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Abstract
The morphology of linear polybutadiene physisorbed on freshly cleaved mica from a dilute polymer solution is investigated 
through atomic force microscopy. A fine-structure study shows that the monolayer morphology in air (after rapid solvent 
evaporation) depends strongly on the molecular weight (Mw) of the linear polymer, the adsorbed amount, and the confor-
mation adopted by the adsorbed polymer chains under good solvent conditions. The dependence of the observed polymer 
structure on Mw is most significant for samples with high surface density, where the intermolecular interactions among 
the adsorbed polymers are important. For high surface density, the adsorbed polymers tend to aggregate and minimize 
unfavorable contacts with air for all of the different Mw samples, leading to an isotropic structural pattern. These structural 
phenomena with increasing surface density are explained on the basis of the intermolecular interactions of the adsorbed 
polymers under good solvent conditions, and after the abrupt solvent evaporation corresponding to poor solvent conditions. 
The experimental observations are further discussed using the results obtained from molecular dynamics simulations of a 
simple coarse-grained model.
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1 Introduction

Polymers can form monomolecular polymer layers (mon-
olayers) on surfaces that can serve as ultra-thin soft coatings 
altering the bare surface properties. Depending on the phys-
icochemical properties of the polymers used, the resulting 

polymer-modified surface can impart many new properties 
and have a wide range of interesting applications. Over the 
last decades, polymer monolayers have been used in diverse 
areas such as colloidal stability [1–3], surface nanopattern-
ing [4–6], adhesion [7–9], and tribology [10–12]. They can 
be formed by chemisorption/grafting chains (strong anchor-
ing by covalent bonds) or by physisorption (weak chain 
attachment by van der Waals interactions) on appropriate 
substrates where (in principle) all monomers of the chains 
can be adsorbed on the substrate in the same way.

End-grafted polymers on surfaces have been extensively 
studied in experiments. Under good solvent conditions, the 
physical picture of such monolayers is quite simple. With 
regard to the grafting density, two regimes can be distin-
guished [13]: at low grafting densities, each chain is isolated, 
occupying roughly a half-sphere with a radius comparable to 
the radius of gyration (“mushroom” regime); at high grafting 
densities, the chains stretch away from the surface to avoid 
overlaps, thereby forming a polymer “brush”. Nevertheless, 
an interesting line of investigation, which has attracted con-
siderable interest over the last decade, is the behavior and 
resulting conformation of end-grafted chains when the sol-
vent conditions change from good to poor (e.g., adsorbed 
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polymers on a surface exposed to air). In general, chains 
under poor solvent conditions will collapse to avoid con-
tact with the solvent: at low grafting densities, the chains 
collapse independently from one another; at high graft-
ing densities, the chains may collapse with others to form 
aggregates. These effects alter the polymer conformation 
and structure as compared with those under good solvent 
conditions.

With regard to experiments, the introduction of atomic 
force microscopy (AFM) allowed the direct imaging of 
single molecules, molecular assemblies, and polymer films 
in the dry state. Koutsos et al. [14, 15] studied the struc-
tural regimes of thiol-end-functionalized polystyrene (PS-
SH) monolayers on gold substrates when the solvent qual-
ity changed from good to poor. Three different structural 
phases were observed on the basis of the grafting density. 
At low grafting densities, the chains collapsed individually, 
forming pancakes or small nanodroplets. At high grafting 
densities, which are high enough for chains to overlap with 
one another under good solvent conditions, the chains col-
lapsed in groups and fused, forming surface-pinned micelles 
when the solvent conditions changed to poor (i.e., upon 
evaporation of the good solvent). By performing adsorption 
under poor solvent conditions, high adsorbed amounts were 
achieved, and a third structural regime of laterally asymmet-
ric structures (dense elongated islands) was observed. In all 
cases, the observed structures were driven by the effective 
monomer–monomer and chain–chain attractions that arose 
when the solvent conditions changed from good to poor. 
Siqueira et al. [16] studied polystyrene-block-polybutadiene 
functionalized with polar urazole groups and adsorbed onto 
silicon wafers. They achieved high grafting densities and 
observed homogeneous layers. The experimental observa-
tion of the behavior of grafted polymer chains under poor 
solvent conditions is consistent with theoretical and numeri-
cal predictions [17–24]. Sevick et al. [25], who used analyti-
cal theory and Monte Carlo computer simulations, extended 
the surface-pinned micelle problem to strongly adsorbing 
surfaces. Polymer attachment on the substrate surface occurs 
by end-tethering and monomer adsorption along the chain. 
They showed that tethered polymers on strongly adsorbing 
surfaces fuse together under poor solvent conditions, but 
such polymers formed compact globular micelles instead of 
pinned micelles.

Chains that are physisorbed by weak (e.g., van der 
Waals) interactions on solid surfaces are not restricted by 
any tethers. Thus, although the experimental situation is 
simple, the resulting structure upon any change in solvent 
conditions or the evaporation of the solvent can be dra-
matic. The adsorption behavior and resulting conformation 
of linear physisorbed chains under good solvent conditions 
are comprehensively understood. The resulting conforma-
tions range from isolated chains (low adsorbed amounts) to 

relatively dense monolayers (high adsorbed amounts) [26, 
27]. The conformation of a single/isolated physisorbed 
linear chain onto a weakly adsorbing surface is driven by 
the competition between the decrease in energy (ΔU < 0) 
from binding monomers to the substrate and the loss of 
conformational entropy (ΔS < 0). Although the binding 
energy is usually less than kBT per monomer in contact 
with the surface, the net decrease in energy from form-
ing many contacts outweighs the increase in free energy 
from the entropy change, − TΔS > 0 (which is of the order 
of kBT). Consequently, the net free energy change of bind-
ing ΔF = ΔU–TΔS < 0. Hence, the chain tends to maximize 
the number of contacts with the substrate [27]. The confor-
mation of a physisorbed homopolymer chain under good 
solvent conditions consists of the following motifs: trains, 
parts of the chain consisting of monomers that are in con-
tact with the substrate; loops, parts of the chain having no 
contact with the surface and connecting two trains; tails, the 
non-adsorbed ends of the chain [26, 28]. The dimension of 
an adsorbed chain can be expressed with regard to its blob 
size. In general, an adsorption blob is defined as the length 
scale of a chain, in which the cumulative interaction energy 
is of the order of kBT (thermal energy). Using scaling argu-
ments and assuming that the energy gain of the chain for an 
adsorbed monomer is − δkBT (0 < δ « 1 for the case of weak 
adsorption), the adsorption blob size (ξads) is [27]:

where b is the Kuhn segment size, and ν is the Flory scal-
ing exponent that denotes the quality of the solvent. ν can 
adopt one of three values, 3/5, 1/2, and 1/3 in an athermal 
(good) solvent, θ-solvent, and poor solvent, respectively. 
Equation 1 shows that in the case of a single isolated chain, 
the blob size (and hence the thickness of the adsorbed 
chain) is independent of the number of monomers and 
consequently is also independent of the molecular weight 
of the polymer chain. When many chains are adsorbed on a 
surface under good solvent conditions, the adsorption and 
resulting structure for each polymer chain are influenced 
by the effective repulsive interactions with the surround-
ing adsorbed chains. In this case, the length of the tails 
and loops depends on the polymer concentration adsorbed 
on the surface and the chain length (related to Mw) [26]. 
The Scheutjens–Fleer theory [29] predicts that for low 
surface coverage (small number of chains on the surface), 
the chains “flatten” on the surface to decrease the energy 
of the system, that is, the chains adopt small loops and 
tails. By increasing the surface coverage, the chains appear 
with longer loops and tails because of the excluded-volume 
interactions with the surrounding adsorbed chains. In the 
case of high adsorption, the tails are longer than the loops. 

(1)�ads ≈
b

��∕(1−�)
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Using scaling arguments, Semenov and Joanny [30] have 
shown that the outer structure of adsorbed polymer layers 
is dominated primarily by the tails of the adsorbed poly-
mer chains rather than the loops. The average number of 
segments in the tail, and hence the tail length, increases 
linearly with Mw. The effects of polydispersity on adsorp-
tion have also been reported [26]. When the adsorption of 
the polymer occurs from a dilute solution at equilibrium 
(final stages of adsorption), high molecular weight poly-
mers adsorb preferentially over low molecular weight ones 
because the entropy of mixing in the solution decreases 
strongly with the increase of chain length, thereby leading 
to the adsorption of longer molecules on the surface.

Few experimental studies on the behavior and result-
ing structures of weakly physisorbed polymer monolayers 
when the solvent conditions change from good to poor 
have been documented. Structural investigations of sub-
monolayers and monolayers of regular star-shaped polyb-
utadiene (PB) polymers physisorbed on mica surfaces by 
experiments [31] and simulations [32] have been reported. 
These studies revealed a strong connection between the 
structures under dry conditions and the conformational 
properties of these molecules under good solvent condi-
tions. Given these observations, this work aimed to study 
the self-assembled patterns of linear homopolymer PB 
chains physisorbed on mica; the mechanical and wetting 
properties of individual linear homopolymer PB nanodro-
plets have been studied previously [33, 34]. This system 
provides us the opportunity to discuss the fundamental 
aspect of linear-chain physisorption under good solvent 
conditions and to reveal the adsorbed polymer chain col-
lapse and clustering behavior when the solvent conditions 
change. Furthermore, it demonstrates a facile method for 
the formation of isotropic and hierarchical nanopatterns on 
surfaces. It also complements the experimental star poly-
mer study [31] and shows the differences in the observed 
structures when the number of arms is only two (i.e., linear 
polymer chains). This study used three molecular weights, 
and it focused on two key dependencies: the effects of the 
surface density and the molecular weight on the observed 
nanostructures and patterns. The results demonstrate the 
existence of self-organized structures with characteristic 
distances among the aggregates. The molecular-scale ori-
gin of the observations is discussed and compared with 
other polymer architectures and fabrication protocols. To 
the best of our knowledge, this study is the first to perform 
an experimental comparison for the same chemical system 
(in our case, PB on mica), revealing some surprising dif-
ferences and similarities. Finally, the interpretation of the 
results is supported by molecular dynamics (MD) simula-
tions of a simple coarse-grained model.

2  Experimental and Simulation 
Methodology

2.1  Materials

Linear PB polymer chains of three different molecular 
weights were used (Table 1); the polymers were dissolved in 
an appropriate volume of toluene so that the corresponding 
polymer solutions were at concentrations below the critical 
overlap concentration (c*). In this work, c/c* ≈ 0.3. Tolu-
ene was used as received (Fisher Scientific, Loughborough, 
UK). Mica (Agar Scientific, Essex, UK) was cleaved before 
being used.

2.2  Preparation of Linear PB Monolayers on Mica

All samples were prepared by exposing freshly cleaved 
mica to a toluene solution (good solvent for PB) with a 
desired concentration of the linear PB with c < c*. Differ-
ent incubation time periods were used: 2, 5, and 10 min for 
Mw = 38.6 kg/mol; 2, 5, and 30 min for Mw = 78.8 kg/mol; 
and 5, 10, and 60 min for Mw = 962 kg/mol. In all cases, the 
mica surface was removed from the solution, placed in a 
100-ml toluene bath for 24 h, and then rinsed exhaustively 
with 100 ml of toluene. The samples were dried gently under 
a nitrogen stream. All samples were imaged in air by AFM 
in tapping mode.

2.3  Atomic Force Microscopy (AFM)

All experiments were conducted using a PicoSPM (Molecu-
lar Imaging and Agilent Technologies) operating in tapping 
mode in air. Commercially available  Si3N4 rectangular can-
tilevers (MikroMasch, Tallinn, Estonia) with a spring con-
stant of 1.75 N/m and resonance frequency of 130–160 kHz 
were used. The cantilevers oscillated 5% below their natural 

Table 1  Linear PB molecular characteristics

a Mw weight average molecular weight, bMn number average molecu-
lar weight, cRg radius of gyration under dilute good solvent conditions 
from light scattering measurements [35, 36], dVmolecule calculated vol-
ume of a collapsed molecule (based on the molecular weight and bulk 
density of PB, ρ = 0.89 g/cm3 [27]), eRb calculated radius under poor 
solvent conditions (compact sphere, using the bulk PB density)

Mw (kg/mol)a Mw/Mn
b Rg (nm)c Vmolecule  (nm3)d Rb (nm)e

38.6 1.03 7.74 72 2.58
78.8 1.05 11.9 147 3.27
962 1.1 53.3 1795 7.54
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resonant frequency and moved in a raster fashion during 
imaging. Each sample was imaged over several different 
areas.

2.4  Convolution Effect

The AFM tip can cause an object lying on a surface to 
appear wider because of the convolution of the geometry of 
the tip and the shape of the object being imaged. In a previ-
ous publication [31], the influence of tip geometry on the 
apparent dimension of an object being imaged with AFM 
has been discussed. Using similar geometrical arguments 
and assuming that the object is a spherical cap (as this has 
been shown to be a reasonable assumption for the case of 
linear polymer molecules on surfaces under poor solvent 
conditions [14, 37]), the real volume (Vr) of the object 
imaged can be estimated with regard to the apparent height 
(h), apparent volume (Va), and radius of the tip (Rt) using 
the following relation:

All tips used for the experiments were imaged through 
scanning electron microscopy, and the measured tip radii 
were in the region of 50 nm. However, this type of simple 
deconvolution is approximate, and estimated deconvoluted 
volumes can be 100% or even 200% larger than the real vol-
ume of the object imaged [37]. Thus, precise quantitative 
measurements of chain volumes are difficult to obtain. Nev-
ertheless, these calculations can provide the order of magni-
tude of real volumes and helped us to determine whether or 
not the observed structures represent single collapsed mol-
ecules by comparing calculated molecular volumes with the 
observed convoluted volumes.

2.5  Island Volumes and Height Calculations

All images are shown without any image processing except 
for horizontal leveling using WSxM [38]. The height dis-
tribution of polymer islands was determined by perform-
ing grain analysis in Scanning Probe Image Processor 
(SPIP, Image Metrology, Hørsholm, Denmark). The total 
adsorbed amount, Γ (mg/m2), was calculated by adding all 
the deconvoluted volumes of polymer islands and using the 
bulk PB density. Notably, the above-mentioned analysis was 
performed for AFM images corresponding to the samples 
prepared using linear PB with Mw of 78.8 and 962 kg/mol. 
In the case of the linear PB with Mw of 38.6 kg/mol, the 
analysis was restricted to the height measurement of parti-
cles through their cross-section profiles. At a low molecular 
weight, the volumes of the islands were difficult to deter-
mine, as the small size of the molecules (particularly in the 

(2)Vr = Va − πh2Rt

xy plane) interfered with the background noise level of the 
AFM image, thereby hindering the accurate application of 
the grain analysis module of SPIP. For these samples, the 
corresponding adsorbed amount was measured using the 
roughness analysis module (height distribution of pixels) of 
SPIP, which corresponds to the convoluted adsorbed amount 
of the samples. Therefore, these measurements can provide 
only qualitative information on the adsorbed amount of the 
corresponding samples.

2.6  Simulation Methodology

MD simulations of a coarse-grained model have been per-
formed to obtain insight into the experimental results and 
understand the clustering phenomena. The aim was to under-
stand how the polymer surface density gives rise to different 
cluster distributions and how a bimodal distribution might 
arise. Although a bead-spring model has been used previ-
ously [39], providing valuable insights, here we attempt to 

Fig. 1  Schematic diagram illustrating the simulation of the two-
dimensional coarse-grained models of polymer cluster formation 
upon solvent evaporation (the “quench”). a Each polymer is mod-
eled as a structureless particle. b Before the quench, the particles 
are in good solvent conditions, and the net interaction is repulsive. 
This is modeled using the Lennard–Jones potential plus a strong 
r−3
ij

 repulsion, with the latter just being a device to prohibit cluster-
ing. A configuration of particles is shown, where the solid core is the 
post-quench particle size (one unit), and the dashed circle is the pre-
quench repulsion range (three units). c After the quench, the particles 
are in poor solvent conditions, making the net interaction attractive. 
This is modeled by turning off the  r−3

ij
 repulsion. The particles can 

cluster, and they can be stabilized by the attractive well in the Len-
nard–Jones potential. A range of cluster sizes is anticipated
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investigate the clustering phenomena at hand by simplifying 
the model. Thus, a two-dimensional coarse-grained model 
was adopted; each chain molecule adsorbed on the surface is 
represented by a single particle (Fig. 1a). This is a simplifi-
cation, but with appropriate parameterization, it can describe 
the good-to-poor solvent quench. Under good solvent con-
ditions, the polymers experience a net, mutual repulsion, 
which has been shown explicitly for self-avoiding polymer 
chains in bulk solution [40]. Two coarse-grained polymer 
particles, i and j, are confined to two dimensions, and they 
interact via a pair potential, V

(

rij
)

 , given by a sum of Len-
nard–Jones (LJ) and repulsive terms.

Here ε is the depth of the LJ potential (assumed equal for 
all pairs), �ij = (�i + �j)∕2 is the range parameter with regard 
to the diameter of particles, and rij is the separation between 
the two particles in the plane. The parameter �′ controls the 
strength of an additional repulsive potential term. This repul-
sive term is utilized to describe the different solvent condi-
tions: under good solvent conditions, the overall interaction 
should be repulsive (Fig. 1b). Thus, we selected ��

= 3� . 
Under poor solvent conditions, the total interaction should 
include a short-range attraction (Fig. 1c), which is achieved 
by setting ��

= 0 and leaving only the Lennard–Jones con-
tribution. The additional repulsive term is not a rigorous 
result for polymers, and it is only introduced to mimic the 
long-range repulsion, which is entropic in origin, between 
chains under good solvent conditions. In order to represent 
polymer polydispersity, systems of N = 2500 particles were 
prepared with Gaussian-distributed mass distribution, p(m) , 
with a mean value m = 1 , and a variance was selected to 
match the average experimental value ( Mw∕Mn = 1.05 ). The 
corresponding diameters were obtained using � ∝

√

m and 
scaled to an average value � = 1 . All calculations were per-
formed in a square simulation cell under periodic boundary 
conditions using a linked cell scheme. Standard MD simu-
lations were performed in the canonical ensemble using 
the Gaussian isokinetic thermostat [41]. The equations of 
motion were integrated using the leapfrog algorithm with a 
reduced timestep of 0.05

√

m�
2
∕�.

The size of the simulation box was adjusted to cover a 
range of adsorbed amounts of polymer (with the total num-
ber of polymers N held fixed): the smaller the box, the longer 
the incubation time, and the higher the adsorbed amount. 
The simulation protocol was as follows: particles were 
equilibrated at the desired surface density to simulate the 
system in good solvent conditions ( ��

= 3� ), as measured 
by �∗ = N�

2
∕A , where A is the area of the simulation cell. 

(3)

V
(

rij
)

=

{

4𝜀

[

(

𝜎ij∕rij
)12

−
(

𝜎ij∕rij
)6
]

+ 𝜀�
(

𝜎ij∕rij
)3
; rij < 3𝜎ij

0; rij ≥ 3𝜎ij

Then, the interaction potential was modified by setting ��

= 0 
to mimic the effects of abrupt solvent evaporation and the 
resulting crossover to poor solvent conditions; the remaining 
LJ potential has a short-range attractive well, which mim-
ics the net and mutual attractions experienced by polymers 
under poor solvent conditions. Clusters were identified using 
a distance-based cutoff of 1.8� . Simulations were performed 
over a wide range of surface densities. For a given surface 
density, six simulations were performed with different sets 
of particle diameters drawn from the appropriate diameter 
distribution, and the results were averaged.

3  Results

For each polymer used, several samples using different 
adsorption/incubation times were prepared. Figure 2a, b, 
and c show typical AFM height images of linear PB with 
Mw = 38.6 kg/mol adsorbed on a freshly cleaved mica for 
three different adsorbed amounts (shown at the top of each 
image). Analyzing several images for each adsorbed amount, 
we obtained the corresponding height histograms of the pol-
ymer islands (Fig. 2d, e, and f).

Figure  2a corresponds to low incubation time, and 
hence low adsorbed amount (PB with Mw = 38.6 kg/mol 
and Γ = 2.82 ×  10−3 mg/m2); the polymer islands appear 
flat (short) and circular. The chains took the globular con-
formation because the imaging took place in air (i.e., poor 
solvent conditions result in collapsed chains). The height 
distribution of the islands (Fig. 2d) is nearly symmetric, with 
a small tail at larger heights and a clear peak at approxi-
mately 1.0 nm. As the adsorbed amount increased (Fig. 2b; 
Γ = 9.55 ×  10−3 mg/m2), the number and size of polymer 
islands increased; they are higher than those observed dur-
ing short incubation time periods. The height distribution 
(Fig. 2e) maintains a nearly symmetric part with a peak at 
approximately 1.3 nm, but some higher islands (3.0–4.5 nm) 
started to appear, corresponding to the large islands evi-
dently observed in the corresponding AFM image. For the 
highest adsorbed amounts studied here, Γ = 2.01 ×  10−2 mg/
m2 (Fig. 2c), the number of islands increased further, and 
large islands that were observed at intermediate adsorbed 
amounts increased in size. The height distribution of the 
islands (Fig. 2f) has a nearly symmetric part with a peak at 
approximately 1.7 nm and a “tail” of islands with a height 
of 3.8–5.1 nm.

Figure 3a, b, and c present typical AFM images of the 
linear PB with Mw = 78.8 kg/mol adsorbed on mica for 
three different incubation time periods, which correspond 
to different adsorbed amounts. In Fig. 4, we present some 
high-contrast, zoom-in AFM images. For a low adsorbed 
amount Γ = 4.05 ×  10−3 mg/m2, the islands are flat on the 
surface (short) and circular, as in the case of Mw = 38.6 kg/
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Fig. 2  a–c Tapping mode AFM height images (3 μm × 3  μm) and 
d–f the total distribution of the island height of a freshly cleaved 
mica exposed to linear PB solution with Mw = 38.6 kg/mol for differ-

ent adsorbed amounts; a and d correspond to an adsorbed amount of 
Γ = 2.82 ×  10−3 mg/m2; b and e correspond to Γ = 9.55 ×  10−3 mg/m2; 
c and f correspond to Γ = 2.01 ×  10−2 mg/m2

Fig. 3  a–c Tapping mode AFM height images (3  μm × 3  μm) and 
d–f the total distribution of the island height of a freshly cleaved 
mica exposed to linear PB solution with Mw = 78.8  kg/mol; a and 

d correspond to Γ = 4.05 ×  10−3  mg/m2; b and e correspond to 
Γ = 7.75 ×  10−2 mg/m2; c and f correspond to Γ = 4.01 ×  10−1 mg/m2



Nanomanufacturing and Metrology (2022) 5: 297–309 

1 3

Page 303 of 309  

mol. Increasing the adsorbed amount, Γ = 7.75 ×  10−2 mg/
m2, the number of islands increased, and larger islands 
started to appear (Fig. 3b and the zoom-in Fig. 4a). For high 
adsorbed amounts, Γ = 4.01 ×  10−1 mg/m2, larger islands 
were formed (Fig. 3c and the zoom in Fig. 4b). In all cases, 
polymer islands remained circular.

For Γ = 4.05 ×  10−3 mg/m2, the height histogram has a 
peak at approximately 1.2 nm and a small secondary peak 
at approximately 3.8 nm (Fig. 3d). The polymer islands 
with a height up to 3.5 nm correspond to single collapsed 

polymer chains, as the average deconvoluted volume of these 
islands is 274  nm3, which is comparable to the one calcu-
lated on the basis of the molecular weight and bulk density 
(Table 1). The islands with a height of approximately 3.8 nm 
(corresponding to the secondary peak) occupy volumes of 
approximately 400  nm3, which can be considered as aggre-
gates of around two polymer chains. Increasing the adsorbed 
amount to Γ = 7.75 ×  10−2 mg/m2, the height distribution of 
the polymer islands obtained a bimodal character, with the 
first peak at 1.8 nm and the second peak at 5.0 nm (Fig. 3e). 
For a higher adsorbed amount, Γ = 4.01 ×  10−1 mg/m2, the 
height distribution of the polymer islands maintained a clear 
bimodal characteristic with the first peak at 2.2 nm and the 
second peak at 7.0 nm.

In Fig. 5, we present typical AFM images of linear PB 
with Mw = 962  kg/mol adsorbed on mica for three dif-
ferent adsorbed amounts. For a low adsorbed amount, 
Γ = 1.42 ×  10−2  mg/m2, the polymer islands appeared 
flat (short) on the surface and circular. For an intermedi-
ate adsorbed amount, Γ = 4.18 ×  10−2  mg/m2, the num-
ber of islands increased. For a high adsorbed amount, 
Γ = 6.50 ×  10−1  mg/m2, large circular polymer islands 
appeared. In all cases, polymer islands remained circular.

For low adsorbed amount, Γ = 1.42 ×  10−2 mg/m2, the 
height distribution of the polymer islands appears nearly 
symmetric with a peak at approximately 1.8 nm (Fig. 5d). 

Fig. 4  High-contrast AFM images in air of linear PB solution with 
Mw = 78.8  kg/mol, 1  μm × 1  μm. Image  (a) corresponds to the 
adsorbed amount of Γ = 7.75 ×  10−2  mg/m2, and b corresponds to 
Γ = 4.01 ×  10−1 mg/m2

Fig. 5  a–c Tapping mode AFM height images (3  μm × 3  μm) and 
d–f the total distribution of the island height of a freshly cleaved 
mica exposed to linear PB solution with Mw = 962  kg/mol; a and 

d correspond to an adsorbed amount of Γ = 1.42 ×  10−2  mg/m2; b 
and e correspond to Γ = 4.18 ×  10−2  mg/m2; c and f correspond to 
Γ = 6.50 ×  10−1 mg/m2
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In this case, all the polymer islands correspond to single 
collapsed chains because their average deconvoluted vol-
ume of approximately 3000  nm3 is comparable to the one 
calculated on the basis of the molecular weight and bulk 
density (Table 1). For an intermediate adsorbed amount, 
Γ = 4.18 ×  10−2  mg/m2, the height distribution remains 
nearly symmetric, but the peak shifts upwards to approxi-
mately 5.2 nm (Fig. 5e). Similarly, the polymer islands cor-
respond to single collapsed polymer chains, as their average 
deconvoluted volume is still 3000  nm3. For a high adsorbed 
amount, Γ = 6.50 ×  10−1 mg/m2, the height distribution of 
the polymer islands retained its nearly symmetrical shape, 
but the distribution peak further increased to approximately 
12 nm (Fig. 5f). In this case, the polymer islands correspond 
to aggregates of several polymer chains because the decon-
voluted volume of the polymer islands is larger than the 
theoretical volume of the single collapsed chain.

As shown in Fig. 6, the average radial distribution of 
the 2D fast Fourier transform (FFT) was considered for the 
patterns obtained for the highest adsorbed amounts in the 
case of linear PB with Mw = 78.8 kg/mol (Fig. 6, top) and 
Mw = 962 kg/mol (Fig. 6, bottom). In general, if the shape 
of an FFT is centrosymmetric, then the surface pattern is 
isotropic. The average radial distribution of a centrosym-
metric FFT shows a clear maximum at a specific wave num-
ber q = 1/λ corresponding to a characteristic length scale 

λ, which is the preferred/characteristic distance of undula-
tion/particles. In the case of Mw = 78.8 kg/mol and higher 
adsorbed amount (Γ = 4.01 ×  10−1 mg/m2), the 2D FFT is 
centrosymmetric, and a maximum radial average intensity 
can be observed at q ≈ 4.52 μm−1, which corresponds to a 
characteristic distance of λ = 221 nm (Fig. 6, top). In the 
case of linear PB with Mw = 962 kg/mol and for the high-
est adsorbed amount (Γ = 6.50 ×  10−1 mg/m2), a clear cen-
trosymmetric 2D FFT can be observed with a maximum 
radial average intensity at q ≈ 2.34 μm−1, indicating a char-
acteristic distance of λ = 427 nm (Fig. 6, bottom).

4  Discussion

In all cases, after the abrupt solvent evaporation, the 
adsorbed chains collapsed individually or fused together 
to form aggregates. When the solvent conditions changed 
from good to poor, the system decreased the free energy by 
minimizing the unfavorable contact with air and forming 
globules/nanodroplets. The number and size of the globules 
increased with the incubation time of the substrate in the 
polymer solution. The observed patterns showed a strong 
dependence on the adsorbed amount and on the molecular 
weight of the adsorbed chains.

With regard to the molecular weights used (Mw = 38.6, 
78.8, and 962 kg/mol) and the smallest observed adsorbed 
amounts (Γ = 2.82 ×  10−3 mg/m2, 4.05 ×  10−3 mg/m2, and 
1.42 ×  10−2 mg/m2, respectively), the vast majority of poly-
mer islands correspond to single collapsed linear chains. 
However, the presence of a minority of small aggregates can-
not be excluded. This finding is certainly true in the case of 
Mw = 78.8 kg/mol, where the distribution of polymer islands 
in the lowest observed amount included some aggregates (as 
noted in the Results section, Fig. 3d). The height of a single 
collapsed chain depends weakly on Mw. This result is illus-
trated in Fig. 7, where the height of a single collapsed chain 

Fig. 6  Relative average intensity (I) as a function of the wave 
number (q = 1/λ) for linear PB of (top) Mw = 78.8  kg/mol and 
Γ = 4.01 ×  10−1  mg/m2 and (bottom) Mw = 962  kg/mol and 
Γ = 6.50 ×  10−1 mg/m2. The characteristic distances from top to bot-
tom are 221 and 427 nm, respectively. Insets show the AFM image 
and corresponding 2D-FFT

Fig. 7  Semi-log plot of the height of the collapsed single chain 
against their Mw in the case of the lowest adsorbed amount
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is plotted as a function of molecular weight. For the lowest 
observed adsorbed amounts, the island height increased by 
a factor of less than two (from 1.04 to 1.84 nm), although 
Mw was increased by almost two orders of magnitude. The 
number of adsorbed chains is similar in each case, which 
are 16 ± 3, 15 ± 2, and 5 ± 1 chains/μm2 for samples with 
Mw = 38.6, 78.8, and 962 kg/mol, respectively. In all cases, 
assuming that the adsorbed polymer chains were homoge-
neously and isotropically distributed on the surface when 
under good solvent conditions and before the abrupt solvent 
evaporation, the average distance between the centers of the 
molecules is between 250 and 300 nm. The chain–chain dis-
tance is higher than their radius of gyration when under good 
solvent conditions (Table 1). Hence, the interactions among 
adsorbed polymer chains are weak, and the adsorbed chains 
were isolated from one another.

As previously mentioned, the adsorption blob size and 
consequently the effective height of a single isolated chain 
under good solvent conditions should be independent of Mw. 
The fraction of the non-adsorbed monomers of an adsorbed 
chain, Φna, is defined as the ratio of monomers not in contact 
with the surface over the total number of monomers of the 
adsorbed chain, which is similar to that used in the study 
of star polymers [31]. In the case of single/isolated mol-
ecules adsorbed on mica under good solvent conditions, Φna 
is independent of Mw. This behavior is deduced clearly from 
our experiments, although our measurements are in a dry 
state. In addition, the chains are in poor solvent conditions, 
and collapsed after the abrupt solvent evaporation. Single 
isolated chains collapsed with similar heights, almost inde-
pendent of the molecular weight. Hence, our results indicate 
that the resulting height of the collapsed adsorbed chain is 
influenced critically by its conformational behavior when 
under good solvent conditions.

With regard to the different molecular weights used in 
this study, the height of the islands consisting of single 
collapsed chains increased with the adsorbed amount, as 
shown in the peak of the distribution part that corresponds 
to single collapsed polymer chains (Figs. 2, 3, and 5). For 
linear PB with Mw = 38.6 kg/mol, the height of the single 
collapsed chain increased gradually from 1.0 to 1.7 nm with 
the increase of the adsorbed amount. In addition, the linear 
PB with Mw = 78.8 kg/mol increased from 1.2 to 2.2 nm, and 
the linear PB with Mw = 962 kg/mol increased from 1.8 to 
5.2 nm. As previously mentioned, the adsorption blob size 
and consequently the effective height of a single isolated 
chain under good solvent conditions should be roughly inde-
pendent of molecular weight. However, an increase in the 
adsorbed amount led to chain “crowding” on the surface and 
thus to an increase of the repulsive interactions among the 
chains, which then adopted longer loops and tails. Conse-
quently, the chain conformation is higher when under good 
solvent conditions. This behavior is also manifested in our 

measurements even when the chains are under poor solvent 
conditions; the chains collapse after the abrupt solvent evap-
oration. The volume of the single collapsed chain globule 
is fixed (the volume of a single chain), and imaging is per-
formed at room temperature, which is well above the glass-
transition temperature of PB. Thus, the dimension of the 
chain would be roughly independent of the adsorbed amount 
or the conformation of the chain when under good solvent 
conditions. Nevertheless, our results indicate that on the sin-
gle-chain scale, the resulting height of the collapsed chain 
is influenced by the conformational properties of the chain 
when under good solvent conditions. When the adsorbed 
amount (or the number of adsorbed chains) is increased, 
Φna increases as interchain repulsive excluded volume inter-
actions dominate and individual chains take conformations 
with higher loops and tails and hence a smaller number of 
trains. The chains collapsed while maintaining the segmental 
contacts with the surface, preserving the favorable adsorp-
tion energy, and forming globular nanodroplets, which seem 
to be “pinned” in metastable states. The mechanical and wet-
ting properties of individual linear-polymer nanodroplets 
have been studied in detail in previous studies [33, 34].

In all cases (different Mw), the number of islands 
increased (higher surface density) with incubation time and 
hence adsorbed amount. The tendency of chains to fuse 
together and form homogeneous aggregates after the abrupt 
solvent evaporation is pronounced in the case of the inter-
mediate and highest adsorbed amounts (Figs. 2, 3, and 5). 
Nevertheless, at intermediate-to-high adsorbed amounts, the 
observed patterns show a strong molecular weight depend-
ence: for Mw = 38.6 kg/mol, few aggregates were observed; 
for Mw = 78.8 kg/mol, the number of aggregates increased, 
and a bimodal distribution was obtained; for Mw = 962 kg/
mol, almost exclusively large aggregates were observed. In 
all cases, the height of the aggregates was higher than that of 
single collapsed chains. At the same molecular weight, the 
height of the aggregates slowly increased as the number of 
chains in the aggregate increased. Moreover, higher molecu-
lar weights produced larger/higher aggregates.

In general, entanglement among chains in high-concen-
tration polymer solutions can occur if the molecular weight 
of the chains is above the entanglement molecular weight, 
Me [27]. In the case of entanglement among adsorbed chains, 
the case is complicated as entanglements may appear pri-
marily among non-adsorbed parts of the chains (loops and 
tails). However, the length (and the corresponding molecular 
weight) of these sub-chains is not easy to determine. Hence, 
although Mw of the whole adsorbed chain can be higher than 
the corresponding Me, the molecular weight of the largest 
loops and tails, M�

w
(< Mw) , could be smaller than Me. For 

PB, Me ≈ 2 kg/mol [27], which is much smaller than Mw of 
different polymer chains used in this study. Considering that 
M

′

w
 is a fraction of the total chain Mw, one may assume that 
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the higher the Mw of the adsorbed chain, the more probable it 
is that M′

w
 is higher than Me. Hence, longer adsorbed chains 

could make entanglements in a more efficient way between 
their non-adsorbed loops and tails. Based on our results, 
higher molecular weights produce higher aggregates. For 
the highest adsorbed amount observed, the ratio of aggre-
gates over the total number of islands increased with Mw: 
for Mw = 38.6 kg/mol, few aggregates were observed; for 
Mw = 78.8 kg/mol, the number of aggregates increased, and 
a bimodal distribution is obtained; for Mw = 962 kg/mol, 
almost exclusively large aggregates were observed.

The experiments revealed that for physisorbed polymer 
layers exposed to air, the aggregation behavior is strongly 
influenced by the polymer molecular weight and molecular 
conformations when under good solvent conditions. For the 
38.6 kg/mol polymer and for the higher adsorbed amount, 
the vast majority of chains collapsed individually after the 
abrupt solvent evaporation. Similarly, as the molecular 
weight increased to 78.8 kg/mol and for the highest adsorbed 
amount, aggregates coexist with single collapsed polymer 
chains, whereas for the highest molecular weight used in 
this study (962 kg/mol) and for the highest adsorbed amount, 
the vast majority of the chains fused together forming aggre-
gates; therefore, a gradual transition of the self-assembly 
behavior of the physisorbed polymer chains with the chain 
molecular weight, when the solvent conditions change from 
good to poor, was established. This behavior is due to the 
fact that longer chains on a substrate adopt conformations 
with longer loops and tails compared with shorter chains. 
In this case, longer chains can make entanglements with 
the surrounding adsorbed polymers, and when the solvent 
conditions change from good to poor, attractive short-range 
interactions among the monomers bring them together to 
form larger aggregates, thereby minimizing their unfavorable 
contacts with air.

4.1  Simulations

Figure 8 shows the results of our simulations, indicating 
that the proportion and typical size of aggregates coexisting 
with isolated particles increase with the increase of surface 
density. Figure 8a shows a snapshot at low surface concen-
tration. Each particle represents one polymer molecule, 
and almost no clustering of particles is observed. Figure 8c 
shows the corresponding cluster size distribution, which is 
unimodal, Gaussian, and centered on unit mass based on the 
underlying particle-size distribution. This finding indicates 
that most particles are not part of a cluster; a small number 
of clusters are observed occasionally, but they do not sig-
nificantly affect the cluster distribution. The results at higher 
surface coverage are very different. Figure 8b shows that 
most particles are part of a cluster and that isolated particles 

are primarily small ones. Figure 8d shows the correspond-
ing cluster–mass distribution. This function is bimodal, with 
a low-mass peak corresponding to isolated particles and a 
high-mass peak corresponding to clusters.

Figure 9 supports the idea that the longer a polymer is, the 
more likely it is to cluster. In particular, the average mass of 
isolated chains–single particles in the case of these simula-
tions–decreases with the increase in density, which indicates 
that smaller chains are less likely to cluster. On the con-
trary, the average mass of clusters increases steadily with the 
increase in density. This finding indicates that at low densi-
ties, the longest chains will have a high tendency to cluster, 
but as density increases, intermediate-length chains will 
start to cluster, thereby reducing the average mass of single 
chains. At higher densities, ρ* > 0.11, the average cluster 
mass increases, showing the growth of existing clusters.

4.2  Comparisons with Star Polymers 
and Spin‑Coated Samples

As shown in Fig. 6, for linear PBs with Mw = 78.8 and 
962 kg/mol and for the highest observed adsorbed amounts, 
the polymers acquired isotropic distributions revealing some 
medium/long-range ordering behavior. These results are 
consistent with the results presented on star PB on mica for 
samples prepared by using the same experimental protocol 
[31]; in this case, the star molecules acquired an isotropic 
distribution on the surface for relatively high adsorbed 
amounts. Molecules with different functionalities resulted 
in different surface patterns. The rapid solvent evaporation 
in various polymers on the surfaces has not been shown to 
affect the position of the adsorbed molecules (producing 
frozen conformations in the dry state) [42–45]. When the 
surface structures of polymer-modified surfaces are driven 
from dewetting instabilities, the observed patterns are inde-
pendent of molecular weight [46]. Some studies reported 
that the morphologies of the star-polymer films on surfaces 
were related to the conformation of chains before the abrupt 
solvent evaporation. Therefore, in the case of linear PB, the 
observed patterns on mica are in accordance with the equi-
librium structures of adsorbed polymers under good solvent 
conditions, and the observed structures may not be driven 
by solvent dewetting. In the case of the highest observed 
amount of 78.8 and 962 kg/mol polymers, the character-
istic distance of the pattern increased from 221 to 427 nm, 
respectively (Fig. 6), showing a molecular-weight depend-
ence in the observed surface structure. However, at the last 
stages of drying, the resulting capillary forces could play 
a role in the aggregation behavior, particularly when the 
polymer density is relatively high because of the affinity 
between the polymer and solvent. Nevertheless, computer 
simulations of coarse-grained bead-spring models of lin-
ear [39] and star polymers [32], which mimic the effects 
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of good-to-poor solvent conditions but do not consider the 
evaporation effects, support the hypothesis that the struc-
tures observed experimentally after quenching are correlated 
with the structures of polymers when under good solvent 
conditions.

Finally, the shapes of linear chains and star nanostructures 
on the surface were compared [31]. First, the shape of single-
linear-chain globules is a symmetric spherical cap, which is 
quite different from the lowest functionality star polymers 
(f = 18, asymmetric islands) investigated in the previous study 
and surprisingly similar to those with high functionality. This 
result indicates that linear chains (f = 2) can collapse effec-
tively because of their architecture, which allows low-density 
conformations under good solvent conditions. By contrast, at 
some critical number of arms, the constraint of the core leads 
to flatter/pancake-like conformations and increases the number 

of adsorbed monomers, thereby inhibiting a symmetric spheri-
cal cap formation and leading to asymmetry. However, at high 
functionality, the polymers start behaving like soft colloidal 
particles and symmetry returns. Second, the linear chain 
aggregates are spherical caps, whereas star polymer aggregates 
are asymmetric, which is attributed to the high osmotic pres-
sure of star cores and the inability to fuse entirely; linear chains 
are easier to fuse into spherical cap-shaped nanodroplets.

Notably, the structures obtained with linear polymer sus-
pensions spin-coated on weakly attractive substrates are less 
ordered, and they usually involve multichain nano/micro-
droplets of various sizes [47]. This comparison indicates the 
importance of long incubation under good solvent conditions, 
used in the present study, resulting in a uniform distribution 
of polymer chains.

Fig. 8  a, b Snapshots of a system of 400 particles taken after 200,000 
time steps at ρ* = 0.077 and 0.127, respectively. c, d Mass distribu-
tions from the simulation of 2500 particles at ρ* = 0.077 and 0.127, 

respectively. For visualization purposes, a and b display only a small 
portion of the system. In c and d, the mass is relative to the average 
particle mass
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5  Conclusions

Linear polymer (sub-)monolayers adsorbed on flat surfaces 
were studied by AFM. At sufficiently low surface densities, 
where the molecules can be considered isolated, the poly-
mers adopt flat conformations. The height of the collapsed 
chains appeared almost independent of molecular weight. 
This behavior was due to the conformation of the isolated 
adsorbed chains when under good solvent conditions and 
before abrupt solvent evaporation. At high surface densi-
ties, aggregates of several polymer chains were formed for 
all molecular weights. Our results show that high molecular 
weight molecules can easily self-assemble into aggregates. 
This result has been explained on the basis of longer loops 
and tails of the high molecular weight chains. In most cases, 
at sufficiently high surface densities, an isotropic distribution 
of adsorbed polymers was observed, indicating near-to-equi-
librium positions and conformations just before the sudden 
change of solvent conditions. A two-dimensional coarse-
grained model based on the experimental observations was 
used to understand the aggregation effects. The simulations 
reproduced the experimental findings and further indicated 
that the conditions prior to the abrupt solvent evaporation 
determined the aggregation distribution after evaporation. 
The present study introduces a facile and inexpensive meth-
odology for the manufacturing of hierarchical nanopatterns 
on surfaces based on the long molecular structures of poly-
mers, the equilibration of the macromolecular system under 
good solvent conditions, and its abrupt transition to poor 
solvent conditions.
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