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Conformation of single PMMA chain in uniaxially stretched film
studied by scanning near-field optical microscopy
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Abstract

The conformation of the single polymer chain in uniaxially stretched poly(methyl methacrylate) (PMMA) films was studied by scanning
near-field optical microscopy (SNOM), which enabled us to observe the elongated conformation of each polymer chain embedded in the
film. The conformation of the individual PMMA chains was quantitatively evaluated from the fluorescence intensity distribution. Observation
of films with different strains showed that the microscopic strain of the single chain was smaller than the macroscopic strain (3) of the film.
Especially at the later stage of the deformation (3> 1.5), the PMMA chain was not stretched with the increase in the macroscopic elongation
of the film, suggesting the presence of slipping of polymer chain on the course of stretching.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The variation of the conformation of a polymer chain is the
origin of the unique physical properties of polymer materials
such as the entropic elasticity. The chain morphology induced
by uniaxial elongation has been extensively investigated so far
from both theoretical and experimental points of view. The
orientation of the polymer chain in the stretched state has
been studied by various methods such as birefringence and
infrared absorption dichroism. Whereas these techniques
examine the average orientation of the chain segments, the
conformation of the whole chain contour has been investigated
by small angle neutron scattering (SANS) [1e9]. Both uncross-
linked [3e5] and crosslinked [6e9] polymer systems have
been analyzed by SANS measurements. In these studies, the
deformation of the deuterated polymer chains was examined
in terms of the chain dimensions in the directions parallel
and perpendicular to the elongation axis. In most cases, the de-
formation of the polymer chain differs from that expected
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from the affine deformation. The conformation of the single
polymer chain under uniaxial deformation is complicated,
and has not been completely described by the model.

The direct observation of the single polymer chain provides
detailed information on the shape of each polymer chain and
would be of great help to understand the rheological properties
at the molecular level. Several studies on the direct observa-
tion of single polymer chains have been reported using atomic
force microscopy (AFM) so far [10e12]. Since AFM probes
the surface topography, it has been applied to the isolated
polymer chains absorbed on a flat substrate in an extremely di-
lute condition. It cannot be used to observe a single polymer
chain embedded in a bulk medium. Fluorescence labeling
technique is an established method to distinguish such a single
polymer chain from its surroundings [13,14]. However, the
conventional fluorescence microscopy suffers from the diffrac-
tion-limited resolution of a half of the wavelength of light.
Therefore, the application of the optical microscopy to single
macromolecular imaging has been limited to the observation
of huge biomacromolecules such as DNA [13,14].

Scanning near-field optical microscopy (SNOM) is an
emerging scanning probe technique, which allows optical
measurement with high resolution beyond the diffraction limit
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of light [15e19]. The light incidence to the sub-wavelength-
sized aperture generates an optical near-field restricted in the
space of the aperture size. This allows one to illuminate the
specimen and to obtain the optical response from the nanomet-
ric area. Therefore, SNOM is a promising tool to directly ob-
serve the conformation of the single chain of the fluorescently
labeled polymer [20,21]. Since the optical near-field illumi-
nates the region beneath the surface by 200 nm, SNOM en-
ables us to observe the chain conformation in the bulk system.

In the current study, we used SNOM to evaluate the confor-
mation of the single polymer chain in the uniaxially elongated
film and discuss the conformational change of poly(methyl
methacrylate) (PMMA) chain by the macroscopic stretching.

2. Experiments

Perylene-labeled PMMA (PMMA-Pe) was synthesized by
bulk free radical copolymerization of methyl methacrylate
and 3-perylenylmethyl methacrylate initiated by azoisobutyro-
nitrile. The fraction of the labeled unit was evaluated to be
0.77% by UVevis absorption (U3500, Hitachi). The obtained
polymer was purified by the fractional precipitation in metha-
nol from toluene solution to achieve a relatively narrow
molecular weight distribution. The weight- and number-
averaged molecular weights, Mw and Mn, were determined
by gel permeation chromatography (GPC) (D-7000G, Hitachi)
using a column with the exclusion limit of 2� 107 (Shodex
KF806 M) with the eluent THF, which was calibrated by the
PMMA standards (Scientific Polymer Products, Inc.):
Mw¼ 1.95� 106, Mn¼ 1.25� 106, and Mw/Mn¼ 1.56.

In order to observe the isolated single labeled chains in the
PMMA bulk, the PMMA thin film containing a trace amount
of PMMA-Pe was prepared by the spin-coating method.
The mixed toluene solution of the unlabeled PMMA
(Mw¼ 2.09� 106) and PMMA-Pe (0.005 wt.% to the unla-
beled polymer) was spin-coated onto a glass substrate to
form a film with a thickness of 80 nm. The thin film was
floated onto a water surface and picked up on a self-standing
film of the unlabeled PMMA (the size was 25 mm� 7 mm,
and the thickness was 300 mm), which was prepared by the so-
lution casting of the unlabeled PMMA. The conformation of
PMMA-Pe may be affected by the shear flow in the spin-coating
process and the confinement effect of the thin film [22]. There-
fore the sample film was annealed for 48 h at 180 �C in vacuum
to reach the equilibrium. The later discussion was not affected
by the further annealing at 200 �C, which indicates that the an-
nealing time was sufficient. The GPC measurement of the film
after annealing confirmed that the thermal cleavage of the poly-
mer chains did not occur.

A tensile tester (RTM-500, Orientec) with a 10 kg load cell
was used for stretching of the films. The length between the
clamps was 20 mm. The stretching was carried out at 140 �C
with a crosshead speed of 50 mm/min. The force and displace-
ment were monitored on a chart recorder. After the stretching,
the film was rapidly quenched to room temperature in the
stretched state. The strain 3 was calculated as (l� l0)/l0, where
l0 and l are the lengths of the film along the stretching
direction before and after the elongation, respectively. The
true stress s was evaluated as follows assuming the constant
volume of the film.

s¼ F

A
¼ F

A0

ð3þ 1Þ

where F is the force applied to the sample, A is the sample
cross-section at the strain of 3, A0 is the cross-section at
3¼ 0. The photoelasticity measurement was carried out by
a polarization microscope equipped with a Berek compensator.

The SNOM measurement was performed by a commercially
available instrument (a-SNOM, WITec) with the hollow can-
tilever probe with a sub-wavelength aperture of 60 nm. The
laser beam at a wavelength of 438 nm was focused onto the
backside of the aperture to generate the optical near-field.
The perylene fluorescence was collected by a microscope
objective (0.80NA, 60�, Nikon) from the backside of the sub-
strate and guided to a photomultiplier (H8631, Hamamatsu
Photonics). The SNOM measurement was carried out at an
ambient condition.

3. Results and discussion

Fig. 1a shows the stressestrain curve of the PMMA film.
This indicates the stress yielding at 3¼ 0.1 followed by the
necking of the film. The necking spread over the whole speci-
men at the range of 3¼ 0.1e1.5, and the stress increased
again until the film fracture at 3¼ 2.3. Fig. 1b shows the result
of the photoelasticity measurement. The birefringence Dn in-
creased with the macroscopic strain of the film. The birefrin-
gence was proportional to the stress according to the linear
stress-optical rule, indicating that the stress arises from the
orientation of the PMMA chain [23].

Fig. 2a shows the fluorescence SNOM image of the initial
PMMA film before stretching. The perylene-labeled PMMA
chains embedded in the unlabeled PMMA bulk film were
observed as bright spots in the fluorescence image. Each fluo-
rescence spot was confirmed to be corresponding to the indi-
vidual PMMA-Pe chain from the statistical analysis [18].
Since the optical near-field penetrates into the sample film
by a few hundred nanometers, the shape of the PMMA chain
observed in the SNOM image corresponds to the two-dimen-
sional projection of the chain conformation. The ratio of the
fluorescent monomer unit in PMMA-Pe was very small
(0.77%); therefore, the effect of the dyes on the chain confor-
mation is considered to be negligible. The single PMMA-Pe
chains with the same molecular weight were observed in var-
ious forms, indicating the flexibility of the PMMA chain.
Fig. 2b and c depicts the SNOM images of the films after
stretching to the strain of 1.0 and 2.0, respectively. These
images clearly show the polymer chains in the elongated con-
formation along the macroscopic stretching direction. In the
same stretched film 1 h, 6 h, and 24 h after stretching, no con-
formational change was observed. Therefore the effect of the
relaxation at room temperature is negligible because of the
resolution of SNOM in the order of 10 nm.
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Fig. 1. (a) Stressestrain curve for the PMMA film stretched at 140 �C with a crosshead speed of 50 mm/min. (b) Birefringence of the stretched PMMA films

plotted against the strain.
The conformation of the single PMMA chain was quantita-
tively evaluated from the fluorescence intensity distribution
[14]. The fluorescence intensity is proportional to the number
of fluorescent dye molecules randomly introduced along the
PMMA-Pe main chain; therefore, the intensity at each pixel
corresponds to the number of the chain segment therein. The
first moment of the fluorescence intensity distribution denotes
the position of the center of mass.

r0 ¼

P
i

riIi

I

where Ii is the fluorescent intensity at the i-th pixel, ri is the
position vector, and I is the total fluorescence intensity from
the single chain. The second moment of the fluorescence
intensity distribution is calculated as

R2
xx ¼

1

I

X
i

ðxi� x0Þ2Ii

R2
yy ¼

1

I

X
i

ðyi� y0Þ2Ii
R2
xy ¼ R2

yx ¼
1

I

X
i

ðxi� x0Þðyi� y0ÞIi

where (xi, yi) and (x0, y0) are the positions of the i-th pixel and
the center of mass in the orthogonal coordinate system. The
tensor R is a parameter related to the polymer conformation
[24].

R¼
 

R2
xx R2

xy

R2
yx R2

yy

!

The eigenvalues l1 and l2 (l1> l2) are corresponding to the
squared lengths of the long and short axes of the most appro-
priate ellipsoid considering the segmental distribution. When
we let the x axis to be the macroscopic elongation axis, the an-
gle, q, between the stretching direction and the long axis of the
ellipsoid is given by

q¼ arctan

 
l1�R2

xx

R2
xy

!

The dimension of the optical near-field depends on the shape
of the aperture of the cantilever. We eliminated this effect by
the data correction considering the point-spread function of
the probe used here.
Stretching D
irection

(a) (b) (c)

2 µm

Fig. 2. Fluorescence SNOM images of single polymer chains in the PMMA films (a) before stretching, and after stretching to the strain of (b) 1.0 and (c) 2.0.
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Fig. 3 shows the histogram of q for the 150 PMMA-Pe
chains. It clearly shows that before stretching each chain
was randomly oriented. After stretching, the orientation angle
shows the narrow distribution with a peak at q w0�. This in-
dicates that the PMMA chains in the elongated film take
a stretched conformation along the elongation axis. The distri-
bution narrowed with strain. None of the PMMA chains
showed the orientation of jqj> 45 at 3¼ 2.0, indicating that
all the chains deformed to the stretching direction.

Not only the direction of the orientation, the asphericity of
the single chain is discussed in terms of the aspect ratio Rxx/
Ryy, which is the ratio of the chain dimensions along the par-
allel and perpendicular axes to the stretching direction. Fig. 4
shows the distribution of Rxx/Ryy in the films before and after
stretching. Before stretching, the PMMA chain did not show
the circular form due to the conformational distribution. How-
ever, the orientation of the chain conformation was random,
resulting in the homogeneous distribution of the orientational
angle q and the distribution of Rxx/Ryy in the range of 0.5e1.5
with the maximum probability at unity: hRxx=Ryyi ¼
1.00� 0.18. On the other hand, the asphericity of the
PMMA chains increased by the macroscopic elongation and
its distribution spread: hRxx=Ryyi ¼ 1.35� 0.38 and
1.78� 0.63 in the films of 3¼ 1.0 and 2.0, respectively. Few
chains showed the asphericity less than unity after stretching,
indicating that most of the chains were deformed by the
macroscopic elongation.

The deformation at the single chain level is compared with
the macroscopic strain. The microscopic strain at the single
chain level, 3c, can be defined as the increment in Rxx to the
initial value of Rxx. In the current experiment, the film elonga-
tion and the SNOM imaging were performed with the separate
instruments; therefore, it was impossible to observe both Rxx0
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Fig. 3. Histograms of the orientation angle of the PMMA chain to the stretch-

ing direction of the film: (a) before stretching, and after stretching to the strain

of (b) 1.0 and (c) 2.0.
and Rxx for the identical single chain. Therefore, we define the
average chain strain as

3c ¼
hRxxi
hRxx0i

� 1

where Rxx0 indicates the Rxx before stretching, and h i denotes
the ensemble average. Fig. 5 shows the relationship between
the microscopic and macroscopic strain. It should be noted
that the macroscopic strain is not homogeneous through the
whole film when the necking occurs (0.1< 3< 1.5), and the
thinnest region of the film was observed in the SNOM
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Fig. 5. Average chain strain plotted against the macroscopic strain of the film.

The broken line indicates the case of the purely affine deformation (3c ¼ 3).
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measurement. This means that we observed the locally
stretched area and probably underestimated the macroscopic
strain because it was evaluated from the whole length of the
film. Nevertheless, in spite of the underestimated macroscopic
strain, Fig. 5 indicates that the average chain strain was still
smaller than the macroscopic strain, showing the deviation
from affine deformation at the single chain level. Since the
film used had no chemical crosslinks, the polymer network
is supported only by physical entanglements. Therefore, it is
suggested that the chains cannot follow the mechanical defor-
mation and slip along the adjacent chains. Another possible
process is some chain breakage, but this was not observed
from the GPC measurement of the film after stretching. At
the later stage of the deformation (3> 1.5), where the necking
had finished and the macroscopic strain was homogeneous
over the whole film, 3c hardly increased further. In this region,
the film deformation is mostly caused by the intermolecular
chain slip.

4. Conclusion

The conformation of the single polymer chain in uniax-
ially stretched PMMA was studied by SNOM. We succeeded
in the direct observation of the individual elongated single
polymer chain. The chain showed smaller deformation than
that expected from the affine deformation. The deviation
from the affine deformation increased with the macroscopic
strain, suggesting the presence of chain slip in the film.
The further study using SNOM is expected to reveal the me-
chanical property of polymer solids from the level of single
polymer chain.

Acknowledgment

This work was supported by Grant-in-Aid from Japan Soci-
ety for the Promotion of Science (JSPS) and Grant-in-Aid for
Scientific Research (KAKENHI) in Priority Area ‘‘Molecular
Nano Dynamics’’ from Ministry of Education, Culture, Sports,
Science and Technology (MEXT). The Innovative Techno-
Hub for Integrated Medical Bio-imaging Project of the Special
Coordination Funds for Promoting Science and Technology
from MEXT is also acknowledged.

References

[1] Benoit H, Duplessix R, Ober R, Daoud M, Cotton JP, Farnoux B, et al.

Macromolecules 1975;8:451.

[2] Sperling LH. Polym Eng Sci 1984;24:1.

[3] Picot C, Duplessix R, Decker D, Benoit H, Boue F, Cotton JP, et al.

Macromolecules 1977;10:436.

[4] Hammouda B, Bubeck RA, Mildner DFR. Polymer 1986;27:393.

[5] Schroeder JR, Hammouda B, Bubeck RA, Chang JW. J Polym Sci Part B

Polym Phys 1991;29:1607.

[6] Benoit H, Decker D, Duplessix R, Picot C, Rempp P, Cotton JP, et al.

J Polym Sci Polym Phys Ed 1976;14:2119.

[7] Hinkley JA, Han CC, Mozer B, Yu H. Macromolecules 1978;11:836.

[8] Clough SB, Maconnachie A, Allen G. Macromolecules 1980;13:774.

[9] Tsay HM, Ullman R. Macromolecules 1988;21:2963.

[10] Kumaki J, Nishikawa Y, Hashimoto T. J Am Chem Soc 1996;118:3321.

[11] Kumaki J, Hashimoto T. J Am Chem Soc 2003;125:4907.

[12] Kiriy A, Gorodyska G, Minko S, Stamm M, Tsitsilianis C. Macromole-

cules 2003;36:8704.
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