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‘ Abstract

This Ph. D. thesis presents our study on the ultrafiltration of polymers with
different configurations and conformations; namly, theoretically, the passing® of
polymer chains through a nanopore under an elongational flow filed has been studied
for years, but experimental studies are rare because of two following reasons: 1)
lacks a precise method to investigate how individual single polymer chain pass
through a nanopore; 2) it is difficult, if not impossible, to obtain a set of polymer
samples with a narrow molar mass distribution and a uniform structures; except for
linear chains. The central question in this study is to find the critical (minimum) flow
rate (qc) for each kind of chains, at which the chains can pass through a given
nanopore. A comparison of the measured and calculated qc leads to a better
understanding how different chains are deformed, stretched and pulled through a
nanopore. We have developed a novel method of combinating static and dynamic
laser light scattering (LLS) to precisely measure the relative retention concentration
((Co-C)/Co). ‘

Chapter 1 briefly introduces the theoretical background of how applications and
lists some of resent research progresses in this area. Polymer with various
configurations and conformations pass through nanopores; including polymer linear

chains > stars polymer, branched polymers, polymer micelles are introduced. Among

them, the de Gennes and Brochard-Wyait's predictions of polymer linear and star
chains passing through nanopores are emphasized, in whfch they predicted that qo of
linear chain is qc : kBT/(37rr|]), where ks, T and r| are the Boltzmann constant, the
absolutely temperature, and the viscosity of solvent, respectively, independent of

both the chain length and the pore size; and for star chains passing through
=
nanopores, there exist a optimal entering arm numbers, namely, the star chains
passing through nanopores.
Chapter 2 details basic theory of static and dynamic laser light scattering (LLS),

including its instrumentation and our ultrafiltration setup.

h iefly. i | i includi he hi
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home-made set-up to prepare linear polystyrene with different chain lengths and star
polystyrene with various arm numbers and lengths.

Chapter 4 Summarizes our measured critical flow rates (gqc) of linear polymer
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chains with different lengths for nanopores with different sizes, since the flow rate is
directly related to the hydrodynamic force, we have developed a sensitive method
(down to tens fN) to directly assess how much the hydrodynamic force (Fh) is
required to overcome the weak entropy elasticity and stretch individual coiled chains
in solution. Our method is completely different from the using existing optical
tweezers or AFM, because they measure the relatively stronger enthalpy elasticity.
Our results confirm that q. is indeed independent of the chain length, but decreases
as the pore size increases. The value of qc is —10-200 times smaller than kBT/(37ir]).
Such a discrepancy has been attributed to the rough assumption made by de Gennes
#1d his coworkers; namely, each chain segment “blob - ° confined inside the pore is
not a hard sphere so that the effective length along the flow direction is much longer
than the pore diameter. Finally, using the solution temperature, we varied the chain
conformation, our result shows that qc has a minimum which is near, but not exactly

located at the theta temperature, might leading to a better way to determine the true

«

ideal state of a polymer solution, at which all viral coefficients, not only the second
vanish.

Chapter 5 uses polymer solutions made of different mixtures of linear and star
chains, we have demonstrated that flushing these solution mixtures through a
nanopore with a properly chosen flow rate can effectively and cleanly separate linear
and star chains no matter whether linear chains are larger or smaller than star chains.

Chapter 6 further investigates how star-like polystyrene pass through a given
nanopore under the flow field. Star polystyrene chains with different arm lengths (LA)
and numbers (f) passing through a nanopore (20 nm) under an elongational flow field
was investigated in terms of the flow-rate dependent relative retention ((Co- C)/Co),
where Co and C are the polymer concentrations before and after the ultrafiltration.
Our results reveal that for a given arm length (LA), the critical flow rate (@STAR»
below which star chains arc blocked, dramatically increases with the total arm
numbers (f); but for a given f* is nearly independent on LA, contradictory to the
previous prediction made by de Gennes and Brochard-Wyart. We have revised their
theory in the region fA < fout and also accounted for the effective length of each blob,

where fin and fi,ui are the numbers of arms inside and outside the pore, respectively. In
1

the revision, we show that qcstr is indeed independent of La but related to f and fin in
two different ways, depending on whether fin < f/2 or > f7/2. A comparison of our

experimental and calculated results reveals that most of star chains pass through the



nanopores with fin —f/2. Further study of the temperature dependent (Co- C)/Co of
polystyrene in cyclohexane reveals that there exists a minimum of qcstar at —38 °C,

close to its theta temperature (—34.5 °C).
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Chapter 1

Introduction and  background

1.1 Brief overview of polymer pass through nanopores under flow
field.

The expansion of polymers with various conformations and configurations
passing through nanopores under shear flow play an important role in studies of
polymer physics and make a bettering understanding in transporting in cell
membrane in viw.] - [For dilute polymer solution under shear, PeterlinA™ brought
forward a critical strain-rate should exist for polymer chain expansion under
elongational flow in 1966. Later de GennesM* refined it as a so called
“coil-8tretching, - transition aiid claimed such transition was a first-order transition.
Then Pincus” described the transition was a process of stretching polymer chains into
strings of blobs. Following these, various simulation studies on stretching of polymer

chains under flow filed have been reported based on the development of computer
IQ ‘

technique and theoretical improvement. ‘' * ' Lots of experiments have been carried
out to test and verify the former theories.*"A' However - the "first order transition” of

polymer chain under flow field only have been experimentally proved by our lab
unty recently.Further more, base(g on the hydrodynamic "“models, séemi-dilute

solution with various of monomer concentration, velocity, and stress under
J

elongational flows have also been studied. ’ .

Compared with coil-stretching transition of polymer chains > the expansion of
polymers with more complicated architectures are more intricate, only some of
regular polymers have been studied theoretically, like stas> 14447 comb-like
polymers - 48 branch polymers, micelles,A" and microgels.** Most theories of

these shaped monomers have no experimental data to support.

1.2 Polymer Chains pass through nanopores under flow field

1.2.1 Free energy of Polymer chains in solution

A linear Gaussian polymer chain can be seen as N beads connected by N-1

springs with a force constant ksp as shown in figure



Figure 1.1 Gaussian chain of N segments is realized by a bead-spring model in

which N springs are connected in series.M

The potential energy U of the chain is related to the elastic energy of the springs:

"(re » ...~ (1-1)
N=I
For a Gaussian distributed polymer chain, we have
a* = SkfiT/ksp (1.2)
where RB is the Boltzmann constant, T is the absolutely temperature and a is the
monomer stee respectively. If considered the whole polymer chain as a single spring.
The force constant is given as:

w T Tk T
"R/ No"

where N is the monomer numbers and RF is the end-to-end distance of a polymer

(1.3)

*

chain.
The entropy elasticity of the Gaussian chain can be expressed as a function of the

two ends at r and r > (G is here equal to U):

S = const. + kfj InG = const. A(r-r")A (1.4)
2R,
So the corresponding Helmholtz free energy A of the chain is calculated as:
A = const + SdT = const. + -r’) (1.5)
IRy

On the other hand, the motion of polymer chain in solution can be viewed as self
avoiding-random walks (SARW), in which model the key point is the excluded

volume. As shown in figure 1.2, any two spheres are forbidden to overlap with each



other. So when considering a polymer chain as N spheres of diameter b, the

free-energy change per chain is influenced by the excluded volume and is then
AAlkdJ = Nia, IR, (1.6)

wr}ere R is the radius of gyration (Rg) and has the following relation with N

. Rg = aN” (A7)

here u is the flory exponent which is related with the solvent (for good solvent, v =

0.6 > and theta solvent v = 0.5).

Excluded Volume

Figure 1.2 SFAW model of a polymer chain dilute in solution %

In a word, there are two terms in the free energy of a polymer chain in solution -
one is the entropy due to the freedom for chains with various conformations; the
other is the interaction mostly due to the excluded volume. Finally, the free energy of
the chain is shown as follow:

A je aN'
kj No" R} (1.8)

Figure 1.3 shows a sketch of A/ksT. The elasticity and interaction have the opposite

R dependence. As aresult, a minimum A exists.



elas ticiiy,

Figure The chain dimension R dependency of free energy of a chain A in

solution.

1.2.2 Under a flow field

To decrease the complexity, polymer chains under homogeneous shear flow with a

constant velocity gradient tensor are mainly discussed.
1.2.2.1 Weak shear rate

When polymer chains are under a weak siiear rate, Janeshitz-Kriegl showed
there was a linear relationship between distortions and reduced shear rate XzSr (also
know as Weissenberg number Wj) by birefringemce? with Sr was the shear rate and
Tz was the largest relaxation time of the unperturbed molecule based on zimm
model,57 respectively.

Xz = 0.2TIRoMNT (1.9)

where r\ was the viscosity of solvent and R” is the unperturbed coil radius.
1.2.2.2 Strong shear rate

It is well known that a compact chain tries to remain its configuration when it is
fully extended, namely, when under strong shear rate (Wj > 1). Using the “dumbbell
modd, > > 4 the restoring force F is written as:

F = - (3TRF/ROME(t) (1.10)

where t = Rp/Na is the extension ratio, the factor E(t) = L](t)/3t’ here L"(t) is the
inverse Langevin function, E(t) is unity at small t but diverges for t 1 Besides
the motion under restoring force F, the associated current @ must contain other two
factors, namely, drift in the external flow field v = Srr, and a diffusion coefficient D

term induced by Brownian motion.



q = OSAr + D[(cD/T)F —V(D] (1.11)
where O is the distribution function of end-to-end distance.

Considering a random coil under strong shear flow, only the outer segments are
directly exposed to the flow field,** the exposure degree will increase as the
increasing of the shear flow, then the chain will be more distorted and more
monomers are exposed. More exposure leads to a further extension. Such a feedback
process depends on the detailed structure of the flow field.A For a flow field of
vorticity, namely > the flow field has a two dimensional flow (vx.v?) described as ® =
V2{d\Jdz-dvJdx) and as shown in figure 1.4, the coil to stretch transition is continued

and reputed as a second order transition, as shown in figure 1.5

© O O
©C O ®

3 0 0

Figure 1.4 lllustration and matrix of vorticose flow field.

1/2

Figure 1.5 The coil to stretched transition of a polymer chain in vorticity"



When a polymer chain is under a flow field with particular longitudinal gradients
(e.g., W= SfX, Vz= -SfZ ) as shown in figure 1.6. The t(Sr) shows a S shape indicates
that there is a bistable equilibrium (figure 1.7). In the range of 1/TR < Sr <xz, there are
three states of the molecule, that is, coil state (stable state), unstable state, and
stretched state. At the particular shear rate value Sr*, the coil turns to stretch and is

reputed as the first order transition.

o O O
o O o
O O

Figure 1.6 lllustration and matrix of shear flow with particular longitudinal gradient.

172

Figure 1.7 The coil to stretched transition of a polymer chain in a "longitudinal

gradient", the Smiin = 1/TR and Smex = 1/XZis order of Rouse and Zimm frequency,

respectively.?



1.2.3. Pass through nanopores

Generally, the nanopores used in ultrafiltration experiment must satisfy several
requirements: i) there are no interactions between nanopores and polymers; ii) the
size of nanopores D must be smaller than the polymer size Rg, otherwise, the
polymers may pass through the nanopores by diffusion; iii) the cross section of tube
must be a constant (no rugosity)." Such nanopores can be obtained by particle-track
e1:chingd9'60 and has been commercialized.

For a polymer chain confined in a nanotube with length L, it can be viewed as a
string of blobs with blob size A = as shown in Figure 1.8, where ¢~ is the
monomer numbers in one blob and is equal to the pore size D here. The confined
energy per blob is of the order keT,A the osmotic pressure generated by each blob p —
RBT/DA, and the corresponding force to confine a blob in nanotube

Fc —kuT/D (1.12)
On the other hand, the Stokes force on each blob is related with the flow velocity V =

q/D? and has a relationship of:

Fh~nVD \ (113)

Figure 1.8 Blob picture for partial entry'

It is well known that the Stokes force Fh must overcome the confined forde so that
squeeze one blob intc; the nanotube.

ICBT/D — TIVD = tic1c/D (1.14)
iTius the critical current

qc = ICBT/TI (1.15)



Once the current is equal or larger than the threshold, the flexible linear chain is able
to pass through a much smaller nanopore - - **! From the eq (1.15), qc is irrelative with
the molecular weight of polymer chain as well as the pore diameter. It is
understandable thai once a blob is squeezed into a nanotube, the following parts are
easily to be dragged into the tube as threading a needle.

The molecular weight independency has been proved by Anderson in 1984;A
however, they found the block degree of chains continuously augments when the

flow rate decreases as shown in figure 1.9 - which is contrary to the predictions. Until
Q

recently, Jin et. al firsty experimentally proved such first order transition by
ultrafiltration experiments on linear Polystyrene chains passing through n*opores in

toluene, the result is shown in figure 1.10.

10 20
g X10'®(cm®/itc. porfl )

Figure 1.9 Concentration retention vs flow rate through each pore for the molecular
weight fractions (1.8 x 106 -4.48 x ICA 8,42 x 106-2 x 107) of polystyrene in 90%
CCl4-10% CH30OH at 25, C; pore radius varied from 400-1000A."
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Figure 1.10 Microscopic flow rate (q) dependence of averaged scattered light
intensity (<I>) and area ratio of the two different Polystyrene linear chains in toluene -
with the PS-S chains is much smaller than the pore size, and PS-L chains is much

JO

bigger than the pore size.

1.3 Polymer Stars pass through nanopores under flow field

1.3.1 Free energy of Polymer Stars in solution.

The behavior of star shaped polymers in solution is much more complicated
compared with linear chains. To reduce the complexity, only uniform stars with f
uniform branches joint at one origin are discussed here. Based on the chain grafted
on the plane model : 165 -~ single star can be considered as each branch is made of a
succession of blobs with a size » increasing from the centre of the star to the outside
as shown in figure 1.11.66 When the branch is very long and in a good solvent, we
have the radius as follow:

R ~NaJlf ~ (1.16)
where Namm is the monomer number in one branch. Based on the free energy of linear

chain in solution in eq (1.8), the free energy of stars can be written as



(1-17)

Figure 1.11 A representation of star model: every branch is made of a succession of

blobs with a size » increasing from the centre of the star to the outside.A

1.3.2 Pass through nanopores

Stars trapped in nano tubes have various modes: symmetrical mode and
asymmetrical mode as shown in figure 1.12."* Figure 1.12b shows an extremely
asymmetrical as one arm forward. Therefore, there are various modes of stars are

elongated under flow field and enter the nanotube.

@ o

Figure 1.12 Symmetrical mode and Asymmetrical mode (one arm forward) of star (f

=6) trapped in nanotube 4
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1.3.2.1 Symmetrical mode
When confined in a nanotube, the confined energy of star Econf has a minimum

value when the forward arm numbers is equal to backward arm numbers.
0 N (1.18)

For a tube diameter D, the length L of the tube occupied by the star should have a
following scaling law by optimizing with eq (1.17) respect to L:

L(D) = D(R/Df3 (1.19)
In symmetrical mode, with f/2 arms forward, the correlation length is A = D(f/2y'A,

and the confined energy is related with the blob numbers confined in the tube:

E = = (1.20)

and the confined force Foonf generated by the osmotic pressure is:

KATDA = k|

F— AE/LAA A 2)3" (1.21)

On the other hand, the hydrodynamic force used to squeeze a star into the tube with

length 1/ is:67

(H= = A =30 A (1.22)
Therefore, the overall energy on the star is:
= - FAnfl- f /& =F— w (1.23)
2
the energy has a maximum at 1 = 1*
- F— _2F(3) (1.24)

~3;rA77(f/12)~ 3 HES
the corresponding energy barrier should be proportional to keT, and give a critical
current:

L (29

1.3.2.2 Asymmetrical mode

1.3.2.2.1 One arm forward

t T

Though the symmetrical mode has the lowest confinement energy, it does not

mean, the lowest critical current. In one arm forward mode, at q > qc.i (the critical

1"



current of linear chain), the forward one arm will be pulled into the nanotube like

stretching of tethered chain,A and the drag force is then

= (1.26)
The drag force must overcome confined force to stretch the star pass through

nanotube. A combination of egs (1.21) and (1.26) lead to:

(1.27)
3;277
To make q > qc.i, the N < fA\AD/a; on the hand, when N > D/afthe asymmetric
mode wins. Therefore, the eq (1.27) is wused in the limitation of
< {D! . The drag force of the forward one arm must be smaller
than the force required for bond rupture; other wise, the forward one arm will be
teared out from the star.
1.3.2.2.2 Optimal number of arm forward
The one arm forward model is ultra asymmetric mode, normally, the general
asymmetric mode has <> (1 < 9« f) arms forward and f - () arms backward. When
considered » arms entering into the nanotube. The current q must be over the

symmetric mode as shown in eq (1.24) and has the relationship of:
K1 >F2 (1.28)
The argument of eqs (1.26) and (1.27) are repeated when the criterion is satisfied

with the drag force multiplying by The eq (1.27) is replaced by:

ror (1.29)
1 r I :
N\ 1L

Similar with one arm forward mode, they also have limitations when using eq (1.28)
in optimal numbers of arms forward mode. Considering the 9> 1 and q. > qc,l’ we
haveN<D/aj™3. -

Although the shape dependency of critical current has been used to separation,69
the experimental proof about star shaped polymer pass through nanopore haven't
been given out. Because the stars used in the experiment must satisfy the following
requirements: i) uniform arm length in each star; ii) narrowly distributed molecular
weight; lii) the size of stars must be bigger than the corresponding pore diameter,

otherwise they will pass through nanopores by diffusion.

12



1.4 Polymer Branches pass through nanopore under flow field

1.4.1 Free Energy of Polymer Branches in solution.
In an ideal branched structure (with no steric interactions) - ~* a branch polymer is

seen as N single strands connected by cross-link agent.?, "™ in good solvents, based
on theory72,73 and experimental?* studies, the radius of gyration Rg is shown as

follow:

I I (1.30)

where b is the monomer numbers between successive branch points. The ideal

branched object end-to-end distance Rq?, " derived by Zimm and Stockmayer:
(1.31)'
Like the cases of linear chains and stars, the free energy of branched polymers are

also made up of two items, namely, elastic energy and the energy due to

intermonomer repulsion

@ i
+ (1.32)
"R A LD"

1.4.2 Confined in a nanotube.

Combination of egs (1.30) and (1.31), the revised free energy is given as:

2 hl'AnA
“ L D+ » (1 '33)

Optimizing with respect to L, one can find:

= (1.34)
D D D\

with the internal concentration as:
J — = 3 (1.35)

WhenCT= 1:® which means the maximum extrusion, leads to a minimum diameter of
Dniin — aNiV {4 (1.36)

and a maximum squeezing L is

Lmx (1.37)
“Ymn
Egs (1.36) and (1.37) mean that a branch polymer can not be stretched to more than

Lmax, or can not be squeezed into a pore with size smaller.than Dmin.

13



1.4.3 Suction into a nanotube.

The branched polymer confined in a nanotube is also seen as a compact stacking

of blobs, with g monomers in each blob and the blob size is * as shown in figure 1.13

Figure 1.13 An illustration of branched polymer confined in a smaller nano tube

The interior of the polymer is a semidilute solution of correlation length .44

Such situation is similar with semidilute solutions with blobs are next to each other.

If a branched polymer is squeezed into a certain length y as shown in figure 1.14.

Figure 1.14 A branched polymer is squeezed into a nano tube with length y “

The corresponding free energy related to the hydrodynamic force and confined force
is

(1.38)
The confined force generated by the osmotic pressure is given as
(1.39)
and the hydrodynamic force is related to a stocks force per blob
Fh= = Tiay/ €2 (1.40)
As long as the branched polymer is squeezed to a length y*.
(1.41)
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it has a maximum energy barrier of
zDv
(7) T (1.42)

Once the maximum energy barrier is surmounted, the branched polymer can be

squeezed into the nanopore, and the critical current is:

,,Ac;kyT D 4 kﬂT,R‘)4/3 (1.43)

The internal concentration can be rewritten as
(1.44)

A combination of egs (1.35) and (1.44) gives
e (1.45)

a
The single strand between two connected points is seen as a random coil, and it
obeys the rule of scaling theory in good solvent:
“ = ab31y (1.46)

When *b = tube diameter has a certain crossover value, D*

(1.47)
1.4.3.1 Weak Confinement

When the tube diameter is larger than D*, the corresponding * > b - such

situation is defmed.as weak confinement. The illustration is shown in figure 1.151 '49

Figure 1.15 Weak confinement of branched polymer in nanotube./

In the regime, the relationship between \ and b obeys the scaling role of branched
polymer in good solvent:

4 = (1.48)
A combination of egs (1.43), (1.45) and (1.48) gives a rewritten q. as

15



v 4/3

(1.49)
ij D

1.4.3.1 Strong Confinement
On the contrary hand, ,when the tube diameter is smaller than D*, the

corresponding * < b’ it is defined as strong confinement as shown in figure 1.16.

Figure 1.16 Weak confinement of branched polymer in nanotube.

In the regime of D* > D > Dmin - the blob is smaller than the strand between two

cross-linking points and obeys scaling role of random coil in good solvent:
4 = 15 (1.50)
A combination of eqs (1.43), (1.45) and (1.50) gives a rewritten q. as

T
= 1.51
qC_ 7 b ( )

As shown in eq (1.51), the qc in strong confinement is irrelative with the tube
diameter.

In aword, either D satisfies Dmin < D < D* or D > D*, the critical current q. is related
with the molecular weight (proportional to N) and the distance between branch
points,' such dependency can be used in separations. In 1998, Duke et. al/* designed
a "microdevice”, which is made of three rectangular obstacles and can be used to
separate biomolecules with different sizes, however, only globular, colloidal particles

53.69

bigger than 10 |xm are suitable; and then Meunier et. al used monolithic columns

to separate polymers with different molecule topology.
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1.5 Polymer micelles pass through nanopore under flow field
1.5.1 Polymer micelles in solution.

It is well known that micellization of block copolymers can spontaneous happen
in selective solvent at a concentration above critical micelle concentration (CMC).
Below CMC, only the molecularly dissolved block copolymers are present in
solution, known as imimers; while above CMC, unimers are accumulated and formed
micelles, and in the case the multi-molecular micelles and unimers coexist in
solutions; Furthermore at higher concentration, micelles place in an orderly
arrangement and formed gel, the concentration at which gelling occurs is called
critical gel concentration (CGC). The three regimes of block copolymers in solution
are illustrated in figure 1.17.M Usually, the micellization of block copolymers takes
place via a closed association process, leading to a narrowly distribution of molar

mass and size. MM

C<CMC c >CMC C> CGC

Figure 1.17 Three concentration regimes of block polymers in selected solutions)

1.5.2 Pass through nanopores

One of keys of stretching micelle and passing through a smaller nanotube is the
interaction strength among the insoluble blocks in the core. Because there are
various kinds of insoluble blocks packing mode in the core (shown in figure 1.18) >
the corresponding hydrodynamic drag forces have a wide distribution as shown in
figure 1.19. If the insoluble blocks are too long or the soluble parts are too short,
polymeric Eflicelles cannot be disintegrated even under an extremely high flow
rate.Further more, the ultrafiltration method gives a good way to establish the

interaction strength and the chain packing of the insoluble core.

17



Figure 1.18 Schematic of ultrafiltration of a polymeric core-shell micelle made of a
block copolymer chains through a smaller pore under an elongational flow. The

enlarged picture shows different kinds of chain packing of insoluble blocks in the

core ®

0.03

F /fN

Figure 1,19 Distribution of hydrodynamic force (/(Fh)) required to rupture polymeric

micelles made of (St)i8o-b-(Iso)500 in n-hexane at 25.0 C.

1.6. Our main goal
The previous theories have been put forward for years, but there are seldom

experimental evidences to support. In this thesis, we focus our study on the polymer

18



linear chains and star shaped polymers pass through nanopores under flow field in
dilute regimes. We first synthesized serious linear chains and star polymers by
anionic polymerization with the help of self-designed homemade vaccum system.
Then we ultrafiltrated these polymers in dilute solution with small nanopores,
combined with Laser Light Scattering testing, the behavior of these polymers when
they pass through nanopores were established. Based on the experimental results, we
have firstly proved the critical flow rate of linear chains passing through nanopores is
independent on the chain length as prediceted. However, the experimental q. is
around —10-100 time smaller than the predicted one and was related with the pore
diameter. And for star polymer passing through nanopores, we found the qc with the
same arm number are independent on the arm length and the optimal forward arm
numbers do not exist., which are contrary to the previous theories also. With the help
of the experimental data, we modified the previous theories and established a new

one.
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Chapter 2

Principle of  Laser Light Scattering and
Instrumentation

2.1 Introduction of LLS

When a beam of monochromatic, coherent light is incident on a dilute
macromolecule solution or suspension of colloidal particles and the solvent refractive

index is different from that of the solute (macromolecules or colloidal particles), the

»

incident light is scattered by each illuminated macromolecule or colloidal particle in
all directions. > ,2 The scattered light waves from different macromolecules or particles
mutually interfere, or combine, at a distant, fast photomultiplier tube (PMT) or
avalanche-photodiode (APD) detector and produce a net scattered intensity I(t) or
photon counts n(t) which is not uniform on the detection plane. If all the

macromolecules or particles are stationary, the scattered light intensity at each
direction«would be a constant i.e. - independent of time. However, in reality, all the

scatters in solution are undergoing constant Brownian motions, and this fact leads to
both fluctuations of the scattered intensity pattern on the detection plane and the
fluctuations of I(t) with time if the detection area is sufficiency small. The fluctuation
rates can be related to different relaxation processes such as translational and
rotational diffusions as well as internal motions of the macromolecules. The faster
the relaxation process, the faster the intensity fluctuations will be.

In a broad definition, laser light scattering (LLS) could be classified as
inelastic (e.g., Raman, fluorescence, and phosphorescence) and elastic (no absorption)

light scattering. However, in polymer and colloid science, light scattering is normally

referred to in terms of static (elastic) or dynamic Y quasi-elastic) measurements, or

both of the scattered light. Static LLS as a classical and absolute analytical method
measures the angular distribution of time-average scattered intensity. On the other
hand, dynamic LLS me?ures the intensity fluctuations instead of the average light
intensity (this is the reason the word dynamic comes'from), and its essence may be

explained as follows. When' the incident light is scattered by a moving
macromolecule or particle, the detect frequency of the scattered light will be slightly
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higher or lower than that of the original incident light owing to the Doppler effect,
depending on whether the particle moves towards or away from the detector. Thus,
the frequency distribution of the scattered light is slightly broader than that of the
incident light. This is why dynamic LLS is also called quasi-elastic light scattering
(QELS). The frequency broadening (wlOA-10* Hz) is so small in comparison with the
incident fight frequency (wlO' Hz) so that it is very difficult to detect the broadening
directly in the frequency domain. However, it can be effectively recorded in the time
domain through a time correlation function. For this reason, dynamic light scattering
is sometimes known as intensity fluctuation spectroscopy. If we use digital photons

to measure the intensity fluctuations, the term photon correlation spectroscopy (PCS)

is then used to refer to the technique described here.

The recorded observation bf the light scattering can be traced back to 1802 when
Richard, J. B noticed the light path of the gold colloid. However, the first man who
made experimental investigation on light scattering was Tyndall. He observed the
scattering of the natural light when it passed through a colloid dispersion. In 1881,
based on Maxwell theory of electromagnetic field, Rayleigh derived that the intensity of

the scattered light by the non-absorption, non-interaction and optically isotropic small

particles is reversely proportional to the fourth power of the incident wavelength. In

1944 - Debye measured the molecular weight of macromolecules in dilute solution by
using light scattering method. Later, Zimm' proposed the famous Zimm plot by

extrapolating both concentration and angular angle to zero value at a single coordinate.

Since then, light scattering, strictly, static light scattering as a classical and absolute
analytical method has been widely used to characterize both synthetic and natural

macromolecules. However, light scattering at that time was limited in measuring

scattered intensity at different angles and concentrations, from which three parameters
of macromolecules, namely the weight-average molecular weight (Mv), z-average
root-mean-square radius of gyration simply Rg) and the second-order virial
coefficient (A2) can be obtained. This situation was changed in the 1960s with" the
invention of laser. In 1964, Cummins?* first reported using lasers as source Oj
incident radiation for the study of macromolecular solutions, poly(styrene), and
during the last two decades, thanks to the advance of stable laser, ul*afast electronics
and personal computers, LLS, especially dynamic LLS has evolved from a very
special instrument for physicists and physical chemists to a routine analytical tool in

polymer laboratories or even to a daily quality-control device in production es>’ ?

25



Commercially available research-grade LLS instruments are normally capable of

making static and dynamic measurements simultaneously for studies of colloidal

particles in suspension or macromolecules in solution as well as in gels and viscous

media.

2.2 Static Laser Light Scattering .

2.2.1 Scattering by a small particle

The electric field of a light wave acting on a particle induces it in a dipole which
oscillates with the same frequency as the incident light (Figure 2.1). An oscillating
dipole produces a secondary oscillating field and it radiates electromagnetic energy. In
other words, the particle scatters the incident light. Consider a single, optical isotropic
particle (a macromolecule or a colloid particle) with a polarizability a at origin o

(Figure 2.1) in vacuum. When the particle is much smaller than the wavelength of the

incident light A (in practice, smaller than the electric field of the incident light
E-Eq  exp[z(2;rvl -F5)] @1
is homogeneous within the particle; it induces in it a dipole = ocE. The electric field

oscillates with frequency v and so does the induced dipole. When the electric field is
not too strong, the induced dipole is proportional to the field:-

H - aE = AnsQa' E 2.2
here a is the polarizability volume?' of the particle and z is dielectric coefficient at

vacuum.

il iV

Figure 2.1 Three dimensional coordinates where origin o represents a scatter and P
is observation point at xoy plane. The vertically polarized incident beam causes

tt

polarization in the scatter, which radiates into different direction.
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According to Maxwell electromagnetic equations, the electric field generated by the
oscillating dipole at point p with distance r from origin o and angle 9 from the

incident light is

= " 2 = 7 2 = (2-3)
AnsArc ATTE*rc I

where c is the velocity of light in vacuum and a is the polarizability volume, ; is

the total dipole of the particle, i.e., the summation of the permanent /& and the
induced dipole fi. Since /ig« /i at room temperature and fi*is independent of

high frequency electromagnetic field, we have adopted d}pidt* - fildf’' in

equation (2.3). Thus, the time-average scattered intensity /i (kd m' s") of the particle

at point p is

i=eAE])= 2 < > = 2 1, (2.4)

where /., is the intensity of primary light. Equation (2.4) shows that the scattered
intensity is proportional to the square of molecular weight since for particles made
from a given isotropic material, oc' is proportional to their molecular weight. On the

other hE[d - //lo oc means that the scattering is much stronger for light of a

shorter wavelength. This explains why the sky is blue because the scattering is

stronger toward the short-wavelength end of the visible spectrum.

2.2.2 Scattering by many small-particle system

When there are N independent same small particles in volume K, the total
- ¢ e o ¢

scattered intensity per unit scattering volume / is the simple summation of the scattered

intensity of M T particles": ‘
© =KN | (2.5)

Define R = Ilo (known as .Rayleigh ratio named after the "father" of the theory of

light scattering), we have

R — ISTrNa" (2.6)
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where R (dimension of L) is dependent on the concentration, the size and the nature

of the particles.

2.2.3 Scattering by real systems

For a real system, two kinds of interference must be considered. One is the
intraparticle interference (i.e, the particle is not so small, dimension >A/20, that light
scattered from two scattering elements within the volume of the same particle has a
significant phase difference), and the other is from the interference between different
particles. In the first case, a larger particle with volume V'is convenient to assume
that it is composed of scattering units each with equivalent volume and
polarizability volume a. ' For each scattering unit, the scattered intensity of it at
observation point p can still be expressed by equation (2.3). Thus, the scattered field
of the whole particle at point p is the superposition of the electric field of all AM'units:

471"

Further, the time-average scattered intensity at point p becomes

i e N INf+_ i, ~ - (2.8)
V=l n¥ /
where $ i -/ mis phase difference between scattering unit / and m at point p.

As can be seen from Figure 2.2,

i

inc ident light—>

scattered light

Figure 2.2 A schematically show of the scattering vector and the interference of

scattered light inside a larger particle.

(2.9)
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where rA =rAr, and h is called scattering vector which is the difference
of the unit vector in the direction of the incident beam (r, ) and the one along the
scattered beam (r, )’ and the vector module

e,
5= AT G 2.10)

A

where n is the refractive index of the medium. With increasing 0, h incf-eases and h™
has been used as a spatial resolution ruler with which static LLS is able to probe the

size of colloidal particles and macromolecules at a finite angle. By averaging over all

possible orientations (r,* ) of the particle, we finally have
2.1
r A =+ m=\ *fin, ( )
where 0 is the inclined angle from direction of primary beam to that of line op - as

is shown in Figure 2.1. When
Yo (= X (2.12)

Note N'a. '= a'so that equation (2.12) is the same as equation (2.4). We then define

an angular scattering function P(0) as

= Uit = &

After developing sin(/7 nm) into a Taylor series (sin x = x - x*/6 {...) and retain the

two leading terms, the result reads

" 1‘5 — l _ + ees (214)

I N N
where — i s defined as the mean square of radius of gyration Rg*. Thus
= + e (2.15)

which is related to the conformation of the larger particles and that is why it is also

called the structure factor (or form factor). For N independent larger particles in

volume V, equation (2.11) can be re-written as

(2.16)

It is interesting to note that when the above discussion is applied to a homogeneous
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pure gas or liquid - we will find that the scattered intensity is zero in all directions
except in the direction of incident beam. It is because for any selected small
scattering element in the scattered volume we can always find another one whose
electric field at point p is counterweight of the former by interference. Then the
scattered waves will exactly cancel each other. All the volume elements can be
paired up in this way. However, light scattering does exist, even for pure gas and
liquid of small molecules. It is because the molecules are undergoing random
movement ail the time and the properties of individual volume elements will
fluctuate from the average properties. The light waves scattered by individual
elements will not have identical amplitudes and thus they will not canceled totally by
interference. As one of the many properties, polarization volume a,'of a scattering
unit | will also more or less deviate its most probable value a*'as: a, = hoo',
and it is the existence of 5a/that leads to the light scattering of pure gas and liquid.
Followed the above treatment, we divide scattering volume Vinto N scattering units
and substitute a. 'in equation (2.7) with hexo'. We know the term Oo' will
contribute nothing to scattered intensity because of the interference of all units so

that only the term 60i,'needs to be considered. Equation (2.7) then reads

5. o= — i % (217)

Similar to deriving equation (2.8), taking time-averaged scattered intensity and

following the definition of Rayleigh ratio, we can rewrite the equation (2.17) as

B = z S a | Sex. exp[/h(F* -n)] (2.18)

where 6a ; 'and 5a/[('are still random functions of time and space. We need to further
average equation (2.18) over time. For this purpose, it is convenient to separate the
terms in the double sum into terms for which / =f and / £j.

-164 NV N NN
VA : Umn

(2.19)

The fluctuation of boci' and 5 oom' are independent of each other and <5a> = 0.

Therefore, = <bai>< = 0 and equation (2.19) turns to be

N N

(2.20)
vK

The time-average fluctuation of polarization volume of the small scattering unit.
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N N
<{haif> should be a constant and is written as Thus, H < {Sal )
A A mH

and equation (2.20) turns to be

R > ) 2> (2.21)

where we have used the relation hihUo'. Now the remained question is to find
the expression of <{ba?>. Consider a macromolecule solution or a colloid
dispersion, a'is a function of concentration C and density p. Sa’' = (da’/dC) dC +

{da’/dp)dp. Since C and p are independent of each other, we have
<(f>=0i2r <w > H”"y < > (2.22)

Thus, for a dilute solution, equation (2.21) becomes

s, <Wo >#TZIT(p) <o > (2.23)

where (——< >and <{dpV > are the excess Rayleigh

Ai, ac" A dp'
ratio of the solution (R/&Zss) and that of the solvent (/solvent) respectively. Rcxcess is the
net scattering intensity of the solute by substracting the intensity of solvent from that
of the solution. According to Clausius-Mossotti equation/ | -1 = 4nczW and £r =
n - we have

= =f A (2.24)
ac dSr dn dC In dc

On the other hand, we know from thermodynamics that the concentration fluctuation

can be expressed as <iSCf > =i ~ — ~~ and (*"4)/ = (—)e/o v’

’

where Vim and // are respectively the partial volume and chemical potential of the

solvent. And the change in concentration can cause the change in osmotic pressure,

dfi dfi dn dri dn dn
namely =(N)r. . oy . o= X (X
& RT
In dilute macromolecular solution, — = — + AAChd+ ) where Ai is the
(04 M

second-order virial coefficient. Thus
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dn. cM

RT 1+2ACM and <(SCy >

Now substitute <{dCY> and equation (2.24) into the expression pf /?exccss - we have

4;r d cM
) n (2.25)
AyvA  dC 1+ IA'CM
Rearrange equation (2.25) by defining K = we get
KC AAAC (2.26)
M

where we have omitted the footnote "excess" in /excow. For larger macromolecules,
construction factor must be introduced; thus

KC 1

(2.27)
MP{0)

The last question in deriving basic equation of static LLS is the polydispersity in real
cases. From equation (2.15) we know = + Thus, in the limit of
vanishing concentration C 0,

R(0) = KCMP{e) = kcmpiz>)  h] R/+ =+] (2. 28)
Considering the additive nature of the excess Rayleigh ratio, for a polydispersed

polymer solution at C — 0

m=2 #m I|I=2Zkm, [1-0/ (2.29)
If we divide equation (2.29) by the total polymer concentration C =AC,, we get,

after slightly re-arrangement.
h'YACM.R,

(2.30)
KC ZCi

or < (2.31)
Now, come back to equation (2.27). When h™"Rg* « 1> omitting the higher order

terms in series, we get

kc 1 >J+ 2AC (2.32)
. MA 3

This is the basic equation of static LLS which is frequently shown in scientific
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papers. Naturally, the molar mass in the equation, - M

weight-average; and the mean square radius of gyration,

< Rgr>2=AC,M,Rg 2/ ' i§ z-average. It shows that with R(0) measured at
i i
a series of C and h-we are able to determine <R#z from the slope of [KC/R(d )jc->0
versus h; Aj from the slope of [KC/R{0)Jo”o versus C; and Mv from [ATC//? (/Y ]c—o.
The Zimm plot, i.e., KCIR{9 ) versus + kQ with k being an adjustable constant,
allows both h and C extrapolations to be made on a single coordinate plane.lIt
should be mentioned that Equation (2.32) is valid under the restriction that the polymer
solution exhibits no adsorption, no fluorescence, and no depolarized scattering. For
branched structures, the Berryplot vs h* + kC) is more adequately used
because it often removes much of the curvature observed in the angular dependence of
the Zimm plot. If the structure is expected to be large and globular, the Berry plot is not
linearized but still shows upturn. In these cases, it is often appropriate to apply a
modified Qi |2 1 plot ; i.e., In[KCIR{9)]
vs h + kC that removes the upturn even
more efficiently.
In practice, the Rayleigh ratio is determined by a relative method; namely, by
measuring the scattering intensity of a standard such as benzene or toluene, we can

calculate the Rayleigh ratio of a give solution by

R (5/23 )—Ra (é/\j (0, solUhon MMsolvent ( “xolvenl (2 33)

standard rstandard
where the subscript ‘W > means both the incident and the scattered light are vertically
(z-axis direction in Figure 2.1) polarized; / and n are, respectively, the time-averaged
scattered light intensity and the refractive index. The term (fisoiven/fhtandard/ is a
refraction correction for the scattering volume and / is a constant between 1 and 2
depending on the detection geometry of the light scattering instrument, because we
should compare the same scattering volume from the solution and the reference
standard. If we take the incident light as the x-direction and the scattered light as the
/D-direction (i.e., 0= 90®), we only need to have a linear correction of the refraction in
the x-direction if a slit is used to determine the scattering volume, i.e., y = 1 because
we have already seen all the scattered lights in the z-direction (vertical). On the other
hand, if a pinhole with a size much smaller than the diameter of the incident beam at

the center of the scattering cell, we have to correct the refraction in both the x- and
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z-directions, i.e., y = 2. However, if the pinhole size is comparable to the beam
diameter, 1 ( ;» < 2. In practice, we should avoid this situation by choosing either a

slit or a smaller pinhole,5

2.3 Dynamic Laser Light Scattering

Motions (translational, rotational or internal motion) of macromolecules or
colloidal particles in solution can be conveniently studied by using dynamic laser
light scattering (dynamic LLS). Measurement at a single scattering angle (or at a
finite h) gives information on the dimension of macromolecules or colloidal particle
in the solution with reasonable accuracy. Unlike the static LLS version, dynamic
LLS does not rely on the excess scattering intensity between the pure solvent and a
dilute solution. The signal from the slowly moving polymer is unambiguously
separated from the signal that originates from the rest of the solution. The principle
of dynamic LLS has been untilized in some commercial particle-sizing systems for
many years. The measurement and data analysis are automated. Users only need to
prepare clean solutions by filtration. In recently years, dynamic LLS has been also
used as an on-line detector in size exclusion chromatography (SEC).5 Nowadays, the

most commonly usgd method in quasi-elastic light scattering (QELS) is the digital

technique of photon correlation spectroscopy (or optical mixing) which measures the
intensity fluctuation of scattered light in time domain. Practically there are two basic
forms of optical mixing: heterodyne and homodyne (self-beating). By heterodyne
mixing we refer to the mix of the scattered light with a reference beam (local
oscillator) unshifted or shifted in frequency from the incident light beam. In
self-beating optical mixing the scattered wave is not mixed with a reference signal
but directly detected. Here we only consider the self-beating intensity-intensity time

correlation spectroscopy.

2.3.1. Power spectrum of scattered light

Now we consider again an N particle (macromolecule or colloidal particles)
scattering system with scattering volume V. We view N particles as N scatters. Thus,
the scattered field as well as the scattered intensity at point p in Figure 2.1 can still be

expressed using equation (2.7) and (2.8) and they are,
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(2.34)

and (2.35)

Note represents the phase term ofrth particle and is now a function oftime due

to the motion oftrlg ;E[ticles. S_aLne situation should be applied to /() and AAj{t)

because A & = fi— (/) and ""(/) will have different orientation atdifferent time

/. When the scatters are undergoing Brownian motion, £(/) has a randomly
modulated phase. The scattered light is broadened. in frequency with an optical

frequency distribution, or - power spectrum S(co) as illustrated in Figure 2.3.

COo-r COo 0) -+ cD

Figure 2.3 The power spectrum S(co)of scattered light: a Lorentzian optical
frequency distribution centered by the angular frequency ofthe incident light @D with

line width ofP.

Since the motion ofthe particles has no preferred direction > the optical spectrum of
scattered light contains a continuous distribution of frequencies, i.e., Lorentzian
distribution centered by L] - te angular frequency ofthe incident light:
ir
Sio) = ! (2.36)
It can be seen from Figure 2.3 and equation (2.36) that when co =Ml - S{cuf)=
2/ ;and when =1 4] >8o) = 1/ That means when the scattered frequency
shifts a distance of | from 0L] - the density function of power spectrum S(co) is half
the value that ofits peak value. For this reason,/  is called half-width at half-height,

or simply, line-width. As stated before, it is difficult to measure | (or 5(iy)) directly
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in frequency domain because r«cOo. It is known from mathematics that S{co)and
the field-field autocorrelation function <E{Q)EIll)> are a pair of Fourier transform

and inverse Fourier transform:

< EQOE®W) > =] t)dco (2.37)

S(Q)=— r <E@EWY > Qxp(ia) I)d/ (2.38)

These two equations are known as Wiener-KJiintchine theory. Thus, S{oS) and
<E{(S)E*{t)>” two functions originally located in frequency domain and time domain

respectively, are now connected with each other.

2.3.2 Siegert relation™

Another important equation in dynamic LLS is Siegert relation. Without a
local oscillator (i.e., a constant fraction of the incident light reaching the detector
from various intentional sources, such as surface scratching or reflection), the
self-beating of the scattered electric field leads to normalized intensity-intensity

autocorrelation ftinction,
g™\ ht) based

in essence on the Sieget relation:

9(2)(/2'0 = I+|g( [ )(h",)|2 (2.39)
where = [<I(h.O)ifhY)> / <ih,0)>A] and g (| )(/7,/)=[<E{h,0)E\h,t)> /
<E{h, 0)E\h, 0)>] is the normalized field-field time correlation functions. Thus, the
intensity-intensity time correlation function

= <I(h,0)lint)> = <I(h0)> i*h, t
= <Ifh,0)>\l+\g"h,tf] (2.40)
The significance of introducing g4lh,t) and (f-lh,f) lies in the.fact that and
<l(h,0)> can be measured experimentally. In practice, the detection area can not be
zero no matter how small it is. Therefore, the scattered light detected can not be
purely coherent and an instrument parameter, p (<1), is introduced in equation
(2.40): ‘
(2.41)

where A(=< /(/z,0) is the baseline, t is the delay time, is a parameter depending

on the coherence of the detection optics, and /(t) is the detected scattered intensity or
photon counts at time /, including contributions from the solvent and the solute.
Therefore, GG /) —<[/~un(M)+ JM) ][40/ ) +Ir(IM)] > and
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equation (2.41) becomes

G@(UM)=A{1+M f A | (/M) 1 | If}  (2.42)

solution A solution

where all the cross terms have been dropped by assuming that the light scattered by
solvent molecules and particles is not correlated. It should be noted that
| 5!: (77 > 01 decays much faster than | gioiuA%yO | because small solvent molecules

diffuse much faster than larger particles. Thus, after a very short delay time, equation

(2.42) becomes

=A[|+fiijAy1gSiLCM) [2]

solutton

= + (2.43)
where [1/}/=4 (/soiutcZ/soiution)]. For a dilute solution - the scattered intensity from solvent
molecules could become appreciable (i.e., /soute £ /solution) and thus the apparent
coherence /37 would be lower, i.e., appears to have a very low value than
expected. We should be aware of this situation, especially for weakly scattered dilute
and low-molar-mass polymer solution. For example, if /4l [ fi=/solvent, App = pi £. It
should be noted that P is constant for each particular optical geometry of the scattering
instrument. In fact, /soute can be estimated from /Ap if the values of p at different
scattering angles have been pre-calibrated with a narrowly distributed latex standard
whose scattering intensity is much stronger than water (solvent), as first demonstrated

by Sun et a/'®.

23.3 Transiational diffusions
Now we will see how to get the information about the motion of the particles
from the measured intensity-intensity time correlation function Generally,
the relaxation of |g(i)(h’ /)| includes both diffusion (translation and rotation) and
internal motions. Let us first consider the transiational diffusion relaxation of the
particles. For monodispersed spherical scatters, | i s theoretically represented as
an exponential decay function:
lg(i)(h > /) [ =Gexp(-rO (2.44)
where G and | are the factor of proportionality and the line-width, respectively and

- T ¢ | the characteristic decay time representing the rate of dynamic relaxation in
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self-beating. For a polydispersed polymer sample with a continuous distribution of

molar mass M’ equation (2.44) may be generalized as
G(r)exp(-r/)t/r (2.45)

where G (/) is called the line width distribution and | "is the statistic weight of the
particles or macromolecules which possess line width F. For a dilute solution,/

measured at a finite scattering angle is related to C and h by
(2.46)

where Do is the translational diffusion coefficient of the solute molecule at C — 0 kj is
the diffusion second virial coefficient, and/is a dimensionless parameter depending on
polymer chain structure and solvent (For polymers with flexible chains in a good
solvent, f is between 0.1 and 0.2). Hence, for small C and h. Do « FIt® and it is
apparent that (1)decays faster at a higher scattering angle. Figure 2.4
demonstrates the linear dependence of the line with / on the scattering vector h and

shows that this relaxation mode has diffusive character.

20(1

Figure 2.4 Linear dependence of the characteristic line width F on scattering vector h.

It should be noted that by the definition of [g(i{/2,/)| > G(Do) = the translational
diffusion coefficient distribution, is an intensity distribution. And, since (1)(/U)]|

approaches unity as 0> wehave

(E(M) 7 007 G(r)dr=fG(Z),) A=1(2.47)
“« (Eh, OE>, ) ™

g)(h~>0,/4 0)

The average diffusion coefficient <A>> is defined as
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<A)>=J[G(Z). )ZVIA (2.48)

Further, the translational diffusion coefficient Do may be related to the molecular

friction factorf through the Stokes-Einstein relation
Dy kjIf (2.49)

where ks and T are the Boltzmann constant and the absolute temperature respectively.
For a hard sphere with a radius of R,f= 6n7]R, where rj is the viscosity of the solvent.

For a polymer coil, R is replaced by its hydrodynamic radius /7/, > s that

(2.50)
64110
2.3.4 Analysis of the correlation function profile
Equation (2.45) indicates that once is determined from G(2)(h’t)

through equation (2.41), G(r) and then G(Do) can be computed from the Laplace
inversion of J172526 j* [he last three decades, many computation programs were
developed. At the earlier stage, the computation speed was a very important factor in
the development of the programs. This constraint has gradually been removed because
the personal computer has become faster and faster in the last 10 years. Among many
programs, the CONTIN program developed by Provencher™ is still one of the most
widely used and accepted programs for this computation. However, it should be noted
that equation (2.41) is one of the first kind Fredholm integral equations. Its inversion is
an ill-conditioned problem because of the bandwidth limitation of photon correlation
instruments, some unavoidable noises in the measured time correlation function, and a

limited number of data points. In other words, the data of do not always provide

information necessary and sufficient to determine G(/) uniquely. Thus, in practice,
reducing the noise in the measured intensity-intensity time correlation function
becomes more important than choosing a program for data analysis. For this reason, it
is crucial that the sample solution is cleaned (i.e., made “dust-free” ) very thoroughly
before it is subjected to laser light scattering measurements. A common guideline is
to keep the relative difference between the measured and calculated baselines not
exceeding 0.1%. The error analysis related to the above problem can be found
esawhere28 > 29

It is worth to note that there is a temptation among the users of dynamic LLS to
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extract too much information from the measured intensity-intensity time correlation
function. In the literature, three or even four peaks in G{Do) were often reported. It is
meaningless because they were actually extracting “data” from experimental noises. It
has to be warned that even a bimodal distribution of G{Do) has to be well justified by
other physical evidence or pre-experimental knowledge. This does not mean that many
of the Laplace inversion programs developed in the past are useless. On the contrary,

they have been quite successful in retrieving the desired information, especially in

terms of the average line width </> (= frG(r)c/r) and the relative width (//2/<r>*)
0

of the line-width distribution (G(71) with ~ = (A— < '>)2 G(r)c/r. Therefore, the

Laplace inversion as a very helpftil method in the analysis of the line width distribution
G{r), should be used with a clear understanding of its ill-conditioned nature and its
limitations.

In practice, if one is only interested in the determination of </> and a fast
but more limited cumulants analysis adopted by Koppel* can be used, wherein

[(Flh,t) -Al/A is expanded as

2 (M)-1 ) < - <+ (2.53)
A 2! 3!
where =0 (r—<r > G(r)dr (2.54)
J

is the wth moment of the line-width distribution G(r). A wth order cumulants fit
means that all the terms higher than t* in equation (2.53) are terminated in the data
analysis. The first cumulant F, sometimes also called the initial slope, is an important
quantity, since it can be calculated for many physical systems and situations.AThe
second cumulant is a measure of the width of the distribution. For unimodal
distributions of slightly polydispersity polymers in solution, the following relation has
been derived:A?

(2.55)

It is worth noting that, in practice, the cumulants fit can be used for a relatively narrow

characteristic line-width distributions. For < -0.2 > the second order cumulants
fit is normally sufficient, while when is in the range ~ 0.2-0.3 > the third order
cumulants fit is required. For even higher values of higher order expansions

should be used. However, it is often difficult to find how many terms are sufficient to
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obtain a meaningftil results because t-sing too many terms in the cumulants fit might

lead to an over-fitting of experimental noises. Therefore, for a broadly distributed

sample, the use of cumulants fit is very tedious. On the other hand, the use of CONTIN
could yield reliable </> and values under all conditions as long as the
measured time correlation function was obtained within a proper" bandwidth range and
the photon counts have sufficient statistics, e.g., the baseline (A) has a total counts over
10 However, jt warns that the line-width distribution obtained from the Laplace
inversion is only an estimate. One should be aware of the limitations > yet must realize
that the Laplace inversion methods can provide useful information and distinguish

between unimodal and multimodal line-width distributions, especially, when the peak

positidns are separated by a factor of more than 2.

2.4 Practice of Laser Light Scattering

A laser light scattering spectrometer contains a limited number of components;
namely the light source, the optics, the cell holder and the detector. Nowadays, an LLS
instrument should have a digital output (single photon counting) from a fasl

photomultiplier, i.e., the output current pulse have already been treated by
J

pre-amplifier/amplifier/discriminator before it is connected to a time correlator which is

often a single plug-in board to a PC computer.

2.4.1 Light source.

Traditionally, the light source is a helium-neon (He-Ne) laser with a wavelength
of 632.8 nm and an output power of 5-50 mW or an argon-ion (Ar+) laser with a
wavelength of 488 or 514.5 nm and an output power of 50-400 mW. Krypton lasers
have also been used because of their wavelength can be longer than 632.8 nm of the
He-Ne laser. The additional cost and somewhiat short plasma tube life are drawbacks.

The laser used in dynamic light scattering should have a TEMoo mode with a
Gaussian intensity profile so that it can be focused to produce a higher power density
for the incident beam, which leads to a smaller scattering volume and a higher coherent
factor in the optical mixing experiment. Many commercial laser companies can produce
stable laser light sources suitable for LLS experiments. A laser with a beam amplitude
RMS noise less than .0.5% should be chosen so that the noise level of the

intensity-intensity time correlation function in dynamic LLS will not be affected and a

41



long-term amplitude stability less than +:! -/-fr the convenience of time-averaged
scattered light intensity measurements. It should be noted that in dynamic LLS
measurements, long-term stability is usually not very important since the maximum

delay time is normally no more than a few minutes, typically less than 1 second.

2.4.2 Optics and cell design.

The mechanical parts of Laser Light Scattering instrument is called
goniometer including a cell holder and an co-axial and accurately angular-controlled
rotatable arm on which the fast and sensitive avalanche photo diode (APD) detector
is located. The conventional sample cell holder in LLS normally consists of a hollow
cylindrical brass block with an outside diameter of 50-80 mm and an inside diameter
of 10-20 mm which matching the outside diameter of the scattering cell. The brass
block is normally placed inside a cylindrical optical glass cup filled with a refractive
index matching fluid (e.g, xylene, toluene, and silican oil) whose refractive index is
very close to that of optical glass (-1.5) to reduce surface scattering and the
curvature of the scattering cell. A water circulation from a thermostat precisely
controls the temperature of index matching vat. A proper alignment of the optical
path is normally judged by the constant scattered intensity for benzene or toluene
after scattering volume correction by siji9 to within 1% (if the scattering volume is
chosen by a slit) or 2% (if a small pinhole is used) over an angular range -15-150°.
In principle, the scattering cell with an optical quality should be used. However, in
practice, a selected normal cylindrical sample vial can also be used as the scattering
cell - which greatly reduces the experimental cost and make the scattering cell

disposable.

2.4.3 Detector

A high quantum efficiency avalanche photo diode (APD) detector in Geiger
mode is used. APD detector has a higher photon count rate than a conventional photo
multiplier tube (PMT), leading to a faster and more sensitive response to photon
irritations. Overall quantum efficiencies of 70 percent at 633 nm are reachable for
modem APDs, which is very suitable for the light source (k = 632.8 hm) we are using
as the range of wavelength for the maximum performance of the detector lies between

600 nm to 750 nm. The output signal is then treated by amplifier before it is connected
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to the multiple lau digital time correlator situated in a PC computer. The APDs show a
very low dark count (< 30 Hz) contribution and response to signal pulse quickly
enough for dynamic light scattering sampling. The rotatable arm makes it possible for

the APD detector to get both dynamic and static data at different angles.

2.4.4 Sample Preparation

If a macromolecule can be dissolved in more than one solvent, the choice of
solvent for LLS should be made generally according to the following guidelines: 1)
colorless to avoid the adsorption correction, 2) a higher contrast, i.e., a higher dnldCl

and 3) less polar and less viscous to make the dust-free easier.

2.4.5 Differential refractometer

To have a good accuracy in the estimates of MA, {Rgl ) : and A2, the specific
refractive index increment {dn/dC) must be evaluated with a high accuracy because the
relative error in dn/dc is doubled in the errors in MA, <Rg”>: and A2. The dn/dc is
usually measured by using a differential refractometer for solutions of the polymer at
different concentrations in the dilute regime. Fitting the plot of  as a function of ¢ by
a straight line through the origin gives the value of dn/dC. The measurement of dn/dC
must be done at the same temperature and wavelength as those in the light-scattering

measurement. .
In our refractometer,A* a small pinhole with a diameter 400|im is illuminated
with laser light. The illuminated pinhole is imaged to a position sensitive detector by a

lens located at an equal distance {2f-2f) form the pinhole and the detector. A

temperature-controlled refractometer cuvette is located in front of the lens. When
sample was injected into the cuvette, the displaced light beam refracted at the
boundary between the sample and reference liquid from the center of the detector was
transferred into output voltage and measured by a digital voltmeter. Since the laser
source of the set up can be changed, by choosing a laser source with the same
wavelength of the source used in Laser Light Scattering experiment, correction is no
needed for the refractive index increment measured. This novel design has made the
measurement of Aw much easier and provides reliable and accurate values of {c/n/dC)

from the instrument's stability.
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2.5 Ultrafiltration experimental setup and data analysis

The ultrafiltration experimental setups are illustrated in figure 2.5. A double layer
membrane (Whatman, Anotop 10) with two different pore sizes (20 and 100 nm)
were used and the detail structure isshown in figure 2.6. Each smaller pore with
diameter 20 nm or 100 nm is covered by a larger pore with diameter 200 nm. The
average pore density is 5 x 10 per membrane, and the length of the smaller pore is
Ifim. Such double-layer structure can prevent some possible interference among
flow fields generated by different pores, leading to a pure elongation flow without

any rotational ones as required by the theory.
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Figure 2.5 The illustration of ultrafiltration experimental setup.
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Figure 2.6 lllustration of Structure of membrane filter
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A gas tight syringe (SGE, 5 mL) is used to contain polymer solution, and a syringe
pump (Harvard Apparatus, PHD 2000) and an incubator (Stuart Scientific,
S160D)arat (+ 0.1 °C) were used to control the flow rate and temperature
respectively. The polymer solution were ultrafitrated and collected by a LLS cell as
shown in figure 2.5 and further characterized by a combination of static and dynamic
laser light scattering.

Two polymers were used in each ultrafiltration, namely, with one is bigger than the
pore size and the other one is much smaller than the pore size. Note that the smaller
one has no retention concentration at any flow rate and works as internal reference;
the bigger ones could be deformed and pass through the nanopores as long as the
flow rate is overcome critical flow rate qc.

In each ultrafiltration - the concentrations of the large and short polymer chains (Cj,
and Cs) are properly chosen so that CLMI/CSMS ~—1 > where ML and Ms are the molar
mass of the large and short chains, respectively. Therefore, the corresponding
time-average scattered light intensities from short and large chains are similar, ie. >
<IL>/<Is> —1. <IlI>/<ls> equals the area ratio of their corresponding peaks in
G(r).The area under each peak (A) is proportional to the time-averaged intensity of
the light scattered from one PS standard. Therefore, the area ratio of the two peaks
(Ai/As) equals the ratio of the scattered light intensities (It/Is) of small and larger

polymers in the solution mixture.

As/AL = IS=IL = CSMS/CLML (2.56)
and the total time-averaged scattered light intensity (<I>) of the solution mixture at
infinite dilution solution and the zero scattering angle equals the sum of Is and II,
i.e.,

<I>=(Is + 11) = P(CsMs +C,ML) (2.57)
where P is a constant for a given type of polymer and solvent. The left sides of Egs.
(2.56) and (2.57) can be measured from dyn?ic and static LLS, respectively. For a
given solution mixture, P, Ms, and ML are three known constants .Cs and Cj, can be
calculated from Eqs. (2.56) and (2.57). Then the block degree of the bigger polymer

can be calculated based on the Cs and CL as shown in figure 2.7.
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Figure 2.7 The hydrodynamic radius distribution of two kinds of Polystyrene chains

in cyclohexane after ultrafilirating with two different flow rates.
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Chapter 3
Star  Polymers synthesized by Living Anionic
Polymerization

3.1 Introduction

3.1.1 History of anionic polymerization

Anionic addition polymerization is a chain growth polymerization, whose
propagation is through monomers reacting with strong electronegative group.'
Anionic polymerization dates back to the early part of the 20| century, when
Matthews, Strange in England and Harries in Germany used sodium and potassium
to initiate the polymerization of isoprene.A'"* Then in 1934 - Ziegler and his coworkers
reported using sodium, lithium or alkyllithium species to polymerize butadiene,
isoprene, and 2,3-dimethylbutadiene.”™'* It was the first unambiguous report of using
lithium or its derivatives in the polymerization" of dienes.?

It was not until the post of the Second World War, the formal recognition of an
anionic mechanism was set up. Firstly, Beaman polymerized methacrylonitrile, a
polor monomer, with initiating by strong bases as Grighard reagents and
triphenylmethylsodium. He also suggested such polymerization was proceeded by
the nucleophilic attacking the growing carbanion on the electrophilic double bond of
the monomer; Then Sanderson and Hauser* further showed nonpolar monomer,
namely styrene could also be polymerized by sodamide, in the case of liquid
ammonia as the solvent. Though the molecular weights was low due to proton
transfer from the ammonia solvent, they proposed it was initiated by the amide anion
and propagated in carbanionic mechanism. It was also at that time. Walling et al.
published another significant paper describing the copolymerization of styrene and
methyl methacrylate induced by various initiators, based on which they tested the
character of the propagation step,'® the profound differences in copolymer
compositions led them to conclude the polymerization initiated by sodium or
potassium must be carbanion in nature, such observation has been one of the
strongest evidence for certification of anionic nature of sodium initiated
polymerization.

With the help of Moshe Levy and Ralph Milkovich, Szwarc developed an

all-glass, high-vacuum technique apparatus, which could effectively prevent the
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interference by impurity like atmosphere. They proved that the styrene anions are
undying and could propagate as long as new monomers are added.Since then,
with the development of high vacuum technique, the anionic polymerization method
is widely used in synthesizing macromolecules with more complicated

architectures. ™ - -/

3.1.2 Mechanism of anionic polymerization.

Normally, there are three addition polymerization mechanisms of unsaturated
(or cyclic) monomers, i.e., free radical, cationic - and anionic polymerization
respectively.7 The addition polymerizations are usually divided into three steps,
namely, chain initiation, chain propagation, and chain termination or chain
transformation. However, for living polymerizations, the formal termination pathway
is lacked.“7 in present paper - the anionic polymerization of styrene and dienes are

mainly discussed.

3.1.2.1 Initiation Reaction.

Usually, alkyllithium compounds and other organometallic compounds are used
to initiate vinyl monomers in hydrocarbon solvents or in polar media with presence
of avariety of ionic species.' However, the initiation rate in polar solvent is too rapid
to be measured, and the metal alkyls in non polar solvents are limited in lithium
alkyls because of solubility?* The initiation rate of hydrocarbon monomers in
hydrocarbon solvents by alkyllithium initiators not only depends on the monomer,
the initiator, the solvent, and the temperature, but also depends on the associated
degree of the alkyllithium compound in the solventA"AM Generally, the addition of
Lewis bases is able to dissociate the aggregation of alkyllithium and accelerate the
initiation rate.

There are three types of initiators in anionic polymerization: (i) alkali metals, (ii)
radiacal anions, and (iii) organoalkali compounds,
(i) Alkali metals

The initiation by alkali metals is a heterogeneous process by transferring
electrons to monomers on the surface of the metal.A* The initially formed radical
anions rapidly dimerize to form dianions and continue growing in solution

sequentially. Because of the heterogeneous initiation, new active chain ends are
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geilferated continually during the subsequent propagation reactions. As a result, the
distribution of molecular weights are broad (MA*/Mn = 3-10)."

However, when alkali metals are used to initiate a-methylstyrene in polar
solvents such as tetrahydroftiran, homogeneous difunctional initiators are formed. It
is because the a-methylstyrene has low ceiling temperature, and the formations of
dimmers or tetramers not only depend on the alkali metal system, but also
temperature and gpncentration.A?

(i) Radical anions

Radical anions are formed by reacting alkali metals with aromatic hydrocarbons
in polar aprotic solvents.** Naphthalene is the mostly used to react with Na metal in
THF:

Na Na'

The radical anions can only be efficiently formed in polar aprotic solvents such as
THF and glymes, ™ and the stability of these complexes depends on the electron
affinity of the hydrocarbons, the order is shown as follows:*

anthracene > phenanthrene > naphthalene > biphenyl
Namely, only in the dipolar aprotic solvents these aromatic radical anions can be
used. The electrons transfer reversely between radical anions and monomers,
resulting in difunctional endings of anions, styrene is taken as an example:

H,C==CH H,C=CH
Na'

H2C=CH la-CHCH2CH2CH-Na

The difunctional growing ending is very useful when synthesizing triblock
copolymers, cyclic polymers, telechelics, or more complicated structures as the H-,
super H- and IT-shaped polymers.”

(i)  Alkyllithium compounds
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Because of the commercially availability - ‘alkyllithium compounds are the most

versatile and useftil anionic initiators.A* The reactivity of the alkyllithium initiators is

directly related with their associated degree, namely, a lower associated degree lead
to a higher initiator reactivity The associated degree and the reactivity of various
alkyllithium initiators for dienes polymerization is shown as follows:],

methyllithium (2) > sec-BuLi (4) > /-PrLi (4-6) > /-BuLi (4) > w-BuLi (6)

and for styrene

c

methyllithium (2) > sec-BuU (4) > /-PrLi (4-6) > /-BuLi > n-BuU (6) > /-BulL.i (4)
Though it is effective to use alkyllithium initiators to polymerize styrene and dienes,
they are too reactive to be used in polymerizing methacrylates. It is because the
alkyllithium initiators will attack the carbonyl group. To avoid the side-reactions,
less reactive initiators*are introduced like using w-BuLi to react with
1,1 -diphenylethylene, DPE.

There are other initiators like fluorenyl carbanions, cumyl potassium,

1,1 -diphenylmethylcarbanions which are used to initiate the polymerization of
styrenes, alkyl methacrylates, and dienes.’ An appropriate initiator not only has
relatively high reactivity, but also avoids side reactions. In a word > the reactivity of
appropriate initiator is comparable with the propagating carbanionic species.
3.1.2.2 Propagation Reaction

The propagation step is a bimolecular reaction between the growing chain and
the monomer. However, for anionic polymerization the propagation is influenced by
the nature of the medium (solvent) and counterion, with the latter one is introduced
by the initiator. The general agreement is that the propagation rate is always the first
order in monomer concentration, but various of fractional orders related to the
concentration of growing chains (i.e., initiator concentration).A*® Such situations are
due to the dissociation model, as mentioned previously.
3.1.2.3. Termination reaction

Since the carbanions are so strong bases, nearly all the Bronsted-Lowry defined
acid, even water, must be avoided in case of terminating growing end.™ Substances
like carbon dioxide and oxygen should also be kept away from the system for their
presence will turn the reactive anion to a stable one, which will also terminate the
reaction/A they should also be avoided. It is well known that ether could react with
alkyllithium compounds and form alkenes and lithium alkoxide by cleavage reaction -

as shown below"A
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RCH2CH20R' + R” Li R”H + RCH=CH2 + LiOR’
The decomposition rates of alkyllithium compounds in ethers depend on the structure
of alkyllithium and ether structure as well as the reaction temperature. The reactivity
order of alkyllithiums with ethers is 3' > 2' > 1, >adthe stability of alkyllithium
compounds in ethers is: diethyl ether > THF > ethylene glycol dimethyl ether] The
reaction rate of alkylmetals with ether is: Li > Na > In a word, polar solvents

and additives reduce stability of chain end, all of these should be strictly avoided.

3.2 Experimental section %
3.2.1. Experimental setups

Because of the exttemely high reactivity of carbanions, the anionic
polymerizations need to be carried out under the following conditions to obtain
polymers with predictable molecular weights and narrow molecular weight
distributions: (i) substances that might terminate or transfer growing carbanions
should be rigorously excluded; (ii) the reaction conditions like temperature and
concentration should be uniform; (iii) the ratio of initiation to propagation rates
should be high. To satisfy the above requirement, various laboratory-scale setups
including inert atmosphere and high vacuum techniques” - -*? are developed and
used.274851 The inert atmosphere methods are based on using a glove box with the
application of a slight overpressure of inert gases (typically N2 or Ar), the details can
be found elsewhere™\"M'AA and will not be discussed in the thesis.

The high-vacuum techniques have been quickly developed since scientists
found one of the key points of anionic polymerizations is rigorously experimental
techniques.48 Now, the high vacuum technique is still considered to be the best way
to maintain the purity of the system. It includes high vacuum line and specially
blown glasswares. Generally, the high vacuum techniques have the follow
characteristics: ‘

(i) All the purification, transfer of reagents as well as polymerization are carried
out under high vacuum, the working pressure is at least below ~ 10 Torr.

(i1) Before polymerizing, the polymerization reactor is purified by rinsing with
n-butyllithium solutions or corresponding initiator solutions used in the
experiment. Such process can remove impurities that may react with the

initiator or kill the growing carbanions ending.
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(Hi)  The solvent ampoules, monomer ampoules and coupling agent ampoules are
directly connect with polymerization reactors, the connection between
ampoules and reactors must be gas tired but easy to be broken. All the

apparatuses should be connected with vacuum line directly or indirectly.

3.2.2 Home made high vacuum system

In the present thesis, a home made high vacuum system is used to do the anionic
polymerization. Different from previous methods, a new improved design of
Rotaflo® high vacuum stopcock is used to take the place of the traditional break-seals
connections. Such stopcock can be operated over a pressure range of +1 bar to 10"
Torr and temperature range of - 20°C to 200°C. Further more, the novel connector is
easier to handle than break-seal connections and can be used repeatedly. As shown in
figure 3,1 by linking a male conically tapered joint with a female one, break and seal

the two glasswares connection is easily carried out without glass blowing techniques.

Female
L™ §

Male Conically Tapered Joints

Figure 3.1 Novel connector in home made high vacuum system. Two Rotaflo® high

performance stopcocks are connected by a male and a female ground joint.

3.2.2.1 High vacuum line

In the anionic polymerization, the carbanions are easy to be killed by impurities,
in this case high vacuum line is widely used in purifying reagent as well as removing
impurities in polymerization reactor. The illustration of the home made high vacuum
line is shown in Figure 3.2. The main parts of the high vacuum line are rotary pump -
diffusion pump, two liquid nitrogen cold traps and stopcocks. First, the rotary pump
is applied to reduce the pressure of the system to 1 Torr; then the diffusion pump

is run to further decrease the pressure of the system to 10"* Torr. The two liquid
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nitrogen, traps are employed to condense any volatile substances for preventing

impurities entering the systems as well as protecting oil of the two pumps from i*
contamination. The stopcocks are used to link bubble flowmeter and glassware with
the main vacuujrli line. They also play an important role of controlling the conversion
of vacuum and argon atmosphere. All the glass apparatuses including the reactors are

linked to the high vacuum line through PORTEX PCV high vacuum tubing.

13 -Argon
/
e
C
T
I
(. a
o POXTEX rvc Vacuum Tubing
Diffusion!
Pump -
C'onically t;ipered joint
O Rotiiflo High Performance Stopcocks
Figure 3.2 Hoitre made high vacuum line with argon system.
3.2.2.2 Interchangeable glasswares *

The interchangeable glassware apparatus used for monomer and solvent

purification and for polymerization are shown in Figure 3.3. .
Reactor: Reactor is used to do the anionic polymerization. Normally, the main part of

%

reactor is a round bottom flask with several necks upward and one neck downward.
One of the upward necks is connected with the vacuum line by POXTEX PVC
vacuum tubing, and the other upward necks are connected with the various ampoules
by conically tapered joints as shown in figure 3.1. The downward neck is made to
pick up sample during the polymerization as shown in figure 3.4. The most important
thing is each neck contain%: a Rotaflo® high performance stopcock, which is used to

switch the channel between two connected glasswares or the glasswares to high
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vacuum line.

Monomer Ampoule

r «

mmm

£ L

Initiator Burette Solvent Ampoule

Coupling agent
Ampoule

Fractional Distillation Set

T shape connector 1
11

s T shape connector 2
>0 e P

Fractional Distillation Set 2

Figure 3.3 Interchangeable glassware apparatus
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Initiator Burette: The initiator burette is made of pipette with two Rotaflo® high
performance stopcocks at each end. The upward stopcock is connected to vacuum
line. Also > under argon atmosphere initiator solution is injected into initiator burette
through the upward stopcock. The downward stopcock contains a male conically
tapered joint. Such male conically tapered joint can link with female joint 6h the
reactor as shown in figure 3.1.

Solvent ampoule: The solvent ampoule is made of a cylindrical flask with a Rotaflo®

high performance stopcocks and a male conically taperedjoint. ‘

SV
>
Monomer ampoule: The monomer ampoule is similar with the solvent, ampoule,

except that the volume of monomer ampoule is smaller than which of solvent
ampoule.

Coupling ampoule: The coupling ampoule is similar with the monomer ampoule.
Fractional distillation set 1> 2: The fractional distillation sets are made of vigreux
column, condenser and two conically taper«ed joints at each end. They are used in
distillation of monomers and solvents.

T shaped connector 1, 2: T shaped connectors are made of a Rotaflo® high

performance stopcock with two conically tapered joints at each end. Normally, they
are used in sampling during polymerization as shown in figure 3.4. Besides, they are

J
also used in reagent transfer.

T

Vacuum Line

Figure 3.4 lllustration of sampling during anionic polymerization
N > ¥
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3.2.2.3 Purification of reagents

Because of the high reactivity of anionic centers towards atmosphere (moisture,
oxygen, carbon dioxide) and other contaminants, all the reagents should be purified
before doing anionic polymerization. The purification methods of chemicals can be
found any where.” - ;] present thesis, a combination of the traditional methods and
home made high vacuum line is used to purify reagents.
(i) Solvent:
Cyclohcxane (>99%, bp: 80.7 °C, Lab-Scan) is used as solvent in anionic
polymerization. Cyclohexane is refluxed with sodium stick over 24 hours, and then
fractional distillation set 2 is used to distill cyclohexane into a round bottom flask
which containing a small amount of n-BuLi and styrene. The product of n-BuLi and
styrene is PSLi, which shows orange color in solvent and used as moisture indicator.
The second distillation is carried out by using fractional distillation set 1 the solvent
is distilled into a solvent ampoule.
(i) Monomer:
Styrene (St, > 99%, 10-15 ppm -A-/erZ-butylcatechol inhibitor, bp: 145—146 °C-
Sigma-Aldrich). Styrene is dried over finely grounded CaH! over 24 hours > and then
fractional distillation set 2 is used to distill styrene into a round bottom flask under
reduced pressure. The round bottom flask is containing an appropriate amount of
dibutylmagnesium (DBMg, 1M in heptane). Subsequently - the second distillation is
carried out by using fractional distillation set 1 and the styrene is distilled into a
monomer ampoule under reduced pressure. The monomer ampoule is weighted
before and after distillation to obtain the amount of styrene. To avoid
autopolymerization, the purified styrene,.needs to be diluted as quickly as possible, so
a proper quantity of cyclohexane is distilled into the monomer ampoule under argon
atmosphere. The concentration of monomer in solution is around 10%-20%.
(iti) Coupling agent
1,4-Divinylbenzene (DVB,—SO - /- > 1000 ppm /?-/er/-butylcatechol inhibitor, bp: 195
°C, Sigma-Aldrich): The purification of DVB is similar with styrene, except the

concentration of DVB in solution is 0.1%~0.5%.
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3.2.3 Polymerization of Star Polymer
3.2.3.1 Methods of synthesize star polymers

Star polymers are branched polymers containing several linear chains linked to
a central core. Generally speaking, there are two synthetic methods to get star shaped
polymers > namely, core first method and arm first method.'* The core first method
uses multifunctional initiators to initiate polymerization, while the arm first method
uses multifunctional coupling agents to link living macroanionic chains. For core
first method, in order to obtain.star polymers with uniform arms, narrow molecular
weight distribution and controllable molecular weights, the multifunctional initiators
have to fulfill the following requirements: i) all the functional group must be equally
reactive; ii) all the functional group must have the same initiation rate; iii) the
initiation rate must be much higher than the propagation rate. Even if all the above
requirements are satisfied, the multifunctional initiators tend to aggregate which
make the polymerization complicate. For arm first method, mono-disperse molecular
weight of polymer chains are synthesized first, then coupling agents are added to link
the macroanionic chains. Also because such method can control all the synthetic
steps absolutely, it is considered to be the most efficient way to synthesize
well-defined star polymers."* Among various coupling agents in anionic
polymerization, DVB is a powerful linking agent, considering it can efficiently get
stars with growing arm numbers by slpwly and gradually adding of DVB in

macroanionic chains.5'58

3.2.3.2 Polymerization Procedure

The synthesis of star polymers is performed by the novel home made high
vacuum system as shown in Figure 3.5, Rotaflo® high performance stopcocks are
connected by a male and a female ground joint, such design can be used to replace
the conventional break-seal connector in high vacuum systems and easy to operate.

Before attached the reagents ampoules to the main reactor, the reactor
containing a stirring bar is flame dried and pumped by rotary pump at least for one
hour to remove volatile species. After then, all the ampoules containing purified
reagents are attached to the main reactor by conically tapered joints as shown in

figure 3.5.
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Figure 3.5 Assembled apparatus of home made high vacuum system.
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The diffusion pump is used to pump the system to the vacuum level of 1 Torr.
The stopcock of connection between the main reactor and vacuum line is switched
off, while the stopcocks of connection between the main reactor and the monomer
ampoule, the main reactor and solvent ampoule are turned on. Solvent and monomer
flow into the main reactor spontaneously because of vacuum. Then the stopcock of
initiator ampoule is turned on, and a small amou.tmt of initiator solution is dropwise
added into the reactor with stirring. As soon as light yellow existence in the colorless
solution, the stopcock is turned off. Shake the main reactor and make the solution
rinse the whole reactor thoroughly. Because solution is containing initiator at the
moment, which is able to kill the remaining impurities left in the reactor. After

exhausting all the initiator and impurity, demanded amount of initiator is quickly
\

added. The solution suddenly turns to orange and the polymerization start. Normally,
the reaction lasts for about 2 hour until all the monomers is consumed. Samples are
taken from the downward neck on the main reactor as shown in the figure 3.4 > then
are diluted by cyclohexane and tested by LLS at their theta temperature (—34.5 °C)
to measure their radius of gyration-(<Rg>). Based on the Flory scaling of Polystyrene
linear chain in cyclohexane at theta temperature, ie. -Rg = 1.107 x 1 t h e
molecular weight of linear chain can be calculated. The combination of molecular
weight of the PS linear samples and the quantity of the monomer used in the

polymerization gives the quantity of cfflanions left in solution:

m , . A weight of monomer
[Carbanion]= _ _ _ (3.1
molecular weight of PS linear chain

And the coupling agent, a required amount of DVB solution is added into the
reaction solution with the ratio of [DVB]:[Carbanion] = 0.7:1 can also be estimated
based on the eq (3.1). Normally, the coupling reactions last for 1 hour —3 days,
depending on the molecular weight of the living PSLi linear chain, namely, the
longer PSLi linear chain is, the longer time coupling reaction needed. Before the next
addition of DVB, a small amount of reaction solution is taken from the downward
neck and tested by the LLS. Afterwards, DVB solution is added repeatedly with 0.7
equiv of carbanion each time. Finally, series of stars with different arm numbers but

same arm length are obtained.

3.2.3.3 Fragmentation of PS stars
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The linked star polymers with DVB show broad distributions. To get narrow
molecular weight distribution samples, fragmentation is carried out to separate stars
with different arm numbers but identical arm length as shown in follow steps, 1).
1,4-dioxane is used to dissolve the polymer at 80 °C with concentration around 0.03
g/mL > 2) drops of ethanol is added until the solution became slightly milky, 3) put
the solution into water bath at room temperature for few weeks. The stars with more

arm numbers, namely, more weighted stars deposit in advance. 4) repeat step 2 to 3.

3.2.4 Characterization by Laser Light Scattering (LLS)

A modified commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped
with a multi-T digital time correlator (ALV5000) and a cylindrical 22 mW
UNIPHASE He-Ne laser (X = 632 nm) was used. The details of the LLS
instrumentation and theory can be found elsewhere.

In dynamic LLS, the intensity-intensity time correlation function (G(@2)(T))[=

<I1(0)I(T)>] of each polymer solution at different photo-reaction stages was measured

in the scattering angle (0) range 20°-90°. G(2)(t) can be related to the normalized
field-field autocorrelation function |G (T) |(= [<E(0)E\T)>/<E(0)E*(0)>]) via the
Siegert relation as™

GR>(T)= A[1+P GO)X(T) 1] (3.2)
where A {= <I(0)>A) is the measured baseline and p {« 0.95) is a constant related to
the coherence of the detection optics. For a polydisperse system, G(1)(T) is related to

the distribution of the characteristic linewidth G( ) by896G
lg("WI =rG(rv ref (3.3)

For a diffusive relaxation, Tis related to the translational diffusion coefficient D by
r = Dqg2. In principle, G(r) can be calculated from the Laplace inversion according
to equation (3.3).A"A D is further related to the hydrodynamic radius Rh by
Stokes-Einstein equation: Rh = kBT/(67iT|oD).

In static LLS, the excess absolute time-averaged scattered light intensity, known as
the excess Rayleigh ratio Rvv(q), of a dilute polymer solution at concentration C
(g/mL) is related to the weight average molar mass Mw, the root-mean square
z-average radius of gyration (or written as <Rg>), and the scattering vector

qas
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AYA 1 1

MA 3 + (3.4)
where K = 47I1"NMAdn/dC)"/(NAXo™) and h = (47inA. )sin(e/2) with NA, dn/dC (=0.171
mL/g, 34.5 °C, cyclohexane; =0.109 mL/g, 25 °C, toluene), n and X, being the
Avogadro number, the specific refractive index increment, the solvent refractive

index and the wavelength of the light in vacuum, respectively; and A2 is the second

virial coefficient.

3.3 Result and discussion
PSLi linear chains were initiated by a controlled amount of n-Butyllithium
through home made vacuum system, and then linked by DVB to form stars. The PS

one arm and formed stars were analyzed by the gel permeation chromatography

(GPC)K[d as shown in figure 3.6.

PS one arm
MA =21 X IOVmol
M /M = 1.02
W n
2
>
16 18 20 272 24

Retention VVolume /mL

Figure 3.6. Comparison of PS before and after DVB addition.



As shown in figure 3.6a, based on the home made vacuum system, a
mono-disperse PS linear chain was obtained with molecular weight = 2.1 x 10* g/mol
and Mw/Mn = 1.02. With the addition of DVB and coupling for 3 days, a mixture of
star and linear chains were received as shown in figure 3.6b. Here - the arm first
method shows another merit, the arm length could be tested accurately without

cutting off from the formed stars.

n-Buli

SXANNNNNN

Scheme 3.1 Reaction mechanism for linking living PSLi with DVB

It has been reported’s ] the traditional coupling method which uses chlorosilane as
linking agents takes a long time and low efficiency. Normally, 4-arm stars with arm
molecular weight of 10* g/mol and larger require up to 4 weeks to complete. More
than that, stars with more arm numbers are also difficulty to obtain. It is because the
small core of the traditional coupling agent makes the functional groups to get close
to each other, if one of the functional group reacts with a living chain, the steric

hindrance makes it very difficult for the remaining chains to approach to the rest
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functional groups. However, the DVB coupling method can solve the problem. DVB
can react with living anionic linear chain and form a core with multi-functional
groups as shown in scheme 3.1. Stars ar . obtained by living reaction between anionic
chains and some of the functional groups which are far away from each others.
Beside, two formed stars also can be linked through the DVB.54,568 Normally, the
DVB coupling method took 3 days to form star with 6 arms and molecular weight of
each arm MA an= 2.1 x 10" g/mol, and further took one week to form more arms
stars.

Though the DVB coupling method obtains broad molecular weight distribution
stars, the stepwise addition of DVB solution can obtain a series of stars with different
arm numbers but identical arm length. Further more, stars with different molecular
weights, namely, identical arm length but different arm numbers are efficiently
separated by the fragmentation method. The fragmentation method has been proved
to obtain narrow molecular weight distributed polymer linear chains in our lab.* As
shown in figure 3.7, a series of stars with different arm numbers but identical arm

length, the narrowly distributed samples prove the method is valid.

L 10 g/mo
0.2 S r=1
f=3
f\“ﬁﬁ
n wy f=41
SN\
0.1
? luene
=25 CC
0

100
RAnm

Figure 3.7 Hydrodynamic radius distribution (/(Rh)) of PS one arm and stars with 3,

6> 41 arms in toluene at the room temperature, where Mw_ami = 2.1 x 10* g/mol.

Based on the figure 3.8, a typical Zimm-plot of Star-6A in toluene, we can

obtain the weight-average molar mass of the final stars (Mw,siar) from intercept of
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[KC/Rw(0)lc->>0.e->0, and then the arm number (f) from Mw'sta/M,

12.0
C=0 c? Q a9
@)
# O cP
8.0 > (3P O
C
X OOO o #
I 1 *Oo
4.0 O ©
@)
% A Q=0
0 1.0 2.0

(g2 + kC)x 10-15/m-2

Figure 3.8 Typical Zimm-plot of star-6A in Toluene at T = 25 °C, where the star
concentration ranged from 2.10 x 10" to 1.05 x 10— g/mL.

Table 3.1 PS star polymers obtained by DVB coupling and fragmentation method.

Code Arm number M, g mol' Mwstar / g mol" MJMr
Star-41 411 Xk 8.6 X 10" 1.15
X

Star-6A 5.9 = X 1.08
'x TRXRX

Star-6B 6.1 2x 1.12
2 =2

Star-6C 6.1 o < 1.10
=X X

Star-6D 6.0 s X 1.12

Chain1 1.0 | 1.01
X 3X

Chain2 1.0 1.05

Following the method, stars with various arm lengths and numbers and narrowly
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molecular weight distribution were obtained by the combination of DVB coupling
living anionic chains and fragmentation method and the sample details are shown in
Table 3.1.

3.4 Conclusion.

A novel home made vacuum system is established and used in the anionic
polymerization. Such vacuum system uses Rotaflo® high performance stopcocks to
take place of the traditional break-seals connection. The design does not need glass
blower technique, and can be used repeatedly and easy to be operated. The
incremental addition of DVB into living PSLi linear chains method provide a series
of stars with different arm numbers but sharing identical arm lengths. The DVB
coupling method is also proved to be more efficient in linking living anionic linear
chains, especially when chains have relatively high molecular masses. The
fragmentation method is used to obtain stars with narrow molecular weight
distributions. The combination of anionic polymerization based on DVB coupling
method and fragmentation method offers well-defined stars. All these star and linear

chain samples are used in the further ultrafiltration experiment.
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Chapter 4
How much force is needed to stretch a coiled chain in
solution?

4.1 Introduction

In 1970s, de Gennes and Pincus" used ihe Rouse modeP to show that linear
polymer chains in a good solvent could undergo a first-order coil-to-stretch transition
to pass through a pore much smaller than its coiled size under an elongation flow
field with a sufficient hydrodynaniic force, independent of both the chain length and
the pore size. Namely - a coiled polymer chain can pass through a small pore as long
as the flow rate (q) is higher than a threshold [qo : kBT/(37ir|)j, where kB.J and 1 is
the Boltzmann constant, the absolutely temperature, and the solvent viscosity,

respectively.
t

On the other hand, it has been suggested that the electrostatic blob model for a
polyelcctrolytcs chain would also be applicable for the coil-lo-stretch transition of a
neutral chain in an ultrafiltration experimenl.A’'* In principle, the stretching of a
neutral ghain under an elongational flow and the extension of a polyelccirolyle chain
under the electrostatic repulsion have a similar physical nature, but not identical.
Namely, a neutral chain can be stretched as a string of blobs under an elongational
flow. The blob size decreases as the shear rate increases. Finally, each blob can be
fully stretched with a sufficiently strong shear force.

It is not difficult to realize that the passing through a small pore occurs only when
the blob size (*b) of a stretched chain in a flow filed is smaller than the pore size (l)).
Therefore, the critical flow rate is associated with the relative size of the blob to the
pore. Whether a coiled chain can pass through a small pore is related"to its local
deformability, i.e. - the entering of the first blob into the pore, at which the enlropic
confinement force (kBT/D) is overcame by the hydrodynamic force (37ir|qc/D), where
it has assumed that each blob is a nondraining ball with a diameter identical to the
pore size (D). Note that here only the short-range interaction is relevant. In
principle, one can reversibly use q. to characterize the local deformability. To our
knowledge, the predicted chain-length and pore-size independence of qc has not been
confirmed in experiments because such a first-order coil-to-stretch transition has not

been observed for a long time. Recently, we have observed such a discontinuous
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first-order transition by ultrafillrating linear polystyrene chains through specially

constructed small pores (20 nm).A

Note that the rigidity of polymer chain has been traditionally characterized in
terms of the persistence length (//7')>an important parameter not only in polymer
research but also in the study of protein unfolding under an exerted force
Normally, Ip is deduced from the measured average radius of gyration
For a more rigid chain," /,, can be indirectly estimated from the intrinsic viscosity
([r]]Jo)."* Also note that the developments of electron microscopy'® ™ and AFM'A"A
lead to some direct measurements of Ip in terms of the conformation change and the
force required to extend a polymer chain. It should be emphasized thai a combination
of magnetic tweezer and hydrodynamic force can also be used to measure the weaker

enthalpy elasticity of a long and more rigid DNA chain.

4.2 Experimental section
4.2.1 Sample preparations

In the current ultrafiltration experiments - we find gc from the abrupt change of the
relative retention [(Co - C)/Co] of linear chains, where Co and C are polymer
concentrations respectively before and after the solution passes through smaller pores.
At this critical flow rate, the hydrodynamic force starts to overcome the entropic
confinement force. Therefore, we can estimate how much force is needed to stretch a
coiled chain into a string of blobs with a size of D. In this study, the solution
temperature dependent ultrafiltration of linear polystyrene (PS) chains in

cyclohexane was measured by using the Whatman membranes with two different
Q

pore sizes (20 and 100 nm). The average pore density is 5 x 10 per membrane, and
the length of each pore is IAim. The membranes have a double-layer structure that
prevents some possible - interference among flow fields generated by different pores,
leading lo an elongation one as required by the theory.

In order to increkse the accuracy - we used a solution mixture of two PS samples
with different chains lengths; namely, long chains (PS-L, Mw > 2.2 x 10* g/mol,
MJMn < 1.10 and <Rh> 25 nm) and short, chains (PS-S, tV/. = 4.4 x 10" g/mol,
MJMn = 1.13 and <Rh> = 5 nm). Note that there is no retention for short PS chains at
any flow rate. The solution mixture of PS-S (Cs= 1.00 ( 10 g/mL) and PS-L (Cs =

(2.4-20.0) X 105 g/mL) with a.volume ratio of —1:1 was used as the stock solution. In

72



each ultrafiltration experiment, the macroscopic flow rate (Q) and temperature were
controlled by a syringe pump (Harvard Apparatus, PHD 2000) and an incubator
(Stuart Scientific, S160D) 0.1 °C) - respectively. In our setup, at the lowest used
flow rate of 0.005 mL/h, the linear moving rate is 3.56 x 10 cm/s. The minimum
linear moving rate of the pump (motor) is 3 x 10" cm/s, 10 times smaller than the
rate used. Therefore, the flow used can be treated as a continuous one. A
combination of static and dynamic laser light-scattering (LLS) measurements enables
us to accurately determine the relative retention concentration [(Co - C)/Co] of longer
chains under different macroscopic flow rates by using short chains as an internal

reference.6

4.2.2 Laser Light S&ttering (LLS)

A modified commercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped with a
multi-T digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE
He-Ne laser (XK) = 632 nm) was used. The incident beam was vertically polarized
with respect to the scattering plane. The details of the LLS instrumentation and
theory can be found elsewhere."*

In dynamic LLS, the intensity-intensity time correlation function (G(2>(T)) of each
polymer solution was measured before and after each ultrafiltration. G(2>(t) is related
to the normalized field-field autocorrelation function g()("0 . The Laplace
inversion of each g(i)(T) leads to a line-width distribution that can be further
converted to a hydrodynamic radius distribution ./(Rh) by using the Stocks-Einstein
equation.

In static LLS, the excess absolute time-averaged scattered light intensity, known as
the excess Rayleigh ratio Rwv(h) - of a dilute polymer solution at concentration G
(g/mL) is related to the weight-average molar mass Mw, the root-mean square
z-average radius of gyration <Rg2>7?n (or written as <Rg>), and the scattering vector

h as
jcc 1 1
(1 +-</2" + ) (4.1)
KW K : 3
where K = 47i*n\DN/DC)"/(NA?i0"") and h = (47in/X0)sin(0/2) with Na - dn/dC, n and Ao
being the Avogadro number, the specific refractive index increment, the solvent
refractive index and the wavelength of the light in vacuum, respectively; and A2 is

the second virial coefficient. For PS in cyclohexane at 34.5 °C and in toluene at 25
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°C dn/dC = 0.171 mL/g and 0.109 mL/g, respectively.

4.3 Result and discussion

Figure 4.1 shows how the measured (Co- C)/Co depends on the flow rate (Q) for
polystyrene chains with different lengths in cyclohexane, where the pore diameter (D)
is 20 nm. It clearly shows that there is no retention for the shortest chain because its
size is smaller than the pore size; while for the longer chains, the retention nearly
starts at an identical flow rate (—20 x 1mL/h) in spite of their different lengths,
which confirms with the de Genne's prediction, namly, the qc of linear chains is
irrelative with the chain length. Besides, such a critical flow rate or threshold for
long PS chains to pass through smaller pores is well-defined because the
coil-to-stretching is a first-order transition.* In this way, we were able to accurately

measure the critical flow rate (Qc) of longer PS chains through small pores.

1.0 . M =4.3 > [icr g/mol

w

Y, M, = 2.2> g/mol

u )o . MW:6.3> g/mol
;0.5 O M =1.8>cl0" g/mol
1) i)
o
Uy
M 0.0
0. 01 0.1 1

Q / (mL/hr)

Figure 4.1 Macroscopic flow rate (Q) dependence of retention concentration of

different molecular weights PS linear chains in cyclohexane at T = 34.5°C .

On the other hand; it has been known that for long PS chains in cyclohexane the
theta temperature (0) is -34.5 T>2 at which the chains behave like a Gaussian

coil.23 Figure 4.2 shows that the light-scattering measured average radius of gyration
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(<Rg>) of long PS chains (M* = 1.8 x 10" g/mol, h4JM, = 1.06 and <Rh> = 100 nm),
specially synthesized by high-vacuum anionic polymerization, monotonely decreases
with the solution temperature, corresponding to a volume decrease of three times. As
expected, the chain deformation at different temperatures should be different because
of their different swelling degrees. At higher temperatures, it would require a
stronger force to overcome the entropic force to deform a given chain. On the other
hand, when the chain is collapsed in a poor solvent with stronger segment-segment

interaction, the force required to deform it would also be higher.

40

\

100 ~

32.0 36.0 40.0
T/'C
Figure 4.2 Solution temperature dependence of average radius of gyration <Rg> of

long polystyrene chains (PS-L) in cyclohexane.

Figure 4.3 shows passing or nonpassing of long PS chains through small pores (20
nm) at different temperatures. For a given number of small pores on each membrane
(N), we can convert the macroscopic flow rate (Q) into the average microscopic flow
rate (g = Q/N) and the average flow velocity (v = g/D?) inside each pore. As
discussed before, qc is directly related to the hydrodynamic force (Fh) required to
stretch a coiled polymer chain in solution by Fh = 37ni(q/D*)Lc, where Lc is the
effective length along the flow direction. For a nondraining hard ball with a diameter
of D, Lc = D. For a given pore size, Our experimental results show that qc remains a

constant, 5.56 x 10" mL/s at T = © > for the three PS samples measured, independent



of the chain length as predicted by de Gennes?*
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Figure 4.3 Phase diagram of passing or blocking of long PS-L chains in cyclohexane
through small pores (20 run) at different solution temperatures, where hollow and

filled symbols respectively represent passing and blocking.

However, our measured gc values are —10-200 times smaller than kBT/(37rr|)
predicted. [[1 Note that in the prediction the confinement force (Fc) equals (knT/D?)DA,
i.e., Fc = rRBT/D, where KST/DA is the osmotic pressure generated by the random
Brownian motion of the gravity center of the chain segments inside each blob.AM'AA |n
reality, each blob contains a swollen chain segment and is draining; namely, the

hydrodynamic force [Fi, = 37rr|(g/D*)Lc] on each blob should be much stronger than

37ir|g/D because LA= * vdl = Dwhere Lg is the effective length of the

subchain segment inside each blob, v is the flow velocity, paralleling to the central
line of the nanopore, Ib is the contour length of the chain segment, a/yf3 is the
average distance between any adjacent two monomers along the flow field,g? =
Mb/Mo is the monomer number in one blob, where Mb and Mo are the molar masses
of the blob and the segment, respectively. When Fj, = F¢, q reaches its critical value -

i.e..
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4.2
'hTrq (42)

Qualitatively, it explains why our measured q. values are much smaller than
kBT/(37rn) because Le » D. Quantitatively, we can estimate Lc assuming that each

blob has a size of D. Using the scaling D = kMb", we have “ = aM? />/3 MA =

> where u is the Flory exponent and k is a constant for a given

polymer solution. Equation 4.2 can be rewritten as

/ir; i E'Z'irtr;'l a 43)
It explains why qc/[kBT/(37tr|)] decreases with the temperature in the range T > 0
because Mb increases as the chain shrinks for a given pore size (D). Quantitatively,
taking the theta state as a reference,* we have k = 282 x 1 ¢cm and u = 0.5.
Replacing Mo = 104 g/mol, D = 2 x ICTAcm and u 0.26 nm = 2.6 x 10" cm, we

have qc/[kBT/(37r"n)] = 9.2 x 10'A, not too far away from those listed in Table 4.1.

Table 4.1 Solution-temperature dependence of critical macroscopic flow rate (Qc),
reduced critical microscopic flow rate (qc/(kBT/r|)) and estimated hydrodynamic force
(Fh) required to deform, stretch and pull long linear polystyrene chains in cyclohexane

to pass through small pores (20 nm), where Fh is calculated using eq.4.4 (please refer

the text for details) and the uncertainties of Qc (or gc) and Fh are £ S /0 anfd100 /o »

respectively.
T/°C 30.85 32.85 34.30 3580 37.70 39.55 4155
Qc /10-2 mL.hr-i 4.25 1.50 1.10 0.60 0.75 1.75 4.25

qo/[KBT/(37rTi)Jl0-~ 432 147 099 056 072 152 356

Fh/fN 83 33 20 1 12 22 58

Following the same argument’ we can estimate the hydrodynamic force on one blob

by using

7



bisil it q/uD-'"— - (4.4)

Recently, Melchionna et al* showed that under a strong squeeze force the cha
could self-order into a multifolded state inside a small pore. Here the hydrodynam
force used is very weak and only overcome the entropic elasticity. Therefore, it
reasonable to assume that the chain inside the pore is still made of a string of blobs
and the subchain inside each blob follows Gaussian statistics. On the other hand, u is
weakly dependent on the temperature in the range studied anyway. Using T —©
(34.5 as a reference point, we can estimate k and v in the range T > 0 from
Figure 4.2, wherein M is a constant, and then calculate the temperature dependence

of Fh, as shown in Figure 4.4 and also listed in Table 4.1, where T= (T - ©)/0.

uH 30

0. 01 0.00 0.01 0.02

T

Figure 4.4 Solution temperature dependence of hydrodynamic force (Fh) needed to
pull coiled linear polystyrene chains in cyclohexane through small pore (20 nm),
where T= (T - 9)/€) > areduced solution temperature and 0 is a solution temperature

at which the second virial coefficient vanishes.
Figure 4.4 shows that Fh = 5.8 x I0"™* N at -42 not too far away from the

calculated confinement force (keT/D —2.17 x 10" N). Note that Fhreach es a

minimum at —36.5 slightly away from the theta point (x = 0). This is not a
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surprise because © is defined as the vanishing of the second viral coefficient (A2), a
pseudoideal state. Moreover, 0 is also a function of the chain length.* In an ideal
solution, all the viral coefficients should approadi zero, not only A2. Therefore - the
measurement of the temperature dependence of qc might provide a better way to
determine the true ideal point. The increase of Fh with the temperature in the range T
> 36.5 is understandable because the entropic elasticity of a polymer chain is
higher when the chain expands in a better solvent. On the other hand, one has to
overcome some additional segment-segment attraction force when stretching a
contracted chain in a poor solvent. This is why Fh increases as the temperature
decreases in the range T < 36.5°C.

Noted that eq(4.3) shows that qc should decreases as the pore size (D) increases, a
complicate function of D, different from those previous predictions of the pore size
independence. ,2 To check such a discrepancy, we experimentally increased the pore
size from 20 nm to 100 nm and found that qc decreases from 1.85 x 10" to 1.98 x
1015 mL/s and from 5.56 x 10"A to 3.97 x 10" mL/s, respectively, at 41.6 and 34.3
°C. Equation 4.2 shows that qc20nnilqciOOnm ~ 3 and 5, respectively, for o = 0.6
(athermal) and u = 0.5 (theta), qualitatively agreeing with our experimental results (u
~ 0.62 at -42 On the other hand, eq 4.3 shows that Fh ~ It means that at
T =0 (i.e.,, V=0.5) Fh would be independent of the pore size. Table 4.2 shows that
at the theta state Fh is indeed less dependent on D, qualitatively agreeing with eq 4.4.

=

Table 4.2. Pore size dependence of critical macroscopic flow rate (qc) and estimated
F

hydrodynamic force (Fh) required to deform, stretch and pull tpj* linear polystyrene
chains in cyclohexane to pass through small pores, where Fh is calculated using eq.4.4

and the uncertainties of Qc (or qc) and Fh are £50/0 and +10%, respectively.

Pore size D =20 nm D= 100 nm
Q / (mL/s) 5.56x10Gs] - 3.97x 10“6
343 "C
Fh/N 20x10[4 3.1x10-'A
qc/ (mL/s) 1.85 X 1014 198 x 10.[ 5
41.6 Fh/N 5.7 x 10-" 1.3 x 10.13
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4.4 Conclusion

In summary, using the critical flow rate (qc) obtained in the ultrafiltration of
polymer chains through smaller pores > we have experimentally estimated the
hydrodynamic force (Fh) required to overcome the weak entropic elastic force and
stretch a linear chain into a string of blobs with a size comparable to the pore size (D).
For linear polystyrene chains in cyclohexane at different solution temperatures, we
reveal that the force required to stretch them is in the range 10-100 fN and g\ is
indeed independent of the chain length, as predicted. Therefore, it is impossible to
separate linear chains with different lengths by using a given membrane with some
straight pores. However, our measured values of qc are much smaller than kBT/(37cr|)
predicted by de Gennes and Pincus. Such a discrepancy is attributed to the improper
assumption that each blob made of a subchain segment is a nondraining ball. After
considering a possible full hydrodynamic draining and introducing the effective
length of each blob along the flow direction (L- ) we are able to qualitatively explain
why Qcis 20-140 times smaller than k.BT/(37:r]) and decreases as the pore becomes
larger, especially in a good solvent. In comparison with other single-chain methods,
such as a combination of tweezers and hydrodynamic force,"* our method is less
precise so that the results presented here are only semi-quantitative, but much

cheaper, simpler and more user-friendly.
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Chapter 5 Separation of linear and star chains by a
nanopore

5.1 Introduction

The separation of polymer chains with different topologies but a similar
hydrodynamic volume is still remained as a real, important and challenging problem
in polymer research because we often face a mixture of polymer chains with different
topologies due to the nature of some preparation methods. For example, there are
usually two ways to prepare star chains with different arms; namely, the core first or
the arm first." In the core-first method, a multifunctional initiator is used to initiate
polymerization of monomers. Such obtained star chains often have different arm
numbers and lengths because not all of the initiating sites are simultaneously
activated. In the arm-first method, linear polymer chains with a uniform length and
an active end are first synthesized, often by anionic polymerization, and then they are
coupled together with a multifunctional core. In order to make sure that each of the
reactive sites on the core is attached with one arm, the number of linear chains must
be much larger than that of active sites on the core. After such a coupling reaction,
one inevitably has a mixture of linear and star chains. For star chains with few arms,
their hydrodynamic volume is not much different from that of individual arms so that
a conventional size exclusion chromatography (SEC) is not able to effectively and
cleanly separate them. Previously, Meunier and his coworkers?* tried to use different
flow rates to separate polymer chains with different topologies by extruding a
mixture of them through some monolithic columns packed with specially prepared
polystyrene latex particles, which involves some unclear size exclusion mechanisms.

Recently, we experimentally confirmed a previous prediction; namely, there exist a
critical flow rate (qc,linear) for linear polymer chains to pass through a nanopore under
an elongational flow filed*'* and such a critical flow rate is independent on the chain

»r R J1
length but related to the pore diameter (D) as? q ! - y = D “>wherekn, T

and T] are the Boltzmann constant, the absolutely temperature, the solvent viscosity,
respectively; k is a constant for a given polymer solution, but 1/2 < u < 3/5,
depending on the solvent quality.* It is energetically favored for star chains with f

arms to crawl through a nanopore under an elongational flow by a symmetrical mode.

83



i.e., putting a half number of their arms forward. In such a mode:’(1) there also exists
a critical flow rate gcsur = qc,imear(f/2). Note that linear chains are a special kind of
star chains with f = 2. It is clear from a theoretical point of view that even for f = 3,
qesier is still 1.5 tin]es higher than qgmcar Therefore, it is practically possible to
separate linear and star chains by flushing a mixture of them through a nanopore with

a properly chosen flow rate.

5.2 Experimental Section

To test such a possibility, we synthesized polystyrene (PS) linear and star chains
(up to 41 amis) with different lengths by using divinylbenzene to couple living
polystyl linear chains in solution. The details can be found elsewhere."" * We
further fractionate such prepared star chains into a series of narrowly distribution star
chains with different numbers of arms.'* The 3-arm star chains was previously
synthesized by using chlorosilane as the coupling agent” The molecular parameters,
such as the weight-average molar mass (Mw), the polydispersity index (Mw/Mn) and
average hydrodynamics radius (<Rh>) characterized by laser light scattering (LLS) of
such obtained star chains as well as three linear chains used were summarized in

Table 5.1.

Table 5.1. Summary of star, linear and reference polymer chains used in
this study.
Polymers ¢ Mw, (@ Muwazer (0 Mw/Mn <Rh>/ nm
mol") mor')
Reference 2 215 X 10’ 104 1.04 5
Linear-1 2 2.95 x 10- 1.01 22
Linear-2 2 9.00 X 10° 10 1.08 160
Slar-3 3 2.10 x 107 1.08 32
Star-41 41 2.10 x 107 8.61 X 106 1.20 61

A modified commercial LLS spectrometer (ALV/DLS/SLS- 5022F) equipped with
a multi-T digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE

He-Ne laser (X, = 632 nm) was used to characterize each solution before and after it
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passes through the nanopores. The incident beam was vertically polarized with
respect to the scattering plane. The details of the instrumentation and theory can be
found elsewhere. 14 In static LLS, the excess absolute time-averaged scattered light
intensity, known as the excess Rayleigh ratio Rwv(0) > of a very dilute polymer
solution at an infinite small angle is proportional to the weight average molar mass
(Mw). In dynamic LLS, the intensity-intensity time correlation function (G(2)(T)) is
measured.'fcach measured G(2)(T) is related to a normalized field-field autocorrelation
function g(1)(T) . The Laplace inversion of gA'Ax) leads to a line-width distribution
G(r) that can be converted to a hydrodynamic radius distribution ./(Rh) by the
Stocks-Einstein equation." "

In our ultrafiltration experiments, a double layer membrane filter (Whatman,
Anotop 10) was used. The top and bottom layers contain an equal number of 200 nm
and 20 nm cylindrical pores, respectively; i.e., each large pore is on top of a small
pore. Such a structure prevents any possible interference of the flow fields generated
by different small pores at their entrances. Note that we purposely added a certain
amount of short Reference PS chains with a size smaller than 20 nm in each solution.
These short chains will pass the nanopore even without any flow so that they served

as an internal reference. The concentrations of star, linear and reference chains (Cs >

t

cL and cRr) are properly chosen so that <1s>/<IR> = cSMS/CRMR ~—1 and <I|>/<IR> =
CLMI/CRMR —1 > where “*<Is> > <IL> and <IR) ” and “Ms > ML and MR"are the average
scattered light intensity and the molar masses of star, linear and reference chains,
respectively. In dynamic LLS, <is>/<IR> and <iL>/<IR> are proportional to the area
ratio of their corresponding peaks in G(] ).The scattered light intensity is
proportional to the square of mass of a scattering subject. Therefore, the decrease of
<IS>/<IR> or <IL>/<IR> sensitively reflects the retention of star or linear chains by
the nanopore. 16 The solution temperature (T) and the flow rate {q) were precisely
controlled by an incubator (Stuart Scientific, S160D) ({- 0.1 °C) and a syringe pump
(Harvard Apparatus, PHD 2000), respectively. .

5.3 Result and discussion

Figure 5.1 shows how Star-3 and Linear-1 chains in a mixture are separated by
different flow rates. When the flow rate is 5.56 x 10"~ mL s\ higher than qc,star(5.43

X 10-14 mL s' for Star-3), we observed two peaks, as shown in Figure 5.1a, very
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similar to those before the extrusion, indicting that both Star-3 and Linear-1 chains
have passed through the nanopore under sucjv a flow. Note that Star-3 and Linear-1
chains have a similar average hydrodynamic size so that they appear as one peak in
f(Rh). As the flow rate decreases to 2.78 x 10" mL s'I lower than qc.siar(Star-3) but
higher than qc . iincarc 1.94 x I0™* mL s"A). Figure 5.1b shows that the peak located at
—25 nm shrinks, revealing, in principle > that Star-3 chains in the solution mixture are
retained, but we are not really sure about it. This is why we put a question mark on it.
Figure 5.1c shows that further decrease of the flow rate to 2.78 x 10" mL sl lower
than #llinear - Only one peak related to Reference chains appears after the extrusion,
clearly demonstrating that both Star-3 and Linear-1 chains are not able to pass

through the nanopore under this condition.

0.6 & Star-3 + Linear-1

Reference g = 5.56 X 10 oL s
0.4

0.2
0.0

0.4 Reference 2.78 X 10 “mL s
0.3
0.2
0.1

0.0
0.4

0.3
0.2
0.1
0.0

Reference 2.78 X 10 "mL s

nm

Figure 5.1 Hydrodynamic radius distribution of a mixture of Reference, Linear-1
and Star-3 chains in toluene at T = 25°C after the solution is extruded through
nanopores under different elongational flow rates, where CRdforence = 1.20x 1g/mlL,

Clincardi = 2.50 X 10" g/mL and Cstars = 3.80 X 10" g/mL, respectively.
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Reference qg=2556x10 mL
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0.8 Reference g=2.78 X I " mL s
2 = 0 6 Linear-1
A 0 o
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0.2 <
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0.0 - R
0.6 Reference q=278 X105mL s

Figure 5.2 Hydrodynamic radius distribution of a mixture of Reference, Linear-11
and Star-41 chains in toluene at T = 25°C after the solution is extruded through
nanopores under different elongational flow rates, where CReference = 2.00 x 10"t g/mL,

CLmear-i = 8.00 X 10"~ g/iTiL and CstaMi = 1.00 X 10~ g/iTiL, respectively.

In order to prove that at g = 2.78 x I0™ mL s.- > only linear chains have passed
through the nanopore, we further mixed much bigger Star-41 chains with Linear-1
chains so that we can resolve them in f(Rh). Figure 5.2a shows two well-separated
peaks, respectively, located at —25 nm and -60 nm, when the flow rate is much
higher than both qcstar and qeiincar very similar to those before the extrusion. This is
expected because both Star-41 and Linear-1 chains have passed through the nanopore
under this condition. When the flow rate is decreased to the range qcinear < q <
gc.star(Star-41), Figure 5.2b shows that the peak associated to Star-41 completely

disappears, presumably, retained by the filter. It clearly shows that we are able to

effectively and cleanly separate Star-41 and Linear-1 chains by using" a properly
chosen flow rate. As expected, further decrease of the flow rate to q < qcuncar, the

peak associated to Linear-1 chains also vanishes (Figure 5.2c). Therefore, we are not
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only able to separate star and linear chains by a properly chosen flow rate > but also

able to fractionate them by gradually increasing q.

0.6 Reference g - 5.56 x mL s

0.4 PA
0.2 § Slar-3 Linear-2

0.0

0.3 Reference g=2.78 x 10 Bl s

0.2
0,1 Linear-2

0.0

Reference
0.6 q=278x 10 mL s

0.4
0.2

0.0 R XI
10 icy

Figure 5.3 Hydrodynamic radius distribution of a mixture of Reference, Lineaiv2
and Star-3 chains in toluene at T = 25°C after the solution is extruded through
nanopores under different elongational flow rates, where CRderence = 1.80 x 10'* g/mL,

Clincar-3 = 8.00 X 10"* g/mL and Cstar-3 = 2.50 X 10" g/mL, respectively.

An attentive reader might say “Of cause, this is just a size effect, not related to the
chain topology, because Star-41 chains are much bigger than Linear-1 chains.” To
prove that such a separation is indeed due to the topology, not the size, of polymer
chains, we have further mixed smaller Star-3 chains with relatively bigger Linear-2
chains. As expected, both Linear-2 and Star-3 chains are able to pass through the
nanopore when q is higher than both “cstar and 4L - appearing as two distinguished
additional peaks in Figure 5.3a. The decrease of the flow rate into the range “c,iinear<
g < qc,star(Star-3) results in the block of Star-3 chains, as shown in Figure 5.3b, even

though they are smaller than Linear-2 chains, clearly demonstrating that the



separation of polymer chains in our experiment is due to different chain topologies,
not their sizes. As expected. Figure 5.3c shows that when the flow is sufficiently low,
both Star-3 and Linear-2 chains are retained. It is worth-noting that for the
convenience of discussion, we have shown the results in an decreasing order of the
flow rate. In a real separation/fractionation experiment, we increase q step-by-step so

that linear chains pass first and then followed by star chains.

5.4 Conclusion

In summary, we have clearly demonstrated that under an elongational flow: 1)
polymer chains with different topologies are able to “craml - through a much smaller
pore only when the flow rate {q) is higher than their corresponding critical values (1)
independent on their sizes; and 2) one can effectively and cleanly separate and
fractionate star and linear polymer chains in terms of different chain topologies, not
their sizes - when the flow rate is properly chosen; namely, “cstar < q < Acimear. Further,
such a novel method can be further developed to separate and fractionate a mixture
of polymer chains with different topologies, especially a mixture of linear chains
with other topological chains, such as ring and branched chains as long as we know
their corresponding critical flow rates. For a mixture of branched chains with
different sizes or star chains with different numbers of arms, we expect that one can
separate and fractionate them by gradually increase the flow rate in a step-by-step

fashion. .
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Chapter 6
How do star chains pass through a nanopore under a
flow?

6.1 Introduction

de Gennes and Pincus predicted that the critical (minimum) flow rate (qc.i) for a
linear chain to pass through a nanopore is independent on both the chain length and
the pore size,*2 i.e., qci = kBT/(37rr|), where Rb, T and r| are the Boltzmann constant,
the absolutely temperature and viscosity, respectively. Our previously study showed
that the chain length indeed has no effect on qgc.i/ but qc.i decreases as the pore size
increases. In addition, the measured qc,i is —10-200 time smaller than the predicted
ones, depending on the solvent quality and the pore size. Such discrepancies are
attributed to an over-simplified assumption in theory; namely, each blob (the
subchain confined inside the nanopore) is a hard sphere so that its experienced
hydrodynamic force along the flow direction is linearly proportional to the pore
diameter (D). In reality, the hydrodynamic force (Fh) experienced by the subchain
should be related to its effective length (Le) along the flow direction, i.e., the

integration of all segments inside each subchain along the flow direction,

FProclr = J*vdl> where v is the flow velocity, parallel to the central line of the

nanopore and Ib is the contour length of the subchain. Assuming that the subchain

inside each blob takes a random Gaussian coil conformation, the average of the
projection of each segment with a length of Isalong the flow direction is

Therefore » LA =4/73 = D, k is a scaling constant and Ml < v < 3/5,

depending on the solvent quality." In this way, Fh is not a linear function of D so that
gc,i should be modified as:*

Ol I:(S%niT(D/L;‘J =S‘11£_L"_|- | D[ <. (6.1)
Eq (6.1) clearly shows that it is impossible to use the ultrafiltration of linear polymer
chains through a nanopore to separate them with different lengths. The dependence
of qc.i on the pore size, was experimentally verified?

In contrast to linear chains, the ultrafiltration of polymers with some complicated
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structure,' such as star and branched configurations, through a nanopore is more
intricate. In theory, a regular star polymer with f number of uniform arms joined at a
central point might be the simplest case* In 1996, de Gennes and Brochard-WyartA"A

formulated how such a star chain passes through a nanopore under an elongational
(

flow field. They showed that the critical (minimum, flow rate (gcstar) depends not
only on the total number of arms, but also on the number of forwarded arms (f,n)
squeezed into the nanopore. In their theory, qcstr is related to the arm length when fin
< /2, where they assumed that each forwarded arm inside the nanopore is fully
stretched under the flow field, i.e., by the hydrodynamic force.

Such predictions and their speculated applications have existed for years,6 8 but
never been experimentally verified. This is partially because this kind of
experimental studies involves a combination of delicate polymer synthesis and
precise physical characterization. Namely, 1) star polymers should be narrowly
distributed in terms of both the arm number and length; 2) the hydrodynamic radius
of stars must be larger than the pore diameter, i.e., each arm must be sufficiently long
(over 10 monomers); and 3) the preparation of a proper nanopore structure so that
the flow at its entrance is close to elongational without any rotational qomponent.A
Recently, using high-vacuum anionic polymerization,» we have overcome difficulties
in the preparation of star chains with different arm numbers and lengths. Armed with
these well-defined star polymers and using our previously established ultrafiltration
method, we have finally experimentally studied how star chains pass through a

nanopore.

6.2 Experimental Section

6.2.1 Sample preparations
Polystyrene (PS) linear and star chains (up to 41 arms) with different lengths, as"
summarized in Table 6.1 - were synthesized using a combination of high-vacuum
anionic polymerization and a coupling method of using divinylbenzene
(DVB).9-"Namely > using high

-vacuum anionic polymerizaition, we first prepared
narrowly distributed linear PS living chains with an active anionic end by initiating
styrene (St, from Aldrich) with n-Butyllithium (n-BuLi, 1.5M in cyclohexane, from
Aldrich) in cyclohexane at —30 °C. Further, these linear chains are coupled together

to form star chains when a required amount of DVB molecules were added into the
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solution of living polystyl anions. The ratio of [DVB]:[anions] was kept at 0.7:1. All
the chemicals were purified before the polymerization. The details can be found
elsewhere.9," The coupling reaction between linear polystyl anions and DVB was
lasted for 1-7 days, depending on the arm length. The longer the arm length was, the
longer the coupling reaction time would be. Further addition of the same amount of
PVB resulted in star chains with more arms. Such a step-by-step addition of DVB
finally led to a series of star chains with different arm numbers but an identical arm
length. 0 Note that such prepared star chains are broadly distributed in the arm
number. Therefore, we further fractionated them by the following procedure;" 1)
dissolving these star chains in 1,4-dioxane at 80 °C with a concentration of 0.03
g/mL; 2) adding ethanol dropwise until the solution just became slightly milky; 3)
letting the solution standing at the room temperature for few weeks so that a small
fraction of star chains with the highest number of arms precipitated out of the
solution.; and 4) Repeating Steps 2 and 3 to obtain narrowly distributed star chains
with different arms. The 3-arm star chains (Mw 4fi=2.1 x 10* g/mol, Mw/Mn — 1.08 )
was previously synthesized by using chlorosilane as the coupling agent® The
weight-average molar mass (Mw) and polydispersity index (Mw/Mn) of such obtained
star chains were characterized by laser light scattering (LLS), also as summarized in

Table 6.1.

Tabic 6.1. Arm number (f), length (Mw.arm), weight molar mass (Mw.star),
polydispersity index (Mw/Mn) and average hydrodynamic radius (<Rh) ) of

polystyrene star and linear chains in toluene.

Code Mw.arm/ (g mol"') Mw.slar/ (g mol") MJMn <Rh>/ niTl
Slar-41 41 2.10X 8.61 X 10 1.20 S1
S
1
Star-6A 6 1.30 x 7.80 x 10 1.18 ‘s
52
-Star-6B 6 2.10X 1.26 X 10° 1.20 A
2
Star-6C 6 3.50 x 2.10 X 10° 1.20 =
=
Star-3 3 2.10X 1.08
6.30 x 10-
Star-2 “
'2 5.90 X 1.01
(linear chain) 5.90 X 10-
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6.2.2. Laser Light Scattering (LLYS)

A modified commercial LLS spectrometer (ALV/ DLS/SLS-5022F) equipped with a
multi-T digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE
He-Ne laser {X; = 632 nm) was used. The incident beam was vertically polarized

with respect to the scattering plane. The details of the LLS instrumentation and

theory can be found elsewhere. 13

In dynamic LLS, the intensity-intensity time correlation function (G(2)(T)) of each
polymer solution was measured before and after the ultrafiltration. G(2)(t) is related
to the normalized field-field autocorrelation function g*'*x)|. The Laplace
inversion of each g("(i:) leads to a line-width distribution G(r) that can be further
converted to a hydrodynamic radius distribution /(Rh) by using the Stocks-Einstein
equation.", | 4

Briefly, in static LLS, the excess absolute time-averaged scattered light intensity,
known as the excess Rayleigh ratio Rwv(0), of a dilute polymer solution at
concentration C (g/mL) is related to the weight average molar mass Mw, the

root-mean square radius of gyration and the scattering vector ks as
KT 1 1

s (I1+-<R>h')+2AX (6.2)
Rw(e) MA 3

where K = 47i*n*(dn/dC)*/(NAA.o**) and h = (47rn/Xo)sin(0/2) with Na, dn/dC, n, 9 and

Xo being the Avogadro number, the specific refractive index increment, the solvent

refractive index, the scattering angle and the wavelength of the light in vacuum,

respectively; and A2 is the second virial coefficient. For PS in cyclohexane at 34.5. C
and in toluene at 25 °C, dn/dC = 0.171 and 0.109 mL/g, respectively.

6,2.3. Ultrafiltration

In our ultrafiltration experiments, a double layer membrane filter (Whatman, Anotop
10) was used. The top and bottom layers contain an equal nhumber of 200 nm and 20
nm cylindrical pores, respectively; i.e., each large pore is on top of a small pore.
Such a structure prevents any possible interference of the flow fields generated by
different small pores at their entrances. In each solution, we added a certain amount

of short linear chains with a size smaller than the.pore diameter. These short linear
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chains will pass the nanopore even without any flow so that they served as an
internal standard. The concentrations of large star and short linear chains (CL and Cs)
are properly chosen so that <iL>/<1s> = cimML/csms —1:where ML and ms are the
molar masses of large star and short linear chains - respectively. Note that in dynamic
LLS ; <IL>/<IS) equals the area ratio of their corresponding peaks in G(J ).Since the
nanopore has no retention on short linear chains - the decrease of <li >/<Is> must be
related to the retention of large star chains. On the other hand, in static LLS, we can
measure the total time-average scattered light intensity (<ltoi> —<li> + <Is) ). A
combination of static and dynamic LLS measurements enables us to determine <IL>
and <Is> and then the relative retention [(Co - C)/Co] of larger star chains under
different flow rates (q).'* In each ultrafiltration experiment, the solution temperature
and q were controlled by an incubator (Stuart Scientific, S160D) (+ 0.1 °C) and a
syringe pump (Harvard Apparatus - PHD 2000) - respectively.

6.3 Result and discussion

Figure 6.1 shows the flow rate (q) dependent relative retention of 6-arm star chains
with different arm lengths in toluene. There is no obvious difference in “[(Co - C)/Co]
vs q" among these different 6-arm star chains. As discussed in introduction, no
arm-length dependence of qcstar should only occur in the symmetrical mode;* namely,
fn = f/2. It has to be stated that de Gennes and Brochard-Wyart* assumed that when
in the region of 1< f,n< /2, each arm inside the nanopore is fully stretched so that its
effective length along the flow direction is related to the contour length of each arm.
In this way, star chains with shorter arms require a higher flow rate to pull the
backwarded foutarms through the nanopore because the hydrodynamic force on each
arm Fh is proportional to both the arm length and the flow rate. Apparently, if de
Gennes and Brochard-Wyart were right. Figure 6.1 would indicate that these 6-arm

star chains would only pass through the nanopore via the symmetrical mode, namely,

fin = f/2.
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Figure 6.1 Flow rate (q) dependence of relative retention [(Co - C)/Co] of star chains
with six arms but different arm lengths in toluene, where Co and C are the polymer

concentrations before and after the ultrafiltration.

Figure 6.2 shows that the relative retention of star chains decreases as the flow
rate increases. The change is apparently not as abrupt as the first-order coil-to-stretch
transition of linear polymer chains observed before?'lt should be noted that here
the x-axis is in a logarithmic scale. The transition is actually sharp except for star
chains with 41 arms. For Star-41, fin can, in principle, vary from 1to 41 and each fn
leads to one different qc,star> which might explain why the change of “ relative

retention vs q “ is not as sharp as those for Star-6 and Star-3.
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Figure 6.2. Flow rate (q) dependence of relative retention [(Co - C)/Co] of star
chains with different arm numbers but an identical arm length in toluene, where the

weight-average molar mass (mw.arm) 0of each arm is 2.1 X 10" g/mol.

Figure 6.3 shows a better view of atypical variation of the relative retention with
q for Star-41 (by differentiation of relative retention to flow rate, i.e., d[(Co—
C)/Co]/dq)), wrere we define two critical flow rates (qcsiais and qcstarp) marked as
the starting and peaking positions. For Star-41, qcsiars = 2.40 x 10™* mL s"and qcstarp
=5.14 X 1013 jAL.g-' These measured critical flow rates are different from those
predicted by de Gennes and Brochard-Wyart.»? Therefore, we have to rethink about

whether there is something wrong in their assumption and theoretical treatments.
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Figure 6.3. Differentiation of relative retention to flow rate - d[(Co - C)/CoJ/dq, for
star chains with 41 arms, where qcsiars and qcstarp define the starting and peaking

points of retention, respectively.

Figure 6.4 schematically illustrate two different situations: 1< fn < /2 and /2 < fin
< f, depending on whether more arms are forwarded or backwarded when each star
chain enters the nanopore. When f/2 < fin < f, we only need to consider under which
flow rate fin arms can enter the nanopore with a diameter (D), not to worry about the
backwarded arms because fout < fin. Imaging that under the flow, fin arms just filled
up the pore, each arm inside is made of n* blobs and each blob has a diameter of Am,
we have A ilMfin = DA, as shown in Figure 6.4. Thermodynamically, the force to
confine each blob is keT/Ain so that the total confinement force (Fc) is (kAT/gin) ntoim-
On the other hand, the hydrodynamic force on each blob is 37CT]ic(¢g/D*) and the total
hydrodynamic force (Fh) is 37ir|le(q/D*)nbfin, where U is the effective length of each
blob along the flow direction. The condition of Fh = Fc leads to the critical flow rate

for f/2 < fin < f,

qc.sa.(f/2<f,,,<f)=3jT i (6. 3)
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Figure 6.4. Schematic of how a star chain enters a nanopore under two different

situations; namely, f > fin > f/2 and f/2 > fj, > 1.

An attentive reader can find that in the above discussion we only need to consider
under which flow rate the first blob of each arm can enter the nanopore because the
second and rest blobs just follow the first blob. When 1 < fn < f/2, we have to
consider how many number of arms are outside of the nanopore, as shown in Figure
6.4. Note that fout = f - fin. Obviously, qcstar calculated in eq (6.3) can only pull fin
arms in > not sufficient to pull foui arms into the nanopore because foui > f,n. Therefore,
one has to increase q to stretch each arm inside the nanopore further, i.e.,o n
decreases at the same time. In this way, AinMin becomes less than D]’ as also

schematically shown in Figure (6.4). The decrease of leads to the increase of the

force required to confine each blob. Therefore, when
, = ke T
3z Sz if = * f u thehydrodynamic force is just sufficient to pull the

Podt
outside backwarded arms into and through the nanopore, wherein {out fout = D , just

filled the nanopore. Therefore, we have

qc’'as ", ..2)— (6.4)
. 3701 fA Io

If each blob is treated as a hard sphere, i.e., U= {in > egs (6.3) and (6.4) become

(6.5a)
37ud
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qc.u(1 =AAAAA (6.5b)

Our revised formulas reveal that qcstar is independent on the arm length no matter
what fn is. Note that eq. (6.5a) is identical to thai in ref 6 in which de Gennes and
Brochard-Wyart mistakenly wrote it x fjn" instead of fn. The continuous lines in
Figure 6.5 shows how qcsiar changes with fn for star chains with different arm
numbers on the basis of egs (6.5a) and (6.5b). It is clear that qcstar linearly increases
with fin when /2 < fin < f, but dramatically increases as f,n decreases when fn « f/2.
The minimum is located at fin —f/2 > different from the optimal fjn predicted by de
Gennes and Brochard-Wyart.A Physically, this is reasonable because the decrease of
fin reduces the overall hydrodynamic force on the forwarded arms inside the
nanopore, and at the same time, increases the force required to confine those
backwarded arms still outside the nanopore. As discussed in Introduction for linear

chains, we can treat the subchain inside each blob as a random Gaussian coil so that

le= Therefore, eq 6.5 can be rewritten as
= (6.6a)
i
(f-f )2,
Qc(I<f.,<f/2) =q,,» ~ A (6.6b)
[+-
m

where qc,i is defined by eq (6.1). Eqs (6.6a) and (6.6b) also shows that qoc’siar is only
related to both fin and f and independent on the arm length, independent on fjn,
agreeing with experimental results in Figure 6.1. Note that linear chains are a special
kind of star chains with f = 2 and fjn = 1. Under this special condition, qcstar in eqgs
(6.6a) and (6.6b) returns to qci, as expected. Figure 6.5 also shows how qcstar vary
with fin for each given with f and u. Further, we can estimate fjn from our measured
values of qc.star/qc.i on the basis of egs (6.5) and (6.6). The results are summarized in
Table 6.2.

For Star-41, qcstar.p/qci —26, not too far away from the minimum point (fin = f /2)
calculated from eqs (6.5) and (6.6), but lower than that calculated from egs (6.6). The
difference between eqs (6.5) and (6.6) is whether we should treat each blob as a hard
sphere. When a half number of arms of a Star-41 chain is squeezed into a nanopore
with a diameter of 20 nm > each arm must be highly stretched and 4inis only 4-5 nm.

Note that the estimated diameter of a polystyrene chain is —1.2 nm. Therefore, each
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blob can be viewed as a hard ball filled with the segments of the subchain without
draining, which explains why its qcstarp/cici is close to those calculated from eq (6.5).
Also note that for Star-41, fin is larger than 13, which is understandable because dc s&r

increases sharply when fn is low for star chains with a high number of arms.

Table 6.2. Experimental determined values of reduced critical flow rate (qc,siar/qc.i)
and corresponding fjn calculated on the basis of egs 6.5 and 6.6 - where qc,i is the

critical flow rate for linear chains .

Code Measured qc'siaAjc,i "
Egs (6.5a) and (6.5b) Egs (6.6a) and (6.6b)
Star-41 26.5 - 1289 13 —41 18 —38
Star-6 6.3-21.8 2—6 2—6
Star-3 2.8-14.4 1-3 1—3

o If

Figure 6.5 Forwarded arm number (fin) dependence of reduced critical flow rate
(qe.star/qc.i) of Star chains with different arm numbers but an identical arm length,

calculated on the basis of eqs 6.5 and 6.6, respectively.



On the other hand. For Star-6 and Star-3, we found that qcstarp/aqci = 6.3 and 2.8
respectively, slightly higher than the minimum points (3 and 1-2) calculated based on
egs (6.5). but more close to 4 and 2 estimated from egs (6.6). It indicates that for star
chains with a less humber of arms, eqgs (6.6) is a better choice because the subchain
inside each blob is much less confined; namely, it is not necessary to fully stretch
each arm to pull the outside backwarded arms into the nanopore. Also note that a
comparison of qcstariqci and egs (6.6) shows that 2 < fin (Star-6) < 6 and 1 < fn
(Star-3) < 3> revealing that star chains with a less number of arms can enter the
nanopore in different ways even its mostly preferred way is fin —f /2.

Further, we studied the effect of the arm conformation on qcstar by dissolving
polystyrene star chains in cyclohexane in which each arm contracts as the solution
temperature decreases below its theta temperature (—34.5 "C), as shown in Figure 6.
It should be noted that both the average radius of gyration (<Rg>) and hydrodynamic
radius (<Rh>) of Star-41 chains decrease with the solution temperature, but the
change is much smaller than that of linear PS chains within the same temperature
range, presumably because 41 arms are crowed within a small space and the
excluded volume prevents their collapse even in a poor solvent (lower temperatures).
It should be noted that in the temperature range studied there is no change in the

scattered light intensity, implying that there is no interchain association.

<P N

36

30 © <R

. Sta}r-41 iniCycIohlexane i

32 36 40
T/'C

Figure 6.6 Solution temperature dependence of average radius of gyration (<Rg>)
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and average hydrodynamic radius (<Rh>) of star chains with 41 arms in cyclohexane.

It has been previously suggested that the temperature at which q. reaches its
minimum could be attributed to the true theta solvent* which was based of a
reasonable assumption that polymer chains at the theta solvent are softest and mostly
deformable. Namely, in a good solvent, the chain is highly swollen so that a stronger
hydrodynamic force is required to stretch it into a string of blobs and confine each
blob inside the nanopore due to its entropic elasticity; while in a poor solvent, the
segment-segment attraction is stronger than the segment-solvent interaction so that a

stronger hydrodynamic force is needed to overcome the enthalpy-originated force.

.12___D__q "A -
©oa céar's !
\ N
< RN O LSRN / (0]
= N TJ / *"»
1 -+0--q \ '
i.l D . I:’/ /»
> \ W\ .
Ve jg: » 1 /
b 13
-0
:Star-41 in Cyclohexane 38
1 1 1

32 36
T/'C
Figure 6.7 Solution temperature dependence of gcsuis and qcstarp of star chains with

41 arms in cyclohexane.

Figure 6.7 shows the temperature dependence of qocstars and qostarp of Star-41 in
cyclohexane at different flow rates. In spite that there is no much change in both
<Rg> and <Rh) - qocsr varies a lot in the same temperature range because the collapse
of a star chain at lower temperatures is hindered by the excluded volumes of different
arms but the hydrodynamic force experienced inside the nanopore is related to the
properties of individual arms, similar to that of linear chains free in solution. For
Star-41, the minimum of qc is located at —38 °C, few degrees higher than that of

linear polystyrene chains]? Such a difference has been previously reported for star
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and branched chains, especially when the arm number is high and the arm or branch
is long, presumably because the star and branching configurations increase the

distance between segments so that the inter-segment attraction becomes stronger.

6.4 Conclusion

The ultrafiltration of star chains with different arm numbers and lengths reveals that
the critical (minimum) flow rate (qc.star), at which the chains start to pass a nanopore °
is independent on the arm length but strongly influenced by the numbers of total
arms and forwarded arms that initially enter the nanopore (f and f,n), contrary to a
previous prediction made by de Gennes and Brochard-Wyart in 90s in which there
exists an optimum number of fn between 1 and f 72 Our revision of their theory
shows that such a discrepancy is attributed to their assumption that each forwarded
arm inside the nanopore is fully stretched by the flow when fn < f - fout- In our
revised formulation, the passing of a star chain through a nanopore depends on

whether fin < f/2 or fin > f/2. In the case of fin > f/2, qcstar linearly increases with fn,
J )

fairly slow; but when fin < f /2, qcstar ~ (f — fin) / fm > dramatically drops as fn
increases, especially when f is high. The minimum of qcstar is exactly located at fin = f
/2, independent on the arm number and length. Our experimental results confirm that
most of star chains indeed pass through the nanopore with fA around f /2, especially
when f is high, not involving the fully stretched forward arms. Further, our study of
star chains with 41 arms in cyclohexane at different temperatures reveals that there is
a minimum qcstar located at —3 8 slightly higher than the theta temperature, which
demonstrates that as in the case of linear chains, the ultrafiltration of star chains in a
dilute solution through a nanopore provides a better and convenient way to determine
the theta temperature. This study has laid a foundation for further applications of
using the ultrafiltration to separate and characterize star chains with different arm

numbers. Our results also have some implications in the design of non-viral

polymeric carriers with different architectures for transporting drugs or genes into or

through some organs, such as kidney and liver.
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