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The conformation of a single poly(methyl methacrylate) (PMMA) chain was studied by scanning near-field optical

microscopy (SNOM). Here we discuss the conformation of PMMA in the confined geometry of the thin film with a thickness

less than the unperturbed chain dimension in the bulk state. The direct observation by SNOM was performed for individual

fluorescence-labeled PMMA chains dispersed in the thin films of the unlabeled PMMA prepared by the spin coating and

Langmuir-Blodgett techniques. We examined the effect of the constraint in the height direction on the radius of gyration in

the direction parallel to the film surface, Rxy, i.e., the chain dimension normal to the confinement. In the thickness range of

1–100 nm, Rxy in an ultra-thin film was not significantly altered from that in the bulk state, indicating that the PMMA chain

has lowered interchain entanglement in the ultra-thin film.
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Polymer thin films have been widely used in various fields

(e.g., coatings and adhesives) and have been extensively

explored from both the fundamental and applied points of

view. The physical properties of the polymeric thin film differ

from those in the three-dimensional bulk state when the

thickness is less than the unperturbed dimension of the polymer

chain.1–8 The effect of the interaction between the polymer

chain and the interface is a crucial factor to determine the

characteristic properties of the thin film. As well as the

interface effect, the effect of the reduced degree of freedom

of a polymer chain due to the spatial confinement is also

important. The properties of the individual chain and the

interaction among the surrounding chains would be altered

from the bulk state. The conformation of the single polymer

chain is one of the most fundamental issues to understand the

physics of the polymer thin film; therefore, it has attracted

much attention and has been extensively studied by many

researchers. The scaling theory predicted that the radius of

gyration, Rg, of the polymer chain with the degree of

polymerization of N would be expressed as Rg � N0:5 for the

two-dimensional chain, indicating that the two-dimensional

chain would be segregated.9 Computer simulation studies have

shown that for the polymer chain restricted between two walls

separated by less than the bulk Rg the chain dimension parallel

to the surface is not dependent on the gap between the walls

and that the value of Rg is scaled by a factor of � 0:5 in the

two-dimensional limit.10–15 Although the experimental method

to study the conformation of the polymer chain in the ultra-thin

film is limited because of the weak signal from the low sample

volume, the small angle neutron scattering (SANS) is a

powerful technique to probe the chain conformation. Kraus et

al. studied the chain morphology of polystyrene (PS) in the thin

film of the regular and deuterated PS by SANS experiments.16

The radius of gyration, Rg, in the parallel direction to the film

surface increased with the decrease of the film thickness for the

thickness range of less than 6Rg, and a similar thickness

dependence of the chain conformation in the ultra-thin film has

been reported by other groups.17,18 In contrast, Jones et al.

reported the different behavior of the chain dimension of PS in

the spin-cast thin film. They showed that the PS chain in an

ultra-thin film takes a Gaussian conformation in the lateral

dimension and the in-plane Rg is similar to that in the

unperturbed state.19,20 In contrast to the scattering techniques

used in previous studies, the real-space imaging of the

individual polymer chains provides us the direct information

on the chain conformation in the ultra-thin film. Several studies

have been performed using polymer monolayer systems as

models of the polymer chain in two dimensions. Maier and

Radler studied the DNA chains adsorbed to a cationic lipid

membrane.21,22 In the highly concentrated condition, which can

be regarded as the two-dimensional system, they found that the

single DNA molecule took a collapsed conformation. Ito and

his co-workers revealed the contracted conformation of poly-

(isobutyl methacrylate) in the monolayer from the energy

transfer spectroscopy and the direct observation of the

conformation of the single chain in a Langmiur-Blodgett

film.23,24 On the other hand, some research groups recently

reported the expanded conformation contradictorily to the

above segregated model of the two-dimensional macromole-

cule.25,26 Thus, a clear picture of the chain conformation in the

restricted geometry has not been obtained.

The current study focuses on the effect of the spatial

confinement on the chain conformation. The conformation of

the single polymer chain is directly observed for the thin film
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with a thickness less than the unperturbed dimension. Recently,

atomic force microscopy (AFM) has been used to study single

polymer chain.27–29 The nanometric spatial resolution of AFM

allows clear imaging of the single chain contour on an

atomically flat substrate. However, AFM observes the isolated

chain from the others at an extremely dilute condition and is

applicable to measurement of the most surface of the specimen;

therefore, the contour of an individual macromolecule embed-

ded in the bulk medium cannot be tracked. Fluorescence

microscopy is one of the most versatile techniques to obtain the

information from the single polymer chain. The fluorescence

labeling is the key feature for observation of the single chain.

Since the fluorescence moieties are selectively introduced to a

single chain in the bulk system, the conformation of the single

fluorescent chain can be distinguished from the surrounding

unlabeled ones in the fluorescence microscopy image. There-

fore, the fluorescence microscopy is a powerful technique to

observe the single polymer chain in the bulk system. However,

the optical microscopy is not applicable to analysis of a

structure less than � 250 nm because the spatial resolution is

limited by the diffraction barrier, and it has been used to

observe huge biological macromolecules such as DNA.21,22

Scanning near-field optical microscopy (SNOM) has been

developed to provide the optical information with the high

spatial resolution beyond the diffraction limit of light.30–36

SNOM is a scanned probe microscopy, which uses the probe

tip having an aperture smaller than the wavelength of light. The

optical near-field generated at the probe end is confined in the

vicinity of the aperture, which enables us to focus the light in

a nanometric area. Therefore, the fluorescence imaging by

SNOM is a promising technique for the observation of the

contour of a single polymer chain in a bulk state.24,37 Here we

present the direct measurement of the real-space image of the

poly(methyl methacrylate) (PMMA) chain in thin films by

SNOM. The chain conformation is discussed for the PMMA

chain with a reduced degree of freedom in the height direction

by a confinement in the ultra-thin film thinner than the

unperturbed chain dimension. The thickness dependence is

examined in a wide thickness range of the sample film from the

monolayer (� 1 nm) to a thickness comparable to the un-

perturbed dimension.

EXPERIMENTS

Perylene-labeled PMMA (PMMA-Pe) was synthesized

by radical copolymerization of methyl methacrylate and 3-

perylenylmethyl methacrylate,38 the chemical structure of

which is shown in Figure 1. Fractional precipitation of the

obtained polymer from toluene/methanol was carried out to

obtain the PMMA-Pe with a relatively narrow molecular

weight distribution. The molecular weight was characterized by

size exclusion chromatography (SEC) with the exclusion limit

of 2� 107 (Shodex), which was calibrated by PMMA stand-

ards (Scientific Polymer Science). The weight- and number-

average molecular weights (Mw and Mn) were evaluated to be

5:14� 106 and 4:16� 106, respectively, and the polydispersity

index, Mw=Mn, was 1.23. The molar fraction of the perylene

moiety was 0.77%, indicating that about 300 perylene

molecules were tagged to each PMMA-Pe chain. A small

amount of PMMA-Pe was added to a toluene solution of the

unlabeled PMMA, and the resulting mixture was spin-cast on a

quartz cover slip to form a thin film. The concentration of the

polymer solution and the spinning rate were adjusted to obtain

the films with a thickness of 7–100 nm. The sample films were

annealed at 150 �C for several days to reach the equilibrium

before the SNOM measurement. A thickness of less than 7 nm

was not available by the spin-coating method because of

dewetting of PMMA from the substrate during the annealing.

Therefore, the Langmuir-Blodgett technique was employed to

prepare the monolayer of PMMA with the thickness of ca.

1 nm.39 A benzene solution of the labeled/unlabeled PMMA

mixture was spread dropwise on the surface of purified water

(NANOpure II, Barnstead) at 20 �C. After the evaporation of

the solvent the monolayer was compressed by a Teflon bar up

to the surface pressure of 5mNm�1 at a speed of 10mmmin�1.

The monolayer of the PMMA was transferred by the horizontal

dipping onto the glass substrate. For the evaluation of the

spatial resolution of the apparatus, the single rhodmaine B

molecule was used to examine the point-spread function.

Rhodamine B was spin-coated on a clean cover slip from the

ethanol solution at the concentration of 10�9 M.

In the measurement by SNOM, we used a commercially

available instrument (�-SNOM, WITec) equipped with a

cantilever probe with an aperture at the end of the pyramidal

tip, the diameter of which was 60 nm. A He-Cd laser (442 nm,

IK5351R-D, Kimmon Electric) and a diode-pumped solid

state laser (532 nm, GSHG-3010, Kochi Toyonaka Giken) were

used as the light sources for the excitation of perylene and

rhodamine B, respectively. The excitation laser beam was

delivered to the SNOM head through a single mode optical

fiber and focused on the backside of the aperture to generate

the optical near-field. Besides the excitation light for the

fluorescence measurement, the laser beam at 780 nm was

incident on the cantilever. The reflected beam was detected

with a four-segmented photo-diode to measure the cantilever

deflection, from which the force between the sample and the

SNOM probe was evaluated. The SNOM probe was scanned

in contact with the sample surface at a constant force by

regulating the vertical position of the probe tip, resulting in the

surface topography image. While scanning with the SNOM
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Figure 1. Chemical structure of perylene-labeled PMMA. The molar fraction
of the dye-labeled unit, m/(m + n), is evaluated to be 7:7� 10�3

from the UV-vis absorption.



probe, the fluorescence from perylene was collected with a

microscope objective (60�, 0.8 NA, Nikon), passed through a

long-pass filter (AELP454, Omega Optical), and detected with

a photomultiplier (H8631, Hamamatsu Photonics).

RESULTS AND DISCUSSION

For the quantitative discussion of the conformation of the

chain contour, the spatial resolution is a parameter of utmost

importance. First, the resolution of the SNOM system was

evaluated from the measurement of a single dye molecule,

which can be considered as an infinitely small object compared

to the size of the SNOM probe. Therefore, the observed pattern

for a single molecule corresponds to the point spread function

of the imaging system. The spatial resolution of the probe is

defined as the full width at half maximum (fwhm) for the

individual molecules. Figure 2 indicates the fluorescence

images of single rhodamine B molecules observed by the

conventional confocal microscopy and SNOM. Each molecule

was observed as a bright spot on the micrograph, and it showed

discrete blinking and photo-bleaching during the measurement.

This indicates that the observed bright spots correspond to the

individual dye molecules. The single rhodamine molecule in

the confocal image was observed as a circular spot with a

diameter of 300 nm, which shows the diffraction-limited spatial

resolution of about the half of the wavelength of light. SNOM

enables us to observe the individual molecules as small as

75 nm, indicating that the spatial resolution is sufficiently high

to observe the conformation of the single polymer chain with a

relatively high molecular weight. Since the resolution is greatly

dependent on the probe tip, all of the samples were observed

using the identical probe used to obtain the SNOM image

shown in Figure 2b.

Figure 3 shows the fluorescence SNOM image of the

PMMA thin films with a thickness of 15 nm, where the

perylene-labeled PMMA chains were dispersed in an unlabeled

polymer matrix at different concentrations. The topographic

image obtained simultaneously showed a smooth and feature-

less surface with a root-mean-squared roughness less than

0.3 nm (the image is not shown here), indicating a homoge-

neous thin film without any defect. The thickness of the sample

film was evaluated from the height difference between the

sample surface and the substrate exposed by scratching the

film. Since the optical near-field generated from the SNOM

probe penetrates into the sample film, the labeled PMMA chain

embedded in the unlabeled PMMA matrix can be selectively

imaged. At a high concentration of the labeled PMMA, the

fluorescence signal of the labeled chain was observed uni-

formly from the whole area. At an extremely low concen-

tration, the labeled polymer was observed as discrete bright

spots as shown in Figure 3, and the number of fluorescence

spots in the SNOM image decreased with the decrease of the

concentration of the labeled polymer.

We verified that each fluorescence spot corresponds to the

individual PMMA-Pe chain. Figure 4a shows the relationship

between the dye-labeled chain fraction in the PMMA film and

the number of fluorescence spots in a unit area in the low

concentration region of the labeled PMMA. The number of

perylene-labeled PMMA chains can be estimated from the

concentration of the labeled PMMA in the unlabeled PMMA

matrix. The solid line indicates the number of single perylene-

labeled PMMA chains in a unit area of 1� 1 mm2 calculated

from the concentration of the labeled polymer. In a low

concentration range, the number of observed fluorescence spots

was in good agreement with the calculated value for the

PMMA-Pe chain. This indicates that each fluorescence spot
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Figure 2. Fluorescence SNOM images for the single rhodamine B molecule
observed by confocal microscopy (a) and SNOM (b). The fluo-
rescence intensity profiles are shown in the lower panels c and d
for the confocal and SNOM images, respectively. The rhodamine
B molecule in panel b was observed as circular spots with the
diameter of 75 nm, indicating the spatial resolution of �=7, where �

is the excitation wavelength.

Figure 3. Fluorescence SNOM images of the PMMA-Pe chains dispersed in the unlabeled PMMA matrix. The concentration of the labeled chain is 0.04 (a),
0.02 (b), and 0.008% (c). The observed area was 20� 20 mm2.



corresponds to the individual PMMA-Pe chain. For the sample

with a thickness of 15 nm, at a concentration higher than

0.015% the density of the fluorescence spot was less than the

calculated line as shown in Figure 4a; therefore, for the 15-nm

thick film, the observation of the single chain was performed

under a concentration condition of 0.015%. This threshold

concentration is dependent on the film thickness. Even at the

same concentration of PMMA-Pe in the unlabeled matrix, the

number of labeled chains in an observed unit area is propor-

tional to the sample thickness. Hence, the concentration

dependence of the area density of the fluorescence spot was

carefully examined for each film thickness, and the SNOM

measurement was performed at a sufficiently low concentration

of the labeled chain to ensure the single chain observation.

Moreover, the integrated fluorescence intensity from each

spot was examined. The number of perylene molecules in the

single PMMA-Pe chain is proportional to the molecular weight,

because the perylene moiety was randomly introduced to the

polymer chain. The low fraction of the dye moiety in each

chain results in the negligible interaction among the perylene

molecules. Thus the fluorescence intensity from the single

chain is proportional to its molecular weight:

Ii ¼ kMi ð1Þ

where Ii and Mi are the integrated fluorescence intensity and

the molecular weight for the i-th chain, respectively, and k is

a constant determined by the fluorescence quantum yield of

perylene, the detection efficiency of the signal collection, etc.

Therefore, assuming that the bright spot corresponds to the

single chain, the histogram of the fluorescence intensity

corresponds to the molecular weight distribution. Figure 4b

indicates the fluorescence intensity histogram and the molecu-

lar weight distribution observed by SEC. The emission

intensity histogram and the molecular weight distribution are

in good agreement. This data also supports the single PMMA-

Pe chain observation in the SNOM image. It should be noted

that this good agreement between the fluorescence intensity

histogram and the molecular weight distribution indicates that

the molecular weight of the single chain can be evaluated by

the SNOM measurement.

Figure 5 shows the high-resolution SNOM images of the

single PMMA-Pe chains in the thin film. The molecular weight

of each chain was estimated to be ca. 4:0� 106 from the

comparison between the fluorescence intensity and the mo-

lecular weight distribution curve shown in Figure 4b. As

clearly shown in Figure 5 the polymer chains with similar

molecular weight showed various shapes, and a part of the

chains took a stretched conformation as shown in Figure 5d.

This indicates the broad conformational distribution of the

flexible PMMA chain. The chain dimension in the x-y plane

weighted by the fluorescence intensity, Rxy, was evaluated for

each PMMA-Pe chain in the SNOM image according to the

following equation.

Rxy
2 ¼

X

j

Ijðrj � rcÞ2

X

j

Ij
; ð2Þ
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Figure 4. Number density of the observed fluorescence spot and the
calculated value of the PMMA-Pe chain (a) and the histogram of
the integrated fluorescence intensity for each PMMA-Pe chain (b).
In panel a, the closed circles and the solid line indicate the
observed and calculated values, respectively. In panel b, the thick
bars are the intensity histogram, and the gray solid curve indicates
the molecular weight distribution observed by SEC, where the
chain number concentration was plotted against the molecular
weight.

Figure 5. SNOM images of the single PMMA-Pe chains in an ultra-thin film. The scanned area is 1:4� 1:4 mm2 for each image. The molecular weight (M) and the
value of Rxy for each chain were evaluated as follows: (a) M ¼ 4:2� 106 and Rxy ¼ 122 nm; (b) M ¼ 4:2� 106 and Rxy ¼ 160 nm; (c) M ¼ 4:0� 106

and Rxy ¼ 180nm; (d) M ¼ 3:6� 106 and Rxy ¼ 256nm.



where rj and Ij are the position vector and the fluorescence

intensity for the j-th pixel in the SNOM image, and rc is the

position vector of the center of mass defined as

rc ¼
X

j

Ijrj: ð3Þ

Since the dye moiety was randomly introduced in the PMMA-

Pe chain as mentioned above, the fluorescence intensity at each

pixel is proportional to the chain segment number therein.

Therefore, Rxy is corresponding to the radius of gyration of the

PMMA-Pe chain projected in the x-y plane parallel to the film

surface. For example, Rxy for the PMMA chains shown in

Figure 5a-d is estimated to be 122, 160, 180, and 256 nm,

respectively.

Here we discuss the thickness dependence of the chain

dimension in the film plane. At first, we have to consider the

relationship between the unperturbed dimension of the PMMA

chain and the thickness range of the film used in the current

work. By a SANS study, O’Reilly et al. showed that the radius

of gyration of PMMA in the bulk state can be expressed by

an empirical equation: Rg ¼ 0:025Mw
1=2/nm.40 The PMMA

sample used here is estimated to have an Rg of 56 nm

considering the molecular weight. The maximum thickness of

the spin-cast film used here is 100 nm, which is the comparable

to the unperturbed chain dimension in the bulk state. Figure 6

shows the histogram of Rxy for the PMMA-Pe chain in the films

with a thickness of 15, 50, and 80 nm. This corresponds to the

probability distribution function of the chain dimension

projected to the x-y plane, which cannot be obtained from

scattering experiments. The histogram for each thickness has a

peak value at Rxy of 140 nm and the width of the distribution of

about 30 nm. Figure 7 summarizes the thickness dependence of

the average value of Rxy. The filled circles in Figure 7 indicate

the data for the ultra-thin film sample with thickness range of

1–100 nm. The results clearly indicate that chain dimension in

the lateral direction is not dependent on the film thickness in

the ultra-thin film region. Now we compare Rxy between the

ultra-thin film and the bulk state. For the measurement of the

PMMA chain in an unperturbed conformation, a sample thicker

than several hundred nm should be used because of the large

molecular weight of PMMA-Pe used here. However, the

SNOM imaging of a thick sample is practically difficult due to

the limited penetration depth of the near-field illumination

from the film surface. Therefore, we prepared the thick PMMA

sample (1 mm) where the PMMA-Pe chains were located near

the surface in an unperturbed conformation.41 The value of Rxy

in the bulk state was evaluated to be 138 nm. The chain

dimension evaluated by SNOM is larger than that measured by

SANS because of the different instrument function for the

estimation of the structure. The open circle in Figure 7

indicates Rxy in the three-dimensional bulk. As clearly shown

in this figure, the value of Rxy in bulk is almost the same value

as that in the ultra-thin film state. This result indicates that the

chain dimension in the parallel directions to the film surface is

not dependent on the film thickness. Although the polymer

chain is spatially restricted in the height direction, the radius of

gyration of the chain normal to the restriction remains the

similar dimension in the unperturbed state. This result is

consistent with the previous studies on the conformation of PS

using SANS.19,20 The recent Monte Carlo simulation showed

the stretched dimension by � 40% in the parallel direction to

the film surface in the quasi-two-dimensional region with the

thickness less than approximately Rg=3.
15,42 In the current

direct observation of the single chain, it should be noted that

the similar value of Rxy was obtained for the monolayer

sample, where the PMMA chain was strictly restricted in a two-

dimensional plane. This result indicates that the PMMA chain

takes a contracted conformation in the two-dimensional state.

In a three-dimensional bulk state, the polymer chain takes

a random coil conformation. In terms of the conformation of

an individual chain, the single PMMA chain with a molecular

weight of 106 occupies the space larger than 100 nm. Consid-
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Figure 6. Histogram of the lateral chain dimension for the PMMA-Pe chains
in the ultra-thin films with the thickness of 15, 50, and 80 nm. The
PMMA chains with a molecular weight of 4� 106 were selected in
the SNOM images and analyzed to construct the histogram.

Figure 7. Thickness dependence of the chain dimension of PMMA in the
parallel direction to the film surface. The filled circle indicates the
value of Rxy for the ultra-thin film. The error bar indicates the
standard deviation evaluated from the histogram of Rxy. The open
circle represents the data for the PMMA-Pe chains in the bulk
state.



ering the molecular volume of the single chain, there is much

free space to allow the intrusion of the neighboring chains as

schematically shown by the solid contour in Figure 8a. In the

bulk system, such free space is filled with the surrounding

chains (the gray curves in Figure 8a), resulting in entanglement

of the polymer chains. Under the spatial confinement in the

ultra-thin film, on the other hand, the direct observation of the

single PMMA chain revealed that an in-plane dimension was

similar to that in the bulk state in spite of the spatial

confinement in the height direction, indicating the decrease

of the pervaded volume of a single chain. Since the mass

density of the thin film is almost the same as that in the bulk

state,43 this result indicates that the single chain does not have

enough free space occupied by the neighboring chains as

shown in Figure 8b. Consequently the entanglement among the

surrounding polymer chains is reduced in the ultra-thin

film.9,42,44 The direct observation of the single PMMA chain

indicates little interaction between the polymer chains in the

ultra-thin film. Such the characteristic conformation in the

confined geometry results in unique macroscopic properties

different from those of the bulk material.8,45

CONCLUSION

The real-space imaging by SNOM revealed the conforma-

tion of the single PMMA chain confined in the ultra-thin film,

the thickness of which was less than the unperturbed chain

dimension. In the thickness range of 1–100 nm, the radius of

gyration in the direction normal to the confinement was not

significantly different from the unperturbed dimension in the

three-dimensional bulk state. This indicates that the polymer

chain restricted in an ultra-thin film has few entanglements

with the surrounding chains.
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