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Abstract

The  dynamic and  static  phase  separation behavior in  aqueous
poly(N-isopropylacrylamide) (PNIPAM) solutions is highly sensitive to the tacticity of
PNIPAM. We investigated the phase separation dynamics of aqueous solutions of
PNIPAM with different tacticities (atactic and syndiotactic-rich types), and found that
the phase separation dynamics of syndiotactic-rich PNIPAM was much different from
that of atactic-type PNIPAM. First, phase separation in syndiotactic-rich PNIPAM was
faster. Second, there was a critical point (Ce,) in the concentration dependence of the
phase separation rate: the phase separation accelerated dramatically when the solution
concentration was higher than 2.0 wt% (= C). Third, syndiotactic-rich PNIPAM
required a higher thermal energy for phase separation compared to atactic PNIPAM.
Such behavior can be explained on the basis of the high hydrophobicity of
syndiotactic-rich PNIPAM in a dehydrated state and a diffusion-controlled aggregation
model. The present study shows that precise control of the stereoregularity will open
new channels toward the design and development of stimuli-responsive-polymer-based

smart materials.
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Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a representative thermo-responsive
polymer exhibiting coil-to-globule phase transition followed by phase separation in
water." Because of its sharp and reversible transition behavior at approximately 32 °C,
this phenomenon has attracted much attention from the viewpoints of fundamentals and
applications.”> On the basis of the experimental evidence in turbidimetry,*’
calorimetry,4’6’7 light scattering measurements,® infrared spectroscopy,g’lo dielectric

relaxation measurements' '

and fluorescence spectroscopy,”” the following
macroscopic phase separation mechanism has been derived. At room temperature,
PNIPAM chains homogeneously dissolve in water forming randomly coiled structures
upon hydration. Upon heating above a lower critical solution temperature (LCST),
cooperative dehydration of the coiled structures due to the thermal energy occurs and
they collapse into a globular state. Subsequently, the globular PNIPAM chains aggregate
due to hydrophobic interactions resulting in phase separation into PNIPAM-rich
domains and water-rich domains. Eventually, the aqueous PNIPAM solution becomes
turbid.

Several research groups have suggested that the phase separation behavior is
very sensitive to the tacticity of PNIPAM. Ray et al. reported that the LCST of aqueous
PNIPAM solutions got less and the transition curves with respect to temperature became
broader as the meso-diad content increased (isotactic-rich).'* Katsumoto et al. found
that the NIPAM dimer (DNIPAM) with the meso configuration (m-NIPAM-d) was more

hydrophobic than DNIPAM with the racemo configuration (»-NIPAM-d)."” By means of

small angle neutron scattering measurements, Nishi et al. revealed that isotactic-rich
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PNIPAM gradually aggregated with increasing temperature, while atactic PNIPAM
showed a sharp response at the LCST.'® On the other hand, we originally developed a
nanosecond pulsed laser temperature jump (T-jump) technique combined with transient
photometry and successfully determined the time constants for phase separation for a
series of PNIPAMs.'”!'® We discovered that a slight increase in the isotacticity of the
polymer induced a clear acceleration in the phase separation process.'” To delve further
into this, we employed a single molecule fluorescent imaging technique and
fluorescence correlation spectroscopy. Using these techniques, we revealed that
isotactic-rich PNIPAM formed a microscopic inter-chain network in aqueous solution
even below the LCST. We concluded that such an inter-chain network plays an
important role as a precursor for the rapid phase separation in isotactic-rich PNIPAM
systems.'? These results indicate that the tacticity of PNIPAM is one of the most crucial
factors regulating the phase separation characteristics.

In addition, Hirano et al. has reported some interesting behavior for PNIPAM
with a high racemo-diad content (syndiotactic-rich): the LCST becomes higher with
increasing syndiotacticity.”® Moreover, Mori et al. has reported that cooperative
dehydration, which is defined as the length of the sequential polymer chains exhibiting
simultaneous dissociation of the hydrating water molecules, increases in
syndiotactic-rich poly(N-n-propylacrylamide) (PNNPAM).”! Based on these previous
studies, it is fruitful to explore the phase separation dynamics in aqueous
syndiotactic-rich PNIPAM solutions. In order to throw some light on the phase
separation mechanisms and the dynamics of syndiotactic-rich PNIPAM solutions, we
conducted laser T-jump experiments and DLS measurements for PNIPAMs with various

racemo-diad content. In this work, we demonstrate that the phase separation rate of
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syndiotactic-rich PNIPAM is much faster than that of atactic PNIPAM in the relatively
higher concentration (semi-dilute concentration) region. We discuss the phase
separation mechanism for syndiotactic-rich PNIPAM in terms of the hydrophobic

properties and a diffusion-controlled aggregation model.

Experimental

Sample preparation and characterization

N-isopropylacrylamide monomer (Wako Pure Chemicals Co., Ltd., 98%) was
repetitively recrystallized from n-hexane (Wako Pure Chemicals Co., Ltd., 96%).
2,2’-azobis(isobutyronitrile) (AIBN) (Wako Pure Chemicals Co., Ltd., > 98%) was
recrystallized from methanol (Wako Pure Chemicals Co., Ltd.,, > 99.8%).
Tri-n-butylborane (n-BuzB) and 3-methyl-3-pentanol (3Me3PenOH) supplied from
Aldrich Co., Ltd. were used without further purification for polymerization reactions.
Atactic PNIPAM was synthesized by free radical polymerization using AIBN as an
initiator."® Syndiotactic-rich PNIPAMs were synthesized using n-BusB as an initiator in
the presence of 3Me3PenOH at —60 °C in the same manner as previously reported.20
The number-averaged molecular weight (M,) and polydispersity (M,,/M,) of the samples
were determined using size exclusion chromatography (SEC) (Tosoh Co., Ltd., HLC
8220 instrument) equipped with TSK gels (Tosoh Co., Ltd., SuperHM-H) using
N,N-dimethylformamide containing LiBr as an eluent at 40 °C with a flow rate of 0.35
mL min”. The SEC chromatogram was calibrated with standard polystyrene samples.
The tacticity of the PNIPAMs was determined on the basis of the 'H NMR signals of the

methylene groups in deuterated dimethyl sulfoxide (DMSO-dc) at 150 °C. The details
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for this have been reported elsewhere.”

Table 1 summarizes the results of the characterization of the PNIPAMs used in
this study. The sample names are abbreviated according to the racemo-diad content.
Table 1 also includes cloud point (7.) for each sample, which was determined by
measurements of temperature-dependent optical transmittance. The polydispersity of the
polymers used here was somewhat large polydispersity (M,/M,~2). However, this never
affects discussion seriously, because, the tacticity change gave more significant
perturbation to phase separation behavior, as realized in the change in 7. Moreover,
since all the sample solutions examined here clearly showed single-exponential-behaver,
we do not consider that the large polydispersity is important.

DSC (differential scanning calorimetry) measurements were made using a
micro calorimeter (Mettler-Toledo) with a cell volume of 100 pL at a heating rate of 1.0
°C min™ in the range of 25-40 °C at a raised pressure (> 1.1 x 10° Pa).

DLS (dynamic light scattering) measurements were carried out using a model
FDLS-300 (Otsuka Electronics) at 25 °C. A 100 mW laser (A = 532 nm) was used for
the incident beam, and the scattering angle was 90°. We investigated the concentration
dependence of the hydrodynamic radius (Ry) of the polymer in aqueous solutions with
various concentrations from 1.0 to 7.0 wt % (from dilute concentration to semi-dilute

concentration).

Laser T-jump photometry
Two types of laser T-jump technique were employed'’; (i) a direct heating
method where water was directly heated by an infrared laser light pulse and (ii) a

dye-sensitized heating method where a dye, used as a molecular heater, was excited by a
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visible laser light pulse. In the former method, (i), a nanosecond 1200 nm laser pulse
was obtained by focusing a 1064 nm laser light pulse from a Nd*": YAG laser (Spectra
Physics, PRO-250-10, fwhm ~ 10 ns) into a Raman shifter (Solar Laser, LZ221) where
a single Ba(NO3), crystal was placed in an optical cavity. This was used as the heating
light pulse for the T-jump. The heating light pulse was focused onto a sample cell that
was maintained at a temperature marginally lower (0.20 K) than the LCST resulting in
phase separation. Namely, the base temperature was set to 0.2 K lower than cloud point
(shown in Table 1) for each sample solution. In this system, a representative
temperature rise (A7) is 0.35 K at a laser fluence (A = 1200 nm) of 0.10 J cm™. A
continuous-wave DPSS laser beam (probe light, GC Photonics, GLML-30, 1 = 532 nm)
aligned coaxially with the heating light pulse was introduced into the sample cell.
Temporal changes in the intensity of the transmitted light were measured with a fast
photodiode (THORLABS, DET 210) and a digital oscilloscope (Lecroy, wave Runner
104MXi, 1 GHz).

In method (ii), it was possible to control AT by adjusting the concentration of
the dye. A small amount of Crystal Violet (CV) (Aldrich Co., Ltd., 0.50 mM) was added
to the sample solution. A 532 nm laser pulse from the Nd*™: YAG laser (same as in the
method (i)) was used as the heating light pulse. AT was 1.1 K at a fluence of 0.48 J-cm™.
The dye molecules absorbed the 532 nm laser pulse and acted as a molecular heater,
converting light energy into heat with high efficiency (~100%) through rapid internal
conversion coupled with cyclic repetitive absorption.”” A continuous-wave
semiconductor laser beam (4 = 690 nm) (NEOARK, LDP-6935M) was used for the
probe light. These two methods gave the same results in terms of the phase separation

dynamics. That is, the CV hardly affected the phase separation dynamics, as already
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. . 17
reported in our previous work.

Results and Discussion

Sensitivity of the phase separation to the laser T-jump

Figure 1 shows a representative time profile of the optical transmittance (71(%))
obtained by method (i) for syndiotactic-rich PNIPAM (7-68, red line) at a concentration
of 5.0 wt%. Also, a profile for an atactic PNIPAM (7-54, black line) solution (5.0 wt%)
is shown in the figure as a reference. Since these two polymers have similar molecular
weight, we can safely compare them taking only the effect of tacticity into account. For
r-54, as can be clearly seen in the figure, 7(¢) begins to decrease immediately after the
T-jump, and reaches a quasi-equilibrium state after 200 ms where the transmittance
approaches a constant value. The decay of 7(¢) is due to an increase in the turbidity of
the solution caused by phase separation. The 7(¢) curve for »-54 can be well fitted with a
single exponential function, 7(¢) =4 exp(—t/tys) +B (see the white dotted line in the
figure), providing us with a precise value of the phase separation time constant (z,); this
was evaluated to be 77 ms. Generally, according to our past studies, phase separation in
PNIPAM systems takes place on a time scale of 40 ~ 200 ms.'® By contrast, for r-68, no
sign of transmittance decay was observed after the T-jump, although the fluence was the
same as in the 7-54 measurement. Note that the base temperature was 0.2 K lower that
T, both for r-54 and r-68 solutions. This result strongly implies that phase separation in

the 7-68 solution requires a higher energy than that in the 7-54 solution. Similar behavior
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to this was also observed for the other syndiotactic-rich PNIPAMs, r-67 and r-66.

Since with using method (i) phase separation in the syndiotactic-rich PNIPAMs
was not induced, we employed method (ii) and measured the lowest value of the fluence
of the heating pulse required for phase separation. The temperature rise is given by,

AT = (I/CL)(1 — e~%303aL) (1)
where / is the incident light intensity, C is the heat capacity of the medium
J 'cm'3'deg'1), L is the optical path length, and a is the absorption coefficient (cm™).
Here, C and L are the same (¢ = 4.2 J-em™-deg”, L = 0.10 cm) for both methods (i) and
(ii). The values of a for methods (i) and (ii) are 1.1 and 104, respectively**. Therefore,
according to eq. (1), method (ii) induces 5 times higher AT than method (i) for the same
value of /ir. Indeed, using method (ii) phase separation of syndiotactic-rich PNIPAMs
can be induced.

Figure 2 shows the time profiles of 7(¢) for (a) -54 and (b) »-68 obtained with
method (ii) with various heating pulse fluence ranging from 0.10 to 0.39 J cm™. Due to
the high absorbance of the CV, method (ii) induces phase separation even in the
syndiotactic-rich PNIPAM solutions. Each decay of 7(¢) can be well fitted with a single
exponential function. Therefore, we can precisely determine 7,5 using method (ii).
According to Figure 2, the lowest energy to phase separation for »-68 and r-54 were
0.16 J-cm™ and 0.10 J-cm™, respectively. On the basis of these results, it was concluded
that syndiotactic-rich PNIPAM solutions require higher energy for phase separation

compared with atactic PNIPAM solutions.
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Phase separation rate

Using method (ii), the phase separation time constants (z,) Wwere
systematically determined for both atactic and syndiotactic-rich PNIPAMs by varying
the solution concentration (0.50 ~ 7.0 wt%). As a reference, a representative decay of
T(¢) for r-54 is shown in Figure 3a. The decay of 7(¢) becomes gradually faster with
increasing polymer concentration. On the other hand, »-68 shows the characteristic
concentration dependence as seen in Figure 3b. In the figure, the decay of 7(¢) clearly
becomes faster with increasing concentration. In Figure 4a, 7,5 is plotted against
polymer concentration for atactic PNIPAM (»-54) and syndiotactic-rich PNIPAM
(7-68). 1t is easily seen that these two samples exhibit different dynamic behavior. In
the lower concentration region (dilute solution, 0.50 ~ 1.5 wt%), the time constants of
r-54 and r-68 are close to each other (zp,s = 150 ~200 ms). In this region, phase
separation in both 7-54 and -68 gradually accelerate with increasing concentration. By
contrast, at 2.0 wt% (C,p: critical concentration), there is an abrupt change in the phase
separation in 7-68 which becomes much faster (z,s = 10 ms), while that in -54 still
accelerates gradually (z,s = 100 ms). This abrupt acceleration was also seen in the
decay of T(¢r) for r-68: there is an abrupt increase in the decay of 7(f) when the
concentration rises above 2.0 wt%. It should be pointed out here that 7, of r-68
became constant in the semi-dilute solutions (concentrations > C,). Similar behavior
with respect to concentration dependence was also observed for the other
syndiotactic-rich PNIPAMs, r-66 and r-67, as shown in Figures 4b, 4c and S2. What is
important here is that the C, at which the phase separation accelerates is common to

all the syndiotactic-rich PNIPAMs examined here.

10
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10 Quantitative analysis

14 The 7, values evaluated in the present study, which range from 200 down to 10
16 ms, are worth discussing theoretically. According to the diffusion-controlled
aggregation model, the molecular weight of a polymer aggregate (polymer-rich domain

formed after phase separation) <M,4.> is given as a function of the aggregation time, ¢,

22
23 as in eq. (2)23 24

4 kT C
25 M =M |1+—-N,——¢ 2
< agg> w( 3 A n MW J ( )

28 where N, is Avogadro’s number, & is the Boltzmann constant, 7 is temperature, 77 is the
30 viscosity of the sample solution, and C is the concentration of the aqueous polymer
32 solution. For instance, this equation can be applied to the results for the »-54 and r-68
solutions (1.0 wt%), where the values of 77 measured using a viscometer (Brookfield,
cone plate version) are 1.1 and 1.2 mPa-s, respectively. The polymer weight in a single

39 polymer-rich domain (assuming a droplet), Mg, is given by eq. (3),

ji Magg = gﬂrs X 10712 X Cglohule (3)

48 where 7 is the radius of the droplet and Cyjopure 1s the polymer concentration (wt%) in the
50 domain. Following a laser light scattering study, Wu et al. predicted the polymer density
of a PNIPAM globule to be 0.20 g'mL'l, which corresponds to Cgopuze = 20 wit%.3

55 The growth time is then given by eq. (4),

59 11
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tZE(NloxMw_Mw) 77
4" * N kTc )

where Ny, 1s the number of polymer chains in a single polymer-rich domain. Based on
these relationships, the average number of polymer chains in a single polymer-rich
micro-domain (Ngj, = <Mee> / My,) in the r-54 and r-68 solutions is estimated to be 2000
and 1900, respectively. Then, using eq. (3), the growth times of polymer-rich
microdomains in the -54 and -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 7, values obtained from experiments (zps = 70 ~ 200 ms).
This suggests that the aggregation of globules takes place through a number of
collisions between the globules; the aggregation is a reaction-controlled process. This
model is applicable to an -68 solution at 1.0 wt%. On the other hand, in case of an r-68
solution at 5.0 wt%, the 7,; value is 10 ms, which is very close to the calculated value
(3.0 ms). This means that every collision between the globules of 768 at 5.0 wt%

results in aggregation; aggregation is thus very efficient.

DSC results

The degree of cooperative dehydration, which is defined as the length of the
sequential polymer chains undergoing simultaneous dissociation from the hydrating
water molecules, is evaluated on the basis of the heat capacity changes upon phase

transition/separation.®?' Figure 5 shows the heat capacity changes during the phase

12
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transition/separation of aqueous 7-54 and r-68 solutions (1.0 wt%) measured at a heating
rate of 1.0 °C/min. With increasing r-content, the endothermic peak resulting from
dehydration of the polymer chains becomes much sharper and shifts to a higher
temperature region. The thermodynamic parameters determined by such DSC
measurements are summarized in Table 2. The number of cooperative units 7¢qop, Which
is defined by the number of monomer units undergoing cooperative dissociation of the
polymer chains from the hydrating water molecules, can be calculated from the ratio of
the van’t Hoff enthalpy (AH,) to the calorimetric enthalpy (AH.).>*' As can clearly be
seen in Table 2, the n¢oop value increases with increasing r-content. The results indicate

that the degree of cooperative dehydration increases with increasing r-content.

Cloud points and hysteresis

Figure 6 shows the transmittance curves of aqueous (a) »-54 and (b) -68
solutions as a function of temperature. The red and blue curves show the transmittance
changes upon heating and cooling, respectively. Upon heating, the LCST increases with
increasing r-content in the polymer. Furthermore, with increasing r-content, the
hysteresis between the heating and cooling processes becomes larger: the differences
between the transition temperatures in the heating and cooling processes in »-54 and
r-68 are 1.0 and 3.5 °C, respectively. These tendencies are in good agreement with the
results reported previously by Hirano et al.® As Hirano et al. and Zhang et al.
repor‘ced,26’27 the hysteresis originates from the formation of intra- or inter-chain
hydrogen bonding in a globular state above the LCST. Thus, the large temperature

hysteresis in the aqueous syndiotactic-rich PNIPAM solution implies that the polymer

13
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forms intra-chain hydrogen bonding in the dehydrated state.

DLS results

To investigate the polymer structures in aqueous solutions, we measured the
hydrodynamic radius (Ry) of each syndiotactic-rich PNIPAM at various concentrations
ranging from 0.50 wt% to 7.0 wt% using dynamic light scattering (DLS). Figure 7
shows the concentration dependence of the Ry, distribution for -68. In the dilute region
(0.50 wt% ~ 1.5 wt%), a distribution with a single peak was observed, indicating no
aggregation of polymer chains in the solution. In contrast, above 1.5 wt% (2.0, 5.0, 7.0
wt%), two peaks were detected. This implies the formation of inter-chain interactions
such as aggregation. The average size (diameter) of the aggregate in the »-68 solution
(2.0 wt%) was 140 nm. Similar behavior was observed for the other syndiotactic-rich
PNIPAMSs, r-67 and r-66 as shown in Figure S3. Thus, we discovered a common
critical concentration (2.0 wt%) for both the dynamic and static properties. At the
critical concentration, these properties clearly change as described above. Clearly, such
polymer chain aggregation is the origin of the sudden acceleration of phase separation
in syndiotactic-rich PNIPAMs.

It should be noted that, to estimate the radius of gyration, DLS should be
measured for dilute solution where overlap of polymer chains is negligible. We carried
out it to investigate aspects of polymer aggregation. Fillbrandt et al. investigated
PNIPAM phase transition by means dielectric spectroscopy.”® They revealed that
ALCST (hysteresis difference in LCST; ALCST=LCSThcating and LCSTcooling) clearly

depended upon polymer concentration, based on which they implied polymer

14
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aggregation at higher concentrations. This is consistent with our model.

Mechanism

Here, we discuss the origins of the higher energy required for phase separation
and of the acceleration of phase separation at higher concentrations (semi-dilute
solutions) for syndiotactic-rich PNIPAM. We propose a tentative mechanism for the
phase separation process as shown in Figure 8. In a simple framework, phase transition
is an equilibrium process and it never needs activation energy. However, the process
investigated here consists of complicated multiple processes (dehydration, coil-grobule
phase transition, diffusion, association, and so on) and one of such process, dehydration,
possibly requires an additional energy as noted below.

The higher energy can be explained in terms of the stability of the
NIPAM-dimer in aqueous solution. Katsumoto et al. calculated the stability using
molecular dynamics calculations and concluded that the racemo-NIPAM-dimer
(r-NIPAM-d) was more stable than the meso-NIPAM-dimer (m-NIPAM-d) because of
the balance between the hydration free energy and the conformational entropy.17 Thus,
syndiotactic-rich PNIPAM requires relatively higher energy for dehydration followed by
phase separation than atactic PNIPAM.

Next, we discuss the origin of the acceleration of the phase separation for
syndiotactic-rich PNIPAM in the semi-dilute solutions from the viewpoint of the
hydrophobicity in a dehydrated state. As already pointed out, syndiotactic-rich PNIPAM

undergoes highly cooperative dehydration. Furthermore, as seen in the results of

15
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transmittance measurements, the formation of intra-chain hydrogen bonds proceeds
between adjacent monomer units in the dehydrated state in a syndiotactic-rich PNIPAM
solution (Figure 8). Mori et al. also reported the formation of intra-chain hydrogen
bonding in the dehydrated state in an aqueous syndiotactic-rich
poly(N-n-propylacrylamide) (PNNPAM) solution as revealed by FT-IR spectroscopy of
the polymer.®' This cooperative formation of intra-chain hydrogen bonding presumably
makes the dehydrated polymer globules more hydrophobic. Such hydrophobic globules
of syndiotactic-rich PNIPAM should have a more compact structure compared to atactic
PNIPAM, leading to faster diffusion toward aggregation. As a result, aggregation (phase
separation) of the syndiotactic-rich polymer becomes faster compared to that of atactic
polymer.

Finally, we discuss the mechanism for the specific concentration dependence of
the phase separation rate for syndiotactic-rich PNIPAM. In the semi-dilute solutions
(concentrations > 2.0 wt%), the polymer chains form aggregates even at room
temperature (before phase separation). In this situation, phase separation occurs through
two processes; i) shrinkage of the aggregates formed before phase separation, and ii)
diffusion and aggregation of single globules (normal phase separation). Although there
are two phase separation processes in the semi-dilute solutions, 7(¢) can be fitted by a
single exponential function. In the present study, the phase separation dynamics are
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 the particles. Therefore, in the semi-dilute solutions, the signal for phase separation
mainly arises from shrinkage of the aggregates. The shrinkage is much faster than

normal phase separation due to the high hydrophobicity. This process is independent of
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concentration because the polymer chains in the solution need not diffuse for phase
separation.

We should recognize that the picture described above is a simplified model.
Relationships between molecular interactions (hydrogen bonding, hydrophobic
interaction) and macroscopic behaviors still remain unclear under such complex phase
separation. Actually, as Philipp revealed for dilute and semi-dilute aqueous PNIPAM
solutions, the specific refractivity is much sensitive to the changes in molecular
interactions and in structure accompanying phase separation.29 This finding strongly
suggests that the real picture of phase separation is complicated and should be
elucidated taking into account such effects. This will be a challenging task in the next

stage of investigation.

Conclusion

In the present study, we investigated the phase separation dynamics of
syndiotactic-rich PNIPAM and compared it with that of atactic PNIPAM. Based on a
T-jump study, optical transmittance, and DSC and DLS measurements, the phase
separation characteristics of syndiotactic-rich PNIPAM are summarized as follows:

(i) Higher energy is required for phase separation compared to that of atactic
PNIPAM.

(i1)) The degree of cooperativity in the dehydration process increases,
resulting in high hydrophobicity.

(iii)) Phase separation become much fast in the semi-dilute solutions
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(concentrations > 2.0 wt%).

(iv) Acceleration of the phase separation is induced by aggregation of the
polymer chains.
These findings offer a new approach to the design and development of

stimuli-responsive-polymer-based smart materials.

Associated Content

Supporting Information Phase separation time constant as a function of laser
fluence, time profiles of the optical transmittance, phase separation time constant as a
function of concentration and representative results on the concentration dependence of
the Ry, distribution for aqueous solutions of 7-67 and »-66. This material is available free

of charge via the Internet at http://pubs.acs.org.
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Table 1. Fundamental properties of PNIPAM:s.
meso(im) : racemo T. [°Cl?
tacticity Sample name Mnb M“/Mnb
°
atactic PNIPAM® r-54 46:54 31,000 2.1 32
syndiotactic-rich 33
r-66 34:66 61,000 2.3
PNIPAM
r-67 33:67 20,000 2.0 33
r-68 32:68 33,000 2.0 34

(a) Determined by '"H NMR signals. Error of the value is less than 1.0 %

(b) Determined by SEC (polystyrene standards).

(c) r-54 PNIPAM is not perfectly atactic. However, it is the closest to atactic PNIPAM

among the PNIPAMs in the table.

d) Error of the value is less than 1.0 %
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21 Figure 1. Time profiles of the optical transmittance of »-54 (black line) and -68
23 (red line). The concentration of the solutions is 5.0 wt%. The white dotted line on the
r-54 curve shows the results fitted by a single exponential function (7(¢) =4 exp(—t/tps)
o8 +B). The base temperature (temperature before T-jump) was 31.8 °C for r-54 and 33.8

30 OC for r-68.
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Figure 2. Representative time profiles of the optical transmittance in aqueous (a)

r-54 and (b) -68 solutions (5.0 wt%) in the presence of Crystal Violet (0.50 mM) for
various incident heating laser pulse energies. The base temperature (temperature before

T-jump) was 31.8 °C for r-54 and 33.8 °C for r-68.
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29 (b) r-68

0.50 wt%
1.0 wt%
1.5 wt%
2.0 wt%
3.0 wt%
5.0 wt%
7.0 wt%

w
=
—_
A o 0 O
o o o o
— T

Transmittance / %

w
©
N
o
T

N
H

o
L

42 0 100 200 300 400
43 time / ms

45 Figure 3. Time profiles of the optical transmittance for various concentrations of
47 (a) r-54 and (b) -68 in aqueous solutions (0.50-7.0 wt%) in the presence of Crystal
49 Violet (0.50 mM). The base temperature (temperature before T-jump) was 31.8 °C for

r-54 and 33.8 °C for -68.
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Figure 4. Phase separation time constant as a function of concentration ranging
from 0.50 wt% to 7.0 wt% for (a) »-54 (black plots) and r-68 (red plots), (b) r-66, and

(c) r-67 in the presence of Crystal Violet (0.50 mM).
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22 Figure 5. Heat capacity changes during phase transition/separation of
23 aqueous 7-54 (black) and 7-68 (red) solutions (1.0 wt%). Heating rate =
o5 1.0 K min
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Table 2. Thermodynamic parameters during phase transition/separation (30 — 40 °C) of
aqueous 7-54 and r-68 solutions (1.0wt%). Experimental errors in these values are less
than 2.0 %.

Page 28 of 32

o (1) o (2 -103) -1(4) ()
Sample name T p/ C AT,/ C AH_/ J mol AH /kJ mol 00
r-54 33.6 1.68 288 22.3 77
r-68 354 1.42 332 29.3 88

@

" Temperature of the endothermic peak. Full-width at half maximum of the

4)

endothermic peak. ®) calorimetric enthalpy. ¥ van’t Hoff enthalpy calculated by the

equation AH, = 4R T, pz/AT 12 (R: gas constant) ) Number of cooperative units, 7ncgop =

AH,/ AH..
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Figure 6. Temperature dependences of the optical transmittance at 532 nm for aqueous

(a) -54, (b) r-68 solutions. The red and blue curves show the transmittance changes

upon heating and cooling, respectively. Heating and cooling rate = 0.2 °C min".
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distribution for 7-68. The concentration of the sample solution is given in the figure (1.0

~ 7.0 Wt%).

Representative results for the concentration dependence of the Rj
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