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Abstract. We prepared dense films of adsorbed brush-like macromolecules on mica substrate by transfer
of compressed Langmuir monolayers from water subphase. The main macromolecular contours in the
dense films were clearly resolved by SFM. The films were subjected to successive treatments by ethanol
and water vapours. In accordance with previous results for isolated macromolecules, the films underwent
collapse and subsequent decollapse morphological transformations in the changing vapour environment.
Statistical analysis of the macromolecular dimensions in the films allowed us to measure the values of
the scaling exponent v determining the correlation between mean lateral and linear dimensions of the
macromolecules. The analysis showed that the macromolecular conformations in the film as transferred
were similar to the previously described conformations of the same macromolecules deposited directly on
mica as isolated chains at much lower surface densities. The determined v was close to the 0.75 value
corresponding to the 2D SAW statistics. We assumed that the molecules retained the high degree of
extension during the compression step due to suppressed reorganisation of the side chains. Differently
from previous observations for isolated macromolecules, the restored conformations in the dense films after
collapse-decollapse cycle were more extended with the v of about 0.73 value. A theoretical explanation of
the high degree of re-extension is proposed.

PACS. 36.20.Ey Conformation (statistics and dynamics) — 68.47.Pe Langmuir-Blodgett films on solids;
polymers on surfaces; biological molecules on surfaces — 82.37.-j Single molecule kinetics — 82.37.Gk STM
and AFM manipulations of a single molecule

1 Introduction

There are many different parameters to describe quanti-
tatively the conformation of an adsorbed polymer chain.
Among the general ones, one can mention the scaling ex-
ponent v. It describes how a mean lateral macromolecular
size (e.g., mean-square end-to-end distance) scales with
linear size (i.e. degree of polymerization, contour length)
of polymer chains. For different two-dimensional (2D) sys-
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tems the scaling exponent v is described theoretically [1],
and it is also a subject of numerous experimental verifi-
cations. Two main approaches are usually explored to de-
termine the 2D scaling exponent v experimentally: first,
by indirect analysis of rheological properties of Langmuir
monolayers (response of the whole ensemble to an exter-
nal stress); second, by direct microscopic determination
of macromolecular dimensions (tracing directly visualized
macromolecular contours). The majority of the results are
obtained for the systems with isolated single chains.

Within the framework of the first approach there were
several reports on the 2D scaling exponent v values deter-
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mined for polymeric Langmuir films. The most exploited
method is based on linear fitting the dependence of surface
pressure on surface concentration in semidilute regime.
Thus the following scaling exponents were reported for
different polymers on aqueous subphases: 0.79 [2] and
0.78 [3] for poly(vinyl acetate), 0.53 [4] and 0.56 [2] for
poly(methyl methacrylate), 0.78 [4], 0.77 and 0.51 [5,6]
for poly(methyl acrylate) at different temperatures, 0.52
for poly(4-hydroxystyrene) [7], 0.53 for poly(tert-butyl
methacrylate) [8]. The values of 0.77-0.79 were attributed
to the well-known 0.75 (3/4) exact scaling exponent for
2D self-avoiding walk (SAW) statistics [9]. This scaling is
indicative of an extended 2D polymer coil with excluded-
volume interactions: without intersections. The lower val-
ues 0.52-0.56 were mostly attributed to a #-point scal-
ing exponent. But they are also close to the reference 0.5
value: for example, in 2D case a compacted 2D (flat) glob-
ule has such a statistics.

Within the framework of the second approach sev-
eral different direct microscopic techniques were applied:
transmission electron microscopy (TEM), fluorescence mi-
croscopy (FM) and scanning force microscopy (SEM). The
experimental scheme and image analysis for determination
of the scaling exponent using TEM were well established
already quite a long time ago. The procedure was based
on direct tracing of visualized macromolecular profiles and
was mostly applied for an analysis of biopolymer macro-
molecules. Indeed they are rather big and thus easy to
be visualized by TEM, especially when the proper shad-
owing or contrasting procedure is applied. It was proved
experimentally that for DNA molecules there were two
typical values of the scaling exponent to be measured,
depending on the degree of irreversibility of the macro-
molecular adsorption during sample preparation [10]. A
glow-discharge deposition technique resulted in strong ad-
sorption of DNA molecules on the positively charged car-
bon surface. Therefore the corresponding scaling expo-
nents were about 0.59 [10]. These scaling exponents co-
incided well with the exact value for 3D SAW statistics.
Thus, such values were attributed to a surface-trapped
conformation of a 2D projection of the 3D coil. This is
not really a 2D conformation, as far as the molecules de-
posited in such manner have a lot of intersections. Indeed
the intersections are forbidden or suppressed in a strict 2D
case. When DNA molecules during deposition were incor-
porated in a protein film (of cytochrome c), they retained
more freedom to reorganize. Therefore, the cytochrome c
deposition technique resulted in a more relaxed conforma-
tion with the scaling exponents of about 0.72 [10], that is
close to the 2D SAW statistics values [10]. For some other
biopolymer deposited on mica the scaling exponents were
determined and reported also: 0.57 for xanthan Kelzan,
0.63 for alginate, 0.68 for xanthan PX061, 0.69 for scle-
roglucan, 0.73 for xylinan [11].

Following the same scheme, the FM was explored to
monitor a conformation of DNA molecules on a mobile
cationic lipid membrane interface [12,13]. As far as the
observed DNA molecules kept a possibility to rearrange
freely in 2D, the obtained 0.79 scaling exponent value
was close to the expected 2D SAW statistics value. Some-

what lower values of 0.65 and 0.68 were obtained for DNA
molecules partially confined in a 110nm slit [14]. The rea-
son of the lower values was that the conformation of the
partially confined molecules was not really a 2D one, but
rather intermediate of the 2D and 3D ones.

Recent SFM experiments usually follow the same para-
digm, which was developed previously for the TEM and
FM methods. Thus, for surface-trapped DNA molecules
on APTES-modified mica the 0.59 value was observed [15],
as expected for a projection of a 3D coil. In the next exper-
iment the 0.59 value was confirmed for kinetically trapped
3D configuration on APTES-modified mica and the inter-
mediate 0.67 value for weaker adsorption on Mg?* modi-
fied mica was reported [16]. Any intermediate values may
be expected for an ensemble of partially relaxed molecules,
which is to be described thus as a mixed state.

High spatial resolution of SFM allowed researches to
study not only persistent biopolymers, but flexible syn-
thetic polymer chains as well. Thus the 0.56 scaling expo-
nent value was obtained for poly(4-vinylpyridine) (P4VP)
single chains surface-trapped by mica [17]. Though, at
the same conditions of deposition, larger values of 0.7-0.8
were obtained for P4VP salts with hydrophobic pendant
groups and for their complexes with surfactants introduc-
ing additional hydrophobic side chains [17]. Such scaling
exponents were close to the 2D SAW value, hence, the hy-
drophobically modified P4VP molecules were able to rear-
range more freely during the adsorption because of the re-
duced attraction to mica surface. The also close 0.76 value
was reported for P2VP chains as adsorbed on mica from
solutions at low pH and at high ionic strength [18], i.e.
at the conditions also favourable for rearrangement dur-
ing adsorption (lower electrostatic attraction). Another
close value of 0.73 was found for the relaxed linear P2VP
molecules on mica after their equilibration by an exposure
to water vapour [19].

There was another interesting and rather peculiar
method proposed to determine the scaling exponent with
the help of SFM [20]. Individual polysaccharide chains
were randomly picked up by the SFM tip. According to the
subsequent analysis of a set of the recorded force-distance
curves the scaling exponent of 0.74 was found for carboxy-
methyl-amylose chains pinned to a glass slide [20].

The above-described experimental results were ob-
tained for isolated polymer chains in diluted or semidi-
luted regimes at low surface concentrations. In such con-
ditions the adsorbed molecules are non-contacting or only
weekly contacting. The interpretation of the accumulated
experimental results for the diluted systems is mostly
quite straightforward in the framework of existing theo-
retical conceptions.

But it seems to be more intriguing to study the con-
formation of macromolecules inside denser films. Indeed,
on the one hand, there are several contradicting theoreti-
cal models of the polymer chain behaviour in such dense
monolayers. The models predict different macromolecular
behaviour in dense films regarding the following aspects:
whether the polymer chains are segregated or interpen-
etrating, whether they are compacted or extended and
what is the scaling exponent v value.
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Thus, the 0.5 value of the 2D v scaling exponent
was theoretically predicted for self-avoiding chains (no
intersections) in dense 2D monolayers [21]. The somehow
higher value of 0.5 + ¢ (¢ due to a logarithmic correction)
was calculated theoretically for a model with allowed in-
tersections [22]. Here strong interpenetration of the poly-
mer chains was predicted [22]. In a recent paper [23] two
types of dense polymers in 2D were theoretically consid-
ered: 1) when chain intersections were totally forbidden,
and 2) when they were allowed but to some extent (sup-
pressed by an energetic penalty). Quite different results
were obtained for the two models. According to model 1),
the polymer chains were compacted (crumpled) and segre-
gated, whereas the scaling exponent was equal to 0.5 [23].
According to model 2) the chains were strongly overlap-
ping and entangled, whereas the scaling exponent was
somewhat higher: 0.5 + ¢ (a logarithmic correction) [23].

Extensive computer simulations did not clarify the
picture: the results here obtained were also rather scat-
tered. Thus, as a result of Monte Carlo simulations for
polydisperse melt, 0.54-0.55 (and up to 0.58) values were
obtained [24]. Here the chains were reported also to be
interpenetrating [24]. Another simulation depicted com-
pletely segregated chains with the exponent of 0.5 [25].
Still another simulating approach gave 0.52-0.54 scaling
exponent values [26]. For a quasi-2D melt (intersections
were possible, but suppressed) partially segregated chains
with the 0.5 scaling exponent were simulated [27]. On the
other hand, considerable interpenetration between poly-
mer molecules and the 0.54 scaling exponent were also re-
ported, as a result of yet another simulating scheme [28].

Direct experimental verifications of the proposed mod-
els are strongly desirable. But the experimental results on
dense films are not numerous by now. They were mostly
obtained by direct microscopic methods. The serious ob-
stacle here is that it is sometimes rather tricky to distin-
guish the conformation of single chains inside dense films.
Thus, brush-like copolymers with poly(methyl methacry-
late) (PMMA) backbones and short poly(ethylene oxide)
(PEO) side chains were directly observed at the surface
of the ultrathin film of the same polymer by TEM [29].
In order to visualize only those molecules, which were
indeed located at the interface (2D), partial labeling by
gold nanoparticles was applied. Only nanoparticles con-
tinuously connected in a chain-like manner were ascribed
to single-polymer macromolecules at the surface and were
further taken into account for a numerical analysis. As a
result, the experimental value of 0.69 was reported for the
scaling exponent v describing the statistics of the macro-
molecular profiles (backbones) [29].

Scanning near-field optical microscopy was applied to
study conformation of single dye-labelled poly(isobutyl-
methacrylate) chains in dense Langmuir-Blodgett mono-
layers [30]. If the polymer chains in a homogeneous mono-
layer were surrounded by the same molecules (i.e. of
the same polymerisation degree), then the contracted
pancake-like conformation with scaling exponent of 0.5
was reported. On the contrary, the labelled polymer chains
were significantly more expanded in a non-homogeneous
monolayer when they were surrounded by the molecules

of lower molecular weight. In the latter case the observed
conformation was close to a 2D SAW chain [30].

Rather similar results were obtained exploring another
approach, which was based on SFM visualisation of brush-
like molecules in a melt of polymer chains of the same
nature as the side chains [31]. The melt was mixed at
water subphase and then transferred onto mica for the
visualisation by SFM. The dependence of the conforma-
tion of the brush-like molecules (backbones) on the length
of the surrounding linear chains was demonstrated. When
the surrounding molecules were rather short (oligomeric),
the brush-like molecules were expanded with the corre-
sponding scaling exponent v of about 0.69 [31]. When the
polymerisation degree of the surrounding molecules was
increasing, the brush-like molecules were more and more
contracted and the scaling exponent was correspondingly
reducing down to the 0.48 value [31]. A set of intermediate
v values was obtained when the brush-like molecules were
surrounded by the linear chains of an intermediate length.

Apart from the brush-like molecules [32], another con-
venient model system seemed to be nanorope chains
(cross-linked worm-like micelles) [33]. Such chains had a
diameter of 20 nm and so their morphology could be eas-
ily resolved by SFM even within dense adsorbed films.
SFM visualisation with subsequent data processing de-
tected that, in a diluted 2D state, the molecules were
compacted in 2D islands with the scaling exponent value
of about 0.5. This value is typical for a flat globule, i.e. a
compacted conformation in a strict 2D case. However, in a
dense 2D state the molecules were strongly extended and
interpenetrating with the corresponding scaling exponent
v value of about 0.63 [33].

In the present paper we selected the brush-like
poly(2-(2-bromopropionyloxy)ethyl  methacrylate-graft-
poly(n-butyl acrylate)) (p(BPEM)-¢g-p(BA)) molecules
as the model system. Indeed, such molecules were easy
to be visualised by SFM, and their morphology could
also easily be traced by SFM even within dense adsorbed
2D films. We checked the macromolecular conformation
(conformation of backbones) in dense LB monolayers as
transferred on mica and after externally induced mor-
phological transitions. In order to induce the transitions,
we applied the previously developed method of exploring
vapours of different nature as external stimuli [34,35].
In our previous paper [19] we performed statistical
conformational analysis of the same molecules before
and after vapour-induced conformational transitions at
much lower surface densities. The molecules were initially
deposited on mica by spin-coating as isolated objects
(in a diluted state). It was found out that the macro-
molecules were rather extended as deposited with the
scaling exponents v of about ~ 0.77. But after collapse
and re-extension cycle the molecules remained more
compacted with the v value of only about ~ 0.53 [19].
One of the reasons for the lower extension degree was
related to the possible constraining effect induced by line
tension (a 1D analogue of the surface tension). The line
tension effects should vanish with increased overlapping of
individual macromolecular islands. That may be achieved
with increasing surface density of the macromolecules.
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Therefore, to check the hypothesis about line tension,
it is natural to compare the macromolecular behaviour
in isolated and denser states. Thus the primary goal of
the present study is to reveal features of macromolecular
behaviour in dense films undergoing vapour-induced
conformational transitions and to relate quantitatively
the directly observed conformations of single molecules
in dense films to the previously investigated system with
lower surface density [19].

2 Experimental
2.1 Materials

The p(BPEM)-g-p(BA) brush molecules were prepared by
ATRP-grafting n-butyl acrylate from a poly[2-(2-bromo-
butanoate)ethyl methacrylate] macroinitiator as described
previously [36,37]. The number average polymerization
degrees (DP,,) of the backbone and the side chains were
~ 3700 and 30 units, respectively.

The water used in the experiments was prepared with
a Milli-Q Plus 185 purification system (Millipore, Ger-
many). Chloroform of “SupraSolv” grade (Merck, Ger-
many) was used for preparing the polymer solutions.
Ethanol of analytical grade (Merck, Germany) was used as
received for generating the vapour. Muscovite mica (Plano
GmbH, Germany) was applied as a substrate.

2.2 Methods

The macromolecules were transferred onto the substrate
using the Langmuir-Blodgett (LB) technique. The hori-
zontal deposition was performed on a Lauda FW2 Lang-
muir trough made of PTFE with a full surface area of
927 cm? operated at 22°C using the Milli-Q water as a
sub-phase. A few pieces of mica freshly cleaved from both
sides were preliminary put under the water subphase on a
PTFE-support. A defined volume (0.15 ml) of the polymer
solution in chloroform (¢ = 0.25mg/ml) was deposited at
the air/water interface with fully opened barrier. Com-
pression of the monolayers started after one hour delay to
ensure homogenous spreading and possible relaxation of
the polymer chains. During the compression, the surface
area was reduced by 5% per minute until the surface pres-
sure of 2mN/m was achieved. The transfer onto the mica
substrate followed by lowering the subphase level with the
rate of 0.5 mm/min. The surface pressure was maintained
constant at the 2mN/m value during the transfer. After
preparation and before the study, the transferred mono-
layers on mica were kept in laboratory room conditions
(temperature of 22°C, relative humidity of 50-60%) for
the periods from several hours and up to five days. No
changes of the macromolecular morphology were observed
as a result of the longer storage.

SFM images were recorded at ambient temperature by
means of a “PicoSPM” device (Molecular Imaging, USA)
in the acoustic mode. To introduce the vapour of ethanol
or water to the atmosphere around the sample, 0.3-0.7 mL

of the corresponding liquid were injected into the mi-
croscope environmental chamber (total volume ~ 1.21)
through an inlet in the device without interruption of the
scanning procedure. So as to replace the vapour by a dry
atmosphere, nitrogen (99.999% purity, MTI IndustrieGase
AG, Germany) was abundantly blown through the cham-
ber. Topographic SFM images were collected with an in-
formation density of 512 x 512 points at 1 Hz scanning fre-
quency. SFM image editing and analysis were conducted
by means of FemtoScan software (Advanced Technologies
Center, Russia). Numerical data analysis was performed
using OriginPro 7.5 software (OriginLab, USA) and home-
written analytic software.

2.3 Data analysis

To determine the scaling exponent v we applied the same
procedure, which was described in details in references [17,
19]. The end-to-end distances and contour lengths of indi-
vidual macromolecules were determined from the recorded
SEM micrographs with the typical size of 2.5 x 2.5 um
using FemtoScan software. The measurements were per-
formed in a semimanual regime of the program in order to
avoid any possible inaccurate identifications of individual
macromolecular contours in such dense films. That means
that an operator had to find one end of the particular
macromolecule and then trace its contour until the next
end. The program determined the thus-traced path and
the direct distance between both ends. The pairs of these
two values were accumulated as a statistical array of data.
The number of analysed molecules (N) was more than 750
for each of the two types of samples (of the macromolecules
in the LB film before and after the collapse/re-spreading
cycle). The resulting array of N pairs of corresponding
R; and L; values was sorted in an ascending order with
respect to the L;, and then an averaging procedure was
performed on the n successive pairs of values to yield N/n
values of the mean square end-to-end distance R?:

nk

= 1
R2, = = 2
k n Z Rza (1)
i=n(k—1)+1
the mean contour length L:
N 1 nk
L = — .
k n Z L7,7 (2)
i=n(k—1)+1

and the corresponding standard errors of the mean values:

nk

Ly (R-r). ®

AR%), =
¥ nin—1)
i=n(k—1)+1

nk

1
nin—1) Z

i=n(k—1)+1

ALy = (Ek - Li)27 (4)

where k = 1,2,..., N/n. In order to check the convergence
of the calculated values, we varied the averaging number n
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in the range of 1-90. In order to have always the integer
N/n ratio for different n numbers, some required amount
of pairs of the R; and L; values was randomly removed
from the array of the N pairs.

The scaling exponent v to be determined describes the
correlation between the mean-square end-to-end distance
R? and the contour length L:

R? = const x L*. (5)

Thus, if/\the values of averaged-square end-to-end dis-
tances, R2y, are plotted as aAfunction of the correspond-
ing mean contour lengths, Ly, in a double logarithmic
scale, the plotted data points should be scattered around
a straight line. The slope of the straight line determines
the scaling exponent v value. We applied three different
fitting procedures to find the slope. The procedures differ
from each other with respect to Whether or not they take

into account the uncertainties of the R2 r and Lk Values as

given by the corresponding standard errors values: AR2
and ALy.

The first procedure (procedure I) consists of a linear re-
gression of a set of N/n data points in a double logarithmic
scale and does not take into account any weight given by
the standard error values (simple least-squares method).
This approximation was performed using a standard op-
tion of the Origin software for a simple linear fit. The
second procedure (procedure II) consists of a weighted
linear regression of a set of N/n data points in a double

logarithmic scale with weights given by the AR?j error
values (weighted least-squares method). This approxima-
tion was also performed using another standard option of
the Origin software for an error-weighted linear fit. The
third procedure (procedure III) consists of the numerical
minimization of the following weighted chi-square merit
function with respect to “const” and v values [17,19]:

x?(const, v) =

N/n

D

i=1

— N2
(RQi — const x Lf”)
— 2
(aF%)

Here, both the uncertainties of the averaged R?j and Ek
values are properly taken into account. The uncertainties

= 2 (6)
(const X QI/L?D_lALi) +

are given by the corresponding standard errors: AR?; and
ALy of the mean values, see equations (3, 4). In order
to perform such an analysis following procedure III, we
wrote a simple calculating software. As far as only proce-
dure III properly accounts for both types of uncertainties

of the Rzk and Lk values, we consider this procedure as
the most correct. This question was addressed before in
reference [19]. In the analysis, we take into account the
v values, determined according to procedure III. The re-
sults for procedure I and procedure II are also given for
comparison. They do not differ significantly.

3 Results

3.1 SFM visualisation of macromolecules in dense LB
film, vapour-induced morphology changes

The general macromolecular contours of the p(BPEM)-g-
p(BA) brush molecules (backbones) can be clearly seen
in the dense LB film transferred onto mica (Fig. la).
Inside the film, the macromolecular backbones are sepa-
rated from each other by a fixed distance of about 35 nm.
This separation is apparently determined by the sizes of
coronas of the side chains surrounding the backbones,
as discussed in reference [34]. The heights of the main
macromolecular profiles (backbones) in the film above
the surrounding areas (occupied by the side chains) are
in range of 0.5-0.9nm. The intersections of the macro-
molecules are strongly reduced (Fig. la), most macro-
molecular contours are separated from their neighbours.
When one traces a particular macromolecular contour in
the observed labyrinth-like structure of Figure la, one
most probably finishes in some cul-de-sac. In this sense the
degree of percolation of the macromolecular paths (back-
bones) is rather small. For dense two-dimensional films,
the question about the degree of overlapping of different
chains is always interesting [1]: whether different macro-
molecular contours are strongly interpenetrating and over-
lapping or, on the contrary, are segregated and overlap
only slightly. For our specially prepared system, one can
observe no segregation of the macromolecular contours.
On the contrary, the macromolecules are strongly inter-
penetrating. Even before any measurements of the scaling
exponent v, one may already clearly notice that the de-
gree of macromolecular extension is rather high. In some
places of the film the macromolecules are even perfectly
straight. Does this mean that the chains are here in a
persistent regime and should demonstrate v values close
to 17 This is hardly the case, since a closer look shows
that the persistence here is only apparent. Indeed there
are straight sections of the macromolecules but they are
quite often followed by abrupt kinks not compatible with
real persistence.

Previously, we reported that by means of an exposure
of the p(BPEM)-g-p(BA) molecules adsorbed on mica
to different vapours it was possible to induce either col-
lapse or re-expansion of the single macromolecules, de-
pending on the nature of the vapour [34,35]. The vapour-
induced conformational transitions were observed in real
time by SFM. It was established that vapours of strongly
amphiphilic compounds (like alcohols) induced collapse,
whereas vapours of polar compounds (like water) induced
re-expansion of the previously collapsed macromolecules.
It was explained by competition in spreading between
somewhat amphiphilic polymer chains and co-adsorbed
low molecular weight compounds [35]. If the polymer was
more amphiphilic than the surrounding co-adsorbed layer
(like water) then the polymer spreads maximising an oc-
cupied surface area per macromolecule. If the polymer
was less amphiphilic (as compared, e.g., to ethanol), it
was removed from the interface and forced to compact
into 3D globules, minimising an occupied surface area
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Fig. 1. Collapse of LB film of brush-like p(BPEM)-g-p(BA) molecules induced by exposure to ethanol vapour: SFM visualization
in real-time regime. (a) Initial image of the LB film as deposited, single molecules in the dense film can be observed; (b-k) the
collapsing LB film during exposure to ethanol vapour: 10 min (b), 20 min (c), 1.5h (d), 3h (e), 4h (f), 5h (g), 5.5h (h), 6h (i),
6.5h (j), 7.5h (k) after injection of ethanol into the environmental chamber; (1) final morphology frozen by purging the chamber
with nitrogen. Scan size: 2 x 2 um?, bar size: 500 nm, height scale: 10 nm.
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per macromolecule. Later on it was shown that this ef-
fect was rather a general one and could be observed for
different amphiphilic polymer molecules (including linear
P2VP chains [38]) on different substrates (oxidised silicon,
strontium titanate [39]).

Thus we have subjected the dense LB film of the
p(BPEM)-¢g-p(BA) molecules subsequently to vapours of
ethanol and water in order to check the matter of vapour-
induced morphology changes to be observed in real time
with SFM. The exposure to ethanol vapour has induced a
collapse of the LB film (Fig. 1b-k). The behaviour of the
macromolecules in the collapsing film is rather peculiar.
Initially, the height of the macromolecular profiles above
the surrounding has started to increase up to 1.3-1.7nm
(Fig. 1b) after 10min of the exposure to ethanol vapour
and further up to 1.6-1.9nm (Fig. 1c) after 20 min of the
exposure. This is similar to the behaviour of single indi-
vidual collapsing macromolecules, as reported before [34].
But after that the neighbouring parallel segments of dif-
ferent macromolecules have started to joint together, see
Figure 1d, which has been obtained after 1.5h of the expo-
sure to ethanol vapour. This is different from what to be
observed for single individual collapsing macromolecules,
where formation of centres of compaction at the ends
of single molecules has been reported [34]. In the dense
film the collapse is rather an aggregation of neighbouring
molecules which results in increasing the percolation de-
gree. This aggregation proceeds further (Fig. le, f: 3—4h
of exposure) with increasing the percolation degree and
results in the formation of an interconnected 2D polymer
network. At the same time, the formation of the centres
of compaction is observed in the nodes of the network
(Fig. le, f). Such centres are consuming more and more ag-
gregated polymer filaments (Fig. 1g—k: 5-7h of exposure)
and are increasing in size. At the final image of the collapse
process (Fig. 11, the morphology was frozen by nitrogen
purging) one can observe many separated big blobs with
a height of about 4-6 nm. Comparing the initial number
of the macromolecules at Figure la and the final number
of the blobs at Figure 11, one can conclude that each blob
contains several different molecules (5-10). The blobs were
interconnected with remaining (not collapsed) polymer fil-
aments. We expect that the reason for the incomplete col-
lapse is slow kinetics. Possibly, for longer exposure times
the collapse would be more complete. As far as the blobs
are separated, there are significant surface areas without
any polymer between them. Thus, the polymer material
has been efficiently expelled from the interface by the am-
phiphilic ethanol molecules. Therefore, exposure of a dense
polymer LB film on mica to ethanol vapour results in the
collapse of the film.

After that, we have subjected the collapsed LB film of
the p(BPEM)-g-p(BA) molecules to the water vapour, in
order to check whether the collapse is reversible. Indeed,
we have found out that the exposure to water vapour in-
duced re-spreading (decollapse) of the LB film (Fig. 2b—k).
The behaviour of the expanding macromolecules here re-
sembles the previously reported one for single individ-
ual molecules. The blobs are untwining and the single
molecules are crawling out of them spreading over the

surface. One can notice that the macromolecules as crawl-
ing out of the globules are highly curved (Fig. 2d-i). Fi-
nally, after 12 h of exposure to water vapour, the motion of
the macromolecules apparently ceases (Fig. 2k). One can
observe that finally there are some remaining blobs, which
have not untwined completely (Fig. 2k). At the same time
some areas of mica remain to be unoccupied. Incomplete
spreading may be indicative of some macromolecular fric-
tion on the mica substrate. Thus the reversibility is only
partial. Besides, in the final state the macromolecules re-
main to be more curved (Fig. 21) as compared to the initial
state as deposited (Fig. 1a). Here also the macromolecular
contours are mostly interpenetrating and rather extended
as far as only some of them indicate partial segregation.

3.2 Determination of scaling exponent values

We have performed a numerical analysis of the visualised
macromolecular contours (backbones) in order to deter-
mine the scaling exponent v for single p(BPEM)-g-p(BA)
molecules inside the dense LB film as deposited and after
a collapse/re-extension cycle. For that we have followed
the previously developed method of the analysis as de-
scribed in the Experimental section. Rather large num-
bers of different macromolecular profiles have been anal-
ysed (N > 750) for both types of samples (before and
after the collapse). The mean-square end-to-end distances
obtained for an averaging depth n = 40 are plotted as
a function of the corresponding mean contour lengths in
double-logarithmic scale in Figure 3. Here two sets of the
data points are presented: for the molecules in the film
as deposited (A), and for the same molecules after a cy-
cle of collapse/re-spreading of the film (B). One can see
that both data sets can be well approximated by linear
fits: corresponding straight lines are indicated, as obtained
using procedure IIT (see the Experimental section). One
can see that the points of the first data set (A, as de-
posited) are located above the points of the second one
(B, after the cycle). This is an indication of a reduced, in
general, end-to-end distances as a result of the cycle of the
morphology transformation of the film. And indeed, the
measured mean end-to-end distance (defined as a square
root of the mean-square end-to-end distance /) R?/N)
has been reduced by 23% from the initial 350 nm value
(as deposited) down to the 270 nm value (after the cycle).
The number average contour length (L,, = > L;/N) has
been also slightly reduced by 10% from the initial 540 nm
value (as deposited) down to the 490 nm values (after the
cycle). The reduction of the contour lengths may result
either from contraction of the backbones or from some
scission [40] of them during the collapse/re-spreading of
the film.

The significantly stronger reduction of the mean end-
to-end distance is indicative of a higher compactness de-
gree of the macromolecules after the cycle. In equation (5)
the v value is an example of global parameters describ-
ing the type of statistics. The prefactor “const” is a local
parameter depending on the properties of the particular
chains such as stiffness, interaction with substrate, etc. [1].
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Fig. 2. Re-spreading of the collapsed film of brush-like p(BPEM)-g-p(BA) molecules induced by exposure to water vapour:
SFM visualization in real-time regime. (a) Starting image of the pre-collapsed LB film (Fig. 1); (b-k) spreading of the film
during exposure to water vapour: 10min (b), 20 min (c), 30 min (d), 40min (e), 50 min (f), 60 min (g), 70min (h), 1.5h (i),
2h (j), 12h (k) after injection of water into the environmental chamber; (1) final morphology after purging the chamber with
nitrogen, single molecules in the dense film can be observed. Scan size: 2 x 2 um?, bar size: 500 nm, height scale: 10 nm.
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]/F‘ig. 3. Correlation between mean-square end-to-end distances
R?j and contour lengths Ly, for p(BPEM)-g-p(BA) brush-like
molecules in the dense LB film: (A) before ethanol-vapour—
induced collapse of the film, (B) after the water-vapour—
induced re-spreading of the film. Experimental points: each
data point is obtained as a result of an averaging procedure
applied according to equations (1) and (2) for n = 40. Error
bars are determined as standard errors of the mean values ac-
cording to equations (3) and (4). An approximating straight
line was obtained using procedure III, see the Experimental
section.

The reduction of the prefactor “const” as a result of the
collapse-decollapse transformation may be explained by
a more equilibrated redistribution of the side chains de-
termining the local macromolecular flexibility [41]. From
Figure 3 one can see that the slope of the approximating
linear fits has not changed after the collapse/decollapse
cycle. That means that the scaling exponent v has not
changed. Does this mean the same type of macromolecular
statistics at the initial and the final stage? This question
is to be addressed in the Discussion section taking into
account the obtained numbers.

The values of the v exponent obtained using all three
fitting procedures (procedure I, II, and III, see the Ex-
perimental section) are presented in Table 1 for different
averaging numbers n (1-90). The choice of the averag-
ing number n seems to be important with respect to the
convergence of the resulting calculated values. Reduced
scattering of the data points and suppressed fluctuations
of the determined v values are obtained only when n > 20.
The mean values reported in the last row of the table have
been obtained by an averaging of the v values in the cor-
responding columns for the whole range of the n numbers
from 20 to 90. The calculated standard deviations of all
the mean values in Table 1 are about 0.01 and are smaller
than the typical 0.03 values describing the errors of ap-
proximations (the errors determined by scattering of the
data points being approximated). Thus the uncertainties
of the v in Table 1 should be determined by these 0.03
values. One can see that there are some differences for the
v values obtained using three different fitting procedures
(procedure I, II, and IIT). We consider procedure III to be

Table 1. Values of the scaling exponent v determined using
different averaging numbers n and different fitting procedures
(procedure I, II, and III, see the Experimental section). The
mean values in the last row are obtained by averaging the v
values for n > 20.

p(BPEM)-g-p(BA), p(BPEM)-g-p(BA),

as deposited, re-expanded in water

N =760 vapour, N = 790

n Pr.I Pr.II Pr.III | Pr.1 Pr.II  Pr.III
1 0.55 0.55 0.50 0.67 0.67 0.59
3 0.66  0.39 0.78 0.57  0.78 0.66
5 0.70  0.81 0.71 0.72  0.68 0.66
10 0.71  0.76 0.69 0.73  0.72 0.69
15 0.71  0.77 0.69 0.73  0.75 0.71
20 0.72  0.79 0.75 0.73  0.76 0.73
25 0.72  0.78 0.74 0.72  0.76 0.71
30 0.73  0.78 0.75 0.72  0.75 0.73
40 0.74  0.79 0.76 0.72  0.75 0.73
50 0.74  0.78 0.76 0.73  0.78 0.74
60 0.74 0.78 0.76 0.73  0.76 0.73
75 0.73  0.76 0.74 0.74  0.78 0.76
90 0.73 0.75 0.74 0.72  0.73 0.72
mean | 0.73  0.78 0.75 0.73  0.76 0.73

the most valid one. Indeed, only this procedure ensures
that both types of uncertainties of the averaged R2j and

Ly, values are properly taken into account for the fitting.
These uncertainties are given by the corresponding stan-

dard errors: AR?;, and Aik of the mean values. Therefore
we accept that the scaling exponent v value is equal to 0.75
for the macromolecules in the initial dense LB film (as de-
posited) and is equal to 0.73 for the same macromolecules
after a cycle of the vapour-induced collapse and subse-
quent re-spreading of the film. Only one slope is observed
for the whole range of the contour lengths and in spite of
the apparent persistence of some chains in Figure 1a the
slope is well below 1. Clearly, upon averaging the apparent
persistence of some chains is cancelled by the sharp turns
of the others.

4 Discussion

Both determined values of the v exponent are rather large
and close to the 0.75 (3/4) value of the 2D SAW statistics.
Our v values are the largest among all the published in the
literature for macromolecules in dense 2D monolayers as
obtained experimentally, theoretically or using computer
simulations, see the Introduction. Regarding the obtained
0.75 initial v-value for the macromolecules in the dense LB
film as deposited, we do not see here any possibility for
an irrelevance. Indeed, it was shown before that the same
macromolecules as deposited from chloroform solutions on
mica [19] or silicon [39] substrates at low surface density
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adopted a similar conformation with the same scaling ex-
ponent of about 0.75. The set of data points A on Fig-
ure 3 coincides perfectly well with the set of data points
on Figure 4a of the reference [19] obtained for the same
molecules as deposited on mica in a more diluted state (as
isolated chains). That means that not only the slope v but
even the prefactor “const” of equation (5) is the same for
both cases of the deposited molecules with significantly
different surface concentration. The reason for the invari-
ance of the macromolecular conformation on the surface
density is unclear. Besides, the 2D SAW statistics is not
applied to the macromolecules in dense films. Indeed, in
this model there is general assumption that every step of
a random walker going along the 2D self-avoiding path is
randomly oriented [9]. This assumption cannot be valid
in a dense state with strongly interpenetrating paths. We
explain this singularity by the hypothesis that the macro-
molecules in the dense film may “remember” their parent
conformation just as adsorbed on water subphase before
compression.

Indeed, one can suppose that as deposited from chloro-
form solution at the water subphase the macromolecules
adopt the same 2D SAW conformation as being deposited
on mica (with the same 0.75 v value). Taking into ac-
count the amount of the polymer deposited on the water
subphase and the surface area of LB trough, one can cal-
culate that the surface density of the macromolecules with
a mean contour length of 540nm on the water subphase
is ca. 30 at (um)?. This is about 3 times larger than in
typical experiments with isolated molecules deposited on
mica [19], but still comparable.

As the compression starts the macromolecules begin
to contact each other and are forced to pack more and
more tightly. But their contour lengths are obviously un-
affected by the compression. Only end-to-end distances are
distorted due to some deformations of the initial macro-
molecular islands at the subphase. If the system is able
to re-equilibrate during the slow compression, the macro-
molecules may reorganise and indicate different values of
the end-to-end distances at the end of compression. But
we believe that in the current system the equilibration
during the compression step is strongly suppressed. In-
deed, the redistribution of the side chains relatively to the
main chain is required for the equilibration [41]. Such re-
distribution implies many overflips of the adsorbed side
chains. The probability of the overflip event is supposed
to be rather small.

As a result of the deformations without re-equili-
bration, the end-to-end distances may either slightly in-
crease or decrease, independently of the macromolecular
contour lengths. After averaging, such changes are mostly
mutually compensated. Accordingly, after the compres-
sion and transfer of the film onto a substrate, the scaling
exponent remains still to be close to the same 0.75 value,
as we have experimentally determined.

The macromolecular profiles are strongly interpen-
etrating and highly extended in the transferred film
(Fig. 1a). This conformation differs significantly from typ-
ical conformations with lower v-values, particularly from
a conformation with a scaling exponent of 0.5. In a strict

2D case the scaling exponent of 0.5 corresponds either to
a compacted 2D flat globule, or to some other conforma-
tions depicted in reference [19] with fixed packing den-
sity of monomer units (under the assumption that each
monomer unit occupies the same surface area, the macro-

molecular size scales as R2 ~ S ~ L, as far as the surface
area S scales as L and hence v ~ 1/2). Such conforma-
tions are rather peculiar and differ from what is observed
in Figure la. The highly extended conformation observed
here should be described by rather large scaling exponent
v values, and this fact justifies the determined 0.75 v value.

Therefore the initial state of the prepared dense films
(see Fig. la) should be considered as a special non-
equilibrium “frozen” state with the macromolecules hav-
ing certain memory about the parent 2D SAW conforma-
tion adopted during adsorption on water subphase before
compression. The spontaneous equilibration of the com-
pressed and transferred film is apparently significantly
suppressed. It is not observed during storage of the sam-
ples for at least several days. As far as there is no equi-
libration for the compression step, the obtained v value
cannot be regarded as an indicator of the type of statis-
tics of the macromolecules in the dense films. It is only an
indicator of the type of statistics for the macromolecules
equilibrated during the adsorption step at the water sub-
phase in a more dilute state.

The observed restoration of the rather high scaling
exponent v value after a collapse/decollapse cycle seems
to be more intriguing. Indeed, it was shown before that
more spatially separated single individual macromolecules
at lower surface densities re-extended to a smaller degree
after the collapse: the restored scaling exponent value was
found to be only about 0.53 [19]. What could be the pos-
sible reasons for a higher degree of re-extension of ex-
actly the same macromolecules just at increased surface
density? On can propose two mechanisms of the higher
extension.

The first one comprises the dependence of the ulti-
mate 2D conformation on the intermediate conformation
of the molecule in 3D at the collapse stage. Indeed, in the
case of the re-extension of the single macromolecule from
the single 3D globule [19], the compact 2D conformation
with v = 0.53 comes from the compact conformation in
the 3D globule whose size Rsp scales with the contour

length L as Rsp ~ L'/3. In such 3D conformation, the
molecule is strongly curved and the curved parts of the
brush are characterized by asymmetric distribution of the
side chains relative to the backbone, i.e., convex regions
have higher fraction of the side chains than the concave
ones. It is supposed that during adsorption of the brush
the local asymmetry of the side chains is retained and the
2D brush also adopts strongly curved conformation. One
more argument in favour of the asymmetric distribution
of the side chains of the 2D brush is dictated by ther-
modynamics: asymmetrically distributed side chains have
smaller free energy of stretching than the symmetrically
distributed ones. This effect is known as spontaneous cur-
vature of 2D brushes [42,41,43]. Line tension of the single
2D brush also promotes compaction.
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In the case of LB films transferred on mica, the collapse
of the molecules results in the formation of aggregates in-
terconnected by polymer filaments, see Figure 11. Each ag-
gregate contains few macromolecules, i.e., the aggregates
are the globules whose aggregation number is larger than
unity. It is obvious that if the size of the aggregate Rs3p
exceeds the Gaussian size of the brush, ~ L'/2, the macro-
molecules in the aggregate have a Gaussian statistics like
in a 3D melt. If the size of the aggregate is smaller than
the Gaussian one, the exponent v belongs to the range
1/3 < v < 1/2. Thus, we can conclude that in the case
of the dense LB film, the collapsed (3D) macromolecules
in multimolecular globules have more elongated confor-
mations than single collapsed ones. Due to such elonga-
tion, each molecule in the multimolecular aggregate is less
curved than the molecule in unimolecular globule and the
degree of the asymmetry of the side chains is less pro-
nounced. It means that after re-adsorption the 2D con-
formation of the molecules in the film has to be more
extended because of a more symmetric distribution of the
side chains and shielding of the line tension.

Despite the simplicity, the above-proposed reason-
ing can not quantify the end-to-end distance after re-
adsorption. To do so, let us propose a second mechanism
of extension of the 2D macromolecules, which does not
take into account the specific chemical structure of the
comb-like macromolecules and should be valid for any lin-
ear flexible chains forming monomer-thick films and col-
lapsing in certain vapours. As we can see in Figure 1, the
collapse of the brushes in the LB film proceeds through
the formation of mesoscopic droplets (aggregates) inter-
connected by polymer filaments rather than the forma-
tion of one big (macroscopic) droplet which thermody-
namically is more favourable because it would possesses
a lowest surface energy. Therefore, the existence of the
finite-size aggregates is a metastable state, but this state
can exist for an infinitely long time (at least for a few
days) because the distance between the aggregates is large
enough, they are not so mobile due to the friction with the
substrate, and the thermodynamic fluctuations are rather
weak to promote coalescence of the aggregates. Thus, we
may assume that the aggregates are in quasiequilibrium.
The natural question is: what does control the size and the
aggregation number of the aggregates? Keeping in mind
that there is only one mesoscopic length scale in the LB
film (the end-to-end distance Rop of the molecule), one
can assume that only those macromolecules which belong
to the circle of the diameter Rop form the aggregate after
being collapsed. It means that the higher 2D stretching
of the molecules in the film, the larger the aggregates.
In other words, there is a competition between elasticity
of the chains in 2D (the stretching is unfavourable) and
the surface energy in 3D (bigger aggregates have smaller
surface energy). Namely, this competition determines the
optimum stretching of the chains in the film. Let us calcu-
late this stretching assuming that the end-to-end distance
scales as Rop = A 7¥ LY, where L and ) are the apparent
contour length and the persistence length of the brush,
respectively. Here v is the still unknown parameter. The
persistence length of 2D brush with fixed (quenched) dis-

tribution of the side chains with respect to the backbone
has a cubic dependence on the number of segments in the
side chain M, \ ~ aM? [44,45], where a is the linear size
of the segment. Within the Flory theory, the elastic free
energy of the 2D molecule takes the form

Fe 2 L 2v—1
L~ tm (D) M

ksT ~ AL A

where kT is the thermal energy. The dense-packing con-
ditions of the molecules in the film and the aggregate

aR3y ~ QDLa ~ Rip (8)

determine the aggregation number Q ~ A\2~2L?¥~1/D
and the surface tension of the aggregate per molecule

Fsur ~ ’VR:%D ~ A é 2 £ Ry (9)
kT~ ksTQ - '\ 4 ) '

Here D is the width of the 2D brush, D ~ aM =~
a(M/a)'/? [44], and 4 = va®/kgT ~ 1 is the dimension-
less surface tension coefficient at polymer/vapor surface.
According to our assumption that the initial 2D confor-
mation of the molecule in the film determines the size of
the 3D aggregate, the optimum 2D stretching is calculated
by minimization of the sum of the free energies of the film
and the aggregates (the free energy per cycle) over the ex-
ponent v. Taking into account that the interfacial energy
of the film does not depend on v and that the confine-
ment free energy [46] of the molecules in the aggregate is
much smaller than the surface energy, the minimization is
applied only to the sum of equations (7) and (9):

In(5/3) +2/3 - In(\/a)
In(L/\)

.3
8

=~ w

(10)

V=

Thus, in the limit of infinitely long molecule, L — oo,
the exponent tends to the constant value v — 3/4, which
nicely corresponds to the measured one, v ~ 0.73. Of
course, the crucial assumption of the second mechanism of
the 2D elongation is that the aggregates do not coalesce.
Otherwise, the realization of true equilibrium would result
in the Gaussian conformations in the LB film, and in the
macroscopic droplet after the molecules are collapsed.

The proposed two mechanisms of elongation of
strongly adsorbed (2D) macromolecules are not necessar-
ily alternative and can coexist with each other. The above-
obtained v value is only formally coinciding with the 2D
SAW exponent values. Thus, it cannot be regarded as an
indicator of the type of statistics for the macromolecules
in the dense films after re-extension.

5 Conclusion

We observed single brush-like macromolecules in dense
monolayer LB films transferred on mica substrate. The
initial state of the films was prepared by deposition of
the macromolecules on water subphase with subsequent
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lateral compression and horizontal transfer onto mica. In
such films the macromolecules demonstrated a high degree
of extension. Their conformation is described by the scal-
ing exponent v equal to 0.75. This value is normally indica-
tive of 2D SAW statistics corresponding to isolated chains.
We related the observed value to the suppressed equilibra-
tion of the macromolecules during the compression step.
In this sense the macromolecules in the films kept some
memory about parent conformation as deposited on wa-
ter subphase. In such more diluted state the 2D SAW ex-
ponent might be expected, provided the macromolecules
equilibrate during the adsorption.

In the compressed film the macromolecular intersec-
tions are suppressed and the degree of percolation is very
small: individual macromolecular trajectories mostly fin-
ish in cul-de-sacs. The exposure of the LB film to ethanol
vapour induces its collapse transformation: initially into
well-percolated 2D network and finally into segregated ad-
sorbed aggregates still interconnected by some remaining
polymer filaments. Subsequent exposure of the collapsed
film to water vapour induces its re-spreading. But the
restoration of the initial film morphology is not fully com-
plete: at the final stage of the re-spreading process there
are still some partially compacted aggregates remaining.

Individual macromolecules in the re-spread film are
also re-extended. In general, they are more compacted as
compared to the initial state (the mean end-to-end dis-
tance is smaller). The corresponding scaling exponent v
is equal to 0.73, which is slightly smaller as compared to
the initial one. Yet, it is larger then the value which has
been observed previously for the same macromolecules as
re-extended at smaller surface density on mica. Two pos-
sible explanations of the higher extension of the macro-
molecules at higher surface densities are given: one of them
takes into account a “memory” about the intermediate
conformation in the collapsed state (3D aggregates), and
another one takes into account a balance between the sur-
face energy of the 3D aggregates and the stretching free
energy of the molecules in the film. We proposed a the-
oretical model explaining that the observed v value for
the re-extended molecules in the dense film only formally
coincides with the 2D SAW exponent.
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