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Summary: The combination of an atomic force microscope (AFM) with a Confocal

Raman Microscope (CRM) has been used to study the composition of various thin

films of polymer blends. The high spatial resolution of the AFM enables the

morphological characterization of the polymer blends on the nanometer scale.

Furthermore, when operating the AFM in Digital Pulsed Force Mode (DPFM), topo-

graphic information and local stiffness can be simultaneously recorded. This allows

the material-sensitive characterization of heterogeneous materials. Thin films where

PMMA (at room temperature a glassy polymer) is blended with two different styrene-

butadiene rubbers are investigated. The presence of PMMA in both phase-separated

thin films allows the comparison of the mechanical properties of the two different

rubber phases using DPFM-AFM. When PMMA is blended with PET due to their similar

mechanical properties (both are in the glassy state at room temperature) the

assignment of the two phases to the corresponding polymers by AFM is rather

difficult. Here, Raman spectroscopy provides additional information on the chemical

composition of materials. In combination with a confocal microscope, the spatial

distribution of the various phases can be determined with a resolution down to

200 nm. Therefore, the topographically different structures observed in AFM images

can be associated to the chemical composition by using the Confocal Raman

Microscope (CRM).
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Introduction

The characterization of heterogeneous

systems on the microscopic scale continues

to grow in importance and to impact

key applications in the fields of materials

science, nanotechnology and catalysis. The

development of advanced polymeric mate-

rials for applications such as these requires

detailed information about the physical and

chemical properties of these materials on

the nanometer scale. However, some

details about the phase-separation process

in polymers are difficult to study with

conventional characterization techniques

due to the inability of these methods to

chemically differentiate materials with good

spatial resolution and without damage,

staining or preferential solvent washing.

One technique that has been used

successfully in the characterization of

heterogeneity in polymers is Atomic Force

Microscopy (AFM).[1–4] AFM can provide

spatial information along and perpendicu-

lar to the surface of a polymer film with

resolution on the order of 1 nm. The most

commonly used AFM imaging mode for

polymers is the intermittent contact mode

also known as AC Mode or Tapping

Mode.[5] In these imaging modes the

cantilever is oscillated at its resonance

frequency with a free amplitude A0. While

the cantilever is approaching the surface,

the oscillating amplitude is reduced to a

value A, which depends on the distance to

the surface. The ratio r¼A/A0 defines the
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damping of the amplitude while the tip is in

contact with the surface and is proportional

to the applied force. By keeping the

damping of the amplitude constant, the

surface topography can be mapped. A

phase image can be recorded simulta-

neously with the surface topography. In

this image, the phase shift between the free

oscillation in air and the oscillation while

the tip is in contact with the surface is

recorded.[6] Since the phase shift depends

as much on the viscoelastic properties of

the sample as on the adhesive potential

between the sample and the tip, the phase

image outlines domains of varying material

contrast without describing the nature of

the material properties.[7–11] Nevertheless,

phase images are often used to characterize

polymers at high resolution.[12,13]

If the AFM is operated in Pulsed Force

Mode, information about the local mechan-

ical properties of various regions on the

sample surface can be obtained more

quantitatively.[14] In this imaging mode, a

sinusoidal modulation is imposed on the

cantilever typically with a frequency of

1 kHz, which is far below the resonance

frequency of the cantilever. Thus, the

applied force can be controlled using the

beam deflection technique while the canti-

lever is approached to and retracted from

the sample. The pulsed force curve shows

the variation of the force signal as a

function of time. Therefore it contains all

information about the tip-sample interac-

tion. The resulting pulsed force curve

obtained during the whole cycle is recorded

at every image point.[15] In this mode

quantified material properties can be

mapped together with the topography of

the films.[16]

Although these imaging modes have

been successfully applied in the character-

ization of polymer blends, the differentia-

tion of materials is only possible by

comparing their material properties, such

as local stiffness. This is mainly due to the

lack of information about the exact contact

area between tip and sample. If a composite

material consists of compounds with similar

mechanical properties, a clear assignment

of the phases to the corresponding materi-

als by AFM is quite challenging. To

discriminate between materials with similar

mechanical properties additional spectro-

scopic information is useful. On the macro-

scopic scale, Raman spectroscopy has

become widely used for the characteriza-

tion of chemical and structural features of

polymeric materials.[17] The tremendous

importance of the Raman effect lies in the

fact that the difference in energy between

the elastically scattered photons and the

Raman shifted photons is caused by the

excitation or annihilation of a specific

molecular vibration. This energy shift is

characteristic for the type and coordination

of the molecules involved in the scattering

process. Raman spectra provide qualitative

and quantitative information about various

polymer features[18–20] such as:

� chemical nature: structural units, type

and degree of branching, end groups,

additives

� conformational order: physical arrange-

ment of the polymer chain

� state of order: crystalline, mesomorphous

and amorphous phases

� orientation: type and degree of polymer

chain and side group alignment in aniso-

tropic materials.

However, in most spectroscopy setups

the spatial resolution is very poor because

the exciting laser spot diameter is on the

order of 100 mm.

Optical microscopy, on the other hand,

is capable of providing spatial resolution

down to 200 nm using visible light excita-

tion. In a confocal microscope, the light

from the sample is detected through a

pinhole in the back focal plane of the

microscope, giving rise to depth resolution

and a strongly reduced background sig-

nal.[21] By combining a high throughput

confocal microscope with an extremely

sensitive Raman spectroscopy system, it is

possible to obtain Raman spectra from

extremely small sample volumes down to

0.02 mm3. To collect high resolution Raman

images, the sample is scanned point by
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point and line by line through the excitation

focus.[22] Thus, the Confocal Raman

Microscope (CRM) combines the chemical

sensitivity of Raman spectroscopy and the

high resolution of confocal microscopy,

providing an ideal tool for the character-

ization of materials in the sub-micrometer

range. To achieve the highest resolution,

the CRM is extended with AFM capabil-

ities. By simply rotating the microscope

turret, the user can link the chemical

information obtained by confocal Raman

spectroscopy with the ultra-high spatial

and topographical information acquired

by AFM.

The aim of this paper is to demonstrate

the capabilities of the Confocal Raman-

AFM in terms of the characterization of

thin heterogeneous polymer films. For this

purpose three blends composed of immis-

cible polymers, which are at room tem-

perature in either the rubbery or glassy

state are investigated.

Experimental Section

Materials and Sample Preparation

Poly(ethylene terephthalate) (PET) films

and styrene butadiene (SB) copolymers

with a styrene content of 30% were

acquired from Sigma Aldrich. For the

triblock copolymer (SBS), a molar mass

MW of 74 kg/mol, and for the statistical

copolymer (SBR) a molar mass MW of 380

kg/mol were measured using GPC (cali-

brated for poylstyrene). Poly(methyl

methacrylate) (PMMA) with a MW of

100 kg/mol was purchased from Polymer

Standards. From these materials, polymer

solutions are prepared by dissolving 10 mg

of the polymer in 1 ml solvent. The styrene

butadienes are soluble in toluene, but PET

is only soluble in hexafluoroisopropanol

(HFIP). Therefore, PMMA is dissolved in

both toluene and HFIP. Blends are pre-

pared by mixing either 2 ml of the PMMA

toluene solution and 1 ml of the SBS or

SBR solutions or 2 ml of the PMMA HFIP

solution and 1 ml of PET solution.

Thin films with a thickness of less then

100 nm were obtained by spin coating pure

polymer solutions as well as blended ones

on cleaned glass substrates (cover slides)

using spinning velocities of 2000 rpm.

Characterization by AFM and CRM are

performed at room temperature immedi-

ately after spin coating.

Atomic Force Microscopy

The Confocal Raman-AFM from WITec

(www.witec.de) was used for AFM imaging

in ambient conditions (24� 2 8C). For high
resolution imaging the AFM was operated

in AC-Mode with a damping of r¼ 50%

where topography and phase images are

recorded simultaneously. Additionally, the

samples were imaged in Digital Pulsed

Force Mode to designate areas of different

mechanical properties. For all experiments

‘‘Arrow Force Modulation’’ cantilevers

purchased from Nanoworld were used,

which allow switching from one imaging

mode to the other on the same sample area.

The nominal spring constant of this can-

tilever is 2.8 N/m and the resonance

frequency ranges between 70–80 kHz.

The DPFM was operated at a modulation

frequency of 1 kHz, with cantilever oscilla-

tion amplitudes up to 300 nm.

Confocal Raman Microscopy

The Confocal Raman-AFM was used to

collect single Raman spectra from the pure

polymer and Raman spectral images from

the films of polymer blends. A Nikon 100x

(NA¼ 0.90) objective was employed for all

measurements. For excitation, a NdYag

laser (wavelength of 532 nm) was used. The

Raman spectra of the pure polymers were

recorded with an integration time of

100 ms. Polymer blends were analyzed in

Raman spectral imaging mode. In this

mode, high resolution Raman images are

obtained by collecting a complete Raman

spectrum at every image pixel (up to

512� 512¼ 262144 spectra) with typical

integration times below 100 ms/pixel. The

analysis of spectral features (sum, peak

position, peak width etc.) generates the

Raman images.
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Results and Discussion

AFM topography images reveal that both

glassy polymers, PMMA (Figure 1a) as well

as PET (Figure 1b), do not cover the glass

slide completely, but form a porous struc-

ture. In the PMMAfilm, the holes are about

100 nm deep with diameters ranging from

100–500 nm which lead to a net-like

morphology of the film. In the PET film,

the diameter of the holes is below 200 nm

and their depth is about 30 nm.

These structural variations give evidence

that the solubility of the polymers in HFIP

might be different. In contrast to this, the

SB films appear smooth without any

corrugations in topography. However,

high-resolution AC Mode phase images

reveal a phase-separated structure of the

rubbery polymers. In the phase images,

brighter areas can be assigned to the harder

(glassy) polystyrene domains whereas the

rubbery butadiene domains appear dark. In

SBR, where small polystyrene blocks are

statistically distributed, this phase forms

spheres with a diameter of about 25 nm

(Figure 1c). The long polystyrene blocks,

present in the triblock copolymer SBS,

aggregate to a wormlike structure as

shown in Figure 1d. These variations in

the polymer nano-structure are in good

agreement with previously reported

data.[23,24]

The two types of styrene-butadiene (SB)

were blended with PMMA into PMMA-

SBS and PMMA-SBR. In Figure 2, DPFM-

AFM images of these heterogeneous

blends are presented. On a scan area of

7� 7 mm2, the PMMA-SBR blend

(Figure 2a) reveals elevated circular islands

with diameters in the range from 500 nm to

2 mm in the topography image. The

PMMA-SBS blend forms a netlike elevated

structure (Figure 2b). In between the
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Figure 1.

AFM images of pure polymer films spin coated on glass substrates: a) PMMA topography image scan size: 10�
10 mm2, b) PET topography image scan size: 10� 10 mm2, c) SBR phase image scan size: 1� 1 mm2 and d) SBS

phase image scan size: 1� 1 mm2.
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elevated features, a lower polymeric phase

can be seen in both blends. Since SB and

PMMA are immiscible, the different topo-

graphic structures can be associated to the

various polymer phases. This gives strong

evidence for the formation of a phase-

separated morphology of the films due to

dewetting.

Simultaneously recorded stiffness maps

(Figures 2c and d) allow the assignment of

topographical features to different polymer

phases. The elevated topographic features

also show higher stiffness (bright colors in

stiffness map) compared to the lower

topographic regions, which have lower

stiffness. Based on macroscopic mechanical

properties, the stiffer phase corresponds to

PMMA, which is in the glassy state at room

temperature.[25] The softer phase can be

assigned to SB, which has a glass transition

temperature far below room temperature,

thus leaving it in a rubbery state.[26]

To quantify the stiffness maps, the

measured voltages of the stiffness output

(Vstiffness) of the DPFM electronics are

converted into the physical unit of the local
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Figure 2.

DPFM measurements on polymer blend PMMA-SB: topography of blend a) PMMA-SBR and b) PMMA-SBS;

simultaneously recorded stiffness maps c) PMMA-SBR and d) PMMA-SBS; histogram of stiffness distribution

e) PMMA-SBR and f) PMMA-SBS. Scan size of all four images: 7� 7 mm2.
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stiffness (N/m) using the relation:[27]

Stiffness

¼ k SVstiffness=½Mð1� cosð2pfDtÞ
� SVstiffness� (1)

with k being the spring constant of the

cantilever, S the sensitivity of the laser

detection system, M the modulation ampli-

tude, f the modulation frequency, and Dt

the repulsive tip penetration time.

After unit conversion of the stiffness

maps, the histograms shown in Figure 2 (e

and f) are obtained. Both histograms show

two peaks. The one, which appears for both

blends at 1.15� 0.1 N/m, can be correlated

to the stiffer PMMA. The other at lower

stiffness values can be assigned to the SB

phase. For SBS an average stiffness of

0.7� 0.1 N/m and for SBR an average

stiffness of 0.2� 0.1 N/m are evaluated.

Since the average stiffness of PMMA in

both blends is the same, it can be used as an

internal reference for the comparison of the

stiffness properties of SBS and SBR. In

comparing the stiffness data obtained for

the PMMA-SB films, values indicate

that SBS is stiffer than SBR by a factor

of 3.5.

High-resolution AC Mode AFM images

(Figure 3) confirm the structural differ-

ences found in the DPFM images. In both

films, the topography reveals 20–30 nm high

features showing bright islands without

texture in the simultaneously recorded

phase images. The islands are surrounded

by a phase showing different fine structures

characteristic of the various SB’s. In Fig-

ure 3b the fine structure of SBR is visible,

whereas in Figure 4b the wormlike struc-

tures observed in the pure SBS film can be

visualized (compare Figures 1 c and d).

These images allow the assignment of

differences in local stiffness to different

morphologies of the styrene-butadiene

copolymers. The copolymer showing larger

extended (worm-like) domains of the

polystyrene is seen on the microscopic

scale to be stiffer than the copolymer with

small randomly distributed styrene spheres

in the butadiene phase. This is in agreement

with the macroscopic properties.

In Figure 4 the topographical structure

of the PMMA-PET blend is shown together

with the height distribution histogram. The

histogram clearly shows three topographic

levels: a ground level with height below

50 nm associated with the dark areas, a

100 nm high porous film, and a 200 nm high

net-like structure. This three level structure

indicates a superposition of two network-

like structures. Since both PMMA and PET

are rather stiff materials with similar

elasticity modulus, a separation of the

two polymer phases based on local stiffness

measurements as shown before is ambig-

uous. To determine the chemical composi-

tion of the phase-separated films, the

selective dissolution of one of the polymer

phases has been employed in previous

studies.[28,29] After applying this method,

however the films are destroyed.

A non-destructive characterization with

respect to the chemical composition of

polymer blends is possible using spectro-

scopy methods such as Raman spectro-

scopy. The ability to employ Raman

spectroscopy for the analysis of thin films

is shown in Figure 5. The single Raman

spectra of the pure polymer films spin

coated on glass substrates together with the

Raman spectrum of pure glass are shown.

The Raman spectrum of glass shows broad

bands at wavenumbers below 1200 cm�1

and is featureless at higher wave numbers.

These broad bands below 1200 cm�1 are

visible in all single Raman spectra collected

on the polymer films, indicating that the film

thickness is below the z-resolution of the

optical confocal microscope, which is about

500 nm. Nevertheless, at wave numbers

above 1200 cm�1, the characteristic polymer

Raman bands are clearly be visible.

All polymer samples show characteristic

band structures in the range 2800–

3100 cm�1, which is associated with C–H

stretching and peaks at 1460 cm�1, which is

characteristic for C–H bending.[30] In addi-

tion, each polymer sample reveals addi-

tional characteristic peaks associated with

molecular vibrations observed for the
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different polymers as summarized in

Table 1.[26] In PMMA, a band appears at

1730 cm�1 correlating to C O stretching.

In the PET Raman spectrum, additional

Raman bands associated with benzene ring

vibrations at 1192 cm�1 and 1615 cm�1 are

visible. The Raman spectra collected from

the SB films show Raman bands character-

istic for C C stretching at 1635–1650 cm�1.

For both polymers (SBS and SBR), Raman

bands can be found at the same wave num-

ber indicating the same chemical composi-

tion. However, the variations in the intensity

of peaks, e.g. at 1635–1650 cm�1, reflects the

Macromol. Symp. 2005, 230, 133–143 139

Figure 4.

a) AFM topography image of the thin film of polymer blend PMMA – PET (image size: 20� 20mm2) and b) height

distribution histogram.

Figure 3.

High resolution AC Mode AFM image of the polymer blend PMMA-SB. Topography of a) SBR (image size: 2�
2 mm2) and b) SBS (image size: 3� 3 mm2) and simultaneously recorded phase images of c) SBR and d) SBS.
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structural differences of the two films as

observed in the AFM images.

The variations in the Raman spectra

make it possible to distinguish the various

polymers from each other when they are

blended. Therefore, the thin films of

polymer blend were scanned in Raman

spectral imaging mode.

In this mode, a complete Raman spec-

trum is recorded at every image pixel

(200� 200¼ 40000 spectra) with integra-

tion times below 100 ms. To assign the

different polymers in the film, not only were

individual features (such as peak position,

peak width, etc) of the Raman spectra

employed, but the complete spectra of the

materials by using basis spectra analysis. In

this procedure each measured spectrum of

the 2-dimensional data array is fitted by a

linear combination of basis spectra Sk using

least squares method. Each material has a

unique Raman spectrum Sk, called a basis

spectrum. A sample which consists of N

different materials shows a linear super-

position of all its basis spectra

S ¼ SakSk (2)

with k¼ 1 to N.

If the basis spectra Sk are known as in

this case (see Figure 5), it is possible to

estimate the weight factor ak by a least

squares fit. The weighting factor is propor-

tional to the quantity of the material and is

stored in the corresponding Raman image.

Figure 6a shows the background cor-

rected spectra of PMMA, PET and glass,

revealing the complete Raman spectrum of

the polymers. These spectra were used in

the basis analysis of the Raman spectral

image recorded from the thin film of the

Macromol. Symp. 2005, 230, 133–143140

Figure 5.

Single Raman spectra collected on the pure films of polymer spin coated on glass substrates.

Table 1.
Characteristic Raman bands from measured spectra of pure polymer films.

Raman band (cm�1) Molecular vibration Observed in Raman spectrum of:

1192 Ring mode PET
1460 C–H bending PMMA, PET
1635–1650 C C stretching SBS, SBR
1730 C O stretching PMMA, PET
2800–3100 C–H stretching PMMA, PET, SBS, SBR

� 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



polymer blend PMMA-PET. In Figure 6b

the 2-dimensional distribution of the weight

factor a1 of the PET spectrum is shown,

illustrating the presence of PET on specific

areas on the surface. Figure 6c shows the

distribution of PMMA evaluated by basis

analysis. These two images show that the

two polymer phases are completely sepa-

rated because no overlap of PMMA and

PET can be seen. Combining the images of

Figures 6b and 6c results in the distribution

of the PET and PMMA phases within the

blend (Figure 6d). This image confirms the

assumption that the two topographic layers

are superposed (compare with Figure 4).

The various topographic layers observed

with the AFM can now be assigned to the

chemical species in the following way: the

high netlike topographic structure corre-

sponds to PET, the lower layer consists of

PMMA. The holes within this layer are

areas where the polymer does not cover the

glass slide.

The phase separation within the thin

films of the polymer blend PMMA-SB has

also been proven by CRMmeasurements in

spectral imaging mode. Figure 7a show the

basis spectra of SBR, SBS and PMMA used

as basis spectra for data analysis of the

image spectra. An overlay of the fitted data

is shown in Figures 7b and c, where bright

color represents the PMMAphase and dark

color the distribution of the SBR respec-

tively the SBS phase. The Raman spectral

images of the blends of PMMA–SB show a

structure similar to the topographic DPFM

images (compare with Figure 2 and b).

Elevated domains in the topographic

DPFM images were associated with the

stiffer PMMA and are in good agreement

Macromol. Symp. 2005, 230, 133–143 141

Figure 6.

a) Basic spectra of PMMA, PET and glass used for basis analysis of the Raman spectral image data obtained on the

polymer blend PMMA-PET, b) distribution of PET and c) PMMA calculated by basis analysis, and d) overlay of

PMMA and PET Raman images showing the distribution of the two polymer phases over the surface. (image size:

25� 25 mm2).
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with the distribution of the PMMAphase in

the Raman spectral image.

Conclusions

The combination of a Confocal Raman

Microscope with an AFM is used for the

characterization of polymer blends. AFM

images reveal the topographic structure of

polymer films with resolution down to a few

nanometers. The high-resolution AFM

phase images allow the identification of

two styrene-butadiene copolymers (SBR

and SBS) with different chain-microstruc-

tures. Well-separated domains are formed

when these polymers are blended with

PMMA and spin coated on a glass sub-

strate. The comparison of their mechanical

properties estimated from DPFM local

stiffness maps shows that SBS is 3.5 times

stiffer than SBR. This is in good agreement

with the observed fine structure on the

nanometer scale, where within the triblock

copolymer, the harder styrene blocks form

more extended domains.

Raman spectroscopy allows the identi-

fication of chemically unique materials. In

combination with a confocal microscope,

the distribution of various polymer phases

within the films can be determined. Due to

the confocal principle, not only can the

surface be investigated, but information to

a certain depth within the film can be also

obtained. The analyzed very thin polymer

films (z< 200 nm) show clear Raman

spectra of the corresponding polymers,

indicating that a small sample volume

Macromol. Symp. 2005, 230, 133–143142

Figure 7.

a) Basic spectra of PMMA and SB and b) phase separated spectral images with 20� 20 mm2 scan area of PMMA-

SBR and c) PMMA-SBS, with PMMA as bright areas. As the Raman spectral images show, the distributions of

PMMA and SB are complementary, proving that both polymer phases are formed on the glass substrate.
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(below 0.02 mm3) is enough to identify the

chemical composition of the film. The

analysis of the Raman spectral images,

obtained from the blended films show that

there is no overlap of basis spectra at any

image point. This indicates that the studied

polymers do not cover each other but have

formed an interface with the glass substrate

while dewetting. In the polymer blend

consisting of PMMA and PET, which are

both in the glassy state at room temper-

ature, a superposition of two net-like

structures is observed with AFM. The

assignment of the two phases is possible

with Raman spectral imaging, showing that

the elevated net-like structure observed

with the AFM corresponds to PET,

whereas the porous film is PMMA. These

two structures do not overlap, they are

completely separated and form an interface

with the glass substrate.

The combination of AFM and CRM in a

single instrument enables the nondestruc-

tive characterization of heterogeneous

materials. The surface topography can be

imaged at the highest resolution and

various materials contributing to the sur-

face composition can be chemically identi-

fied.
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