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Quantitative Mapping of Structured Polymeric Systems Using Singular Value
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The distribution of poly(acrylic acid) in a microporous polypropylene support membrane has been measured
quantitatively by scanning transmission X-ray microscopy (STXM). Singular value decomposition analysis

of X-ray microscopy images recorded at carefully selected photon energies was used to obtain quantitative
maps of the polypropylene membrane and the poly(acrylic acid) gel, the two components of this system. The
sample was studied fully hydrated in order to perform the quantitative mapping when the membrane is the
same as in its state of application. Optimum strategies of data acquisition for quantitative X-ray microscopy

analysis of radiation sensitive materials are discussed, along with a brief comparison of this technique to
alternative methods of mapping the chemical components of structured multicomponent polymeric systems.

1. Introduction The X-ray photoabsorption response of a multicomponent
gsample is a superposition of the response of each compound

at McMaster University. These membranes consist of a water Present in the column, weighted by its mass absorption
swollen polyelectrolyte gel locked by cross-linking within the ~ CO€fficient at the photon energy employed, as described by the
pores of a commercially available polyolefin microporous classical BegfLambert.optlcal absorption law. Because of the

membrane. The fixed charge in the membranes results in aWwell-known linear relationship between spectral response (ab-

Donnan exclusion of coiorlsAs a result, under pressure driven  SCrPtion or optical density) and concentration, the spatially
conditions, the membranes are capable of rejectingZahese resolved X-ray absorptlon signal can be used for quantitation.
membranes exhibit productivities which exceed currently avail- 10 Carry out quantitative analyses the NEXAFS spectra of the
able nanofiltration membranés. pure components are recorded and converted to an absolute mass
In terms of understanding the properties of these membranesdPSorption scale by normalizing to the atomic response outside
and further improving their performance it is critical to know ©f the fine structure at the core excitation threshiSlX-ray
the distribution of the polyelectrolyte gels within the mi- images of an heterogeneous sample of unknown local composi-
croporous host. However, this has proven to be difficult to tion and spatial d|st_r|but|ons are then _recorded ata nymber of
accomplish using optical microscopy, environmental scanning energies and chemical maps are derived by appropriate com-
electron microscopy (ESEM), transmission electron microscopy Parison to linear combinations of the mass absorption coef-
(TEM), or atomic force microscopy (AFM). In our hands these ficients of the constituents taken from the intensity calibrated
techniques have either failed to quantitatively distinguish the Standards.
polyproplylene substrate and the incorporated swollen poly- Different mathematical methods can be used to obtain
(acrylic acid) get or they have inadequate spatial resolution. component maps from sets of X-ray spectromicroscopy images.
In this work we demonstrate that soft X-ray spectromicroscopy, A particularly convenient one is called singular value decom-
combined with appropriate data analysis techniquesgoan- position (SVD)%17Zhang et al® applied SVD to obtain DNA
titatively analyze the composite polymer membrane structure, and protein distribution maps from images of sperm cells
in particular, determine the spatial distribution of the polyelec- recorded at a few photon energies, while Buckley and col-

A new class of nanofiltration membrane has been develope

trolyte gel relative to the membrane. laborators have applied it to both biological and polymer
Analytical soft X-ray microscopy has been developed and systems?® Complementary to SVD analysis, Osanna and Ja-
applied to a wide range of materiaig including polymer$-10 cobser® have applied a principle component analysis (PCA)

In this study, a scanning transmission X-ray microscope approach to X-ray microscopy. In this procedure the number
(STXM)811-13 was used. It provides images with better than of components (often called factors in PCA) and their spectral
100 nm spatial resolution at variable X-ray energy (:&260 response are not input parameters based on prior knowledge
eV) with a resolving power of more than 3000, corresponding about the sample, but rather are derived in the PCA analysis,
to an energy resolution of about 100 meV in the C 1s region. and thus are based solely by the statistical properties of the data
The basis for contrast in the images is near edge X-ray set. While PCA is very powerful, there can be considerable
absorption fine structure (NEXAFS} Here we have used only  ambiguity in the determination of the spectral components of
carbon 1s spectroscopy but for many polymers other core edgesthe actual chemical constituents from the derived spectral
particularly N 1s and O 1s, can also be used. factors, since any reorthogonalization of the statistically deter-
e p . — o mined spectral factors is an equally valid representation of the
Lo B B e omamaso 0212 I CaSeS such as the present system, where the chemical
" Present address: Osmonics Ltd., 5951 Clearwater Drive, Minnetonka, CONstituents are known, and accurate standard spectra are readily
MN 55343. measurable, a direct analysis is preferable. In a parallel effort,
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Hitchcock et aP! have demonstrated an alternate to SVD, one wheret is the thickness of the material,is the linear attenuation

which is also based on comparison to standards but which use<oefficient at energy, lo is the intensity of the initial beam,

a pixel-by-pixel linear regression analysis of image sequefices. andl is the intensity of the beam transmitted through the sample.

Each of these mathematical techniques has advantages andabulations of X-ray absorption data usually give the energy-

disadvantages. This work presents systematically how we usedependent mass absorption coefficig(E), where

SVD for soft X-ray image analysis, and illustrates its advantages

in studies of highly radiation sensitive samples. a(E) = u(E)p (2)
Recording sequences of images with fine energy spéting

can be very useful for quantitatiéh2! Indeed, use of a large

set of images should improve the quality of the quantitation

and has many advantages if the material is poorly characterize

as it maximizes the chances to discover previously unknown OD(E) = In(I /1) 3)

components. However, even though it is several orders of

magnitude less severe than in techniques using electron B&ams,  The optical density iinearly related to the sample properties

radiation damage can be a major issue in soft X-ray microscopy, by

particularly in zone plate techniques such as STXM where the

beam is focused and the flux density is very high. In case of OD(E) = u(E)pt (4)

easily damaged materials such as polypropylene and poly(acrylic ) . .

acid), reduction of the X-ray dose to the minimum needed for Whereu(E) is the mass absorption coefficient at X-ray energy

a meaningful analysis is essential. The impact of radiation E: ¢ i the density, andis the path through the sample or the

damage can be minimized by choosing optimal parameters forS@mple thickness. If the energy-dependent mass absorption

data acquisition (fast imaging), and by recording the minimum Coe€fficient is in cn¥/g and density is in g/cn¥, one obtains

number of images which provide a meaningful quantitative the relative path through each of the components in cm.

analysis. For quantitation of arcomponent system, at least The OD of a sample containirjgoninteracting components

images are needed. This is exactly the regime where SVD, for IS then given by

which only a small number of images are needed, has _

advantages relative to other approaches. An additional advantage ODE) = u(B)yosty + u(E)ppo p + .. +u(B)p § - (5)

o the SVD approach is that, by reducing the number of Ir’nages’wheretj is the “relative path” through each of the constituent
with mass absorption coefficient; and densityp;. (Note

one can record larger images and so gain a much larger
“relative path” is used to encompass cases where the components

perspective of the sample, while using the same acquisition time.
The data presented in this paper is a good example where Iargeare not in pure phases, but rather are mixed such that a column
f the material has two or more components through its

image sizes are needed since spatial mapping acreS®am
wide membrane was essential to properly address the analytica hickness.) If one knows the energy-dependent mass absorption
coefficientsy; and one measures the OD for different energies

question. This study was carried out to demonstrate quantitation
" E, one can use linear algebra to convert the images into

via SVD in the case of a highly radiation sensitive system
namely a polypropylene water filtration membrane asymmetri- component mapgt(x,y), by solving the above equation system
for every pixel k,y) of the image set. After correction for

cally loaded with a poly(acrylic acid) gel. A practical goal was
to determine the minimum number of images needed to obtain density, the vertical scale of the derived component maps is
the “relative path” of each component that is required to

reliable quantitation. This information allows us to acquire only
the data we need without significant damage which could affect reproduce the total optical density OD at each pixel in the region
sampled.

the results, particularly in subsequent studies which will map
ngr;ieéazlalcsig)f t;:l interface between the membrane and the poly- The conversion from measured OD to component thickness
The membranes studied in this work were prepared by can be expressed as a matrix equation:
photopolymerizing acrylic acid within the pores of a mi- Mx =d (6)
croporous poly(propylene) hostinder the conditions used the
incident light intensity was attenuated through the thickness of wherex is a vector describing the unknown distribution of each
the membrane in a manner that was thought could lead to ancomponent 4t), d are the measured images, converted to OD
asymmetric distribution of poly(acrylic acid) across the mem- scale, andM is the matrix of the energy-dependent mass
brane. The goal of the X-ray microscopy study was to map the absorption coefficients(E) for each component obtained from
distribution of poly(acrylic acid) in the pores across the full reference spectra. Equation 6 is a seldinear equations ifN
width of the polypropylene membrane. This has been done with unknown variables. Theoretically, if one uses as many equations
samples in both the dry state, after embedding in epoxy, as well (images at different energies) as there are unknowns (chemical
as in the fully hydrated form which corresponds to the actual components), then it should be possible to solve the equation
state in practical applications. The results of the latter study System to obtain a unique solution (this assumes the problem
are presented here. A more detailed presentation of the analyticals well-conditioned). In the ideal case, having exact coefficients
results from X-ray spectromicroscopy and other techniques for from accurate reference spectra of tNecomponents an&
a series of these membranes will be presented elsewhere.  noise-free images, it does not matter how many images
(equations) we consider for solving the equation system, since
2. Singular Value Decomposition Methodology the number of linear independent equations will effectively be
reduced to N and there will be one unique solution. However,
“real” experimental data is a different situation since it always
contains noise, often with indeterminate levels of systematic
——— noise. Here X images at different energies, whexXeis more
I =lge 1) than N, result in an overdetermined equation system, which

andp is the density of the material.
For quantitative image analysis, the transmitted signal is
dconverted to an optical density (OD) according to

When an X-ray beam with ener@ypasses through a material,
the intensityl is exponentially attenuated, according to
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means that there are more equations than unknowns. There isn the input matrixM are not appropriate for the problem at

in general no exact solution vector for over-determined equation hand (for example, due to chemical difference between reference
systems. The optimum one can achieve is a “close” vector thatand sample) then erroneous chemical maps may result.
satisfies in some sense all equations simultaneously. This

closeness can be defined in a least-squares sense and may & Experimental Section

calculated by minimizing the residual erfdrThe advantage

of the singular value decomposition (SVD) procedure is that,
once the absorption coefficients for a set of materials and
energies are known, one can calculate a priori the matrixas) (
which will optimally invert an overdetermined sampling of
energies into the best possible component maps. Speciffcelly
one solves fox by

Sample Synthesis and PreparationThe porous substrate
used in this study was a poly(proplylene) [PP] microfiltration
membrane (3M Company) produced by a thermally induced
phase separation proce8S he PP substrate had a bubble point
diameter of 0.57um with a porosity of 84.5% and average
thickness of 72um. The porous membrane was loaded with
lightly cross-linked poly(acrylic acid) in a manner similar to
that described in Winnik et af..

A cross section of the wet membrane was frozen 520°C
and cryomicrotomed, to approximately 300 nm thickness. While
frozen, the microtomed section was laid flat on a (250 x
250um SEN4 window and a second i, window was placed
on top, in registry. The sample was warmed to room temperature
¢ to create the wet sample, which was analyzed at room
temperature. The C 1s images were recorded with beam line
7.0 STXM at the Advanced Light Source (AL®)! The
transmitted X-ray photon flux was measured on single photon
counting basis using a scintillation converter and a high-
performance photomultiplier tube (Hamamatsu 647P). To avoid

ny absorption by the air, the microscope chamber is completely
illed with helium at atmosphere pressure after the sample is
installed. Typical count rates werex210” photons/s transmitted

Although the details of the near edge X-ray absorption fine ) . . ;
: : PR through the helium at 300 eV, with the ALS storage ring running
structure provide the basis for distinguishing the components, £1.9 eV, 400 mA. Counting periods (dwell times) of 0.2 ms

the reference spectra must be placed on an absolute masger ixel were used for analvtical imaqina. Currently the best
absorption scale in order to achieve quantitative analysis. ThePEr PIxel were u alytical imaging. t-u y .
mass absorption coefficients are derived from measurement §p§\tlal resolution O.f the MICTOSCOPE IS about 100 nm, mainly
of the NEXAFS spectra of the pure components. In some cases'm!teoI by me.Chan'.CaI \_/|b_rat|on, rath_er than the zone plate,
(as in this work), reference spectra can be recorded from regionsWhICh has a dlffr_actl_on-llmlted resolution of about 50 nm. The_
of the sample known to be pure in one of the components. entrance and eXIt.S|ItS of the monochromator were set to obt.aln
Practically, spectra are obtained by first recording an energy ?Elzréeigé(r)g%c))lutlon of about 100 meV in the carbon 1s region
scanl from the spot of interest and subsequently the incident : .

flux I, measured with the same detector and optical path but Imageg were recorded at selected energies through the ce}r_bon
with the sample out of the beam. The spectra are converted toedge region. Images at a photon energy particularly sen5|t|ve
OD by using eq 3 and subsequently converted to a mass© radiation dama_lge (289 eV) were fec_ofo_‘ed _after ea_ch Image
absorption scale by matching the signal in the preedge ang Seguence to monitor damage. Postacquisition image alightnent

postedge regions to the sum of tabulated atomic mass absorptio?fv as used to correct for drift of the f'.e I.d of view associated W.'th
coefficientds for the elemental composition of the pure com- lateral run-out of the zone plate as it is moved along the optical

onent (GHs for polypropylene and O, for poly(acrylic axis 1o mainain focus. . - .
gcid)) (GHs Polypropy $laO: poly(acryli The reference mass absorption coefficient signal for the
The result of applying SVD to a sequence of X-ray mages is polyacryli(_: gel was derived from regions of a separately
a set of component maps, each of which is a plot of the density recorded IMage sequence as well as from the set of images
thickness product (density-weighted “relative path”) for a given recorded for this SVD analysis. As we show below, the latter

component. Accordingly, after correction for density, these maps is pr.efe.rredI for quantitative analysis of the'[poly(ac.rylic agid)
provide component distributions in the thin section, within the gel distribution. The reference mass absorption coefficient signal

uncertainties of the data and the method. for polypropylene was obtained from a spectrum of pure
For most samples-100 nm g cm2 is an optimal thickness pplypropylene recorded at the NSLS ST)@ﬁ/IThg |n.C|de.nt qux.
for C 1s STXM imaging since this gives maximum optical S|gnal used 'to convert the measured transmission intensity to
densities of +2 OD units. Too thin or too thick samples give OP“CE!' den_S|ty was recorc_jed through the water layer "?‘“d the
noisy or saturated spectra, which make it difficult or impossible two SgN4 windows in a region of the wet cell structure adjacent
to perform a quantitative analysis. The uncertainties in the results© the membrane. Thu§ we do not nged to explicitly account
of this quantitative analysis are determined by a number of for water or the SN4 window absorption in the quantitative
factors. In addition to the statistical limits of the images and analysis.
reference spectra, there are systematic errors associated withz'1 Results
the accuracy of the calculated mass absorption coefficiénts;
knowledge of the density of a component in the sample Figure la is a STXM image at 300 eV of a microtomed
environment; absorption saturation distortion; contributions from section of the wet polypropylene membrane section sandwiched
the halo of the incident bea?fiand the influence of higher order  between two SN4 windows. Images similar to this were
spectral contamination. Since the SVD mathematical procedurerecorded at 11 different energies (from 287.6 to 289 eV in 0.2
works in all cases, if the reference spectral information contained eV steps and from 289 to 295 eV in 1.5 eV steps) from the

Mx =(USVHx=d andthus x=Vu 'U'd (7)

whereU andV, are orthogonal matrixe§is the diagonal array
of singular values, and superscript T signifies a matrix transpose
operation. It can be shown that the SVD solution is the least-
squares solutiotf:17

SVD efficiently solves an overdetermined linear set o
equations. The quality of this solution, especially when dealing
with experimental data which has noise and systematic errors,
would typically be expected to improve as one increases the
number of images at different energies used in solving the
system. One challenge of developing robust SVD-based image
sequence analysis procedures is thus to be sensitive to th
tradeoff inherent in the above.
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Figure 1. (a) Transmission mode STXM image at 300 eV of a thin
section (~300 nm) of a polypropylene membrane loaded with poly-
(acrylic acid) gel and sandwiched wet between twgN$windows. . . . :
The polypropylene membrane is the very dark structure while the acrylic 286 288 290 202 294 206
acid gel is the lighter gray signal which is nonuniform across the

membrane. (b) Images at 287.6 and 288.6 eV of the sub-region indicated

in (a). Note the changes in contrast due to the different absorption Figure 2. (a) NEXAFS spectra of poly(acrylic acid) gel and polypro-
properties of the two polymers at the different photon energies. The pylene obtained from a fine mesh image sequence (each point is
poly(acrylic acid) signal used to obtain the reference mass absorption extracted from an image) compared to the spectrum of polypropylene,
coefficients was obtained from the area marked by the white dot. All recorded on the pure material. The spectra are plotted on quantitative
three gray scale images are transmitted light signal. mass absorption scales. The dashed line is the calculated elemental
absorption of the pure materidfswhich was used to convert each

sub-region indicated. Two of these images (recorded at 287.6spectrum to absolute mass absorption units. (b) Comparison of the poly-
and 288.6 eV) are plotted in Figure 1b to illustrate the large (acrylic acid) spectrum |n_F|gure 2a (solid dots) to the_ spectrum obtained
change in contrast due to the different absorption properties of oM only 11 images (triangles). Accumulated radiation damage has

- reduced the intensity of the carbonyl resonance in the finely sampled
the two polymers at these two photon energies.

. ) o o spectrum.
The spectroscopic basis for distinguishing the polymer

components is presented in Figure 2a, which plots the C 1S ne acrylic acid was damaged over the period prior to acquiring
NEXAFS spectra of polypropylene and poly(acrylic acid) gel the carbonyl signal. The distortion of the spectral feature due
in mass absorption units. The figure also plots the calculated  the accumulated damage raises questions about the suitability
elemental absorption curvésvhich were used to convert both ¢ the f1ly sampled spectra as reference spectra for quantitation.
spectra to mass absorption units. (Note that the edge pos't'onsl'herefore, the “spectrum” of poly(acrylic acid) extracted from

o{/thehglimental absorption ckl)Jlrveslhavk()a begn aijﬁsﬁcé;&lzzgsothe 11 images was the basis for the reference mass absorption
eV, which 1S a more reasonable value based on the coefficients used for the quantitative analysis.

spectroscopy than the 285 eV position tabulated in the Henke ™~ ) )
database). The polypropylene spectrum is dominated by a strong Figureé 3 compares polypropylene and poly(acrylic acid)
broad transition at 287.9 eV which is attributed to C-&* ¢ 1 component maps derived by applying SVD to two different sets
transitions. The broad peak at 292 eV is associated aigh c of images. The results on the right are derived from all 11
resonances. The C 1s spectrum of the acrylic acid gel is images while those on the left were derived using only 2 images,
dominated by the C tsz*c—o transition at 288.5 eV. There  those at 287.6 and 288.6 eV (Figure 1b), selected for strong
are also signals at288 eV (shoulder), 292 eV and305 eV, chemical contrast. Each map represents the spatial distribution
corresponding t@* c—n, 0*c—c, ando* c—o resonances. of a component with the vertical intensity scale giving the
The poly(acrylic acid) spectrum plotted in Figure 2a was ‘Télative path” in nm cri g*. The derived component maps
obtained from an image sequence, which was recorded with aare similar for both procedures although the two-image com-
fine energy spacing (the signal at each data point was extracted?onent maps show lower contrast and contain a somewhat larger
from an image). Figure 2b compares the acrylic acid NEXAFS number of physically meaningless negative values. Quantita-
spectrum with the signals obtained from the 11 images analyzedtively, the polypropylene map from two-images has 18%
by SVD in this paper. It is clear from the difference in the negative pixels, while that from 11-images has 14% negative
intensity at the 288.5 eW* c—o signal that, when the reference pixels. The two-image and 11-image poly(acrylic acid) maps
spectrum was recorded using the fine spacing image sequencehoth have 8% negative pixels. Relative to the noise in the

Photon Energy [eV]
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a) 2 Images b) 11 Images

PAA PAA

500

10 pm
Figure 3. Polypropylene(PP) and poly(acrylic acid) (PAA) component maps derived by applying SVD to (a) only two images (at 287.6 and 288.6
eV) and (b) all 11 images. The vertical scales are relative path (thicknetmnsity). The bars below the PAA map in Figure 3b are the regions

for which the averaged poly(acrylic acid) gel thickness across the membrane are plotted in Figure 5.
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Figure 4. The poly(acrylic acid) component map derived from SVD
of 11-images, 15-point-smoothed, and presented as a three-dimensionatig e 5. Profiles of the poly(acrylic acid) gel determined from a single
plot. This clearly shows the pronounced gradient across the membraneyeriical line (points), average overzn (dashed line), and averaged
In contrast, Fhe distribution of poly(acryllc aqld) in |nd|\{|dual pores at  ,yer the full 26um width sampled (dashed line). See bar in Figure 3b
a given position across the gradient is relatively a uniform. for location of the profiles. The thick solid line is a single-exponential
fit to the average over the full width. The decay constant-&07
—1
original images, both the two- and 11-image derived componentﬂm '
maps have much lower noise, a common result of this type of | order to use these measurements to help optimize synthetic
analysis. routes to controlling the asymmetric loading of the membrane,
Both SVD analyses presented in Figure 3 clearly show the it is useful toquantitatively characterize the distribution of the
poly(acrylic acid) is distributed asymmetrically across this gel across the membrane. Given the photochemical generation
membrane. In contrast the polypropylene distribution is rela- of the asymmetric loading, it is appropriate to model this
tively uniform, aside from the bottom region of the imaged area distribution with a combination of an exponential fit (to match
where the polypropylene pores have been enlarged presumablyo the optical absorption process involved) and a constant (to
due to the swelling of the cross-linked poly(acrylic acid) gel. account for any thermal or other poylmerization mechanism).
To further evaluate the two-dimensional spatial distribution of The result of this analysis applied to the gel component map
the gel in the polypropylene membrane and to measure thederived from the 11-image SVD is presented as Figure 5. In
gradient quantitatively, the 11-image component map of poly- order to reduce the sensitivity to the random distribution of the
(acrylic acid) was smoothed (15 points) and is presented in polypropylene pores, the analysis is performed on an average
Figure 4 as a three-dimensional plot. This presentation clearly across the full width sampled, although profiles for a single
shows the pronounced gradient across this membrane. Inspectiotine and a 2«m width are also plotted (the regions sampled are
of the poly(acrylic acid) distribution within single pores indicates indicated in Figure 3). The constant term is essentially zero while
that it is relatively uniform, at least at the spatial sampling used the exponential fall off has a constant of 0,0m.
in this work (200 nm). The asymmetric loading of the gel in In the case of damageable materials, the optimum strategy is
the membrane occurs on a spatial scale considerably coarser balance between a larger number of energies, which allow
than the average pore size. better separation of similar components, and a strict limit on
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the number of images to minimize dama@@mparison of the tron spectroscopy (XPS) or AFM, which are only able to sample
two-energy and 11-energy SVD derived component maps showsthe outermost surface of a sample. Given the extremely
that, if the energies for images are selected carefully, then it is heterogeneous porous nature of these membranes, this is a
possible to obtain quite reasonable results even with the absolutecritical advantage. Finally, and perhaps most important, the
minimum number of images. This means that, at least in this quantitative chemical analysis is based on the intrinsic spec-
system, it is possible to use an acquisition strategy which truly troscopic properties of the constituents of the sample, and does
minimizes radiation damage. It can be seen that if the spectralnot require any fluorescence or heavy atom labeling to achieve
signatures of both components are sufficiently different, a differentiation. The latter approaches, while certainly very
number of images that is the same or just a bit larger than the powerful, raise questions about potential sample modification

number of components is sufficient for good results. from the labeling chemistry.
We have also examined these membranes using other
5. Discussion techniques. In ESEM studies it was found that the poly(acrylic

acid) gels collapsed against the poly(propylene) host and as a

The accuracy of the result is dependent on the accuracy of aqt it was not possible to distinguish the polypropylene from
the spectral signatures of the individual components. In general, o poly(acrylic acid). This collapse occurred even in the

it will also strongly depend on the degree to which the reference presence of water vapor in the sample chamber. To probe the
spectra correspond to the material actually studied, although yistribution of poly(acrylic acid) through the thickness of a
the partial use of internal standards in this case minimizes thatmembrane, energy-dispersive X-ray analysis (EDX) was applied
source of uncertainty. The meaningfulness of the SVD approachiy microtomed cross-sections of membranes in which the
should not be overestima_ted, nor should the technique be app"eqncorporated acid was in the form of heavy atom salts. This
blindly. It has to be applied carefully and used only to extend 555r0ach was able to give an indication of distribution but not

in a quantitative sense, results which can be ascertainedit the type of detail which is available with this present
qualitatively from the energy dependence of the images. (gchnique. It should be noted that these membranes are damaged

Generally, the best results are achieved when NEXAFS spectraby the high energy electron beams used for ESEM and EDX
are extracted from the same image sequence (internal Standar%speeially at high magnification. The samples must be gold

method). If this is not po.ssibl'e. because regipr!s of pure material .qated for high resolution images, and presumably the gold
could not be found or identified as such, it is recommended ¢qating could modify the membranes. Confocal microscopy and
that the spectra are obtained at least with the same instrumentygp results have not yet been obtained to our satisfaction, and
from carefully chosen pure materials since the final quantitative oyen with optimal results, we expect to have concerns with
results strongly depend on the degree to which the referenceyqg it from both of these techniques. The spatial resolution of
spectra correspond to the material actually studied. confocal microscopy is lower than STXM and the chemical
The results presented for this single membrane illustrate a components would not be distinguished without fluorescence
number of important advantages of the STXM technique for |apeling. Even with fluorescence labeling of the poly(acrylic
quantitative chemical mapping relative to other approaches. acid) the water filled gaps and the polypropylene might both
First, it is important to be able to study the material in the wet pe transparent, resulting in ambiguity of the orientation of the
state since it is the distribution of the poly(acrylic acid) gelin  poly(acrylic acid) relative to the membrane support. AFM would
the wet state which is critical to filtration membrane performance only give surface not cross-sectional imaging and is difficult to
in actual applications. There is good reason to suspect thisapply to the rough surface of these porous membranes.
distribution may differ between initially prepared, dried, and _ In this paper we have emphasized the technique and the SVD
rehydrated gel-loaded membranes. Electron beam based Miyethodology. In a subsequent publication we will compare the
croscopies, while providing potentially superior spatial resolu- ge| gistribution to models of the photochemical method for
tion, cannot carry out studies in the presence of liquid water. generating the asymmetry and discuss the role of these results
In addition, the ability to study the wet sample meant that j, the optimization of membrane performance. Finally we note
intrusive sample preparation such as epoxy filling of the pores {nat new information will be accessible when measurements are
prior to microtomy could be avoided. In many cases epoxy made at the limits of existing spatial resolution of STXMF0

impregnation radically falte.r.s soft, 'readily deformable materials nm) or, even better, with the improved STXM spatial resolution
such as membranes. Significant differences were found betweenynich will result from improved focusing optics (zone plates

this result for the wet membrane and that for the corresponding providing 25 nm performance have been demonstrated re-
sample in the dry, epoxy-filled state (not shown). These centiy?) it will be possible to map the detailed morphology of
differences are attributed in large measure to artifacts in the o poly(acrylic acid) gel within individual pores which will
preparation of the epoxy-filled sample. Second, the ability to hqyide useful information about the gehembrane and gel
monitor radiation damage through highly sensitive absorption ater interfaces. These capabilities will be a significant expan-
spectroscopy, not just mass loss effects, and to acquire data Withjo of the analytical information relative to the distribution
negligible sample damage is a critical advantage, since the ;¢oss the full membrane that has been illustrated here. They
quantitation is based on the strength of the 288.5 eV poly(acrylic coy|d provide extremely valuable information to guide further
acid) 7*c=o peak which changes most rapidly with damage. jmprovements in membrane performance. Clearly, analytical soft

Third, the tech'nique i§ able to .sample thg full width of th? X-ray microscopy is a very general technique applicable to
membrane at high spatial resolution in an efficient manner. This virtually all classes of materials.

is an advantage relative to scanning probe techniques which
have difficulties providing a large field of view. Fourth, the

component map of the gel is based on a balanced sampling
through the full thickness of the sample sectier®(3xm), and Singular value decomposition of sets of images recorded at
thus the derived gel distribution is representative of the full carefully selected photon energies was successfully applied to
membrane, not just the top or bottom portion. This is in contrast quantify the spatial distributions of poly(acrylic acid) in a

to highly surface sensitive techniques such as X-ray photoelec-polypropylene membrane. Optimum strategies of data acquisi-

6. Summary
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tion and analysis for damageable materials were discussed. The (10) Smith, A. P.; Ade, HAppl. Phys. Lett199669, 3833,
component maps reveal for the particular sample studied there  (11) Ade, H.; Smith, A. P.; Zhang, H.; Winn, B.; Kirz, J.; Rightor, E.

. . . . . . G.; Hitchcock, A. P.J. Electron Spectrosd 997, 84, 53.

i matic gradient in th I ryli i | acr h ’ ’ e

E;iOSySteth.aliC gl adie tl the po é(ac ylic acid) gel across the (12) Warwick, T.; Padmore, H.; Ade, H.; Hitchcock, A. P.; Rightor, E.
um thick polypropylene membrane. G.; Tonner, B. PJ. Electron Spectrosd.99784, 85.

(13) Warwick, T.; Franck, K.; Kortwight, J. B.; Meigs, G.; Moronne,
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