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Chapter 1

Genera/Introduction

1-1. Background of the Local Polymer Chain Dynamics

Almost all useful and interesting features characteristic of polymer materials

originate in an abundance of the internal degrees of freedom of polymer chains

constituting the materials. I
-
7 Above all, the abundant internal degrees of freedom let a

polymer chain have many confonnations and the transfer among them is the elemental

process of the polymer chain motion. The subjects concerning the polymer dynamics,

which widely spread in time and/or space, are essentially governed by this elemental

process. For example, the viscoelasticity,3-6·8 which is one of the distinctive properties

of the polymer bulk, originates in the restoring stress of each polymer chain against the

deformation. Polymers have been widely used as industrial materials, so the

comprehension of their macroscopic characteristics, such as the mechanical properties,

is undoubtedly valuable. However, as mentioned above, the polymer properties are

fundamentally controlled by the chain dynamics and therefore the infonnation of the

polymer chain dynamics is indispensable for the further detailed material design.

Moreover, the polymer chain dynamics is also interesting as an academic subject and

has been extensively studied both theoretically and experimentally.

Rouse was the first who dealt with the polymer chain dynamics concerning the

viscoelasticity in dilute solution theoretically on the basis of the bead-spring model,9.lo

which is widely known as Rouse or Rouse-Zimm model and represents experimental

results well. In concentrated polymer solutions and in polymer melt, the

intennolecular entanglement is responsible for the viscoelasticity of the system. In the

field of the polymeric viscoelasticity with considerable entanglement, the Rouse model
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laid the groundwork for the tube model, which was proposed by Doi and Edwards.5
•
6

The tube model represents the anisotropy of the chain dynamics caused by the

entanglement of polymer chains with the defomled tube and the concept of reptation

dynamics is adopted. Although the bead-spring model and the tube model succeeded

in the field of the viscoelasticity, which is rather a macroscopic property, the bead­

spring chain is too simple compared with the chemical structure of a real polymer chain.

Therefore, more realistic models are required for the discussion of the polymer chain

dynamics, e.g., the relationship between the chemical structure of a polymer and its

chain mobility. The individual chemical structure is especially important for the local

properties of the chain dynamics, which is the subject of this thesis. So far, many

models taking account of structure of real polymers have been proposed, 11·17 but none of

them are universally applicable to the local chain dynamics of various polymers. This

fact is probably due to the variety of the chemical structure and the complexity of the

motional modes of the real polymer chain. At the present moment, the local motion is

considered to consist of the coupled libration, which is the coupled small amplitude

motion within the potential well, as well as the conformational transition. l8
.
l1

With regard to the experimental approach for the local chain dynamics, many

techniques arc available and they have each specific feature for measurement both in

time and space.n-6S Among them, the fluorescence depolarization method is powerful

for the local chain motion in a dilute solution having the relaxation time of nano- to

subnanoseconds22-47 and the result is nearly comparable with those by other techniques

such as the dielectric relaxation/ I
•
56 NMR,61.63 and ESR.64.65 In the fluorescence

depolarization method, the orientational autocorrelation function is obtained without

any assumptions of models as shown below. However, the polymer sample used in the

fluorescence depolarization method needs a fluorescent probe labeled in the polymer

chain, so the synthesis ofhighly structure controlled samples is often not easy.69.70

As another approach to the polymer chain dynanlics, the computer simulation

has recently become one of the major techniques along the improvement in the

calculation capacity.71.s3 Many polymer dynamics simulations have been carried out

and the results have been compared with the corresponding theories71.74 or experimental

results.75
-
S3 The advantage of the computer simulation is the capability in obtaining the
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coordinates of every atom at each time step, which makes it possible to estimate various

dynamic properties from the atomic level to the macroscopic level. However, at the

present stage. the size of the system and the number of treated atoms are not still

sufficient to reproduce the real polymer system faithfulb,'.

In this thesis, the local chain motion of polymers In dilute solutions is

examined by the fluorescence depolarization method. Moreover, molecular dynamics

(MD) simulation of the local motion is carried out and the result is compared with that

of the fluorescence depolarization study. In the following section, the backgrounds of

the fluorescence depolarization and MD simulation studies are introduced. The

motivation of this thesis is stated on the basis of the previous fluorescence

depolarization studies.

1-2. Fluorescence Depolarization Method

1-2-1. Concept ofthe Fluorescence Depolarization Method

The fluorescent probe, such as anthryl group, has the intrinsic direction of the

transition moment. When the fluorescent probes isotropically distributed in the system

are irradiated by a plane-polarized light, the probes that have their transition moments

nearly in the direction of the polarization of the excitation light are selectively excited.

Then, the generated anisotropy of the excited probe relaxes with time due to the

rotational relaxation of the probe. Here, it is noteworthy that the rate of the rotational

relaxation reflects the microscopic environment around the probe as well as the shape

and the volume of the probe. Therefore, if the fluorescent probe is labeled in the

polymer chain, the rate of the rotational relaxation will reflect the chain mobility

especially in the vicinity of the probe. Then, if the probe is labeled at a required

position along the polymer chain, the chain mobility of the designated position is

obtained. In this sense, not only the high microscopic sensitivity but also the

selectivity about the position along the chain is the advantage of the fluorescence

depolarization method in the study of the local chain dynamics. It is also important

3
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Figure 1~1. Experimental geometry of the fluorescence depolarization method.
X, Y, and Z are laboratory fixed axes.
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that the time-scale appropriate for the observation by the fluorescence depolarization

method is detennined by the fluorescence lifetime of the probe. That is, the rotational

relaxation that has a correlation time in the order of the lifetime of the excited state can

be measured most efficiently. The local motion which leads to the rotational relaxation

of the attached fluorescent probe generally has the relaxation time (correlation time) of

around nanoseconds and the fluorescence lifetime of the anthryI group is close to it.

This is another advantage of the fluorescence depolarization method for the

measurement of the local chain motion with respect to time scale.

Now, for simplification, suppose that the transition moments, M, of both

excitation and emission lie in the same direction, which is the case for La of anthryl

group. The excitation light, P, is linearly polarized in the direction of Z-axis as shown

in Figure 1-1. When P is incident on the fluorescent probe at time t = 0, the probe is

excited with the excitation probability of cos2 e. The fluorescence intensity is

observed for two components, lyyU) and IyH(t); IyyCt) is the fluorescence intensity for

the vertical direction (Z-axis) and IyH(t) is the fluorescence intensity for the horizontal

direction (perpendicular to IvvU».

The fluorescence anisotropy ratio, r(t), which indicates the anisotropy of the

distribution of the excited probe, is defined as the difference between the two

components.

r(t)= lyy(t)-GlyH(t) (1-1)
I yy (t) + 2GIVH (t)

where G is the compensating factor and Iw(l) + 2GIyH(t) is proportional to the total

fluorescence intensity.

The fluorescence intensity from the excited probe, M, in Figure 1-1 observed

for each component is given as

iyy 0::: cos2 B
• • 2 B 2
lYH 0::: sm cos cp

(1-2)

(1-3)

The ground-state probes are distributed isotropically in the system, so the

experimentally observed fluorescence intensity for each component at t = 0 is given as

5



"
. lieos 2 O·sinOcos2 OdO 3

/vvUJ)= " =~

fisinOcos 2 0dB 5

(1-4)

(1-5)

(1-6)

(1-7)

Then, the initial anisotropy ratio reO) = 0.4 is obtained for G = 1.

Since the ensemble average of cos2 qJ is 1/2 and time-independent, the time

decay of r(l) (the randomization of the excited probes) is given with Bas

()
3 < cos 2 B > -Irt ::::-----

2

With ¢, which is the rotating angle during the lifetime of the excited state, instead of

oand reO), r(l) is also represented as

ret) = reO) 3 < cos
2
¢ > -1

2

The orientational autocorrelation function, C2(t), is defined as

C
2
(1) =< lj(O)P

2
(t) >= 3 < cos

2
¢ > -1 (1-8)

2

where Pit) is the Legendre polynomial of the second order. It is noteworthy that the

time decay of ret) directly corresponds to the orientational autocorrelation function Cit).

The rate of the rotational relaxation, that is, the chain mobility, is estimated from the

correlation time (the relaxation time), Tm, of the autocorrelation function. Tm is defined

as the time integral of the autocorrelation function, namely

~u :::: [C2 (t)dt =r(Or' f(t)dt (1-9)

Next, by using the continuous excitation light, the steady-state measurement is

carried out as follows.n23 The observed anisotropy ratio, r, IS given as

- ¥(t)r(l)dt
r=--"'------

V(t)dt
(1-10)

where l(t) IS the fluorescence intensity. Suppose that either J(t) and r(t) can be
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represented with one time constant, T and Til.' respectively,

1(t) = 10 exp(-t / r)

r(l) = '0 exp(-t / r R ) ,

then, the following equation holds.

I 1 [ T J==~ 1+-
""0 r R

(1-11)

(1-12)

(1-13)

On the assumption that the hard sphere approximation holds for the rotational relaxation

of the probe, the following equation is obtained.

l =~[1 +~ T . TJ (1-14)
r,.o v TJ

where kB is the Boltzmann constant, v is the volume of the equivalent hard sphere, Tis

absolute temperature, 1] is the solvent viscosity. "0 is obtained from the 11; vs. T/1]

plot according to eq 1-14 and Til. is evaluated from eq 1-13.

1-2-2. Apparatusfor the Fluorescellce Depolarizatioll Method

The measurement of time-resolved anisotropy decay was carried out by the

single photon counting system. Figure 1-2 shows the schematic diagram of the

apparatus. The second harmonic of Ti:sapphire laser (Spectra-Physics Tsunami) was

used at a wavelength of 393 nm for poly(oxyethylene) (POE) or 397 nm for PS as a

light source according to the absorption peak of the labeled fluorescent probe, anthryl

group, and 4 MHz pulse was picked up by a pulse selector (Spectra-Physics Model

3980). The excitation light was vertically polarized through a n-phase plate and a

polarizer (Olan-Thompson prism). The parallel and perpendicular fluorescence

components to the plane of the excitation light, lvv(t) and IVH(t), were measured by a

microchannel plate-photomultiplier tube (MCP-PMT) (Hamamatsu Photonics R3809)

through an analyzer (Polaroid HNPB) and cutoff filters, B370 and SC42 for POE, Y-44

and V-42 (HOYA) for PS. lyy(t) and IVI/t) were measured alternately to avoid data

distortions due to time drift. The signal of MCP-PMT was inputted to a time-to­

amplitude converter (Ortec Model 457) as a start signal through a constant fraction

discriminator (Ortec Model 583). The stop signal was the split fundamental laser

7



Temperature Controller

Analyzer

....-----------1 Beam Splitter I

Ti:sapphire Laser

Figure 1-2. Block diagram of the single photon counting system used for the
fluorescence depolarization method.
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beam detected by a photo-diode (Antel Optronics AR-S2). The time-resolved

fluorescence intensity was analyzed by a multichannel analyzer (Norland Ino-Tech

5300). The FWHM of the total instrumental function was measured by using Ludox as

a scatterer and evaluated to be ca. 60 ps. The temperature of the sample box was

controlled within ± 0.1 DC by the circulating water with a temperature controller (TOHO

TM-I04).

For the steady-state measurement, a spectrofluorophotometer (Hitachi 850) was

used. The vertically-polarized continuous light from a Xe lamp at 400 run was

irradiated through a polarizer and the fluorescence intensity at 435 nm was continuously

collected and the accumulated intensity of every 20 seconds was recorded for both the

vertical and the horizontal components alternately through an analyzer.

1-2-3. Previous Fluorescence Depolarization Study on the Local Polymer Chain Motion

The local motion of the polymer chain has been extensively studied by the

fluorescence depolarization method. 21
-47 Mormerie et al. and Ediger et al. studied

polystyrene CPS), polybutadiene, and polyisoprene: they were labeled with anthryl

group as the fluorescent probe in the middle of the main chain. In our laboratory,

Sasaki studied the local chain dynamics of poly(alkyl methacrylate)s and Ono examined

that of polystyrene derivatives, polyisoprene, and poly(methyl methacrylate) mostly in

dilute solutions. Many factors that influence the chain mobility were examined, e.g.,

~6 4145 • 46 I I . h l' 17 47 . . I hthe chemical structure,' .". stereoregulanty, mo eCll ar welg t; ','. pOSItIon a ong t e

chain,27 solvent condition,43.44.47 and solvent viscosity.32.33,42 Nowadays, time-resolved

measurement becomes popular with the development of the electronics including laser.

The time-resolved decay function of the autocorrelation function is considered to

include detailed information about the relaxation mode. The comparison of the decay

data with models was also examined.37

1-3. MD Simulation

The computer simulation of the polymer chain dynamics has been extensively

9



utilized 71 -
g2

and the results have been compared with theories 71 .7} and experimental

results,74-~2 Weber ct aJ. carried out a Brownian dynamics (BD) simulation of

polyethylene chain and analyzed the result with the Hall-Helfand modcl. 71
.
n In this

simulation, an ethylene unit was represented by a united mass center and only the

interactions between the neighboring carbon atoms were considered. In the BD

simulation, the effect of the medium (solvent or other polymer molecules) surrounding

the carbon center is replaced by the Gaussianly distributed random forces. With the

growth of the calculation capacity, more realistic systems have become available and

various interactions between nonbonded atoms can be taken into consideration. Ediger

et aI. performed molecular dynamics (MD) simulations on polyisoprene, which is

isolated,SO in melt,7S and in solution,79 and poly(ethylene oxide) in toluene. 81 .82 In these

simulations, all the atoms were described explicitly and nonbonded interactions were

modeled by a Lennard-Janes-like 6-9 potential and Coulombie partial charge temlS.

The results showed that the coupled libration as well as the conformational transition is

important in the local polymer dynamics.8o.82 Moreover, the estimated reorientational

correlation times for the local chain axis agree well with the trends obtained from NMR

measurements. In this way, MD simulation is a promising technique in comparison

with experimental results because of its atomic level infom1ation and the possibility in

the precise representation of the system, but there remain future works to be solved.

To compare with the experimental results, the size of the system, the duration time and

the force field often needs further improvement.8
).85 In other words, one has to

remember to check the validity of the result of the MD simulation by comparing with

the experimental result. In this thesis, the MD simulation is carried out for the local

motion of PS chain end and the result is compared with the result of the fluorescence

depolarization study. MD simulation is also utilized to estimate the effect of the

fluorescent probe and the molecular structure around the probe. Moreover, the effect

of the direction of the transition moment of the fluorescent probe in the fluorescence

depolarization study is estimated. The unique information from MD simulation helps

the understanding of the local motion observed in the fluorescence depolarization

method.
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1-4. Motivation of This Thesis

Thanks to the accumulation of the previous data, the local chain dynamics has

been understood deeper, but some problems still remain to be clarified. First, what is

the length scale of the local motion? In this thesis, the issue is discussed with the

molecular weight effect on the relaxation time of the local motion mainly in the low

molecular weight region. The author previously studied the molecular weight effect

on the local motion of syndiolactic-poly(methyl methacrylate) with two samples with

MW = 2 X 10
4

and 1.5 x 105
.

47 The relaxation time did not change with the increase of

molecular weight in a good solvent, while the relaxation time increased with molecular

weight in a poor solvent. It was concluded that the result was explained by the concept

of the segment density in the vicinity of the fluorescent probe labeled in the middle of

the main chain, that is, the segment density in a good solvent is kept constant due to the

excluded volume effect. Previous to the study, Waldow et al. examined the molecular

weight effect on the local chain dynamics of polyisoprene above molecular weight of

104
•
32 They explained their result by the segment density and showed the molecular

weight dependence of the segment density by simple calculations for both good and

poor solvent conditions. However, it is considered that the relaxation time even in a

good solvent will depend on the molecular weight in lower molecular weight region,

and in a poor solvent, the relaxation time of the local motion will become constant at a

certain higher molecular weight. In this thesis, these subjects are reexamined with

oligo- and polystyrene. And second, how far is the local motion perturbed by the

introduction of the fluorescent probe? The perturbation by the probe for the local

motion is unavoidable in the fluorescence depolarization method. However, as for this

subject, few works have been reported. 37
.
gg

Pant et al. proposed the complex damped

orientational diffusion model of local polymer chain motion including the effects of

attached probes on the dynamics. gg The relaxation time in the fluorescence

depolarization study is also considered to be influenced by the molecular structure

around the probe, that is, by the way how the probe is introduced in the polymer chain.

In this thesis, the chain mobility of two kinds of polystyrene are compared and the effect

of the molecular structw-e around the probe is discussed. Two kinds of polystyrene

11



have different chemical structure in the vicinity of the fluorescence probe in the middle

of the main chain. In addition to the above subjects, the difference of the chain

mobility by the position along the main chain is examined with chain center- and chain

end-labeled PS samples. Monnerie et al. compared the relaxation time between two

PS samples, one of which was labeled with anthryl group in the middle of the main

chain and the other has the probe in the side chain.27 The relaxation time of the side

chain-type PS was shorter than that of the main chain-type PS. They compared the PS

samples with respect to the direction of the transition moment to the polymer main

chain. In this thesis, the chain mobility of the main chain center is compared with that

of the main chain end with the main chain-type samples. Moreover, the subject

concerning the direction ofthe transition moment is examined by MD simulation.

1-5. Outline of This Thesis

This thesis mainly aims to solve some problems remaining in the previous

fluorescence depolarization studies. In Chapter 1, the backgrounds of the polymer

chain dynamics, the fluorescence depolarization study, and MD simulation are described

and the aim of this thesis is explained. In Chapter 2, 3, and 4, the local motion of

poly(oxyethylene) (POE) and polystyrene CPS) in dilute solutions is examined by the

fluorescence depolarization method. Figure 1-3 shows the molecular structure of the

polymer samples used in these chapters, which is covalently labeled with anthryl group

as a fluorescent probe in the main chain. In Chapter 5 and 6, MD simulations are

utilized to elucidate the local motion of polystyrene chains in comparison with the

fluorescence depolarization study. In Chapter 7, the fluorescence methods are applied

to examine a phase separation system. In Chapter 8, the relationship between the

molecular structure and the chain mobility is collected.

12



(a) POE

(b) a-PS

(c) r-PS

(d) e-PS

~ /;

1
C
oICH' ~ ~ CH16C1

~

1CoICH'~

Figure 1-3. Molecular structures of the anthryl group-labeled samples used in the
fluorescence depolarization study: (a) poly(oxyethylene); (b), (c) chain
center-labeled polystyrene with different molecular structure around
the probe; (d) chain end-labeled polystyrene.
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In Chapter 2, the local motion of the chain center of POE chain in dilute

solutions is examined by the fluorescence depolarization method. POE has no

substituents attached to the main chain except hydrogen and the chain mobility is higher

than that of other polymers which have larger substituents. The molecular weight

effect is also examined and the length scale of the local motion is estimated to be 70

bonds.

In Chapter 3, the molecular weight effect on the local motion of PS is

examined in dilute solutions by the fluorescence depolarization method. Four PS

sampks used in this chapter arc labeled with anthryl group in the middle of the main

chain (a-PS). The molecular weights of samples vary from ca. 6.4 x 103 to 9.2 X 104
•

The relaxation time for PS (~ 2 ns) is longer than that of POE (~ 0.3 ns) by about one

order. The length scale of the local motion for PS (200 bonds) is accordingly longer

than that for POE.

In Chapter 4, the local motion of the oligo- and polystyrene chain end (e-PS) in

dilute solution is examined by the fluorescence depolarization method and the

relaxation time and its molecular weight dependence are compared with those of the

polystyrene chain center. The molecular weights of the sample vary from 5.1 x 102 to

2.5 x 10". The relaxation time of the chain end (= 0.3 ns) is shorter than that of the

chain center and the result shows that the chain mobility is considerably different with

the position along the main chain. The length scale of the local motion of polystyrene

chain end is estimated to be 40 bonds.

In Chapter 5, MD simulation of PS chain with anthryl group at the chain end

surrounded by benzene molecules is perfonned and the results are compared with the

experimental result on the local motion of PS chain end studied by the fluorescence

depolarization method, which is described in Chapter 4. The molecular weight

dependence of the relaxation time is estimated for the end-to-end vector as well as the

probe vector. The result shows that the entire rotation of the polymer coil becomes

more and more irresponsible for the relaxation of the probe vector with the increase of

molecular weight. Furthennore, some sets of artificial restraints are put on some bond

rotations and bond bending motions and the effect on the relaxation of the probe are

estimated to obtain infonnation about the effective motional modes for the local motion.

14



The cooperativity of the local motion for styrene chain is obtained. Finally, the

difference of the chain mobility with the position along the PS main chain is examined.

In Chapter 6, perturbation of the fluorescent probe on the fluorescence

depolarization study is examined by using MD simulation together with the

fluorescence depolarization measurement. The relaxation times of the local motion for

two series of PS (a-PS and r-PS), which have different molecular structure in the

vicinity of the fluorescent probe, anthryl group, are compared. The relaxation time of

a-PS is larger than that of r-PS by a factor of 2. In comparison with the fluorescence

depolarization study, MD simulation of anthryl group-labeled PS chain is run for the

cases of various numbers of methylene group between the probe and styrene unit. The

results show that the molecular structure around the probe is important in the

fluorescence depolarization method. The local motion of the probe-free PS is also

simulated. Moreover, the effect of the direction of the transition moment in the

fluorescent probe for the relaxation time is exanlined and it is concluded that the

samples used in this thesis are appropriate for the measurement of the reorientation of

the main chain bond.

In Chapter 7, the phase separation behavior of poly(ethoxyethyl vinyl ether)

(PEVE) in aqueous solution is examined both below and above the phase separation

temperature, Tsp (20°C), with the fluorescence techniques including the fluorescence

depolarization method. Figure 1-4 shows the molecular structure of the PEVE sample

used in the fluorescence studies. The fluorescence intensity and lifetime decrease just

below Tsp" On the other hand, the relaxation time for the local motion of PEVE

estimated from the fluorescence depolarization measurement increases above Tw The

dynamic fluorescence quenching disappeared by addition of a surfactant and the

fluorescence lifetime increases up to the estimated value assuming no phase separation.

Moreover, in both the hexane solution of PEVE and the PEVE bulk, no phase separation

occurs and the fluorescence lifetime decreases monotonically and gradually with the

increase of temperature. It is concluded that preceding the phase separation, the

dynamic fluorescence quenching occurs by the collision between the fluorescent probe

and the PEVE segments due to the thermal fluctuation of segment density. Then, at 20

DC, intra- and intermolecular aggregation due to the phase separation suppresses the
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chain mobility and the dynamic quenching disappears.

PEVE

CH2"CH S S CH-CH2I I
0 0
J I
fCH2)2 fCH2h
0 0
I I

C2HS n C2Hs n

Figure 1-4. Molecular structure of poly(ethoxyethyl vinyl ether) (PEVE) with

anthryl group labeled in the middle of the main chain.

In Chapter 8, the relaxation times of local motion for five kinds of polymers:

cis-polyisoprene, PS, poly( a-methylstyrene), syndiotactic-poly(methy1 methacrylate),

and poly(N-vinylcarbazole) are measured in the e solvents by the fluorescence

depolarization teclmique. The viscosity-reduced relaxation times are compared

between these various polymers and the result shows that the larger substituents of a

polymer the lower the chain mobility. The relationship between the relaxation time of

the local motion and the glass transition temperature, Tg, of the bulk polymer is also

proposed.
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Chapter 2

Local Cltain Dynal11ics ofPoly(oAyethylene) Studied by

tlte Fluorescence Depolarization Method

2-1. Introduction

The microscopic dynamics of the polymer chain essentially governs the

macroscopic properties of polymers. Therefore, comprehension of the local polymer

chain dynamics is an important fundan1ental subject in the polymer science. The chain

motion, which results from the local conformational transitions, has relaxation times in

the order of nano- to subnanoseconds.1,2 Many experimental methods are available for

investigation of such local chain motions, e.g., NMR/'~ ESR/,6 dielectric relaxation,7.9

dynamic light scattering, 10.1 1 and fluorescence depolarization.12.18)~ The fluorescence

depolarization method applies to examine the relaxation behavior of a polymer chain

directly through a fluorescent probe that is covalently bonded to the polymer chain.

By using this method, the local chain dynamics of the polymers in dilute solutions has

been examined,12·'7 e.g., styrene polymers,13 methacrylate polymers,12.17 and poly(cis­

l,4-isoprene) (cis_PIP),16 which is labeled with an anthryl group in the middle of the

main chain. The influences of molecular structure,lJ.15 stereoregularity,'4 and quality of

solvent13.15.17 on the chain mobility were discussed.

As for the relationship between the molecular structure and the local chain

mobility, the series of styrene polymers,13 polystyrene (PS), poly(a-methylstyrene)

(PaMS), and poly(p-methylstyrene) (PpMS) were studied. In the e solvents, the

relaxation time and the activation energy were compared among these polymers. The

chain mobility was in the order ofPS > PpMS > PaMS. The hydrodynamic volume of
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the methyl group substituted at the a- or para-position increases the steric hindrance for

the chain rotation, thereby suppressing the local chain mobility. Moreover the methyl

group at the a position makes the energy hindrance for the chain rotation higher than

that at the para position. The local chain dynamics for four kinds of polymers, cis-PIP,

PS, )laMS, and syndiolaclic-poly(methyl methacrylate) (s-PMMA) in each e solvent

was also compared." The local chain mobility estimated from the relaxation time and

the activation energy were in the order of cis-PIP> PS > PaMS > s-PMMA. The size

of the substituents attached to the main chain was concluded to be the predominant

factor in the local chain mobility. From the standpoint of molecular structure,

poly(oxycthylene) (POE) is an attractive polymer, i.e., it does not have a large

substituent attached to the main chain (only hydrogen) and has an ether bond in the

main chain. The main chain motion is little influenced by the substituents. Therefore,

study of the local chain dynamics of POE by the fluorescence depolarization method

should provide fruitful information.

On the other hand, POE is a unique industrial material because of its solubility

both in water and in organic solvents and has been used in biomedical applications. 19

Regarding the interest in hydrophilicity of POE, the structural properties have been

extensively examined in water.20-29 Some experimental results suggested that the

conformation of POE in an aqueous solution is a helix,24,26,27 but others supported a

random coi1.28,29 The confomlational change of POE with the solvent has also been

clarified by spectroscopic26 and NMR24 measurements.

Recently molecular dynamics (MD) simulations of POE have provided insight

into the local conformation as weB as the hydration of POE at the atomic leve1. 25
.3

0

The solvent effects on the confomlation and the dynamics have also been discussed

from MD simulations. MD simulations were in good agreement with the experimental

results. POE maintained a helical conformation in an aqueous solution, while in a

benzene solution, the conformation quickly changed to a random coi1.3o Concerning

dynamics, the bond vector reorientation, which had relaxation time in the picosecond

order, was examined in water and in benzene.30 Although MD simulation is useful for

examining the confomlational and dynanlic properties at the atomic level, there are

some problems, i.e., the molecular size, the potential energy function, and the duration
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time available for simulation are limited by the calculation capacity. Therefore the

local chain dynamics of POE, which is in the order of nanoseconds, has not yet been

clarified and more detailed experimental studies are needed.

In this chapter, the local chain dynamics of POEs with vanous molecular

weights in dilute solutions was examined. The relaxation time of local motion was

evaluated and the molecular weight dependence was shown. The chain mobility of

POE was also compared with those of other polymers mentioned above and the

characteristics of the POE chain were discussed concerning the relationship between the

local chain mobility and the molecular structure.

2-2. Experimental Section

2-2-1. Sample Preparation

Anthryl group-labeled POE samples used in this study were synthesized as

follows. Poly(ethylene glycol) methyl ethers (m-PEGs) with a molecular weight of ea.

350, 550, 750,2000, and 5000 were used as starting materials. m-PEGs of molecular

weight of 350, 550, and 750 were purchased from Aldrich, and of 2000 and 5000 were

given by NOF Co., Oleo Chern. Res. Lab. Each m-PEG was allowed to react with

sodium hydride in benzene at 30°C under reflux. The resulting sodium poly(ethylene

glycoxide) was coupled with 9, IO-bis(bromomethyl)anthracene in dimethylforrnamide

(DMF) at 40°C under stirring for several days. Both benzene and DMF were distilled

Figure 2-1. Molecular structure of POE sample labeled with anthryl group in
the middle of the main chain.
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by each conventional method before use. The higher molecular weight polymers

ohtaincd from m-PEG 2000 and 5000 were purified by reprecipitation [rom benzene in

hexane. The others were used without purification for the measurement. The POE

sample labeled in the middle of the main chain was fractionated from an incompletely

labeled product by GPC. The molecular structure and the characterization of POE

samples used in this study are shown in Figure 2-1 and Table 2-1, respectively.

Standard POE (Scientific Polymer Products) was used to detennine the molecular

weight. The molecular weight ranges from ca. 800 to 10000.

Table 2-1. Characterization of Synthesized POE Used in This Study

POE700
POElOOO
POE2000
POE5000
POEIOOOO

Ai,., x 10')

0.779
1.18
2.02
5.30
9.84

M X 10-3
})

0.769
1.03
1.66
5.01
8.30

Mj~,

1.01
1.14
1.21
1.06
1.19

Solvents used in measurement were DMF (Dojin, spectrophotometric grade)

and cyclohexanone (Wako, guaranteed grade). DMF was used without further

purification and cyclohexanone was distilled before use. In preparing the sample

solution, each polymer concentration was kept less than 10.5 M, so that the value of

absorbance of sample solution at the wavelength of excitation was less than 0.1. The

solution was put into a quartz cell and degassed.

2-2-2. Data A IIalysis

The fluorescence anisotropy ratio, r(f), is defined as

r(f) =(lvv (I) - GIVI-! (f»j(lvv (f) + 2GI VI-! (I» (2-1)

where G is the compensating factor and was estimated to be unity in this study. For

discussion about the chain mobility, the mean relaxation time, T,11' which is defined as eq

2-2, was used.
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Figure 2-2. Example of measurement data for POE5000 in DMF at 13 DC;
anisotropy ratio (filled circle) and the instrumental function (broken
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2-3. Results and Discussion

2-3-1. Molecular Weigh' Effect ofPOE

(2-2)

Figure 2-2 shows an example of measurement data for POE5000 in DMF.

The instrumental function, the broken line, has a shape narrow enough to measure the

anisotropy decay of the relaxation time in the order of sub-nanoseconds. The solid line

is the fitting function for the measured anisotropy ratio represented by the closed circle.

Figure 2-3 shows the molecular weight dependence of the relaxation time of

POE in DMF at 13 "C. The open circle in Figure 2-3 indicates the rotational relaxation

time of the model compound. 9, IO-dimethyl anthracene (DMA), in DMF estimated by

the steady-state measurement on the assumption that the hard sphere approximation

holds. The rotational relaxation time of DMA can be treated as the limiting value of

low molecular weight POE. Figure 2-3 shows that every POE used in this study has

the relaxation time in the order of sub-nanoseconds. Tm increases with the molecular

weight in the low molecular weight region and reaches an asymptotic value, Tm = 0.3 ns,

at MW of about 1000.

Figure 2-3 indicates that the local motion of POE of MW < 1000 measured by

the fluorescence depolarization method reflects the entire chain motion as well. The

longer chain has a larger relaxation time for the entire rotation. On the other hand, the

local motion in MW > 1000 is independent of the effect of the entire motion. In other

words, this molecular weight, MW = 1000, corresponds to the longest length scale of

the local motion of POE in DMF measured by the fluorescence depolarization method.

Bahar et al. ~2)~ calculated the effects of chain connectivi ty on the local

orientational motions in the flexible polyethylene chain according to the dynamic

rotational isomeric state (DRIS) scheme. When the central bond of 20 bonds

undergoes an isomeric transition, this rotation propagates along both sides of the mobile

chain, leading to a displacement of 2 A for each end. They concluded that such a
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displacement is sufficiently small to be easily accommodated by compensating motions.

In other words, the cooperative length scale of one-bond orientational motion is less

than 20 bonds for the flexible chain.

The segment density around the fluorescent probe also affects the local chain

dynamics.I3.IS.17 The molecular weight effect on the local chain dynamics of s-PMMA

of MW > 2 x 104 was examined in good solvents and sho\ved that the local motion is

not influenced by the change of molecular weight. 17 It was concluded that in a good

solvent, the segment density about the chain center is kept constant because of the

intramolecular excluded-volume effect. A similar tendency was also observed in a

self-avoiding random walk calculation for PIP chain by Waldow et a1. 18 DMF is a

good solvent for POE, so that the segment density around the chain center of POE is

kept constant in a high molecular weight region because of the intramolecular excluded­

volume effect. 17.IB Therefore, the local chain dynamics of POE in DMF is independent

of the molecular weight in a high MW region and Tm = 0.3 ns can be regarded as an

asymptotic value.

Hence, POE5000 can be considered to have a large molecular weight enough

to examine the local chain dynamics of the chain center. So, in the next section, the

result for POE5000 was discussed as a representative one in the comparison with other

polymers.

2-3-2. Comparison with Other Polymers

The relaxation time for POE5000 was compared with those for PS, PaMS,

PpMS, s-PMMA, and poly(ethyl methacrylate) (PEMA) in cyc!ohexanone,ls which is a

good solvent for these polymers. Characterization of the polymers used for

comparison is sho\VJl in Table 2-2. Each polymer has a molecular weight of ca. 10
5

or

above. The difference in the molecular weight between POE and the others is not

serious, because every polymer had a sufficiently high molecular weight for the study of

. I I . 12 17the respectIve oca motion..
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Figure 2-3. Molecular weight dependence of the relaxation time for POE (filled
circle) and DMA (unfilled circle) measured in DMF at 13°C. The
rotational relaxation time of DMA was estimated by the steady-state
measurement.
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Table 2-2. Characterization of Polymers Used in This Study

Polymer Mw x 10-1 Mil X 10-4 MjMil Ref.

POE 0.530 0.501 1.06
PS 9.7 9.2 1.05 13

PaMS 21.5 20.5 1.05 13
PpMS 28.5 27.5 1.03 13
PEMA 17.7 15.7 1.12 15
PMMA 15.0 12.8 1.18 15
cis-PIP 14.5 13.1 1.10 16

Table 2-3 shows the relaxation time for each polymer in cycIohexanone at 13

dc. The value of Tm for POE is about of one order of magnitude smaller than those for

other polymers, i.e., POE has a much higher local chain mobility than other polymers.

This noticeable difference arises from the characteristic molecular structure of POE.

POE does not have a large substituent attached to the main chain carbon (only

hydrogen) compared with other polymers. Therefore, the local motion of POE is not

suppressed by the steric hindrance between substituents and POE main chain shows

high chain mobility. The tendency existed that the larger the substituent the more

suppressed the chain mobility in the series of styrene polymers. 13 Moreover in the case

of POE, the ether bond in the main chain contributes to the flexibility.36

Table 2-3. Mean Relaxation Time of POE in Comparison with Other Polymers

Polymer
POE
PS

PaMS
PpMS
PEMA
PMMA

0.55
8.5

10
13
13
17

Measured in cyclohexanone, 13°C.
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Now let LIS mention the perturbation of the fluorescent probe to the chain

dynamics. Since anthryl group in the middle of the main chain is larger than ethoxy

unit, the fluorescent probe may perturb the local motion toward decreasing the chain

mobility, comparing with unlabeled chain, but every sample has the same structure in

thc vicinity of the fluorescent probe. Hence, it can be said that the difference of the

relaxation time comes from the molecular structure of polymer itself. Consequently

the fluorescent probe does not perturb our conclusion that POE has high chain mobility

because of its molecular structure. Further discussion about the perturbation of the

probe is given in Chapter 6.

2-3-3. Activation Energy

Next, the activation energy for local motion was evaluated by the theory of

Kramel's' diffusion limit from the temperatme dependence of relaxation time. I

According to the theory, the velocity coefficient, k, of a particle with a frictional

coetIicicnt, (, passing over an energy barrier of the height E is represented as

k IX t;-I exp(- E / RT), (2-3)

where R is the gas constant and T is absolute temperature. The fact that T,n IS

proportional to the reciprocal of k and the solvent viscosity, 17, is proportional to t;,

according to the Stokes' law, leads to

Trn/17=Aexp(E*/RT). (2-4)

Figure 2-4 shows T.J7J vs. liT plot for POE5000 in DMF. The viscosity at

each temperature was estimated from the reported value in the literatureY The

activation energy, E*, was evaluated to be 1.1 kcallmol from the slope of the plot.

This value was compared with those for PS, swPMMA, and cis-PIP in good solvents. 15
,16

The characterization of cis-PIP is shown in Table 2-2.

Table 2-4 shows the value of the activation energy for each polymer. The

value of E* for POE is smaller than half of that for s-PMMA and slightly smaller than

that for cis-PIP. This indicates that the local motion of POE has a lower energy barrier

than other polymers. POE does not have a large side group, and the steric hindrance

for local motion is not serious. That is, the high chain mobility was also supported by

the comparison of the activation energy from the standpoint of the relationship between
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the local chain mobility and the molecular structure.
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Figure 2-4. 7;n/ '7 vs. liT plot according to the theory of Kramers' diffusion limit.
T

m
was measured in DMF. The viscosity at each temperature was

estimated from the reported value.
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Table 2-4. Activation Energy of POE Local Motion in Comparison with Other

Polymers

Polymer

POE
cis-PIP

PS
PMMA

£4 keal / mol
1.1

1.2 - 1.3
1.3 - 1.7
2.4 - 2.7

Measured in good solvents.

Concerning the evaluation of the activation energy for local motion, some

other approaches have been proposed.16
,37-D In Kramers' theory the correlation time of

the Illotion of the solvent particles is thought to be much shorter than that of the solute

(polymer chain) so that the assumption of white noise holds and the local chain

dynamics linearly depends on the zero frequency shear viscosity of the solvent. Grote

and I-Iynes'14 removed the assumption of white noise and considered that the transition

rate of solute depends on the friction of solvent at a frequency comparable to that of

solute at the barrier. When the frequency at the barrier is quite high, effective friction

is much smaller than the zero frequency shear viscosity of the solvent. That is, in such

a case the effect of solvent viscosity is overestimated by Kramers' theory and the

activation energy is underestimated. Fleming et aI.42.4.~ found that their photochemical

isomerization rate data shows a power law dependence on the solvent viscosity with a

power of less than unity. Bagchi and Oxtob/s calculated the multiplicative factor x,

which is the ratio of the observed rate constant to the transition state rate constant,

starting with generalized Langevin equation proposed by Grote and Hynes assuming

time dependent friction and showed that a plot of x against zero shear viscosity can be

fitted very well to the power law form proposed by Fleming et al. Ediger et al. showed

that in the study of the local chain dynamics of PIP in a dilute solution the power law

form also holds, i.e., Tc oc qO.7S at constant temperature in the fluorescence depolarization

study,'R while in NMR studyJ9 TcOC lJ0
41

±O.02. Accordingly, the activation energy was re­

evaluated assuming that the power law dependence holds for the POE data, namely

Tm oc lJr2 exp(E */RT) .
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a was estimated to be 0.69 at 13 ac from the gradient of the logarithm plot

of Tm vs. '7· Although only t\\'o solvents were used in this study, the value of a for

POE is appropriate comparing with that for PIP by Ediger et a1. Then the activation

energy was re-evaluated to be 1.9 kcallmol with a = 0.69. On the other hand, the

power law dependence of the local dynanlics on solvent viscosity results from the

breakdown of the white noise assumption, and the value of a should change with the

chain mobility and solvent viscosity. That is, a becomes small as the chain mobility

and/or the solvent viscosity becomes high. DMA and cyclohexanone have viscosities

of 1.0 cP and 2.6 cP at 13 ac, respectively. Hence a for POE in DMF should be larger

than 0.69 and so the activation energy should be less than 1.9 kcallmol. ana et a1. 16

examined whether Kramers' theory is valid for local motion of PIP in low viscosity « 2

cP) solvents studied by the fluorescence depolarization method and obtained a power of

unity instead of 0.75 by Ediger et al. Consequently as long as the chain mobility was

compared in low viscosity solvents below 1 cP, the evaluation of activation energy with

Kramers' theory is appropriate.

2-4. Conclusion

Anthryl group-labeled POE in the middle of the main chain was synthesized by

coupling of sodium poly(ethylene glycoxide) with 9,lO-bis(bromomethyl)anthracene.

Five POE samples, which vary in molecular weight, were obtained and the local chain

dynamics in dilute solutions was examined by the fluorescence depolarization method.

The molecular weight effect on the relaxation time was observed below MW = 1000

and reached an asymptotic value at MW of about 1000. This molecular weight

corresponds to the largest scale of the local motion measured by the fluorescence

depolarization method. Next, the relaxation time for POE5000 was compared with

those for PS, PaMS, PpMS, s-PMMA, and PEMA in cyclohexanone. POE has a sub­

nanosecond relaxation time, which is shorter than one-tenth of those for other polymers.

This high local chain mobility results from the molecular structure of the POE chain.

The activation energy for local motion of POE was also compared with those for other
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polymers including cis-PIP, POE has the lowest activation energy among the polymers

compared. It was concluded that POE has high chain mobility because of the

characteristic molecular structure. That is, POE does not have a large substituent

attached to the main chain and has an ether bond in the main chain.
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Chapter 3

Molecular Weight Effect 011 Local Motion ofPolystyrene

Studied by the Fluorescence Depolarization Method

3-1. Introduction

The flexible polymer chain in dilute solutions has various motional scales with

regard to time and space resulting from its high degree of intramolecular freedom,

Because this chain dynamics governs a variety of properties of polymers, extensive

experimental and theoretical efforts have been made to understand the polymer chain

dynamics. 1-21 For the local motion, which is fairly a fundamental process in chain

dynamics, many experimental methods have been utilized, e.g., NMR,s·7 ESR,8

dielectric relaxation,9-ll dynamic light scattering,12,JJ neutron scattering, 14 and

fluorescence depolarization. ls-21 The fluorescence depolarization method provides

direct information about the local motion of polymer chains through a fluorescent probe

that is covalently bonded to the polymer main chain. By using this method, the

influence of molecular structure,16,19 stereoregularity,17 and quality of solvent l6 ,18 on the

chain dynamics of a variety of polymers have been examined,

The local chain dynamics in dilute solutions is influenced by the molecular

weight of the polymer in addition to those factors mentioned above. Concerning the

fluorescence depolarization study, Waldow et a1. have examined the molecular weight

effect on polyisoprene (PI) chain dynan1ics and concluded that the chain dynamics is

governed by the segment density in the vicinity of the fluorescent probe labeled in the

middle of the main chain.21 Previously, the molecular weight effect for poly(methyl

methacrylate) samples was reported and the behavior of the local chain dynamics was
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explained by the segment density as well. 19 The local chain dynamics of

poly(oxyethylcnc) (POE) in good solvents was also reported and the molecular weight

effect was discussed (Chapter 2).20

The static and dynamic properties of polystyrene (PS), a common polymer,

have been widely studied.2
,6'9,16,1? The effects of the solvent quality on the local

dynamics of PSi? has been reported and the difference of the chain mobility for styrene

derivative polymers was discusscd. l
& From the standpoint of the molecular structure, it

is interesting to compare the molecular weight effect of PS with that of POE, which is

dynamically more flexible than PS.20

Monneric et a!. studied the molecular weight effect of PS on the local motion

by NMR/' and concluded that the effect of the overall rotational diffusion is negligible

all the spin-spin relaxation time of the local motion in a high molecular weight region

and that the correlation time remains constant in MW > 104
• Prior to Monnerie's work,

similar findings have been reported by Allerhand and Hailstone,? Stoekmayer and

Matsuo,') and Bullock et al.B They all concluded that at high molecular weights the

relaxation time of local motion is independent of chain length, while as the molecular

weight decreases the end-over-end rotation contributes to the relaxation process.

In this chapter, the local motion of four PS samples in dilute solutions was

examined by the fluorescence depolarization method. PS samples were labeled in the

middle of the main chain with the anthryl group. The molecular weight effect on the

chain dynamics of PS was examined in two solvents, and the molecular weight effect

for PS was also compared with that for POE.

3-2. Experimental Section

3-2-1. Sample Preparatio1l

Anthryl group-labeled PS samples used in this study were synthesized by the

living anionic polymerization in vacuo initiated by butyllithiwn, in which the living

ends were coupled with 9,1 O-bis(bromomethyl)anthracene. The polymerization was
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Figure 3-1. Molecular structure of the PS sample labeled with anthryl group in
the middle of the main chain.

carried out at 40 °e (except aPS92) in benzene, which was dried over sodium. Styrene

monomer (Nacalai Tesque) was dried over fresh calcium hydride after distillation. The

coupling reaction was carried out at ca. 5 °e. The coupler, 9,10­

bis(bromomethyl)anthracene, was dissolved in dried tetrahydrofuran before use.

Further details of procedure appear elsewhere. 22 The product polymer was purified by

reprecipitation from benzene in methanol. The incompletely coupled fraction was

removed from the original sample by ope. The weight-average molecular weight M
w

and the number-averaged molecular weight Mn of fractionated PS were detem1ined by

OPe. Figure 3-1 and Table 3-1 show the molecular structure and the characterization

of PS samples, respectively. aPS92 was the same sample used in previous studies. 16•17

The molecular weight distribution of all the samples was sufficiently narrow.

Table 3-1. Characterization of Polystyrene Samples Used in This Study

sample Mw X 10-4 Mn X 10-1 MjM
n

aPS92 9.7 9.2 1.05
aPS69 7.2 6.9 1.04
aPS 13 1.39 1.31 1.06
aPS6 0.72 0.64 1.13
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Solvents used in measurements werc benzene (Dojin, spcctrosol) and ethyl

acetatc (Nacalai Tesque, spectrophotometric grade). Both were used without further

purification. The quality of these solvents for PS was obtained by the intrinsic

viscosity measurcmen1. 17
-1

Benzene (a'l' =1.66) was a better solvent than ethyl acetate

-_ .. "

(a'l =1. J2). In preparing the sample solutions, each polymer concentration was kept

less than 10.5 M. Each solution was put into a quartz cell and degassed.

3-2-2. Data Analysis

The fluorescence anisotropy ratio, ref), is defined as

r(1) =(l vv (I) - GI VB (1))/(1 vv (I) + 2GIVI! (f)) (3-1)

where G is the compensating factor and was estimated to be unity in this study. For

discussion about the chain mobility, the integrated relaxation time, T,II' which is defined

as eq 3-2 was used. Till represents the average value of the relaxation times.

(3-2)

where "0 is the initial anisotropy ratio.

3-3. Results and Discussion

3-3-1. Relaxatioll Time

Figure 3-2 shows the molecular weight dependence of the reduced relaxation

ti me T,j '7 for PS in benzene and in ethyl acetate at 20 DC. Benzene was used as a good

solvent and ethyl acetate was used as a poor solvent in this study. Note that the

relaxation time Till was reduced by the solvent viscosity '7 according to the theory of

Kramers' diffusion limit. The solvent viscosity was estimated from the values

reported in the literature:25 0.65 cP for benzene and 0.45 cP for ethyl acetate at 20 DC.

The solvent viscosity dependence of the relaxation time was discussed repeatedly in the
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previoLis studies.2(J.2(,.12 Consequently, the relaxation time for the local motion of PS

labeled in the middle of the main chain in a low viscosity solvent below ] cP is

inversely proportional to the solvent viscosity, i.e., the Kramers' theory holds. The

formulation of Kramers' theory is given in the following subsection. The filled

di<Jmond in Figure 3-2 indicates the reduced rotational relaxation time of the model

compound, 9,1 O-dimethylanthracene (DMA), in benzene at 20°C estimated by the

steady-state measurement. The rotational relaxation time for DMA can be regard as

the limiting value of low molecular weight PS. Figure 3-2 shows that Trn/17 in each

solvent increases with molecular weight and reaches an asymptotic value at about MW

of 10'1. This indicates that the local motion, which contributes to the fluorescence

depolarization, occurs within the scale of MW = 10.1• In other words, the local motion

for PS of a higher molecular weight is independent of the entire rotational motion.

Waldow et 31. showed that the relaxation time for the local motion of the chain

center of PI does not change with molecular weight in a good solvent, whereas the

relaxation time increases with molecular weight in a e solvent. 21 They explained these

observations by the local segment concentration about the labeled segment. That is,

the molecu!<Jr weight independence of the relaxation time in a good solvent is due to the

excluded-volume effect, which tends to keep segments which are far apart along the

chain contour far separated in space. In a e solvent, where the excluded-volwne effect

is almost canceled, the local concentration increases with molecular weight. In the

case of POE, the result that the relaxation time in a good solvent was kept constant

against molecular weight in a high molecular weight region was similarly explained by

the excluded-volume effcct. 20 However in this study, the relaxation time in ethyl

acetate (poor solvent) was almost constant against molecular weight as in benzene

(good solvent) in a wide range of high molecular weight, i.e., the values of Trn/1] near

MW = 105 are almost equal to that for aPS 13. Ethyl acetate is a poor solvent, and the

coil expansion due to excluded-volume effect for high molecular weight PS is

considered to be rather weak. Then the segment density of each molecular weight

sanlple would be different, but this is not the case.

Abe et al. have studied the excluded-volume effects on the mean-square radius

of gyration <s2> and on the intrinsic viscosity [1]] of oligo- and polystyrenes in dilute
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solutions.2.23)~ The values of <S2> and [17] for atactic-PS (a-PS) in toluene at 15 °C

were compared with those in cyclohexane at 34.5 °C (8) in the range of A( from 5.78 x

10
2

to 3.84 xl 0
6

. They used the oligomer samples to realize an unperturbed state

without intramolecular excluded-volume interaction even in a good solvent. In

practice, they chose the solvent (toluene) and temperature (15 0c) so that the

unperturbed dimension of the PS chain in a good solvent may coincide \vith that in the

e condition taken as a reference standard. It was shown that, for the weight-average

degree of polymerization Xw < 20, the data of both <s2> and [17] in toluene at 15 °C are

in good agreement with those in cyclohexane at e temperature. This agreement

implies that the dimensions and conformations of the a-PS chain in the unperturbed

state is considered the same under the two solvent conditions. For large X w ' the data

points for the toluene solutions deviate progressively from those for the cyclohexane

solutions with increasing xw' clearly due to the excluded-volume effect. Their data

show that the intramolecular interaction at Mw = l05 is sufficiently larger than that at Mw

= 104
, which leads to the difference in the segment density in the case of no or weak

excluded-volume effect. Consequently, the segment density cannot explain the

behavior of Tml TJ in this study, because the relaxation time is almost constant in the high

molecular weight region even in a poor solvent. Then, another reason will be

proposed. The local motion consists of the conformational transition over the potential

barrier and the librational motion within the potential wel1. 34 Therefore, there is a

possibility that the local potential energy for the conformational transition of the main

chain bond is affected by the solvent condition as well as by the molecular structure of

each segment. The potential energy is a local factor compared with the segment

density, so that it has no relation with the excluded-volume effect between the segments

far apart.

Now the difference in the asymptotic TmlTJ and in the critical molecular weight

between two solvents, good and poor solvents, will be discussed. Figure 3-2 shows

that the value of TmlTJ for ethyl acetate solution is larger than that for benzene solution at

each molecular weight. Figure 3-2 also shows that the critical molecular weight, Me' at

which Tin reaches its asymptotic value, is slightly larger in ethyl acetate. As
m '/

mentioned above, it is considered that the difference between two solvents comes
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from the difference in the potential energy for the local conformational transition due to

the <.Iegree of chain expansion with the solvent quality. It is noteworthy that the

difference in 1;'/17 is observed even for low molecular weight PS samples, aPS IJ and

aPS7. Abe et al. showed that the difference between the values of «.}> or [17] in the

two solvents is almost negligible below Xw of 102 (Mw = 10'\ So PS of MW =. 104 can

be considered nearly an unperturbed chain that is little influenced by the excluded­

volume clfcct. The fact that the difference in Tj17 between solvents was observed

even for nearly an unperturbed chain supports the proposition that the potential energy

is the main governing factor of the local motion. The local potential energy is

considered to affect the local motion even in the low molecular weight region.

Although the relation between local potential energy and solvent condition is unclear, it

is assumed that the poorer the solvent condition the higher the potential energy. The

studies on the local motion of oligo- and polystyrene chain ends which supports this

explanation more definitely will be reported in Chapter 6. J3

The objection may be raised that above scheme supposing the difference in the

potential energy between two solvents, in benzene and in ethyl acetate, is inconsistent

with Abc's findings that the dimensions and conformations may be the same under the

two solvent conditions in Xw < 20. This can be explained by the fact that the

unpcrturbed chain dimension is not independent of solvent and temperature. That is,

in our case, it is possible that the chain dimension is slightly different between the two

solvents. Therefore, the difference in the value of the relaxation time and in its

molecular weight dependence may be due to the difference in the local potential energy

for the conformational transition of the main chain bond. In addition, the dynamic

properties are influenced by both the value of energy potential minimum and the energy

bruTier height, while the static properties are influenced by the former.

Here, some comments are given on previous works. The suggestion in this

study does not intend to deny the concept of the segment density proposed by Waldow

et al. 21 In a previous study, it was shown that PI is dynamically more flexible than

PS. 17 Therefore, the excIudedwvolume effect for PI may be more effective than that for

PS and the local motion is mainly determined by the segment density in the high

molecular weight region.
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3-3-2. Activatio/l Energy

Next, the activation energy of the local motion was estimated according to the

theory of Kramers' diffusion limit as follows.] Here the formulation of Kramers'

theory is given. The velocity coefficient, k, ofa particle with a frictional coefficient, S,

passing over an cncrgy barrier of the height E is represented as

k oc (-I exp(-E I RT) , (3-3)

where R is the gas constant and T is absolute temperature. The fact that Tm is

proportional to the reciprocal of k and the solvent viscosity, ll, is proportional to S,

according to Stokes' law, leads to

T.,)q=Acxp(E*IRT). (3-4)

Figure 3-3 shows a temperature dependence of [,,, for PS, (a) in benzene, and

(b) in ethyl acetate solvents. The relaxation time Tmlll, which was reduced by the

solvent viscosity, '7, was plotted according to the theory of Kramers' diffusion limit so

that the activation energies could be estimated from the slope of the plot in Figure 3-3.

Figure 3-4 shows the relationship between the molecular weight and the

estimated activation energy in benzene. The activation energy as well as the relaxation

time tends to increase with molecular weight and to become constant at MW == 104
•

The fact that the activation energy is constant in the high molecular weight region

indicates that the mode of local motion is the same in the region. Figure 3-4 also

shows that thc activation energy in ethyl acetate is larger than that in benzene. This is

due to the difference in the energy potential for the conformational transition.

3-3-3. Chain Length ofCooperative A/otio"

Finally, the molecular weight effect on the local motion of PS was compared

with that of POE20 and discuss the critical number of bonds, Nc, at which the relaxation

time becomes constant. It is considered that the cooperative local motion of polymer

chain operates up to this critical number of bonds and this value may indicate a kind of

dynamic chain stiffness. Figure 3-5 shows the plots of Tml17 vs. number of bonds for

both PS at 20°C and POE at 13 °C in each good solvent. It shows that the value of

reduced relaxation time for PS is larger than that for POE. For PS, this is due to the
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large substituent attached to the mam chain, the benzene ring.20 Here, N
e

of PS

was compared with that of POE. Ne for POE was estimated to be ca. 70, while for PS,

Ne is 200. That is, PS is dynamically stiffer than POE. The chain length of

cooperative motion reflects the molecular structure of the monomer unit and closely

correlates with the absolute value of the relaxation time above Nc'

3-4. Conclusion

The molecular weight effect on the local motion of PS labeled in the middle of

the mam chain in dilute solutions was studied by the fluorescence depolarization

method. Four samples in the molecular weight from ca. 6.4 x 10J to 9.2 xl 0\ were

synthesized by living anionic polymerization. Benzene was used as a good solvent,

while ethyl acetate was used as a poor solvent. The relaxation time as well as the

activation energy increased with molecular weight up to MW of 104 and reached an

asymptotic value in both solvents. The critical molecular weight, Me' corresponds to

the largest size unit in the local motion measured by the fluorescence depolarization

method. The difference in the relaxation time and molecular weight dependence

between two solutions may result from the local potential for the confonnational

transition of main chain bond, rather than the segment density. The critical chain

length of the local motion, which indicates a kind of the dynamic chain stiffness, of PS

is larger than that of POE.
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Chapter 4

Local Motion ofOligo- and Polystyrene Chain End Studied by

the Fluorescence Depolarization Method

4-1. Introduction

Every linear polymer has two main chain ends. The chain end has a large

effect on the physical and chemical properties of polymers. From the standpoint of

polymer physics, it becomes more and more widely recognized that the chain end has

important roles in both static and dynamic properties. Yamakawa has considered the

possible effects of the chain end on the second and third virial coefficient, and has

shown semiquantitative agreement between theory and experiment. 1-3 There have been

several ESR studies on polymer chain end mobility,4,5)9.33 and obtained correlation

times and activation energies for the chain end were compared with those for the chain

center and the side chain.29.32 Friedrich et a1.32 compared the mobility of polystyrene

chain end estimated by ESR with the results obtained by other techniques. Recently,

Sakaguchi et a1. have observed the molecular motion of polyethylene chain ends

tethered to a surface of poly(tetrafluoroethylene) by the ESR method and assigned

molecular motion modes based on spectral simulations:1.S More generally, the dynamic

properties of bulk polymer also depend sufficiently on the molecular weight due to the

effect of the chain end.6
,7 For example, the glass transition temperature of a bulk

polymer decreases as the molecular weight decreases due to larger free volume around a

chain end compared with the middle segment. On the other hand, from the view of

chemical reaction, the chain end is often the start point of the succeeding reactions, e.g.,

polymerization with another monomer, coupling with a functional group, and tethering
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to a surface. In this case, information about the dynamics of the chain end is also

important to control the molecular construction.

Although a study on the static or the dynamic properties with regard to the

polymer chain end is no doubt important as mentioned above, it is difficult to pick up

experimentally the information focused on the chain end effect. Nowadays

experimental methods using spin or fluorescent probe techniques are powerful for such

a purposc,'1,5,H.I" supposing that the sample labeled with a probe at a designated position

can bc obtained. The local chain dynamics of various polymers in dilute solutions

have been examined by the fluorescence depolarization method.'1·'4 So far, in our

laholatory, attentions have been concentrated on the center o[ the main chain. The

local ehain mobility have been compared between polymers, which differ in molecular

structurc'!,IO,12 or stereoregularity.14 Since the dynamic properties of polymer chains

depend on the position of polymer chains, the information on the polymer chain end is

indispensable. It is interesting to compare the chain mobility between the chain center

and the chain end on the same linear polymer.

Waldow et al. have studied the molecular weight effect on the local motion of

polyisoprene (PI) by the fluorescence depolarization method.8 They explained the

molecular weight independence of the relaxation times in a good solvent and the

molecular weight dependence in a poor solvent by the segment density around the

fluorescent probe. That is, the segment density in a good solvent is kept constant in

the high molecular weight region due to the excluded-volume effect, while in a poor

solvent the density increases with the molecular weight. Recently, the molecular

weight effect on the local motion of the chain center of poly(oxyethylene) (POE)ll and

polystyrene was examined. L\ For POE in a good solvent, the result was explained by

the segment density according to Waldow et al. However, for polystyrene in both

solvents, the relaxation time as well as the activation energy of the local motion

increased with molecular weight below a MW of 104 and reached an asymptotic value.

It was proposed that the relaxation time of local motion m:lY be governed by the

potential for the conformational transition of the main chain bond, rather than the

segment density around the target of observation. It was also concluded that the

critical molecular weight, at which the molecular weight dependence saturates,
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corresponds to the largest size of the local motion measured by the fluorescence

depolarization method as discussed previously.28

In this chapter, the local dynamics of the oligo~ and polystyrene chain end in

dilute solutions was examined by the fluorescence depolarization method. SoLvents

are the same as in Chapter 3,13 benzene as a good solvent and ethyl acetate as a poor

solvent. The molecular weight effect on the local motion of the chain end of oligo­

and polystyrene (PS) was examined. Moreover. the relaxation times of the local

motion for the chain center was compared with that for chain end. The size of the

local motion which contributes to the fluorescence depolarization was estimated and

compared with that of the chain center. Finally, the molecular weight dependence of

the local motion of the styrene chain end was compared with that of the PS chain center.

4-2. Experimental Section

4-2-1. Sample Preparation

Oligo- and polystyrene sanlples labeled with the anthryl group at the chain end

were synthesized by the living anionic polymerization in vacuo initiated by butyllithium

and by tennination of the living ends with 9-bromomethyl-IO-methylanthracene. The

polymerization was carried out in benzene that was dried over sodium in vacuo. The

styrene monomer (Nacalai Tesque) was dried over fresh calcium hydride after

distillation. For the polymerization of oligostyrenes, the benzene solution of

butyllithium was first frozen. The styrene monomer was added to the frozen solution

and the temperature of the mixture was gradually raised to slightly above the freezing

point of the solution, ca. 7 oC, with occasional stirring. The retardation of the

initiation reaction leads to broadening of the molecular weight distribution. In the case

of polystyrene, styrene monomer was added to the benzene solution of butyllithiurn at

ca. 7 °C with constant stirring. Then the tennination reaction was carried out at ca. 5

0C. Detailed procedures were the sanle as described elsewhere.
15

The product

polymer was purified by reprecipitation from benzene in methanol. Then the polymer

was fractionated into several parts so that each part had a narrow molecular weight
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distribution. The weight-average molecular weight Mw and the number-averaged

molecular weight Mn of fractionated PS were detennined by GPe. The molecular

structure and the characterization of PS samples used in this study are shown in Table 4~

Table 4-1. Characterization of End-Labeled Oligo- and Polystyrene Samples

Used in This Study

Sample M., X 103 MJMn

DMA 0.206
eOS5 0.51 1.03
eOS6 0.60 1.01
eOS12 1.18 1.11
eOS24 2.4 1.27
cOS38 3.8 1.16
eOS66 6.6 1.06
cPS25 25.2 1.13

Figure 4-1. Molecular structure of oligo~ and polystyrene labeled with
anthryl group at the chain end.
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and Figure 4-1, respectively. The molecular \veight varies from ca. 5.1 x 102 to 2.5 x

10'1.

Solvents used in measurement were benzene (Dojin, spectrosol) and ethyl

acetate (Nacalai Tesque, spectrophotometric grade). Both of them were used without

further purification. The quality of these solvents for polystyrene was obtained by the

intrinsic viscosity measurement in an earlier study.9 Benzene (°'1
3

=1.66) is better than

-3
ethyl acetate ( a'i = 1.12). In preparing the sample solution, each polymer concentration

was kept less than 10.5 M. Each solution was put into a quartz cell and degassed.

4-2-2. Data Analysis

The fluorescence anisotropy ratio, r(l), is defined as

ret) = (J vv (t) - GIVH (t))/(]vv(t) +2GJ VII (t)) (4-1)

where G is the compensating factor and was estimated to be unity in this study. For

discussion about the chain mobility, the mean relaxation time, Tm , which is defined as eq

4-2, was used.

(4-2)

where,.o is the initial anisotropy ratio.

4-3. Results and Discussion

4-3-1. Relaxation Time

Figure 4-2 shows the temperature dependence of the relaxation time for oligo­

and polystyrene in benzene. The logarithm of the relaxation time reduced by the

solvent viscosity, In(Tm/ry), was plotted against liT according to the theory of Kramers'

diffusion limit. Figure 4-2 shows that the values of In(Tm/ry) for eOS5 and eOS6 are

sufficiently lower than those for the other samples. It is also clearly observed that the

value and its temperature dependence for the higher molecular weight samples are the
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Figure 4-2. Arrhenius plot of Tn/TJ according to the theory of Kramers' diffusion
limit. Tm was mcasmed in benzene: (e) eOS5; (0) eOS6; (.)
eOS12; (D) eOS24; (4) eOS38; (6) eOS66; C.-) ePS25. Solvent
viscosity at each temperature was estimated from the reported value in
the literature.
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same \vithin the experimental error. These facts indicate that the relaxation time

1l1creases with molecular weight and reaches an asymptotic value in the oligomer

regIOn.

Figure 4-3 shows the relationship between TmllJ and MW at 20°C. Tjl] at 20

°e was evaluated from the least-squares fitting for the plot in Figure 4-2. Figure 4-3

also shows the relaxation times in ethyl acetate; they were evaluated in the same way as

those for benzene solution. The filled diamond in Figure 4-3 indicates the reduced

rotational relaxation time of the model compoW1d, 9, 1O~dimethylanthracene (DMA), in

benzene at 20°C estimated by the steady-state. The relaxation time of DMA can be

treated as the limiting value of low molecular weight oligostyrene. The solvent

viscosities at 20 DC are 0.65 cP for benzene and 0.45 cP for ethyl acetate. IS The

influence of the solvent viscosity on the local motion is discussed in the following

subsection of the activation energy. Tm! TJ in benzene increases with molecular weight

and reaches an asymptotic value at about MW = 2 x 10\ with the asymptotic value of

Tm == 0.3 ns. The local motion of oligo- and polystyrene chain end in benzene had the

relaxation time in the order of subnanoseconds that saturates in the oligomer region.

This indicates that the local motion of oligostyrene chain end in benzene measured by

the fluorescence depolarization method reflects the entire end-to-end rotational motion

to some extent in MW < 2 x 103
, while the local motion is independent of the overall

motion in MW > 2 x 103
• In other words, the local motion of oligostyrene chain end in

benzene consists of 20 monomers or less. The relaxation time for ethyl acetate

solution similarly increases with molecular weight and reaches an asymptotic value at

MW == 4 X 103
• The asymptotic T,/TJ in ethyl acetate is larger than that in benzene.

Figure 4-3 also shows that the critical molecular weight, Me' at which the relaxation

time reaches its asymptotic value, is somewhat larger in ethyl acetate than in benzene.

As mentioned in the introduction, concerning the local motion of PI and POE,

the molecular weight dependence was explained by the concept of segment density.s.'2

That is, the relaxation time in a good solvent with a molecular weight in the high

molecular weight region was constant because the segment density is kept constant in

the high molecular weight region due to the excluded-volume effect. To the contrary,

for the polystyrene chain center, the relaxation time became constant irrespective of the

58



1.0 -

~ 0.5

E---,s

0.0
102

.. --------
o

•

Figure 4-3. Molecular weight dependence of the relaxation time T,/ll at 20°C in
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rotational relaxation time for DMA, the probe molecule. The
relaxation time was reduced by the solvent viscosity.
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change of molecular weight even in a poor solvent. 13 Thus, the local potential for the

conformational transition of the main chain bond was proposed as the cause instead of

the concept of the segment.

Abe et al. have studied the excluded-volume effects on the mean-square radius

of gyration <S2> and on the intrinsic viscosity [17] for oligo- and polystyrenes in dilute

solutions.I.16.17 They showed that the data of both <S2> and [17] in toluene, a good

solvent, at 15 DC are in good agreement with those in cyclohexane at e for the weight­

average degree of polymerization Xw < 20. This agreement implies that the dimensions

and conformations of the polystyrene chain may be considered the same under the two

solvent conditions and may be in the unperturbed state. In this way, oligostyrene in

MW < 2 x 103 is free from the intramolecular excluded-volume effect, and so the

concept of segment density is not applicable. Figure 4-3 shows that the relaxation time

for the oligostyrene chain end in each solvent reaches its asymptotic value in such a low

molecular weight region. Moreover, the value of Tm/ '7 for ethyl acetate solution is

larger than that for the benzene solution over the whole measured molecular weight

range. These facts obviously indicate that the local motion of the oligo- and

polystyrene chain end is independent of the segment density, but that there is something

local that causes the difference between the two solvents. According to the case of the

PS chain center, it was proposed that the local potential energy for conformational

transition of the main chain bond affects the local motion of the PS chain end.

Although above scheme seems to be inconsistent with Abe's results that the dimensions

and conformations are the same under the two solvent conditions in X w < 20, the effect

of the potential energy on the dynanlic properties is different from that on the static one.

That is, the dynamic property is influenced by both the value of energy potential

minimum and the energy barrier height, while the static property is influenced by the

former. Moreover, the unperturbed chain dimension is not independent of solvent and

temperature. In this case, it is possible that the chain dimension is slightly different

between the two solvents. At the present stage, the relationship between the local

potential energy and solvent effect for C-C bond rotation so far has not been understood,

and this is a future problem to be solved.
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4-3-2. Activation Energy

The activation l:nergy of the local motion of oligo- and polystyrene chain end

m benzene was evaluated from the slope of the plot in Figure 4-2 according to the

theory of Kramers' diffusion limit as follows. The velocity coefficient, k, of a particle

with a frictional coefficient, r;, passing over an energy barrier of the height E is

represented as

k oc S--I exp(-E I RT), (4-3)

where R is the gas constant and T is the absolute temperature. The fact that Tm is

proportional to the reciprocal of k and the solvent viscosity, 77, is proportional to t;,

according to Stokes' law, leads to

Tm l1]=Aexp(E*IRT). (4-4)

Thus, the activation energies were estimated from the slope of the plot in Figure

4-2. The solvent viscosity was estimated from the value reported in the literature. ls

Figure 4-4 shows the relationship between the molecular weight and the

estimated activation energy in benzene solution. The activation energy as well as the

relaxation time tends to increase with molecular weight and to become constant near

MW = 2 X 103 with E* = ca. 1.5 kcaJlmol. The fact that the activation energy is

constant in MW > 2 x 10] implies that the mode of the measured local motion is the

same, i.e., independent of the molecular weight in this region. That is, the local

motion of the oligo- and polystyrene chain end consists of 20 monomers or less as

stated in the discussion for relaxation time.

The solvent viscosity dependence of the relaxation time previously have been

discussed, i.e., whether the Kramers' theory can be applied to the measured local

motion or not. In Kramers' theory the correlation time of the motion of the solvent

particles is thought to be much shorter than that of the solute (polymer chain) so that the

assumption of white noise holds and the local chain dynamics linearly depends on the

zero frequency shear viscosity of the solvent. When the frequency of the solute at the

barrier is quite high, effective friction is smaller than the zero frequency shear viscosity

of the solvent. That is, in such a case the effect of solvent viscosity is overestimated

by Kramers' theory and the activation energy is underestimated. Through some

theoretical and experimental studies several groups have proposed a power law
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The power law dependence of the local dynamics on solvent viscosity results

from the breakdown of the white noise assumption, so that a becomes small as the

chain mobility and/or the solvent viscosity becomes high. However, the fact that the

value of a should change with the chain mobility and solvent viscosity makes the

estimation of a quite complicated. So far, it was concluded that as long as the local

motion of polymer chain center, like polystyrene,~·lo.D poly(mcthyl methacrylate),II.I~

and pOE,12 is examined in low viscosity solvents below 1 cP, the evaluation of

activation energy with Kramers' theory is appropriate. In the case of POE,12 the

activation energy was estimated from the temperature dependence of the relaxation time

of around 0.3 ns in a solvent with a viscosity of ca. 1 cPo In this study, the relaxation

time for oligo- and polystyrene is ca. 0.3 ns and the solvent viscosity of benzene is 0.45

cPo That is, it is reasonable to assume that the local motion of oligo- and polystyrene

chain end in benzene meets the requirement of Kramers' theory that the correlation time

of the motion of the solvent particles is much shorter than that of the solute (polymer

chain).

4-3-3. Comparisoll wit" Chain Center

Next, the local motion of oligo- and polystyrene chain end in benzene will be

compared with that of the polystyrene chain center. Figure 4-5 shows the relationship

between the relaxation time as well as the activation energy and the molecular weight

both for the chain end and for the chain center. The values for polystyrene chain

center in benzene were quoted from Chapter 3. U From Figure 4-5, it is clear that the

asymptotic relaxation time for the ehain end is markedly shorter than that for the chain

center. That is, the chain mobility of the chain end is much larger than that of the

chain center. It is believed that this result simply reflects the difference of the position

along the main chain. At the chain end, the main chain extends in one direction from

the fluorescent probe, anthryl-group, as shown in Figure 4-1, whereas at the chain

center, the main chain extends in both directions of the probe. For the main

chain motion, the neighboring bonds need to delocalize the distortion caused by a
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cL:rtain conformational transition. 25
,1f

j Therefore, for the chain center, the rotational

relaxation of a nuorescent probe will he more cniciently suppressed.

The diJ1erence in the chain mobility between the chain end and the chain center

also appears at the critical molecular weight, at which the relaxation time or the

activation energy reaches its asymptotic value. Figure 4-5 shows that the critical

molecular weight for the chain end (MW == 2 x 10J) is much smaller than that for the

chain center (MW == 104
). At the chain end, the rotational relaxation of the fluorescent

probe can be realized by the small-scale local motion of an attached main chain due to

the high chain mobility. In other words, the chain end is sufficiently flexible and the

contribution of the entire rotation that corresponds to the critical molecular weight

hecomes negligible for the rotational relaxation of the probe.

Here, the activation energy will be discussed. Figure 4-5 shows that the

asymptotic value of the activation energy for the chain end (E* == 1.5 kcal/mol) is

smaller than that for the chain center (E* == 1.7 kcal/mol). The low activation energy

for the chain end results in the high chain mobility to some extent. However, the

dillerence in the activation energy between the chain end and the chain center is not so

marked as compared to the difference in the relaxation time and in the critical molecular

weight. Indeed the asymptotic relaxation time and the critical molecular weight nearly

differ by one order between the chain end and the chain center. It was assumed that

the activation energy is mainly determined by the size of the side group attached to the

main chain.

The trend that polystyrene chain end has higher mobility than other chain

positions was also observed by ESR.29
,31.32 For example, at room temperature, the

correlation time (relaxation time) for the end-labeled polystyrene was about 2.2 x 10.10 s,

whereas the correlation time for the ring-labeled one was 5.5 x 10.10
S.31 They also

differ in activation energies, that is, 2.9 and 4.5 keal/mol for end-labeled and ring­

labeled polystyrene, respectively.

4-4. Conclusion
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The local motion of the oligo- and polystyrene chain end in dilute solutions

was examined by the fluorescence depolarization method. Solvents used were

benzene as a good solvent and ethyl acetate as a poor solvent. In each solvent. the

relaxation time increases with molecular weight and reaches its asymptotic value in the

oligomer region. The critical molecular weight and the asymptotic relaxation time for

benzene solution were smaller than those for the ethyl acetate solution. It was

suggested that these differences come from the energy potential for conformational

transition or libration about the main chain bond, rather than the segment density,

because the segment density has nothing to do with the chain mobility in the oligomer

reglOn. The local motion of the oligo- and polystyrene chain end was compared with

that of the polystyrene chain center. The chain mobility for the chain end is much

higher than that for the chain center, so that the relaxation time for the chain end is

shorter by about one order. This indicates that the mobility of a linear polymer chain

end is much different from that of its chain center.
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Chapter 5

Molecular DYllalnics Simulation ofLocal Motion of

Polystyrene Chain End;

COlnparisoll with the Fluorescence Depolarization Study

5-1. Introduction

Approaches to the polymer chain dynamics l
•

12 are generally classified into

three fields, that is, experiment, theory, and computational simulation. Since each

approach has both advantages and disadvantages, it is meaningful to use more than one

approach to elucidate the polymer chain dynamics.

The local motion of polymer chains in dilute solutions has already been studied

by the fluorescence depolarization method.4.s It is a powerful technique for examining

the local motion in the range of nano- to subnanoseconds. The chain mobility can be

estimated through the rotational relaxation of the fluorescent probe used as a label in the

main chain. In the time-resolved measurement, the decay of the fluorescence

anisotropy ratio, which directly represents the orientational autocorrelation function of a

unit vector pointing in the direction of the transition moment of the fluorescent probe,

was observe. The behavior of decay includes the infonnation of all the motional

modes which contribute to the rotational relaxation of the probe, but is too complicated

to separate into individual modes at the present stage.s Therefore, another technique is

desirable for the further understanding of the results obtained by the fluorescence

depolarization method. So far, many theoretical models which represent the local

motion have been proposed,4 but none of them are conclusive.
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Molecular dynamics (M))) simulation has become a reliable approach for

studying the polymer chain dynamics.')·12 It provides the coordinates and velocities of

every atom at each time step, so that various dynamic properties can be calculated at the

atomic level. MD simulation generally requires a vast amount of calculation, so the

systcm to be calculated is limited to a small size and a time scale of less than several

nanoseconds. Morcover, the force fields used in MD simulation still need to be

improved. H,17·1'I Therefore, it is important to compare the results obtained by the

simulation with the corresponding experimental results. The C-H bond reorientation

of polyisoprene') and the C-C and C-O bond torsions of poly(ethylene oxide)'! obtained

in the order of picoseconds by the MD simulation showed good agreement with those

obtained by NMR measurements. Recently, the higher capacity of computers has

cnabled MD simulation of the local chain motion in solution. In other words, the MD

simulation supports the results obtained by the fluorescence depolarization method.

With the MD simulation, the effect of the fluorescent probe on the local motion studied

by thc Jluorescence depolarization method was also estimated. This subject has been

discussed in Chapter 4. 1J

In Chapter 4, the local motion at the PS chain end was studied by the

nuorcsccnce depolarization method.s The relaxation time of local motion, Till' in

benzene solution increased with the molecular weight and reached an asymptotic value

at MW = 2 x 10' with Tm == 0.3 ns. It was proposed that the molecular weight

dependence of the relaxation time results from the change of the local potential for the

conformational transition of the main chain bond, rather than the segment density.

Moreover, the mobility at the linear polymer chain end was found to be sufficiently

dijferent from that at its chain center.

In this chapter, MD simulations of the local motion at PS chain end in benzene

was carried out and the results were compared with those obtained by the fluorescence

depolarization study in Chapter 4. The molecular weight effects both on the local

motion and on the end-to-end rotation were estimated and the contribution of the entire

rotation to the local motion was discussed. Next artificial restraints were put on

dihedrals and bond angles to estimate the contribution of a specific motional mode on

the rotational relaxation of the probe at the chain end. Finally, the MD simulation of
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PS chain which is free of the fluorescent probe \vas pertonned III vacuo and the

di fTerence of the mobility along the main chain \vas estimated.

5-2. Simulation Methodology

All the MD simulations were carried out with an MD sofuvare Discover 3,

(Biosym Teclmologics),lo.11 on a CRAY Origin 2000 supercomputer. All atoms of both

the polymer and the solvent were explicitly represented. The force field used in this

study was the class II force field, Biosym CFF91, 17 which took into account bond

stretching, bond angle, dihedral, improper, and their seven cross-ternlS. The dielectric

interaction was disregarded and a Lennard-Jones type 6-9 potential was used for

nonbonded interactions. 17 The neglect of the dielectric interaction may be reasonable

as a first simplification. By disregarding the long-distance interaction, the cutoff

distance for nonbonded interactions was reduced to 6 A. One femtosecond time steps

were used in the calculation.

PS chains which had anthryl groups at their chain ends were initially generated

using Insight II (Biosym Technologies). The molecular structure and the atom number

are shown in Figure 5-1 (DP = 10). The A9-A IO vector corresponds to the transition

moment of anthracene, L./o and the rotational relaxation of this vector is observed by

the fluorescence depolarization method. After 300 steps of minimization, dynamics

calculations in vacuo were carried out to generate several different starting

conformations for the subsequent dynamics simulation in benzene solution.

Then, the PS chain was soaked in benzene molecules with periodic boundary

conditions. The molecular weight of PS and the number of benzene molecules were

varied as shown in Table 5-1. The solvent molecules overlapping on the chain atoms

were removed. After 300 steps of energy minimization, the molecular dynamics

calculation was executed at the fixed temperature of 300 K. The total duration time

of the dynamics run varied from 300 to 1000 ps according to the size of the system

and the atomic coordinates used for analysis were saved every 100 to 1000 fs after at
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Table 5-1. Characterization of the Solute, Number of Benzene Molecules, Total

Duration Time, and Data Interval

Dr MW No. of benzene duration time I ps data interval' Ips
0" 206 58 300 0.1
3 518 49 1000 1
5 726 105 1000 1

10 1246 95 1100 0.1
20 2286 165 1000 1

... Data of atom coordinates were acquired every "data interval",

++ DP = 0 means 9, IO-dimethylanthracene.

C

~
36 ,'''',
C' ,

35

Ph Ph Ph

Ph =

Figure 5-1. The molecular structure and atom number of polystyrene (DP = 10)
with anthryl group at the chain end.
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least 100 ps of discarded dynamics run for the randomization of the system. It \vas

priorly confirmed that the 100 ps of initial dynamics run is long enough to randomize

the system. More than three runs 'With different starting chain conformations were

calculated for each system and the reproducibility was confirmed. The values

designated for each system are summarized in Table 5-1. From the data of atom

coordinates, the second-order orientational autocorrelation fW1ction, C
2
(/), for required

vectors were calculated according to eq 5-1.

e(/):::: < 3(um" (O)-U"III (/»" -1 >
- 2

u
mn

(I) = rmll (t)
rmn (I)

(5-1)

r,n11 (I) is a vector pointing in the direction from the A) to A 10 atom or from the

Cm to Cn atom.

Table 5-2. List of Atom Numbers Having Restraints on Dihedrals and Angles,

and Resulting Relaxation Times

dihedral(torsion) angle(bending)
polystyrene

polyethylene

run 1
run 2
run 3
run 4
run 5
run 6

none none
(~-C)) (A9-C2)

(A9-C I2) (A9-C11 )

(C9-C21 ) (C IO-C21 )

none none
(A2-C,) (A9-C2)

49
49

106
60
10
23

Next, to examine the contribution of specific bond rotation and bond bending

to the rotational relaxation of the probe, a restraint was applied using dihedrals of 180 a

and angles of 108 0 for the PS (DP = 10, see Figure 5-1) chain in benzene. The details

of restraints are shown in Table 5-2. In Table 5-2, (A9-CJ of run 2 means that the

dihedral between the A9-C 1-C2 plane and C 1-C2-C3 plane was set at 180 0, that is, the

rotation at the C\-C2 bond was restrained. The symbol (A9-C I2) of run 3 means that the
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rotations at the all the bonds between C, and CII (closed half of main chain) were

restrained. Similarly, (A9~C2) of run I was a restraint for the angle between the AQ-C 1

bond and C,-C2 bond, so that the bending motion of these bonds was restrained. In

Discover 3, the setting of the restraint means the addition of a new potential energy and

in this study a quadratic potential was applied with a force constant K = 1000. By this

restraint, dihedral and angle were restricted around the set value and fluctuated mostly

within one degree. The dynamics was run for 500 ps at 300 K. With the data of atom

coordinates saved after every 1 ps, C2(1) for the AQ-A,o vector was calculated. As a

reference, the MD simulation of polyethylene chain labeled with an anthryl group at the

chain end in benzene molecules was performed both with and without the restraints

(Table 5-2).

Finally, the difference of the mobility with the position along the main chain

was simulated. The molecular dynamics of a 22mer of PS which has no anthryl group

was calculated in vacuo at 300 K for 3100 ps and the autocorrelation function of several

vectors pointing in the direction connecting the second nearest atoms along the main

chain were calculated. That is, the C22-C24 vector in Figure 5-2 is at the chain center

and the vector from the chain center vector to both the C2-C4 and the C42-C44 vectors

were treated as 10 monomer units.

PhPh

"'
"'

C23
"'

/

"'
/

e22

/

Ph Ph

Figure 5-2. Molecular structure and atom number of polystyrene without anthryl
group. The arrow between Cn and C24 indicates the vector whose
C2(f) was calculated and analyzed.
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5-3. Results and Discussion

5-3-1. Molecular Weight Effect Oil the Local Motion ofPS Clla;n End

Figure 5·3 shows the time decays of the autocorrelation function C2(t) for PS

chain ends with different molecular weights. For discussion about the chain mobility,

the mean relaxation time, T,n' which is calculated by eq 5·2, was used.

(5-2)

1

0.8 \
I \ \.\ \. \ '. \ ""• \ ,

0.6
\ ...

\
,
"\ ...

<:' \ " ...
\ ,

"'--'" \
,

rS
... ....

\ .....
... ....

... ... DP = 200.4 \ , ....
"-

""- , ,
...
" '-

0.2 '"""-- ....
DP = 5-"'-,_. - ........

DMA DP=3

0
80 1000 20 40 60

Time (ps)

Figure 5-3. Decay ofell) of the A9-A lO vector for PS in benzene.
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Figure 5-4. Molecular weight dependence of Tm by the fluorescence
depolarization study Ce) and by the MD simulation C.)· Mn

means the number-averaged molecular weight of the sample used
in the fluorescence depolarization study.
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Figure 5-4 shows the molecular weight dependence of the relaxation time T for the A -III 9

A IO vector. The relaxation time increased with the molecular \veight and appeared to

become constant at a certain critical molecular v-,reight. A{, above 2000. Figure 5-4

also shows the result of the fluorescent depolarization study.s Although the relaxation

time obtained by the MD simulation is smaller in the absolute magnitude by a factor of

about 3, the molecular weight dependence by the MD simulation is qualitatively in

agreement with that obtained by the fluorescence depolarization. As stated in Chapter

4, this trend indicates that the local motion which contributes to the rotational relaxation

of the fluorescent probe consists of segments less than Ale and that the contribution of

the entire rotation above Me is negligible. Then the molecular weight dependence of

the relaxation time for the A9-A JO vector was compared with that for the end-to-end

vector and the contribution of the entire rotation was estimated.

Figure 5-5 shows that the relaxation time for the end-to-end vector

monotonically increases with the degree of polymerization (DP). The filled triangle

indicates the relaxation time for the model compound 9,1O-dimethylanthracene (DMA).

The relaxation time for the ~-Alo vector was similar to that for the end-to-end vector

below DP = 3 and reached a constant value as DP increased. With the increase of DP,

the internal degree of freedom increased and the internal motional modes became

sufficient to carry out the rotational relaxation of the probe. That is, the contribution

of the entire rotation to the relaxation of the A9-A IO vector decreased as DP increased.
s

,15

In the previous fluorescence depolarization studies, the relaxation times of the

local motion for the main chain center of polymers were in the order of nanoseconds/·
6

and, the molecular weight of each polymer was mostly more than 10
4

• If the molecular

weight of the solute increases, the number of solvent atoms will exponentially increase,

and it is impossible at present to calculate the molecular dynamics of such a huge

system in the order of nanoseconds. Therefore, some reasonable simplification and/or

the advance in the capacity of the computer are needed.

In this study, the relaxation time obtained by the MD simulation and the

fluorescence depolarization study was different by a factor of about 6. This

deviation probably results from the incomplete force field adopted in the dynamics

calculation. Then, the effect of the dielectric interaction, which was disregarded in all
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Figure 5-5. Comparison of the DP dependence of Tm between the A9-AlQ vector
(e) and the end-to-end vector (0). Filled triangle indicates Tm of
DMA.
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the simulations and may be responsible for the difference, was briefly estimated. The

dynamics calculation for PS (DP = 10) in benzene molecules was carried out with the

cutoff distance of 9.5 A for 1000 ps. The dielectric constant, E, was set to be 2.28 and

7.0. The reported value for benzene at 25 DC is [;= 2.28. For [;= 2.28, the relaxation

of the A9-A IO vector \vas too slow to estimate the relaxation time within the present

duration time and for E = 7.0, the relaxation time was estimated as ca. 100 ps, which is

slightly shorter than the experimental value. In this way, the relaxation time was

seriously influenced by E, but the proper choice of E for the solvent remains to be

established.

5-3-2. Effect ofRestraillts on the Cltain Mobility

The values of Tm for the rotational relaxation of the A 9-A1o vector for various

restraints are shown in Table 5-2. For PS, the restraints on the adjacent bond to the A
9

­

A IO bond (run 2) had no effect and Tm was similar to that for the run 1 (no restraint).

On the other hand, for polyethylene chain the same restraint (run 5) had a large effect on

the rotational relaxation of the probe and Tm becomes longer by a factor of 2. These

results reflect the cooperativity of the local motion of PS chain. Previously, it was

found that the larger the size of the side group of a polymer chain the lower is the chain

mobility.5-7 PS has large substituents and the rotational relaxation of the anthryl probe

is realized by accumulation of a small amount of rotation at each bond. 11
•
16 That is, the

contribution of the neighboring bond to the rotational relaxation of the probe is small

and the restraint on one bond has little effect on Tm• In the case of flexible

polyethylene, the contribution of the neighboring bond to the relaxation of the probe at

the chain end is so large that the restraint changes Tm considerably. However, the

restraints on the closed half of the main chain bond (run 3) for PS chain lead Tm to be

larger, although the restraints on one bond had no effect. It is noteworthy that the

restraint on the remote half of the main chain bond (run 4) does not change Tm as much

as the near half restraint. This indicates that the rotational relaxation of the probe is

mostly realized by the internal motional modes within the closed half of the main chain.
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Figure 5-6. The mean relaxation time Tm at the each position along the main
chain. The abscissa indicates the distance from the chain center
(see text).
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5-3-3. Chain Mobility at tlte Different Positions along the Main Chain

Figure 5-6 shO\vs the change of the relaxation time with the position along the

main chain bond. The abscissa indicates the number of monomer units from the chain

center. The relaxation time Tm was almost constant in the middle part of the chain

more than 5 monomer units apart from the chain end, while Tm markedly decreased near

the chain end. T", at the chain end was smaller than that of the chain center by a factor

of 6 or 7. This result comes from the higher flexibility of the chain end in comparison

with the chain center. Although the result estimated by the MD simulation in vacuo

cannot be quantitatively compared with that obtained by the fluorescence depolarization

study in solution,S the difference in Tm at the different positions along the main chain

was estimated in detail by using the MD simulation.

5-4. Conclusion

MD simulations for the PS chain labeled with an anthryl group used as a

fluorescent probe at the chain end surrounded by benzene molecules was carried out.

The MD simulation data was compared with the results of the fluorescence

depolarization study on the local motion of PS chain end in benzene. The molecular

weight effect on the local motion by the MO simulation qualitatively reproduced the

trend obtained by the fluorescence depolarization method.

The orientational autocorrelation function of the end-to-end vector was

calculated and its molecular weight dependence was compared with that of the A9-A lO

vector, which is the transition moment of the probe. Below DP ~ 3, the Tm for end-to­

end vector was similar to that for the A9-A 10 vector, but with the increase of OP, the Tm

for the A
9
-A

lO
vector appeared to reach an asymptotic value unlike that for the end-to­

end vector, which monotonically increased with DP. This indicates that the local

motion becomes less dependent on molecular weight as molecular weight increases.

The MD simulations with artificial restraints revealed the property of the local

motion of PS chain end. The restraints on the bond adjacent to the probe had no effect

on the T
m

at the PS chain end, while for the polyethylene chain, they increased the Tm•
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This indicates that for PS, which is dynamically stiff, the probe is rotationally relaxed at

the chain end by the cooperative rotation of the main chain bonds. The restraints on

the remote half of the main chain had little effect on T,n' indicating that the rotational

relaxation of the probe at the PS chain cnd is mostly carried out by the internal motional

modes within 5 monomers. Finally, the change of Tm with different positions along the

PS main chain was examined. The flexibility of the chain end influences up to 5

monomer units.
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Chapter 6

Influence ofa Fluorescent Probe on

the Local Relaxation TiJnes for a Polystyrene Chain in

the Fluorescence Depolarization Method

6-1. Introduction

The fluorescence method has been widely used for studies of the structure and

dynamic properties of polymer systems.l-I The method has several advantages such as

high microscopic sensitivity and high resolution in space and time. Therefore, one can

obtain irreplaceable information using the fluorescent probe labeled at a designated

position in the system. In particular, the fluorescence depolarization method provides

information on the rotational relaxation of the transition moment of the fluorescent

probe. The relaxation time of the probe was estimated through the measurements of

the decay of the fluorescence anisotropy ratio. The local motion of polymer chain has

been extensively studied for polymers with the fluorescent probe labeled in the main

chain. 5
•
19 In our laboratory, the local motion of polymer chains labeled with anthracene

as the fluorescent probe in dilute solutions was examined and the effects of several

molecular factors such as solvent condition,13.l5 molecular structure of po]ymer,13.16

molecular weight,15-18 and the position along a chain on the ]ocal chain mobi]iti 8 were

discussed. However, there still remain some questions to be solved.

First, a fluorescent probe must be used in the fluorescence method and

therefore the observed results always include the influence of the probe to some extent.

Then estimation of the perturbation by the probe is necessary for analysis, but few
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works have been reported. I2.1(,)1) Pant ct al. proposed the complex damped orientational

diffusion model of local polymer chain motion including the effects of attached probes

on the dynamics. 2
(J Moreover, in the fluorescence method, the molecular structure in

the vicinity of the fluorescent probe is also expected to influence the observed result.

The molecular structure in the vicinity of the fluorescent probe is usually controlled by

the synthetic scheme. Sample polymers have been synthesized by the living anionic

polymerization and subsequent coupling with 9, IO-bis(bromomethyl)anthracene. The

polymers were highly controlled in molecular structure and molecular weight. By this

synthctic procedure, the 9, IO-dimethylanthryl group was introduced into the middle of

the main chain. Recently, well-defined anthracene-labeled polystyrene CPS) was

synthesized by the atom transfer radical polymerization. The obtained PS has a

differcnt molecular structure in the vicinity of anthryl group from that of the former

polymer. This synthetic success enabled us to examine the effect of the molecular

structure in the vicinity of the probe on the chain mobility.

Recently, molecular dynan1ics (MD) simulation has been utilized for the local

chain dynamics study.21·26 MD simulation gives coordinates of all atoms, so that

several requested properties can be estimated at the atomic level. With higher capacity

of computers and with the improvement of the available force field, the experimental

results can be well simulated. In MD simulation, the molecular structure of a polymer

can be modified as necessary. Therefore, the local chain dynamics of the PS chain

differently labeled with anthryl groups and even that of a probe-free PS chain can be

evaluated and the influence of the probe on the fluorescence depolarization study

estimated. In addition, the effect of the direction of the transition moment to the main

chain can be estimated.

In this chapter, the local motion of two series of PS in dilute benzene solutions

was first examined by the fluorescence depolarization method. Two series of PS

chains are differently labeled with anthryl group. The relaxation times of the local

motion and their molecular weight dependence were compared for these polymers.

Then, the MD simulation for both 20mer labeled PS and 22mer probe-free PS in vacuo

were carried out and the mobility at the chain center was compared between these

model compounds. The rotational relaxation times of different vectors pointing in
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directions other than parallel to the main chain \vere also calculated.

(a)

(b)
o
II If

Br 6CH-CH2 b~:C-O-CH2 r;

~I
n

Figure 6-1. Molecular structures of PS labeled with anthryl group in the middle of
the main chain used in the fluorescence depolarization study; (a) a-PS
and (b) r-PS.
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6-2. Experimental Section

6-2-1. Fluorescence Depolarization Study

6-2-1-1. Sample Preparation. One series of the anthryl group-labeled PS

sampks used in this study was synthesized by the living anionic polymerization in

vacuo initiated by butyIIithium, in which the living ends were coupled with 9,10­

bis(bromomcthyl)anthraccnc. Details of the synthetic procedure have been reported in

C:hapter 3. 17
•
27 The incompletely coupled fraction was removed from the original

sample by GPc. Figure 6-1 (a) shows the molecular stmcture of this series of PS (a­

PS) and Table 6-1 shows the weight-average molecular weight Mw and the number­

average molecular weight M" of a-PS.

Table 6-1. Characterization of PS Samples Used in the Fluorescence

Depolarization Study

Mg MjMg

a-PSI 6.4 1.13
a-PS2 13.1 1.06
a-PS3 69 1.04
a-PS4 92 1.05
r-PSI 2.7 1.10
r-PS2 4.1 1.09
r-PS3 6.5 1.08
r-PS4 10.0 1.10
r-PS5 12.5 1.10
r-PS6 15.8 1.12
r-PS7 20 1.12
r-PS8 149 1.21

The other series of the anthryl group-labeled PS samples was synthesized by

the atom transfer radical polymerization with 9, IO-bis(l-

bromoethylcarbalkoxymethyl)anthracene as a bifunctional initiator. The synthetic

procedure of this series of PS (r-PS) has been described elsewhere.28 The molecular
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structure ofr-PS is shown in Figure 6-1 (b) and the characterization in Table 6-1.

Benzene (Dojin, spectrosol) (a good solvent) was used as a solvent for

measurements without further purification. The concentration of each polymer in the

sample solutions was kept below 10-5 M. Each solution was put into a quartz cell and

degassed.

6-2-1-2. Data Analysis. The fluorescence anisotropy ratio, ref), is defined as

ref) = (1vv (I) - GI VH (£))/(1vv (t) + 2GIVB (t)) (6-1)

where G is the compensating factor and was estimated to be unity in this study. For

discussion about the chain mobility, the mean relaxation time, Tm was used. Tm is the

time integral of the reorientational autocorrelation function defined as eq 6-2.

(6-2)

where 1'0 is the initial anisotropy ratio.

6-2-2. MD Simulation Methodology

MD simulations were carried out with an MD software, Discover 3 (Biosym

Technologiesi4
.2

5
, on a CRAY Origin 2000 supercomputer in the same way as the

previous MD simulation study.26 The force field used in this study was Biosym CFF91,

29,30 which took into account bond stretching, bond angle, dihedral, improper, and their

seven cross-terms. The dielectric interaction was disregarded and a Lennard-Jones

type 6-9 potential was used for nonbonded interactions with a cutoff distance of 6 A.

One femtosecond time steps were used in the calculation.

PS chains labeled with anthryl groups in the middle of the main chain were

initially generated using Insight II (Biosym Technologies). The molecular structure

of PS sample in the vicinity of the probe was changed by inserting methylene chains

between the anthryl group and styrene unit. 22mer probe-free PS was also

generated. The molecular structures and the atom numbers for PS-n used in the MD

simulation are shown in Figure 6-2. The molecular weight for probe-free PS is

almost the same as that for PS-O (2304 and 2286, respectively). The C9-C 10 vector

in the anthryl group corresponds to the transition moment, La' of anthryl group. 31

89



(a)

H,croICH~CH@CH~CHT6C1~H'
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2

Ph Ph

Figure 6~2. Molecular structures and atom numbers for PS model compound used
in the MD simulation. (a) Anthryl group-labeled PS model with 11

methylene groups, PS-I1, (b) Probe-free PS model. The arrow
indicates the vector whose Cit) was analyzed,
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After 300 steps of minimization, the molecular dynamics \vas calculated in vacuo

under a constant temperature of 300 K. The total duration time of the dynamics run

was 2100 ps and the atom coordinates used for analysis were saved every 1 ps after 100

ps of discarded dynamics run. From the data of atom coordinates, the second-order

orientational autocorrelation functions, C2(t), v.,·ere calculated for the C
9
-C

IO
vector of

anthryl group and the C22-C24 vector for probe-free PS according to eq 6-3.

Co (I) = < 3(u~", (0)· u nm (1))1 -1 >
• 2

u (I) = rn", (I)
mn r

mn
(l)

(6-3)

Tmn (I) is a vector pointing in the direction from Cm to Cn atom. Then, the relaxation

time was estimated with eq 6-2 in the same way as the fluorescence depolarization

study.

In order to estimate the effect of the direction of the transition moment of the

fluorescent probe, C2(t) was also calculated for the C1-C6 vector ofPS-O, which is nearly

perpendicular to the C9-C 10 vector.

6-3. Results and Discussion

6-3-1. Fluorescence Depolarization Study

6-3-1-1. Relaxation Time. Figure 6-3 shows the molecular weight effect on

the relaxation time Tm at 20°C for both a-PS and r-PS. The relaxation time for a­

PS increases with molecular weight and reaches an asymptotic value of Tm =2 ns at M"

== 104
, while for r-PS, the asymptotic relaxation time in M" > 8 x I0

3
is ca. 1 ns. The

trend that the relaxation time becomes constant above a certain molecular weight

indicates that the local motion of PS in benzene measured by the fluorescence

depolarization method is independent of the overall motion in higher molecular

weight region. The molecular weight dependence of the relaxation time has been

discussed previously.17 Although this trend is similar for both a-PS and r-PS, the
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Figure 6-3. Molecular weight dependence of Tnt for a-PS Ce) and r-PS (~) in
benzene at 20°C.
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absolute magnitude of T,ll for a-PS is larger than that for r-PS by a factor of 2. The

critical molecular weight, .M, at which the relaxation time becomes constant, for a-PS is

also slightly larger than that for r-PS. These differences certainly result from the

molecular structure in the vicinity of the fluorescent probe. By taking into accow1t the

difference in the molecular structures shown in Figure 6-1 (a) and (b), the cause of the

difference of the relaxation times may be due to the steric effect of styrene unit around

the anthryl group. It is reasonable to consider that the steric hindrance between these

two bulky units influences the relaxation time of the anthryl group. That is, the anthryl

group for r-PS has longer spacers to the nearest styrene unit than that for a-PS, so that

the probe of r-PS rotates more freely than that of a-PS. The result indicates that the

observed relaxation time reflects the molecular structure in the vicinity of the

fluorescent probe. In other words, attention has to be paid to how and where a

fluorescent probe is attached to the polymer chains.

6-3-1-2. Activation Energy. Next, the activation energy of the local motion,

E*, was estimated according to the theory of Kramers' diffusion limit, namely,

Tm 17] = Aexp(E* 1RT). (6-4)

where R is the gas constant, T is absolute temperature, 7] is the solvent viscosity. The

solvent viscosity for benzene was estimated from the value reported in the literature,32

e.g., 0.65 cP at 20°C. Figure 6-4 shows the temperature dependence of Tm for both a­

PS and r-PS in benzene. The reduced relaxation time Tmlr;, which was reduced by the

solvent viscosity, '7, was obtained by eq 6-4, then the activation energies could be

estimated from the slope of the plot in Figure 6-4.

Figure 6-5 shows the relationship between the molecular weight and the

estimated activation energy in benzene. The activation energy as well as the relaxation

time tends to increase with molecular weight and to become constant at Mn == 10
4

• The

absolute magnitude of E* (= 1.7 kcal mol'\) for r-PS in the saturated region is almost the

same as that for a-PS, although the relaxation time is markedly different. The obtained

activation energy tends to reflect the higher barrier height. That is, it is asswned that

the activation energy reflects the inherent higher energy barrier in the styrene sequence

for both a-PS and r-PS.
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Figure 6-4. Arrhenius plot of Till /." according to Kramers' theory. ." is the
viscosity of benzene, which is estimated from the value reported in
the literature. The upper four lines are for the a-PS series; (.... ) a­
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the r-PS series; CT) r-PSI, (6) r-PS2, C.... ) r-PS3, CO) r-PS4, CD) [­
PS5, (_) r-PS6, Ce) r-PS7, C+) r-PS8.
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Figure 6-5. Molecular weight dependence of E* for a-PS Ce) and r-PS CA.).

6-3-2. MD Simulation

Figure 6-6 shows the decay of the autocorrelation function C2(1) for PS labeled

with anthryl groups having various numbers of methylene groups as a spacer. The

more methylene groups the PS chain has the shorter is the relaxation time. Figure 6-7

shows the relationship between the number of methylene groups and the relaxation time

of the anthryl group. With the increase in the number of methylene groups up to 4, Tm

sufficiently decreased by a factor of ca. 2.5. The number of bonds between the anthryl

group and styrene unit for r-PS corresponds to that for PS-4 and the difference in the
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relaxation time of PS-4 from that of PS-O is in agreement with the difference in the

relaxation time of r-PS from that of a~PS.

1
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0.4

- .....

0.2
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................ --
2 .....

~ ~ ' .......
4-

0
0 50 100 150

Time (ps)

Figure 6-6. Decay of ell) for PS-n by the MD simulation. The numbers shown

in the figure indicate the number of methylene groups, n.
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Figure 6-7 also shows the relaxation time of the probe-free PS chain (unfilled

circle). The Tm of the probe-free PS chain is slightly smaller than that of the PS-O

chain. The result shows that the chain mobility may not be influenced so much by the

introduction of anthryl group as the fluorescent probe to the chain center of PS. The

molecular weight of the anthryl group (= 176) is larger than that of the styrene monomer

unit (= 104), but one of the rings of the anthryl group stands with the interval of three

main chain carbon atoms from a neighboring phenyl group of styrene unit like the

normal styrene sequence. Therefore, the steric hindrance between the anthryl group

and styrene unit is considered to be similar to that between adjacent styrene units and

the relaxation times are not much different. If this is the case, the local motion of

polyethylene (PE), which is considered to be more flexible than PS, is expected to be

more influenced by the introduction of an antluyl group. The Tm was 4.3 ps for the

probe-free PE chain, but decreased to 2.4 ps for the anthryl group-labeled PE chain as

expected.

Table 6-2. Comparison of the Relaxation Times for Vectors Pointing Different

Directions

41 73

Table 6-2 shows the influence of the direction of the transition moment of the

anthryl group, which was used as the fluorescent probe, on the observed relaxation time.

The relaxation time Tm of the C2-C6 vector in anthryl group is smaller than that of the

CQ-C lO
vector. This is due to the relaxation by the rotation around the main chain and

this rotational mode has no effect on the relaxation of the CQ-C lO vector. Consequently,

the direction of the transition moment of the fluorescent probe is also important in the

fluorescence depolarization study. The relaxation time of the CQ-C 10 vector is longer

than that of the C
2
-C

6
vector and the CQ-C 10 vector represents the mobility of the vector

along the main chain bond well.
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6-4. Conclusion

The effect of the fluorescent probe and the structure aroW1d the probe in the

fluorescence depolarization analysis was examined by using MD simulation. The

absolute magnitude of Tm for r-PS, which has a longer flexible spacer between the

anthryl group and PS unit, is smaller by a factor of 2 than that for a-PS. This shows

that the relaxation time is sufficiently influenced by the structure around the probe.

Next, the MD simulation was carried out for various distance between the

anthryl group and styrene unit separated by flexible methylene groups. As the number

of methylene groups increased up to 4, Tm sufficiently decreased by a factor of 2.5 in

agreement with the fluorescence depolarization study. The local motion of the probe­

free PS chain was also simulated and the relaxation time at the chain center was

compared with that of anthryl group-labeled PS. The chain mobility of PS slightly

changed with the introduction of an anthryl group. The relaxation time of the vector

that is nearly perpendicular to the direction of the transition moment of anthryl group is

considerably shorter than that of the vector corresponding to the transition moment, La'

which represents the chain mobility of the vector along the main chain bond.
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Chapter 7

Microscopic Observation of T/zennally-Induced

Phase Separation ofPoly(ethoxyetlzyl Vinyl Ether)

by Fluorescence Methods

7-1. Introduction

The discontinuous changes in physical properties of polymers at a certain

condition have attracted a great deal of attention from both theoretical and experimental

. . 1·P'7.75 F I hIll 1 ' l' 1 l dvlewpomts. -,-- - or examp e, met y ce u ose,- po y(vmy ether), an

poly(acrylamide) derivatives2
-
8 are well known as thermally-induced phase separation

polymers, the solubility of which in water suddenly changes with a temperature.

Although in general, polymers become more soluble with the increase in temperature,

these polymer/solvent systems cause so-called LeST-type phase separation at a certain

temperature and the polymers become insoluble above it. The dynamics of the phase

separation has been studied extensivelY,1.3,5,8,25 but molecular-level details of the phase

separation behavior remain to be solved. Because the phase separation behavior is

influenced by the molecular structure such as stereoregularity, molecular weight and its

distribution, it is experimentally needed to use polymers having highly controlled

molecular structure.

Structure-controlled poly(vinyl ether) derivatives have been synthesized by

living cationic polymerization and the phase separation behavior of aqueous solutions

was examined.9
,10 By using the structure-controlled polymers, it was revealed that the

phase separation temperature, Tsp ' depends greatly on the oxyethylene chain length of
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the side group and/or the structure of the end of the side chain. Even in the case of

polymers of the same molecular structure, Tsp depends on the molecular weight and the

concentration of aqueous solution.

Experimental techniques using fluorescent probe are powerful for examining

microscopic structure and dynamics. F. Winnik has examined the thennoreversible

phase separation of aqueous solution of poly(N-isopropylacrylamide) (PNIPAM) by the

energy transfer technique." Meewes ct al. used the fluorescence depolarization

technique as well as the light scattering technique for the phase separation of high

molecular weight PNIPAM aqueous solution. 6
.7 They observed two-step phase

separation, i.e., intra- and intcnnolccular aggregation of polymer chains. Hu et a1.

studied the volume phase transition in poly(acrylamide) gels using the fluorescent

teehniqueJ
,JI.J

2 and discussed the interaction between the polymer network and solvent

molecules as well as the dynamic f1uctuation at the discontinuous transition.

The fluorescence depolarization method has been utilized for the local polymer

chain dynamics in dilute solutions. \4·21 By this method, microscopic chain mobility

can be estimated through the motion of the fluorescence probe labeled in the middle of a

main chain. Application of this technique to the study of phase separation will give us

valuable microscopic infom1ation in the vicinity of the phase separation temperature.

For the fluorescence depolarization measurement, it is necessary for a polymer sample

to be labeled with a f1uorescent probe in the polymer chain. Then, at the tennination

reaction of living cationic polymerization of poly(ethoxyethyl vinyl ether) CPEVE), a

unique tem1inator was used, and PEVE with anthryl-group labeled in the middle of the

main chain was obtained.

In this chapter, fluorescence intensity, fluorescence lifetime, and fluorescence

depolarization were measured during the course of phase separation of PEVE aqueous

solution. Then, the microscopic behavior of PEVE in an aqueous solution around the

phase separation temperature was discussed including the preceding stage.

Furthennore, fluorescence behavior of other systems, where the phase separation does

not occur, was examined.
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7-2. Experimental Section

CH2"CH S S CH-CHzI Ia 0I I
fCH2)2 ~CH2)2

0 0
I I

C2HS n C2HS n

Figure 7-1. Molecular structure of poly(ethoxyethyl vinyl ether) CPEVE)
labeled with anthryl-group in the middle of the main chain.

7-2-1. Sample Preparation

Poly(ethoxyethyl vinyl ether) (PEVE) sample was synthesized by the living

cationic polymerization. The reaction was initiated by addition of Et15AlCI15 into a

mixture of ethoxyethyl vinyl ether as a monomer, ethyl acetate as an added base, and 1­

(isobutoxy)ethyl acetate as a cationogen in toluene at 0 °C. More details of the

material preparation and polymerization were described elsewhere.10 At the

termination reaction, the living ends were coupled with 9,lO-anthracenedithioI 13 so that

an anthryl-group was attached in the middle of the PEVE main chain as a fluorescent

probe. Figure 7-1 shows the molecular structure of the labeled PEVE sample. The

obtained polymer had a M" of ca. 1.1 x 104 and MjMn of 1.13. For measurements, the

high molecular weight part of the obtained PEVE, which was fractionated by GPC, was

used to eliminate the incompletely coupled products. PEVE used for measurements

had a Mw of ca. 2 x 104 by GPC reduced as polystyrene. Water (Dojin,

104



nonfluoresccncc) was used as a solvent without further purification. T,p of PEVE

aqueous solution was reported to be about 20°C by transmittance measurement; 10 the

PEVE aqueous solution suddenly becomes turbid at this temperature. PEVE aqueous

solution was prepared to be ca. 0.02 wt%. Such a low concentration was selected to

minimize the influence of turbidity at the phase separation. Moreover, sodium dodecyl

sulfate (SOS) (Nacalai Tesque) was used as a surfactant for PEVE aqueous solution.

Hexane solution of PEVE, whieh docs not induce the phase separation, was prepared

and the absorbance of the solution at 4]] nm was ca. 0.1. PEVE bulk, which melts at

room temperature, was applied to a quartz substrate. Each sample was put into a

quar1z cell and was degassed.

7-2-2. Fluorescellce Measurements

The temperature dependence of fluorescence intensity for a PEVE aqueous

solution was measured under continuous illumination using a fluorescence

spectrophotometer (Hitachi 850). The excitation wavelength was set at 396 lilll and

the fluorescence intensity was measured at 457 run.

Next, the time-resolved fluorescence measurement was carried out and the

tluorescence lifetime and anisotropy ratio for anthracene-labeled PEVE in aqueous

solutions were estimated. The time-resolved fluorescence intensity was measured by

the single-photon counting system.20 A diode laser (Hamamatsu Photonics PLP-O],

wavelength: 411 nm, FWHM: ca. 50 ps) was used as a light source. The repetition rate

of the diode laser was I MHz. The FWHM of the total instrumental function was ca.

300 ps. The other instruments for the single-photon counting system and the

procedure of the data analysis were the same as described in Chapter 1. The

fluorescence lifetime measurements were also carried out for hexane solution, PEVE

bulk, and the SDS-added aqueous solution.

7-2-3. Light Scatterillg Measurement

Static light scattering was measured to determine the phase separation

temperature of a PEVE aqueous solution. Light intensity scattered at an angle of 30

105



degree was recorded as a function of temperature by using a light scattering apparatus

(Otsuka Electronics DLS-7000). PEVE sample having no fluorescent probe was

synthesized especially for the light scattering measurement, Ai", and AI)Al
n

of which

were 2.3 x 1O~ and 1.17, respectively. The sample aqueous solution was prepared to be

the same concentration 0.02 wt% as the solution for the fluorescence measurements.

The sample solution was filtered through 0.5 pm and 0.2 pm pores before measurement.

First the solution was heated gradual1y up to the phase separation region and then was

cooled down to 17°C, and again was heated up to the phase separation region. The

heating or cooling rate was kept less than 0.1 °C Imin.

7-3. Results and Discussion

7-3-1. Scattering Intensity

Figure 7-2 shows the relationship between temperature and the scattering light

intensity. On both the first and the second heating, the intensity increased sharply

above 20°C. This indicates that the polymer chains start to aggregate at 20 °C and

form large aggregates. On the other hand, on cooling, the scattering intensity started to

decrease at a temperature lower than 18°C. It was assumed that two notable

temperatures, that is, ca. 18°C and 20 DC, correspond to the binodal and the spinodal

temperatures at the composition of our system, respectively, although this may merely

come from the fact that the phase separation and/or the dissolution of the aggregate

could not follow the continuous temperature variation of 0.1 °C Imin.

7-3-2. Fluorescence Intensity and Lifetime

Figure 7-3 shows the plot of fluorescence intensity against temperature. A

marked decrease can be seen between ca. 16°C and 20 DC, i.e., an effective quenching

occurs in this region.

Halary et a1. showed that poly(vinyl methyl ether) (PVME) quenches the

fluorescence of anthryl-group labeled in the middle of polystyrene main chain in the
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ternary blend film of PVME, polystyrcnc, and labeled polystyrene.' They considered

that the mechanism of the fluorescence quenching is static with the lifetime remaining

constant. Since the molecular structure of PEVE is similar to that of PVME, it is

reasonable that PEVE quenches fluorescence emission of/abeled anthracene.

Then, it was examined whether the fluorescence lifetime changes with the

fluorescence intensity. Figure 7-3 shows that the fluorescence lifetime changed

quantitatively as did fluorescence intensity. Therefore, it is believed that the decrease

in the fluorescence intensity is due to the so-called dynamic quenching, in which the

lluorescencc intensity becomes proportional to the fluorescence lifetime. The

difference between static and dynamic quenching may come from the fact that the

present system is a solution instead ofa film as was the case of Halary et aI.

Such a marked temperature dependence of lifetime was not observed in the

previous anthracene-labeled polystyrene or poly(methyl methacrylate) system. It is

noteworthy that this quenching occurred in a few degrees below the phase separation

temperature (20 °C). Consequently, it is obvious that the dynamic quenching in the

fluorescence intensity and lifetime takes place at the pre-stage of the phase separation.

That is, the microenvironment around the fluorescent probe in the aqueous solution

changes even in this temperature range in connection with the phase separation.

7-3-3. Chain Mobility

Figure 7~4 shows the plot of relaxation time Tm for the local motion of the

PEVE chain against temperature. Figure 7-4 shows that the relaxation time increases

of an order of magnitude in the vicinity of 20°C. This indicates that the chain

mobility decreases at 20 °C or above. Notice that the relaxation time does not change

remarkably in the temperature range that the dynamic quenching occurs. The behavior

of the relaxation time against temperature is rather similar to that of the scattering light

intensity on heating in Figure 7-2. The decrease in the chain mobility results from the

intra- and intermolecular aggregation due to the phase separation.
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7-3-4. Dynamic Quenching

In this section, the process of phase separation will be discussed with attention

mainly to the dynamic fluorescence quenching preceding the phase separation. That is,

two different temperatures, i.e., ca. 16 DC and ca. 20 DC, are focused on. The

fluorescence intensity and the lifetime decreased sharply at ca. 16 DC and increased at ca.

20 DC. On the other hand, the relaxation time and the scattering intensity increased at

ca. 20 DC and no change was observed around 16 dc.

In the temperature range from 16 DC to 20 DC, where is just below the phase

separation temperature, thermal fluctuation of local segment density becomes vigorous

preceding the phase separation, and the PEVE chain causes frequently momentary high

local density. At a moment of high density, the PEVE segment (quencher) comes in

contact with the fluorescent probe, then the dynamic fluorescence quenching occurs

efTectively. Although the segment density fluctuates widely with time, the time­

averaged segment clensity may not change in this narrow temperature range. That is

why the chain mobility does not change in this temperature range.

F. Winnik examined the thermoreversible phase separation of aqueous solutions

of poly(N-isopropylacrylamide) by the fluorescence experiments. She monitored the

phase separation by measuring electronic exitation energy transfer efficiency between

donor and acceptor chromophores attached to the same polymer chain. 8 The results

were interpreted in tenns of a mechanism of phase separation initiated by a gradual

shrinking of solvated polymer coils into a collapsed state, followed by aggregation of

individual chains into larger particles. The change in the energy transfer efficiency

begins to occur below LCST temperature. She concluded that this might result either

from a continuous decrease in the size of the polymer coil, or from an enhancement in

the density fluctuation. In this study, the decrease in the size of the polymer coil will

cause suppression in the chain mobility, i.e., the relaxation time will become long.

Therefore it is suggested that at this stage the enhancement in the density fluctuation is

the best explanatioll both for Winnik's work and for this study.

The phase separation at 20°C means the intermolecular aggregation on a large

scale. The aggregation of polymer chains suppresses chain mobility as indicated in the
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marked increase of relaxation time at 20°C. The aggregation results in the restraint on

the dynamic collision between quencher segments with the fluorescent probe, and

therefore the dynamic fluorescence quenching disappears. The observed increase of

fluorescence illlcnsity and lifetime at 20°C reflects the disappearance of the dynamic

quenching due to the intra- and intem101ecular aggregation. In other word. if the

dynan1ic quenching were negligible, the fluorescence intensity and lifetime for PEVE

aqueous solution would change monotonically and gradually with temperature. In the

following section, the dynamic quenching preceding the phase separation will be further

examined with the systems where no phase separation occurs.

7-3-5. Systems Wit/lOut Phase Separation

Figure 7-5 shows that in hexane solvent, the fluorescence lifetime of PEVE

decreases monotonically and gradually with the increase of temperature. As was

expected, no fluorescence quenching was observed when no phase separation took place.

This result supports the proposition that the dynamic quenching takes place at the stage

preceding the phase separation.

Figure 7-5 also shows that the fluorescence lifetime in the PEVE bulk

decreases monotonically and gradually with the increase of temperature without marked

quenching. Although the gradual decrease is similar to that in the hexane solution, it is

noteworthy that the value of fluorescence lifetime is sufficiently lower than that of

hexane solution and near the value of dynamically-quenched lifetime in Figure 7-3. In

the bulk, the PEVE segment, which is considered as a quencher, exists at a high

concentration (ca. 10M) and may have mobility to some extent, and so the dynamic

quenching takes place at every temperature measured. That is, the frequent collision

between the fluorescence probe and PEVE segment results in the quenching of the

fluorescence in PEVE bulk like the stage preceding the phase separation.

7-3-6. Effect ofSurfactant

Meewes et a1. studied surfactant effects on a PNIPAM aqueous solution, which

has LeST, by light scattering7
• They showed that intermolecular aggregation was
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completely inhibited by addition of SDS up to 250 mg L- 1
• Moreover, at an SDS

concentration of 300 mg L- 1
, intramolecular swelling was induced by the surfactant both

above and below the LCST. That is, above the LCST, the radius of a particle markedly

decreased by addition of SOS up to 250 mg L- 1 due to the intermolecular dissociation

and incn.:ased by successive addition of SOS due to the intramolecular swelling.

Below the LCST, where an intermolecular dissociation was not involved, only the

intramolecular coil swelling was induccd by SDS. They considered that the surfactant

binds cooperatively to the polymer chain and at the critical concentration of 300 mg L- 1
,

the repulsive interactions between the firmly adsorbed amphiphiles becomes enough to

influence the polymer conformation. They proposed that the critical concentration is

close to the concentration that the surfactant is adsorbed cooperatively in the fonn of

micelles. Thus, SDS was expected to prevent both the phase separation and the

prcceding fluctuation of the segment density in PEVE aqueous solution as well. Then,

the f1uorcscence lifetime by addition of the surfactant SDS was measured at a pre-stage

temperature of 18°C. Figure 7-6 shows the plot of the fluorescence lifetime against

SOS concentration, C~;))S. In CSDS > 200 mg L- 1
, the fluorescence lifetime suddenly

increased up to ca. 4.4 ns and remained constant. This indicates that SDS prevents the

dynamic quenching at the pre-stage. That is, the dynamic quenching comes from the

thermal fluctuation of segment density precedent to the phase separation. Moreover,

figure 7-3 shows that the fluorescence lifetime of 4.4 ns at 18°C corresponds nearly to

the value along the broken line. In other word, if the dynamic quenching were

negligible, the fluorescence intensity and lifetime for PEVE aqueous solution would

change monotonically and gradually with temperature similar to that for PEVE in

hexane as described by the broken line in Figure 7-3.

7-4. Conclusion

The phase separation behavior of PEVE aqueous solution, which becomes

turbid abmptly at 20°C, was examined. PEVE labeled with antlu'yl group in the

middle of the main chain was synthesized by the living cationic polymerization. The
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fluorescence intensity and lifetime measurements showed noticeable temperature range.

In the range from 16 to 20°C, where the thermal fluctuation of segment density is

thought to become large preceding the phase separation, the dynamic fluorescence

quenching effectively occurs by the collision between the fluorescent probe and the

PEVE segments. At 20°C, intra- and intermolecular aggregation due to the phase

separation suppresses the chain mobility and the dynamic quenching disappears.

Moreover, in the systems without phase separation of the hexane solution of PEVE and

PEVE bulk, the fluorescence lifetime decreased monotonically with the increase of

temperature, but the lifetime in the latter system was about two thirds as long as that of

the fonner. That is, in the hexane solution, no dynamic quenching occurred while in

bulk, the dynamic quenching occurred at all temperatures measured. SDS was added

as a surfactant to a PEVE aqueous solution just below the phase separation temperature.

The fluorescence lifetime sufficiently increased up to the estimated value assuming no

dynamic quenching. These results supported that the dynamic quenching is induced

precedent to the phase separation through the collision between the fluorescent probe

and the PEVE segments.
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Chapter 8

Local Chain Dynalnics ofSeveral Polymers in e Solvents

Studied by the Fluorescence Depolarization Method

8-1. Introduction

Both the chain conformation and its molecular chain dynamics have been

investigated extensively. loS However, the relationship bet\veen the structure of polymer

chains and the molecular chain dynamics is not clearly understood yet.

In this chapter, polymer samples labeled with anthracene in the middle of the main

chain were prepared, and the relaxation time of the local motion of the polymer chains was

examined by the fluorescence depolarization technique. The relaxation time of a polymer

chain in the dilute solution usually depends on the segment density around the anthracene

probe, which is governed by the solvent quality.6 Therefore, the relaxation time, Tm/T],

must be compared among polymers under the e condition. Here, the relationship

between the structure and dynamics was examined using five kinds of labeled polymers,

I.e., cis-polyisoprene (cis-PI), polystyrene (PS), poly(a-methylstyrene) (PaMS),

syndiotactic-poly(methyl methacrylate) (s-PMMA), and poly(N-vinylcarbazole) (PVCz).

The mean relaxation time, Tm , and the activation energy, E*, of the local motion were

obtained in each e solvent and the local motion was compared in the same unperturbed

state at almost the 'same temperature.
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8-2. Experimental Section

Table 8-1. Characteristics of Polymers Used in This Study.

Mwx I0=4 MjMn j;
cis-PI 14.5 1.10

PS 9.7 1.05 0.54
PaMS 21.5 1.05 0.67

s-PMMA 15.0 1.18 0.93
PVCz 1.3 1.17

Four kinds of anthracene-labeled polymers, cis-PI, PS, PaMS, and s-PMMA, were

prepared by the living anionic polymerization and the living ends were coupled by 9, 10­

bis(bromomdhyl)anthracene. PVCz was prepared by the living cationic polymerization

with I-II at -40 uc and the living ends were coupled by 9, I O-anthracenedithioI. Table 8-1

shows the characteristics of the five kinds of polymers. The molecular weights were

measured by GPc. The racemo [Taction.rr was measured by 13C-NMR and lH-NMR.

The microstructure of cis-PI was as follows: cis-l,4 content is 76%, trans-I,4 is 19%, and

I,2-content is 5%. The polymer concentrations of all the san1ple solutions were kept less

than 0.1 wt%. and all the solutions were degassed before the measurements were made.

The e solvent and temperature for each polymer are as follows; l,4-dioxane at

34.0 "C for cis-PI, cyc10hexane at 34.5 °C for PS and PaMS, butyl chloride at 35.0 °C for s­

PMMA, and toluene at 37°C for PVCz.

The fluorescence depolarization measurement and the procedure of estimation of

the relaxation time were carried out as described in Chapter I.
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8-3. Results and Discussion

8-3-1. Relaxation Time and Activation Energy

Table 8-2. Reduced Relaxation Times at 35°C and Activation
Energies for Polymers in Each g Solvent.

polymerl e solvent
cis-PI/dioxane

PS/cyclohexane
PaMS/cyclohexane

s-PMMAibutyl chloride
PVCzltoluene

T,/7] (ns/cP)
1.3
5.4
9.0
12.7
12.6

E* (kcal/mol)
1.5
2.6
3.0
5.0
4.3

Table 8-2 shows the reduced relaxation time Tm 17] at 35°C and the activation

energy E* for five kinds of polymers. The order of the relaxation time, Tm 17], was; cis-PI

< PS < PaMS < PVCz < s-PMMA. The order of E* was the same. The results show

that the higher the activation energy, the longer the relaxation time.

The values of the relaxation time were compared from the aspect of polymer

structure. First, the relaxation time, 1.3 ns/cP and the activation energy E*, 1.5 kcallmol

for cis-PI were the smallest among these polymers. cis-PI has the double bond in the main

chain, but its single bonds are mostly freely-rotating ones. Furthermore, it does not have a

large substituent besides the methyl group. Second, PS and PaMS had a bulky phenyl

group differing from cis-PI, so that the relaxation time became longer and E* became

higher than those of cis-PI. Furthermore, PaMS has a larger relaxation time and higher

activation energy than PS, because a-methyl substitution of the PS main chain increases the

internal potential and the relaxation time. s-PMMA is a di-substituted polymer like PaMS,

but the relaxation time of s-PMMA was longer than that of PaMS. This may be due to

the difference in both stereoregularity and solvation. As for the stereoregularity, the

difference in racemo fraction between s-PMMA (fr = 0.93) and PaMS (fr = 0.67) extends

the relaxation time of s-PMMA. It was shown experimentally that Tm 17] for s-PMMA is
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about two times Imger than that for i-PMM/\ ill the e solvent. 7
) Generally, for the same

kind of polymcr, the static stiffness of the polymer chain with syndiotactic regularity is

larger than that with isotactic regularity:'H The dynamic chain stiffness has a parallel

relationship to the static chain stiffness; the higher racemo fraction of a polymer increases
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Figure 8-1. Relationship between glass transition temperature and reduced
relaxation time.
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the relaxation lime.
eil

As for the solvation, the ester group is polar and more strongly

solvated with solvent molecules, i.e., tbe metboxy carbonyl group makes the hydrodynamic

volume larger than that of the phenyl group in PaMS, and this may make the steric

hindrance higher for the conformational transition. At the present stage, it is not clear

which of these factors, stereoregularity or solvation. is dominant in s-PMMA, but both may

be operating. PVCz had a longer relaxation time and higher activation energy than PS.

The reduced relaxation time was more than two times that for PS. The bulky carbazolyl

group makes the relaxation time longer and activation energy higher.

8-3-2. Relation o/Glass Transition Temperature to the Reduced Relaxation Time

The glass transition appears as the result from the reduction of chain mobility as

the temperature drops. In the solid state the chain mobility is influenced by internal and

external friction. The reduced relaxation time indicates a kind of internal friction. Figure

8-1 shows the relationship between the glass transition temperature Tg and the reduced

relaxation time T,J 7] . There is a positive correlation between Tn'! TJ and Tg• This result

means that the internal friction is a predominant factor to Tg at least for these polymers.

8-4. Conclusion

The relaxation times for five kinds of polymers, i.e., cis-PI, PS, PaMS, s-PMMA,

and PVCz were measured in the e solvents by the fluorescence depolarization technique.

The local chain dynamics was evaluated without the effect of the segment density.

The relaxation time T ;'7 was in the order of cis-PI < PS < PaMS < PVCz < s-
III

PMMA. The activation energies have the same order as the reduced relaxation time.

The relaxation time and the height of the energy barrier depend on whether the polymer is

either mono-substituted or di-substituted, and also on the bulkiness of the substituents.

However, the stereoregularity is the important factor when the relaxation time is compared

among various kinds of polymers. It was also found that Tg is closely correlated with the

local chain mobility in a dilute solution.
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SUlnmary

In Chapter I, the backgrounds of the local chain dynamics, the fluorescence

depolarization method. and the MD simulation were described as the introduction to this

thesis. First, the importance of local chain dynamics study in the field of the polymer

science was explained with the brief historical background, and available approaches to

the local chain dynamics were introduced. Next, the fluorescence depolarization

method, which was the main technique in this thesis, \vas explained with regard to the

concept, apparatus, data analysis. Then, the previous fluorescence depolarization

studies were summarized to clarify unsolved problems and the motivation of this thesis.

Finally, the advantage as well as the disadvantage of the MD simulation was mentioned.

Furthermore, the outline of this thesis was described.

In Chapter 2, the local chain dynamics of poly(oxyethylene) (POE) labeled

with anthryl group in the middle of the main chain was examined by the fluorescence

depolarization method. The relaxation time of the local motion was evaluated and its

molecular weight dependence was shown. POE had a mean relaxation time in the

order of sub-nanoseconds. The value of the relaxation time increased with the

molecular weight in the range of MW < 1000 and reached an asymptotic value at MW

of about 1000. The relaxation time and the activation energy for local motion of POE

were compared with those of some styrene and methacrylate polymers and the

characteristics of POE chain were discussed. POE had a much higher local chain

mobility than other polymers. This high local chain mobility of POE results from the

molecular structure of POE chain.

In Chapter 3, the molecular weight effect on the local motion of polystyrene

(PS) was examined in dilute solutions by the fluorescence depolarization method.

Four PS samples with the fluorescent probe, anthryl group, in the middle of the main

chain were synthesized by the living anionic polymerization. The molecular weight of

samples varied from ca. 6.4 x 103 to 9.2 X 104
. Solvents were benzene, a good solvent

125



and ethyl acetate, a poor solvent. In both solvents, the relaxation time increased with

the molecular weight up to MW = ]04 at which it reached an asymptotic value. The

activatioll energies were also estimated from the temperature dependence of the

relaxation time, and its molecular weight dependence appeared to be similar to that of

the relaxation time. It was suggested that the relaxation time of the local motion is

determined by the potential for the conformational transition of main chain bonds,

rather than by the segment density. Finally, the molecular weight effect on the

relaxation time for PS was compared with that for poly(oxyethylene) (POE). The

results showed that PS is dynamically stiffer than POE.

In Chapter 4, local motion of the oligo- and polystyrene chain end in dilute

solutions was examined by the fluorescence depolarization method. The molecular

weight of the sample varied from 5.1 x 102 to 2.5 x 104
, The relaxation time of local

motion, T,II' in a benzene solution increased with molecular weight and reached an

asymptotic value at MW = 2 x 10J with Tm ::::; 0.3 ns. In ethyl acetate, which is a

poorer solvent than benzene, T,II becrune constant at a higher molecular weight than in

benzene and the asymptotic relaxation time was longer than that in benzene. It was

proposed that the difference in the relaxation time and in its molecular weight

dependence between the two solutions may result fTOm the local potential for the

conformational transition of the main chain bond, rather than the segment density. In

comparison with the relaxation time for the polystyrene chain center, both the critical

molecular weight and the asymptotic relaxation time for the chain end were about one

order smaller than those for the chain center. This indicates that the mobility of a

linear polymer chain end is sufficiently different from that of its chain center.

In Chapter 5, molecular dynamics (MD) simulation of polystyrene (PS) chain

with anthryl group at the chain end surrounded by benzene molecules was performed

and the results were compared with the experimental result on the local motion of PS

chain end studied by the fluorescence depolarization method. The molecular weight

dependence of the relaxation time of the probe obtained by the MD simulation

qualitatively reproduced the trend measured by the fluorescence depolarization method.

The molecular weight dependence of the relaxation time for the end-to-end vector was

also estimated. Below the degree of polymerization (DP) ~ 3, the mean relaxation
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time Tm for the end-to-end vector \vas almost the same as that for the vector

corresponding to the transition moment of the probe. With the increase of DP, T
m

for

the probe tended to reach an asymptotic value unlike that for the end-to-end vector,

which monotonically increased with DP. This result indicates that the entire motion of

a polymer coil contributes to the local motion to a lesser extent as the molecular weight

Increases. The MD simulations with artificial restraints showed that the rotational

relaxation of the probe at the chain end for PS chain is realized by the cooperative

rotation about main chain bonds. It was also shown that the internal modes which

take place below 5 monomer units mainly leads to the rotational relaxation of the probe

at the PS chain end. Finally, the change of T.n with the position along the PS main

chain was examined.

In Chapter 6, the influence of a fluorescent probe on the fluorescence

depolarization study was examined by using MD simulation together with the

fluorescence depolarization measurement. The relaxation times of the local motion,

Tm, for two series of polystyrene (PS) (r-PS and a-PS), which have different molecular

structures in the vicinity of the fluorescent probe, anthryl group, were compared. T
m

for r-PS, which has more space between anthryl group and PS unit than a-PS, was

smaller by a factor of2 than that for a-PS, which has one methylene group as the spacer.

The steric hindrance of anthryl group with the phenyl ring of PS is considered to make

the relaxation time longer. On the other hand, the activation energy may

predominantly reflect the inherent chain mobility of PS chain. MD simulation of

anthryl group-labeled PS chain was run for the cases of various numbers of methylene

group between the probe and styrene unit. The result explains the difference in the

relaxation time between a-PS and r-PS. Till for the local motion of the probe-free PS

segment at the chain center showed that the chain mobility of PS is slightly reduced by

the introduction of anthryl group The effect of the direction of the transition moment

in the fluorescent probe for the relaxation time was also exanlined.

In Chapter 7, the phase separation behavior of po[y(ethoxyethyl vinyl ether) in

an aqueous solution was examined both below and above the phase separation

temperature. Some fluorescence techniques were utilized, e.g., fluorescence intensity,

fluorescence lifetime, and fluorescence depolarization. First, the phase separation
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temperature, '1"'1" was determined to be 20°C by the light scattering technique. The

fluorescence intensity and lifetime changed quantitatively in the same way against

temperature and markedly decreased between 16°C and 20 DC, just below T~.p' On the

other hand, the relaxation time for the local motion of PEVE estimated from the

fluorescence depolarization measurement increased at '1"1" The dynamic fluorescence

quenching disappeared by addition of a surfactant and the fluorescence lifetime

increased up to the estimated value assuming no phase separation. In systems without

the phase separation of both the hexane solution of PEVE and the PEVE bulk, the

fluorescence lifetime decreased monotonically with the increase of temperature. It

was concluded that in the range from 16 to 20°C, the thermal fluctuation of segment

density becomes large preceding the phase separation, so that the dynamic fluorescence

quenching effectively occurs by the collision between the fluorescent probe and the

PEVE segments. At 20°C, intra- and intermolecular aggregation due to the phase

separation suppressed the chain mobility and the dynamic quenching disappeared,

In Chapter 8, the relaxation times of local motion for five kinds of polymers:

cis-polyisoprcne (cis-PI), polystyrene (PS), poly( a-methylstyrene) (PaMS),

.\ymJiotuctic-poly(methyl methacrylate) (s-PMMA), and poly(N-vinylcarbazole)

(PVCz) were measured in the e solvents by the fluorescence depolarization tecImique.

The viscosity reduced relaxation time 'I'm IlJ was in the following order with the

activation energy in the same order: cis-PI < PS < PaMS < PVCz < s-PMMA. The

relaxation time and the activation energy depend on whether the polymer is either

mono-substituted or di-substituted, the bulkiness of the substituents, and also the

stereoregularity. It was found that Tg is closely correlated with the local chain

mobility obtained in dilute solutions.

128



List ofPublications

Chapter 2.

Local Chain Dynamics of Poly(oxyethylene) Studied by the Fluorescence

Depolarization Method

Horinaka, J.; Amano, S.; Funada, H.; Ito, S.; Yamamoto, M. Macromolecules

1998,31,1197.

Chapter 3

Molecular Weight Effect of Local Motion of Polyst)rrene Studied by the

Fluorescence Depolarization Method

Horinaka, J.; Aoki, H.; Ito, S.; Yamamoto, M. Polym. J in press.

Chapter 4

Local Motion of Oligo- and Polystyrene Chain End Studied by the

Fluorescence Depolarization Method

Horinaka, J.; Maruta, M.; Ito, S.; Yamamoto, M. Macromolecules in press.

Chapter 5

Molecular Dynamics Simulation of Local Motion of Polystyrene Chain

End; Comparison with the Fluorescence Depolarization Method

Horinaka, J.; Ito, S.; Yamamoto, M.; Matsuda, T. Camp. Them: Po/ym. Sci.

submitted.

Chapter 6

Influence of a Fluorescent Probe on the Local Relaxation Times for a

Polystyrene Chain in the Fluorescence Depolarization Method

Horinaka, J.; Ito, S.; Yamamoto, M.; Tsujii, Y.; Matsuda, T. Macromolecules

129



submitted.

Chapter 7

Microscopic Observation of Thermally-Induced Phase Separation of

Poly(ethoxyethyl Vinyl Ether) by Fluorescence Methods

Horinaka, J.; Ono, K.; Yamamoto, M.; Aoshima, S.; Kobayashi, E. "Solvents

and Se(f~Or!!.anization of Polymers" Weber, S. E. Ed., Kluwer Academic

Publishers: Dordrecht, 1996,359.

Dynamic Fluorescence Quenching Precedent to Thermally-Induced

Phase Separation of Poly(ethoxyethyl Vinyl Ether) Aqueous Solution

Horinaka, 1.; Matsumura, Y; Yamamoto, M.; Aoshima, S.; Kobayashi, E.

Polym. Bull. in press.

Chapter8

Local Chain Dynamics of Several Polymers in E> solvents Studied by the

Fluorescence Depolarization Method

Yamamoto, M.; Horinaka, 1.; Aoki, H.; Tawa, K.; Ito, S. 1. Soc. Rheo!. Jpn.

1997,25,203.

Others

Local Chain Dynamics of Syndiotactic Poly(methyl methacrylate)

Studied by the Fluorescence Depolarization Method

Horinaka, J.; Ono, K.; Yamamoto, M. Polym. 1. 1995,27,429.

Local Motion of Crosslinks for Poly(methyl methacrylate) Gels by the

Fluorescence Depolarization Method.

Aoki, H.; Horinaka, 1.; Ito, S.; Yamamoto, M. Polym. Bull. 1997,39, 109.

130



Acknowledgl1zents

The present thesis is based on the studies carried out at the Department of

Polymer Chemistry, Graduate School of Engineering, Kyoto University, from 1993 to

1998, under the guidance of Professor Masahide Yamamoto. I wish to express my

sincere gratitude to Professor Masahide Yaman10to for his continuous guidance and

affectionate encouragement throughout this work.

I am sincerely indebted to Dr. Shinzaburo Ito for his valuable suggestions,

pointed (sometimes critical) comments, and active instructions throughout this work.

Thanks are also due to Dr. Akira Tsuchida, Department of Applied Chemistry,

Gifu University for his kind guidance. I am grateful to Mr. Masataka Ohoka for his

kind support in various situations.

I would like to thank Professor Takeaki Miyamoto, Dr. Takeshi Fukuda, Dr.

Yoshinobu Tsujii and Mr. Kohji Ohno, Institute for Chemical Research, Kyoto

University, for the gift of the anthracene-labeled polystyrene (r-PS) samples and for the

light scattering measurement.

I wish to express my sincere thanks to Professor Eiichi Kobayashi, Dr.

Sadahito Aoshima, Mr. Shin-ichi Takahashi, and Mr. Koji Ueda, Science University of

Tokyo, for the gift ofPEVE samples.

I am grateful to Dr. Tsunetoshi Matsuda, Unitika Ltd., for his suggestions and

instructions in the molecular dynamics simulation.

I wish to thank Dr. Takashi Sasaki, Fukui University, for his valuable

suggestions about the living anionic polymerization of anthracene-labeled polystyrene

samples. I deeply thank to Dr. Keiko Tawa, Osaka National Research Institute, for her

kind guidance and useful discussions throughout, especially at the beginning of, this

work. I am indebted to Mr. Tsuyoshi Sasaki for the preparation of the chain end­

labeled polystyrene and the guidance on its synthetic technique.

I express my gratitude to the nice members of Yamamoto Laboratory.

131



l.:specially thank Dr. Kenji Hisada, Dr. Masaya Mitsuishi, Dr. Hideo Ohkita, Dr.

Nobuhiro Sato, and Dr. Michiaki Mabuchi for their valuable suggestions and kind

encouragement. I am grateful to Messrs. Kazutoshi Sugiura, Yasuyuki Nomura, and

'nmyoshi Yasuda for their continuous friendship. I also thank Mr. Shinsuke Amano for

his untiring efforts. The study presented in Chapter 2 owes much to him. I have nice

places of recreation and relaxation including "46-Kai" in the daily life: Thanks are due

to anonymous friends for their active collaborations.

Last, but not least, I wish to thank my father Kenjiro Horinaka and my mother

Yasuc Horinaka for their devoted support in everything. It is impossible to adequately

express my gratitude in words.

Decemher, 1998

Jun-ichi Horinaka

132


