM solution, the time resolution of 

the technique should be much shorter than milliseconds.  

 

1.3.2 Studies on phase separation dynamics based on a laser-induced T-jump technique with high 

time resolution 

A few studies have succeeded in measuring phase separation dynamics based on 

laser-induced T-jump techniques with high time resolutions. Suzuki and Tanaka demonstrated that 

the thermoresponsive volume phase transition of cross-linked PNIPAM could be induced by UV 

light irradiation through the absorption of a 488 nm laser beam by a dye chromophore covalently 

linked to the polymer backbone [84]. Tsuboi et al. developed a laser-induced temperature-jump 

technique, by which phase separation of an aqueous PNIPAM solution was triggered by irradiation 

of an infrared pulsed laser beam to the sample solution [85], [86]. This technique is particularly 

important since the time resolution of the method is as high as ≈ 10 ns as described in §2.1.1. 

Furthermore, it can induce phase separation of an aqueous PNIPAM solution without the need of 

photosensitive dopants (chemical reagents) for light absorption. 

A few groups have also developed T-jump techniques with high time resolutions using 

photo-thermal sensitizers (dye) as light absorbers. Katayama et al. employed a laser-induced T-jump 

technique combined with a heterodyne transient grating (HD-TG) method to investigate the phase 

separation and phase mixing processes of aqueous PNIPAM solutions [87]. The HD-TG method 

detects the photophysical dynamics of a solution, such as the thermal diffusion, via refractive index 

changes of the solution. They estimated the time constants for the coil-globule transition and the 

phase separation to be ≈ 100 µs and several tens of ms, respectively. It should be noted that the time 

scales for thermal diffusion and coil-globule transition are similar to each other, leading to low 

accuracy for the time constant. Wu et al. also used a laser-induced T-jump method combined with 

fluorescence spectroscopy [88], [89]. They employed 8-anilino-1-naphthalensufonic acid as a 
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fluorescent hydrophobic/hydrophilic probe [90], [91] and observed transient changes in the 

fluorescence intensity upon a T-jump, following which they proposed that the phase 

transition/separation processes involved multiple steps: the formation of pearls (i.e., locally 

contracting segments) with a time constant (τpearls) of ≈ 0.02 ms and merging/coarsening of the 

pearls with a time constant, τmerging ≈ 0.2 ms. Figure 1-5 shows schematic illustrations of their study 

and the mechanism of the coil-globule transition. Although in their studies they estimated the time 

constants of the multi-stepwise coil-globule transition, their conclusion is still controversial, since 

transient fluorescence intensity changes are affected by various factors such as the temperature rise 

and light scattering and, accordingly, it is difficult to interpret the origin of the signal changes [92]–

[94]. 

Figure 1-5.  Schematic illustration of a laser-induced T-jump study on the coil-globule transition 

in an aqueous PNIPAM solution based on the fluorescence intensity change of 

8-anilino-1-naphthalensufonic acid (ANS) added to the solution upon transition [88], [89]. The 

graph shows the time dependences of the fluorescence intensity changes of ANS after a T-jump with 

and without PNIPAM. The inset shows a semilogarithmic plot of (1 - f ) vs time (t), where f is 

defined as [IF(t) - IF(0)]/[IF(∞) - IF(0)] = 1 - A exp(-t/τfast) - (1 - A) exp(-t/τslow). Reprinted with 

permission from the American Chemical Society. 

 

On the other hand, Tsuboi et al. developed two techniques based on a laser-induced T-jump 

technique, by which one can determine the time constants of the coil-globule transition[85] and the 

phase separation of aqueous thermoresponsive polymer solutions [86]. The main advantage of the 
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technique is the clarity of the origin of the signals: the technique detects the dynamic Stokes shift of 

a fluorescence probe (Figure 1-6) or transient changes in the optical transmittance (Figure 1-7) 

caused by the coil-globule transition or the phase separation of aqueous thermoresponsive polymer 

solutions, respectively. As shown in Figure 1-7, in practice, an aqueous solution absorbs infrared 

light pulses (λ = 1200 nm) through the overtone band of the O-H stretching vibrations of water and, 

accordingly, the temperature of the irradiated volume in the sample solution can be raised within the 

time scale of the incident laser pulse width: nanosecond time scale (≈ 10 ns). In this system, a 

representative temperature rise (ΔT) is 0.35 K at a laser fluence of 0.10 J cm
-2

 as estimated on the 

basis of the absorption of infrared laser light at 1200 nm. The laser pulse at 1200 nm directly excites 

the vibrational mode (O-H) of water molecules, and the temperature is raised by vibrational 

relaxation. 

∆𝑇 = (𝐼𝐼𝑅/𝑐𝐿)(1 − 𝑒−2.303𝛼𝐿) (1-3) 

In eq. (1-3), IIR is the laser fluence (J·cm
-2

), c is the heat capacity of the medium (J·cm
-3

·deg
-1

), L is 

the heating path length, and α is the medium’s absorbance per centimeter. Here, c = 4.2 J·cm
-3

·deg
-1

, 

L = 0.10 cm, IIR = 0.10 J cm
-2

, and α = 1.1 cm
-1 

[95]. The technique induces phase separation of an 

aqueous PNIPAM solution by changing the temperature of the sample solution. 

Based on laser T-jump techniques such as this, Tsuboi et al. developed two methodologies. 

One is transient fluorescence spectroscopy (Figure 1-6). A fluorescence probe (3-(2-propenyl)- 

9-(4-N,N-dimethylaminophenyl)phenanthrene, VDP) with a spectrum that is very sensitive to the 

microenvironment is copolymerized with NIPAM (p(VDP-co-NIPAM)) [80], [96], [97]. The 

coil-globule transition of an aqueous p(VDP-co-NIPAM) (Mw = 30,000) solution changes the 

microenvironment around the probe. By observing the dynamic Stokes shifts of the fluorescence 

probe, they determined the time constant of the coil-globule transition of the solution to be 35 µs.  
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Figure 1-6. Structure of p(VDP-co-NIPAM) and microsecond-time-resolved dynamic Stokes shift 

of the fluorescence in an aqueous p(VDP-co-NIPAM) solution (1.0 wt.%) after a T-jump. The 

direction of the temporal evolution is indicated by the arrows in the figure. Reprinted with 

permission from Elsevier. 

 

The other technique is the T-jump method combined with transient 

transmittance-photometry. This technique enables one to measure transient changes in optical 

transmittance caused by the turbidity change upon thermal phase separation of an aqueous PNIPAM 

solution. Based on the technique, one can determine the time constant of the phase separation (τps) 

with high accuracy: several ms ~ several hundreds of ms. On the basis of these two techniques, 

Tsuboi et al. successfully observed the dynamic behaviors of the phase transition and phase 

separation processes of an aqueous PNIPAM solution separately in different time domains. 

 

1.4 The aim of the thesis 

The aim of this thesis is to identify the factors regulating the phase separation rate of 

aqueous thermoresponsive polymer solutions. To understand the fundamental mechanisms of phase 

separation, it is necessary to have a precise knowledge of both the static and dynamic aspects of the 

phenomena and to correlate them with each other. In this thesis, the phase separation rates of 

aqueous PNIPAM solutions are studied as a function of the following three important factors: the 

concentration, the molecular weight of the polymer, and the stereoregularity of PNIPAM. Their 

roles in controlling the phase separation behavior are studied using dynamic light scattering, 
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differential scanning calorimetry, and a single molecule fluorescence imaging technique. The 

experimental results obtained in this study will offer a better understanding of the phase separation 

dynamics and mechanisms. Furthermore, the study will provide a new avenue for the design and 

development of thermoresponsive-polymer-based smart materials whose response can be controlled 

via the fundamental properties of the polymers and polymer solutions. 

Figure 1-7. (a) Infrared absorption spectrum of water (solid line) and laser spectrum used in this 

thesis (dashed line) (Spectra Physics, PRO-130-10, λ = 1200 nm, fwhm ≈ 10 ns). An aqueous 

solution absorbs 1200 nm light through the overtone band of the O-H stretching vibrations of water 

and accordingly the temperature of the irradiated volume in the sample solution can be raised within 

the time scale of the incident laser pulse width: nanosecond time scale (≈ 10 ns).  (b) Basic 

concept of the present study. Phase separation of the aqueous PNIPAM solution is triggered by 

irradiation with an infrared laser beam and the time constants of the phenomena are determined. 

 

1.5 Contents of the thesis 

In chapter 1, after presenting a general survey of the basic theory of LCST and UCST 

behaviors, the historical background of phase separation and the dynamics of aqueous PNIPAM 

solutions, the aim of the thesis is described. 

In chapter 2, the experimental approaches are described. Two types of laser-induced 

T-jump technique are employed in this study. To induce photo-thermal phase separation of aqueous 

PNIPAM solutions, the following two techniques are applied; (i) a direct method in which water is 

heated by irradiating with infrared laser light and (ii) a dye-sensitized laser-heating method using a 

dye as a molecular heater.  

In chapter 3, the effects of polymer concentration and the molecular weight of PNIPAM on 
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the phase separation dynamics are described. It was demonstrated that the phase separation of an 

aqueous PNIPAM solution is accelerated with increasing polymer concentration. Furthermore, it 

was revealed that there is an optimum molecular weight of PNIPAM for rapid phase separation. On 

the basis of evaluations of the intermolecular interactions between PNIPAM chains by dynamic 

light scattering measurements and the phase separation rates of polymer solutions, the phase 

separation behaviors are discussed in terms of a diffusion-controlled model.  

In chapter 4, the phase separation dynamics of aqueous PNIPAM solutions with different 

polymer stereoregularities (atactic and isotactic-rich) were investigated. It was revealed that a slight 

increase in the isotacticity causes acceleration of the phase separation. Furthermore, the phase 

separation mechanisms of an aqueous isotactic-rich PNIPAM solution were revealed by means of a 

single molecule fluorescence imaging technique and fluorescence correlation spectroscopy. It was 

demonstrated that the origin of the acceleration of the phase separation is the formation of polymer 

networks below the LCST.   

In chapter 5, the phase separation dynamics of aqueous PNIPAM solutions with different 

polymer stereoregularities, atactic and syndiotactic-rich PNIPAM, were investigated. The phase 

separation rates of aqueous highly syndiotactic-rich PNIPAM solutions become considerably faster 

when the solution polymer concentration is higher than a critical value. The phase separation 

mechanisms of aqueous syndiotactic-PNIPAM solutions are then discussed in terms of the 

hydrophobicity in the dehydrated state of the polymer based on the results obtained by differential 

scanning calorimetry and transmittance analysis as a function of temperature. The results obtained 

by dynamic light scattering (DLS) measurements on the polymer solutions are also discussed based 

on a diffusion-controlled aggregation model. These results demonstrate that the rapid phase 

separation of the polymer solution is due to the high hydrophobicity of the polymer chain 

originating from the cooperative formation of intrapolymer hydrogen bonding. 

In chapter 6, a summary of the thesis and a future perspective on the phase separation 

dynamics of aqueous thermoresponsive polymer solutions are given. 
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Chapter 2| Experimental methods 

2.1 Introduction 

In this chapter, the experimental methods for the study on the phase separation dynamics of 

aqueous poly(N-isopropyl acrylamide) (PNIPAM) solutions are described. Two types of 

laser-induced temperature (T)-jump techniques were employed: (i) a direct method in which water 

as a solvent was heated using infrared laser light and (ii) a dye-sensitized laser-heating method 

using a dye as a molecular heater. The laser-induced T-jump methods mentioned above have been 

used to analyze the phase separation dynamics of aqueous PNIPAM solutions by observing the 

relaxation processes from the laser-induced heated solution to a thermally equilibrium state [98], 

[99]. Since heat is generated by absorption of a pulsed laser beam by water or a dye in a short time 

duration, the thermal relaxation processes of the solution can be observed with a high temporal 

resolution [98], [99]. Such techniques have been hitherto applied to the analysis of enzyme reaction 

mechanisms [100], protein folding–unfolding dynamics [101]–[105], and so forth [106]–[108]. A 

sample solution is directly heated by absorption of infrared light by water in the method (i), or 

indirectly heated by photo-thermal relaxation of exited dyes dissolved in a sample solution in the 

method (ii). If a laser pulse width is short enough, the solution temperature changes instantaneously. 

The heated solution temperature is relaxed to an equilibrium temperature due to thermal diffusion of 

heat in the solution, and the relaxation processes can be monitored in a time-resolved manner. 

 

2.2 Experimental methods 

2.2.1 Laser-induced T-jump technique combined with transient photometry 

In the method (i), a 1200 nm laser pulse obtained by focusing a 1064 nm laser pulse 

(Spectra Physics, PRO-130-10, fwhm ≈ 10 ns) into a Raman shifter (Ba(NO3)2 crystal, Solar Laser, 

LZ221) was used as heating light. Since water (H2O) has weak absorption (α: absorption coefficient 

≈ 1.1 cm
-1

) due to the overtone bands of the O–H stretching modes at λ = 1200 nm [95], a slight 

T-jump and subsequent homogeneous heating of a sample solution can be achieved in the irradiated 
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volume. Furthermore, a homogeneous T-jump is completed within the laser pulse width (≈ 10 ns), 

since the heating light pulse directly excites the molecular vibrations of a solvent (water). In this 

system, a representative temperature rise (ΔT) is 0.35 K at a laser fluence of 0.10 J cm
-2

 as 

estimated on the basis of absorption of infrared laser light by water at 1200 nm, 

∆𝑇 = (𝐼𝐼𝑅/𝑐𝐿)(1 − 𝑒−2.303𝛼𝐿) (2-1) 

where IIR is the incident light intensity, c is the heat capacity of a medium (J·cm
-3

·deg
-1

), L is the 

length of a heating path, and α is the absorbance per centimeter of a medium. In this study, c = 4.2 

J·cm
-3

·deg
-1

, L = 0.10 cm, IIR = 0.10 J cm
-2

, and α = 1.1 cm
-1 

[109]. 

In the method (ii), a small amount of crystal violet (Aldrich Co., Ltd., 0.50 mM) was added 

to a sample solution and a single pulse from a Nd
3+

: YAG laser (Spectra Physics, PRO-130-10, λ = 

532 nm, fwhm ≈ 8 ns) was focused to a sample cell as heating light at various fluence ranging from 

0.10 to 0.48 J·cm
-2

. The dye molecules absorb 532 nm laser light and act as a molecular heater, 

converting light energy to heat with a high efficiency (≈100%) through rapid radiationless transition 

of the excited dye [101], [110]. The time scale for converting the light energy to the thermal energy 

is equal to the laser pulse width (8 ns) [101], [110]. The thermal diffusion length (ldiff) is given by,  

𝑙𝑑𝑖𝑓𝑓 = √4𝐷𝑡   2-2 

where D is the thermal diffusion coefficient in a medium and t is the diffusion time. In the present 

system, D in water is D = 0.15 mm
2
·s

-1
 and, therefore, ldiff is estimated to be ldiff = 70 nm within 8 ns. 

This value is much longer than the average distance between adjacent dye molecules in a solution 

(<0.2 nm). Therefore, it can be safely concluded that homogeneous heating of a sample solution is 

achieved before phase separation of an aqueous PNIPAM solution by using the T-jump method (ii).  

In the methods (i) and (ii), a rapid T-jump is induced like a manner of a delta function in 

the time axis prior to phase separation of a sample solution. Therefore, the phase separation 

dynamics of a sample solution can be followed by the two methods. As pointed out in the relevant 

study [85], [87], since both methods (i) and (ii) have advantages and disadvantages when used in 

T-jump experiments, the two methods are employed in a complementary way in the present study as 
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described in chapter 5.  

Figure 2-1. Schematic illustration of the optical setup for a laser-induced T-jump technique 

combined with transient photometry (method (i)). L1, L2, L3, L4; lens, M1; mirror with high 

reflectance at 1064 nm, M2; mirror with high reflectance at 532 nm, TS; telescope, RC; Raman 

shifter converting laser light from 1064 nm to 1200 nm, TC; temperature controller, PD; photodiode, 

OS; oscilloscope. 

 

The instrumental setup is schematically shown in Figure 2-1. In the experiments (i) and (ii), 

a quartz cell with an optical path length of 1.0 mm was filled with an aqueous PNIPAM solution. 

The temperature of a sample solution before laser irradiation was maintained lower (0.2 K) than the 

cloud point (Tc) determined by the method described in §2.2.2 by using a temperature controller 

(Japan high tech Co., Ltd., PE-120). As probe light, the laser beam from a continuous-wave (cw) 

diode pumped solid state (DPSS) laser (GC Photonics Inc., GLML-30, λ = 532 nm) or cw 

semiconductor laser (NEOARK Co., Ltd., LDP-6935M, λ = 690 nm) in the experiment (i) or (ii), 

respectively, was introduced to the sample cell coaxially with the heating light beam. The diameter 

of heating light beam and probe light beam at the sample cell are 1.0 mm and 0.5 mm, respectively. 

Thus, sample is homogeneously heated in the probed area. These two laser beams were passed 

through an aperture and detected by using a combination of a fast response photodiode (Thorlabs, 



17 

 

Inc., DET210) and a digital storage oscilloscope (Teledyne LeCroy, Inc., wave Runner 104MXi, 1 

GHz). In such an optical arrangement, the phase separation dynamics of a sample solution can be 

observed as temporal changes in the transmittance of the probe light due to the increase in the 

turbidity of the sample solution accompanied by phase separation. Each data point was normally 

averaged over 60 time measurements to improve the signal-to-noise ratio of the observed data. 

When the T-jump method (ii) is employed, the temperature rise (∆T) in a sample solution can be 

controlled by adjusting the dye concentration and/or laser power, while the effects of the dye on the 

phase separation dynamics can be carefully examined as described in chapter 5. 

 

2.2.2 Turbidimetry 

The cloud point (Tc) of an aqueous PNIPAM solution was determined by turbidimetry. The optical 

transmittance curve of each aqueous PNIPAM solution was recorded at 532 nm (GC Photonics Inc., 

GLML-30) using a photodiode (Thorlabs, Inc., DET210) and a digital storage oscilloscope 

(Teledyne LeCroy, Inc., wave Runner 104MXi, 1 GHz). The temperature was controlled by a 

temperature controller (Japan high tech Co., Ltd., PE-120). The heating rate was set at 0.2 °C min
−1

. 

Tc was defined as the temperature where the transmittance became 50%. 

 

2.2.3 Other equipment 

Dynamic light scattering (DLS) measurements were carried out to determine the size 

distributions of sample polymers in water at 25 °C using a model FDLS-300 (Otsuka Electronics 

Co., Ltd.). A 100 mW laser (λ = 532 nm) was used as an incident light beam for light scattering, and 

the scattering angle was set 90°. Differential scanning calorimetry (DSC) measurements were 

performed by a DSC micro calorimeter (Mettler-Toledo) with a cell volume of 100 L at the heating 

rate of 1.0 ºC min
-1

 in the range of 25-40 ºC under elevated pressure (> 1.1 x 10
5
 Pa). A single 

molecule fluorescence imaging technique (SMI) and fluorescence correlation spectroscopy (FCS) 

were introduced to investigate the microscopic solution structures of sample polymers in water. The 
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optical setups for these experiments are described in chapter 4. The details of sample preparations 

are described in each chapter. 
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Chapter 3| Concentration and molecular weight dependences of phase 
separation dynamics 

3.1 Introduction 

 The most fundamental properties governing the phase separation behaviors of an 

aqueous thermoresponsive polymer solution are the concentration and molecular weight of the 

polymer as demonstrated by their effects on the cloud point (Tc) and the viscosity of the polymer 

solution [78], [111], [112] as well as on the hydration structure of the polymer [72], [113]. 

Aggregation of polymer chains in solution proceeds thorough the diffusion and collision of globules, 

and subsequent interpolymer entanglement. The concentration and molecular weight of a polymer 

play crucial roles in these processes. The average interpolymer distance related to the mutual 

diffusion time of the polymers in solution depends on the polymer concentration. When polymer 

chains overlap and interpenetrate with one another above a certain concentration (Cc) in solution, 

the initial structure of the polymer below Tc will be different from that below (Cc) due to the 

differences in the interpolymer interactions below and above Cc [89], [114], [115]. Also, above a 

polymer overlapping concentration (i.e., > Cc), it has been reported that polymer chains exhibit an 

extra process in phase separation which is ascribed to the disentanglement of the globules for 

further growth of the globules [89]. These findings indicate that the phase separation mechanisms of 

an aqueous thermoresponsive polymer solution depend strongly on the concentration and molecular 

weight of the polymer. Furthermore, the hydrophobic interactions between the polymer chains 

would become stronger with an increase in the molecular weight of the polymer [116], while it 

results in the decrease in the diffusion time of the polymer in solution. Therefore, it is intriguing to 

study the polymer concentration and molecular weight effects on the phase separation behaviors of 

an aqueous thermoresponsive polymer solution.  

 In this chapter, the polymer concentration and molecular weight dependences of the 

phase separation dynamics of aqueous poly(N-isopropyl acrylamide) (PNIPAM) solutions are 

described. On the basis of the evaluations of the intermolecular interactions between PNIPAM 
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chains by dynamic light scattering measurements and phase separation dynamics of the polymer 

solutions, the results are discussed in terms of a diffusion-controlled model. 

 

3.2 Sample preparations and experimental  

3.2.1 Preparation of 1-Phenylethyl phenyldithioacetate (PEPD) 

PNIPAM samples employed in this study were prepared by living radical polymerization 

by using a reversible addition-fragmentation chain transfer (RAFT) agent [117]–[119]. 

1-Phenylethyl phenyldithioacetate (PEPD) used as a RAFT agent whose structure was shown in 

Figure 3-1a was synthesized by the following procedures [120], [121]. Benzyl chloride (20 g, Wako 

Pure Chemicals Co., Ltd., > 98%) was added dropwise to a mixture of magnesium turnings (3.75 g, 

Wako Pure Chemicals Co., Ltd., > 99.5%)) in dry diethyl ether (100 ml, Wako Pure Chemicals Co., 

Ltd., > 99.5%). After ceasing the vigorous initial reaction, the solution was refluxed for 3 h to 

complete the reaction. The mixture was then cooled to room temperature and carbon disulfide (12.0 

g, Wako Pure Chemicals Co., Ltd., > 99.0%) was added dropwise during 30 min and, then, the 

mixture was stirred at 0 °C for 2 h, affording a viscous yellow mixture. Ice water (100 mL) and a 30% 

aqueous hydrochloric acid solution (100 mL) were added to the mixture. The organic layer was 

extracted three times with cold 10 % aqueous sodium hydroxide (120 mL). The alkaline layer was 

extracted three times with diethyl ether. To the residual alkaline layer, 10 % aqueous hydrochloric acid 

solution (330 mL) was added and the aqueous phase was extracted three times with diethyl ether. The 

mixture was then poured into ice water (300 ml) and the aqueous portion was washed with diethyl 

ether for three times. Evaporation of the combined organic portions under reduced pressure afforded 

phenyldithioacetic acid. The acid was then reacted with styrene (9.0 g, Wako Pure Chemicals Co., 

Ltd., > 99.0%) in the presence of a small amount of toluene-p-sulfonic acid (Wako Pure Chemicals 

Co., Ltd., > 99.0%) in carbon tetrachloride (10 g, Wako Pure Chemicals Co., Ltd., > 99.5%). The 

crude product was then precipitated in cold methanol and recrystallized from methanol, affording 

fine yellow crystals. The 
1
H NMR spectrum of the compound was recorded on a JEOL ECP-400 
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(400 MHz) as shown in Figure 3-1b.  

Figure 3-1. (a) Chemical structure and (b) 
1
H NMR spectrum of 1-phenylethyl phenyldithioacetate 

(PEPD). 
1
H NMR spectrum was measured in CDCl3 (Wako Pure Chemicals Co., Ltd., >99.0%) (δ = 

1.55 (s, water), δ = 1.67-1.69 (d, 3H, CH3), δ = 4.26 (s, 2H, CH2), δ = 5.01-5.08 (q 1H, CH), δ 

=7.23-7.35 (m, 10H, aromatic CH)). 

 

3.2.2 Preparation of poly(N-isopropylacrylamide) (PNIPAM) 

An N-isopropylacrylamide monomer (Wako Pure Chemicals Co., Ltd., > 98%) was 

recrystallized twice from n-hexane. 2,2’-Azobis(isobutyronitrile) (AIBN) (Wako Pure Chemicals 

Co., Ltd., > 98%) was recrystallized from methanol. Methanol (Wako Pure Chemicals Co., Ltd., > 

99.8%) and toluene (Wako Pure Chemicals Co., Ltd., > 99.5%) were purified by distillation. 

Polymerizations were performed in methanol–toluene mixtures at 60 °C under the conditions of 

2.23 M (= mol/dm
3
) NIPAM as a monomer, 0.80 mM AIBN as an initiator, and 8.94 mM PEPD as a 

RAFT agent. The molecular weights of the polymers were controlled through the polymerization 

time as described in Table 3-1. 

 

3.2.3 Characterizations of PNIPAM samples  

The resulting polymers were purified by repeated reprecipitations from the acetone 

solution of the polymer to an enough amount of n-hexane. The number-averaged molecular weight 

(Mn) and the polydispersity (Mw/Mn) of the samples were determined by using size exclusion 
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chromatography (SEC) (HLC 8220 instrument (Tosoh Co., Ltd.), flow rate of 0.35 mL min
-1

 at 

40 °C) equipped with TSK gels (Tosoh Co., Ltd., SuperHM-H) using N,N-dimethylformamide 

containing 0.1 M of LiBr (Wako Pure Chemicals Co., Ltd., > 99.0%) as an eluent. The SEC 

chromatograms shown in Figure 3-2 were calibrated with standard polystyrene samples (Polymer 

Laboratories, Amherst, MA). The hydrodynamic radius (Rh) of the polymer in water was 

determined by dynamic light scattering (DLS) (Otsuka Electronics Co., Ltd., FDLS-3000). The 

cloud points of the polymers in water (Tc) were evaluated by the same manner with those described 

in §2.2.2. The properties of the PNIPAM samples used in this study are summarized in Table 3-1. 

The specimens are abbreviated on the basis of Mn: For instance, PNIPAM with Mn = 62,000 is 

abbreviated as a-62. 

Figure 3-2. SEC chromatograms of (a) standard polystyrene samples (solid black line: Mn = 9,000, 

dashed black line: Mn = 15,000, doted black line: Mn = 37,000, solid gray line: Mn = 98,000,     

and dashed gray line: Mn = 182,00), (b) a-28, (c) a-47, (d) a-62, (e) a-75, (f) a-82, and (g) a-93. 

These chromatograms were measured at 40 °C using N,N-dimethylformamide containing 0.1 M of 

LiBr as an eluent. 
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Table 3-1. Fundamental properties of the sample polymers. Mw; weight-averaged molecular weight, 

Mn; number-averaged molecular weight, Rh; hydrodynamic radius in aqueous solution, Tc; cloud 

point. 

Sample name polymerization time (min) Mn 
(1)

 Mw / Mn
 (1)

 Rh (nm)
 (2)

 T
c
(
o
C) 

(3)
 

a-28 90 28,000 1.3 13.2 31 

a-47 120 47,000 1.1 15.4 32 

a-62 180 62,000 1.5 16.2 32 

a-75 300 75,000 1.4 16.8 32 

a-82 420 82,000 1.2 17.8 32 

a-93 600 93,000 1.1 17.9 32 

(1) Determined by size exclusion chromatography (SEC) in a DMF solution. 

(2) Rh; determined by dynamic light scattering (DLS) in a 0.10 wt% aqueous solution. 

(3) Determined by turbidimetry in a 1.0 wt% aqueous solution. 

 

3.3 Results and Discussion 

3.3.1 Cloud points 

Figure 3-3 shows the optical transmittance curves of aqueous (a) a-28 and (b) a-99 

solutions as a function of temperature. The black and gray curves show the transmittance changes 

upon heating and cooling, respectively. As seen in Figure 3-3, the Tc value was the same 

irrespective of the molecular weight of the polymer in the range of Mn = 28,000 ~ 93,000. This 

tendency is in good agreement with the results reported previously [122]–[127]. 
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Figure 3-3. Temperature dependences of the optical transmittance at 532 nm observed for aqueous 

(a) a-28, and (b) a-93 solutions. The black and gray curves show the transmittance changes upon 

heating and cooling, respectively. Heating and cooling rate = 0.2 
o
C min

-1
. 

 

3.3.2 General aspects of phase separation dynamics 

 Figure 3-4 shows representative examples of the phase separation dynamics observed 

for a-47 in water at several concentrations ranging from 1.0 to 9.0 wt%, determined by the method 

(i) described in chapter 2. Phase separation of the polymer solution is triggered by a laser-induced 

T-jump. As clearly seen in the figure, the optical transmittance of the solution, T(t), decays in time 

immediately after the T-jump, and reaches a quasi-equilibrium state within 200 ms, while it recovers 

in a longer time scale (t ≈ 1 s) due to cooling of the solution. For a-47, phase separation of the 

solution proceeds in the order of several tens ~ several hundreds of ms depending on the polymer 

concentration, while that of phase mixing takes place over several hundreds of millisecond.  

Each T(t) curve in Figure 3-4 can be well fitted by a single exponential function in eq. 

(3-1),  

 

𝑇(𝑡) = 𝐴𝑒𝑥𝑝 (−
𝑡

𝜏ps
) + 𝐵                 (3-1) 

 

where ps is the phase separation time constant and, A and B are the pre-exponential factors and the 

value corresponding to the minimum transmittance of the solution, respectively. Generally, A is 

observed to increase with an increase in the polymer concentration, since the turbidity of the 
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solution (i.e., optical transmittance) increases with the polymer concentration. Moreover, T(t) 

becomes faster with increasing the polymer concentration, demonstrating that phase separation is 

faster at a higher polymer concentration.  

Figure 3-4. Representative curves of the time courses of the transient optical transmittance T(t) as a 

function of the polymer concentration of a-47 (1.0–9.0 wt%) in water. The origin of the time scale (t 

= 0) is the time when the heating pulse reaches the cell. 

 

3.3.3 Concentration dependence 

 By fitting the T(t) data in Figure 3-4 by eq. (3-1), ps was determined. The ps value is 

plotted against the concentration of each sample as shown in Figure 3-5. The ps value ranged from 

200 to 40 ms, depending upon the concentration and the molecular weight of the polymer in water. 

For the concentration dependence of the ps value (Figure 3-5a ~ f), similar behaviors with those of 

a-47 were observed irrespective of the molecular weight of the polymer. In each case, ps decreases 

with increasing the polymer concentration and reaches a constant value at a certain concentration. 

The origin of such characteristic behaviors in Figure 3-5 will be explained as follows. The 

phase separation processes of the solution consist of two processes that can be clearly distinguished 

in the time axis. Initially, the structural phase transition of the polymer from a hydrated coiled state 

to a dehydrated globular state takes place in a microsecond time scale. Subsequently, the dehydrated 

globules aggregate through diffusion and the hydrophobic interactions of the globules to form 
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polymer-rich domains. With increasing in the polymer concentration, the average interpolymer 

distance (d, average center-to-center distance between two polymer chains calculated based on the 

concentration) decreases and, therefore, the diffusion time for aggregation decreases as observed in 

Figure 3-5. A further quantitative analysis of the data is described in §3.3.5. 

 

Figure 3-5 a-f. Relationships between ps and the polymer concentration (in wt%) in water. 

 

 

Table 3-2. Molecular weight effects on c, Cc, and d at Cc. 

Sample name  a-28 a-47 a-62 a-75 a-82 a-93 

C
c
 (mM) 2.1 1.5 1.3 1.2 1.3 1.4 

d (nm） 10 12 11 11 11 11 


c
 (ms) 25 40 36 29 45 31 

 

As seen in Figure 3-5, the ps value converges at a certain polymer concentration 

irrespective of the molecular weight of the polymer and, such specific ps and polymer 
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concentration values are referred hereafter to c and Cc, respectively, as summarized in Table 3-2, 

together with the relevant d values. As seen clearly in Table 3-2, the c values are in the range of 25 

~ 45 ms. The decrease in the ps value with an increase in the polymer concentration seen in Figure 

3-5 could be ascribed to the interactions between the polymer chains through chain entanglement 

and/or aggregation of the polymers. To obtain information on polymer entanglement in solution, 

dynamic light scattering (DLS) measurements of the sample solutions were conducted to evaluate 

the hydrodynamic radii of the polymers: Rh. As the data on a-47 are shown in Figure 3-6, the DLS 

measurements exhibited a single peak at a low polymer concentration (1.0 ~ 6.0 wt%) indicating the 

absence of polymer entanglement, while those showed two peaks above 7.0 wt%, demonstrating 

formation of entangled polymers. The results indicate that the polymer chains above Cc are 

entangled with each other and, hence, phase separation of the solution proceeds without polymer 

diffusion. Therefore, ps is independent of the concentration above Cc and converges to a certain 

value (≈ 40 ms).  
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Figure 3-6. Typical examples of the concentration dependence of the hydrodynamic radius 

histogram observed for a-47 by dynamic light scattering measurements. The concentration of the 

sample solution is given in the figure.  

 

3.3.4 Molecular weight dependence 

 The polymer molecular weight (Mw) effects on the phase separation dynamics are worth 

discussing on the basis of the data in Figure 3-5. In Figure 3-7, the ps value determined below Cc is 

plotted against the molecular weight (Mn) of the polymer sample at several concentrations (0.4 ~ 1.4 

mM). For the PNIPAM samples with high Mn (a-75, a-82, a-93), phase separation of the solution 

becomes faster with a decrease in Mn, while that becomes slower with a decrease in Mn for a-28, 

a-47, and a-62. Such behaviors were commonly observed irrespective of the polymer concentration 

below Cc as seen in the figure, demonstrating one of the important findings of the present study: 

appearance of an optimum molecular weight for phase separation of an aqueous PNIPAM solution.  

 The origin of the appearance of the optimum molecular weight value is as follows. With 

increasing Mn, the size of the globule also increases [78], leading to slow diffusion of the polymer 
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in solution and, hence, the slow rate of phase separation. Furthermore, since an increase in Mn 

accompanies that in the solution viscosity, this will contribute partly to slow phase separation [78]. 

By contrast, the reason for the opposite trend observed for PNIPAM samples with low Mn (a-28, 

a-47, a-62) is unclear in the present stage of the investigation. One possible reason for the behavior 

is as follows. For the lowest Mn PNIPAM sample (a-28), formation of a polymer-rich domain (i.e., 

phase separation) requires numerous collisions of the globules and, hence, phase separation should 

become slower. Another possible reason might be ineffective aggregation of the globules since the 

aggregates, even if produced, will be very likely to dissociate to the coil state due to the short 

polymer chains, resulting in slow phase separation [116].  

 

Figure 3-7. Molecular weight dependence ps. ps is plotted against the molecular weight of the 

polymer at several concentrations (0.4 − 1.4 mM ). 

 

3.3.5 Quantitative analysis 

 The ps value ranging from 200 to 40 ms evaluated in the present study is worth 

discussing theoretically. Assuming a diffusion-controlled aggregation model, the molecular weight 

of a polymer aggregate (polymer-rich micro-domain) <Magg> including those of the polymer and 

water is given as a function of an aggregation time, t, as in eq. (3-2) [128], [129],
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where NA is the Avogadro number, k is the Boltzmann constant, T is temperature,  is the viscosity 

of a sample solution, and C is the concentration of an aqueous polymer solution. For instance, this 

equation can be applied to discuss the results on the a-47 sample solution (1.0 wt%), where the  

value of the solution evaluated by a viscometer (Brookfield, cone/plate version) is 1.1 mPa·s. In this 

case, <Magg> is estimated to be 1.2× 10
10

. 

 On the other hand, the polymer weight composed of a single polymer-rich domain 

(assuming a droplet) Magg is given by eq. (3-3), 

 

globuleagg CrM  123 10
3

4
                   (3-3) 

 

where r is the radius of a polymer-rich domain (droplet) and Cglobule is the polymer concentration 

(wt%) in the domain. Wu et al. predicted the polymer density of a PNIPAM globule to be 0.20 

g·mL
-1

, which corresponding to Cglobule = 20 wt%, using a laser light scattering study. [130] 

The growth rate is then given by eq. (3-4), 
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                 (3-4)

 

 

where Nglo is the number of the polymer chains composed of a single polymer-rich domain. 

Combining these relations, the average number of the polymer chains composed of a single 

polymer-rich micro-domain (Nglo ~ <Magg> / Mw) is estimated to be 2000. Based on this value and 

putting the constant values in eq. (3-4), the growth time of a polymer-rich microdomain is estimated 

to be ≈ 15 ms. The calculated value is somewhat smaller than the ps values observed in the 
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experiments (40 ~ 200 ms), suggesting that the aggregation of globules proceeds through numbers 

of collisions of globules; the aggregation is growth-controlled fashion. 

 

3.4 Conclusions 

In the present study, the phase separation dynamics and kinetics of aqueous PNIPAM 

solutions were investigated in terms of their concentration and molecular weight of the polymer. 

The ps value decreased with increasing the polymer concentration and levelled-off at a certain 

constant value irrespective of the molecular weight of the polymer. The initial structure of the 

polymer chain before thermal phase separation also governs the phase separation dynamics. One of 

the important findings of the study is the observation of the optimal molecular weight for ps. This 

finding provides a valuable insight to the development of PNIPAM-based functional materials 

showing quick thermo-response times. These characteristics can in part be interpreted by the 

growth-controlled aggregation model. 
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Chapter 4| Phase separation dynamics of aqueous isotactic-rich 
PNIPAM solutions 

4.1 Introduction 

In chapter 3, it was shown that the appropriate controls of the solution concentration and 

the molecular weight of poly(N-isopropyl acrylamide) (PNIPAM) allowed acceleration of the phase 

separation rate of the solution. Also, it was demonstrated that the structures of a PNIPAM polymer 

chain below the clouding temperature of the solution strongly reflected on the phase separation 

dynamics. In the case of the studies described in chapter 3, the polymer structures in solution before 

phase separation are governed by the interpolymer distance at a given PNIPAM concentration. 

Generally, the structures of a polymer in solution are also determined by the balance between the 

hydrophobicity and hydrophilicity of the polymer and, therefore, there are many reports on the 

synthetic polymers having various hydrophobic/hydrophilic parts in the main and/or side chains 

[131]–[136]. Recently, Katsumoto et al. demonstrated that the hydrophobic/hydrophilic balance of 

PNIPAM could be controlled by the stereoregularity of the polymer [61], which was very important 

for the present study. 

On the basis of the development of the novel polymerization method for simultaneous 

controls of the molecular weight, its distribution, and stereoregularity of a polymer [118], some 

research groups have revealed that the phase separation behaviors of an aqueous PNIPAM solution 

are highly sensitive to the stereoregularity of PNIPAM. Ray et al. reported that the cloud points (Tc) 

of aqueous PNIPAM solutions became lower and an optical transmittance curve during heating the 

solution became broader with an increase in the meso diad content (isotactic-rich) in the polymer 

[64]. Katsumoto et al. investigated the partition coefficient of a NIPAM-dimer (DNIPAM) between 

water and chloroform, and demonstrated that DNIPAM with a meso configuration (m-DNIPAM) 

was more hydrophobic than that with a racemo configuration (r-DNIPAM) [61]. By means of small 

angle neutron scattering measurements, Nishi et al. demonstrated that isotactic-rich PNIPAM 

gradually aggregated with increasing temperature, while atactic PNIPAM suddenly associates with 
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each other around the phase separation temperature [137]. These reports strongly indicate that the 

phase separation processes are sensitive to the stereoregularity of PNIPAM.  

In this chapter, the phase separation dynamics of aqueous solutions of PNIPAM with 

different stereoregularities (atactic and isotactic-rich) were investigated with the aid of a 

laser-induced T-jump technique. Furthermore, the phase separation mechanisms of an aqueous 

isotactic-rich PNIPAM solution were revealed by means of a single molecule fluorescence imaging 

technique and fluorescence correlation spectroscopy which could monitor the microscopic 

structures of the polymer in solution. 

 

4.2 Sample preparations and experimental procedures 

4.2.1 Sample preparations 

PNIPAM samples were prepared by a stereospecific living radical polymerization using a 

reversible addition-fragmentation chain transfer (RAFT) agent and a Lewis acid catalyst [117]–

[119]. 1-Phenylethyl phenyldithioacetate (PEPD) was synthesized with the similar manners to those 

described in chapter 3 [120], [121]. N-Isopropylacrylamide (NIPAM) (Wako Pure Chemicals Co., 

Ltd., > 98%)  and 2,2’-azobis(isobuthyronitrile) (AIBN, Wako Pure Chemicals Co., Ltd., > 98%) 

were recrystallized from n-hexane and methanol, respectively. Scandium trifluoromethanesulfonate 

(Sc(OTf)3, Aldrich Co. Ltd., 99%)) was used as received. Polymerizations were performed in 

methanol–toluene mixtures at 60 °C under the conditions of a 2.23 M (M = mol/dm
3
) NIPAM 

monomer, 0.80 mM AIBN as an initiator, and 8.94 mM PEPD as a RAFT agent in the absence and 

the presence of Sc(OTf)3 (Table 4-1). The resulting polymers were purified by repeated 

reprecipitations from the acetone solutions of the polymers to an enough amount of n-hexane.  

Fluorescent labeled PNIPAM (Rh-m55) was synthesized by the analogous procedures to 

those described above in the presence of a rhodamine B derivative (acryloxyethyl thiocarbamoyl 

Rhodamine B) (Polysciences, Inc., the ratio of rhodamine B to NIPAM is 0.0001 in a monomer 

unit).  
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4.2.2 Characterizations of PNIPAM samples  

The number-averaged molecular weights (Mn) and polydispersities (Mw/Mn) of the samples 

were determined by using size exclusion chromatography (SEC) (HLC 8220 instrument, Tosoh Co., 

flow rate of 0.35 mL min
-1

)
 

equipped with TSK gels (SuperHM-H (Tosoh Co.)) using 

N,N-dimethylformamide containing 0.1 M of LiBr as an eluent at 40 °C. The SEC chromatogram 

shown in Figure 4-1 was calibrated with standard polystyrene samples (Polymer Laboratories, 

Amherst, MA). The 
1
H NMR spectra of the polymers in DMSO-d6 at 140 °C were recorded on a 

JEOL ECP-400 spectrometer (400 MHz). The meso diad (m): racemo diad (r) ratios of the PNIPAM 

samples were determined based on the peak areas ratio of the methylene protons at 1.3 ppm and 1.7 

ppm for the meso diad to that at 1.5 ppm for the racemo diad in the 
1
H NMR spectra of the 

polymers. For examples, the 
1
H NMR spectra of m-46 and m-55 are shown in Figure 4-2. Each 

peak is attributed as follows: methyl protons of the isopropyl group at δ = 1.1, methylene protons of 

the polymer backbone for the meso diad at δ = 1.3 and 1.7, methylene protons of the polymer 

backbone for the racemo diad at δ = 1.5, methine proton of the isopropyl group at δ = 3.8, and 

amide proton of the isopropyl group at δ = 6.7 [138]. The clouding points of the polymers in water 

(Tc) were evaluated by the same manner with those described in §2.2.2. Table 4-1 shows the data of 

the PNIPAM samples. The samples are abbreviated on the basis of the meso diad content in the 

polymers: For instance, PNIPAM with m = 50 is abbreviated as m-50. 
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Figure 4-1. SEC chromatograms of (a) standard polystyrene samples (solid black line: Mn = 9,000, 

dashed black line: Mn = 15,000, doted black line: Mn = 37,000, solid gray line: Mn = 98,000,     

and dashed gray line: Mn = 182,00), (b) m-46, (c) m-48, (d) m-50, (e) m-51, (f) m-55 and (g) 

Rh-m55. These chromatograms were measured at 40 °C using N,N-dimethylformamide containing 

0.1 M of LiBr as an eluent. 

 

 

Figure 4-2. 
1
H NMR spectra of PNIPAM samples prepared by RAFT polymerization in (a) the 

absence (m-46) and (b) presence of Sc(OTf)3 (0.080 M) (m-55) in methanol/toluene (1/1,v/v) 

mixtures at 60˚C. These spectra were measured in DMSO-d6 at 140 °C. 
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4.2.3 Dynamic light scattering (DLS) 

The hydrodynamic radius (Rh) distributions of the polymers in water were measured by 

dynamic light scattering (DLS) (Otsuka Electronics, FDLS-3000). 

 

4.2.4 Viscosity measurements 

The viscosity of a sample polymer solution was measured by using a viscometer 

(Brookfield, cone/plate version). 

4.2.5 Raman scattering measurements 

Raman spectra were measured by confocal Raman microspectroscopy [139]. A cw Ar
+
 

laser beam (λ = 488 nm, Coherent, Innova 70) was used as an excitation light source for Raman 

scattering. The laser beam was introduced into an inverted optical microscope (Nikon, ECLIPSE 

TE300). A sample placed on the microscope stage was irradiated through an oil-immersion 

objective lens (N.A. = 1.30, plan Fluor). Raman- scattering light was passed through a pinhole with 

a diameter of 100 µm. After passing through the pinhole, Raman scattering light was passed 

through optical filters to cut off excitation and other stray light. Raman scattering light was detected 

by a cooled charge-coupled-device (CCD) camera (Andor Tec.) equipped with a polychromator 

(grating; 1200 grooves/mm). 
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Table 4-1. Fundamental properties of the sample polymers. Mw ; weight-averaged molecular weight, 

Mn ; number-averaged molecular weight, m: meso diad ratio, r: racemo diad ratio, Tc: cloud point. 

Sample name Lewis acid (M) M
n

(1)
 M

w 
/ M

n

 (1)
 m : r

 (2)
 T

c
(
o

C)
 (3) 

m-46 – 29,000 1.8 46 : 54 32 

m-48 0.025 29,000 1.3 48 : 52 31 

m-50 0.050 20,000 2.8 50 : 50 31 

m-51 0.057 29,000 1.1 51 : 49 30 

m-55 0.080 19,000 1.4 55 : 45 28 

Rh-m55 0.075 28,000 1.3 55 : 45 28 
(1)

 Determined by size exclusion chromatography (SEC) 
(2)

 Determined by 
1
H NMR. 

(3)
 Determined by turbidimetry for a 1.0 wt% aqueous solution. 

 

4.2.6 Single molecule fluorescence imaging technique 

For single molecule fluorescence imaging (SMI) and fluorescence correlation spectroscopy 

(FCS), a reporter fluorescent dye molecule, PDI-(SO4)4, whose structure was shown in Figure 4-3, 

in a dilute aqueous solution (concentration was 10
-9

– 10
-10 

M) was used in the present study. The 

dye was supplied from Organica Feinchemie GmbH (Britterfield-Wolfen, Germany) and used 

without further purification.   

Figure 4-3. Chemical structure of a perylene diimide derivative (PDI-(SO4)4).  
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SMI was performed using a quasi-total-internal reflection fluorescence (quasi-TIRF) 

microscope [140]. A schematic illustration of the setup is shown in Figure 4-4. A 532 nm light 

beam from a diode-pumped solid state laser (JDS Uniphase Co., CDPS532M-50) was used for 

excitation. The laser beam was introduced into an inverted optical microscope (Olympus, IX71) 

equipped with an objective lens (x100, N.A.=1.30 Plan Fluorite, Olympus) and a cooled CCD 

camera (Princeton Instruments Inc., cascade 512B) through the objective lens off-center, however, 

not far enough for total-internal reflection. This alignment enables one to reduce dramatically the 

background noises in detecting fluorescence and to observe fluorescence from the dye sit at 5 m 

above the glass substrate. The output from a diode-pumped solid state laser (continuous wave, 532 

nm) is introduced into the quasi-TIRF microscope such that illumination is made in a wide-field 

mode, and the fluorescence from individual single reporter dye molecules can be detected with a 

cooled CCD camera. 

 

4.2.7 Fluorescence correlation spectroscopy 

For fluorescence correlation spectroscopy (FCS), a confocal microscope (Olympus, IX71) 

was employed and the fluorescence from the dye was detected by an avalanche photodiode (Perkin–

Elmer, SPAD, SPCM-AQ 14). The microscope is equipped with a thermo-stage to control 

temperature of a sample solution. 

The auto correlation curves observed experimentally were fitted by eqs. 4.1 and 4.2. Eqs. 

4.1 and 4.2 were used to analyze the dye molecules moving at the same and different velocities, 

respectively.  
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In eqs. 4.1 and 4.2, N is the average number of the fluorescent dye molecule in a confocal volume 

element, τDn is the diffusion time of the dye molecule (in ms), f is the fraction of the dye molecule 
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diffusing with the time constant τD1, ω is the aspect ratio of the confocal volume (= wz/wxy), T is the 

fraction of the dye molecule in the excited triplet state, and τT is the relaxation time from the excited 

triplet state (in ms). To consider the contribution of the dark state of the dye to the fluorescence 

correlation functions, the relaxation time of the excited triplet state of the dye shoud be taken into 

account.  

 

Figure 4-4. Schematic illustration of the optical setup for quasi-total-internal-reflection 

fluorescence microscopy.  

 

4.3 Results and Discussion 

4.3.1 Cloud points 

Figure 4-5 shows the optical transmittance curves of aqueous (a) m-46, (b) m-51 and (c) 

m-55 solutions as a function of temperature. The black and gray curves show the transmittance 

changes upon heating and cooling, respectively. As seen in Figure 4-5, the Tc decreases with 

increasing the meso diad content in the polymer. Furthermore, the transmittance of the aqueous 

m-55 solution at around the clouding point gradually changed with temperature compared to that of 
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m-46 or m-52. These tendencies are in good agreement with the results reported previously [54], 

[137], [141]. Katsumoto et al. demonstrated that a NIPAM-dimer (DNIPAM) with a meso 

configuration was more hydrophobic than that with a racemo configuration by investigating the 

partition coefficient of DNIPAM between water and chloroform [61], resulting in the decrease in Tc 

with increasing the meso diad content in the polymer. Although the origin of the gradual changes in 

the transmittance curve with temperature in aqueous highly isotactic-rich PNIPAM solution at 

around the clouding point is still unclear, Nishi et al. have reported that an increase in the 

isotacticity of the polymer interfered the cooperative dehydration of the polymer, which is defined 

as simultaneous dissociation of the bound water molecules from the polymer, causing the gradual 

change in the transmittance with temperature [137].  

Figure 4-5. Temperature dependences of the optical transmittance at 532 nm observed for aqueous 

(a) m-46, (b) m-51, and (c) m-55 solutions. The black and gray curves show the transmittance 

changes upon heating and cooling, respectively. Heating and cooling rate = 0.2 
o
C min

-1
. 

 

4.3.2 The rates of phase separation 

For a series of the different meso-content PNIPAM samples (m-46 ~ m-51), first, the phase 

separation dynamics was studied for similar molecular weight samples at the same concentration 

(1.0 wt%). Figure 4-6 shows the time courses of the optical transmittance, T(t), after laser-induced 

T-jump by the method (i) described in §2.2.1. As seen clearly in the figure, T(t) decreases 

immediately after the T-jump and reaches a quasi-equilibrium state after 200 ms with T(t) being 

approached to a constant value, while it recovers at a longer time (t ~ 1 s) due to cooling of the 

solution. Each T(t) curve can be well fitted with a single exponential function, T(t) = A exp(-t/ps) + 
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B, providing precise value of the phase separation time constant. The decay time of T(t) gradually 

became faster with increasing the isotacticity of the polymer. In Figure 4-7, the phase separation 

time constants are plotted against the polymer concentrations of the m-46, m-48, m-50, and m-51 

solutions. The figure clearly shows that, although the molecular weights and concentrations of the 

polymers are fixed almost constants, the polymer exhibits different phase separation dynamic 

behaviors with one another. With increasing the isotacticity of the polymer, the phase separation 

time constant becomes faster. At 5.0 wt%, as an example, the phase separation time constants of 

m-46, m-48, m-50, and m-51 were determined to be ps = 120, 40, 15, and 6 ms, respectively. Note 

that the differences in the stereoregularity between these samples are very small. These results 

clearly indicate that the phase separation dynamics is very sensitive to the stereoregularity of 

PNIPAM and a slight increase in the isotacticity of the polymer results in dramatic acceleration of 

the phase separation time constant. 

 

Figure 4-6. Typical examples of the time courses of the transient optical transmittance T(t) 

observed for aqueous m-51, m-50, m-48 and m-46 solutions (1.0 wt%).  
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Figure 4-7. Phase separation time constants as a function of the concentration of the polymer (1.0 – 

10 wt%) observed for aqueous m-51, m-50, m-48 and m-46 solutions. ●: m-46, ■: m-48, ▲: 

m-50, ▼: m-51. 

  

The phase separation dynamics of aqueous PNIPAM solutions are correlated with the 

initial polymer state/structure in the solution before phase separation as described in chapter 3. For 

instance, the phase separation time constant observed for m-46 at a concentration above 8.0 wt% is 

the fastest among those of the samples studied (i.e., the fastest phase separation). Under the 

conditions, the m-46 sample in water shows interpolymer entanglement as confirmed by dynamic 

light scattering (DLS) as shown in Figure 4-8. In this case, the interpolymer entanglement is 

regarded as the origin of fast phase separation observed for m-46. In the isotactic-rich PNIPAM 

(m-50 and m-55) solutions, however, no such aggregate formation or molecular assembly in the 

solution before phase separation is observed by DLS measurements: see Figure 4-8. Such 

aggregation/assembly of the polymer chains due to the hydrophobic interactions presumably 

increases the mutual interactions between the polymer chains and affects the hydrated/dehydrated 

polymer structures, which should be reflected on the vibrational spectra of the aqueous PNIPAM 

solutions. In particular, the hydrated coils and dehydrated globules of PNIPAM can be distinguished 

by the Raman spectrum in 2800 ~ 3100 cm
-1

 on the basis of the CH3 and CH2 stretching vibrational 

modes [66], [139]. However, both m-46 and m-55 showed analogous vibrational spectra with one 

another as shown in Figure 4-9, implying no aggregate formation in the m-46 and m-55 solutions as 



43 

 

shown in Figure 4-8. On the other hand, the heterogeneity of a polymer solution such as aggregate 

formation would be presumably reflected on the solution viscosity. In practice, the viscosity of the 

m-55 solution (5.0 wt%) was somewhat higher than that of the m-46 solution (5.0 wt%):  = 3.9 

mPa
.
s for m-55 and  = 3.0 mPa

.
s for m-46. The solution heterogeneities observed by the viscosity 

measurements have been further revealed by a single molecule fluorescence imaging technique, as 

described in 4.3.2. 

 

Figure 4-8. Hydrodynamic radius distributions of m-50 and m-55 in aqueous solutions (1.0 wt%) at 

room temperature. 

Figure 4-9. Raman spectra of aqueous m-46 and m-55 solutions (5.0 wt%) at room temperature. The 

observed peaks at 2923, 2967, 2983 and 3043 cm–1 are ascribed to those of the C-H stretching 

vibrations. 
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4.3.3 Single molecule fluorescence imaging (SMI)  

To examine the microscopic polymer structures in the solutions, single molecule 

fluorescence imaging (SMI) experiments were conducted by adding a small amount of a perylene 

diimide derivative (PDI-(SO4)4, reporter dye molecule) to each sample solution. Due to the 

hydrophobicity of PDI-(SO4)4, the dye distributes preferentially to the polymer-rich domains or the 

vicinity of such domains. If the solution is a uniform and the polymer chains are homogeneously 

dissolved in the solution without aggregation, the dye should be homogeneously distributed in the 

solution and free from the polymer chains. On the other hand, if the polymer chains form small 

(nanometer- or micrometer-sized) polymer-rich domains and the solution has an inhomogeneous 

structure, such solution structures would be detected by SMI since such domains would be labeled 

by the reporter dye. By observing single molecule fluorescence from the polymer solution, one can 

obtain further detailed insight into the microscopic structures of the polymer solution. 

 Figure 4-10a shows the fluorescence images of PDI-(SO4)4 in an m-46 solution (5.0 

wt%) at room temperature (below Tc). Neither bright spots corresponding to single molecule 

fluorescence nor a specific structure suggesting the inhomogeneity in the solution is seen in the 

images. This indicates that each reporter dye molecule is not trapped by any polymer domain and 

diffuses in the solution too fast to be traced. Therefore, it is concluded that the atactic PNIPAM is 

dissolved homogeneously and does not aggregate in water. Figure 4-10b shows the fluorescence 

images of PDI-(SO4)4 in an m-46 solution (5.0 wt%) at 34 
o
C (above Tc). In these images, several 

bright spots corresponding to individual dye molecules are observed. The observation of the 

fluorescence spots from single molecules means that diffusion of the dye molecules in water is 

suppressed, since they are bound to the polymer-rich-domains which diffuse slowly in water. The 

behaviors before/after phase separation can be interpreted within the accepted framework of 

PNIPAM physics: below Tc, PNIPAM polymer chains are dissolved homogeneously in water and, 

above Tc, those form aggregates, resulting in phase separation to the polymer-rich and water-rich 

domains in the solution. 
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Figure 4-10c shows the fluorescence images of PDI-(SO4)4 in an m-55 solution (5.0 wt%) 

at room temperature (below Tc). In contrast to the atactic sample (Figure 4-10a), many fluorescence 

spots can be seen, demonstrating that the translational motion of each individual dye molecule in 

the solution is suppressed. Importantly, this indicates that, even before phase separation of the 

solution at room temperature, the m-55 sample presumably forms polymer-rich domains in the 

solution, where the dye molecules are distributed to and bound in the domains. Thus, the formation 

of the interpolymer chain-networks in the isotactic-rich PNIPAM solutions below Tc is successfully 

proved by the single molecule fluorescence imaging experiments. Obviously, such polymer 

networks will accelerate phase separation in the isotactic-rich PNIPAM solutions. 

The fluorescence images of PDI-(SO4)4 in an m-55 solution at 29 
o
C (above Tc) are shown 

in Figure 4-10d. In the images, numerous fluorescence spots from individual single molecules can 

be observed clearly, indicating that reporter dye molecules are bound to the polymer rich domains 

leading to suppression of rapid diffusion of the dye in the solution. What distinguishes the present 

results from those of the atactic polymer (m-46, Figure 4-10b) is that some dye molecules are 

immobile in the isotactic-rich PNIPAM solution. The center image in Figure 4-10d was taken 0.9 s 

after taking the left-sided image. Despite the long elapse time (t = 0.9 s), several dye molecules, 

marked by the circles in the image, do not diffuse and are immobilized in their original positions. 

This strongly demonstrates that diffusion of the polymer-rich domains in the solution is “frozen” 

after phase separation above Tc. Since such behavior has never been observed for the atactic 

PNIPAM samples, this is peculiar to the isotactic-rich PNIPAM samples. The growth of the 

inter-chain polymer networks formed at room temperature before phase separation is enhanced by 

elevating temperature after phase separation. In Figure 4-10e, each PDI-(SO4)4 fluorescence 

intensity distributions observed from an aqueous m-55 solution at 29 
o
C accumulated for 200 

frames are shown, where the black areas correspond to the higher fluorescence intensity regions. 

This figure shows a frozen-gel-like structure. The polymer networks composed of the domains are 

fully observed in the whole image. These polymer networks are a kind of a physical gel, which has 
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been reported for a more highly isoctactic-rich PNIPAM (m : r = 65:35) by Nakano et al. [142]. 

Figure 4-10. Fluorescence images of PDI-(SO4)4 in aqueous solutions of (a) m-46 at 24 °C, (b) 

m-55 at 24 °C, (c) m-46 at 32 °C, (d) m-55 at 29 °C. The concentrations of the polymers and 

PDI-(SO4)4 are 5.0 wt% and 10
-10

 M, respectively. Scale bar = 5 μm. (e) Fluorescence intensity 

distribution of PDI-(SO4)4 observed for an aqueous m-55 solution at 29 
o
C accumulated for 200 

frames. The black color corresponds to the fluorescence.  
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For more precise experiments, single molecule fluorescence imaging experiments on an 

aqueous m-55 solution (5.0 wt%) were conducted by adding a small amount of Rh-m55 (0.70 nM) 

in the solution. As the results are shown in Figure 4-11, the analogous behaviors with those in 

Figure 4-10d were observed, confirming formation of the polymer network structures below Tc and 

a physical gel above Tc.  

Figure 4-11. Fluorescence images of Rh-m55 (0.7 nM) in an aqueous solution of m-55 (5.0 wt %). 

The time interval between the left- and right-handed images is 0.1 s. Scale bar = 5 μm. Fluorescence 

spots that do not diffuse during the time interval are marked by the white circles. (a) At 24 °C 

(before phase separation). (b) At 32 °C (after phase separation). 

 

4.3.4 Fluorescence correlation spectroscopy (FCS) 

Fluorescence correlation spectroscopy (FCS) has frequently been applied for analyzing the 

phase separation behaviors of PNIPAM solutions [143]–[145]. For instance, Wang et al. 

synthesized fluorescence-labeled PNIPAM and performed FCS in water/ethanol mixtures to 

evaluate the hydrodynamic radius of the polymer and reported that the radius of the polymer 

depended upon the ethanol fraction in the solution [144]. Raccis et al. reported FCS for a grafted 

hydrogel film of PNIPAM to probe the mobility and inhomogeneity of the polymer [145]. In the 

present study, quantitative detection of multiple (double) diffusion components originated from the 

polymer networks and the gel like structures of the polymer was explored.  
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Figure 4-12a – d show the experimental correlation functions (G(t)) of PDI-(SO4)4 

diffusing in aqueous m-46 (5.0 wt%) and m-55 solutions (5.0 wt%) before and after phase 

separation. The results obtained by the experiments are summarized in Table 4-2. Polymer network 

formation in an aqueous m-55 solution before and after phase separation was also verified by the 

FCS measurements. This provides the diffusion coefficients of the dye in the sample solutions. 

Before phase separation at 24 
o
C, only a single dye diffusion component with the diffusion 

coefficient of D = 96 m
2
s

-1
 was observed for the m-46 solution (5.0 wt%) as shown in Figure 

4-12a, which agreed with that determined in a homogeneous polymer solution. On the other hand, 

the m-55 solution (5.0 wt%) before phase separation at 23 
o
C exhibited two dye diffusion 

components: D1 = 175 m
2
s

-1
 and D2 = 12 m

2
s

-1
 (Figure 4-12c). The obtained diffusion 

coefficients were transformed to hydrodynamic radius (Rh) of each domain by Einstein-Stokes 

equation (eq. 4.3). 

𝑅ℎ =
𝑘𝑇

6𝜋𝜂0𝐷
 (4.3) 

In eq. 4.3, k, T and η0 are the Boltzmann constant, temperature and viscosity of solvent, respectively. 

In the case of the m-55 solution before phase separation, Rh estimated from D2 was 2.8 nm. This 

size is close to Rh (2.2 nm) of m-55 chain measured by DLS as shown in Figure 4-8. These results 

indicate that the slow component (D2) corresponds to that of the dye molecules bound to the 

polymer networks. After phase separation of the solution at 32 
o
C, the diffusion constants of both 

fast and slow components decreased to D’1= 75 m
2
s

-1
 and D’2 = 0.10 m

2
s

-1
, respectively, as seen 

in Figure 4-12d. The Rh of the domain estimated from D’2 was 218 nm. The origin of the very large 

domain size can safely be ascribed to the frozen polymer networks (i.e., formation of a physical gel). 

It is worth pointing out that the small D’2 value is in good agreement with the D values estimated by 

the SMI experiments for the PDI-(SO4)4 and Rh-m55 solutions: D = 0.16 m
2
s

-1
 for PDI-(SO4)4 and 

0.023 m
2
s

-1
 for

 
Rh-m55. Thus, the results obtained by FCS are consistent almost satisfactorily with 

those by SMI. 
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Figure 4-12. FCS correlation curves observed for PDI-(SO4)4 in aqueous solutions of (a) m-46 at 

24 °C, (b) m-55 at 24 °C, (c) m-46 at 32 °C, and (d) m-55 at 29 °C. Solid curves: experimental 

curves. Dotted curves: fitting curves for single (a) and two dye diffusion components analysis based 

on G(t) in Eqs. 4-1 and 4-2, respectively (b, c, and d). 
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Table 4-2. Diffusion coefficients of PDI-(SO4)4 in aqueous solutions of m-46 at 24 °C, m-55 at 

24 °C, m-46 at 32 °C and m-55 at 29 °C. 

 (1)
 Solution temperature, 

(2) 
Number of diffusion components, 

(3) 
Diffusion coefficient, 

(3) 

Hydrodynamic radius (Rh) estimated by eq. 4.3. 

 

4.4 Conclusions 

In this chapter, it has been shown that phase separation of aqueous PNIPAM solutions can 

be accelerated by a slight increase in the isotacticity of the polymer from m : r = 46:54 to m:r = 

48~55: 52~45. For isotactic-rich PNIPAM (m-55), a single molecule fluorescence imaging (SMI) 

technique demonstrated formation of polymer networks even before phase separation of the 

polymer below Tc. Such polymer network formation has not previously been observed by Raman 

spectroscopy and dynamic light scattering measurements. Formation of the polymer networks is 

considered to be the origin of acceleration of phase separation in aqueous isotactic-rich PNIPAM 

solutions. Furthermore, “frozen” polymer networks similar to a physical gel were observed for 

isotactic-rich PNIPAM samples after phase separation. The results by FCS experiments 

satisfactorily corroborate with this model and provide important information. Although the 

Sample name T
 
(
o
C) 

(1)
 N

coop

 (2)
 D (m

2
 s

-1
)
 (3)

 R
h of domain (nm) (4) 

m-46 

24 1 96 0.23 

32 2 

fast component 
120 

0.18 

slow component 
0.20 

110 

m-55 

24 2 

fast component 
175 

0.13 

slow component 
12 

2.8 

29 2 

fast component 
75 

0.29 

slow component 
0.10 

218 
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formation mechanisms of the polymer networks are complicated and still remain unclear, a precise 

control of the polymer stereoregularity will open new channels toward the design and development 

of stimuli-responsive-polymer-based smart materials. 
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Chapter 5| Phase separation dynamics of aqueous syndiotactic-rich 
PNIPAM solutions 

5.1 Introduction 

In chapter 4, it was demonstrated that the phase separation processes in aqueous 

poly(N-isopropyl acrylamide) (PNIPAM) solutions could clearly be accelerated by a slight increase 

in the isotacticity of the polymer. Furthermore, on the basis of a single molecule fluorescence 

imaging technique and fluorescence correlation spectroscopy introduced for the first time for the 

related researches, it was revealed that isotactic-rich PNIPAM produced microscopic inter-chain 

networks even below Tc in an aqueous solution, demonstrating that such polymer networks were the 

origin of rapid phase separation in aqueous isotactic-rich PNIPAMs solutions. These results suggest 

that the stereoregularity of PNIPAM is one of the most important factors regulating the phase 

separation characteristics. 

Several research groups recently reported that streoregularity controls of PNIPAM affected 

the physical properties of the polymer such as a lower critical solution temperature (LCST), the 

solubility in water, and the aggregation mechanisms of phase separation [61]–[64], [141], [142]. It 

should be pointed out that a large portion of these studies have focused on the properties of aqueous 

isotactic-rich PNIPAM solutions. By contrast, the studies on the phase separation properties of 

aqueous syndiotactic-rich PNIPAM solutions have been rarely reported, although this is in part very 

important for wide applications of isotactic-rich PNIPAMs as self-assembling materials [146]–

[149]. 

Although, there is no report on the self-assembling behavior of syndiotactic-rich PNIPAM, 

some research groups reported intriguing behaviors of syndiotactic-rich PNIPAMs. Hirano et al. 

established the polymerization method of syndiotactic-rich PNIPAMs and demonstrated that the 

intrapolymer hydrogen bonding between the amide groups in the syndiotactic arrangement was 

formed in the dehydrated state after the coil-globule transition [63], [135]. Furthermore, Mori et al. 

reported that the number of a cooperative unit, defined as the number of the monomer unit 
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exhibiting simultaneous dissociation of the bound water molecules from the polymer chains after 

the coil-globule transition, increased in the syndiotactic-rich poly(N-n-propylacrylamide) 

(PNNPAM) compared to those in other stereoregulataed PNIPAMs [150].  

In this chapter, the phase separation dynamics of aqueous solutions of PNIPAM with 

different stereoregularities (atactic and syndiotactic-rich) were investigated by using dye-sensitized 

laser T-jump experiments. The phase separation mechanisms of aqueous syndiotactic-PNIPAM 

solutions were then discussed in terms of the hydrophobicity in the dehydrated state of the polymer.  

The results obtained by differential scanning calorimetry (DSC) and dynamic light scattering (DLS) 

measurements for the polymer solutions were also discussed based on a diffusion-controlled 

aggregation model. 

 

5.2 Sample preparations and experimental procedures 

5.2.1 Sample preparations 

N-Isopropylacrylamide (NIPAM) (Wako Pure Chemicals Co., Ltd., 98%) as a monomer 

was recrystallized twice from n-hexane (wako, > 96%). 2,2’-Azobis(isobutyronitrile) (AIBN) 

(Wako Pure Chemicals Co., Ltd., > 98%) as a polymerization initiator was recrystallized from 

methanol (Wako Pure Chemicals Co., Ltd., > 99.8%). Acetone (> 99.5%), 1-butanol (> 99.0%), 

tetrahydrofuran (THF, > 99.5%), and diethyl ether (> 99.5%), all purchased from Wako Pure 

Chemicals Co., Ltd., and tri-n-butylborane (n-Bu3B), 3-methyl-3-pentanol (3Me3PenOH), and 

2,6-di-t-butyl-4-methylphenol, supplied from Aldrich Co., Ltd. were used without further 

purification for the polymerization reactions described below. 

Atactic PNIPAM was synthesized by a free radical polymerization in 1-butanol at 60 °C for 

4 h using a 1.76 M (M = mol/dm
3
) NIPAM monomer and a 9.55 mM AIBN initiator. The polymer 

was purified by repeated reprecipitation of the acetone solution of the polymer to n-hexane. 

Typical polymerization procedures for syndiotactic-rich PNIPAM are as follows [63], 

[151]–[153]: NIPAM and 3Me3PenOH were dissolved in toluene. The polymerization of the 
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monomer was initiated by adding a THF solution of n-Bu3B to the solution and allowed to heat at 

60 °C. The concentrations of the reactants are shown in Table 1-1. The reaction was terminated after 

24 h by adding a small amount of a THF solution of 2,6-di-t-butyl-4-methylphenol. The reaction 

mixture was poured into a large amount of diethyl ether, and the precipitated polymers were 

collected by filtration and, then, dried in vacuo.  

 

5.2.2 Characterizations of PNIPAM samples  

The number-averaged molecular weights (Mn) and polydispersities (Mw/Mn) of the samples 

were determined by using size exclusion chromatography (SEC) (HLC 8220 instrument, Tosoh Co., 

flow rate of 0.35 mL min
-1

) equipped with TSK gels (SuperHM-H, Tosoh Co.) using 

N,N-dimethylformamide containing 0.1 M of LiBr as an eluent at 40 °C. The SEC chromatogram 

shown in Figure 5-1 was calibrated with standard polystyrene samples (Polymer Laboratories, 

Amherst, MA). The 
1
H NMR spectra of the polymers in DMSO-d6 at 140 °C were measured on a 

JEOL ECP-400 spectrometer (400 MHz). The meso diad (m) : racemo diad (r) ratios of the 

PNIPAM samples were determined based on the peak area ratio of the methylene protons at 1.3 

ppm and 1.7 ppm for the meso diad to that at 1.5 ppm for the racemo diad of the 
1
H NMR spectra of 

the polymers [63]. For examples, the 
1
H NMR spectra of r-54 and r-68 are shown in Figure 5-2. 

Each peak is attributed as follows: methyl protons of the isopropyl group at δ = 1.1, methylene 

protons of the polymer backbone for the meso diad at δ = 1.3 and 1.7, methylene protons of the 

polymer backbone for the racemo diad at δ = 1.5, methine proton of the isopropyl group at δ = 3.8, 

and amide proton of the isopropyl group at δ = 6.7[138]. The clouding points of the polymers in 

water (Tc) were evaluated by the same manner with those described in §2.2.2. Table 5-1 shows the 

data of the PNIPAM samples. The samples are abbreviated on the basis of the content of the racemo 

diads in the polymers: For instance, PNIPAM with r = 60 is abbreviated as r-60. 
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Figure 5-1. SEC chromatograms of (a) standard polystyrene samples (solid black line: Mn = 9,000, 

dashed black line: Mn = 15,000, doted black line: Mn = 37,000, solid gray line: Mn = 98,000,     

and dashed gray line: Mn = 182,00), (b) r-54, (c) r-60, (d) r-66, (e) r-67, and (f) r-68. These 

chromatograms were measured at 40 °C using N,N-dimethylformamide containing 0.1 M of LiBr as 

an eluent. 

 

 

Figure 5-2. 
1
H NMR spectra of (a) r-54 and (b) r-68. These spectra were measured in DMSO-d6 at 

140 °C. 
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Table 5-1. Concentration of reactants for radical polymerization and fundamental properties of the 

sample polymers. Mw; weight-averaged molecular weight, Mn; number-averaged molecular weight, 

m: meso diad ratio, r: racemo diad ratio, Tc: cloud point. 

Sample 

name 
[NIPAM] 

(M) 

[n-Bu3B] 

(M) 

[3Me3PenOH] 

(M) 
M

n

 (1)
 M

w 
/ M

n

 (1)
 m : r

 (2)
 T

c
(
o
C) 

(3)
 

r-54 1.0 0.10 – 31,000 2.1 46 : 54 32 

r-60 0.5 0.10 1.0 36,000 1.5 40 : 60 32 

r-66 1.0 0.05 2.0 61,000 2.3 34 : 66 33 

r-67 0.5 0.10 2.0 20,000 2.0 33 : 67 33 

r-68 0.5 0.05 2.0 33,000 2.0 32 : 68 34 

(1) Determined by size exclusion chromatography (SEC) 

(2) Determined by 
1
H NMR. 

(3) Determined by turbidimetry in a 1.0 wt% aqueous solution.  

 

 

5.2.3 Laser-induced T-jump method 

In this chapter, two types of laser-induced temperature jump techniques were employed: (i) 

a direct method by which water as a solvent was heated by infrared laser light and (ii) a 

dye-sensitized laser-heating method using a dye as a molecular heater. In the dye-sensitized laser 

T-jump technique, 0.50 mM of crystal violet was added to a sample solution. The instrumental 

setups were the same as those described in chapter 2. 

 

5.2.4 Differential scanning calorimetry (DSC) 

DSC measurements were performed by a DSC micro calorimeter (Mettler-Toledo) with a 

cell volume of 100 L at the heating rate of 1.0 ºC min
-1

 in the range of 25-40 ºC under elevated 

pressure (> 1.1 x 10
5
 Pa). 

 

5.2.5 Dynamic light scattering (DLS) 

The hydrodynamic radius (Rh) distributions of the polymers in water were measured by 
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dynamic light scattering (DLS) (Otsuka Electronics, FDLS-3000) at 25 °C. A 100 mW laser (λ = 

532 nm) was used as an incident beam, and the scattering angle was set 90°.  

 

5.3 Results and Discussion 

5.3.1 Sensitivity of phase separation to laser-induced T-jump  

Figure 5-3 shows a representative time profile of optical transmittance (T(t)) obtained by 

the method (i) for syndiotactic-rich PNIPAM (r-68, black line) at a concentration of 5.0 wt%. The 

results on an atactic PNIPAM (r-54, gray line) solution (5.0 wt%) are also shown in the figure as a 

reference. These two polymers have similar molecular weights and, thus, the effects of the 

stereoregularity of the polymer on the phase separation dynamics can be discussed. As seen in the 

figure, T(t) observed for r-54 decreases immediately after a T-jump and reaches a quasi-equilibrium 

state after 200 ms, where the transmittance approaches a constant value. The sharp drop of T(t) is 

due to an increase in the turbidity of the solution by phase separation. The T(t) curve observed for 

r-54 can be well fitted by a single exponential function, T(t) = A exp(−t/τps) +B, and the fit by a 

single exponential function provides the phase separation time constant (τps) to be 77 ms. In the case 

of r-68, on the other hand, the transmittance keeps constant after a T-jump even at laser power being 

set the same with that for the experiments for r-54. The results strongly demonstrate that phase 

separation of an aqueous r-68 solution requires a higher T-jump. 

Figure 5-3. Typical examples of the time courses of the transient transmittance T(t) in aqueous r-68 

(black line) and r-54 (gray line) solutions (5.0 wt%). 
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Since the direct T-jump method (i) could not induce phase separation of aqueous 

syndiotactic-rich PNIPAMs solutions, the dye-sensitized T-jump method (ii) was employed. Figure 

5-4 shows typical examples of the time courses of the transient transmittance T(t) obtained by the 

method (ii) at several laser fluences as heating pulses: from 0.10 to 0.39 J·cm
-2

. As seen in the 

figure, the laser fluence dependences of T(t) observed for aqueous highly syndiotactic-rich 

PNIPAMs (c: r-66, d: r-67, and e: r-68) solutions were essentially different from those for r-54 and 

r-60 (Figures 5-4a and b, respectively). The T(t) values of highly syndiotactic-rich PNIPAMs 

recovers relatively faster at the laser fluence lower than 0.18 J·cm
-2

. According to the figure, the 

lowest laser energies inducing phase separation of aqueous r-54, r-60, r-66, r-67, and r-68 solutions 

were evaluated to be 0.10, 0.11, 0.16, 0.17, and 0.16 J·cm
-2

, respectively. On the basis of these 

results, it is concluded that aqueous solutions of syndiotactic-rich PNIPAMs with the racemo diad 

contents of 66% or > 66% require higher T-jumps for phase separation.  

Figure 5-4. Typical examples of the time courses of the transient transmittance T(t) in aqueous (a) 

r-54, (b) r-60, (c) r-66, (d) r-67, and (e) r-68 solutions (5.0 wt%) in the presence of crystal violet 

(0.50 mM) as a function of an incident heating laser pulse energy. 

 

5.3.2 Phase separation rate 

The phase separation time constants (τps) of aqueous syndiotactic-rich PNIPAM solutions 

were systematically determined by the method (ii) as a function of the polymer concentration (0.50 
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~ 7.0 wt%). Figure 5-5a shows representative results on r-68. Each decay curve can be well fitted 

by a single exponential function. In the figure, it is demonstrated that the decay of T(t) becomes 

faster with increasing the polymer concentration. Interestingly, T(t) decay becomes abruptly sharp 

above the polymer concentration at > 1.5 wt%. The similar behaviors with those for r-68 were also 

observed for other highly syndiotactic-rich PNIPAMs as shown in Figure 5-5c and d. By contrast, 

time decay of the transmittance observed for r-54 and r-60 becomes gradually faster with 

increasing the polymer concentration as seen in Figures 5-5b and 5-5c, respectively. 

 
Figure 5-5. Typical examples of the time courses of the transient transmittance T(t) in aqueous (a) 

r-68, (b) r-54, (c) r-66, (d) r-67, and (e) r-60 solutions in the presence of crystal violet (0.50 mM) 

as a function of the polymer concentration (0.50 – 7.0 wt%). 

 

In Figure 5-6a, the τps values are plotted against the polymer concentrations for both 

aqueous r-54 (open symbols) and r-68 solutions (filled symbols). The figure clearly shows that 

these two samples exhibit different dynamic behaviors and, in the low concentration region (0.50 ~ 

1.5 wt%), the time constants observed for r-54 and r-68 are close with each other (τps = 150 ~200 

ms). In the high concentration region (2.0 ~ 7.0 wt%), by contrast, r-68 exhibits much faster phase 

separation (τps = 10 ~ 30 ms) than r-54 (τps = 50 ~ 100 ms). It should be pointed out here that τps 

becomes constant when the polymer concentration is higher than a critical value (1.5 wt%). 

Similar behaviors to those in Figure 5-6a are also observed for the other highly syndiotactic-rich 
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PNIPAMs, r-67 and r-66, as shown in Figures 5-6b and c, while r-60 shows similar phase 

separation time constants to those of r-54. It is important to point out that the critical solution 

concentration showing an accelerated phase separation time constant is common for all of the 

highly syndiotactic-rich PNIPAMs studied in the present experiments: 1.5 wt%. Such behavior is a 

key to understand the phase separation mechanisms of the polymer solutions as discussed in 

§5.3.6. 

 

Figure 5-6. Phase separation time constants as a function of the polymer concentration (0.50 – 7.0 

wt%) in aqueous (a) r-54 (open circles) and r-68 (filled circles), (b) r-60, (c) r-66, and (d) r-67 

solutions in the presence of crystal violet (0.50 mM). 

 

5.3.3 Quantitative analysis 

The ps values ranging from 200 to 10 ms evaluated in the present study is worth being 

discussed theoretically. As described in §3.3.5, The growth time is then given by eq. (3-1),  

 
kTcN

MMNt
A

wwglo




4

3

                 (3-1)

 

where Nglo is the number of the polymer chains in a single polymer-rich domain. Based on the 

relations described in §3.3.5, the average number of the polymer chains in a single polymer-rich 
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micro-domain (Nglo = <Magg> / Mw) in r-54 and r-68 solutions are estimated to be 2000 and 1900, 

respectively. Then, using eq. (3-1), the growth time of a polymer-rich microdomain in r-54 and r-68 

solutions at 1.0 and 5.0 wt% are estimated to be ≈ 15 (1.0 wt%) and 3.0 ms (5.0 wt%), respectively. 

These calculated values for r-54 are somewhat smaller than the ps values obtained by the 

experiments (τps = 70 ~ 200 ms). This suggests that the aggregation of globules takes place through 

numbers of collisions of globules; the aggregation is growth-controlled process. This model is 

applicable to r-68 solution at 1.0 wt%. On the other hand, in case of r-68 solution at 5.0 wt%, ps 

value is 10 ms, which is very close to the calculated value (3.0 ms). This means that every collision 

of globules of r-68 at 5.0 wt% results in aggregation; aggregation takes place efficiently. 

 

5.3.4 DSC experiments 

Figure 5-7 shows the heat capacity changes during phase transition/separation of aqueous 

r-54, r-60, and r-68 solutions (1.0 wt%) at a heating rate of 1.0 °C/min. With an increase in the 

syndiotacticity of the polymer, the endothermic peak resulting from dehydration of the polymer 

chains becomes significantly sharper and shifts to a higher temperature. The thermodynamic 

parameters determined by the DSC measurements are summarized in Table 5-2. The number of the 

cooperative units ncoop, which is defined by the number of the monomer unit undergoing 

dissociation of the bound water molecules from the polymer chains, can be calculated by the ratio 

of the van’t Hoff enthalpy (ΔHv) to the calorimetric enthalpy (ΔHc) [150], [154]. Obviously seen in 

Table 5-2, the ncoop value roughly increases with an increase in the syndiotacticity. The results 

indicate that the cooperativity of dehydration, which is defined as the length of the sequential 

polymer chains exhibiting simultaneous dissociation of the bound water molecules, increases with 

increasing the racemo diad content. 
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Figure 5-7. Heat capacity changes during phase transition/separation (30 – 40 °C) of aqueous r-54 

(solid curve), r-60 (dashed curve), and r-68 (dotted curve) solutions (1.0 wt%). Heating rate = 1.0 
o
C min

-1
. 

 

Table 5-2. Thermodynamic parameters during phase transition/separation (30 – 40 °C) of aqueous 

r-54, r-60 and r-68 solutions (1.0wt%). 

(1)
 Temperature of the endothermic peak. 

(2)
 Full-width at half maximum of the endothermic peak. 

(3) 

calorimetric enthalpy. 
(4)

 van’t Hoff enthalpy calculated by the equation ΔHv = 4R Tp
2
/ΔT1/2 (R: gas 

constant) 
(5)

 Number of the cooperative units, ncoop = ΔHv/ ΔHc. 

5.3.5 Cloud points and hysteresis  

Figure 5-8 shows the transmittance curves of aqueous (a) r-54, (b) r-60, and (c) r-68 

solutions as a function of temperature. The black and gray curves show the transmittance changes 

upon heating and cooling, respectively. The Tc increased with increasing the racemo diad content in 

the polymer. Furthermore, with increasing the racemo diad content, the hysteresis in the 

T-dependent transmittance between heating and cooling processes became larger. These tendencies 

Sample name T
p 

/ 
o
C

(1)
 ΔT

1/2 
/ 

o
C

(2)
 ΔH

c 
/ cal mol

-1(3)
 ΔH

v 
/ kcal mol

-1(4)
 n

coop

(5)
 

r-54 33.6 1.68 68.8 5.34 77 

r-60 34.9 1.54 82.5 6.29 76 

r-68 35.4 1.42 79.3 7.01 88 
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are in good agreement with the results reported previously [63]. As Zhang et al. reported, formation 

of intra- or inter-polymer hydrogen bonding in a collapsed state above Tc causes to keep association 

of the polymers even at a temperature below Tc, resulting in the hysteresis. Thus, the large 

hysteresis in an aqueous syndiotactic PNIPAM solution implies that syndiotactic-rich PNIPAM 

possibly forms the intrapolymer hydrogen bonding in the dehydrated state.  

 

Figure 5-8. Temperature dependences of the optical transmittance at 532 nm for the aqueous (a) 

r-54, (b) r-60, and (c) r-68 solutions. The black and gray curves show the transmittance changes 

upon heating and cooling, respectively. Heating and cooling rate = 0.2 
o
C min

-1
. 

 

5.3.6 DLS experiments 

To investigate the polymer structures in an aqueous solution, the hydrodynamic radii (Rh) 

of each syndiotactic-rich PNIPAM at several concentrations ranging from 0.50 to 7.0 wt% were 

evaluated based on dynamic light scattering (DLS) experiments. Figure 5-9 shows the 

concentration dependences of the Rh distributions for highly syndiotactic-rich PNIPAMs (a: r-68, 

b: r-67, and c: r-66). In the low concentration region (0.50 ~ 1.5 wt%), a single peak was observed, 

indicating the polymer chains were not entangled with one another. Above 2.0 wt%, by contrast, 

two peaks were observed, demonstrating interpolymer entanglement. Thus, the common critical 

polymer concentration (1.5 wt%) can be confirmed for both dynamic behaviors (phase separation 

rate) and static structures (entanglements). Below and above the critical polymer concentration, 

both dynamic and static characteristics mentioned above change considerably as described in 

§5.3.2 and 5.3.5. Obviously, such polymer entanglements in an aqueous solution are the origin of 

the acceleration of the phase separation rate observed for highly syndiotactic-rich PNIPAMs. On 
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the basis of these findings, the phase separation mechanisms for highly syndiotactic-rich 

PNIPAMs are discussed in §5.3.6. 

 

 

Figure 5-9. Hydrodynamic radius distributions of a: r-66, b: r-67, and c: r-68 in aqueous solutions 

at room temperature as a function of the polymer concentration (0.50 – 7.0 wt%). The concentration 

of sample solution is given in the figure.  

 

5.3.7 Mechanisms of phase separation for aqueous highly syndiotactic-rich PNIPAM solutions 

An aqueous syndiotactic-rich PNIPAM solution exhibited curious phase separation 

behaviors, showing less sensitive phase separation by a near-infrared laser T-jump and acceleration 

of phase separation at a high polymer concentration observed by a dye-sensitized T-jump. In this 

section, the origin of such experimental results is discussed and the phase separation mechanisms of 

an aqueous syndiotactic-rich PNIPAM solution are proposed: Figure 5-10.  
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First, the insensitive nature of phase separation in an aqueous syndiotactic-rich PNIPAM 

solution to temperature by the laser-induced T-jump technique can be explained in terms of the 

stability of an NIPAM-dimer in aqueous solution. Katsumoto et al. have studied the stability of an 

NIPAM-dimer in an aqueous solution on the basis of molecular dynamics calculations and predicted 

that a racemo-NIPAM-dimer (r-DNIPAM) is more stable than a meso-NIPAM-dimer (m-DNIPAM), 

because of the lower hydration free energy and larger conformational entropy of r-DNIPAM 

compared to those of m-DNIPAM [61]. Thus, it requires a higher T-jump for dissociation of the 

bound water molecules from the syndiotactic-rich PNIPAM and for the conformational change of 

the syndiotactic-rich PNIPAM chain. 

Second, the origin of acceleration of the phase separation rate observed for 

syndiotactic-rich PNIPAM at a high concentration is worth discussing in terms of the 

hydrophobicity of the polymer in the dehydrated state. As already described in §5.3.3, 

syndiotactic-rich PNIPAM shows highly cooperative dehydration of the amide groups upon thermal 

phase transition. Furthermore, as seen in the results of transmittance measurements, intrapolymer 

hydrogen bonding formation proceeds between adjacent monomeric units in the dehydrated state in 

an aqueous syndiotactic PNIPAM solution. Mori et al. also have reported formation of the 

intrapolymer hydrogen bonding in the dehydrated state in an aqueous syndiotactic-rich 

poly(N-n-propylacrylamide) (PNNPAM) solution as revealed by the FT-IR spectrum of the polymer 

[150]. The highly cooperative dehydration and formation of the intrapolymer hydrogen bonding 

make the dehydrated polymer chains more hydrophobic. As a result, aggregation (phase separation) 

of the syndiotactic-rich polymer becomes faster compared to that of the atactic polymer.  

Third, the mechanisms of the specific concentration dependence of the phase separation 

rate observed for the syndiotactic-rich PNIPAMs are worth discussing based on the results of the 

laser T-jump and DLS measurements. In a higher concentration region (≥ 2.0 wt%), polymer chains 

formed aggregates even at room temperature (before phase separation). Under such situation, phase 

separation occurs through two ways; i) shrinkage of the aggregates formed before phase separation, 
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and ii) diffusion of single globules and aggregation of them (normal phase separation). Although 

there were two ways of phase separation at the high concentration region, the T(t) was fitted by 

single exponential function. In the present study, phase separation dynamics is characterized by 

optical transmittance (i.e. Rayleigh light scattering). It is well known that the Rayleigh scattering 

intensity is proportional to the third power of the diameter of particles. Therefore, at the high 

concentration region, shrinkage of the aggregates was mainly observed as the signal of phase 

separation. The shrinkage underwent much faster than normal phase separation due to high 

hydrophobicity. This process is independent of concentration because diffusion of the polymer 

chains in the solution is not necessary for phase separation. 

 

Figure 5-10. Schematic illustration of the phase separation mechanisms of an aqueous 

syndiotactic-rich PNIPAM solution. 
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5.4 Conclusions 

In the present study, the phase separation dynamics of aqueous PNIPAMs solutions with 

various syndiotacticities ranged in 54 - 68 % was investigated by using a dye-sensitized 

laser-induced T-jump technique. To induce phase separation of aqueous highly syndiotactic-rich 

PNIPAM solutions by the laser-induced T-jump technique, higher T-jump was required compared to 

that of r-54 and r-60. The phase separation rates of aqueous highly syndiotactic-rich PNIPAM 

solutions evaluated by the dye sensitized T-jump method became considerably fast when the 

solution concentration was higher than a critical value (1.5 wt%), while those of r-54 and r-60 

became gradually fast with increasing the polymer concentration. By combining the results of 

laser-induced T-jump and DLS measurements, it was revealed that acceleration of the phase 

separation rate was induced by entanglement of the polymer chains. Furthermore, the cooperativity 

of the dehydration process increased with increasing the racemo diad content as revealed by DSC 

and optical transmittance measurements.  

Based on these results, it is demonstrated that in a high polymer concentration region, 

syndiotactic-rich PNIPAM exhibits rapid phase separation due to the high hydrophobicity of the 

polymer chain originated by cooperative formation of the intrapolymer hydrogen bonding.  

The present findings indicate that the phase separation processes vary and can be 

accelerated by increasing the syndiotacticity of the polymer even though the polymer structures in 

solution before phase transition are similar to those of an aqueous atactic PNIPAM solution.  
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Chapter 6| Conclusions 

In this thesis, the phase separation dynamics of aqueous poly(N-isopropyl acrylamide) 

(PNIPAM) solutions was studied using a laser-induced temperature jump technique combined with 

time-resolved photometry. The phase separation rate of an aqueous PNIPAM solution was 

investigated as a function of the following three important factors: the PNIPAM concentration, the 

molecular weight of PNIPAM, and the stereoregularity of PNIPAM. The roles of these factors in 

controlling the phase separation behaviors were also studied on the basis of dynamic light scattering 

(DLS), differential scanning calorimetry (DSC), and single molecule fluorescence imaging (SMI) 

techniques.  

 

In the present study, two types of laser-induced T-jump technique were employed: (i) a 

direct method in which water as the solvent was heated by infrared laser light and (ii) a 

dye-sensitized laser-heating method using a dye as a molecular heater. The laser-induced T-jump 

methods mentioned above were used to analyze the phase separation dynamics of aqueous PNIPAM 

solutions by observing the relaxation process from the heated solution to a state of thermal 

equilibrium. Since the heat generated by absorption of the pulsed laser beam in the water or dye 

molecule is within a short time (≈ 10 ns), the thermal relaxation process of the solution could be 

observed with a high temporal resolution. 

 

The most fundamental factors governing the phase separation behavior of an aqueous 

PNIPAM solution are the concentration and molecular weight of the polymer as demonstrated by 

their effects on the cloud point (Tc) and the viscosity of the polymer solution as well as on the 

hydration structure of the polymer. Aggregation of the polymer chains in solution above Tc proceeds 

successively through the diffusion and collision of the PNIPAM globules and interpolymer 

entanglements. The concentration and molecular weight of PNIPAM play crucial roles in these 

processes as described in chapter 3. The time constant for phase separation, ps, decreases with 
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increasing polymer concentration and levels-off at a certain constant value (≈ 40 ms) and at a 

certain polymer concentration (Cc) irrespective of the molecular weight of the polymer. DLS 

measurements indicate that the polymer chains are entangled with each other above Cc and, hence, 

phase separation of the polymer solution proceeds without polymer diffusion. Therefore, the 

psvalueis independent of the polymer concentration above Cc and converges to a certain value. 

With regard to the molecular weight dependence of the phase separation rate, it was demonstrated 

that there is an optimum molecular weight for the fast phase separation of an aqueous PNIPAM 

solution. This finding provides a valuable insight into the development of PNIPAM-based 

functional materials with quick thermo-response times. In the conclusion to chapter 3, it was 

revealed that controlling the solution concentration and the molecular weight of PNIPAM allowed 

the phase separation rate of the solution to be accelerated. Also, it was demonstrated that the initial 

structure of the polymer chain below Tc has a strong influence on the phase separation dynamics. 

 

Generally, the structures of polymers in solution are also determined by the balance 

between the hydrophobicity and hydrophilicity of the polymer and, therefore, there are many 

reports on synthetic polymers having various hydrophobic/hydrophilic parts in the main and/or side 

chains. The hydrophobic/hydrophilic balance of PNIPAM can be controlled by the stereoregularity 

of the polymer, which is very important for the present study. In chapter 4, it was shown that phase 

separation of aqueous PNIPAM solutions can be accelerated by a slight increase in the isotacticity 

of the polymer from a meso diad ratio (m) of 46 % to 48~55 %. For isotactic-rich PNIPAM, a SMI 

technique demonstrated the formation of polymer networks even below Tc. Such polymer network 

formation has not previously been observed by Raman spectroscopy and DLS measurements. The 

formation of polymer networks is considered to be the origin of the acceleration of phase separation 

in aqueous isotactic-rich PNIPAM solutions. Furthermore, “frozen” polymer networks similar to 

physical gels were observed for isotactic-rich PNIPAM samples above Tc. The results obtained by 

FCS experiments satisfactorily corroborate this model and provide important information on the 
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phase separation mechanism. Although the formation mechanisms of polymer networks are 

complicated and still remain unclear, precise control of the polymer stereoregularity will open new 

channels toward the design and development of stimuli-responsive-polymer-based smart materials. 

 

In chapter 5, the phase separation dynamics of aqueous PNIPAM solutions with various 

syndiotacticities ranging from 54 to 68 % were investigated using a dye-sensitized laser-induced 

T-jump technique, with which a higher T-jump than that obtained with the direct method could be 

generated. To induce phase separation in aqueous highly syndiotactic-rich PNIPAM solutions, a 

higher T-jump is required compared to that for aqueous r-54 and r-60 solutions, indicating that 

phase separation in the former is less favorable than in the latter. The phase separation rates of 

aqueous highly syndiotactic-rich PNIPAM solutions become considerably faster when the polymer 

concentration is higher than a critical value (1.5 wt%), while those of r-54 and r-60 become 

gradually faster with increasing polymer concentration. DLS measurements of aqueous highly 

syndiotactic-rich PNIPAM solutions revealed the formation of entangled polymers above the critical 

concentration (2.0 wt%). Furthermore, the cooperativity of the dehydration process increased with 

the increasing racemo diad content in PNIPAM as revealed by the present experiments. 

Transmittance analysis as a function of temperature showed that, with increasing racemo diad 

content, the hysteresis in the T-dependent transmittance curves between the heating and cooling 

processes becomes larger. This indicates that syndiotactic-rich PNIPAM possibly forms 

intrapolymer hydrogen bonding in the dehydrated state. Based on these results, the following phase 

separation model for aqueous highly syndiotactic-rich PNIPAM solutions is proposed; in high 

polymer concentration regions, syndiotactic-rich PNIPAM exhibits rapid phase separation due to 

the high hydrophobicity of the polymer chain originating from the cooperative formation of 

intrapolymer hydrogen bonding. The present findings indicate that the phase separation processes 

vary and can be accelerated by increasing the syndiotacticity of the polymer even though the initial 

polymer structure below Tc is similar to those in an atactic PNIPAM solution. 
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In conclusion, this thesis reveals that the phase separation rate of an aqueous PNIPAM 

solution is very sensitive to the concentration, molecular weight, and stereoregularity of the polymer. 

In this thesis, three main conclusions are reached:  

1) Phase separation of an aqueous PNIPAM solution is accelerated with increasing 

polymer concentration.  

2) There is an optimum molecular weight of PNIPAM for rapid phase separation in an 

aqueous solution.  

3) Phase separation in an aqueous solution is accelerated by having PNIPAM with high 

stereoregularity.  

The dynamic aspects of the phenomena are well correlated with the static aspects. 

Entanglement of the polymer chains formed at high polymer concentrations play an important role 

in the phase separation dynamics: the phase separation time constant levels-off at a certain 

concentration. Phase separation of aqueous highly syndiotactic-rich PNIPAM solutions becomes 

considerably faster when the polymer chains are entangled below Tc. Cooperative dehydration of 

PNIPAM in an aqueous solution, defined by simultaneous dissociation of the bound water 

molecules from the sequential polymer chains, and subsequent formation of intrapolymer hydrogen 

bonding also results in rapid phase separation of aqueous highly syndiotactic-rich PNIPAM 

solutions. Furthermore, it was demonstrated that formation of microscopic inter-chain networks 

even below Tc in an aqueous isotactic-rich PNIPAM solution is the origin of rapid phase separation 

in solution. 

 

It was demonstrated that precise control of the primary structural properties of a 

thermo-responsive polymer, such as its molecular weight, stereoregularity as well as of the 

sequence of co-monomer units in the copolymer, are of primary importance in achieving rapid 

thermal phase separation in an aqueous polymer solution [155]. These factors are also very 
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important in governing the polymer structure and its properties in solution. For example, a random 

copolymer between N-isopropyl acrylamide (NIPAM) and N,N-diethylacrylamide (DEA) in an 

aqueous solution exhibits a lower Tc compared to those of the corresponding homopolymers [156]–

[159]. Such unusual behavior is responsible for the strong hydrogen bonding between the N-H 

groups in NIPAM and the C=O groups in DEA [156]. According to the present study, such intra- 

and/or inter-polymer interactions/associations would accelerate the phase separation of an aqueous 

PNIPAM solution. By accumulating knowledge about the phase separation dynamics as a function 

of the primary structure of the polymer in solution, it should be possible to develop a new model 

predicting the phase separation rates based on the fundamental structural and solution properties of 

thermo-responsive polymers. In conclusion, the present study and further investigation of the phase 

separation dynamics as a function of various primary factors controlling phase separation will open 

new channels toward the design and development of stimuli-responsive-polymer-based smart 

materials. 
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Abstract (written in Japanese) 

 代表的な温度応答性高分子であるポリ(N-イソプロピルアクリルアミド) (PNIPAM) は水

中で温度変化に応じて構造が変化するが、その構造変化には以下の 4 つの段階が含まれる

と考えられている。1) 室温以下の温度では、PNIPAM 鎖は水和したコイル型の構造をとり

均一に溶解しており、水溶液は透明である。2) 水溶液の温度が下限臨界溶液温度（LCST、

PNIPAM 水溶液の場合は ≈ 32 °C）を超えると、PNIPAM 鎖と水との水素結合が崩壊し脱水

和が起こる。 3) 脱水和した PNIPAM 鎖は広がったコイル型から収縮したグロビュール型

へと高次構造が変化する (coil-globule 転移)。4) グロビュール型の PNIPAM 鎖は拡散と鎖

間の衝突を経て疎水性相互作用により凝集する結果、水リッチ相と高分子リッチ相へと相

分離し、高分子リッチ相が光を散乱するため水溶液は白濁する。これらの現象に対して、

構造変化に関する知見はこれまで豊富に蓄積されてきたが、現象を特徴づける重要なパラ

メータの一つである相分離速度に関する知見は十分に得られていない。相分離速度の解析

は、相分離機構の解明に資するだけではなく、温度応答性高分子を基盤とした新規材料開

発に向けた重要な指針になる。本研究では、PNIPAM 水溶液の相分離の動的過程を明らか

にする手法として「レーザー温度ジャンプ型過渡透過光計測法」を導入した。その上で、

相分離速度がどのような因子に依存しているのかを解明することを目的として、相分離挙

動を支配する重要な因子である高分子の濃度、分子量、および立体規則性が相分離速度や

高分子の高次構造に及ぼす影響を明らかにすると共に、実験結果から相分離機構を考察し

た。 

 

 温度ジャンプ法は集光パルスレーザー光（ヒートパルス光、波長（λ） = 1200 nm, fwhm 

≈ 10 ns） による水の OH 伸縮振動の励起による局所的な熱発生に基づいている。レーザー

光照射領域の温度ジャンプに要する時間はヒートパルス光のパルス幅と同程度である。相

分離に伴う PNIPAM 水溶液の濁度上昇を、ヒートパルス光の中心に導入したプローブ光（λ 

= 532 nm）の透過光強度の時間減衰を解析することにより相分離速度を求めることができ

る。 

  

 第１章では研究の背景と目的を述べると共に、第２章では温度ジャンプ法等の実験手法

の概略を述べた。第３章では、PNIPAM 水溶液の相分離速度を特徴付ける最も基本的なパ

ラメータである PNIPAM の濃度と分子量の効果について検討した結果を述べている。分子

量 28,000 ~ 93,000 の PNIPAM を用いた場合、相分離速度は分子量によらず濃度増加に伴い

速くなり、ある臨界濃度以上で一定値に収束した。濃度増加に伴う相分離速度の加速は、

高分子鎖間の平均距離が短くなることにより、相転移により生成したグロビュール鎖が凝

集するのに必要な拡散距離が短くなり、結果的に相分離が速くなる事を明らかにした。一

方、分子量 75,000～93,000 の領域においては、分子量の増加に伴い相分離速度は遅くなる

が、分子量 28,000～75,000 の領域においては分子量の増加につれて相分離速度が速くなる

ことを見出した。すなわち、PNIPAM 水溶液の相分離は分子量 75,000 程度で最速になる。

高分子量領域においては、分子量の増加とともに高分子の流体力学的半径が大きくなり、
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凝集する際の拡散速度は遅くなると考えられる。したがって、分子量 75,000 以上で観測さ

れた分子量増加に伴う相分離速度の増加は高分子鎖の拡散が遅くなるためであると結論で

きる。一方、低分子量領域における挙動については、分子量の低下により凝集する高分子

のサイズが小さくなり、プローブレーザー光を散乱するまでに要する時間が長くなるため、

結果的に相分離が遅く観測されたものと考えられる。 

 

 第４章においては、46%～55%の meso 二連子比（isotacticity）を有する PNIPAM を合成

し、その相分離速度を比較した結果について述べている。その結果、高分子濃度によらず

isotacticity の増加に伴い相分離が速くなることを明らかにした。isotactic-rich PNIPAM 水溶

液は LCST 以下においてもマイクロメートルスケール以上の高分子ネットワークを形成す

ることを単一分子蛍光イメージングにより確認し、この高分子ネットワークが凝集体の前

駆体となって相分離を加速することを明らかにした。さらに、LCST 以上においては高分

子リッチドメインが成長し、高分子鎖の並進拡散運動が凍結した物理ゲルを形成すること

も見出した。 

 

 第５章においては、meso 比を 46%から 32%まで減少させた syndiotactic-rich PNIPAM 水

溶液の相分離挙動について述べている。syndiotactic-rich PNIPAM 水溶液は、ある高分子濃

度以上においてのみ高速な相分離を示した。syndiotactic-rich PNIPAM はコイル鎖から脱水

和する際に分子内水素結合を協同的に形成することで疎水性が高まり、その高い疎水性に

よって相分離が加速されることを明らかにした。また、このような現象はグロビュール鎖

の拡散を経ずに高分子が凝集する高濃度領域においてのみ観測されることも明らかにした。 

 

 第６章では、本研究の結論と研究の展望について述べている。本研究では PNIPAM 水溶

液の相分離速度が PNIPAM の濃度、分子量、立体規則性に大きく依存することを明らかに

した。また、濃度、分子量、立体規則性が高分子鎖の構造に及ぼす影響についても調べ、

相分離速度の知見と総合的に考察することにより、PNIPAM 水溶液の温度応答相分離機構

を提案した。今後、本研究で得られた知見が刺激応答性高分子に基づく新規材料開発に資

することを期待する。 


