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Abstract

David Shirvanyants
Conformations and dynamics of macromolecules in solutrmh@n the surface.

(Under the direction of Sergei Sheiko and Michael Rubimgtei

This dissertation studies different aspects of conforometi properties of polymers. Two
specific topics include (i) the deviations of single macréenale conformations in thé-
solution from the classical description, and (ii) confotioas, order and flow of molecular
brushes on solid surfaces.

In solution we studied the deviations of single macromdie@onformations at th®-
conditions from the predictions of classical theories. ph&viously unknown long range cor-
relations in the conformations of linear polymers iB-aolvent were found using analytical cal-
culations and molecular dynamics simulations. Long rarayegp law decay of the bond vector
correlation functioncosp) ~ s~%2 dominate the standard exponential de¢eysp) = e /v,
where@is the angle between the two bondss their separation along the chain contour &nd
is the persistence length. These long-range correlateas o significant deviations of poly-
mer size from ideal with mean square end-to-end distg@Rée— b?N ~ /N, whereN is the
number of Kuhn segments of sibe These findings are explained by a fine interplay of poly-
mer connectivity and the non-zero range of monomer intemast Moreover, this effect is not
specific for diluteB-solutions and exists in semidilute solutions and meltsajymers. Our
theory is in good agreement with the experimental data oryfeoaracteristic ratio, as well as

with results of computer simulations.



On surfaces, brush-like macromolecules were visualizethbyatomic force microscopy
(AFM). In order to quantitatively analyze conformations/igualized molecules we developed
the corresponding algorithms and software. This softwaebkes detection of the molecular
contour, measurement of molecule size, area, orientdtesrthnematic order parameters, etc.
In addition, the automated procedure of molecular detectduced the time and improved the
guality of analysis of image series. Using our method we sndied the molecular weight
and polydispersity of linear and multi-arm molecular breshthe spontaneous curvature of
grafted molecules, which is caused by competition of canfdronal entropy of side chains
and elasticity of backbone, behavior of brushes in a mafiixmear polymer, the effect of struc-
ture of multi-armed brushes on their 2d orientational orttee dynamics and conformational
transitions of individual molecules in the precursor lagéspreading droplet, the spontaneous

scission of grafted molecules with long side-chains.
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Chapter 1

Introduction

Polymers are versatile materials, often encountered irdaily life and widely used in con-
struction, packaging, coating and many other branchesdofsitny. Most applications of poly-
mers depend on their physical properties, which in turn ddpen the chemical composition,
molecular structure, and on the spatial arrangement ofdpeating units, that is on polymer
conformations. Polymer conformations determine visguositsolutions and melts, interfacial
behavior, and electro-optical properties. Polymer camiation is one of the most fundamental
and long studied subjects in polymer physics [1, 2]. It islwabwn that conformations of a
polymer are determined by the intrachain monomer intevastias was first described by Paul
Flory [2, 3]. Depending on the monomer chemical structyneetof solvent, and temperature,
monomers attract or repel each other. In the good solvegmtjs&e forces dominate, resulting
in swelling of polymer chains. The opposite case of mostiaative interactions corresponds
to the poor solvent, where polymer chains collapse intouglesd In the intermediate state, the
repulsive and attractive interactions compensate eadr tehding to effectively unperturbed
conformations. These special type of polymer solutionscateed 6-solutions. The latter are
often used in polymer science as a reference point, whemtregoelative change of polymer

size with changing temperature and solvent quality, andwidmenparing size changes in dif-



ferent polymers. Despite the fundamental and practicalisogince of theéd-point, behavior of
a polymer in &-solution is still poorly understood.

Following the analogy with theory of gases one may assunté#tause of compensation
of attractive and repulsive parts of monomer interacti@applymer in ab-solution behaves
as if there were no interactions at all, that is, asideal polymer. Even though this is not
correct, conformations of a polymer in@soluton are often described gsiasi-idea) that
is the state where the conformation of a real polymer candmdd as ideal for all practical
purposes. In Chapter 2, we show that this classical apprmescifts in inaccurate predictions of
polymer size and structure, because it neglects the effgailpmer connectivity on monomer
interactions. Polymer connectivity induces the long raocgeelations along the chain, which
are completely absent from the ideal chain as well as fronslmssical descriptions of polymer
in the B-state. Thus, we demonstrate that the ideal chain can nosdxto model polymers
in B-solvents. We have found that the mean square size of tha ghaib-solvent has a large
correction~ /N to the linear term.

If monomers were not connected, the compensation of thrantions would lead to an
ideal solution of monomers. But, monomers are connectedvantiave proven that their
connectivity causes the qualitatively different behawbpolymers in6-solutions.

Another type of polymer system, where conformation playsraportant role includes
polymers on a surface. The behavior of adsorbed polymeresposgny challenges for an-
alytical and numerical studies as compared to bulk systehhgories for polymers in two-
dimensional space do not work well because of the compticateure of monomer surface
interactions and specific arrangement of monomeric unitsm@uter simulations are often
complicated by the need to explicitly introduce the atonuidace and the slower equilibration
process induced by strong confinement of macromoleculegpliégtions of standard experi-
mental techniques, such as X-ray scattering, or ellipspnage also limited because of small

amount of material in the layer. However, the surface allthesdirect visualization of indi-



vidual molecules, which is hardly possible in the bulk. Itherefore reasonable to address
the analysis of visualized macromolecules on a surfacdraiddy means of scanning probe
microscopy.

An outstanding method for studies on the nanometer scabe i8ttomic Force Microscopy
(AFM). It can be used for visualization of surface morphglogrobing physical properties,
and maskless nanolithography. Visualization by AFM is thestrsignificant area of applica-
tions due to its high spatial resolution, which for soft polrs ranges over 1-10 nm. In this
range of length scales, materials are full of intriguingcélenic, magnetic, and optical proper-
ties promising new advances in lithography, data storagetgmics, and molecular electronics.
Furthermore, the imaging conditions do not require any sampdification or special envi-
ronment such as those needed for electron microscopy. As sative structures can be visu-
alized in their natural medium, which is especially vitabilmlogy. Not only is AFM effective
at small length scales, it is also able to visualize largercstires such as crystallites, micelles,
and blends making it possible to establish direct corretetivetween the molecular structure
and macroscopic properties. Along with visualization atiststructures, AFM is able to mon-
itor various processes such as crystallization and cordtianal transitions enabling studies
of dynamic properties of polymeric materials.

The microscopic images provide excellent visual repregents of nanometer sized ob-
jects. However, microscopic images need to be analysed ansistent manner for the fol-
lowing statistical analysis, classification and comparisd his visual form of experimental
results necessitates the development of a digital imaglysesamethods suitable for micro-
scopic images. Chapter 3 describes the newly developeduhefrautomated image analysis
and presents its application for studies of various pragedf polymers on surfaces. We have
investigated individual properties such as molecular Weilgngth, flexibility and mobility, as
well as collective properties, such as translational amehtational order parameters, mixing

behavior, etc. The additional challenges include detactiod characterization of individual



molecules, accounting for the image discreteness and Issluton, and multiple image anal-
ysis for polymer dynamics studies.

We have used molecular brushes as a convenient model payhaghave well controlled
length and stiffness to produce clear images upon visualiza The new method of image
analysis has then been applied to molecular brushes.

The developed software was first applied to characterizeeoutdr dimensions. Thus we
have measured the length of macromolecules and their nuderesity on the surface, and
by knowing the mass concentration we have been able to deturstimate the molecular
weight.

The ability to measure molecular dimensions was appliechedyae the extension of the
classical Flory theory of mixing to planar melts. Using ougtirod we have studied the binary
mixtures of molecular brushes and linear polymers. We hauad that swelling of molecular
brushes in the melt of linear chains can be described by aivadgot linear chain made of
Na/N monomers, wherdl, is the backbone degree of polymerization, &hi the side chain
degree of polymerization. A generalized Flory theory of mgkhas been suggested, based on
the analysis of our observations.

The next step in our studies of polymers on the surface waarhg/sis of more complex
systems of multiarm molecular brushes. For these systentsawe calculated the polydisper-
sity and studied the ordering on the surface. We have fouaidntiultiarm molecular brushes
undergo the sharp conformational transition from an ex¢eirtd compact state. This transition
narrows the molecular size distribution and induces oagomal order.

A most unusual and stunning phenomena was observed dugragiforption of molecular
brushes with very long side chains. It turns out that the gat&m of side chains can induce
tension in the backbone, strong enough to break the covadenats. The backbone scission oc-
curs spontaneously upon the adsorption. We demonstrdtehthtension is equally distibuted

along the backbone, excluding short end segments, andenhdsmn the length of side chains



and on the strength of adsorption, characterized by thasaitension.

It is also very interesting to observe the dynamic behavianolecular brushes. We have
watched the molecular motion in the precursor layer of trapbht spreading on graphite, and
measured the coefficients of polymer diffusion relativeit® surface and to the precursor film.
Comparing these coefficients we have discovered that the machanism of mass transport
in the precursor layer is the molecular motion induced byphsgy flow of the polymer, and
that the contribution of thermally driven diffusion is mmo

Spreading on a highly oriented graphite surface introdacegher interesting effect. Our
study demonstrates that molecular brushes form long-ramdgred structures, aligning them-
selves along the preferential directions. The spreadidgdaed flow significantly improves
ordering, by far exceeding the effect of random thermal orotiThe stability of these ordered

structures is supported by the epitaxial adsorption ofgelaumber of side chains.






Chapter 2

Long range correlations in a polymer

chain due to its connectivity

2.1 Introduction

Polymer chains can have different conformations dependirte interaction between their
monomers. If interactions are predominately repulsivén &ise case of good solvent solutions,
polymers swell, while if their interactions are attractiaes in the case of poor solvent, chains
are collapsed. Between these two cases there is a speaitticoncalledd-point, in which the
average pairwise interaction between monomers is zerotendhain is almost ideal. Similar
compensation of attractive and repulsive parts of monarmateractions occurs in polymer
melts and concentrated solutions. In semidilute soluttbespairwise interactions vanish on
length scales larger then the correlation lengitiue to the screening of excluded volume by
surrounding chains. Polymers without pairwise interatdioas in6-solvent and melts, are
traditionally described by the ideal chain model [3—14].

In an ideal chain there are no interactions between monothatsare far apart along the

chain. Interactions of monomers close to each other aloagltain (due to chain stiffness or



local steric hindrance) lead to exponentially decayingelations in directions of vectors

anda; of bondsi and j separated by the distanse- a|i — j| along the chain
h 1, —s/lp
(s) = ?<a.aj>~e (2.1)

wherel, is the persistence length aads the bond length. Rapid decay of bond vector correla-
tions leads to the random walk statistics of the chain ontlesgales larger than the persistence
segment length,. The concept of the persistence length is widely used foracherization of
the polymer flexibility [15-19]. Single stranded DNA, (= 2nm) is an example of a flexible
chain, and double strained DNA,(= 50nm) is a common example of a semiflexible polymer.

The assumption of ideality of chains in melts and conceedratolutions was recently
demonstrated to be incorrect [20]. Using both computer &ftians and theoretical estimates
it was shown that bond vector correlation function (Eq (Rid)melts and semidilute solutions
decays as a power law

h(s) ~s %2, (2.2)

This unexpectedly slow decay of correlations was explaimethe effect of correlation hole
[21], which leads to relative compression of the chain wibpect to its ideal state.

Notice, that the correlation hole effect is the prominetdee of the melt or concentrated
solution of polymer chains and is absent for chain@-solutions. Since the interaction between
monomers aB-point is compensated by their interaction with moleculigbe solvent, one can
naively expect to observe ideal-like behavior of such chaim this chapter we demonstrate
that polymers inB-solvents are not ideal and exhibit the same power law det#yeobond
correlation function (Eq (2.2)). We will show that the idé&havior is destroyed due to chain
connectivity even for zero net interactions between monsntieat are far away from each
other along the chain. Such monomers do interact when thpsoaph each other in space,

but it is usually assumed that attractive and repulsivespairthe interaction compensate each



other leading to zero effective second virial coefficientheTmain result of this chapter is
that connectivity of chain monomers leads to additionatalations in their relative position
in space causing additional interaction between these mermas compared to the case of
unconnected monomers. In the latter case the effect of hamelis canceled by attractive
well at the compensation point. The connectivity of monarerthe chain results in a slight
shift of the probability of the two monomers to be within tlenge of the attractive well of
the interaction potential. The magnitude of this shift degeeon the distance between the
two monomers along the chain contour. This probability tsleidds to a nonzero effective
interaction of two monomers belonging to the same chain.

Another manifestation of the new effect is the large corcacterm~ /N to the expected
in B-solvent linear dependence of the mean square polymer clieérR? on its degree of
polymerizationN. This change of polymer size can be observed experimerigliyeasuring
the rate of approach of the Flory characteristic r&jdo its limiting valueC, with increasing
molecular weightV.

We will show that this new effective connectivity-inducedearaction results in the power
law decay of the bond vector correlation function for all gdi@eal chains, including polymers
in B-solvents, melts and concentrated solutions. This effexg mot taken into account in
classical polymer models. It does not exist in models whaggrcelasticity is balanced by
the excluded volume interactions of unconnected mononaeréy Flory theory. The effect
of long-range correlations is also absent in the model wittanction interaction potential that
neglects the spatial separation of attractive and repaifsavts of monomeric interactions. Thus
there are two necessary conditions for the existence oféthegaffect, described in the present
chapter: monomer connectivity along the chain and nonzange of interaction potential.
Our analysis provides unified description of non-idealityesolutions, melts and semidilute
solutions at distances larger than correlation length.hingresent chapter we focus on the

change in monomeric interactions caused by entropic elgsbtf the loop between the two



monomers in contact. This effect leads to corrections ofrceeze and induces long range
correlations of chain segment orientations.

It is well known that conformations of a polymer chain a-point are not ideal [13, 14,
22,23]. The earlier studies discussed the renormalizatigrairwise monomeric interactions
caused by three (and higher) body contacts. It can be sho#jritjat this short-range renor-
malization leads to the shift of the effecti@edemperature relative to the Flory8stemperature
of the "gas of monomers”. The corrections to the polymer aizée new shifte@-temperature
renormalize the effective Kuhn length. The next order naedr corrections [14] are on the

order of~ y/(1+ylogN), wherey is proportional to the third virial coefficient [14]. The bdn

log?N

vector correlation function due to this correctlenW

decays faster and is therefore
less important than our new predictienN /2 due to connectivity-induced correlations. The
logarithmic correction to the chain size decays slower tharconnectivity-induced correction
~ N~1/2 and therefore may dominate for very long chains.

In the following sections we discuss the origin and the cqueaces of the new long range
correlations phenomena. Sections 2.2.1-2.2.4 discussifecof flexible chaing~ a, whereb
is the Kuhn segment, arais the bond length. In section 2.2.1 we start with the simpledel
of of a telechelic chain, where two interacting monomersxamted by the ideal chain. Then, in
section 2.2.2 we extend the obtained results to the casalbotmains, all monomers of which
interact with each other. In section 2.2.3 we discuss thexgdaf the effective intrachain
monomeric interactions due to the chain connectivity. Ictisa 2.2.4 we compare the new
analytical predictions with the results of our computergliations. In section 2.2.5 we further
generalize our theory to the case of semiflexible chains Kithn lengthb > a. Section 2.2.6
summarizes our analysis of the long range correlationslynper due to the chain connectivity.
In section 2.3 we calculate the new molecular weight depecelef the Flory characteristic

ratio. In section 2.4 we study the polymer swelling ratio asiraction of temperature and

solvent quality. In section 2.5 we summarize our analysithefnew connectivity effect and
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long range correlations in polymers.

2.2 Bond vector correlation function

2.2.1 Telechelic model

In the ideal chain model there are no long range correlatiorgientation of polymer seg-
ments. Such correlations appear as a result of interaclietvgeen chain monomers. In or-
der to study the effect of interactions on the chain segmeahtations we first consider the
telechelic chain model consisting of a Gaussian chaiN ¢fuhn monomers, with only two
end monomers interacting with each other via a short-raogenpialU (r), depending only on

the distance between these monomers (the end-to-end veafttiie chain)

r= ZN:la. (2.3)

Hereag; are bond vectors with average lengtkqual to its Kuhn length = b. This model will
be generalized in section 2.2.2 in order to take into accoetaction of all monomers of the
real chain.

In the simplified telechelic chain model the correlation dtion h (s) of the two bond

vectorsi and j

h. (s) = é(a(s)a(sﬁ} (2.4)

does not depend on their positiogsands; along the chain contouh((s) = h.), nor on the
distance along the cha= ali — j| between them, since the probability of chain conformation
depends only on the sum of all bond vectafs), that is on the end-to-end vector, Eq (2.3).
We calculate the correlation functidm in two steps:

First, we average the scalar proda¢s )a(s;j) over all fluctuations of bond vectors for given

11



end-to-end vectar (see Appendix 2.A for details)
HL(r) = = (a(s)a(s)))|, = 1z (2.5)

whereL is the chain contour length ards the Kuhn length. According to this expression the
two bond vectors are not correlated only wheis equal to the root-mean-square end-to-end
distance of this chairhL. They have opposite preferential orientation (with(r) < 0) if the
chain is compressed? < bL, and the same orientation (along the end-to-end vegtwith
HL(r) > 0) for stretched chairr? > bL.
Second, we average the resutf, (r) (see
Eq (2.5)), over different end-to-end distances
1 with the monomer contact probability distribu-

tion to obtainh. Eq (2.4) (see Appendix 2.B)

G Lo (3\?( B 5 A
L_§<a‘al>_ o1 b1/2|_5/2+§b3/2|_7/2+"' ’

(2.6)

whereB is the second virial coefficient

—° B:—/f(r)dsr, 2.7)

the coefficientAis
Figure 2.1: Telechelic chain model

A:/f(r)r2d3r. 2.8)
andf(r) is the Mayerf-function:

f(ry=eV/keT _q, (2.9)
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Note that, as expected, the bond vector correlation funafimes not depend on location of
the bond vectors along this telechelic chain nor on theiasgpns along the chain (number
of bonds between them), but only depends on the contourHdngetween two interacting
monomers of the chain.

In classical models of polymers [10] the bond vector cotretafunctionh, includes only

the second virial coefficier® term:

3\%? B
hL:(ET) TSI (2.10)

Therefore, classical theories predict the absence of thg tange correlations of polymer
segments orientations Bisolution.

The most important conclusion from this simple model of ¢akdic chain is that at the
B-point (with zero second virial coefficieB= 0) the correlation between bond vectors decays
as a power of the curvilinear distantealong the polymer contour between two interacting

monomersa(s)a(sj)) ~ AL~7/2 in the telechelic chain.

2.2.2 Polymer with all interacting monomers

A more realistic description of a polymer is a chain, with BIHk- 1 monomers interacting
with each other. The bond vector correlation functiof, j) = %(a(s—)a(sj)) of two bonds,
separated by the distanse- a|i — j| along the chain can be found by taking the sum of con-
tributions of all loops formed by pairsandm of interacting monomers with, < § < sj < Sy

which contain bond vectoixs ) anda(s;):

h(i,j)zz Z _hm_n, n<i<j<m<N=L/b (2.11)

n<im>J,i1<j

13



Substituting the functioid,. from Eq (2.6) and replacing the summation in Eq (2.11) by the

integration, we obtain

i~ (2)" [Baatirs SAmaii ] 212

s L 1 1 r 1 1 1
%“D:Ad&LBQQZQEﬂ%_M%HWJSV&W f u—$“¢4'

(2.13)

We see, that the bond vector correlations decay as a powesfléve distances = |s; —s| =
alj —i| along the chain between bonidand j. For internal bonds (that is, whend.i < j < N)
of a sufficiently long chainN > 1) at6-condition 8 = 0), we find power law decay of the

correlation function with the exponekt= 3/2
h(i,j) = %@ aj) =h(s) ~s %2 (B-solvent) (2.14a)
(as long a\ # 0). If one of these bonds is at the chain egd{€ = 0) we have

h(0,]) = é(a(O)a(sj» ~ (sj—€) %2~ sj_?’/z ~ sj_S/z (end monomem-solvent).
(2.14b)
If both bonds are at the opposite chain ends we recover thdt ifsthe previous subsection
h(0,L) = %(a(0)a(L)) ~ L~"/2. In good solvent > 0) the bond vector correlation function

decays with exponett=1/2

h(s) ~s %2 (good solvent). (2.14¢)
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Notice, that expansion coefficienBandA in Eq (2.12) depend on the shape of interaction
potential. Although it is possible to design the specialeptial U (r) in order to haveB =
A =0, the higher order term would still be non-zero leading tvpolaw decay with a higher

exponent.

2.2.3 Connectivity induced modification of monomeric inteactions

An alternative way of deriving the bond vector correlatiamétionh(s) for a polymer in a

good solvent is from the mean square distance between mosoara |

2 o j B j o ja st B
(r)y=a <kziwa>—kgih(bll J|>—2/ia dSl/O h(s1 —s)ds, (2.15)

Summation over bond vectoksand| was replaced by integration over chain contour coor-
dinatess; and s, in the last part of Eq (2.15). Taking two derivatives of theamesquare
end-to-end vector (Eq (2.15)) with respect to contour |eriggtween monomeis= aji — j|,

we find
dz(rz)

h(s)~2 a2

(2.16)
The size of a polymer in the vicinity of tH&point is given by the expression [10, 24, 25]

4st/2 B
(rz):bs<1+§m@+...> (2.17)

whereb is the Kuhn monomer size. For simplicity assume it equal taddength for flexible
chains p = a). We will consider semiflexible chains with> a in section 2.2.5. Substituting
expression (2.17) into Eq. (2.16) we get the bond vectoretation function

B 1
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in agreement with the results of the previous subsection(gEtc)). Thus, no long range
correlations are expected at tBgoint (B = 0), according to the classical approach.

In order to study correlations at tfeconditions one should take into account that in ad-
dition to the direct monomeric interactions, describedHwy potentiall (r), there are indirect
elastic interactions that propagate along the chain. Tha &ffective interaction potential
of two monomers separated by the distands Uit (r) = U (r) +Us(r), whereUs(r) is the
spring-like potential due to the chain section betweendmesnomers

_ 3T,

Us(r) = Sp 2 (2.19)

Mayer f-function reflects the difference between statistical Wedg(Boltzmann factors) of
states with interactions and without theth(¢) = 0). Since thdJs(r) is the only effective
potential between monomers at large distamceghenU (r) = 0, the effective Mayer function

of these monomers connected into a chain is

fs(r) = —Utot(1) /kaT _ g=Us(r)/keT (2.20)

Substituting this equation into Eq (2.7) we find the effeetixirial coefficientB(s), which
depends on the separatisrof the interacting monomers along the chain contour. Atdarg

s> b one can expand this function in powers gkl

3r?
- 3~ _Z 4 ~U(N)/keT _ 1) @3 =
B(s) /fs(r)d ro~ /(l 25b+ ) <e 1>d r

3
_ ~U(r)/keT _ 3 2 (o-U(r)/keT _ 3 _
/(e 1)d r+28b/r (e 1>d r (2.21)

3 3A
_ 3., ° [.2 3 _py o0
= /f(r)d r—l-ZSb/r f(r)dr B—l-ZSb-i-

where Mayerf -function f (r) of unconnected monomersis defined in Eq (2.9), the secoiad vir

coefficientB is given by Eq (2.7), and the coefficieAtis defined in Eq (2.8). Eq (2.21) was
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derived assuming that chain is flexiblg £ a). A more general case of semiflexible chains with
persistence length, 2 a will be discussed in Section 2.2.5. Although= 0 in the6-solvent,
the effective second virial coefficiefd(s) does not vanish at th@-condition. Substituting
this expression into Eq (2.10), and summing contributiaosfall pairs of monomers (see

Eq (2.11)) we get

B 1 3A 1

h(s) = 05252 T 2pT2 R

(2.22)

which is equivalentto Eq (2.12) for& s < sj < L.

Note, that here we consider only the two-body interacti@ssthe effect under study is
stronger than the contribution of multibody interactiodso, note that sinc®&(s) depends
on the separatioabetween monomers, it vanishes at different temperaturadifferents. In
general it is impossible to suppress the long range coioala{that is to have botB = 0 and

A= 0), except in certain special cases as described in Appen@ix

2.2.4 Computer simulations

To test our analytical predictions by computer simulatisresemploy the coarse-grained con-
tinuum bead-spring model of polymer chains. A polymer irstmodel consists oN + 1
soft-sphere monomers, interacting with each other viartiechted and shifted Lennard-Jones

(LJ) potential

r<re

ULs(r) = (2.23)

0 r>re

*Note, that the effectivB(s) can not be substituted f&in Eq (2.17). In order to obtain the correct polymer
size (r?) one needs to substitute thés) from Eq (2.22) into Eq (2.16) and perform another summatioer @ll
pairs of monomers.
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wherer is the distance between monomers agis the cutoff radius (we use = 2.5¢ for all
simulations). Chain connectivity is modeled by the finitekgensible nonlinear elastic (FENE)

interaction potential between adjacent monomers (in addib the LJ potential)

2
Urene(r) = _%kFENEF\%In [1—02—&2)] (2.24)

wherekgene is the spring constant arfg, is the maximum extension of the bond, at which
the interaction energy becomes infinite. In this work we &) = 20 andkrene = 105/02,
which minimizes theN-dependence of the-temperature [26]. New conformations are gener-
ated using the standard method of constant temperature @tig&mble) molecular dynamics.
Initial configurations were created as random self-avagjdialks, and then equilibrated for at
least 10tR, wheretg is the longest relaxation time, determined from the decathefchain

end-to-end distance autocorrelation function.
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Figure 2.2: Bond vector correlations of a polymer chain #fiedent temperatures. Lines are
linear fits for the initial linear segments of the plots. Teargture is given in the units BT /¢.
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In fig. 2.2 we present the bond vector correlation function

N—n
(o) =  (@s)alsn) = gy 5 ML) (229

averaged over all pairs of monomers separated by segmenéngth s and multiplied by
the number of monomers/a, between the two bonds to the powet23 The average in
Eq (2.25) is dominated by the internal chain sections with j) ~ B|sj — 5| %/2b~5/2 4
SAlsj —s|73/2b77/2, therefore we expect thds/a)®?2 (cosp) ~ 3A+ Bsbshould have lin-
ear dependence on the curvilinear distambetween two bonds. The temperature dependence
of A(T) can be representé@asA(T) = A(8) —sobB(T) with a numerical constansy/al ~ 1.
This gives

s\ 3/2
(5) (cosp) ~ A(6) +B(T)(s—s)b (2.26)

Fitting the linear sections of thes/a)%/2 (cosy) curves we notice that lines for different tem-

peratures cross at one point wig§ya~ —0.86, as expected from our analysis.

2.2.5 Semiflexible chains

In this section we will discuss the long-range correlatiiact in semiflexible chains with per-
sistence length, larger than bond lengta < |, < L. So far we considered flexible polymers
with I, < aand Gaussian probability of contact between all pairs of onogrs. However, the
probability of monomeric contacts for semiflexible chainghwp 2 1 is strongly reduced at
monomeric separations shorter tharbl, [27-29]. The reduction of contact probability sup-
presses the effect of the long-range correlations, and shain segments behave as elastic
rods with exponential decay of correlations (Eq (2.1)). Toaant for this fact we need to in-

clude the smalb contact probability in the effective Mayérfunction of connected monomers

*Note that within the first-order approximation bdrandA are linear in ¥T whenT > 0.
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Eq (2.20):
fp(r,s) = L(s,r)f(r,9), (2.27)

where{(s,r) describes the deviation of contact probability betwieand j monomers from the
Gaussian approximation. The asymptotic limits(¢$,r = 0) are evidentlysﬁrori(s) =0and
SILnggZ(s) = 1. For smalk /s— 0 we can expand the new monomer contact probability function
and expect that(s) ~ {(s)ho(s), wherehp(s) denotes the bond vector correlation function of
flexible chains, as given by Eq (2.22).

The complete bond-vector correlation function for semifdéx chains can be represented

as the sum of short-range and long-range contributions:
(cos(s)) = & ¥+ coZ (s)ho(s) (2.28)

wherecy is the normalization coefficient.
The approximate form of the "stiffness functiof{s) can be obtained by considering the

formation of a loop in a semiflexible chain of lengthThe bending energy in this case is [30]

E(s) = kBT§

S
p/K(s’)Zdé. (2.29)
0
wherek(s) is the curvature (inverse of the radius of the circle thatdbss the bend).
In order to test our idea about the nature of the crossover(2E2B)) from exponential

to power law decay of the bond vector correlation functioe, aefine((s) as the Boltzmann

weight of the loop of lengtls:

{(s) = exp(—%) = exp(—kl—slp) (2.30)

wherek; is the numerical constant to be found from our simulationiitss.

“The function{(s) is expected to have dp-dependent prefactor. However, as the analytical form &f th
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The chain stiffness in our simulations is introduced thtotlge bending potential

U (9) = ug(1— cosp) (2.31)

where@ is the angle between the neighboring bondsdi + 1, anduy, is the stiffness of the
bending potential. The persistence length of such chaiperts onuy and for largeuy > kgT

becomes proportional to iltf linhy = oug/ksT.
(p~>oo
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Figure 2.3: Bond vector correlation function of polymer tfsawith different stiffness. Points
represent the simulation results fdr= 199 andT = 3.1¢/kg. Horizontal axis is scaled by the
corresponding persistence lengghdotted line shows the exponential functier?/'p.

The magnitude of the long-range correlation effect decaiis iwcreasing stiffness. This
can be explained by the decrease of the probability to forrmop between the interacting
monomers. The growing value of the persistence lengtieads to an overall decrease of
polymer concentratiort* inside the volume(r?)%/2 ~ (sly)*2 occupied by the segment of

dd a3
R2>3/2 ~ (s|p)3/2'

lengths, and the probability of pair contacts decays corresponging ~ <

prefactor is unknown, we assume that it can be absorbedhetdéfinition ofk;. We did not succeed to fit our
data using the theoretical predictions for loop closurebphlity published in the review [29] and in the works
cited therein, possibly because of the relatively stizilh our simulations.
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The magnitude of the long-range correlations effect is pridpnal to the probability of contact
between the two monomers (estimated as the ratio of the menimeraction volumel® to

the pervaded volume of the segmésit,)*/?).
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Figure 2.4: The residual non-exponential decay of the baador correlation function. The
dashed and solid lines mark the exponential and non-exp@heamponents of the bond vec-
tor correlation function (the first and the second terms in(Eg8)), respectively. The coeffi-
cientscy- A = 1.84+0.04 andk; = 4.3+ 0.07 were determined by fitting simulation data to
theoretical prediction Eq (2.32). Persistence lerigtis given in units ofo, and concentration
is units ofo 3.

Fig. 2.3 shows the decay of the bond vector correlation fondor semiflexible chains
with differentl,. The coefficient of the Lennard-Jones potential (Eq (2.28)% set tce =
ksT /3.1, because from the linear fits in Fig.2.2 we have found theeffective second virial
coefficient is the smallegB| ~ 0 for € = kgT /3.1 (the solid line in Fig.2.2 corresponding
to € = kgT /3.1 has the smallest slope). The persistence lehgthias determined from the
exponentially decaying section of teosyp(s)) ata < s < |,. Using these values df we
extract the long-range component of tfeosy(s)) and plot it using the reduced coordinate

axes in Fig. 2.4. The horizontal axis is scaled by persigtdengthl,, and vertical axis is

scaled byl g/d3. The rescaling of the vertical axis reflects the expectecedéence of the
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monomer contact probability on the persistence lertfth(slp)*2 = (d/1p)3(1p/9)%?. Thus

for a given value o8/l the factor(l,/d)® is expected to collapse the data. For the short-ranged
LJ potential the interaction radius is about the size of tlmmomerd/o ~ 1. The extracted
exponential decay component of tfwsg) (s) is shown in (Fig. 2.4) by the dashed lige¥'s,

and the theoretical expectation for the long-range decaf2Exg)

o 3/2
NS - expls/lp) = kSN —coe () S (23D

is shown by the solid line. The coefficients obtained by fiftihe numerical data a®,- A =
1.844+0.04 andk; = 4.3+0.07. The data for the flexible chain are shown on the same plot
for the guidance purposes, to illustrate the universalneatd the long-range correlations in
polymers. Since the regular definition of the persistenogtie (see Eq (2.1)) is inapplicable
for flexible chains, the numerical data were scaled usingetiirical value ofl, = 0.90
required to collapse them with the results for the semiflexdnains.

The long range intramolecular correlations in a dilute 8oluof charged polymers are
the natural consequence of the long range electrostagcaictions. In semidilute polyelec-
trolyte solutions these interactions are screened by elsasfjneighboring chains and by coun-
terions. To compare the behavior of charged polymers withpravious findings we dis-
cuss the coarse-grained model, in which the semidilutegbetyrolyte solution is consid-
ered as the melt of chains, consisting of correlation volsifiobs). Each such blob of size
& ~ £~1/3p~1/3¢-1/2| ;1% is neutral and consists gf~ f b~ *?c~1/2 monomers [31, 32]
(where f is the fraction of charged monomets,is the Bjerrum length and solvent éslike
for uncharged backbone). The chain inside the correlatabanue is a stretched array of elec-
trostatic blobs. Charged polymers in semidilute solutibasome flexible only at the scales

larger than correlation lengtfy and have the persistence length of order of correlatiogtten

I ~ & [16].
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The results of the molecular dynamics simulatiéor the bond vector correlation function
of polyelectrolytes chains in semidilute solutions arevean Fig. 2.4 with solid symbols.
This function also exhibits long-range correlation. Theresponding curves can be collapsed
with our results for neutral semiflexible chains by assaegathe ranged of interactions with
correlation lengtt, leading to the scaling factdg/d3 ~ IS/E3. For the solutions of concen-
trationsc = 0.050~3, 0.1002 and 01502 we have found the values of the cube of the ratio
of persistence length to correlation Ienggﬁi?’ tobe 114+0.1, 12+0.1 and 13+0.1, cor-
respondingly. The ratid)S/E3 increases with concentration, which is in agreement with th
predictions made in ref. [16].

Significant deviation from the exponential decay of the bwadtor correlation function
begins at monomer separationssot 4 -5l ,, as can be seen in the Fig. 2.4. The magnitude
of the correlations falls as 0.0]Jg at this crossover point. This decreasing magnitude of the
effect makes observations of the non-exponential decayedbond vector correlation function

in polymers with large persistence length, such as polyebtes increasingly more difficult.

2.2.6 Bond correlation function: Summary

In order to emphasize the two ingredients necessary for tiveeplaw decay of the bond-
vector correlations let us examine another approach tichides monomer connectivity, such
as the perturbation theory [11, 25], based on the Edwardsehwidpolymer chain [4]. Al-

though Edwards model includes monomer connectivity, theractions between monomers

are approximated by th®function potential [4, 7, 10]

f(r) = —B&(r). (2.33)

*“Details of this simulation are given in Ref. [33]
"Hered(r) is the 3-d Dirad-function,3(r) = 2J

= 42
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Due to the zero-range of tRe-function potential, the effect of connectivity on the morey
interactions vanished\(= [ r2f(r)d®r = 0) andB(s) = B (Eq (2.21)).

In order to account for the long-range renormalization & thonomeric interactions and
thus correctly describe the macromolecular conformatéopplymer model has to meet two
conditions. (i) The model must consider the fact that mon@nanits are connected. (ii) The
model must take into account the finite (non-zero) rathgeO of the monomeric interactions.

Note that the Flory class of polymer models violates the ¢iosidition (ignores the monomer
connectivity), while the Edwards class of models violatesgecond condition (finite range of

interactions) and therefore both predict no long-rangedbegctor correlations at thgpoint.

2.3 Polymer size

Polymer chain at th8-condition is usually used as the reference state in theysisadf poly-
mer conformations [34—41]. The dependence of the mean saral-to-end distance of the
polymer at theB-temperature on the numbermf bonds in it is described by the characteristic
Flory ratio

Ch= (2.34)

12n
wherelgn is the end-to-end distance of the corresponding freelyt¢ai chain [42]. The ideal
chain model predicts that the characteristic ratio quicyproaches its asymptotic valGe
with increasingn asC. — C, ~ n~! [2,43]. Long range correlations in the polymer chain
described in the present chapter lead to much weaker depea@, — C, ~ n~1/2 ~ N-1/2
whereN is number of Kuhn segments of lendih

The polymer size in &-solution can be found from Egs (2.15) and (2.22):

R3(N) = b?N — ngA\/N (2.35)
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Figure 2.5: Flory characteristic ratio for poly§tyrene ytohexane at 347 (B-solution) [44].
For polystyrene the monomer lendth= 1.54A and its mass per bond Mo = 52g/mol.
whereL = Nb. Similar ~ /N deviation from the ideal scalint(N) ~ N is derived in Ap-
pendix 2.D from the bond vector correlation function.
The characteristic Flory ratidz,, of a linear chain can be expressed in terms of a mean

square radius of gyration of a polymer at #wpoint:

6Ry

whereMg is the molar mass per bond. From Eq (2.35) we obtain the esjorefor the charac-

teristic ratio which is a linear function M~/2 ~ M~/2, whereC, is defined a€, = limC;

n—oo

3 A
2p>/N

The comparison of our prediction of the molecular weightetegence of the characteristic

Co —Cn (2.37)

Flory ratioC, with experimental data for polystyrene irBasolution [44] is shown in Fig. 2.5.

The characteristic ratio increases with the degree of pelaation and saturates for large
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molecules. To analyze the rate of this saturation we plotltfierence ofC, from the limiting
valueC,. The log-log plot of this difference is presented in the triseFig. 2.5. The least-
square fit of the data to the power law giv@s — Cn = (3204 2.2)(M/Mg) ~0°%003 The
measured exponent is in excellent agreement with the vdluelg2 predicted by our theory
confirming the validity of Eq (2.35). SimilaN~1/2 dependence has been also obtained in

Ref. [22] for the inner chain segments using the self-caestamean-field approach.

2.4 Swelling ratio

Excluded volume interactions between monomers lead terwrsivelling or collapse of poly-
mer chains relative to their ideal states [10,24]. For thesical models of a polymer chain with
N Kuhn segments of lengththe equation for the mean square swelling ratfo= 6R5/Nb?
can be written as

(2.38)

where interaction parameters defined [10] ag = (2—%2> 32 NY/2B,

Dimensionless coefficienty andc; are model-specific an@ is proportional to the third
virial coefficient (renormalized by the 4-th and higher ardeial coefficients).

Swelling factor in Eq (2.38) is defined relative to the sizehaf ideal chain. Since this size
is not known neither experimentally nor numerically, we defihe swelling rati@ relative to

the O-state, that is the state with= O:

B =Rg/R§ = a/a, (2.39)
whereag is defined by equation (2.38) with= 0:

C
ag=cot—¢ (2.40)
Og
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The interaction parameterdepends on the intramolecular second virial coefficiBntWe
will use the known temperature dependence [8] of this caefficto analyze the computer

simulation results and redefine the interaction parameter a
z=c,INY?p3 (2.41)
wherec; is the numerical coefficient and the reduced temperatisa@lefined as

T-—-Tg)/Tg at T < T
) (T—Te)/Te 0 (2.42)

(T—Tp)/T at T>Tp

Here we use different expressions fodepending upon whether the temperature is above or
below theB-temperaturely ~ 3.1. The reason for this choice is thetmay be thought of as
a normalized interaction parameter which varies frethin poor solvent conditionsl(— 0),
through O afT = Tg where the chain is neither swollen nor collapsd=1), to 1 in good
solvent conditions — ). Eq (2.42) guaranties that the limiting behaviortak achieved
while not changing the form af at temperatures close Tg.

To obtain the explicit form of(3) we subtract Eq (2.38) from (2.40) to excludgand then
substituten = agf from Eq (2.39):

z=A1°— (AL —As) B3 —Asp3 (2.43)

This equation depends on two dimensionless coefficigkts; org’/cl andAz =C/ (clo(g).
The best fit of the simulated swelling data is shown in fig. 8.6hiown by the open circles
with A; = 9.02 andAz = 0.46.

The fit by classical equation (Eq (2.43)) deviates signifigain the region of moderately

poor solvent, atzl < 1. These deviations are related to the fact that classiealrids do not
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Figure 2.6: Swelling ratio of simulated polymer chain catisig of 100 monomers. Lines
show the best fit of simulation data by Eq (2.43) (solid lined &q (2.45) (dashed line).
account for the effect of monomer connectivity on the moneeriateractions, being based on
assumptions either of mean-field model of cloud of uncoreteotonomers or of the Edwards
model of infinitely thin chain withd/b — 0. The ratiod/b is not negligibly small for real
chains. The thickness for most flexible hydrocarbon polyarisrcomparable to the Kuhn
segment lengthd /b ~ 0.2+ 0.3. Connectivity of monomers with finite interaction range
into a chain leads to a new terAd/a* in addition to three terms in Eq (2.43) (as shown in
Appendix 2.E)

ciz A C

The corresponding expression for fitting the simulatioradain be obtained similarly to Eq (2.43)

Z=AR°— (AL — Ao —A3) B3+ AB 1 —Agp3 (2.45)

whereA; = é\—llcxe. The best fit of numerical data to this equation is shown in Eif (dashed

line) with A; = 7.27, A, = 0.85 andAz = 0.30. As can be seen from the comparison of the
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curves in fig.2.6, the additional term(/a®) in Eq (2.44) is important in moderately poor

solvents, and gives only weak corrections in the asymptetianes atz| > 1.

2.5 Conclusions

We have analyzed the conformations of linear macromolecun®-solution and shown that
they are non-universal. Chain size and correlation of cekagments on all scales up to the size
of the whole chain depend on the details of the intermonanpariential. We have shown that
polymer at9-point does not have ideal-like conformation and is char@med by the long-range
correlations. Correlation of chain segment orientati(aa;) decay as power law, except for
semiflexible polymers, in which case power law decay can k&kewaby the initial exponential
decay on length scales smaller than the length of seversispence segments. The deviations
of the dependence of mean square chain size on the polymenizeegree from the ideal law
R?(N) — b?N ~ /N are much larger thah ! correction predicted by the classical theories.
We explain this non-universal behavior by the effect of moeo connectivity and non-zero
range of interactions. Classical description of @state of a polymer chain can be recovered
in the limit of point-type monomeric interactions (chaextzed by the delta-function form of
the Mayerf-function f (r) = kgT B3(r)).

The similar long-range correlations have been observedamblymer melt [20] and ex-
plained by the effective compression of polymer coils duthtocorrelation hole effect. How-
ever, this argument ignores the fact that this compressidueingintermolecularinteractions
are compensated by thietramolecularinteractions, that would otherwise swell the macro-
molecule. We believe, that the origin of the observed poaerdorrelations in polymer melt
is the same as in th@-solution, i.e. the shift of the monomeric Mayéffunction due to
the finite interaction range and chain connectivity. Thesaaismelts is additionally compli-

cated in comparison to thesolution by the presence of non-zero second virial coefficj21]
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B(s) ~ s1. This two-body interaction alone can introduce the longyeanorrelations with a
s3/2 dependence, similar to the connectivity effect (see Ec)2. But with an opposite sign.
The two effects may partially cancel or screen each othg@ed@ing on the magnitude of the

coefficientsB andA, determined by the chemical structure of monomers.
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2.A  Bond vector correlations for fixed end-to-end vector

Consider a flexible chain witN bonds of average bond lengdhequal to Kuhn lengti and
with fixed end-to-end vectar. The bond vector correlation functidty_(r) for fixed r can be

found by averaging the square of both sides of Eq. (2.3) dwefluctuations of bond vectors
{a}:
r? =N{a?)+N(N—1)aH(r) (2.46)

In the case of a Gaussian chain the mean square length of ige bo

(af) = (ai)?+ (af), (2.47)

depends on the length of the end-to-end vectnrd may differ froma2 when chain is extended
or compressed relative to its mean square 8?2 The averagéa;) can be found by averaging

Eq (2.3) over the fluctuations of bond vectaydor a givenr:

() =r/N. (2.48)
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In contrast to the averagés; ), the amplitude of fluctuations of the bond vecdar = a — (&)
of Gaussian chain does not dependon

Fixing the chain ends at a constant distance decreases thigenwf degrees of freedom
of this chain fromN to N — 1 and thus reduces the average bond fluctuations by the faictor
(N—1)/N:

(8a?) = %az (2.49)

Substituting Egs (2.49) and (2.48) in (2.47), we find from Ba@l6) the final expression

(Eq (2.5)) for the bond vector correlation functigaa;).

2.B Average bond vector correlation function of telechelic
chain

To calculate bond vector correlation functibn we averageH, (r) (Eq (2.5)) over all end-

to-end distances with the probability?(r) of chain conformation with a given end-to-end

distance':
_ JHL(NQn(r) f(r)d®
HL:/T(r)HL(r)d3r_ SN )dsr . (2.50)
where
P(r) = Qu(r)e VDT (2.51)

[Qn(r) e U(r)/keTg3p/’
andf(r) is the Mayerf-function (Eq (2.9)). Her®y (r) is the probability distribution to find

ends of Gaussian chain at a given distanfrem each other

3 \%2 3r2
Qn(r) = (m) eXp(—i) : (2.52)

e Y(/T is the corresponding Boltzmann weiglhtjs the Kuhn length andl is the contour

length of the polymer.
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Sincef (r) vanishes at largethe main contribution to this function comes from loop con-
formations with chain ends spatially close to each other b2N. Expanding the functions

Qn (r) (2.52) in Eq (2.50) in powers of/N we obtain Eq (2.6).

2.C Ideal-like chains

In the section 2.2.2 we have shown the existence of the lange correlations in polymer
chains at thé-point B = 0). A natural question is, whether there are cases in which sar-
relations vanish and the macromolecule behaves as an idaial. As follows from Eq (2.22)
the bond vector correlation functiad (i, j) vanishes when all coefficients in Eq (2.12) are
equal to zero. We begin by attempting to construct a monametéraction potential with

vanishing first two moments of Maydrfunction
B~/f(r)d3r:0 and A~/r2f(r)d3r =0 (2.53)

The following potential with Lennard-Jones like asymptdiehavior (i (r) ~ r =% atr —

o) satisfies these conditions (2.53):

(2.54)

6(E~d  10n2r2 1 ¢4
Ui(r) = KgTlog llqtsO (50"~ 1007+ 1 >]

(02+r2)°
with positive constants ando. Potentiall; (Eq (2.54)) has a minimum ap (Ui(rp) < 0),
similarly to the Lennard-Jones potentifl;, but it also has a maximum et > ro (Uj(r1) > 0).
Without this second maximum all higher moments f@f ) would be greater thaB. The
presence of a maximum is a necessary but not sufficient gondiet this reasoning gives

us certain insight on how to design a potential of an “idedlaic*. Evidently, in order to

*The true ideal chain has no interactions at all, of coursés iBrwhy we put “ideal” in quotation for a chain
with interactions, but with no long range bond vector catieins.
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Figure 2.7: Bond vector correlation function of simulatediymner chain with monomers inter-

acting via LJ potential (Eq (2.23), solid circles) and viasipl quasi-ideal potential (Eq (2.54),
open circles).

prepare an “ideal” chain with(i, j) = O the potential (r) has to be a damped oscillatory
function.

We have used potentibk(r) (Eq (2.54)) instead of the regular Lennard-Jones potetttial
simulate polymer chains of lenghh= 99 as described in section 2.2.4. In Fig. 2.7 we compare
the two bond vector correlation functions obtained from ¢benputer simulation of polymer
chains with monomers interacting via (I) regular LJ-pot&@rEq (2.23), solid circles), and (11)
special quasi-ideal chain potential (Eq (2.54), open egkl In the second case correlations
decay much faster, in accordance with Eqgs (2.53) and (2V¥@)expect that correlation decay
in this case is dominated by the first non-zero teens™®, but to confirm this dependence a
longer simulation is required becau&®syp) quickly decays and in our simulatiqgosy) is

dominated by random noise alreadysat 5a.
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2.D Radius of gyration

The knowledge of the bond vector correlation function alosne to calculate the radius of

gyration
1
Ri= e .

where the mean square distance between monomaardm is

ﬁ (Rém) - (2.55)

||Mz

(Rom) = az

g h(i (2.56)

J=n

N

The functionH (i, j) depends only on a single argument alj —i| (2.12) for the internal
monomers andj. Replacing the sums in Eq (2.55) by the integrals, we get
N 1 L 3
Rg_TJFW/ (L—9)3h(s)ds (2.57)

Smin

where we have introduced the cut-sffi, ~ b. Substituting Eq (2.12) witB =0 into Eq (2.57)

we find

bEN . A
RS~ RT—)\@\/N (2.58)

where the renormalized bond Iengiﬁ depends on the cut-aoff,i, and the numerical constant
A ~ 0.47. TheN~2/2 correction gives a stronger deviation from the Iimitingeslilﬁm R2 than
1/N correction, as expected in the classical polymer chain fspdguch as freely rotating

model or worm-like model) with exponentially decaying @ations (Eq (2.1)).
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2.E Swelling curve

The effective Hamiltonian of the chain with monomers intéirag with the effective potential

f(x—x)=1—exp(—U (x—X') /kgT) is

H

N
KsT zﬁz / Rdst / dsids f (x(s1) —x(s2)) + (2.59)

: / [ dsidsid(x(sy) - x(s2)) 3(x(52) ~(s3))- (2.60)
0

wherex = %. For the sake of simplicity in this appendix the variablis the dimensionless

contour length measured in the units of bond lerggtfihe mean square end-to-end distance:

R = <[X(N) —x(O)]2> . (2.61)

H

can be calculated using the perturbation theory:

H = Ho + Hint (2.62)
where
HO o 3 -2
o= 2—a2/x ds (2.63)
and
17 d% ; iK(x(s)— 3/1 1 P
HikeT = / = | dsidgdxexm 2 <?—E) [dst (2.64)

3
c/ dsl/ dsz/ /d Ky / d° 2 gal(sy s L ikaixs) X)) (2,65)
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Here we introduce the Fourier compondpif the potentialf (x):

fio = / d3xe R f (x) = 4m /0 ) dxxzsmk()l:X) £ () (2.66)

In the first order inHj,; we get

R? = RS+ OR?, (2.67)

where

R = a’N (2.68)

and the first order contribution to mean square end-to-estduce due to interactions is

8R% = ([x(N) =X (0)*Hine ) = ([X(N) =X (0)]*) _ (Hin)s,- (2.69)

Ho Ho

To find a we impose the condition, thﬁ% gives the best result fd&®, that is,6R? = 0, or

(D) =x (O Hin) = ([x(N)=x(Q))°),_ (it} (2.70)

Ho 0

In order to calculate the integrals we first consider

— [ /h(9x(s)ds
J(h) = <é >HO (2.71)
with
h(s)=h[d(s—N)—95(s)| +k[d(s—s1) —0(S— )] (2.72)
and get (for O< 51,5 < N):
1ooy 120 1,
J(h) =exp —éh aN— 52 ke|s1 — | +§a hk (s, —s1) (2.73)
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Differentiating it with respect tt we get

<[x(N) _X(o)]zeik(X(sl)—X(Sz))>H

- {aZN—%a“kz(sQ—sl)2 eXp(-% 2k2\81—82|)

The second integral can be written as

Differentiating it with respect tg@ ate = 0 we find

<[x(N)—x(0)]22ia2/x2ds>Ho—<[x(N)—x<0)]2>H0<2—2’2/x2ds>H _ &N,

0

Using the two integrals above, we rewrite the condition @2 iA the form
d3k ¢ 1
/ / dsldsz a*k?( sg—sl)zexp<—€s 2k2\sl—32|)

L a
R

Calculating integrals ovex, ands; with the aid of equality

N S
/0 dsi | " (1 — 5)2e H9 %)

- —7
:N4222 6+e Z8(6+z4+4z) _ N (2)
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with 22 = £a?k?N we find

1/ d% o 3 (a2
5/(2n)3k ko(Zz):é(@_Q "

Substitutingfy = fo + (fk — fo) we obtain

N3/2\/é 1 d3k
T2 & 9 (2)

(- To)F (2) =

Substituting Eq (2.66) we get

f"Ns/Z\/é—ZN4/ Al f (x /mk“dk[l—sm(kx)]F(zz):g(a_z—l) N.

0782 a8 kx

Changing variable of integratiok,— z= v/cN = ay/Nk/+/6, we get

~N3/2\/é N3/28\/6 3 a2
o wa fy T a\/_ (@‘1)“"

where

I = /sz“dz{l— Si”u(szq F(2).

We find that) (u — o) = %\/ﬁand at smalu (largeN) we obtain

1 5 1

Introducinga = a/b we end with (at largé&l > 1)

a2—1+_+ﬂ_L
7 ad a4 ashsyN
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with

,_ _2V6

= 505 VN (2.86)
and
, 16 e _20v6 *
A_—F/O dxlf (%), A_—nl/Z/O A3l f (). (2.87)

Notice, thatfy is just the second virial coefficient. The last texnA can be dropped & >> 1

not very close t® point.
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Chapter 3

Polymer molecules on surface

3.1 Image analysis

Scanning force microscopy is an amazing technique thawaltbrect visualization of molecu-
lar size objects, as opposed to indirect methods such asattesng, ellipsometry, etc. How-
ever, this visual form of experimental output turns the nogitof systematic analysis of ob-
served data into a challenging task. Individual and cdllegiroperties of microscopic objects
that appear on an image need to be measured and analyzeav@aged and compared). This
problem brings us into the broad and versatile disciplindigital image analysis.

Digital image analysis (DIA) as the name states is the coerpodsed technology. Its
applications at present include photography, printingglite image processing, medical im-
age processing, face detection, feature detection, fagdifatation, car traffic detection and
microscope image processing. The main topic of our intdérest will be the last one, micro-
scope image processing. Our goal here is the fast and relaélhod capable to detect imaged
molecules and to measure their characteristics.

The general task of DIA, that is detection and quantificatibobjects and picture elements

in an arbitrary digital image is enormously complicated. f&othe only universal instrument



capable of doing that is the human brain, which in its turnitsagwn limitations. Therefore, to
achieve our goal we need to make use of specific propertiesraholecular images obtained
by atomic force microscopy. This procedure can also be agpb other types of images that

share certain characteristics with AFM molecular images.

3.2 Molecular images

Molecular image is visual representation of 2-dimensi@redy of data measured with sam-
pling device of scanning microscope as it traverses actessample surface. Here and in
the following we will discuss the analysis of linear molezsyl but the method is applicable to
any linear object, such as cylindrical micelles or arms @nwhed molecules. The algorithm
of molecule detection and quantification that we utilizeeheain be roughly divided into three
stages. In the first stage the candidate areas containiegtelgre isolated on a substrate. In the
second stage the molecule contour is searched, includitigtbe perimeter and central line.
Finally, various parameters of the molecule are computech s its length, area, curvature,

etc. These procedures are described in details below.

3.2.1 Isolating molecules from substrate

The smallest possible section of an image is called pictieraent, opixel. Pixel is character-
ized by its position and color. Pixel color represents aaienphysical property of correspond-
ing point on the sample surface, e.g. height, charge, hasdmeadhesion strength. To simplify
the discussion in the following text we will refer to the aitypdle of the measured property as
thevirtual height or simply theheight h, of the pixel.

We employ the height discrimination as the simplest way plsating molecule images
from the substrate. To identify the molecules we first lookiglps of pixels that have height

exceeding certaitthreshold hg. The preliminary filtering by isle area can be performed at
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Figure 3.1: Molecule image after separation from substi@ieels belonging to the molecule
are shown in gray.

this stage. Isles of area below the given lower limit or abihveeupper limit are deleted from

the collection. This procedure removes trash pixels appgalue to noise or dust, and sorts
out overlapping molecules, whose area is well above theageerFig.3.1 shows the resulting
image of the molecule after the separation procedure, wiblpbelonging to the molecule

shown in gray.

3.2.2 Detecting the contour

Contour detection is the most sophisticated and comput@tiointensive step in our image
analysis procedure. The results of contour detection delmolecule perimeter (outline) and
its central line. Central line is needed in order to calailatolecule length, curvature and
orientation. Molecule perimeter is the length of contaatlof adsorbed molecule and also can
be used to characterize the molecule shape (e.g. by theofadiatline length to central line
length).

One of the possible methods of constructing the moleculéraelme is the iteration of
thinning procedure [45]. Thinning is done by stripping oiftgls from the edge until a 1-pixel

thick line remains, that consists of 4-connected or 8-cotetkpixel$. Thinning method can

*Pixel is 4(8)-connected to the other pixel when it is one ®#i{8) nearest neighbors on a square lattice.
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handle branched molecules as well as linear ones. The mawbdcks of this are its sensitivity
to edge defects, and the necessity to correct for the maemds to avoid shortening.

We have developed another method to identify the molecutraleline, based on the
concepts of the graph theory [46]. We treat all pixels of th@auoule as graph vertices. Graph
vertices corresponding to spatially neighboring pixeks @onnected by edges. The weight of

an edge that connects two vertices located at {x;,yi} andv; = {x;,y;} is defined as

lij = dij -W(Vi,Vj) (3.1)

whered is the Euclidean distance between the corresponding pixete weight function
W(vj,v;) is used to adjust the length of topological trajectoriesiglthe vertices.

Our molecular graph is connected, that is every vertex casdehed from any other vertex
by walking along the edges. The sequence of vertices thhbeisited in the course of this
walk forms thepath connecting the given pair of vertices. We use the fact thatrakline
connects the two most remote points of the molecule, thasiends. The protocol for the

automated search of the central line can be set up as follows.

1. Choose a seed vertey* on the molecular graph, and find shortest phttie all other
vertices. Since the weights of all edges are non-negativeameemploy the Dijkstra

algorithm [47,48].

2. Select the longest of these paths and use the vertatdits other end as the starting point

for next step.

3. Find the shortest paths from the vertaxto all vertices. The longest of these paths now

represents the central line.

*The choice of a seed vertex is arbitrary, we used the vertthedtighest point in molecule.
TThe problem of determination of the shortest path betweernvertices has many important practical appli-
cations, e.g. in transportation or internet traffic routing
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Figure 3.2: (a). The shortest path between the molecule whda edge weight corresponds
to its euclidean length. (b). The shortest path betweennts with the edge weight adjusted
according to the distance from the border. (c). The resuliaritacle” defects at molecule ends
on the obtained central line.

The trajectory of the resulting line depends strongly ondheice of the weight function
W(vj,vj). Fig. 3.2a shows an example of the shortest path betweerattiest points of
molecule for the case of uniforkV(v;,v;j) = const To give the preference to trajectories that
do not approach the molecule boundary we assign higher wigighe boundary vertices than
to the central ones:

W (Vi,Vj) = dmax— 1/ db(Vi)db(V;)

wheredy (V) is the shortest distance from the given verteto the boundary, andmax is the
constant added to insure that(v;,v;) is non-negative. Now that the length of graphs edges
increases in the viscinity of molecule boundary, the tri@jgcof central line tends to avoid the
molecule borders (Fig. 3.2b).

The procedure described here gives satisfactory resultsoist practical cases. Its main
point of failure is the presence of certain defects shapethias’tentacles” and protruding
from the molecule ends (Fig. 3.2c). The edges belongingasetfitentacles” have high weight
and for the path seeking algorithm they seem to lead to matarmti vertices than at the actual
molecule ends. However, these defects can be easily renhbguwbé slight preliminary blurring

of the image.
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3.2.3 Calculation of length and curvature

A number of discretized line length estimation protocols haen suggested [49]. The simplest
way is to compute the sum of Euclidean distances betweenixkispHowever, according to
certain studies [50] this method tends to underestimatéetiggh. A more accurate methods
are based on Freeman estimator, Kulpa estimator or the rcoouat estimator [50], but the
statistical and semiempirical nature of the estimatorsléad us to the application of splines
[51]. The polynomial spline is constructed using pixelstoé tiscretized line as knot points.
Length of the spline is a more accurate and better reprotuietimate of molecular length,

as it is less affected by the change of image resolution.
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3.3 Molecular brushes on the surface

3.3.1 Measuring molecular weight by atomic force microscop

Accurate characterization of molecular weight distribatis very important since many phys-
ical properties of polymers depend on the chain dimensidhg. characterization is straight-
forward for low molecular weight polymers with a simple chieal structure, e.g., linear chain

homopolymers without ionic and associating groups. Howesxperimentalists face severe
difficulties when studying large molecules possessing aptexnarchitecture, heterogeneous
chemical composition, charged moieties, and/or surfatgeagroups. Here, we propose to
use a combination of two well-known techniques, i.e., Atoforce Microscopy (AFM) and

Langmuir-Blodget (LB) technique, to determine the numhwerage molecular weight and the
molecular weight distribution. This approach does not negany prior information about the

chemical composition and the architecture of macromokuThe only necessary condition

for the practical application of this method is visualipatiof individual molecules [52].

Methods

The method includes several steps. First, one should prepatock solution of a known
concentratiorc. Second, a certain amount (volug of the solution is spread over the water
surface in a Langmuir trough to form a monolayer of adsorbeteoules. In the third step, the
monolayer is compressed laterally to a certain &gaat which a dense monolayer forms. Step
four is the transfer of the monolayer onto a solid substrateédFM studies. One should also
measure the transfer ratio Tsthe ratio of the change in drdeseavater supported monolayer
during the transfer onto a solid substrate to the area of wlhstgate. Finally, step five, the
transferred monolayers are scanned by AFM for visualiradiindividual molecules.

From the concentration, volume, and transfer area SLB onealgulate the mass per unit
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area as

mpe=c-V/Ss (3.2)

One should note that the film transfer could be performed ptaa@aS g, provided that
the monolayer is dense and the molecules can be clearlywessoVisualization of individual
molecules by AFM enables their counting within the micrqrareaSarm to determine the

number of molecules per unit aregry

narm = N/Sarm (3.3)

The error associated with the molecular density decreaselgdN. In this work, we
counted approximately 3000 molecules for each sample @irobtrelative standard deviation
of 4%.

From the mass and molecular densities, one can calculateutnber average molecular
weightM;, using the following equation

mpe T

Mp = — 3.4
" NAEM Mam (34)

whereT is the transfer ratio anhyy, is the atomic mass unitym = 1.6605x 10-24g. The trans-
fer ratio corrects for the difference between the mass tenbthe water supported monolayer
and the mass density of the transferred film.

In addition, AFM images give length distribution of the v@dized molecules. The length

fraction of molecules with length can be calculated as
W = L/LnnL (35)
whereLy is the number average length for an ensemble of counted mekeand is the

number fraction of molecules with length Assuming that the molecular weight is propor-

48



tional to the contour lengthM ~ L) the length distribution should be identical to the molecul

weight distribution from GPC (weight fractiom, versus molecular weigh).

Materials and characterization

A PBA brushes with different lengths of the side chains wagppred by grafting of n-butyl
acrylate from a poly(2-(2-bromopropionyloxy) ethyl methgdate) (obBPEM) macroinitiator as
described elsewhere [53,54]. The number average degreayohprization of the backbone
is N, = 567+ 35. The degree of polymerization of PBA side chains of the samples is
20 and 51 (details of MALLS-GPC and SLS characterizatiomisef. [53]). AFM images
were collected using a Multimode Illa Atomic Force Micropeo(Veeco Metrology Group)
in tapping mode. To ensure accurate counting of visualizetbaules, several images were
collected from the same sample but in different areas, udiffigrent scan sizes and scan di-
rections. For every sample about 3000 molecules were cduiiitee counting was performed
using a custom software program for analysis of digital iseagThe program is designed to
identify the molecular contour, and to determine the contength, the end-to-end distance,

and the curvature distribution.

Results

Figure 3.3 shows an AFM image of sample with shortest sidensha, = 20) on mica. The
image demonstrates the uniform coverage of the substrditiehvenables accurate counting
of molecules. However, the image also reveals two issueghwiay affect the quantita-
tive analysis: (i) crossing of molecules and (ii) partiadwalization of molecules at the image
borders. Because the image analysis program automatcatijures all kinds of individual
species, it considers both the crosses and the moleculgmémats as molecules, i.e., two
crossed molecules are counted as one and partially imagéztuhes are counted as whole

molecules.
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Figure 3.3: Individual molecules of polymer 1 were cleaggolved by tapping mode AFM.
The higher resolution image (a) demonstrates details afiblecular conformation including
crossing molecules indicated by arrows. The larger scaéger(b) demonstrates the uniform
coverage of the substrate.
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Figure 3.4: (top) MALLS-GPC diagram presents molecularghiidistribution of Sample 2.
(bottom) The molecular length distribution (eq. 3.5) wasasweed by AFM for an ensemble

of 3060 molecules.
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Table 3.1: Molecular Weights of PBA Cylindrical Brushes &ratined by SLS, MALLS-GPC
and the AFM-LB Methods

SLS MALLS-GPC AFM
No Mp210° MpP10° My/MiS Mp910°  Lonm  Ly/Ly'
20 1.4 1.6 154 5+015 108t6 1.33
51 3.9 4.7 1.46  £+0.35 113+5 1.20

4 The number average molecular weight was calculated fronwiksight average molecular
weight determined by SLS using the polydispersity indi&y/M, from GPC.P Number av-
erage molecular weight of brush molecules determined by M®GPC.¢ Polydispersity in-
dex of the molecular weight measured by MALLS-GPQumber average molecular weight
determined by the AFM-LB approach (eq 3.4Number average length measured for an en-
semble of 300 molecules with a statistical deviation of 5 nfnPolydispersity index of the
molecular length obtained from AFM images.

Therefore, crossed molecules will overestimateNhg whereas the partially imaged bor-
der molecules increase the number of molecules per unit eeeaunderestimate thd,,. The
problem of crossings was resolved by increasing the numbeounted species by the num-
ber of crosses. This approach can be applied to relativedyt sholecules that do not cross
themselves to form complex topologies such as cycles, kaatsnetworks. As to the border
molecules, the total number of molecules was recalculaderi@y = n— np+ Ny, wheren is
the number of individual molecular species visualized byWA, is the number of partially
imaged molecules, and nb is the number of equivalent boradecules of complete length.
The number of the equivalent molecules was determinethasy Lyj/Ln, Wherely; is the

|
length of the partially imaged molecules anglis the number average length of the complete
molecules. Thé, value was determined separatelylas= y L /N, whereL,; is the length of
|
complete molecules.

After the above corrections, the molecular density of thefllBs was calculated. For
example, the sample with, = 51 gavenarym = 1244 5moleculegun?. Using eq.3.4 one
could calculate the number average molecular weligght= (4.0+0.4) x 10°. The error inM,,

can be reduced by counting more molecules. The moleculayhtgeobtained from the AFM-

LB method were compared to SLS and MALLS-GPC data obtainethtosame polymers.
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Table 3.1 demonstrates remarkably good agreement betlweandthods. The agreement
is indeed remarkable because the AFM-LB and SLS/GPC meaasuis were carried out in-
dependently and are based on different principles.

In addition to the number average molecular weight, the AEBImethod allows charac-
terization of the molecular weight distribution. The lattan be derived from the molecular
length distribution assuming that the molecular weightireatly proportional to the length,
i.e., M ~ L. This assumption is often reasonable, especially in thikkwdhere the ATRP
synthesis yields brushes with a uniform structure alongotiiekbone. This property was con-
firmed by GPC analysis of the side chains detached from thiebloae [55]. A general pro-
cedure for statistical analysis of the contour length islwstablished for different types of
linear molecules [56—61]. Figure 3.4 shows molecular weagtd molecular length distribu-
tions determined for Sample 2 by MALLS-GPC and AFM, respetyi In both diagrams,
the Y-axes correspond to weight fraction. One can see tleadligtributions obtained by the
different methods are very similar. Note that in both cakedistributions cover three decades
of the molecular sizes. It would also be instructive to netitat the GPC distribution of cylin-
drical brushes is virtually identical to the distributiofi the macroinitiatoM,, = 1.5 x 10,
Mw/My = 1.4 used for preparation of the brush molecules. This observi consistent with
the above assumption of the uniform composition of the easilong the backbone. Ta-
ble 3.1 presents the polydispersity indexes obtained by &RCAFM. The GPC values are
somewhat larger than those from AFM. The difference can tribated either to the intrinsic
broadening of elution curves in GPC or to undercounting cdlsfractions of very small and
very large molecules in AFM images. The undercounting issemmes relevant for samples
with broader distributions. Their analysis would requicaisning of larger areas with more
molecules to improve statistical representation of mitydractions. This and other discrepan-

cies between the molecular weights in Table 3.1 need funtivestigation.
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Conclusion

The combination of AFM and LB techniques allowed accuratierd@nation of the number
average molecular weight and molecular weight distributibhe method relies on visualiza-
tion of individual molecules which enables their countinihe AFM-LB data demonstrated
remarkably good agreement with results obtained by the MB3IGPC technique. Although
the application of the method was demonstrated for bruslecudgs, it can be applied for other

kinds of visualizable species.

3.3.2 A Flory Theorem for Structurally Asymmetric Mixtures

Polymer solutions are unique physical systems in whichrttexactions between macromolecules
become screened as polymer concentration increases.foiegia polymeric melts, where the
interactions are completely screened, macromoleculeaveets almost ideal chains obeying
a random walk statistics. The ideality of polymer chains ime@lt was first established over
fifty years ago by Flory [3] and become later known as the Ftbgorem [42, 62]. There is
a very interesting consequence of the Flory theorem, wiscklated to the swelling behavior
of polymer chains in a polydispersed melt. A “guest” molecwith the degree of polymer-
ization N embedded into a melt of chemically identical polymer chauith the degree of
polymerizationNg starts swelling when its degree of polymerization is sugfitly large such
that Np > Né/("’_d), whered is the space dimensionality. For 3-0 £ 3) and 2-D ( = 2)
mixtures, shorter macromolecules tend to penetrate andl avgriest macromolecule when
Na > Né andNa > Ng, respectively. Experimental studies on the binary polymeéttures
confirmed swelling of longer test chains in 3-D [63—66] anD $59] melts of shorter chains
as predicted theoretically.

The recent developments in the area of the nanocompositrialatpose new challenges

in determining factors controlling stability and confortiea of polymeric mixtures that con-

54



f\ﬂ/N? —
Q - V‘j
%

Ng

Figure 3.5: Schematics of a brush-like macromolecule emd@dn a melt of linear chains
with a degree of polymerizatioNg. Brush’s backbone and side chains have the degrees of
polymerizationNa and N, respectively.

tain molecular species with different architectures [62]-Mixtures of linear polymers with
dendrimers, branch polymers, nanoparticles, carbon néest and clay platelets are used to
create new generation of nanocomposite materials. Sireastthctures of these molecules
are significantly different from those of linear polymer aig this makes applicability of the
classical Flory theorem to these mixtures questionablehigisection, we show that one can
modify the Flory approach to describe mixtures of strudturand geometrically different
species. We use atomic force microscopy (AFM) to visualimividual macromolecules in
thin films [19, 70, 71] and monitor conformations of well-defd brush-like macromolecules
with the backbone degree of polymerizatiNg and the side chain degree of polymerization
N embedded into a monolayer of linear chains of the degreelyhperizationNg (Fig. 3.5).
The experiments clearly show that molecular brushes swetha degree of polymerization
of the surrounding linear chainslg, decreases. The intriguing finding of this study is that
the swelling behavior depends not only on the length of thedr chainsNg) but also on the
degree of polymerization of brush’s side-chaiNg that define the structural asymmetry of the
mixed species. To explain these findings, the Flory theorgmolymer melts was reformulated

to account for the structural asymmetry and to establistibtwndaries of the swelling region.
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Figure 3.6: Height AFM images of individual brush molecutasbedded into monolayers
of linear pBA chains having different degrees of polymetitma a —Ng=11, b -Ng=24, c -
Ng=102, d -Ng=214, e Ng=322, f -Ng=602, g -Ng=1766, and h Nzg=8813.
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The brush-like macromolecules used in this study consist tdng flexible backbone
(Na=1580) with densely grafted poly{butylacrylate) (pBA) side chaindlE10). These macro-
molecules were synthesized by atom transfer radical paiatgon [72]. For the polymeric
solvent/matrix to be chemically identical to the molecudarshes, we used melts of linear pBA
chains. A series of well-defined linear pBA's with degree ofymerization ranging from 10
to 9000 and monomer molecular weighip=128 were purchased from Polymer Source Inc.

Monolayers of pBA brushes dispersed in linear pBA chainsvpeepared by the Langmuir-
Blodgett technique. To obtain these dispersions, the bmahbcules were first mixed with ma-
trix polymers at a ratio of 10/90 wt./wt.% in chloroform, aromon solvent for both the brush
and linear polymers. The solution was then deposited or@omiter surface of a Langmuir
trough. After allowing 30 minutes for system equilibratjdhe water-supported monolayers
were transferred onto a solid substrate (mica) at a conptassure of 0.5 mN/m and a trans-
fer ratio of 0.98. The transferred samples were studied biAdiming at visualization of
conformations of a single brush molecule.

Figure 3.6 shows sequence of conformations of a worm-likkeoudar brushes sparsely dis-
persed in a matrix of linear pBA chains. The height contrasults from the partial desorption
of the side chains that segregate around the brush backbdrferan a ridge of approximately
1nm in height. The side chains that remain adsorbed to thetrstie are not distinguishable
from the surrounding melt of linear pBA chains. Figure 3.6wh evolution of conformational
transformations of brush macromolecules with increasiregdegree of the polymerization of
linear chains. The guest molecules change their confoomdtom expanded coils in a melt
of short chains (Fig. 3.6a,b) to a compact coil in a melt ogenchains (Fig. 3.6g,h). Note
that in 2-D systems, the ideal coil conformation correspotoda dense packing of a polymer
chain. There is also a crossover region between the two pgimes (Fig. 3.6c¢-f).

Conformation of single molecules were analyzed using aotnstesigned software pro-

gram which was able to identify molecular contours and diyameasure the contour length,
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Figure 3.7: Dependence of the square root of the mean-scatdites of gyration of pBA brush
on the degree of polymerization of linear pBAs chains fofedént degrees of polymerization
of the backboneNa). The solid lines are the best fit to the crossover equatioiitl® avsingle
set of two adjustable parameters%.31+0.01 and A=0.3+0.08.

Figure 3.8: Three conformational regimes of a brush-likeramolecule embedded in a melt
of linear chains with a degree of polymerizatidla. The lower boundary of swollen test
chain regimeNs=N?, is determined by the degree of polymerization of the sicareh(N),
while the upper boundary of the ideal chain regirNg=Na/N, also depends on the degree of
polymerization of the brush’s backbony().
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the radius of gyration, and curvature distribution of thelecales. Clear resolution of in-
dividual molecules enabled visual fractionation of singlelecules and molecular clusters.
The latter were excluded from the conformational analyBigure 3.7 shows the root mean-
square radius of gyration of the pBA brushes measured ardiit degrees of polymerization
of the pBA linear chains. The radius of gyration was averaigpeata. 300 brush molecules
with a similar contour length which gave an experimentabeaof about 10%. Note that the
swelling stops at much longer chairds(>> 1), unlike linear chains that are expected to con-
tinue swelling down td\g = 1. Therefore, the location of the crossover region notalifeis
from those of structurally symmetric melts.

To understand the physical mechanism of the observed sgdiiehavior we have devel-
oped a scaling model of brush-like macromolecules in a nifelinear chains. Consider a
brush-like macromolecule with the main-chain degree ofyparizationN,, the side-chain
degree of polymerizatioN, and the monomer size(Fig. 3.5). The adsorbed brush molecules
can be envisioned as a ribbon with a widthbf bN and a contour length dfp = bNa. This
brush molecule is dispersed in a melt of linear chains withdbgree of polymerizatioNg.
Since we are dealing with an extremely dense brush, whekairy enonomeric unit of the
backbone contains one side chain, we assume that the lihaarscdo not interpenetrate the
side chains. This assumption is based on the fact that itlytigdsorbed brushes, the pene-
tration is sterically impossible because the adsorbeddhdes represent a 1-D brush aligned
perpendicular the backbone with a distance between thesbéthe order of 0.5 nm.

The effect of the linear chains on the swelling behavior ofenolar brushes is associated
with the entropy of mixing of these chains with a brush. A testilecule occupies only the
fraction of the are®R%, wherep = LoD/R% = b?NaN/RZ is the volume fraction of monomers
belonging to a brush inside ar&, which leaves an are@ — ¢)R% accessible for the liner

chains. The entropic contribution to the free energy duddogment of the linear chains with
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the degree of polymerizatiddg over the are&ﬁ is equal to:

Fnix _ R%(l—cb)ln(l_q)) _ _NaN | P?(NaN)?

kseT ~ b2 Ng 0<1 Np 2NgR% (3.6)

Note that only the last term in the right hand side of Eq.(8d€)ends on the size of the brush
moleculeRa. Here and below we use scaling analysis and neglect all noah@refactors on
the order of unity. The Flory free energy of a guest molecuibesch with the linear chains can
be written as a sum of the free energy of mixing (Eq. (3.6)) ahthe test molecule elastic
free energy [42]. The elastic free energy term accountsHerchange of the conformational

entropy as guest macromolecule swells from the ideal size
1/2
RS ~ (LpLo)Y/2 ~ bNy/2N3/2 (3.7)

wherelLp = bN3 is the persistence length of an adsorbed brush macromeleghich a ribbon
with a width of D = bN [73]. Thus, the total free energy of the molecular brush elised in a

melt of linear chains is

F_[(Ry\° B?(NaN)?
=~ (@) e 3.9)

The equilibrium probe molecule size is obtained by minimggiEq.(3.8) with respect to the
sizeRa as

3/4

Ra ~ N/ *N%/4Ng Y4

(3.9)

which is valid for intermediate values of the matrix chaidégrees of polymerizatioMNg. For
very long linear chains, the intrabrush interactions amecet completely screened. In this case,
test macromolecule contracts and its size eventually &gbes the ideal siZea ~ Rg. This
takes place ag ~ Na/N. This upper boundary for the swollen brush regime is a ssinugi
result because it points out that linear chains see a bruaHiasar chain composed /N

effective monomeric units. In other words, the ribbon-likeish with a width ofobN and
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contour lengtlbNa can be viewed as a chain by/N monomeric units with linear sizbN
and having\? original monomers.
As the degree of polymerization of the linear chaiNg, decreases the brush molecule

swells. The brush becomes completely swollen with size
3/4
RV~ L, (b_NA> ~b(NNa)¥* (3.10)

atNg ~ N2 for which Ra &~ R3".

For even shorter linear chainlig < N2, the brush is completely swollen and its equilib-
rium size does not depend on the degree of polymerizatidmeathain’s forming the polymeric
solvent. In Figure 3.8, we summarize different swellingimegs as function of the degree of
polymerization of the solventyg. It is important to point out that the interval of the inter-
mediate linear chain’s degree of polymerizatidéts< Ng < Na/N, in which a brush macro-
molecules swells, only exists when the number of monomenmsifig the brush backboriga
is larger thanN3. The latter corresponds to the persistence length of tigidsorbed brush
macromolecule [73].

The dependence of a chain size on the system parametergéndbinformational regimes

depicted in Figure 4 can be approximated by a simple cros$okmaula

- Na\ ¥4 1 N3\ Y

where A and A are numerical constants on the order of unity. These twotaotsare in-
troduced to adjust the molecular size and the location ofctbesover region, respectively.
For long linear chainsNg > Na/N), the formula approaches the ideal size of a polymer brush
R = Aleﬁl\/zNe’/2 (see Eq. (3.7)). For melt of short linear chailg (< N2), this expression
reduces to the size of a completely swollen moleé&{fe= Ab(N NA)3/4. The crossover equa-

tion (Eqg.(3.11)) was used to fit the experimental data usipn@®d A as fitting parameters.

61



For different sizes of brush-like macromolecules, expental data closely match the pre-
dicted swelling region with two adjustable parametefs-A0.31+0.01 and A = 0.30+0.08
(Figure 3.7). Overall, experiment and theory demonstrategllent agreement confirming the
dependence of the size of a test brush chain on the degredyohgrization of linear chains
forming a two-dimensional melt. It is important to emphasiaat for different brushes, both
limiting values of their radius of gyratiorﬂg andRY") can be accurately fitted with the same
set of adjustable parameters.

One can easily generalize the presented above analysis ta$le of a test macromolecule
with thickness D, contour lengthy and having a persistence lendtpimmersed into a melt
of the linear chains with the degree of polymerizatiby rewriting Eqs.(3.6)-(3.8) in terms
of chain parameters 0o, L, and space dimensionality d. Such test chain begins to shrink
when the excluded volume occupied by the host chiifg becomes larger than the volume
occupied by an effective monomef Bf the guest moleculé&®Ng > D9. Above this crossover
value, the matrix chains screen intrachain repulsive aaons between monomers of the test
macromolecule, which is manifested by the decrease of ﬁ’IafrteIeculle size with increasing
degree of polymerization of the linear chaiNg asRa ~ (%) " Ngl/(d+2). The
shrinking continues until the size of the test molecule bee® comparable with its ideal size,
RQ\ ~ (LpLo)l/z. This occurs when the degree of polymerization of the lirdginsNg is on
the order ofL\*4/2p2d-2 /(1 §/%pd)

The generalized Flory theorem for mixtures of structurafymmetric macromolecules
can be formulated as follows: “Test macromolecules witkkhess D, contour lengthy and
a persistence length, dispersed in a melt of linear chains with the degree of polyra&on
Ns will remain in their ideal (Gaussian) conformations untietdegree of polymerization of
the linear chain®\g exceeds*._((f*d)/zD2d*2/(Lg/2bd). Shorter linear chains fill volume of the

test macromolecules causing their swelling. This sweltingtinues until the excluded vol-

ume occupied by the linear chaifiNg becomes comparable with the volume of the effective
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monomer ¥ of the test macromolecule.”

3.3.3 Multiarm molecular brushes

Dense branching results in 3D molecules with a well-defireaps. The most prominent ex-
amples are spherical dendrimers [74—76], arborescefitygyymers [77—79], monodendron -
jacketed linear chains [80, 81] and cylindrical brushes-f&]. The shape of these molecules
is controlled by steric repulsion of the branches and is @enined by the branching sym-
metry. An important property of branched architecturesi& the molecular conformation can
undergo transformations in response to changes in theaemagntal conditions [52]. There-
fore, such molecules can be regarded as soft colloidalgbestthat can switch their shape, or
tertiary structure. For example, cylindrical moleculangines demonstrate a spontaneous phase
transition from a cylindrical to a globular conformationttvidecreasing surface energy of the
substrate [54]. This functional property can be used togtestimuli responsive nanometer-
sized objects that could work as tiny springs or even engipes/ided that a source of en-
ergy is included in the system. Recently, we have reportethersynthesis of starlike brush
molecules that expanded our ability to control molecularfoamation [86]. The three-arm and
four-arm molecules showed a decrease in polydispersity thi¢ number of arms. Presented
here is a complete molecular analysis of multiarm brush mgés, including linear and two-
arm molecules. We also studied the effect of the number oBamthe molecular weight

polydispersity and on the ordering behavior of multiarmdires adsorbed to a flat substrate.

Materials and characterization

A series of multiarm brushes with different numbers of arnaswerepared by the grafting of
n-butyl acrylate (nBA) from multiarm macroinitiators (bawdnes) using atom transfer radical

polymerization (ATRP). The average molecular weights aradegular weight distributions
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were measured by gel permeation chromatography (GPC). &taélslof synthesis and char-
acterization were published elsewhere [87].

AFM images were collected using a Multimode atomic forceroscope (Veeco Metrology
Group) equipped with a Nanoscope llla control station irptag mode. To ensure accurate
counting of molecules, multiple images were collected fdifferent areas of the same sample
using different scan sizes and scan directions. The imagl/sis was performed using a
custom software program. The program can identify the maégccontour and determine its
length, end-to-end distance, contour curvature distidioiand parameters related to molecular

ordering in two dimensions via reciprocal space image ineat.

Results

Figure 3.9a shows a height image of two molecules of the &nor-brushes witm, = 1100
andm, = 41, number-average degrees of polymerization of the baeklaod the side chains,
respectively. High topographic contrastwasachievedutjingdhe utilization of ultrasharp HiRes
probes with a tip radius down to 1 nm. Figure 3.9b shows a téggon electron micrograph of
a HiRes probe which demonstrates a forest of sharp neediesidrom a regular Si tip. Since
one of the needles is longer than the others, the longesieeetlally probes the surface
structure.

Molecular visualization provides a unique opportunity fiee characterization of branched
polymers. First, it gives direct evidence of their starliehitecture. Second, it allows for
accurate measurements of the numberaverage moleculantweigrd, it enables length mea-
surements of the star arms separately from the length of limdesmolecule. Below we demon-
strate a few applications of the molecular visualizatiogdantitative analysis of the molecular
structure.

Using GPC with a light scattering detector, one can obtdatikely accurate information

about the molecular weight distribution and the molecularehsions in solution. However,
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Figure 3.9: The height image (a) of single molecules of faum pBA brushes was obtained by
tapping mode AFM using commercial HiRes probes (b). The@satbere prepared by growing
a forest of ultrasharp extratips with a radius down to 1 nmagndf a regular Si tip.
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Table 3.2: Molecular Characterization by MALLS-GPC and AfER Techniques

macroinitiatof brushes degrees
of polymerization
samples M,,10° PDI MP,10P MS,10° PDIP nd mg
1-arm (linear) 1.5 1.4 2.7 2.5 1.3 567 35
2-arm 1.9 1.3 1.1 1.8 1.3 720 17
3-arm 2.1 11 2.7 2.8 1.3 790 26
4-arm 2.8 11 55 6.0 1.3 1100 41

2 Determined from MALLS-GPC in THF, mldc = 0.084. P Determined from MALLS-GPC
in THF, dn/dc = 0.068. ¢ The number-average molecular weight was determined by AFM-
LB (ref [53]) from the mass per unit are@ & M/S) and the number of molecules per unit
area ¢ = N/S) asM, = M/N = p/v. 9 Number-average degree of polymerization of the
macroinitiators:n, = M /Mo, whereMg = 265g/mol is the molar mass of BP_EM.Number-
average degree of polymerization of the side chaimg:= (ME"Ush_ macroinitiatory /iy
wheremy = 128g/mol is the molar mass of BA.
themethodbecomes less accuratewhen analyzing large utesggRy > 1) and molecules with
complex architecture [88]. Recently, we have proposed actewacterization method based
on a combination of the AFM and LB techniques to measure tmebeu-average molecular
weight and the molecular weight distribution of brush males [53]. The method is based on
molecular visualization which allows counting of indivalunolecules and accurate measure-
ment of the number of molecules per unit area of an LB monaldy@®m the number density
and the known mass per unit area, one can readily calculateumber-average molecular
weight (see Experimental Section). Although the AFM measwants were done on a solid
substrate, the number density is close to that on the waticgusince the transfer ratio was
close to unity T = 0.98). For better averaging, a few hundred molecules wereyaedlby
measuring several AFM images (like those in Figure 3.12pftbe same sample. The obtained
results are summarized in Table 3.2. The method demondtexizellent agreement with the
MALLS-GPC results, even though the two techniques are basetifferent principles.

Along with being convenient and reliable for molecular weigletermination, AFM en-

ables accurate measurements of the molecular length. &stalike brushes, one can measure

the length of the arms separately from the length of the @ntiolecule. This demonstrates the
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Table 3.3: Length Characterization from AFM Measurements

individual arm entire brush molecule
sample Ln (nm)y PDPP Ln (nm)? PDIP theor. PDf I3 (nm)
l-arm (linear) 1305 1.15+0.08 130+5 1.15+0.08 1.15 0.23:t 0.03 g L. =
2-arm 69+ 2 1.2+ 0.2 137+ 3 1.1+0.2 1.075 0.19+ 0.03 n
3-arm 55+2 1.15+0.08 165+4 1.05+ 0.08 1.050 0.2%0.03
4-arm 64+2 1.15+0.08 256+ 4 1.04+ 0.08 1.038 0.23-0.03

number-average molecular length.PDI_ = Ly, /L, = length polydispersity index® Deter-
mined from eq 3.13% I, = Ln/Nn length per monomeric unit, whel, is the number-average
degree of polymerization of the backbone.

strong advantage of AFM compared to other techniques sutifrdscattering and viscosity
measurements that give average molecular dimensions.nfdrenation about the arm-length
distribution is important for gaining insight into the shetic process by which the arms grow.
Table 3.3 summarizes the obtained results. The length fspgdsity index, POl = Ly /Lp, of
the arms was determined to be about 1.15 for every samplesdine PDJ was measured for
the linear molecules. This was expected because the mdiatmin that is, the backbone, for
each sample was synthesized in the same manner. Lookimgffat the whole molecule, the
size polydispersities determined by AFM decreased witheiasing functionality from 1.15 to
1.04. The lowest polydispersity was found for the four-ammsihes. This had direct effects on
the ordering of the molecules, which will be discussed ingbeond part of the section.

The PD[ values determined from the length distribution are lowentfDI values from
the mass distribution measured by GPC (Table 3.2). The @isagent may be caused by fun-
damental differences in the size analysis by the MALLS-GRE& AFM-LB techniques. GPC
blindly measures all species that are injected into theragipa columns. The species may
include a large variety of side products including a smaitfion of unreacted macroinitiators,
individual side chains, and cross-linked molecules. Intamt, AFM is based on real space
analysis which enables selecting only the right species,ish multiarm brush molecules that
possess a characteristic shape.

Table 3.3 also demonstrates good agreement between thenegptal and theoretical val-
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ues of PDI. The theoretical values were calculated assuramipm growth of the arms. Based
on this assumption, one can readily calculate the polydssfyendex of a star molecule, PDI
= PDlgiar. Indeed, if one assumes that the molecular weight distdbudf arms is given by
a normalized functionp(M) (i.e., fp(M)dM = 1), such thap(M) = 0 for all M < O, the
corresponding distribution of a stgr-shaped moleculeaiairtg f arms (M )star) Of arbitrary
chosen lengths reads as a serie§ atitoconvolutionp(M)star = p(M) *p(M) ...p(M), where

p(M)xp(M) = [p(Lp(M —p)dp From the definition of PDI,
PDI= (3.12)

wherep(!)(M) denotes thé-th momentof the corresponding distribution, the RRlcan be

calculated as

PDIstar — PDfIarm + f ; 1 (313)
For example, it is easy to show that fbre= 2
PP (M)star = [{p(M)*p(M)}M2dM =
= [/p(Wp(M—pM?dudM= (3.14)
= 2p@ (M) +2(pM(M))>
For any arbitrary integer value df, one obtains
P? (M)star = Fp® (M) + f(f — 1)(p (M))? (3.15)

from which eq 3.13 follows directly. The equation is also sistent with the Flory-Schulz

theory for condensation polymerizations which proceed naredom fashion [89, 90]. Also
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noted in Table 3.3 is the length per monomeric uhi),(which is a measure of the extension
of the arms. Values df, cannot exceed 0.25 nm, which corresponds to the monomethleng
of a fully extended carbon chain in the all-trans conforimati All the samples have similar
Im values, meaning that the backbones are equally extendeldeosubstrate, which further

substantiates our analysis by AFM.

Conformational transition and surface ordering

AFM allows for the visualization of the conformational clggs star molecules undergo upon
two-dimensional compression on a Langmuir trough. As shpvaviously for linear brush
molecules [54], the compression causes partial desorpfiside chains which is followed by
coiling of the otherwise extended backbone (Figure 3.10hé case of linear brush molecules,
one observes a transition from a rodlike to a globular canfdion characterized by a semi-
spherical shape. In this section, we show that unlike limeashes the starlike brushes form
a disklike shape with a height much smaller than its diam@tigure 3.10b,c). Note that the
side chains undergo only partial desorption. Those sideshahich remain adsorbed on the
substrate plane form a dense corona around the coiled parthais control the surface ar-
rangement of the adsorbed molecules. Below we discuss baljour-arm brush, since the
behavior of the twoarm brushes is identical to that of lineeecules reported earlier [54],
and the three-arm molecules behave similarly to the fonr-@mes.

A monolayer of the four-arm brush was visualized by AFM aethdifferent degrees of
compression. Figure 3 shows the surface pressure-motezrda isotherm for the four-arm
brush. Similar to other fluids, compression of the multiarradhes was reversible, as ex-
pected for equilibrium spreading. However, the isotherm ¢tzaracteristics that distinguish it
from those of conventional liquids. The pressure onset weduat a mean molecular area of
approximately 14 00@Gin? and rose until an area of 8000 where the pressure reached a

plateau of 22.5nN/m. This plateau continues to about 56@@° where a second plateau at
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Figure 3.10: Schematic for a conformational transition ohaltiarm brush molecule caused
by two-dimensional compression. As opposed to the hemrggtiéglobular) conformation of
compressed linear brush molecules (ref [54]), multiarnshas undergo a transition from an
extended conformation (a) to a disklike conformation (bFarts b and ¢ show overhead and
side views of the disklike conformation where the backba@meains adsorbed to the substrate.

25 | () (b)

20 -
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0 5000 10000 15000 20000
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Figure 3.11: The surface pressure-molecular area isotlf@ritne four-arm brush was mea-
sured afl = 23°C. The mean molecular area(MMA)was determined for the nuralberage
molecular weighM,, = 5.5 x 10° obtained by MALLS-GPC. The mean molecular area is the
average area of a single brush molecule on the water surfdee points on the compression
isotherm indicate compressions at which a monolayer wasfeared onto mica forAFMstud-
ies. Each point corresponds to an AFM image in Figure 3.12.
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Figure 3.12: AFM observes the transition of the four-armshrirom a starlike to a disklike
conformation. The transition was caused by lateral conggoasof monolayer films on the
surface of water. The height images correspond to diffedegrees of compression depicted
in Figure 3.11. The cartoon in pattshows hexagonal ordering of disklike molecules stabilized
by steric repulsion of adsorbed side chains. The crossesedtprofile in part e was measured
along the dashed line in pant

= 23.5mN/m s observed. A similar behavior was observed for linearrmjlical brushes

f = 1 [54]. To study the conformational changes occurring upem@ression, four samples
were transferred onto a solid substrate, that is, mica figrent degrees of compression. Num-
bers on the isotherm indicate molecular areas where thelsawgre taken.

Figure 3.12 shows molecular conformations depicted by AkMnd) the transition for the
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four-arm brush. At a molecular area of 12 000F (a), all of the arms are fully extended. As
the molecules were compressed to a molecular area of M@0(b), the arms began to shorten
and the middle of the molecules heightened slightly. At #resa, one observes a coexistence
of extended molecules and disklike molecules, as well agdbat appear to be in a transient
state. At a molecular area of 620@7 (c), all molecules became disklike (Figure 3.12d) with
a disk height much smaller than its diameter (Figure 3.12e).

At low pressures, starlike molecules are disordered becafishe flexible nature of the
arms which result in the irregular shape of adsorbed moéscuDnce the molecules transform
from an extended to a disklike conformation, they also gagal hexagonal order stabilized
by steric repulsion of adsorbed side chains. Regions otshoge hexagonal order are clearly
seen in the AFM images (see Figure 3.12d). The observed mdensistent with the lower
polydispersity of the four-arm brushes. One can comparettiering behavior of the four-
arm brushes (PRI= 1.04) and linear brushes (PD¥ 1.15). Figure 3.13 shows larger scale
images of compressed monolayers of linear brushes in golsonformation (Figure 3.13a)
and four-arm brushes in the disklike conformation (Figurg3B). Visual comparison of the
images of the linear and four-arm compressed brushes eetretithe monolayer of the four-
arm molecules is more ordered. In the insets in Figure 3.48,0an clearly see small domains
with nearly perfect hexagonal order that are also evidefhgeithe 2D power spectral density,
P>(s), wheresis the 2D reciprocal space vector. TRgS) of the four-arm brush demonstrates
a well-defined 6-fold symmetry, whereas the linear brushehiess defined pattern indicating
less order. The observed modulation in the scattering sifgvanishes in large samples.
Figure 3.14 shows angular dependence of the radial-avéiatgnsityl (@) for 1 x 1un? and

5 x 5u? AFM images. This function was calculated as

(@) = / Po(s, @)ds (3.16)
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Figure 3.13: Height images of the compressed linear brushr(d four-arm brush (b). The
highlighted area in part b shows a domain with nearly perfeptagonal order. The insets
show 2D power spectral density measured forIun? areas of the monolayers. Six peaks are
clearly visible in the four-arm PSD, indicating the present hexagonal order in the system.
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Figure 3.14: Angular dependence of the 2D power spectraditiefunctionP,(s) calculated
according to eq 3.16. Parts A and B correspond to AFM imagéiseofour-arm brushes with
sizes of 1x 1 and 5x 5un?, respectively. The presence of the characteristic hexalguaitern,
which is very clear for the smaller image, can still be degddbr the larger-scale image.
where the integration is performed in the range obrresponding to the first-order diffraction
peak (see insets in Figure 3.13). The smaller areas cldzoly distinct peaks separated by’60
(Figure 3.14a). However, even for the larger area, one cstmduish peaks located 6@part
(Figure 3.14b).

To characterize quantitatively the degree of order, onethamalyze the translational and
orientational correlations of AFM images and calculatedbeesponding correlation lengths.
The radial translational correlation functi@iR) was obtained from the 2D scattering function
as described in ref. [91].

Although the radial correlation function in Figure 3.15agls 5-6 secondary maxima, the
translational correlation lengtl{) was determined to be only about 76 nm, or one intermolec-
ular distance, for the four-arm brush and 72 nm for the lif@ash. This indicates that both
the four-arm and linear molecules are fairly disorderede ©btained result seems counterin-
tuitive becauseAFM images in Figures 3.12d and 3.13b rdaeeal hexagonal packing of the
four-arm molecules. The relatively rapid decay of the datren function can be explained

not only by translational disorder of the molecules but dgahe distribution of their sizes
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Figure 3.15: (A) Radial correlation function exemplified the case of the four-arm brush

molecule (1x 1un? image). (B) The decays of the amplitude of the secondary maaf
C(R) as a function of distance for four-arm (circles) and lineardhes (squares) were fitted by

an exponential function to obtain the translational catieh length<t = 76 and 72 nm for

the four-arm and linear brush, respectively.
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Figure 3.16: The orientational correlation function decayponentially to a finite number on
a short-range scale for the four-arm brush but decays tofperhe linear brush. For larger
AFM images, both functions tend to zero at large distances.

and irregularity of their shape. Therefore, in such casgsadially disordered 2D systems, an
in-depth analysis of orientational correlations betwdenrholecular centers of mass would be
more relevant. For example, hexatic crystals demonstefeq hexagonal order despite local
defects that result in [0 .

Figure 3.16 shows orientational correlation functionsokered from 1x 1un? AFM im-
ages of linear and four-arm brush molecules. In contrashéaranslational correlations, the
orientational correlations were analyzed in real spacee ddta points in Figure 3.16 were
obtained by first recording the positions of the center ofsvasndividual molecules and then
correlating angles between nearest-neighbor bonds and-aes. A detailed description of
the analysis can be found in research papers and textbo2k849 The plots in Figure 3.15

demonstrate exponential decay of orientational order mvtgods to zero at large distances. By

76



fitting the data points with the orientational correlatiométion for an amorphous phase,

lim Gg(r) ~ exp_—r (3.17)
r—oo &6

one can determine the orientational correlation lengd), (which measures the long-range
correlation of the orientation of local hexagonal ax&swas determined to be approximately
740nm,which is about 10 intermolecular distances. In @mjrthe linear compressed brush
has a correlation length of only 130 nm, or 2 intermoleculatahces.

The increase in ordering from the linear brush to the foan-arush is consistent with the
decrease in polydispersity, the linear brush having a PR 16 and the four-arm brush having
a PDI of 1.04. One can define polydispersity as the relati@adsird deviation of the mass

distribution which can be calculated from the PDI as

RSDyn = vPDI—-1x 100% (3.18)

For hard spheres, various computer simulations show thettnairial size RSD, above which
no crystallization can occur, is in the range of 5-15% of therage sphere diameter. For hard
disks, this terminal value for 2D crystallization is 8% oétaverage disk radius [95-97] Since
the mass of a sphere is proportional to its radius culmee- (3) and the mass of a disk is
proportional to the square of its radius € r?), the relative standard deviation for the radius
(RSDy) can be calculated as 0.33 RgBnd 0.5 RSRQ, for the spherical and disklike conforma-
tions, respectively. Therefore, for the compressed libeash (PDf= 1.15, RSDy, = 39%) one
obtains RSP = 13%, whereas the disklike conformation of the four-arm hr(RDI = 1.04,
RSDy = 20%) gives RSP= 10%. Since both values are higher than the 8% terminal RS®, on
should not observe long-range hexagonal order for eitheali or four-arm brushes. Although
the ordering theories lend insight into the reason for iase&l orientational ordering with the

four-arm brushes, the compressed polymer molecules céen@garded as hard objects. The
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ordering behavior of the soft brushlike objects needs tirth-depth investigation.

Conclusions

AFM combined with LB proves a useful technique for the defeation of molecular weights
and polydispersities of polymers with complicated arattitee, such as multiarm brush poly-
mers. The technique also makes it possible to observe anditp@ely analyze the ordering
of brush monolayers. Lateral compression of the starlikeshes caused a transition from an
extended dendritic-like conformation to a compact diskldonformation. Once the molecules
transform from an extended to a disklike conformation, thEp gain local hexagonal order
stabilized by steric repulsion of adsorbed side chains. drtemtational order of starlike brush
molecules in a compressed monolayer increases with decggaslydispersity as predicted by

theory.

3.3.4 Adsorption induced scission of carbon-carbon bonds

Covalent carbon-carbon bonds are hard to break. Theirgitnaa evident in the hardness of
diamonds [98, 99] and tensile strength of polymeric fibré30H103]; on the single-molecule
level, it manifests itself in the need for forces of severahonewtons to extend and me-
chanically rupture one bond. Such forces have been gedensiag extensional flow [104—
106], ultrasonic irradiation [107], receding meniscusgL@nd by directly stretching a sin-
gle molecule with nanoprobes [109-113]. Here we show thapk adsorption of brush-
like macromolecules with long side chains on a substratdradurce not only conformational
deformations [114], but also spontaneous rupture of cowddends in the macromolecular
backbone. We attribute this behaviour to the fact that thegitve interaction between the
side chains and the substrate is maximized by the spreadlithg side chains, which in turn
induces tension along the polymer backbone. Provided theediain densities and substrate

interaction are sufficiently high, the tension generatdtibeistrong enough to rupture covalent
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Figure 3.17: Conformational response of pBA brush-like mawlecules to adsorption on
mica. The conformation of the macromolecules is visuallzgdFM, with the light threads in
the heightimages shown in a and b corresponding to the baelsbd he areas between threads
are covered by side chains, which cannot be visualized sstfale. With increasing sidechain
length, molecules change from a fairly flexible conformatfor n = 12 (shown in a) to a
rod-like conformation fon = 130 (shown in b). ¢, The persistence lengglof the adsorbed
macromolecules was determined from the statistical arsabfghe backbone curvature. It is
found to increase with the side chain lengtH @& n?’.

carbon-carbon bonds. We expect similar adsorption-indbeekbone scission to occur for all

macromolecules with highly branched architectures, sgdirashes and dendrimers. This be-
haviour needs to be considered when designing surfacetérgnacromolecules of this type

either to avoid undesired degradation, or to ensure rumtiedetermined macromolecular
sites.

A series of brush-like macromolecules with the same numberage degree of polymer-
ization of a poly(2-hydroxyethyl methacrylate) backbohg,= 2,150+ 100, and different
degrees of polymerization of polybutyl acrylate) (pBA) side chains ranging fram= 12+ 1
to n= 140+ 12 were synthesized by atom transfer radical polymerinasee Polymer Char-
acterization in the Methods) [72]. Owing to the high graftotensity, the side chains repel each
other and thereby stretch the backbone into an extendedmoafion. Placing these macro-
molecules on a surface enhances the steric repulsion betleeside chains, which results in

both an extension of the polymer backbone and an increa$e @iarsistence length.
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Figure 3.18: Schematic of the spreading of a brush-like oraotecule on an attractive sub-
strate. After adsorption, the macromolecule spreads teease the number of monomeric
contacts with the substrate. The brushlike architectungoses constraints on the spreading
process making it anisotropic and leading to extension®@btickbone. Along the brush axis,
the wetting-induced tensile forde= S- d is supported almost entirely by the covalently linked
backbone, wher§is the spreading coefficient ambis the brush width. In the direction per-
pendicular to the backbone, the force is evenly distribotezt many side chains, each bearing
af = S.dtensile force, wheré is the distance between the neighbouring side chains.

The effect is illustrated in Fig. 3.17, which shows atomiccé microscopy (AFM) mi-
crographs of monolayers of pBA brushes with short (Fig. 8)lahd long side chains (Fig.
3.17b). Measurements on both types of molecules yieldechébauaverage contour length
per monomeric unit of the backbone b L,/N, = 0.23+ 0.02nm (see Atomic Force Mi-
croscopy in Methods), which is close tg = 0.25nm, the length of the tetrahedral C-C-C
section. This means that even for short side chamns (2), the backbone is already fully
extended and adopts an aliknsconformation. As the side chains become longer, we observe
global straightening of the backbone reflected in the irsweat the persistence length (Fig.
3.17c).

Chain extension requires a substantial amount of forcechvhie estimate using simple

spreading arguments (Fig. 3.18). Just as in normal liquingspolymeric side chains spread to
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cover the higher-energy substrate and thus stretch theomadecule in all directions.Unlike
conventional liquids, however, the spreading of the sid@rchis constrained by their connec-
tion to the backbone. To maximize the number of side chaiasatisorb to the substrate, the
backbone needs to extend; but even when it is fully elongatiedut 50% of the side chains
are still not fully in contact with the substrate. In thisugition, the attraction of the side chains
for the surface causes the polymer backbone to extend bayopdtiysical limit. Here it is
important that the tension imposed by the surface attragtainevenly distributed over the
covalent bonds of the molecular skeleton.

As shown in Fig. 3.18, along the brush axis, a major fractithe wetting-induced tensile
force is carried by the backbone; while in the perpendicdiagction, the tension is evenly
distributed over many side chains. The force at the backixoestimated a$ = S- d; whereS
is the spreading coefficient amblis the width of adsorbed brush macromolecules (Fig. 3.18).
Here, we consider only the dominant termSn that is, the difference between the surface
free energies of substrate-gas, liquid-gas, and subsigatied-gas interfaces= ys— Vi — Ys1):
Previous measurements for the substrates that were ugeid study founds=2 20mN nt! on
graphite [70] and water/alcohol mixtures [114]. Therefadrush macromolecule with short
side chainsr{= 12) and a width od = 11nm (ref. [115]), is capable of generating a force
of approximately 22PN on either of these two substrates. This exceeds the tymogler of
tensile forces of 18- —100pN reported for stretching of individual polymer chains [116]

According to these arguments, the force value is propaatitmthe molecules width and
also depends on the surface energy of the substrate. Wddteesynthesized pBA brushes
with longer side chaing(= 140) that would lead to a width af= 130nm (refs [52, 115]; this
should result in a tensile force of about@N and allow us to challenge the carbon—carbon
bonds in the backbone [106]. The molecules were adsorbeldeosurface of mica, graphite,
silicon wafers and a range of water/propanol mixtures. Wagmolecules on solid substrates

could be directly imaged by AFM, the liquid-supported filmere first transferred onto a solid
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Figure 3.19: Adsorption-induced degradation of macromulies. a, The molecular degrada-
tion of brush-like macromolecules with long side chains<(140) on mica was monitored us-
ing AFM height imaging after each sample was exposed foeudfit time periods (as indicated
in the images) to a water/propanol (99.8/0.2wt/wt%) swistrb, Schematics of an adsorbed
macromolecule (left) which undergoes spontaneous scissithe covalent backbone (right).
Side chains are shown in light grey, the backbone in dark greyhe cumulative length per unit
mass, measured within an areafof= 25unt at a constant mass density ®f= 0.08ugent 2,
was found to stay at an approximately constant valut ef9.6 +0.5umfg-1 throughout the
scission process. d, The number average contour lengthsumeehafter different exposure
times t (white circles) are fitted accordingﬁQlL—w = L_—lLO + f—i using experimental values for
Lo andL; and a fitted value fok of 2.3 x 10°s~1 (solid line). The experimentally determined
polydispersity index PDI +,,/L,, (black squares) shows good agreement with the computer
simulation results of Fig. 3.20 (dashed line).

substrate using the Langmuir-Blodget technique and thenrsd by AFM (see Methods).
Figure 3.19a shows a series of AFM images obtained for @iffeincubation times on the

water/propanol (99.8/0.2 wt/wt%) substrate, which hasréase energy ofis = 69+ 1mNn11

and a spreading parameter®# 21+ 2mNn11; where the experimental errors are determined

by the precision of the Wilhelmy plate method (see LangnBlidget monolayers in the Meth-

ods). As the time spent on the substrate increases, the uhetaget progressively shorter while

their number density (number of molecules per unit arealesmpondingly increases; this sug-

gests scission of the backbone (Fig. 3.19b). The cumulbtivgth of molecules per unit mass
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of the material was measured As= % wheren; is the number of molecules of length
within a substrate ared ando is the Langmuir-Blodget-controlled mass per unit area ef th
monolayer. As shown in Fig. 3.19c, the cumulative lengthae® approximately constant for
different exposure times, supporting the idea that chassgm occurs. Similar observations
were made on other substrates (Fig. 3.21). However, we &tas experiments using liquid
substrates because they allow gradual variation of thasenergy simply by mixing two dif-
ferent liquids, and because they facilitate rapid equalilmn of the monolayer structure. Both
factors ensure reproducibility of the kinetics study dissed below.

Figure 3.19d shows the characteristic decay of the averafgcuiar length with increasing
exposure time of the macromolecules to the water/proparmdtsate. To analyse the kinetics
of the scission process we assume that the bond scissiorsaxa first-order reactiol3 =
Boe K, whereB is the total number of covalent bonds in all backbones withimit area of
the substrateBg is the initial number of bonds at= 0, andk is the rate constant. Because
the cumulative length is conserved, we can obtain the nurnmEage contour length from
ﬁ = L_—ll_o + f—i wherelLg = 496+ 18nmis the initial contour length measured by AFM at
t = 0 andLo = 40+ 3nmis the length of the shortest molecule observed during tiesisn
process (see Atomic Force Microscopy in the Methods). rigitthe experimental data to this
equation using as a fitting parameter yieldéd= 2.3 x 10°s~1. That we did not observe
molecules shorter than 40nm even at very long exposure tgriescause the brush molecules
with short backbones adopted star-like morphologies. €hsures that the side chains have
more space to spread out and eases tension at the backb@nedTietion of tension prevents
further scission, so the above rate equations are appligcadh > L.

The scission process seems random, which suggests a uiigtribution of tension along
the backbone. We probe this assumption by analysing theHefigtribution of the system
throughout the scission process. As shown in Fig. 3.19dptigdispersity index, PDI =

Lw/Ln; initially increases and then decays, wheggandLy are the weight and number aver-
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Figure 3.20: Computer simulation of the scission processlh@ computer model assumes
a constant scission probabili along most of the backbone; at the enBlgjecays linearly
to zero fromx, = 120nm tox; = 40nm. This ensures the scission process stops at the ex-
perimentally observetl,, = 40nm. b, Length distributions obtained by computer simaoiat
for different time intervals t of the scission process (@dines). The simulated distributions
show good agreement with the distributions (data point&iabd by AFM on the same poly-
mer/substrate system as used to obtain the images showg.i8Ai9a. The distributions are
presented as the weight fraction of polymer chains of a teniamber average contour length-
with a resolution (bin size) of 50 nm. The initial distriboti function exactly corresponds to a
realistic ensemble of 2,450 molecules acquired by AFM=at0 with L, = 496nm and PDI =
1.52.
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age lengths of adsorbed macromolecules, respectivelg.i¥ bonsistent with random cleavage
of backbone C-C bonds, which initially increases the lemlydispersity and then results
in an almost monodisperse system as the macromoleculegajiradonvert into short brush
molecules that can no longer undergo scission. This bebagan be simulated using a simple
model wherein the probabiliti? of bond scission occurring at any point along the backbone,
except at the ends, is the same (Fig. 3.20a). Solid lineginF20b depict length distributions
obtained at different durations of the computer-simulatgdsion process compare favourably
with the corresponding length distributions measured biviABata points in Fig. 3.20b), giv-
ing good agreement between the modelled and experimentafygured polydispersity index.
The simulated scission process eventually stops when d#écules become shorter than 80
nm, that is, in the range fromy = 40nmand Z; = 80nm

Experiments are also being conducted to verify the effetteesubstrate surface energy
and the side-chain length on scission. As might be expepretiminary findings show that
backbone scission is very sensitive to small variationsoith [parameters. If surface energy is
decreased to below &N nT by adding more propanol to the water/propanol mixture used a
substrate, molecules with long side chains=(140) that readily break on a 99.8/0.2 wt/wt%
water/propanol surfaceg & 69mN nT1) remain intact. Sharp retardation of the scission process
was also observed upon shortening of the side chains: whag tlee same substrate (that
is, a 99.8/0.2 wt/wt% water/propanol mixture) but pBA brdge molecules withn = 130
(d = 120) instead oh = 140 does not lead to any noticeable shortening within restsen
experimental times (for example, days). However, we fourat these molecules break on
graphite, which has a slightly higher surface energy andeesiing parameter (Supplementary
Fig. 3.21).

The essential feature of the bond scission observed hdratig bccurs spontaneously upon
adsorption onto a substrate. Linear and weakly brancheghpmlchains are obviously not at

risk of chemical degradation upon surface adsorption; bhighly branched macromolecules
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on graphite
as prepared after 2 hours

Figure 3.21: (a) On the surface of highly-oriented pyragraphite, PBA brush-like macro-
molecules with long side chains (n=130) were found to sldwak with time at ambient con-
ditions. The graphite has a surface energysef 804+ 10mJ/n? and a spreading parameter of
S=23+3mN/m, where the uncertainties encompass the literature dajePBB brush-like
macromolecules with slightly longer side chains (n=14@adrinstantaneously on mica. The
scission-caused undulations are clearly seen in the gsyme@ sample (left). However, one
needs to expose the sample to water vapour to reduce friatitime substrate and allow the
sliding of the scission products away from each other (jighince in both experiments we do
not control the surface coverage, the cumulative lengtlupgmass of the material can not be

compared.
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that physically cannot allow all their monomeric units toeiract with a substrate will be sus-
ceptible. In such cases, the load imposed by the adsormiroad is unevenly distributed over
different structural elements of the molecular architestccording to the branching topology.
In the system we studied, tension is concentrated along dhkbone of molecular brushes
and can be enough to break covalent carbon-carbon bondse kase of regular dendrimers,
tension will focus at the covalent bonds near the principahbhing centre of the dendrimers
and, if the adsorption forces are strong enough, can caesgetidrimers to break. This essen-
tially geometric effect is closely related to the obsematihat dendrimer polymerization stops
above a certain generation, owing to the overcrowded mtdesolume [117]. These steric
constraints can be eased by increasing the length of thesspatween branches in dendrimers,
and between side chains in cylindrical brushes.

However, these structural modifications that make the Wraghcstructure looser also in-
crease the footprint of the adsorbed macromolecule, whidurn leads to a greater tensile
force. Thus, with the current pursuit of new macro- and soqmigcular materials that are
specifically tailored for various surface applicationse gurfaceinduced scission of covalent
bonds will need to be considered carefully when designingpalex molecular architectures.
But in addition to emphasizing the need for designing stfiess macromolecules for some
applications, the phenomenon described here also opemdriguing opportunities for delib-

erately designing architectures that break at pre-defiited. s
Methods

Polymer characterization. Average molecular weights and molecular weight distribu-
tion of brush-like macromolecules were measured by gel patimn chromatography (GPC)
equipped with Waters microstyragel columns (pore sizés 10% and 13 A) and three detec-
tion systems: a differential refractometer (Waters Modél ¥ multi-angle laser light-scattering

(MALLS) detector (Wyatt, DAWN EQOS), and a differential vimmeter (WGE Dr. Bures)-
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1001). In addition, we used a newly developed approach b@sedcombination of AFM and
Langmuir-Blodget techniques [53]. This combination of huets ensured relative experimen-
tal errors in determining the polymerization degrees ofttaekbone and side chains below 5%

and 10%, respectively.

Langmuir-Blodget monolayers. To study the kinetics of the scission process, brush-
like macromolecules with pBA side chains were adsorbed argarface of a water/propanol
(99.8/0.2 wt/wt%) substrate. Propanol was chosen for itsdarface energy and because its
vapour pressure is nearly equivalent to that of water. Ttas necessary for long incubation
times so that any subphase evaporation would lead to a micimaage in the surface energy.
The evaporation of the subphase was closely monitored antiotied in an environmental
chamber. ForAFManalysis, the monolayer films were tramsteonto a mica substrate at a
controlled transfer ratio of 0.98, using the Langmuir- Bletltechnique. The surface tension
of the substrate and the corresponding spreading parametermeasured by the Wilhelmy

plate method.

Atomic force microscopy. Topographic images of individual molecules were collected
using an atomic force microscope (VeecoMetrology Grouplapping mode. We used sili-
con cantilevers (Mikromasch-USA) with a resonance fregyeai about 140 kHz and a spring
constant of about 5Nm. The radius of the probe was less thammlOThe analysis of digital
images was performed using a custom software program (PEMIaped in-house and avail-
able from S.S.S. The program identifies the molecular cordod is capable of determining
the contour length, the end-to-end distance, and the awevdtstribution, all required for eval-
uation of the persistence length. For every sample, abautitages of about 300 molecules,
that is, a total of 3,000 molecules were measured to ensw@atve standard error below 4%
and an experimental error below 5% of the persistence lefkath 3.17), contour length, and

polydispersity index (Fig. 3.19) measurements.
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3.3.5 Molecular motion in a spreading precursor film

Quite often we see a liquid drop spreading on a solid surfaggve a thin film of finite thick-
ness. This everyday phenomenon plays a key role in many tantoprocesses, such as oil
recovery, lubrication, painting, and mass transport tgtothe lung airways. The macroscopic
behavior of spreading drops is well understood [118, 119pye understanding of the molec-
ular mechanism of spreading remains incomplete and cosrts@at [120-122]. This lack of
microscopic knowledge is now an urgent problem limiting elepment in microfluidic de-
vices and nanoscale machines, whose characteristic tiohéeagth scales are approaching
those of individual molecules. Here we report on molecuiaualization of the spreading
process of polymer-melt drops. For the first time, it is pbEsto measure simultaneously
the displacement of the contact line and displacementsdofidual molecules within the pre-
cursor film. The masstransport mechanism was clearly ifiedtas plug flow, i.e., collective
sliding of polymer chains with an insignificant contributitom the molecular diffusion.

The spreading of a drop begins with the formation of a thircprsor film [123] [Fig.
3.22(a)]. This is then followed by a macroscopic drop whies la terraced foot assigned
to concurrent sliding of monolayers stacked on top of onettaro[124, 125]. Unlike the
drop radius, which follows the Hoffman-Tanner relatigft) ~ t1/10 the precursor-film length
obeys the diffusionlike law.(t) ~ \/t. Both the precursor film and the molecular terraces
belong to the generic features of spreading observed byselnetry for different types of
fluids [125-128]. However, because of low resolutiend0um) ellipsometry fails to resolve
guestions on the mechanisms of mass transport and energjpatien in the liquid layers.
The unique advantage of atomic force microcopy (AFM) is tihatllows visualization of
molecules [52, 56, 129, 130]. Although this advantage waseatiately recognized, the first
AFM measurements of spreading drops did not attain molecesalution [131, 132]. Investi-
gation of the molecular motion requires visualization oflecniles both in space and in time.

We solved this problem through the use of model brush modsdidig. 3.22(b)].
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Figure 3.22: (a) A microscopic drop of a polymer-melt (vokim 1nl, radius~ 10Qumwas
scanned by AFM to measure the displacenieat the precursor-film edge and the distamce
between the molecules within the film. The polymer melt is posed of (b) cylindrical brush
molecules with (c) polyf-butyl acrylate) side chains. (d) At later stages of spregadin mica
one observed monolayer terraces at the foot of the drop whickness of :im
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Figure 3.23: (a) AFM monitors sliding of the precursor mana@r of PBA brushes on the
HOPG surface. The images were captured at different sprgadnes: 10, 80, and 160
min. (b) Mean displacement of the film edge gives the sprepditeDspreaq= (3.9+0.2) x
103n?/s. (c) The cartoon shows organization of brush moleculesimttie monolayer. Back-
bones with a ridge of desorbed side chains provide heightasinwhile the spacing between
the molecules is determined by adsorbed side chains.
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The model properties of cylindrical brushes are assocwatttddensely grafted side chains
that aid in the visualization process in four ways. Firsts@ted side chains separate the
molecular backbones. Depending on the side-chain lengthrengrafting density, the inter-
molecular distance varies from 5 to 60 nm [52]. Second, beean the high grafting den-
sity there is a fraction of side chains that aggregate albegbickbone above the substrate
plane [54] [Fig. 3.23(c)]. The ridge of the desorbed sideihgrovides height contrast.
Third, the repulsion of the adsorbed side chains incredsestiffness of the backbone. De-
pending on the side-chain length, the apparent persistengéh ranges from 10-500 nm [52]
enabling measurements of molecular curvature. Fourthntimber of monomeric contacts
with the substrate (per unit length of the backbone) in@sasgith the side-chain length and
the grafting density. This depresses mobility of adsorbeterules and facilitates their tem-
poral resolution.

In this work we studied brush molecules with a polymethaate/backbone and of poly
butyl acrylate) (PBA) side chains [Fig. 3.22(c)] prepargdabom transfer radical polymeriza-
tion [72]. The number of the average degree of polymeriredithe backbone is =570+ 50,
the side chains have a degree of polymerizatiomef 35+ 5, and the grafting density is 1; i.e.,
every monomeric unit of the backbone contains one sideachaidrop of PBA brushes (vol-
ume~ 1nl, radius~ 100um) was deposited on the surface of highly oriented pyrolytapdite
(HOPG) at a controlled relative humidity of 25% and a temperaof 25C. At room temper-
ature, the material is liquid Tg = —50°C) with a zero-shear viscosityp = 834(Pa-s. Once
the drop touched the substrate, a thin precursor film wasrebdgrowing from the foot of the
drop. In addition, monomolecular terraces developed afdbeof the drop [Fig. 3.22(d)]; as
many as 6 terraces were detected consistent with the tdrdxoplet model [124]. The motion
of the terraces is the subject of ongoing research, whikewlark is focused on the precursor
film.

The motion of the precursor film was monitored by AFM in diffat regions of the pre-
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cursor film located along different radial directions widspect to the drop center. In total, ten
drops were studied to ensure reproducibility and accurata averaging. Figure 3.23(a) shows
three snapshots captured at the edge of the growing film. mperitant outcome of this exper-
iment is the simultaneous observation of both the displacemf the film edge and the motion
of individual molecules within the film. The time dependentéhe film length in Fig. 3.23(b)
obeys the diffusionlike law(t) = | /Dspread at a spreading rate &f = (3.940.2) x 10°nn?/s.

In addition to the film displacement, the AFM images provigdfermation on the molecular
structure of the precursor film. Each brush molecule is Vized as a flat wormlike object with
a thickness oh = 0.7 — 2.2nmand a width ofd = 40+ 3nm|[Fig. 3.23(c)]. The 07 +£0.1nm
thickness corresponds to the area between the backbonek ishgovered by adsorbed side
chains, while the 2 4+ 0.2nmthickness is measured at the ridge of desorbed side chains. B
analyzing an ensemble of 300 molecules, we determined a euavierage contour length of
L, = 105+ 5nmand a polydispersity index &f, /L, = 1.17. From the backbone curvature [56]
we determined a persistence lengthl = 112+ 10nm  Sincelp, = Ly, 0ne deals here with
wormlike molecules.

Through use of AFM we also were able to monitor temporal cleang position, orienta-
tion, and conformation of individual molecules [Fig. 3.8( We monitored a group of 100
molecules to record the coordinates of the center of masseofitoupR:m(t) along with the
coordinates of the individual moleculBgt) andr;(t) = Ri(t) — Rem(t) relative to the substrate
and to the center of mass, respectively. Figure 3.24(b)ctefie trajectory of the center of
mass and the trajectories of three molecules from the grivughe frame of the substrate, the
trajectories demonstrate a convective flow along the spmgatirection. However, in the frame
of the precursor-film molecules move in a random-walk fashidnich will be later identified
as flow-induced diffusion. Figure 3.24(c) depicts the tinepehdence of the mean-square
displacementr?(t)) = 4Dipgucedt) With a diffusion coefficient 0Djnquceq= 1.3 0.1nn?/s,

which is 3 orders of magnitude lower than the spreading Eajgeaq Of the film edge. In
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Figure 3.24: (a) Animation of one of the spreading molecdesonstrates different modes
of the molecular motion including translation of the cerdémass, chain rotation, and fluc-
tuations in the backbone curvature. The numbers indicaeotiservation time during the
spreading process. (b) The trajectories of the center osmés group of 100 molecules
(bold line) along with individual trajectories of three neglles (thin lines). The inset shows
the path of one of the molecules in the frame of the precursor By plotting the molec-
ular trajectory relative to the center of mass of the group) Mean-square intermolecular
displacementr?) = 4Dinquced Was averaged for 100 molecules to determine the molecular
diffusion coefficientDinguced= 1.3+ 0.1an/S. (d) Translational diffusion of 80 single brush
molecules was monitored by AFM via interruptive scanningétermine two diffusion coeffi-
cientsDiperm= 0.61+0.081n? /s andDiperm= 0.10+0.03nn?/sat 10-minute [J) and 2-hour
(O) intervals between the consecutive scans, respectively.
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other words, during~1h individual molecules separate by a distance of®(QL molecular
size) as the film moves a distance~of3um (30 molecular sizes). As such, the mass trans-
port is identified as plug flow with insignificant contributiédcom the diffusive motion. Brush
molecules also demonstrated rotational motion. The timeetagion function of the end-to-
end vectow(t) follows the exponential decay(t)u(0)) O exp(—t /1) with a rotational relax-
ation time oft, = 5.3 x 10%sec (10 h). Therefore, both the translation and rotation of brush
molecules in the frame of the precursor film are much slowantthe plug flow. The diffu-
sive motions are consistent with the fluid nature of the pismufilm; however, they cannot
be ascribed to thermally induced self-diffusion. The weaktdbution of the thermal diffu-
sion to the spreading process became evident from the Bamambtion of single molecules
prepared by adsorption from a dilute solution (HOPG-suaistr25C, 25% RH). In order to
minimize the perturbations due to the AFM tip, the sample s@anned in the interruptive
fashion over the course of several days, i.e., after capguan image the scanning process was
halted until it was time to capture the next image. Every sghsnt frame was readjusted rel-
ative to stationary surface defects such as terraces asitbpéliminate the 100 nm/h thermal
drift of the sample. A complete study of the molecular diftusby AFM will be presented
elsewhere. Here, Fig. 3.24(d) demonstrates two time deyreres of the mean-square dis-
placement(r3(t)) = 4Dinerm(t) measured at 10-minute and 2-hour intervals and resulted in
two diffusion coefficient®ihernt = 0.6140.08n1? /s andDynerm= 0.10+0.03nn? /s, respec-
tively. Since the interruptive scanning does not excludetip effect completely, the lower
value is considered as an upper limit of the diffusion cogffit In other words, without the
tip-induced perturbations, molecules would move even sta®herm < 0.10+ 0.03nrr12/s).
The upper limit of the diffusion coefficient is relevant fdret spreading kinetics as it gives a
lower limit for the friction coefficient of a single PBA-brhigmolecule against the HOPG sub-
strate a€1 > (kT /Ditherm) = 0.041+ 0.013(Ns/m). This value can be used to verify the plug

flow wherein the friction at the substrate is the dominansigigtion mechanism. For linear
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Figure 3.25: The translational diffusion coefficintgyceqin the precursor film increases with
the velocity of the film. This evidences the mechanicallyuoed random-walk of molecules
within the sliding film.
spreading, one writes the energy balancelad. - {; = S%, where the left side represents the
energy loss due to friction and the right side gives the gngain due to spreading. Herg
is the microscopic spreading paramefes 75004+ 20nn? is the averaged area per molecule,
and 1 -L = Dsprea¢  FOr monolayerss depends on the film thickness and other molecu-
lar details that hinder its accurate evaluation [120]. Fstineation purposes, we considered
only the dominant term, i.e., the macroscopic spreadingrpaterS and setS; = S. Since
mainly dispersion forces are involved in the interactiotwmen the hydrocarbon polymer and
the nonpolar substrat& = Z(M—yﬁ [133], wherey andyfj are the surface energy and
its dispersion component of PBA, alvgi is the dispersion surface energy of HOPG. For the
knowny; 2 33mJ/n?, ! =2 23mJ/n?, andyg = 80-£ 10mJ/n?, one obtain$=2 20+ 6mJ/n?.
This gives the molecular friction coefficietit = (2SDspread = 0.08+0.03(Ns/m), which is
consistent with the lower limi§; > 0.041+ 0.013Ns/m.

As was noted above, the upper limit of the selfdiffusion oefnt Diperm < 0.10+ 0.03nrr12/s

*For radial spreading, one has to add a logarithmic prefactor
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is noticeably lower thaBinquced= 1.310.1nmz/s measured in the moving precursor film. This
indicates that the diffusive motion in the precursor film badifferent nature than the thermal
diffusion of surface confined molecules and it is more likaelyuced by flow. This was verified
by measuring the diffusion rat@j,qucegas a function of film velocity at different stages of the
spreading process. Figure 3.25 shows that the molecufasitih coefficient increases linearly
with the film velocity, i.e. Dinduced~ L. The origin of the molecular motion in the precursor
film is still a subject for debates. We believe that the randeafk has its origin in random
collisions of neighboring molecules as the dense monolasydragged over a solid substrate.
This is reminiscent to the flow behavior of granular fluids Wdrich an effective temperature
can be calculated from the mechanically induced diffusibpanticles [134-136]. Another
explanation can be found in the heterogeneous structureeofubstrate. Inevitable varia-
tions of the friction coefficient perturb the velocity fielddthus cause collisions of spreading
molecules leading to their diffusion. In order to check tiiee@ of surface heterogeneities,
we studied spreading on two HOPG substrates with differegreks of disordering due to
the mosaic of monocrystal grains slightly disoriented wéhpect to each other: HOPG grade
A with a mosaic spread of.8 +0.1° and HOPG grade B with a mosaic spreafl°Q- 0.2°.
The diffusion coefficient on the more uniform HOPG-A was fduo be significantly lower
(Dinduced= 0.6nn?/sthan on the HOPG-B with larger density of defeDigquceq= 1.3nn7/s.
This suggests that the substrate heterogeneity influeheediffusive motion of molecules in
sliding monolayers.

In summary, this study shows that the mass transport in gn@ipsor film is due to the plug
flow of polymer chains on a solid substrate with minor conttibn from molecular diffusion.
The slow diffusion does not contradict with the liquid stafethe studied polymer [137]. It
merely shows that the spreading proceeds faster than thraahdiffusion of brush molecules.
The fluid nature of the sliding monolayer was confirmed witl tfanslational and rotational

diffusion of molecules within the precursor film. Howevdrig diffusion is not a spontaneous
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one; itis induced by the sliding of a dense monolayer overtarbgeneous substrate.

3.3.6 Flow-enhanced epitaxial ordering

Thin films possessing long-range structural order on sub+ifd length scales are vital for
many technological applications such as magnetic recgrfi8] and optoelectronic [139]
devices, molecular separation media [140], and liquidtetydisplays [141]. Ordered struc-
tures can be prepared using lithographic techniques [¥8],dnd external fields [144]. Or-
dering can also occur spontaneously upon adsorption ofjdegimacromolecules (e.g., block
copolymers) [145-150] and colloidal particles [151-153¢lf-organization of molecular and
colloidal species can be further enhanced by specific iatierss of the species with the un-
derlying substrate through graphoepitaxy [154—-158] anfbsa epitaxy [159-165] mecha-
nisms. Yet, the short-range order of the self-organizedsfiimecludes them from many appli-
cations because their domain size is usually no more thadrbda of nanometers. Ordering
of molecules and colloidal particles on a surface is rettoethe 2D confinement and fric-
tion against the substrate. This particularly impactsdagpecies that experience severe steric
hindrance and stronger interaction with the substrateh ®etavior is disadvantageous, since
large macromolecules and particles are very attractiviglimgi blocks due to their native sub-
100 nm size and a well-defined shape. Therefore, researanersontinuously looking for
new mechanisms that would increase the degree of orderrrfitims. Here we report on the
significant enhancement of epitaxial alignment of bruge-hacromolecules achieved during
spreading of the monolayer film on the surface of highly aeerpyrolytic-graphite (HOPG).
Unlike conventional flow-induced orientation of anisonetbjects such as rodlike particles,
liquid crystal molecules, and semi-flexible polymer chdité6, 167], the observed molecular
orientation is not coupled with the direction of flow. Theegdaf the flow is merely to enhance
diffusion and thus facilitate epitaxial ordering of thegamacromolecules. These results were

obtained using atomic force microscopy (AFM) which enalieal-time monitoring of the
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spreading process on the molecular scale [70, 71].

Molecular tiles

Brush-like molecular architectures provide a powerfutfolan for construction of nanoscopic
building blocks and devices [84, 86, 129, 168-173]. The,sstmpe, and physical proper-
ties of molecular brushes are well controlled by varying kegth and grafting density of
side chains [52]. Additional structure-control mecharssemerge upon adsorption of brush
molecules on the surface. Figure 3.26a shows a schemaiatigie of a brush-like macro-
molecule adsorbed on a flat substrate, which divides thedidas into two fractions: ad-
sorbed side chains and desorbed ones. One can view this asadure rectangular shaped tile
with a ridge of desorbed side chains along the longitudiraesaf the tile (Figure 3.26b). The
side chains play three important roles in controlling thaphand packing of these molecu-
lar tiles on surfaces. First, the steric repulsion betwdenadsorbed side chains stretches the
backbone. Through variation of the side chain length anétiggadensity, one can tune the
two-dimensional persistence length from 10 to 5000 nm. Terigth is from 0.2 to 100 times
larger than the persistence length of DNA $0nm) and approaches that of F-acti (Oum)
measured in solution. Second, adsorbed side chains sepheaimolecules backbones. De-
pending on the side-chain length and the grafting densigyldteral size of the tile along with
the intermolecular distance varies from 10 to 200 nm. Thapitaxial adsorption of side chains
onto a crystalline substrate causes alignment of the baxekbad thus results in remarkable
enhancement of the ordering length-scale. As shown in EBi@u6b, the surface-mediated
alignment of the relatively short side chains induces aagonal order of much longer poly-
mer backbones. There is also a fourth role which is vital toeogperiments. The ridge of the
desorbed side chains provides the height contrast thatslttentification and visualization of

individual molecules by AFM [54].
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Figure 3.26: (a) Adsorption of brush-like macromolecul@ssoirface results in partitioning
of the side chains into two fractions: adsorbed and desocbaths. Atom transfer radical
polymerization allows precise control of the degree of padyization of the backbon&j and
side chainsif) in a range oN = 100— 2000 anch = 10— 200, respectively. (b) The adsorbed
molecular brushes can be viewed as miniature molecula ¢ifea well-defined rectangular
shape. Depending on the molecular dimensions, the lengthvatth vary in a range ok =
100— 500 nm and = 10— 200 nm, respectively, whereas the ridge of desorbed sidaxi®a
about 5-20 nm in width and 1-5 nm in height.
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Materials and methods

Brush-like macromolecules consisting of polymethace/tzckbones and polybutylacrylate)
side chains were prepared by atomtransfer radical polyratoin [72,85]. This polymerization
technique allows precise control of the degree of polynagion of the backbone\) and side
chains () in ranges ofN = 100— 2000 andch = 10— 200, respectively (Figure 3.26a). In this
work, we studied brushes with = 570+ 50, n = 50+ 5. At room temperature, the polymer
is a viscous liquid with a zero-shear viscosity~ 834(Pa- s and a glass transition tempera-
ture of Ty = —50°C. The liquid nature of the material is essential as it alloarsspontaneous
spreading and molecular diffusion on surfaces.

We used three types of substrates: mica and two differemtegraf highly oriented py-
rolytic graphite (HOPG). It is known that graphite inducgstaxial crystallization of alkanes
and their derivatives due to close matching of the C-C-C tlelhg= 0.25Inm and the crys-
tallographic spacing of the HOPG lattiee= 0.245nm[174]. Depending on the preparation
conditions [175], HOPG substrates may contain differepegyof surface defects including
dislocations, grain boundaries, folds, and terraces. TEonxe the effect of the surface het-
erogeneity on the molecular ordering, we used two grades Gl@#Rh different degrees of
disorientation of the-axis of monocrystalline mosaic blocks (Figure 3.27a):dgré with a
mosaic spread of.@° +0.1° and grade B with a mosaic spread0+ 0.2°. As such, HOPG
grade A is a more oriented substrate with less defects pesurface area.

Monomolecular films of the polymers were prepared on micagraghite using two tech-
niques: (i) spincasting from solution and (ii) spontanespeading of polymer melt. In the
latter case, small drops of PBA brushes (voluménl, radius~ 100um) were deposited onto
the substrate and allowed to spread for several hours undentolled environment (air,
T = 25°C, RH = 50%). For the spreading experiments on mica, an enviesttal chamber
was used to maintain high relative humidity (RH) rangingrr®0 to 99%. The prepared films

were imaged by tapping mode AFM (Multimode Nanoscope llleedb Metrology Group)

101



d

0.4°20.1°
HOPG grade A ; _grain boundary
M

—_ e
bazal plane !
HOPG grade B r ¢=0335nm

R )
R H TR
= e Sa9a®

A

Oa®a®on 25 wPad®, 2> u
2020872050 18e 202087 26 =% 08726065
G000 L0020 02020=" 0,000,000 ()< )

=

polymer backbone a=0.245 nm C

<1010 >

<1120 >

Figure 3.27: Schematic of the epitaxial adsorption of cokebimolecules on graphite sub-
strate: (a)HOPG substrates have a mosaic structure slidistbriented mosaic blocks with a
spread of the0001c axis of Q4+ 0.1° in grade A and B+ 0.2° in grade B; (b) Epitaxial
adsorption of side chains leads to uniaxial alignment ofpar backbones along a particular
crystallographic axis within thé0001) plane; (c) For example, if the side chains orient along
the (1120) axis of the graphite lattice, this causes the backbone émbalong the€1110) axis.
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using Si cantilevers (Mikromasch-USA) with a resonanceuency of about 140 kHz and a
spring constant of about 5 N/m. The radius of the probe wassored to be less than 10 nm

using a calibration standard [176].

Results and discussion

Molecular Ordering. Panels a and b of Figure 3.28 show molecular organizatiomef t
films prepared by spincasting on graphite and mica, respgti The AFM height images
show dense monolayers of wormlike macromolecules whehenathite threads correspond
to the brush backbone and the area between the threads ieddwe adsorbed side chains.
Both on mica and graphite, the backbones of the adsorbeccoiatdorushes are almost fully
extended showing the same value for a number average cdetgthL, = 1254+ 8nm This
gives the average length per monomeric unit L,/N, = 0.23+ 0.02nm which is close to
the monomer lengthy = 0.25nmin the fully extended all-trans conformation of the alipbat
backbone. In these images, one can also see small domaimsaafally aligned molecules
highlighted by dashed circles. The lateral size of the dosaanges from 100 to 600 nm
with no visible indications of longrange molecular order.owever, closer examination of
the film structure on graphite (Figure 3.28a) reveals peafgal orientation of the molecules
along three axes as demonstrated by three distinct peake emngle distribution of molecular
orientation (Figure 3.28c). The angle difference betwdenthree peaks is approximately
120, which is consistent with the 3-fold symmetry of the graphi(i®001) surface [177]. In
contrast, crystalline mica does not show any particulagrdgdation (Figure 3.28b) resulting in
random distribution of the angles (Figure 3.28d).

The orientational order of the brush-like macromoleculeshe graphite drawn in Figure
3.27bis attributed to the well-known epitaxial adsorptidmlkyl side chains on graphite along
one of the three crystallographic axes of the (0001) surfaé®, 178]. For example, this

leads to alignment of the side chains along (meio> axis of the graphite lattice which in
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Figure 3.28: AFM was used to obtain height images showingemadar organization of spin-
cast films of brush-like macromolecules on (a) graphitedgra) and (b) mica substrates. The
dashed circles and arrows in (a) highlight the ordered dosmand their orientations; (c, d)
angle distribution of molecules relative to the horizormtek of the AFM images was measured
on graphite and mica, respectively.

turns causes the backbone to orient anng(frm_O) axis (Figure 3.27c). The lack of such
ordering on the mica surface is ascribed to a spatial mismiagtween the mica lattice and
molecular architecture. The disordered structure on mazdccalso be attributed to the thin

layer of water that condensed from the surrounding atmaspdo the hydrophilic surface of

mica. [179] The water layer distorts epitaxial interactdretween the crystalline mica and pBA
side chains. Note that changing preparation conditions) sis annealing time, temperature,
and solution concentration, did not improve molecular ardg either on graphite or mica

substrates. Seemingly, thermal diffusion of the large m@aiecules within dense monolayers
is prohibitively slow and hinders the ordering process.

To enhance molecular motion, thin films were prepared by ferdift method: spreading
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Figure 3.29: Precursor films prepared from spontaneousdprg of the comblike molecules
on (a) graphite (grade A) and (b) mica. (c) On graphite, mdkesshow a narrow angle distri-
bution measured relative to the horizontal axis. In contr@®lecules on mica reveal a broad
(isotropic) angle distribution. (d) While the two-dimeosal orientational order parameter
S=2(cog8) — 1 levels of on graphite &= 0.75; it rapidly drops to zero on mica.

of a polymer melt on a solid substrate. For this purpose, weosiéed a drop of the pBA
brush melt to a solid substrate (mica or graphite) and maettdhe spreading process by
AFM. Both substrates cause spontaneous spreading of theeselting in a monolayer-thick
precursor film which advances ahead of the macroscopic drb®, 123, 180]. The spreading
rate depends on the substrate type due to the friction bettveemonolayer and substrate,
which in turn directly affects the length of the precursomfil It took about 10 h for the film
spreading on graphite to achieve a sizable length @imi@vhile the same length on mica at a
relative humidity of 95% was achieved within 10 min. The tisfay slow motion on graphite
allowed in situ observation of the molecular structure @& pgrecursor film [70], whereas on

mica, we performed ex-situ measurements after the sprggulotess was halted by reducing

the relative humidity from 95% to 50%.

105



Figure 3.29 shows typical images of precursor films obtaimediica and graphite (grade
A) surfaces, respectively. The contrast between the twgenas significant. On graphite, the
molecules are all aligned along a single direction (FiguB98) as evidenced by a narrow angle
distribution (Figure 3.29c). In stark contrast, the moleswn mica (Figure 3.29b) are com-
pletely disordered resulting in a broad distribution of ksgFigure 3.29¢). The degree of or-
der was analyzed using the orientational order paranSte2(cos’0) — 1 for two-dimensional
systems, wher@ is defined as the angle between each molecule and a certagtattihori-
zontal axis in this case). As shown in Figure 3.29d, the filngtaphite is characterized by a
slight decay of the order parameter at siést 0.75. In contrast, the order parameter on mica
rapidly drops toS~ 0 already at 100 nm, i.e., intermolecular distance, inthgad complete
lack of correlation between orientations of neighboringecales.

Next, we show that the molecular orientation does not depearttie flow direction. Figure
3.30 shows two large-scale images that give an overvieweofrtblecular arrangement in the
spreading film. Depending on the structure (perfectionhefdubstrate, one can either observe
a large domain of molecules aligned along a single directiigure 3.30a) or a mosaic of
smaller domains with differently oriented molecules (F&B.30b). Figure 3.31a-c shows
three higher resolution images that are captured in difteaecas of the precursor film in order
to demonstrate different orientations of the moleculedwaispect to the flow direction. The
domains are visibly confined by terraces and other surfafextieof the HOPG substrate. For
example, the AFM image in Figure 3.31d reveals three diffensolecular orientations in an
area of the HOPG substrate that contains several monontatdewraces of graphite next to
each other. The monomolecular origin of the terraces wafirooed with the cross-sectional
profile in Figure 3.31e giving a step height of3@+ 0.05nm which matches with the AB
interlayer spacing = 0.335h1m of HOPG [177]. Note that the terraces in Figure 3.31d form
native trenches or flow channels wherein molecules denmatestifferent flow rates. However,

we do not have enough evidences to explain the differencew rhtes, which may be due
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Figure 3.30: Two large-scale AFM height images demons&eadenples of different molecular
organization within the flowing precursor film on graphitegde A). Panel a shows a large
domain of uniaxially oriented molecules, whereas panel/baks a multidomain structure.
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to channel confinement or to variation in friction at the dtdie as expected from differently
oriented molecules. This unusual flow behavior is curreatigler investigation.

From the AFM images one can conclude that the alignment atomlecules is solely de-
termined by the crystallographic lattice of the underlysudpstrate and independent of the flow
direction. The substrate-controlled molecular oriemtativas confirmed by in situ monitoring
of the flow process on HOPG where molecules change theirtatien upon displacement
over a grain boundary (Figure 3.32). The boundary, cleagnsn the phase image in Figure
3.32a (marked by the white arrow), is undetectable in thedogphic image in Figure 3.32b
suggesting that there is virtually no height differencenmsn the two monocrystalline grains
or mosaic blocks (see schematics in Figure 3.27a). Theumsinhitoring of the flow process in
this area by AFM enabled unique observation of how individaalecules abruptly shift their
orientation, one molecule at a time, after crossing thengbaundary to join a new domain
with a 120- turned molecular orientation. The sharp interface betwibe two domains of
differently oriented brush molecules exactly coincideiwtine grain boundary of the substrate

marked by the dashed line in Figure 3.32c-f.

Flow Enhanced Molecular Diffusion The lack of correlation between the flow direction
and the molecular orientation is consistent with the rdgestnfirmed plug-flow mechanism
of the mass transport in spreading monolayers of polymestiwsi [70]. Unlike shear-flow, the
plug-flow mechanism [181] assumes that all species movethatlsame velocity, i.e., with no
velocity gradient which is typically responsible for theemrtation of anisometric molecules
and particles. Therefore, there must be another mecharfigpitaxial ordering of brushlike
macromolecules associated with the flow.

Molecular epitaxy is a thermodynamic process wherein thieoubes arrange themselves
on the substrate lattice in order to minimize the free enefghe system [174]. Typically, in-

plane diffusive translational and rotational motionslitetie molecular ordering in monomolec-
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Figure 3.31: (a-d) Higher magnification height images weeasured in different areas of the
precursor film on graphite. The images reveal a lack of cati@h between the flow direction
and orientation of the flowing molecules. This behavior sacly seen in (d) showing dif-
ferently oriented domains in the same area of the precuisor (&) From the cross-sectional
profile along the dashed line in (d), one determines a tetrackness of 32+ 0.05 nm which
matches with the AB interlayer spacieg= 0.335 nm of HOPG (see Figure 3.27a).
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Figure 3.32: AFM was used for real-time imaging of the shifimolecular orientation upon
crossing a grain boundary during spreading of pBA brushegraphite (grade A). The micro-
graphs (a) and (b) represent phase and height AFM imagearthtgtken from the same sample
area in order to visualize the grain boundary between twoamddocks (Figure 3.27a). The
grain boundary shows no height contrast and becomes visiitjein the phase image (white
arrow). Then white dashed lines were used to highlight tlaéngooundary in the subsequent
height images from (b) to (f). The dotted lines in images)(mdlicate the average molecular
orientation within the two domains. The angle between theotibrs was measured to be about
120°.

110



HOPG grade B
)
~ 14 0.95:0.25 1.210.31
=
E
apy
- 13 HOPG grade A
0.01 0.1

U (nm/s)

Figure 3.33: Diffusion coefficients were measured on two iB3RBbstrates (grade A and grade
B) as a function of film spreading rate. Only tkeomponent of the diffusion coefficierd),
i.e., the diffusion in perpendicular to the flow directiomaswconsidered to rule out the possible
effects of convective diffusion. Both substrates show Iydanear increase of the diffusion
coefficient with spreading rate. The lesser oriented HOP&igmB substrate shows greater
diffusion than of the more oriented HOPG grade A.

ular films. However, the thermal energy is usually weak comgdo the strong molecule-
substrate interactions of abdki per contact between monomeric unit and substrate. There-
fore, long-range ordering may not be easily achieved ordaeextremely long time. This
was evidenced by the lack of long-range order in the spirfdast (Figure 3.28a) even after
20 h annealing af = 95°C which is 150C above the bulk glass transition temperature of pBA.
However, mobility of surface-confined molecules may be ecbkd by flow. Figure 3.33 shows
that the diffusion coefficient of brush-like macromoleauigithin the flowing monolayer in-
creases linearly with the flow rate. This observation on tld&-grade A surface confirms the
previously reported linear increase of molecular diffuistm the HOPG-grade B substrate [70].
Unlike the thermal diffusion in static films, the diffusiom $preading monolayers is attributed
to the flow-induced molecular diffusion. The enhanced difin leads to an increase in the

effective kinetic energy of the molecules and thus explaihg the epitaxial ordering of brush

molecules was drastically expedited despite the strongoudg-substrate interactions. This
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Figure 3.34: Orientation order parame®®r= 2(cos8) — 1 was measured as a function of
intermolecular distance for a spreading monolayer of pB#shes on HOPG grade B substrate.
The inset shows a typical AFM height image of a spreading rayeo on a HOPG grade B
substrate. The order parameter demonstrates an expdriEday with a correlation length of
390 nm.

is analogous to effective temperature for granular matefie82], which could be up to 100

times higher than ambient temperature.

Effect of HOPG Quality (Grade A versus Grade B) Here we compare molecular ordering
and dynamics within spreading monolayers on two types gélyta substrates with different
degrees of mosaic disordering. As discussed above, spgathnolayer on HOPG grade A
substrate demonstrates an order parameter of 0.75 whisisfgeover long distances beyond
10um(Figure 3.29d). A different behavior was observed on the BQ@ffade B substrate. As
shown in Figure 3.34, the orientation order parameter tgjpielcays to zero at a low correlation
length of 390 nm (about 8 intermolecular distances). Intaldithe film on the more uniform
HOPG grade A was shown to spread almost two times faster thaheo HOPG grade B.
The difference in spreading rate can be attributed to tHereifice in concentration of surface

defects and to the more coherent motion of molecules duengpiange ordering. As shown
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in Figure 3.33, the molecular diffusion coefficient is neably smaller on HOPG-A than on

HOPG-B [70].

Conclusions

In summary, we have demonstrated that flow facilitated thtejpl ordering of brush-like

macromolecules on graphite, resulting in a long-rangenteitgonal order. The brush-like ar-
chitecture leads to a length-scale enhancement effecteagpiltaxial adsorption of the short
side chains causes alignment of giant macromolecules. nidnease in the degree of orienta-
tional order is attributed to the flow-enhanced diffusiomajlecules, which enables them to
find an energetically favorable arrangement. Our findinggyest that convective flow is more
efficient than thermal motion in improving ordering of largwlecular and colloidal species.

This may result in new techniques for fabricating long-ragdered structures on surface.
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