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ABSTRACT

The recent development of Raman microscopes with high optical throughput and very
sensitive CCD cameras has led to Raman spectroscopy again competing effectively
with FTIR methods for materials analysis. Modern Raman instruments, designed to
operate confocally without serious alignment or energy trade-off problems, allow
depth profiling of optically transparent polymers and polymer matrices to be routinely
obtained with a spatial resolution of 1-2 pm. The use of such an instrument is

illustrated by describing recent work on polymeric material problems including,

1 The distribution and redistribution of small molecules in polymeric matrices.
2 The monitoring of adhesion primer diffusion at a polymer/silica interface.
3 The determination of the extent of interdiffusion and interaction at a

polymer/polymer interface.
4 A comparison of confocal and micotoming approaches to polymer laminate

analysis.
The range of possible applications is increasing rapidly. It is clear that Raman

microscopy will become a very important tool for future materials analysis, both in

the polymer area and many other areas.
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1 INTRODUCTION

Advances in source, detector, filter and computer technologies[1-4] have led to the
rebirth of Raman spectroscopy. In particular, the coupling of a high quality optical
microscope and a high throughput Raman spectrometer have significantly extended
our ability to do in-situ measurements on a wide variety of materials where a
combination of high sensitivity and high spectral and spatial resolution is required[5-
20]. It is now common to find such measurements being made in an industrial
context[6-8], including remote sensing. An extremely wide range of material types
has also been studied, covering areas such as mineralogy, biochemistry, polymer

science, medicine and electrode processes[5-11].

Sensitivity levels[12-15] are now comparable with those of infrared spectroscopy,
certainly for bands with a high Raman cross-section. Because of the well established
empirical complementarity of transition dipole and transition polarisability functions,
Raman microscopy is often feasible when infrared spectroscopy is not. Furthermore,
there are several well known advantages (Table 1) of Raman microscopy compared
with infrared microscopy. The principal one, in this context, is the shorter wavelength
and consequent implication for spatial resolution. With modern equipment a spatial
resolution of 1-2 um may be achieved in any of the X, Y or Z directions. This allows
the optical microscope to be set up in confocal mode[3,12,13,15,18-20] and to do non-
destructive and rather elegant depth profiling; something which cannot be achieved

with infrared microscopy without microtoming the sample.

2 Experimental

Figure 1 shows the principle of Raman microscopy[16,20] as realised in the Renishaw
2000 instrument used for this work. A stigmatic single spectrograph was attached to
an Olympus BH2 microscope. The instrument was then set up in confocal mode with

a X100 short working-length objective (NA = 0.95). The slit width was about 15
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Fig 1 Schematic diagram of the principle of confocal Raman microscopy
using a CCD camera. (Reproduced by permission from Appl.
Spectroscopy 50 558 (1996))
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Fig 2 The microscope confocal profile for X100 objective obtained
using the silicon Raman band at 520 cm™.
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Fig 3 Schematic of PVOH / PMMA laminate cast onto a quartz slide
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Fig 4 Raman microscopic spectra of the laminate shown in figure 3 as a
function of depth into the material. Bands at 813 cm™ and
610 cm™ arise as the laser focusing depth increased. (Reproduced
by permission from Appl. Spectroscopy 50 558 (1996))
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Fig 5 Plot of Raman counts as a function of depth for a PMMA / PVOH
laminate as shown schematically in Fig 3. The data are taken from Fig 4.
The physically measured interface between the two polymers is at 9.5 +
0.5 um below the surface. (Reproduced by permission from Appl.
Spectroscopy 50 558 (1996))
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Fig 6 Variation of band width of the v(C=0) band of PMMA as a
function of depth into a PVOH / PMMA laminate (Reproduced by
permission from Appl. Spectroscopy 50 558 (1996))
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microns and a CCD area of 4 x 576 pixels was used. The long axis, 576 pixels,
defines the spectral dimension and the short axis describes the height of the image.
This arrangement of CCD camera and the spectrometer slit mechanism acts as a pin-
hole for the blocking of out-of-focus signals which arise from above and below the
sample plane. The depth of resolution of the confocal arrangement achieved this way
was checked by using a silicon sample as a reference material. In this experiment
(Figure 2) the focus of the laser was step-wise (1 micron) scanned away from the
silicon surface and the signal intensity of the vibrational band at 520 cm™ was
recorded. As Figure 2 shows, the confocal profile had a full half width of between 1.5
and 2 cm™ and it is clear that about 90% of the scattered light is contributed from
about 2.5 microns below and above the plane of focus. This allows the exploration of

interfacial phenomena in optically transparent media, as described below.

CONFOCAL RAMAN MICROSCOPY
VIBRATIONAL SPECTROSCOPY AT HIGH SPATIAL RESOLUTION

. SPATIAL RESOLUTION 1 - 2 um, XY +Z MAPPING AND IMAGING

. COMPLEMENTARITY WITH IR MICROSCOPY

. IN SITUDEPTH PROFILING MEASUREMENTS IN REAL TIME

. HIGH SENSITIVITY ON ~MONOLAYER SCALE (UN-ENHANCED)

. OPPORTUNITIES FOR ‘ENHANCEMENT’ VIA SERS, RRS, SERRS,
ETC.

3 RESULTS AND DISCUSSION
3.1 The Buried Interface

Investigations of phenomena which occur at the interface between two polymers
[figure 3] is of considerable practical importance in the context of interdiffusion,
interactions, and adhesions at such polymer interfaces. Whilst Raman methods cannot
probe the near interface (i.e. the first few nm either side of the physical barrier) it is
possible to detect, on a micron scale, the effects of interpenetration and molecular

interactions, especially those processes associated with the extrusion, casting or
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annealing processes[20] which are necessary to produce functional laminate
structures. We have shown[20] that, for example, the interactions and interdiffusion
of PVOH and PMMA can easily be detected (Figures 4-6). In Figure 4 we displayed
the Raman spectra obtained in confocal mode as a function of depth into a PVOH (4.5
um)/ PMMA(9.5 um) laminate. These demonstrate (see Figure 5) that the PMMA and
the PVOH have mixed, probably during the casting process (which involves annealing
at 70°C to remove the solvent) and that PMMA is detected at about 4 pm above the
supposed physical interface between the two polymers. There is, however, a 2 ym
displacement[20] of the confocal profile due to a refractive index change at the
polymer surface, but it is clear that strong, hydrogen bonding-interactions, as
measured by the width of the v(CO) band of the PMMA occur between the different
chemical groups on the two polymer chains (Figure 6). This demonstrates that
PMMA is dissolved in the PVOH matrix as much as 2 pm above the physical

interface.

More recently[21] we have compared the interfacial chemical structure of extruded
PET using both confocal microscopy (Z-direction) and using a laterally microtomed
section (in the X-Y mode). The material was a commercially available grade
Melinex®© 850 film, either 20 or 30 um in thickness. This film consisted of a co-
extruded laminate, with a thin amorphous copolyester on a thicker semi-crystalline base.
The films were biaxially drawn, thermally annealed and cut into the desired shape.
Two samples were prepared for each film, one with the amorphous side up and the
other with the semi-crystalline side up. For the sideways on-depth profile, the clean
edge was cut using a scalpel and the film was supported on a small piece of plasticine
so that the clean edge was facing the Raman microscopy. A nominal spatial
resolution of 1 um was used both for the confocal mode and for the X-Y mapping of
the sideways on section. The results are shown in Figures 7 and 8. Since the two
components of the laminate are expected to have different crystallinities a method is
needed to distinguish such differences using Raman spectroscopy. In Figure 7 we
demonstrate that the PET carbonyl band at ~ 1720 cm™ has a width which depends on
the percentage of amorphous material in a semi crystalline PET (Figure 7A), Figure

7B shows the change of width measured across the interface for a real 20 micron
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Figure 7 (A) The v(C=0) of 100 % amorphous (a), 25 % (b) and 50
% (c) crystalline PET.
(B) The changes in width of the carbonyl band at the
interface of a 20 um Melinex® 850 laminate, measured
using confocal Raman microscopy.
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Figure 8 (A) The v(C=0) band width as a function of depth (in
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Melinex® 850 laminate. In Figure 8 we show the change of Raman v(CO) band half
width as a function of depth into a 30 pm Melinex®© 850 film and the associated
physical structure. In Figure 8B we compare the confocal depth profile with the
lateral (X-Y profile) along the edge of a 20 micron Melinex® 850 film. Although the
profile is somewhat ’sharper’ in ‘lateral’ than in ‘confocal” mode the data are semi-
quantitatively the same. We conclude that the interfacial region with its corresponding
crystallinity gradient[26] (probably caused by trans-esterfication occurring as the two
molten polymers come into contact with each other) may be studied using confocal

microscopy.

3.2 Diffusion/redistribution processes

Other applications of the use of a confocal Raman microscope to study polymeric
materials of commercial interest include the study of the distribution and/or
redistribution processes as a function of depth into a transparent matrix. For example,
Figure 9 shows the redistribution from the surface, of a silane adhesive primer
(Y9669) in a PVC film as a function of annealing time (70°C)[27]. These
measurements were made by focusing to successive depths (with a 1 micron precision,
at room temperature) following the annealing process and integrating the ring
breathing band at 1602 cm™ (Figure 9B). As may be observed, the diffusion of the
silane towards the polymer interface is significantly promoted (as expected) by
heating the polymer to near the glass transition temperature. In the industrial
situation, glass polymer laminates are formed at much higher temperatures ensuring
the high quality adhesion is achieved. These measurements demonstrate why heating
is required, especially for the unplasticised polymer. It should be noted that the data
in Figure 9C may be deconvoluted {27] from the confocal profile of the microscope
(Figure 2) to give an accurate picture of the widening silane distributions as a function

of heating.

Finally, we have demonstrated{28] the ability to study the distribution and / or
redistribution of small molecules (in particular plasticiser additives) as a function of

ambient conditions in important commercial situations. Figure 10 shows an example
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of mapping (X-Y) and depth profiling (Z) the concentration of a biocide Fluorfolpet in
a cast film of PVC. The statistical data (Figure 10C) show clearly that the distribution
of biocide is homogeneous on a macroscopic scale, but heterogeneous on a
microscopic (sub micron) scale. In order to monitor the possible leaching of biocide
the polymer matrix was soaked in water for several hours at 25°C. Figure 11 shows
that indeed significant leaching of a biocide occurs. However, there is no evidence of
accumulation near the polymer surface. These results have been confirmed using
FTIR measurements and dynamic leaching experiments using a rotating disc

apparatus.

4 CONCLUSION

It is clear that the Raman microscope is an important future tool in materials science.
The technique will contribute, along with others such as AFM / STM, SEM, FTIR
etc., in a complementary way to the detailed understanding of material properties and

processes. Instrument manufacturers can look forward to a healthy future.
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