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Abstract

Microspectroscopic imaging in the infrared (IR) spectral region allows for the examination of

spatially resolved chemical composition on the microscale. More than a decade ago, it was

demonstrated that diffraction limited spatial resolution can be achieved when an apertured, single

pixel IR microscope is coupled to the high brightness of a synchrotron light source. Nowadays,

many IR microscopes are equipped with multi-pixel Focal Plane Array (FPA) detectors, which

dramatically improve data acquisition times for imaging large areas. Recently, progress been made

toward efficiently coupling synchrotron IR beamlines to multi-pixel detectors, but they utilize

expensive and highly customized optical schemes. Here we demonstrate the development and

application of a simple optical configuration that can be implemented on most existing

synchrotron IR beamlines in order to achieve full-field IR imaging with diffraction-limited spatial

resolution. Specifically, the synchrotron radiation fan is extracted from the bending magnet and

split into four beams that are combined on the sample, allowing it to fill a large section of the

FPA. With this optical configuration, we are able to oversample an image by more than a factor of

two, even at the shortest wavelengths, making image restoration through deconvolution algorithms

possible. High chemical sensitivity, rapid acquisition times, and superior signal-to-noise

characteristics of the instrument are demonstrated. The unique characteristics of this setup enabled

the real time study of heterogeneous chemical dynamics with diffraction-limited spatial resolution

for the first time.
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1. Introduction

Vibrational spectroscopy is one of the most powerful techniques for chemical analysis due

to its excellent chemical sensitivity. Among vibrational methods, Fourier-Transform

Infrared (FTIR) spectroscopy in the mid infrared region has extensive applications across

many fields, including chemistry, biology, geology, materials, and environmental science,
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allowing direct compositional and quantitative information to be obtained without

introducing unintentional perturbations to the sample. Integration of FTIR with microscopic

imaging techniques provides a tool capable of visualizing the spatial distribution of the

sample constituents.1 FTIR microspectroscopy is of considerable interest for biochemical

analysis since staining of the samples is not required.2-3 In comparison with Raman

scattering based microscopy, FTIR microspectroscopy can often be more sensitive,

eliminating detrimental effects such as fluorescence, which can obscure Raman scattering,

and radiation damage due to prolonged exposures to high intensity lasers.

Conventional FTIR microspectroscopy (FTIRM) relies on a combination of a thermal

(globar) infrared (IR) source, a rapid-scan interferometer, a microscope featuring all-

reflective (Schwarzschild or Cassegrain-type) optics, and a single element photoconductive

mercury cadmium telluride (MCT) detector. Spectral images are obtained by raster-scanning

the sample through a beam that is confined by an aperture with desired dimensions. The

performance of such an instrument is determined by the photon flux of the globar source

through the aperture, effectively limiting the spatial resolution to 20-30 μm. Replacing the

thermal source with a synchrotron source has dramatically improved the efficiency of

FTIRM data collection when the spatial resolution reaches the diffraction limit.5 The

synchrotron light in the mid-IR spectral region of bending magnet radiation provides an

overall photon flux comparable to a thermal source. However, the synchrotron’s effective

source dimension and emission angles are very small, allowing the microscope’s apertures

to define a diffraction-limited sample area while retaining excellent photon throughput and a

high signal-to-noise ratio (SNR).6

About 20 years ago, the arrival of a 2-dimensional multi-pixel mid-infrared detector – often

referred to as a Focal Plane Array (FPA) – greatly enhanced the capabilities of FTIR

spectroscopic imaging.7 Originally developed for military and surveillance applications,

these photovoltaic (photodiode) detector arrays are now available in commercial FTIR

microscopes. In the early stages, slow FPA data acquisition and readout speed restricted

spectrometer operations exclusively to “step-scan” mode; with new developments, rapid-

scan measurements are now routinely performed.8 With simultaneous data collection from

all the detector pixels, acquisition times for large areas of the sample can be reduced

dramatically without compromising the spatial resolution and spectral quality. The current

state of this multi-pixel approach, which is frequently called FTIR imaging (FTIRI), has

recently been reviewed.4

The combination of a high-throughput multi-pixel detector with the bright synchrotron light

source is appealing. However until recently, little progress in this area has been made.

Several groups reported results on the feasibility of coupling an FPA to a synchrotron

source,9-10 but a thorough comparison of the spectral quality or spatial resolution was not

included. It has become apparent that, with standard IR beamline optics, only a small area of

the FPA can be homogeneously illuminated.10 Due to the extended source depth of the

dipole magnet radiation collected by the beamline front-end optics, only a portion of light

within the limited horizontal acceptance range matches the microscope optics. In another

approach, defocusing the synchrotron beam illuminates a significantly large FPA region, but

the high brightness advantage of the traditional synchrotron IR beamline is lost. As an

alternative, Carr et al. proposed a scheme to fill a significant portion of the detector without

defocusing by collecting four segments of the source arc that are collimated separately and

imaged together at the sample position.11 This idea was recently optimized and implemented

at the IRENI beamline (Synchrotron Radiation Center, Wisconsin), where customized

beamline optics were designed to deliver 12 individual source segments to the FPA

detector.12
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While IRENI is an elegant approach that allows for a very large horizontal extraction of

dipole synchrotron radiation, the design involves a complex system of optics and windows

that share the ultra-high vacuum environment of the synchrotron storage ring. Synchrotrons

operating at higher beam currents should be capable of competitive performance using less

horizontal extraction, in which case a simpler and less expensive design is feasible. In what

follows, we describe how a conventional mid-IR synchrotron beamline, U10 at the at the

National Synchrotron Light Source (NSLS) vacuum ultra violet infrared (VUV-IR) ring,

was easily modified to allow for the uniform filling of a significant portion of an FPA

detector. diffraction-limited imaging is demonstrated, as well as spatial oversampling that is

essential for image reconstruction by deconvolution. The optimized SNR and the data

acquisition rates attainable with this instrument are used to demonstrate real-time imaging of

chemical transformations on a micrometer scale.

2. Experimental

The U10 beamline extracts 85 mrad (horizontal) × 40 mrad (vertical) of radiation from a

bending magnet (Figure 1a). The VUV-IR ring (bending radius = 191 cm) meets or exceeds

the natural opening angle for frequencies down to 250 cm −1 for complete coverage of the

mid-IR spectral range (see the Supplemental Information for details). The radiation fan is

collected by a water cooled flat mirror followed by an ellipsoidal mirror that delivers the

beam through a wedged diamond window to an intermediate focus outside of the

synchrotron’s ultra-high vacuum environment.

In order to reconfigure the synchrotron source into an optimal format for the FPA, the

approach was to optimize the collimation of individual source segments without sacrificing

the intrinsic source brightness and then utilize diffraction-blurring at the sample plane to

achieve reasonably homogeneous illumination. For beamline U10, the source was divided

into four segments as explained further in the Supplemental Information. Source segments

were collimated individually using four staggered 63.5 cm focal length spherical mirrors

placed in a beam matching optics box, as shown in Figure 1b. The separation between the

spherical mirrors (~ 4 cm) was chosen to cover the entire length of the source arc (85 mrad

horizontal extraction corresponds to ~18 cm length). Each of the four nearly collimated

beams are reflected from individual plane elements of a 2×2 segmented mirror and then

transported to a Bruker Vertex 80 spectrometer, interfaced with a Bruker Hyperion 3000

microscope. The combination of spherical and segmented mirrors provides full and

independent steering of each beam.

We selected a 15× Spectra-Tech Reflachromat™ with an adjustable back conjugate focal

distance for use as a condenser to illuminate the sample. Its numerical aperture (NA) of 0.58

is a close match to that of the 74× Ealing objective (0.65 NA) used to project the image on

the FPA. The microscope was equipped with a photovoltaic mercury-cadmium-telluride

(MCT) 128×128 Santa Barbara Focal Plane array detector with a 40 μm pixel spacing. With

this optical configuration, an area of 36×36 pixels was illuminated, corresponding to 20×20

μm on the sample (Figure 1c-d). It should be noted that illuminating larger areas of the array

might not bring an immediate advantage; for the detector readout electronics used in Bruker

FPA equipped microscopes, restricting the size of the active area to 32 pixels vertically

allows the detector readout rates to be increased two-fold compared to a 64 pixel-tall area. In

order to achieve a larger field of view and a lower pixel resolution (1.1 Nm), a lower

magnification objective (e.g. 36×) can be used.

Imaging measurements with a globar source were performed with the same Bruker

instrument, as well as with a Perkin Elmer Spectrum Spotlight microscope equipped with a

16-element quasi linear, photoconductive MCT detector array. In the latter case, the IR
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objective magnification yielded an effective pixel dimension of 6.25×6.25 μm. Two test

patterns were used to benchmark the optical performance and spatial resolution of the

instrument, i.e., Ealing’s “Silver Points” pattern consisting of 0.5-5 μm pinholes in Cr thin

film on glass, and Edmund Optics United States Air Force (USAF) resolution test pattern

with 228 line pairs per mm as the smallest line features. For each frame, 32 scans were

collected. Cryosectioned mouse spinal cord tissue samples were also used to demonstrate the

diffraction-limited spatial resolution. Mouse experiments were approved by the University

of Florida Institutional Animal Care and Use Committee and specimens were prepared via a

standard procedure described in the Supplemental Information.

The excellent SNR made available with the high-brightness synchrotron source allowed for

short scan times and thus the opportunity for imaging chemical processes in real-time. To

demonstrate this, we investigated the real-time photo-oxidation of small polystyrene beads.

Polymer spheres (Polysciences, Inc. Fluoresbrite® Yellow Green Microspheres, 5 μm

diameter) were dispersed on a CaF2 slide and illuminated using unfiltered light from X-Cite

Fluorescence Light Source (Lumen Dynamics) for a period of 14 hours and images were

collected every 30 min (128 scans/90 sec per frame, 8 cm −1 resolution).

3. Results and Discussion

FTIR spectroscopic imaging with a synchrotron source is typically performed in the raster-

scan mode with an aperture that constrains the illuminated region. Due to the flux limitations

and the desired spectral range, including the fingerprint region, measurements are seldom

performed with apertures smaller than 3-4 μm. With a confocal arrangement, i.e. confining

both illumination and collection light paths, one can achieve a spatial resolution of λ/2.13 It

is therefore difficult to achieve truly diffraction-limited performance for the shortest

wavelengths in the mid-IR region (4000 cm −1 or 2.5 μm). With a 74× objective, each FPA

detector pixel samples a 0.54×0.54 μm area on the sample plane, allowing for at least double

oversampling of the diffraction-limited images across the mid-IR spectral range.

Oversampled images are amenable for computational recovery/enhancement of spatial

resolution using deconvolution methods; this mathematical reconstruction has found wide

usage in, for example, fluorescence and X-ray microscopy.14-15

In order for the deconvolution procedure to yield an accurate result, the determination of the

optical system’s point spread function (PSF) is essential. This PSF describes how the

ultimate signal intensity at the sample location is distributed in the image plane. We have

evaluated the PSF of the microscope objective by imaging a 2 μm pinhole (Cr/glass) (Figure

2a). The images shown in Figure 2b-c represent the integrated transmission intensities over

3200-3000 and 2350-2150 cm −1, respectively. Longer wavelengths were not accessible due

to the absorption cutoff of the glass substrate. These images can be compared to the

theoretically predicted images (Figure 2d-e), which show the convolution of a computer-

generated pinhole image and the PSF of the 74× objective calculated with ZEMAX™

optical design software for 3100 and 2250 cm −1. The pattern exhibiting significant intensity

outside the zero-order peak is due to the central obscuration of the Schwarzschild-type

optics. The nearly homogeneous intensity in the first-order ring (Figure 2b) indicates that the

synchrotron beams uniformly fill the condenser optics. The three-fold pattern in the Figure

2c is due to the “spider” mount of the small mirror of the Schwarzschild objective.

To determine the optical performance of the FPA-based instrument, FTIR images of the

1951 USAF test target were taken in a transmission geometry. Integrated intensities over

3200-3000 and 2350-2150 cm −1 are shown in Figure 2f and 2h. Notice that the smallest

features (2.2 μm lines spaced at 2.2 μm) are resolved even at the longer wavelengths

(dashed line in Figure 2h, bottom right corner). For the case of aperture-based FTIRM, the
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spatial resolution is estimated as 2λ/3 and λ/2 for single- and confocal aperture systems,

respectively (approx. 3.0 to 2.2 μm at 2200 cm −1).13 Therefore, the instrument’s optical

performance matches that of a confocal IR microscope.

With the PSF of the system evaluated, we performed image restoration using a spatial

deconvolution algorithm. Figures 2g and 2i show the results of the Lucy-Richardson-based

PSF deconvolution16-17 using the theoretical PSF. This iterative procedure, based on the

maximum-likelihood approach, accounts for Poisson-distributed noise, which appropriately

describes noise resulting from photon counting on the detector. One can see that, in the

deconvolved image integrated between 2350 and 2150 cm −1 (see inset in Figure 2i), the 2.2

μm spaced features are completely resolved, indicating that sub-diffraction spatial resolution

was attained. It should be emphasized that other deconvolution methods, e.g. those based on

Fourier Filtering, can be applied depending on the PSF precision and the noise levels.18

To demonstrate the chemical imaging capabilities of the instrument with the globar vs.

synchrotron IR source, we scanned a mouse spinal cord cross section using FTIRI (Figure

3). The major components of the spinal cord tissue, e.g. gray and white matter, can be

chemically differentiated based on their IR spectral signatures. Absorption in the C-H

stretching region is significantly higher in the lipid-rich white matter, which is attributed to

the CH2 and CH3 stretching vibrations predominantly arising from the lipid alkyl chains. In

grey matter, the lipid content is lower and the protein-rich neuronal cell bodies predominate

the spectra.19 Therefore, by taking a ratio of the integrated spectral intensities from the lipids

(C-H stretch regions) and protein (i.e. Amide I band), the two spinal cord regions can be

readily visualized. Anatomically, the gray matter extends into the white matter by means of

small tracts that are responsible for relaying signals to and from the brain. These tracts are

comprised of narrow neuronal axons, and the ability to study their structure and composition

can be greatly enhanced with sub-diffraction IR imaging. This is particularly important since

these axonal tracts are degraded in neurodegenerative diseases, such as Alzheimer’s disease

and amyotrophic lateral sclerosis.20

Figures 3a-d compare the visible microscope image of the stained spinal cord cross-section,

the FTIRI data acquired with the globar linear array microscope, and the synchrotron FPA

system. The ratio of the integrated absorption intensities for lipids (C-H stretch, 3000-2800

cm −1) and protein (Amide I band, 1710-1600 cm −1) are shown, demonstrating the spatial

variation that can only be detected with smaller FPA pixels. The gray matter tracts are

typically 10-15 μm in width, which corresponds to 2-3 pixels in the linear array; therefore,

the correct dimensions of the tract, the extent of its penetration into the white matter, and its

composition are not well distinguished with the linear array. In addition, the images are

displayed with the same intensity color scale, where the deeper blues and reds emphasize the

superior contrast of the synchrotron FPA system (Figure 3d). Enhanced chemical contrast

can also be observed in the spectra recorded across the track (Figures 3e-f). With the globar

source, very little variation in the spectra can be observed due to cross contamination of the

spectra from adjacent regions. In contrast, the spectral differences in the lipid/protein peak

ratios can easily be elucidated in the synchrotron FPA data.

The improved SNR attainable with the synchrotron FPA configuration also leads to

enhanced sensitivity, as illustrated in Figure 3g, where spectra from a single pixel are

compared between the FPA with both the globar and synchrotron sources and the linear

array with the globar source. For comparison purposes, we estimated the apparent SNR for

the spectra as a ratio of the Amide I peak absorption maximum at ~1655 cm −1 to the peak to

peak noise values in the baseline (2000-1900 cm −1). First, one can see an 11-fold

improvement when the synchrotron replaces the thermal source in the FPA instrument

(Figure 3g (i) vs. (iii)). When larger pixels are sampled, the value is anticipated to
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improve.21 Therefore, the comparison of the globar source with the FPA vs. linear array

detector (0.54 μm vs. 6.25 μm vs. pixel size) yields approximately a 6-fold improvement in

the apparent SNR (Figure 3g (i) vs. (iv)). To the best of our knowledge, this is the first time

a direct comparison between the two IR sources with the same instrument has been made.

One of the most attractive possibilities arising from the synchrotron FPA IR detector is the

full-frame time-lapsed chemical imaging of dynamic processes. Although the feasibility of

probing transient processes with single-pixel IR microspectroscopic measurements has been

demonstrated, continuous raster-scanning of large areas limits the temporal resolution due to

long acquisition times.22 Therefore, the temporal evolution of a spectrum at a single spot on

the sample is usually reported.23-25 To demonstrate the feasibility of this imaging mode, we

followed the photodegradation of 5 μm polystyrene (PS) beads under UV irradiation (Figure

4a), tracking the chemical changes related to the polymer chain decomposition over time.

Photodegradation is the main process of polymer weathering and accounts for the majority

of product failures; therefore, mechanistic studies are necessary for plastic lifetime

prediction and stabilizer optimization.26 Several photo-oxidation pathways have been

proposed for polystyrene, and there are a number of spectral features that can be detected

with FTIR spectroscopy. Here, photoinduced cleavage and oxidation of the polymer

backbone resulted in a decrease in the C-H absorption peaks as well as the appearance of a

broad band between 1650-1850 cm −1 due to a mixture of oxygenated products, including

monomeric and chain carboxylic acids and esters. Figures 4b and 4c show the FTIR images

of a cluster of PS beads at different irradiation times. Specifically, Figure 4b shows the

disappearance of the C-H stretch (3050-3000 cm −1) and Figure 4c shows the appearance of

the broad carbonyl band (1620-1815 cm −1) over the course of 14 hours. The spectra

averaged over a 3×3 pixel area (2.6 μm2) from one PS bead are shown in Figures 4d-e,

confirming the decrease in the aromatic and aliphatic C-H stretching bands and the

appearance of the oxygen containing products. The induction period, lasting for the first

100-150 min of the reaction, can be observed in the kinetic curves in Figure 4f, and the

steady state in the carbonyl concentration was reached after ca. 8 hours of irradiation, which

is consistent with previous findings.27-28 While the spectral data shown is a convolution of

the absorption features and scattering effects from the spherical beads,4 we integrated over

narrow spectral ranges to plot the images in Figures 4b and 4c and to calculate the kinetic

traces. It should be emphasized that, even though this photo-oxidation process occurred over

many hours, each full FPA frame was recorded in less than two minutes with a high SNR,

indicating that much faster chemical or biological transformations could also be probed. In

addition, while in the present case no spatial differences among the beads were observed, the

method has the potential to show heterogeneity in ensembles of particles or living cells on a

scale of a few microns.

4. Conclusions and Outlook

By optical matching of the synchrotron source to the FPA FTIR microscope using a simple

4-beam configuration for “slicing” the bending magnet radiation, we have achieved

diffraction-limited imaging across the mid-IR spectral region with exceptional SNR. While

the exact optical configuration is determined by factors including bending magnet radius,

horizontal and vertical extraction angles, and extraction optics, we have shown that our

approach can be implemented on most existing IR synchrotron beamlines without elaborate

or expensive optical schemes.

With this instrument configuration, image oversampling can be used with image restoration

algorithms for recovering spatial information lost due to diffraction. Chemical

transformations can be monitored in time and space with frame rates that are beyond the

capabilities of the single element detector instruments. In the future, widespread adoption of
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time-lapsed synchrotron/FPA IR imaging will require the development of environmental

chambers that are compatible with the stringent requirements of the sample and IR

microscope optics. In particular, high-magnification Schwarzschild objectives have short

working distances that are typically less than a few millimeters, and high numerical

apertures that necessitate wide opening angles. Ongoing developments of versatile chambers

for in vivo IR imaging of biological specimens will push the boundaries of this rapidly

developing technique.22, 24, 29-30 Beyond the biomedical field, studies of chemical

transformations, e.g. catalytic reactions,23, 31 in a spatially resolved manner will benefit

from full-field FTIR imaging provided that an in-situ reaction cell that allows for accurate

control of reaction conditions is designed. With these future developments, dynamic

synchrotron FTIR imaging will become an important tool in a variety of disciplines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic of the multibeam synchrotron IR imaging beamline. The bending magnet

radiation (85×40 mrad) is extracted and the source is re-imaged by means of the elliptical

M2 mirror. The diverging fan of light is split into four nearly collimated beamlets, which are

subsequently recombined at the sample position. (b) Light path in the optical matching box.

Only one beamlet is shown for clarity. Two folding mirrors provide additional control over

the beam alignment. (c) Illuminated area of the 128×128 pixel FPA detector and (d) the

enlarged FPA area of 36×36 pixels, equivalent to the sample area of 20×20 μm, showing

nearly uniform illumination.
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Figure 2.
Optical performance of the multibeam FTIR microscope. (a) Optical image of a 2 μm

pinhole and (b-c) transmission FTIR images of the pinhole integrated from (b) 3200-3000

cm −1 and (c) 2350-2150 cm −1. Scale bar is 5 μm; (d-e) Convolution of the 2 μm pinhole

with the PSF calculated for a 74× Schwarzschild reflecting objective for (d) 3100 cm −1 and

(e) 2250 cm −1. (f) Transmission FTIR images of the 1951 USAF resolution test target

showing Group 7 elements (line width/separation is 3.9 μm at top to 2.2 μm at bottom)

intensity integrated over 3200-3000 cm −1. Scale bar is 20 μm; (g) Image in (f) after Lucy-

Richardson deconvolution using the PSF shown in (d). (h) and (i) are the same as in (f) and

(g) but with intensities integrated over 2350-2150 cm −1. Inset in (i) shows the line profile

through the smallest set of features on the pattern (2.2 μm). Blue and red lines correspond to

the line profiles indicated by dashed line in (h) and (i), respectively.
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Figure 3.
FTIRI with the globar vs. multiple synchrotron beams. (a) Optical micrograph of the mouse

spinal cord cross-section stained with eosin Y. Scale bar is 100 μm. (b) FTIR images

showing the ratio of integrated absorbance for the C-H stretch (3000-2800 cm −1) spectral

regions acquired with the globar and linear array detector (6.25×6.25 μm size); (c) the same

dataset as in (b) interpolated onto a mesh with 0.54 μm spacing; (d) same area scanned

using synchrotron and FPA instrument (0.54 × 0.54 μm pixel size). Note that (b) - (d) are

plotted on the same color scale; (e) and (f) Spectra from the individual pixels across the gray

matter tract indicated by dashed line in (b) and (d). (g) Comparison of the single-pixel

spectra recorded from the spinal cord tissue sample using (i) globar/FPA/0.54 Nm pixel; (ii)
globar/FPA/1.11 Nm pixel; (iii) synchrotron/FPA/0.54 Nm pixel, and (iv) globar/6.25 Nm

pixel. The apparent SNR values and pixel size (in parentheses) are indicated for each

spectrum.
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Figure 4.
time-lapsed FTIRI of the photo-oxidation of polystyrene. (a) Optical microphotograph of a

cluster of four 5 μm polystyrene beads. FTIR images of the beads for different durations of

UV exposure showing (b) the decrease in the C-H stretching band (3050-3000 cm −1) and

(c) the appearance of the broad carbonyl band (1620-1815 cm −1). Note that the images in

(a) and (b) are plotted on the same color scale. FTIR spectra of (d) the C-H stretch region

and (e) the carbonyl/C-H bend regions from the UV-irradiated beads. The spectra were

averaged over an area of 3×3 pixels in the center of the top bead. (f) Kinetics of the chemical

transformations in the C-H stretching and carbonyl region, integrated over the shaded areas

in (d) and (e).
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