
Diffusional behavior of multi-arm star polymers by 1H pulsed field

gradient spin-echo NMR method

Taiichi Furukawaa,*, Koji Ishizua, Yuji Yamaneb, Isao Andob

aDepartment of Organic Materials and Macromolecules, International Research Center of Polymer Science, Tokyo Institute of Technology, 2-12-1-H133,

Ookayama, Meguro-ku Tokyo 152-8552, Japan
bDepartment of Chemistry and Materials, Tokyo Institute of Technology, International Research Center of Macromolecular Science, 2-12-1 Ookayama,

Meguro-ku Tokyo 152-8552, Japan

Received 12 October 2004; received in revised form 6 December 2004; accepted 17 December 2004

Available online 19 January 2005

Abstract

The diffusional behavior of multi-arm star-shaped p(tBMA) was investigated in a concentration range from dilute to semidilute region with
1H pulsed field gradient spin-echo NMR (PFGSE-NMR). An 142-arm star-shaped p(tBMA) showed two diffusional mode, which reflected

the coexistence of liquid ordering phase and liquid phase near the ordering transition. On the other hand, for star-shaped p(tBMA) with 55

arms showed a single diffusional relaxation in all concentration ranges during observation time. In the semidilute region, the relationship

between the diffusion coefficient against the polymer concentration was affected strongly not only the arm number but also liquid ordering

structure.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Star-branched polymers are characterized as structures

where all the chains of a molecule are linked together to a

small-molar-mass core. Generally, star polymers exhibit

smaller hydrodynamic dimensions than the linear polymer

with identical molar mass. The interest in star polymers

arises not only from the fact that they are models for

branched polymers but also from their enhanced segment

densities. Zimm and Stockmayer were the first to study the

conformation of star-branched polymers using classical

theories [1]. Daoud and Cotton studied the conformation

and dimensions of star polymers using scaling theories [2].

Several groups have reported that the conformation of star

polymer in good solvent was in agreement with the Daoud–

Cotton scaling model of stars. Their dilute-solution proper-

ties suggested that they behaved not as hard spheres but as

soft spheres [3].
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Stars with multiarms (the critical number of arms is

estimated to be of order 102) are expected to form a

crystalline array near the overlap threshold (C*) by Witten

et al. [4]. We investigated in detail the structural ordering of

stars by means of small-angle X-ray scattering (SAXS) [5].

Polyisoprene (PI) stars (arm number fOca. 90) formed a

body-centered-cubic (bcc) structure near C*. This structure

changed to a mixed lattice of bcc and face-centered-cubic

(fcc) structures with increasing polymer concentration.

Recently, we also synthesized functionalized poly(ethylene

oxide) (PEO) stars possessing a tertiary amino group at each

arm end. Subsequently, positive charges were introduced

into such peripheral tertiary amino groups by quarter-

nization with methyl iodide (CH3I). It was found that these

peripherally charged stars (fO37) formed a lattice of BCC

below C* due to the electrostatic repulsion between stars

[6].

Self-diffusion of several linear polymers in dilute, [7–9]

concentrated solutions, [8–11] and in the melt [7,11–13] has

been measured. The results were interpreted as consistent

with the reptation concept [8,9,14]. Much less work has

been performed, however, on the diffusional behavior of star
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polymer solutions. A few reports are relatively limited by

small arm numbers. Meerwall et al. indicated that molecular

motions for PI stars with fZ3, 8, and 18 were not

qualitatively different from those of linear polymers at any

concentration, including the melt [15,16].

In this article, we investigated the diffusional behavior of

multi-arm stars (fZ55 and 142) through 1H pulsed field

gradient spin-echo (PFGSE-NMR) measurement. The

correlation between the structural ordering and the diffu-

sional behavior was discussed in details.
2. Experimental
2.1. Materials

Star-shaped p(tBMA)s were synthesized by polymeriz-

ation of p(tBMA) macroinitiator with ethylene glycol

dimethacrylate (EGDMA) with CuBr complexed by

PMDETA (N,N,N 0,N 00,N 00-pentamethyldiethylenetriamine)

as the catalyst in toluene at 80 8C. Subsequenly, the reaction

solvent was changed to THF after removing toluene using a

rotary evaporator and was precipitated in methanol/H2O

(7/3 v/v) after passing through an alumina column to

remove the copper complexes. Unreacted p(tBMA) was

removed from the polymerization products by the precipi-

tation fractionation with a THF-methanol/H2O system.

Details concerning the synthesis of such star-shaped

p(tBMA) have been given elsewhere [17].

The weight-average molecular weight (Mw) of the

fractionated star-shaped p(tBMA) was determined by static

light scattering (SLS: Photal TMLS-6000HL: Otsuka

Electronics, l0Z632.8 nm) in THF at 25 8C with Zimm

mode. The scattering angle was in the range 30–1508. The

RI increment dn/dc (Z0.04 mL/g in THF) of star-shaped

p(tBMA) was measured with a differential refractometer

(Photal DRM-1021: Otsuka Electronics). Sample solutions

were filtered through membrane filters with a nominal pore

of 0.2 mm just before measurement.

The diffusion coefficient (D0) was determined by the

extrapolation to zero concentration on dynamic light

scattering (DLS: Otsuka Electronics) data with Cumulant

method at 25 8C in THF. The scattering angle was 908.
2.2. SAXS measurement

The SAXS intensity distribution was measured with a

rotating-angle X-ray generation (Rigaku Denshi Rotaflex

RTP 300RC) operated at 40 kV and 100 mA. The X-ray

source was monochromatized to Cu Ka (lZ1.5418 Å)

radiation. In the measurement of the solution sample, a

glass capillary (fZ2.0 mm, Mark-Röhrchen Ltd) was used

as a holder vessel. The SAXS patterns were taken with a

fine-focused X-ray source using a flat plate camera (Rigaku

Denki, RU-100). The SAXS intensity profiles plotted from
the horizontal section of the SAXS patterns without

considering the smearing correction.
2.3. PFGSE-NMR measurement

The self-diffusion coefficient (D) measurements of star-

shaped p(tBMA) were carried out by means of a Bruker

DSX-300 NMR spectrometer operating at 300.1 MHz for
1H at 25 8C with a homemade pulse gradient generator. The

homemade pulse gradient generator is designed to generate

a strong field gradient pulse (with the maximum field

strength of about 1100 G cmK1) and to suppress the eddy

currents induced. The spectral width and number of data

points were 4.0 kHz and 4096, respectively. Only the free

induction decay (FID) was recorded after the echo

maximum and then the Fourier transformation (FT) was

applied.

The D values were determined by using the relationship

between echo signal intensity and field gradient parameters:
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where A(2t) and A(0) are the echo signal intensities at tZ2t

with and without the magnetic field gradient pulse strength

G with has the length d, respectively. g is the gyromagnetic

ratio of the proton and D is the gradient pulse interval. The

echo signal intensity was measured as a function of G. Plots

of ln[A(2t)/A(0)] against g2G2d2(DKd/3) give a straight

line with a slope of KD. Therefore, the D value can be

determined from its slope. When stars have two components

in diffusion on the measurement time scale, the total echo

attenuation is given by a superposition of contributions from

the individual components as expressed by:
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where Di is the self-diffusion coefficient of the ith

component, and pi is the fraction of the ith component and

thus p1Cp2Z1. The fraction for the fast and slow diffusion

components can be determined from the intercept of the

least-squares fitted straight line.
3. Results and discussion
3.1. Dilute-solution properties of star-shaped p(tBMA)

In previous report [17], we prepared star-shaped

p(tBMA) were synthesized by polymerization of p(tBMA)

macroinitiator with EGDMA with CuBr complexed by

PMDETA as the catalyst in toluene at 80 8C. Subsequently,

we examined the dilute-solution properties of stars using



Fig. 1. The correlation function of for (SB20)142F in THF (concentration

0.1 wt%).
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SLS and DLS in THF at 25 8C. The observed physical

values are quoted from Ref. [17] (Table 1). In this table, the

sample code (SB20)142F means Mw of armZ2.0!104 and

arm numberZ142.

The dynamics of star-shaped p(tBMA) in dilute solution

can be analyzed by DLS. Here, we define the normalized

first-order correlation function for the scattered electric field

g(1) (t) from the sample, where t is time. In a DLS

measurement, we obtain the second-order correlation

function, g(2) (t). The two correlation functions are linked

via the Siegert relation:

gð2Þ Z 1C jgð1ÞðtÞj2 (3)

If the scattering medium has only one relaxation modes,

g(2)(t)K1, is simply given one exponential functions. Fig. 1

shows an example of the correlation function for (SB20)142F

in THF (concentration 0.1 wt%). In this dilute region, the

correlation function shows existence of single relaxation

corresponding to the translational diffusion of individual

stars. The result of DLS data obtained for star-shaped

(SB14)55F was the same as that for the star-shaped

(SB14)142F. The translational diffusion coefficient D0 can

be estimated by extrapolation of polymer concentration to

zero. The hydrodynamic radius (RH) can be estimated by the

Stokes Einstein’s equation RHZkT/6ph0D0, where k, T, and

h0 indicate Boltzmann coefficient, absolute temperature,

and viscosity of solvent, respectively. The ratio RG/RH is a

sensitive fingerprint of the inner density profile of star

molecules and polymer micelles. The values of RG/RH for

stars were in the range of 1.16–1.22. It is well known that

RG/RH for unperturbed polymers and hard spheres with

uniform density are 1.25–1.37 [18] and 0.775 [19],

respectively. It is concluded that star-shaped p(tBMA)s

show a single relaxation process and behave not as hard

spheres but as soft spheres in dilute solution.
3.2. Structural ordering of stars

According to the theoretical studies, the ordering

phenomena should appear near the overlap threshold (C*)

[4]. Thus, we examined the structural ordering of stars by

means of SAXS in toluene. Fig. 2 shows SAXS intensity

profiles for (SB14)55F at 25 wt% and for (SB20)142F at

15 wt%, where q[Z(4p/l)sin q] (where q is one-half the

scattering angle) is the magnitude of the scattering vector.
Table 1

Characteristics of star-shaped p(tBMA)

Sample 10K6 �Mw
a Mw=Mn

b f R

(SB14)55F 0.72 1.06 55 1

(SB20)142F 2.8 1.15 142 2

a Determined by SLS in THF.
b Determined by GPC using universal calibration.
c Determined by DLS in THF.
d Calculated by the equation: C �Z 3 �Mw

4pRHNA
.

Each polymer concentration was higher than the C*

(10.4 wt% for (SB14)55F and 12.4 wt% for (SB20)142F).

For (SB14)55F, no regular scattering peaks appeared at this

concentration due to disordering. On the other hand, for

(SB20)142F, the first four peaks appear closely at the relative

q positions of 1:O2:O3:O4, as shown in parentheses. The

interplanar spacing (d1/di) at the scattering angles is relative

to the angle of the first maximum according to Bragg’s

equation: 2d sin qZnl (where lZ1.5418 Å). In general,

this packing pattern appears in the lattice of not only simple

cubic but also bcc structures. As mentioned in the Section 1,

the stars with multiarm were packed in the lattice of a bcc

structure near C* [5,6]. The conformation of star-shaped

p(tBMA) can be regarded as similar to such star in solution.

It is reasonable that these values corresponding to the

packing pattern of (110), (200), (211), and (220) planes in a

bcc structure.

3.3. Diffusional behavior of stars

We studied first the dependence of the diffusion

coefficient of star-shaped p(tBMA) on the polymer

concentration. As, Fig. 3 shows the plots of ln[A(2t)/

A(0)] against g2G2d2(DKd/3) for (SB14)55F in CDCl3. It is
G
a (nm) RH

c (nm) RG/RH C*d (wt%)

6.5 13.5 1.22 10.4

3.9 20.6 1.16 12.4



Fig. 2. SAXS intensity profiles: (a) (SB14)55F at 25 wt% (b) (SB20)142F at

15 wt%.

Fig. 4. The plot of the diffusion coefficient of (SB14)55F against the

polymer concentration.
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seen the experimental data lie on a straight line over a broad

concentration range from dilute to semidilute. This means

that star-shaped p(tBMA) with fZ55 has a single-com-

ponent of diffusion during the observation time.

Fig. 4 shows the dependence of diffusion coefficient on

the normalized concentration C/C* for (SB14)55F. It is

found from this figure that the dependence of diffusion

coefficient on the polymer concentration is divided into

three regions. For C/C*!0.5 (region I), the diffusion
Fig. 3. Diffusional spin-echo attenuation of (SB14)55F in various

concentration.
coefficient has almost same value (DZ2.5!10K5 cm2/s)

corresponding to the self-diffusion of individual stars, which

is in agreement with DLS data [17]. For 0.5!C/C*!1

(region II), the sudden decrease of the diffusion coefficient is

observed. In this region, the interaction such as collision or

repulsion between stars exists during the observation time.

For 1!C/C* (region III), the gradual decrease of the

diffusion coefficient is observed. In this region, the diffusion

coefficient is proportional to the -1.70th power of the

polymer concentration. This data is agreement well with de

Gennes’ prediction [20] of a concentration scaling regime

DwCK1.75 (1!C/C*). This value, however, is suspect both

because the semidilute solution scaling regime on which

they are based could not be demonstrated experimentally

and because the segmental motions of stars are probably

beginning to contribute to the diffusion in this region. It

should be noted that C* as defined here represents the

concentration associated with the onset of screening the

hydrodynamic interaction rather than the onset of entangle-

ments, which should occur at a higher polymer concen-

tration and accompanied with the molecular weight of arm.

In our case, any scaling behavior observed in the semidilute

region is probably unrelated not to reptation process but to

the friction of the segmental motions.

The dependence of the diffusion coefficient of star-

shaped p(tBMA) with fZ142 on the polymer concentration

is also investigated. As shown previous section, this star

forms a bcc structure above C*. Fig. 5 shows the plots of

ln[A(2t)/A(0)] against g2G2d2(DKd/3) in CDCl3 for

(SB20)142F. As shown in Fig. 5(a), for 2.5 wt% solution,

the experimental data lie on a straight line. This means that

the diffusion of stars is a single diffusional relaxation. In 6.2,

7.6, 9.6 wt% solutions, the plots of ln[A(2t)/A(0)] against

g2G2d2(DKd/3) consist of two exponential decays as shown



Fig. 5. Diffusional spin-echo attenuation of (SB20)142F in various

concentration. The fraction for the slow diffusion component, pslow, can

be determined from the intercept of the least-squares fitted straight line.
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in Fig. 5(a) and (b). This observation shows that the

diffusion is made up of two kinds of diffusion components

such as the fast diffusion component and the slow diffusion

component. The fast diffusion component and the slow

diffusion component in the two phases correspond to the

diffusion of single star and the diffusion of liquid ordering

phase. The fractions of the two kinds of diffusion

components can be determined from the intercept of the

least-squares fitted straight line as shown in Fig. 5(a) and

(b). As for 6.2, 7.6, 9.6 wt% solutions, the fractions of the

slow diffusion component are 0.14, 0.62, and 0.73,

respectively. With increasing the polymer concentration,

the fraction of the slow diffusion component increases and

gradually reaches 1.0.

In 11.1, 13.2, 16.5 wt% solutions, which is in the bcc

structure phase, the plots of ln[A(2t)/A(0)] against

g2G2d2(DKd/3) become a straight line as shown Fig. 5(c).

This result shows that the diffusion of stars is a single

diffusion component again. The slope of the plots decreases

with increasing the polymer concentration, which means

slower diffusion coefficient.

Fig. 6 shows the dependence of diffusion coefficient on

the normalized concentration C/C* for (SB20)142F. It is

found that the diffusional process is also classified into three

region as well as (SB14)55F. For C/C*!0.5 (region I), a

single diffusion component is observed, corresponding to

the self-diffusion of individual stars. For 0.5!C/C*!1

(region II), a crossover transition from a single star to liquid

ordering phase is observed. And, the diffusion coefficient

suddenly decreases with increasing the polymer concen-

tration. Although this sample shows the dynamic two-phase

behavior, no visible macroscopic phase separation or optical

inhomogeneity could be detected. For 1!C/C* (region III),

the gradual decrease of the diffusion coefficient is observed.
Fig. 6. The plot of the diffusion coefficient of (SB20)142F against the

polymer concentration.



Fig. 7. The plots of the degree of the crystallization as a function of the

normalized concentration C/C* for (SB20)142F and hard-sphere colloid.
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In this region, the diffusion coefficient is proportional to the

-2.31th power of the polymer concentration. This scaling

value is larger than that of (SB14)55F. The ordered multiarm

stars are seen to interact between arms of neighbors’ stars.

Thus, the friction of the segment motion and the restricted

motions of core of star probably reflect the larger scaling

value. This similar observation is seen in the case of hard-

sphere colloids [21] and diblock copolymers [22,23] in the

ordering region, which show that the diffusion coefficient

exhibits a slowing down due to the liquid like ordering.

Fig. 7 shows the plots of the degree of the crystallization

as a function of the normalized concentration C/C* for

(SB20)142F and hard-sphere colloid. Here, the degree of the

crystallization is defined as the ratio of the slow diffusion

component to the fast diffusion component. For hard-sphere

colloidal particles with a low polydispersity, crystallization

sets in at fcrZ0.494, and it is complete at fmZ0.545 [21,

24]. The onset of apparent crystallization is observed in our

stars at fcrZ(C/C*)crZ0.47 with coexistence of a single

molecule and liquid ordering phases until fmZ0.84. The

diffusion coefficient in the coexisting liquid phase appears to

be unaffected by the presence of the slow diffusion

component, that is, the concentration in the liquid phase

remains unchanged and only its fraction decreases until

crystallization is complete. Compared with the result of

hard-sphere colloid, the crystallization process of our stars

is much slower. This difference could be due to the particle

nature in solution, that is, our stars behave as soft sphere,

while colloid particles behave as hard sphere in good

solvent.
4. Conclusions

The diffusional behavior of multiarm star-shaped poly-

(tert-butyl methacrylate)s (p(tBMA)) was investigated in a

concentration range from dilute to semidilute region with 1H

pulsed field gradient spin-echo NMR (PFGESE-NMR). A

star-shaped p(tBMA) with 142 arms showed two diffusional

mode, which reflected the coexistence of liquid ordering

phase and liquid phase near the ordering transition. On the

other hand, for p(tBMA) with 55 arms showed a single

diffusional relaxation in all concentration ranges during

observation time. In semidilute solution, the diffusion

coefficient of a star-shaped p(tBMA) with 142 arms showed

the larger dependence on the polymer concentration than

that of a star-shaped p(tBMA) with 55 arms, which reflect the

difference of the friction of the segment motion and the

restricted motions of core of star. Compared with the result of

hard-sphere colloid, the crystallization process of our stars is

slower. This difference could be due to the particle nature in

solution, that is, our stars behave as soft sphere, while colloid

particles behave as hard sphere in good solvent.
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