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The conformation of single poly(methyl methacrylate) chain in the uniaxially stretched film was
observed by the combination of the fluorescence labeling technique and scanning near-field optical
microscopy (SNOM). The dimension of the individual probe chain (M, = 1.99 x 10°) along the extension
axis was evaluated from SNOM image. In the high molecular weight matrix (M, = 1.89 x 108) the average
extension ratio at the single chain level coincided with the macroscopic extension ratio. The distribution

of the chain conformation was in good agreement with that of the freely jointed chain followed by affine
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deformation. On the other hand, the probe chain embedded in the low molecular weight matrix
(Mw = 1.76 x 10°) showed the smaller extension than that expected from the affine deformation. This
suggests that the conformation of the probe chain is affected by the relaxation of the short surrounding
chains through disentanglement.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The microscopic molecular structures of polymer chains such as
orientation and conformation are closely related with macroscopic
properties of polymer materials. Observing and controlling the
chain structures are significant from both scientific and practical
points of view. The stress induced by external deformation gives rise
to the segmental orientation, which is observed by birefringence
[1,2] and infrared absorption dichroism [1,3]. The stress-optical rule
ensures the relationship between the chain motion and viscoelastic
quantities. Abundant rheological studies have contributed to the
developments of molecular models for the chain dynamics [4,5].
One of the most successful models for the entangled polymer
system is the tube model developed by Doi and Edwards [6]. In this
model, a tube along a certain chain is introduced to represent the
topological constraint from the neighboring chains. It assumes the
affine deformation under step strain and followed by reptation
along the tube. The segmental orientation simulated under these
microscopic assumptions well describes viscoelastic behavior.
Further improvement of the model is performed by considering the
relaxation of surrounding chains in terms of constraint release and
dynamic tube dilation.
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The theoretical models predict the chain motion not only in the
segmental scale but also in the length scale of the whole single chain,
which is characterized by parameters such as radius of gyration. The
radius of gyration of a polymer chain in bulk systems has been
experimentally investigated by small angle neutron scattering
(SANS) [7]. Boué et al. studied the conformational change of poly-
styrene chains under uniaxial extension, concluding that the radius
of gyration is affine soon after stretching for large enough chains [8-
10]. The complementary observation in different length scales gives
further insights of polymer dynamics. However, the segmental
orientation and the radius of gyration obtained by the above
methods are the averaged value for the numerous chains in the
system, whereas the theoretical models are based on the behavior of
single polymer chains. The observation of single polymer chains
enables us to discuss the motion of individual chains in association
with the variety of the chain conformation. The assumptions about
the chain motion in the theoretical models are more clearly tested by
observing individual properties of single polymer chains, which does
not suffer from blur by averaging over a large number of chains.

In order to detect in situ features of polymer chains locating inside
a bulk medium, a single chain must be distinguished from its
surroundings. Fluorescence labeling is an established method, which
has been applied to observe single DNA molecules. Chu et al. suc-
ceeded in the direct observation of the tube-like motion of DNA
chains by fluorescence microscopy [11]. They also studied the
conformational change of DNA molecules under elongational flow
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[12]. However, the conventional fluorescence microscopy suffers
from the low spatial resolution due to the diffraction limit to 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. Scanning
near-field optical microscopy (SNOM) is an emerging scanning probe
technique, which allows optical measurement with a high resolution
beyond the diffraction limit of light [13-17]. 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 illu-
minate the specimen and to obtain the optical response from the
nanometric area. Therefore, SNOM enables us to directly observe the
conformation of the single chain, which is fluorescently labeled and
silhouetted against surrounding unlabeled polymers [18-22].

In the previous study, we showed that SNOM is a promising
method to observe the elongated conformation of single polymer
chains under the uniaxial deformation [20]. The chain conforma-
tion of poly(methyl methacrylate) (PMMA) was examined under
the plastic deformation. We showed that the microscopic strain of
the single chain was smaller than the macroscopic strain, sug-
gesting the presence of slipping of polymer chain on the course of
stretching. In the current study, we report the case of the elastic
deformation. The PMMA films were uniaxially stretched above the
glass transition temperature, quenched to room temperature, and
then the conformation of the whole single chain was observed by
SNOM. The chain deformations in different molecular weight
matrices are discussed with the results of SNOM and birefringence.

2. Experiments
2.1. Sample preparation

The synthesis of perylene-labeled PMMA (PMMA-Pe, Fig. 1) is
described elsewhere [22,23]. The fraction of the labeled unit was
evaluated to be 0.77% by UV-Vis absorption (U3500, Hitachi). The
unlabeled PMMAs with high and low molecular weight (denoted as
PMMA-h and PMMA-I, respectively) were synthesized by atom
transfer radical polymerization [24]. Methyl methacrylate was
polymerized with p-toluenesulfonyl chloride in conjunction with
copper(l) chloride and 4,4’-dinonyl-2,2'-dipyridyl at 70°C in
vacuum. The weight- and number-averaged molecular weights, M,y
and M, of the polymers, which were determined by GPC measure-
ment, are shown in Table 1.

In order to observe the single labeled chains in the PMMA bulk
by SNOM, the sample containing a trace amount of PMMA-Pe near
the surface was prepared in the following procedure. A mixed
toluene solution of the unlabeled PMMA (PMMA-h or PMMA-I) and
PMMA-Pe (0.005 wt.% to the unlabeled 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 scooped up on
a self-standing thick film of the unlabeled PMMA (the size was

Fig. 1. Chemical structure of PMMA-Pe.

Table 1

Characterization of PMMA.

Sample My,/10® M,/108 M /My
PMMA-Pe 1.99 158 1.26
PMMA-h 1.89 1.53 1.24
PMMA-I 0.176 0.132 133

25mm x 7 mm, and the thickness was 300 pm), which was
prepared separately by the solution casting. 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. Therefore, the
sample film was annealed for 48 h at 200 °C, which is longer than the
relaxation time estimated from the literature [25], in vacuum to
reach the equilibrium.

2.2. Tensile deformation

A tensile tester (RTM-500, Orientec) with a 10 kg load cell was
used for stretching the films. The length between the clamps was
20 mm. The stretching was carried out at 160 °C with a crosshead
speed of 5 mm/min. The force and displacement were monitored on
a chart recorder. The extension ratio, A, was calculated as I/lp where
lo and I are the length of the film along the stretching direction
before and after the elongation, respectively. The true stress, ¢, was
evaluated as follows assuming the constant volume of the film:

F F

e (1)
where F is the force applied to the sample, A is the sample cross
section at the extension ratio of A, Ag is the cross section at A= 1.
After the stretching to the various extension ratios, the thermo-
static chamber was opened and the film was rapidly cooled by the
blow of air at room temperature. In this quenching procedure, the
film was returned to the glassy state within 10 s.

2.3. Birefringence measurement

The birefringence measurement was carried out by Senarmont
method. The optical system was composed of a laser, a polarizer,
a quarterwave plate, an analyzer, and a photo detector. The axes of
the polarizer and the quaterwave plate were set at 45° to the strain
axis. After passing through the oriented sample, the plane polarized
light becomes elliptically polarized. The quarterwave plate converts
elliptical polarization into linear polarization with the azimuthal
angle, «, which was determined by rotating the analyzer. The
retardation, I', was evaluated as I' = A (a/7), where A is the incident
wavelength. The birefringence, An, was determined as An=1TI/d,
where d is the sample thickness.

2.4. SNOM measurement

The SNOM measurement was performed by a commercially
available instrument («-SNOM, WITec) using a hollow cantilever
probe with a sub-wavelength aperture of 60 nm. The laser beam at
a wavelength of 438 nm (BCL-015-440, CrystaLaser) was focused
onto the backside of the aperture to generate the optical near-field.
While scanning the sample surface in the contact mode with the
cantilever, the perylene fluorescence was collected by a microscope
objective (0.80NA, 60x, Nikon) from the backside of the substrate,
passed through a long-pass filter (AELP454, Omega Optical), and
detected with a photomultiplier (H8631, Hamamatsu Photonics).
The SNOM measurement was carried out in an ambient condition.
All the SNOM images were taken by the same probe.
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3. Results and discussion

Fig. 2 shows the true stress—extension ratio curves of the PMMA
films stretched at 160 °C. Since the extension was carried out much
above the glass transition temperature, the stress monotonously
increased with the extension ratio. Fig. 3 shows the birefringence of
the quenched film plotted against the extension ratio. Birefringence
is related to the orientation of the chain segment as

An = @Anyg, (2)

where Ang is the intrinsic birefringence and ¢ is an orientational
order parameter

- <3<cosz¢> - 1)/2, (3)

where ¢ is the angle between the stretching direction and the main
axis of the structural unit, and () represents the statistical average.
The random orientation gives ¢ =0, whereas the perfect uniaxial
orientation gives ¢ =1. The intrinsic birefringence of PMMA is
reported as Ang= —0.0043 [26]. Applying this value to our bire-
fringence data, we calculated the orientational order parameter,
which is shown in the right axis of Fig. 3. Under the assumption that
each entanglement point changes its position affinely by the
macroscopic deformation, the extension ratio dependence of ¢
after the step strain is given from the rubber elasticity theory
[27,28]:

¢ = 51“(12 7%) (4)

where n denotes the number of segment between entanglements.
We determined n from our experimental data of @ in the early stage
of the deformation. The dashed curve in Fig. 3 shows the theoretical
curve obtained from Eq. (4) with n =6.7. For the PMMA-h film, the
experimental values of An (® = An/Ang) almost agreed with the
theoretical values based on the affine network model. The devia-
tion at high extension ratios suggests that the segmental orienta-
tion of the polymer chain was somewhat relaxed during the
extension process. The PMMA-I film showed smaller stress and
birefringence compared with the PMMA-h film because the shorter
chains relax more rapidly.

Fig. 4 shows the birefringence plotted against the stress. The
birefringence was proportional to the stress according to the stress-
optical rule [6],

An = Co, (5)
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Fig. 2. True stress-extension ratio curves of PMMA-h and PMMA-I films (solid and
dashed curves, respectively) stretched at 160 °C with a crosshead speed of 5 mm/min.
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Fig. 3. Birefringence of the stretched PMMA films plotted against the extension ratio.
Closed and open circles represent PMMA-h and PMMA-I, respectively. The right axis
shows the orientational order parameter, and the dashed curve shows the calculated ¢
value based on the affine network model (Eq. (4)).

where C is the stress-optical coefficient. This indicates that the
stress is directly related to the orientation of the chain segment, not
affected by the finite extensibility of the chain [29] and the glassy
component [30] in our experimental condition. From Fig. 4, C was
evaluated to be —1.5 x 10719 Pa~!, which is in good agreement with
the values reported in the literature [1,2].

Fig. 5 shows the fluorescence SNOM images of the PMMA films
under the uniaxial extension. The perylene-labeled PMMA chains
embedded in the unlabeled bulk film were observed as the bright
spots in the fluorescence image. Each fluorescence spot was
confirmed to be individual PMMA-Pe chain from the statistical
analysis [16]. Since the optical near-field penetrates into the sample
film by a few hundred nm, the shape of the PMMA chain observed
in the SNOM image is given as a two-dimensional projection of the
chain conformation. In Fig. 53, the single PMMA-Pe chains with the
same molecular weight were observed in various forms, indicating
the flexibility of the PMMA chain. Fig. 5b and c depicts the SNOM
images of the films after stretching at the extension ratio of 2.0 and
3.0, respectively. These images clearly show the polymer chains
with elongated conformations along the macroscopic stretching
direction. We confirmed that the conformation of the whole single
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Fig. 4. Birefringence of the stretched PMMA films plotted against the stress. Closed
and open circles represent PMMA-h and PMMA-I, respectively.
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Fig. 5. Fluorescence SNOM images of single polymer chains in the PMMA-h films (a) before stretching, and after stretching to the extension ratio of (b) 2.0 and (c) 3.0.

chain does not change after relaxation periods of 10-60 s, therefore
the conformation was not disturbed by the quenching process.
The conformation of the single PMMA chain was quantitatively
evaluated from the fluorescence intensity distribution [21]. The
fluorescence intensity is proportional to the number of fluores-
cence dye molecules randomly introduced to the PMMA-Pe chain;
therefore, the intensity at each pixel is proportional to the number
of the chain segment therein. The first moment of the fluorescence
intensity distribution denotes the position of the center of mass,

1
rp = TZriIiv (6)
i

where [; is the fluorescent intensity at the i-th pixel, r; is the posi-
tion vector, and I is the total fluorescence intensity from the single
chain. The second moment of the fluorescence intensity distribu-
tion is calculated as

1
Ry = 72("1’ —x0)°l;, (7)
i
Rz _ 1 , 2 g
Yy = TZ(%*J’O) i (8)
1
1
Ry = Ry = 7> (%i —X0)¥i —Yo)li 9)
i

where (x;y;) and (xo,yo) are the position of the i-th pixel and the
center of mass in the orthogonal coordinate system. We define the x
axis as the macroscopic extension axis of the film. Ry and Ry,
indicate the dimensions of the fluorescence spot along the x and y
axes, respectively. The tensor R is a parameter related to the poly-
mer conformation,

R2, R2
R = (R’;‘ RgY). (10)
VX vy

The eigenvalues A1 and A3(41 > A;) of R correspond to the squared
lengths of the long and short axes, respectively, of the most
appropriate ellipsoid for the segmental distribution as shown in
Fig. 6. The angle, 6, between the extension axis and the long axis of
the ellipsoid is given by

_R2
f = arctan (AleRXX> (11)

Xy

In order to compare the conformational change of the polymer
chains with the macroscopic extension ratio, we defined the
extension ratio at the single chain level, A, as

R;,2
22 M7 (12)
2
<R"" >0
where (R;2)g and (R;2) denote the true average dimension of chains
along the x axis before and after stretching as follows,

=|

: 18
RXXZ = Z(XJ—X())z, (13)
J

where N is the number of segments and x; is the x-coordinate of the
position of the j-th segment of the chain [31]. Since the SNOM
experiment suffered from the limit of resolution, which is caused
by finite dimension of the aperture, the observed value of Ry is
somewhat larger than the true value, Rx. The point spread function
in fluorescence SNOM measurement is well approximated as
a Gauss function, which was determined from the observation of
a quantum dot [21]. Since the fluorescence from a single polymer
chain is a sum of the fluorescence from the dye molecules, which is
randomly distributed along the chain contour, the fluorescence
image is expressed by the convolution of the distribution function
of the chain segment and the point spread function. The variance of
the convoluted function is sum of the variances of the original
functions [32]. Therefore,

RZ, = Ry> +a?, (14)

where a? is the variance of the point spread function.

Fig. 7 shows the relationship between the extension ratio A at the
single chain and the ratio A at the macroscopic level. As for the
samples with the high molecular weight matrix, A. was almost equal

Fig. 6. An example of the analysis of a single fluorescence spot. The red curve shows
the most appropriate ellipsoid for the segmental distribution.
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Fig. 7. Average chain extension ratio A. plotted against the macroscopic extension ratio
A of the film. Closed and open circles represent the samples with PMMA-h and PMMA-I
matrices, respectively. The dashed line indicates the affine deformation (A = 4).

to A. This indicates the affine deformation of the single polymer chain
in the sense that the dimension of the whole single chain changes in
the same ratio as the macroscopic deformation of the film. It should
be noted that SNOM and the birefringence have different length scale
of the observation: SNOM measures the dimension of the whole
contour of the single chain whereas the birefringence measures the
orientation of the segment. As shown in Fig. 3, some parts of the
segmental orientation is relaxed by the rearrangement in a relatively
small length scale, which occurs within the time scale of the exten-
sion process. On the other hand, the relaxation of the chain dimension
occurs by the motion of the whole chain contour, which is described
as contraction and reptation in the tube model [6]. In our condition of

Normalized number of chains

02 ~ _

Rxx */<Rxx *>0

Fig. 8. Histograms of the chain dimension parallel to the stretching direction
normalized by the initial average value in the film (a) before stretching, and after
stretching to the extension ratio of 2.0 and 3.0. The matrix is PMMA-h. The dashed
lines indicate the results of random walk simulation followed by affine deformation.

the tensile deformation, the relaxation of the whole single chains
hardly occurs during the extension process because of the large
molecular weight of My =2 x 10 compared with the molecular
weight between entanglements, Me, of PMMA; Me=4—10 x 103
[33-35].

Next, we consider the extension of the chains embedded in
the low molecular weight bulk medium. The labeled chains in the
PMMA-I matrix showed smaller A. than A. This is caused by the
disentanglement of the matrix chain from the probe chain during
the stretching of the film. Thus, the degree of the chain deformation
depends on the molecular weight of the surrounding chains. The
affine deformation of a whole chain is observed only when the rate of
the disentanglement is much slower than the extension of the film.

We next discuss the conformation of individual polymer chains,
taking the advantage of the single chain observation. Since we
could not observe the same polymer chain before and after
stretching due to the experimental difficulty, we discuss the
distribution of the chain dimension along the extension axis
normalized by its initial average, Rxx/(Ryx)o, and the angle § between
the main axis of the whole chain and the extension axis. Fig. 8
shows histograms of Ry/(Ryx)o for the samples with PMMA-h
matrix (A =1, 2.0, and 3.0). The variety of the values results from the
conformational distribution of the PMMA chains. The standard
deviations of Rxy/(Rxx)o were 0.43, 0.78, and 1.32 for the samples
with =1, 2.0 and 3.0, respectively. Fig. 9 shows histograms of § for
the same samples. It clearly shows that before stretching each chain
was randomly oriented. After stretching, the orientation angle
shows the narrow distribution with a peak at § ~ 0°. This indicates
that the PMMA chains in the elongated film take a stretched
conformation along the elongation axis. The distribution of § nar-
rowed with the increase of the macroscopic strain. The standard
deviations of § were 48.1, 21.8, 12.5 for the samples with =1, 2.0
and 3.0, respectively. We compared the experimental values of Ryy/
(Rxx)o and 6 with those obtained from the random walk simulation.
The freely jointed chains were generated in three-dimensional
space by Monte Carlo method. In the simulation of the uniaxial
extension of the film, the affine deformation of the all segment was

04—4a -

Normalized number of chains

-90 -60 -30 0 30 60 90
0 /degree

Fig. 9. Histograms of the orientation of the PMMA chain to the stretching direction of
the film (a) before stretching, and after stretching to the extension ratio of 2.0 and 3.0.
The matrix is PMMA-h. The dashed lines indicate the results of random walk simu-
lation followed by affine deformation.
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assumed. Ryx was calculated from Eq. (13) for each generated chain.
f was also determined by the same procedure as Eq. (11). The
dashed lines in Figs. 8 and 9 show the results of the random walk
simulation. Both of the experimentally obtained histograms for Ryy/
(Rxx)o and 6 were in good agreement with the random walk simu-
lation on the basis of the affine deformation not only for the average
value but also for the distribution function. This indicates that the
polymer chain with a large molecular weight deforms according to
the affine transformation at the single chain level.

4. Conclusion

SNOM was applied to observe the single polymer chains
embedded in the PMMA films, which were stretched much above the
glass transition temperature. For the samples with the high molec-
ular weight matrix, the average chain extension ratio coincided with
the macroscopic extension ratio, showing the affine deformation of
the whole chain, whereas the segmental orientation evaluated from
birefringence was smaller than that expected from the affine
network model. Thus, the extension of the polymer chain depends
on its length scale of the observation. In the low molecular weight
matrix, the chain extension ratio was smaller than the macroscopic
extension ratio, which is caused by the disentanglement of the short
matrix chain from the probe chain. The variety of the single chain
conformation was analyzed in terms of the chain dimension along
the extension axis, and the angle between the main axis of the whole
chain and the extension axis. For the sample with high molecular
weight matrix, these parameters almost agreed with those obtained
from random walk simulation followed by affine deformation not
only for the average value but also for the distribution.
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