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Outline

In the last lecture we looked at the basics of polymer physics and models of their size.
Now we will extend the previous models to take two more things into account:

AThe influence from aolventaround the polymer.

APolymerbrushesi.e. monolayers of polymers with one end attached to a surface.
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Demonstration: Concentrated Solution

How much polystyrene can fit in a beaker?

i
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Interactions with a Solvent

We looked at entropic effects of chain configuration and excluded volume. In a solvent
we also need to consider the energy of the molecular interactions¢malent)

between:

APolymer and solvent).
APolymer and polymer,).
ASolvent and solventy).

Intuitively, we
solvent. (Unl ess

mer s
s its

If interactions between polymer and solvent are not favored (or if the polymer likes itse
very much) we expect the polymer to occupy a smaller volume.
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The Number of Interactions

Remember the regular solution model: Assume therefare ont act poi nt s
segment of a polymer or a solvent molecule and that only nearest neighbors count.

We haveN segments (each with volum@within a volumer3. Assume the probability
that a neighbor of a polymer segment is another polymer segment is equal to the volu
fraction of polymer segmentsv/r3. We haveNzcontact points to the polymer in total, so
the number of polymegpolymer interactions is:
_ NzNv_ zvN?
T 3 o8
We divide by two because otherwise we count the same interaction point twice! The
volume fraction of solvent is . Nv/r3 so we get the number of polyrsslvent
interactions as:
Ny = Nzgl- ’;‘;’g
We can write the number of solvestlvent interactions as:
& Nvg zvN°
Nis = Mo~ Myp = My =g - NZEL' r3 H' 2r3
Heren, is the number of solversiolvent interactions in the absence of the polymer.
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A Single Solvent Interaction Parameter

2 \

_ _zvN
Uim - nppepp + npseps N &= 2r et ZN?- r

zv\?

o €™ 26t ess] +'\2\N[eps - ess]+ 5!?5; —> constant

Just as in the excluded volume argument by Flory, we are only allowangary.Also,
the segment volume is agai as.

L . . z
We again introduce the dimensionless parameter:= - T €t 6~ 26,
B
This means that we can write the interaction energy as:
K TveN?
U, =- =—— +constan
r

Note that higher makesa higher (like in the regular solution model) and tbat is
proportional tar’3,

2016-09-23 Soft Matter Physics 6



2016-09-19

CHALMERS

TheThetaSolvent

Recal | Fl oryds excluded volume argumen
another parameter in the total free energy. The segment volume [RYE: 'o::1]: {oR

3kTr2 kTN, Tk TeN%a™
G(r)s = +#8== {18 =" % 4 constan
V2Na® s hor rs

NN N

configurational excluded solvent
entropy volume interactions

It turns out we can rewrite the excluded volume and solvent interaction terms as one:

2 2,3
Gtot(r)=3kBTr KeT[L- 30]N 2, onstan

2Na? r
Fore= 1 we can remove the entire second term and simply get a random walk! The

excluded volume effect perfectly compensates the solvent interaction energies. This is
known as theheta solventondition. (Slightly differentvalues @i n ot her | i
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The Solvent Effect

Plot of total free energy as a x10™"
function ofr for:

T=300K
N = 1000
a=1nm
c=1/3

=
ul
T

=
T

This example is the same as in the
previous lecture except that we
introduce the solvent parameter.

free energy Gy, a.U)

o
3

There is still an energy minimum
at roughly the same value fdr

0 200 400
The solvent does not do much for end to end distance, (hnm)
modest values afl
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Energy Minimization in Solvent

We can perform the same energy minimization calculation as for the Flory radius:

UG, _ 3k, Tr 3k, T[1- c|N%a®
- - 4

3
; Y R=[t- clsans
r Na r

The fiordinaryo Flory e=0dius is clearly
Wheng< 1, we still have the sangealing relationthat isR proportional taN3/.

The solvent simply gives a different statistical step length in the jointed chain!

People often use the formuRa = aN®> also in solvents, but then the Kuhn length is
defined only for that particular environment. This meaeffects are taken into account.

(Actual values ofs are rarely mentioned.)

So be careful: I f someone says fithis p
which conditions (especially solvent) that holds true!
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Other Environmental Effects

The e parameter depends also on other environmental factors! One example is ionic
strength: Selfepulsion of charged chains can be screenezbbyterionsand
hydrophilic polymers can be shrunk by osmotic pressure.

selfrepelling coil

—
o o
L)
e @
° @
.‘
°
solvent e @

swollen coil extracted

Some polymers can undergo chemical changes with pH (protonation), thereby changii
their charge, so pH is another factor that can influence
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Globule States

Whene > 1 we cannot calculat: (negative number to the power of 1/5 is unphysical).
The unfavorable interactions with teelventovercome the excluded volume effect

We get what is in essence a phase transition: The polymer collapses into a compact
globulestate! The scaling relation f&is now toN3,

coil (6< 1) R° NY2 globule (> 1)
R 4 N 3/5 <«—> @ R 4 N 1/3
theta solventd= 1)

Consider the globule as spherical ball contaiminty polymer with volumeV = Nv
wherev is the monomer volume. Since the end to end distBmoast be proportional to
the physical size (previous lecture) we Begtroportional toN/3,
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Critical Solution Temperatures

Recall from self assembly: Higher temperature generally promotes mixing due to the
entropy gain, but not if the solvent entropy dominates (hydrophobic effect).

The same holds for polymerSomewill go from solvated to collapsed upon a raise in
temperature. They havdawer critical solution temperaturmstead of an upper
temperature above which they are always solvated.

mixed phase phase separated

Regardless, there will always béheta temperaturat which there is a transition!
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LCST and UCST Phase Diagrams

A polymer in a solvent will showitherLCST or UCST behavio(Thevolumefraction
can be interpreted as thatthe polymer inside its owenil.)

A A
= e .
) ) N
[} 5 \
IS globule (phase = globule (phase
o separation) 5 ', separation)
8 g .
S > et LCST
= hand
g stable stable
o mixture mixture
< el ucsT
, globule (phase globule (phase
/ separation) separation)
volume fraction @1 ) volume fraction @)
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Exercise 5.1

A polymer with monomer siza = 0.5 nm, Kuhn length 1 nm and monomer weight 50
gmollis in a solvent in which it collapses at a volume fractiof ef 0.01. Estimate the
highest molecular weight that can be dissolved under these conditions! (The volume o
solvent can be treated as infinite.)
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Exercise 5.1

Like in the previous lecturé&sssume the monomer volumeadand the coil volume is
the cube of the Flory radius. The volume fraction of polymer inside its coil is:

__Nv_ N& NS

We must do rescaling for thelory radiusbut not for thetotal volume

. 6l5
u :7Na3 :Qﬁg N'M5

caN 315 g &bl

We can solve foN using the values fax, b anda :

éaﬂ3/2 éO sja3/2
N=0"%8 =001% =" =11180..
&bl g1l
The molecular weight is then 1120 = 5600 gmot.
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Responsive Polymers

Polymers that undergo caglobule transitions 1201 —
in response to environmental changes are
calledresponsiveolymers. They can be used
as sensors or actuato
properties in general.

3 5 7 9
Zhang et al. PH
Chemical Communications 2008
YH=9
1204 .._-...!-...-.._._.-
L ol R LT il
Protonation Deprotonation 04
o] °
o < 604
/ 8 °
N 30
VAN | i |
sleptipitillalll
H up 0 1 ekl it Lot il
Lk pH=2
Low pH pH down 0 5 10 15 20
Cycle
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Demonstration: Thermoresponsivd?olymer

Poly(N-isopropylacrylamidgundergoes a LCST cegjlobule transition at ~3€.
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Polymers Attached to Surfaces

Consider a planar surface onto which the polymer
can be attached in some way.

regdpmy atehheglr d

Randomly attached segments to
Can we understand what happens when onlgtite
pointis attached? This is often the case in reality
since the end group is chemically different!

end point grafted with
) low density
Assume we havé polymers attached per unit area.

If 0 < 1/R2there is no interaction and the coils extend
approximately a distance Bf. Not so exciting...

But what happens when the grafting density is high
so the coils overlap, i.6.> 1/R??

end point grafted with
high density

2016-09-23 Soft Matter Physics 18
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Finding the Brush Height

We start with the conformational entropy. Assume that the other polymer endpoint is
located just at the average extengibrWe thus replacewith hin the free energy from
stretching the coil:

3 TH
GCOn (h) 2 a

+constan

Dealing with excluded volume is also quite simple. We can assume each coil occupies
volume ofh/ (instead of3). The grafting density is fixed, i.e. we want to find the brush
height that minimizes the free energy for a gidieThe entropy loss from self avoidance
is per segment:

a h 0]

NVO o .
DS=k, Iog%g; Ks Iogae'Jio Kq Iog%— NV 8, ko NV
& 8 h = h
¢ o =
So we get the free energy contribution as befogea? ):
0 KTN2a®
Gvol(h):%
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The Solvent Effect for Brushes

Now recall the total interaction energy for solvent effects. Again, the only difference is
that the volume is noW/({ insteadof r3:

2 vz[epp- 2e,t+e, ]+zN[ - & ]+n

Uit = NypBp + Mo N8 =

constant
We can define just like before and write the interaction energy as:
U, (h)=- M +constan

So we now have all three free energy terms for the brush:

Gy (h)= +constan

K, Th* | Gfi- clk, TN’
2Na’ h

You should know what to do next é
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The Alexander de GennesBrush

As before, we find the end to end distance that minimizes the free energi (nstead

of R):
1
~ N ~ 5
UGy _3kgTh [l- clk,TNa® g =& L% 5y
puh  Na? h? g3 H
If we ignore the solvent parameter=0):
1 5
elige 3
H = a3N
&3t

We see thait scales linearly witiN. This means that the brush height is proportional to
the molecular weight (compare with coils in solution).

Also, we see thdil is proportional tdi'/3, so brush height depends very weakly on
grafting density (a bit counterintuitive).

It can be verified that foli = R-2 one almost getsl = R.
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Model Limits

The Alexander de Gennesrush isstrongly stretchedWe assume the opposite end of
the polymer is at the Atopd of the bru

AScaling relation as proportional kbis only valid if{i is high.

AMonomerdensity profilenot accurate.
A

»

ﬁ:monodz = CI '\
0

Crrond?) 272

monomer concentratioiC}

»

distance from surface)(
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Monomer Density Profiles

There must be gradualdecrease in monomer concentration when moving away from
the surface. Strictly speaking there is no real brush height, only a certain distance fron
the surface where tteveragemonomer concentration drops below a certain value.

(L B N B N B
] !
!
1
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o - |
..|...l..,|l
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O a D L z Height
Figure 6. Concentration profile for a grafted layer immersed in Fig. 2. Chain-unit density profiles (=) for a “parabolic™ brush (that is, &
a good solvent in the overlapping regime. << Lso p < $), and the step-fisnction ansatz at equal coverage o and chain

length N. Also shown are end-density profiles for brushes with (dotted) and
without (dor-dashed) solvent.

P.G. de Gennes S.T. Milner
Macromolecules 1980 Science 1991
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Nobel Prize in Physics 1991

A guru in soft matter in general, especially known for his work with liquid crystals and
polymer brushes.

PierreGilles deGennes
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Exercise 5.2

A strongly stretched brush of poly{iSopropylacrylamidgwith M = 50 kgmot! has a
thickness of 100 nm and each coil occupies 500rithe surface. The monomer is 3.0
A (and can be written as;8,ON). What is the Kuhn length? How many percent of the
maximum thickness is the brush?
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Exercise 5.2

The brush height is (fa = 0):

1
<~ —~ 5
g o
=< gﬁasN

RE

We rescaled Y bandNY aNb) to get:

H

1 1
\~ “~ = 2
_eligg, SaN _elige 2

We solve forb:
/2

D (D D~
T

DD D D
coocoooy,

w| =
m’%“—‘
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Exercise 5.2

If we consistently use nm as length unit we have0.3 nm andi = 1/[50d 10?] = 0.2
nm2. The monomer isn= 61 12 + 10 1 + 1 16 + 1 14 = 112 gmot which givesN =

M/m = 446.
N 3/2
e g
é 00 u
é 1 u
b:éeogl u =250...nm
€e0.2¢8 , u
i 3 0.33 446
g3 H U

So the Kuhn length is 2.5 nm.

The contour length iaN = 133.8 nm, which means the brush is stretched to ~75% of its
maximum value.

2016-09-23 Soft Matter Physics 27

CHALMERS

Preparation of Polymer Brushes

The chemistry is often straightforward: For instance, a th&Hl) terminal group
can be grafted to gold silaneg(-SiH;) to glass.

However, if the coils do not overlap spontaneously in solution, why would they do
that on a surface? How can we get 1/R2?

C@?@B%&ﬁ \
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Cloud Point Grafting

The grafting density is increased if the polymer is in a shrunk state when binding to the
surface. At the o0cloud pointodo the poly

globules hence the name cloud point grafting. When switching to a good solvent, the
polymer extends.

However, cloud point grafting doestalways give strongly stretched brushes. Ideally
one wants to graft globules or polymers without any solvent (see next lecture).

chains in g
poor solvent
binding

switch to good
solvent
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Surface Initiated Polymerization

The polymerization reaction is performed at the surface. An initiator is first bound
to the surface in a dense monolayer. As a result, the brush is also dengg.(high
This is referred to as ografting fromo

polymerization

/\/ N Vo3

initiator ¢ <
monomer
~ P Y e
£ — LY

— \
l binding
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Branched Block Copolymers

Another way to generate a brush is to have the polymer of interest as blocks attached
backbone which binds to the surface.

One example is polgthyleneoxidg
chains grafted to a polyflysine)

backbone. The positively charged
lysine groups attach to negatively

' |
. L ir 2001
charged surfaces like glass. ooy
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PreventingBiofouling

In biointerfacescience, one often wants to make surfaces inert towards protein
adsorption and cell attachment. This can be achieved with hydrophilic polymer brushe

The most commonly used polymer is poly(ethylene oxide). Cheap anxich

At least two effects help preventing adsorption: Entropy loss of the coils and osmotic

pressure. i g
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Polymers on Colloids

Recall that colloids tend to aggregate, often due to
depletion interactions and van der Waals attraction.

Thelepigtandb i s often a pol ymer
Polymersonthe colloids can stabilize a suspension!

AThere is an increase in free energy when coils are
forced to overlap due to the entropy loss. Posm Posm

AThere is an osmotic pressure from the solvent if the
coils overlap.

However, if the solvent is poor for the polymer,
bridges are formed and aggregatioprismoted

Flocculationand sedimentation can be induced.
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Reflections and Questions
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Exercise 5.3

One often says that whén< R'2 end point grafted polymers extend approximately a
distance oR.. Calculate the exact extension from the surface if the coil occupies a half
spherical volume (express the answer in terniRpf

v

[3/[2" ] *Re
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Exercise 5.4

A brush has a thickness which is 80% of its maximum value. The grafting density is 1
nnt2, What is the Kuhn length?

v

b=1.2nm
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