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Abstract

We report the first wide-field microscope for measuring two-dimensional infrared (2D IR)
spectroscopic images. We concurrently collect more than 16 000 2D IR spectra, made possible by
a new focal plane array detector and mid-IR pulse shaping, to generate hyperspectral images with
multiple frequency dimensions and diffraction-limited spatial resolution. Both frequency axes of
the spectra are collected in the time domain by scanning two pairs of femtosecond pulses using a
dual acousto-optic modulator pulse shaper. The technique is demonstrated by imaging a mixture of
metal carbonyl absorbed polystyrene beads. The differences in image formation between FTIR and
2D IR microscopy are also explored by imaging a patterned USAF test target. We find that our 2D
IR microscope has diffraction-limited spatial resolution and enhanced contrast compared to FTIR
microscopy because of the nonlinear scaling of the 2D IR signal to the absorptivity coefficient for
the vibrational modes. Images generated using off-diagonal peaks, created from vibrational
anharmonicities, improve the molecular discrimination and eliminate noise. Two-dimensional
wide-field IR microscopy provides information on vibrational lifetimes, molecular couplings,
transition dipole orientations, and many other quantities that can be used for creating image
contrast to help disentangle and interpret complex and heterogeneous samples. Such experiments
made possible could include the study of amyloid proteins in tissues, protein folding in
heterogeneous environments, and structural dynamics in devices employing mid-IR materials.
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Wide-field, Nonlinear
Infrared Imaging
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Imaging techniques that rely on the nonlinear interaction of light with matter have been
invaluable to the study of biology and materials science. Methods such as two-photon
absorption,! second-harmonic generation,? transient absorption,3-> and coherent anti-Stokes
Raman scatttering®’ (CARS) have all been instrumental in developing a more complete
understanding of complex systems. Additionally, there has been recent interest in combining
ultrafast spectroscopic techniques with microscopy to spatially map chemical dynamics.8
While all of these techniques are nonlinear in their light-matter interactions, they provide
essentially one-dimensional spectra. For example, CARS generates a Raman spectrum of
vibrational frequencies. In contrast, nonlinear spectroscopies, such as two-dimensional
infrared spectroscopy (2D IR) and two-dimensional visible spectroscopy,®-19 provide
multiple frequency axes that correlate optical transitions. Combining nonlinear microscopy
with multidimensional spectroscopy would enhance the information content of images and
provide new modes of contrast.

FTIR spectroscopy and imaging have long been utilized as simple, nondestructive, and label-
free modes of chemical contrast.11.12 2D IR spectroscopy, the multidimensional analog of
FTIR, is an ultrafast technique that has contributed to the study of protein folding!2 and
aggregation,14.15 liquid structure,16-19 and the dynamics of small molecules.29-22 2D IR
spectroscopy exhibits sensitivity to molecular structure and local environments by spreading
the vibrational spectrum across a pump and a probe frequency axis. Figure 1 shows a typical
single-pixel 2D IR spectrum of dimanganese decacarbonyl (Mn,(CQO)19, DMDC). A 2D
spectrum consists of a positive peak along the diagonal that arises from ground-state bleach
and stimulated emission of the v = 0 to v = 1 transition (red contours, labeled A in Figure
1a) and an anharmonically shifted negative peak that comes from excited-state absorption
from the v = 1 to v = 2 transition (blue contours, labeled B in Figure 1a). The line shapes in
a 2D spectrum report on the relative contributions of the homogeneous and inhomogeneous
line widths to the total line shape measured in a conventional linear spectrum. The change in
the 2D line shape as a function of time delay between the pump and the probe pulses yields
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information on the time scale of structural dynamics and solvation.23 Additionally, cross-
peaks located off of the diagonal (labeled C in Figure 1a) can reveal energy transfer,24
chemical exchange,2® or vibrational coupling, which can assist in the determination of
molecular structure and dynamics.28 With 2D wide-field IR microscopy we show below that
we can now measure the spatial dependence of these properties, which opens the door to
new ultrafast 2D IR experiments on complex, heterogeneous systems.

2D IR images can be generated using a standard spectrometer by carefully focusing all the
laser pulses and raster scanning across the sample. In this manner, Valim et al. generated
images using a mixed infrared/visible homodyne variant of 2D IR.27 Baiz et al. used a
commercial IR microscope and a pulse shaper to create images from a grid of 2D IR spectra
collected one after the other.28 These experiments serve as great examples of the new modes
of contrast multidimensional spectroscopic imaging can offer.

With the exception of recent two-photon?® and CARS experiments, 3 all nonlinear
microscopy experiments to date have relied on point-mapping or confocal methods to
produce spatial resolution. In contrast to point-mapping methods, we simultaneously collect
thousands of 2D IR spectra (one 2D spectrum per image pixel), from which we spatially
map 2D IR spectral features with diffraction-limited resolution. We call our technique two-
dimensional wide-field infrared microscopy, or 2D-WIRM.

Figure 1b shows a generic pulse sequence for measuring 2D IR spectra. Most researchers in
the field use a mixed “time—frequency” method of data acquisition.3! In this scheme, the
pump frequency dimension is acquired by scanning the time delay between two pump
pulses, £, and £,. A third pulse, £3, probes the sample, and the 2D IR signal field, Eg, is
emitted in the phase-matching direction. The spectrum of g is then measured in the
frequency domain by dispersing the signal and a reference pulse, often referred to as the
local oscillator, £ o, in a spectrograph (in some experimental implementations of 2D IR, £3
is also used as £ o). By Fourier transforming the Egjg spectrum as a function of the pump
pulse time delay, £, one generates the pump frequency axis of a 2D IR spectrum. Taking the
approach of Baiz et al., an image can be generated by scanning the sample to generate
spatial resolution.28 When point mapping, the detector is used to measure the spectrum of
Eig rather than its spatial distribution. Wide-field imaging requires a different approach for
detection because the detector measures an image and so cannot be used to measure the
spectrum. Instead, we recover the spectrum of Egjq by collecting images for a series of time
delays between £z and £, o for each delay between £; and £,. In other words, we eliminate
the need for the spectrograph by scanning both the # and £ time delays and subsequently
compute a double Fourier transform to generate the two axes of a 2D IR spectrum.26 A
similar procedure is used in other 2D spectroscopies that use nonoptical detection.32:33 In
this manner, a 2D IR spectrum is simultaneously generated for each pixel on the camera
with a spatial resolution and field of view set by the focusing conditions of the microscope.

In this article, we report diffraction-limited 2D IR images collected using a 128 x 128 pixel
mercury cadmium telluride (MCT) focal plane array (FPA). Only recently has the FPA
technology progressed enough to be compatible with the kHz repetition rate of
regeneratively amplified ultrafast laser systems. We use two germanium acoustic optic
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modulators (AOMS) to create the desired pulse sequences. The AOM pulse shapers allow the
time delays and phases of each pulse to be updated shot-to-shot for rapid data acquisition
and background subtraction.34 This is, to our knowledge, the first implementation of wide-
field, nonlinear microscopy in the mid-IR.

RESULTS AND DISCUSSION

The 2D-WIRM microscope was constructed by addition of a pump pulse pair, generated
with a mid-IR pulse shaper, to our FTIR microscope, described in detail previously.3> A
schematic of the setup is given in Figure 2. In brief, the 1 kHz output of a regenerative
amplifier (Coherent Libra) is used to pump a commercial optical parametric amplifier (OPA,
TOPAS, Light Conversion) and a home-built difference frequency generation (DFG)
module. The 20 pJ mid-IR pulses are approximately 100 fs in duration and centered at a
wavelength of 5 um. The output is sent through a periscope, where a 90/10 beam splitter is
used to generate vertically offset beams that are sent into a pulse shaper equipped with two
Ge-AOM:s stacked on top of each other.3¢ Although we shape using stacked AOMs, two
separate pulse shapers would serve the same purpose. Pulses are modulated in the frequency
domain in a 4£geometry. After shaping to generate two pairs of double pulses, the pump
polarization is rotated 90° relative to the probe before both pump and probe pulses are
collinearly overlapped using a wiregrid polarizer. The light is focused with a calcium
fluoride lens to illuminate a ~100 um diameter area on the sample, which can be adjusted
depending on the desired field of view. A 0.7 numerical aperture ZnSe aspheric lens is used
as the imaging objective to form an image at the focal plane on the FPA. A wire grid
polarizer is placed before the detector to prevent pump light from saturating the MCT
detector.

The magnification of the microscope is set by moving the FPA and the sample relative to the
objective to satisfy the thin lens equation. For the images reported, the camera is set to
generate a 36x magnification image. The physical size of the pixels is about 40 x 40 um,
which means each pixel records a 1.1 pm area under these focusing conditions. In the
Supporting Information, we also report 50x magnification images that have a pixel size of
about 0.8 um. These images oversample the airy disk of the point-spread function, which we
use to measure the spatial resolution of our microscope.

As described above, our approach is to measure the third-order response function, E;g, at
each image pixel utilizing the time—time method of acquisition.28 More specifically, one
AOM generates the pump pulse pair to set the #4 delay and phases of £1 and £,. The other
AOM generates the probe pulse pair to set the # time delay and the phases of £3 and £ o.
For the data presented in this paper, 4 was scanned from 0 to 3.48 ps in 60 fs increments,
while # was scanned from 0 to 3.48 ps in 30 fs steps. The phase of the moving pulse was
adjusted at each time delay to shift the observed frequency of the signal by 1900 cm™L. This
“rotating frame” allows for unambiguous undersampling of the two-dimensional
interferogram and significantly decreases the number of data points needed to satisfy the
Nyquist criterion.34 The waiting time, %, was set to ~1 ps using a translation stage, although
scanning this time could be used to study the ultrafast evolution of the 2D spectrum and
would provide even more contrast mechanisms, as recently demonstrated by Baiz et al.28 For

ACS Photonics. Author manuscript; available in PMC 2017 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ostrander et al.

Page 5

the experiments reported, we collect over 16 000 spectra in about 50 s. The pulse sequence
is then repeated until the desired signal-to-noise ratio is achieved. All images reported
required about 2 h to collect.

There are many types of 2D IR spectra. We are interested in generating absorptive spectra
because they have the highest frequency resolution.31:37 Absorptive spectra are produced by
adding together the rephasing and nonrephasing components of the third-order response
function. In addition to these desired signals, the collinear optical geometry of the 2D-
WIRM microscope also results in lower order signals and pulse interferences that create a
background, only some of which are reduced by the polarizer before the detector. To
eliminate these unwanted signals, we utilize the phase dependence of the 2D IR signal,
Spir, Which is given by3:31.38

Sopir X cos(Fé1 £+ ¢p2+03 — ¢1) @

where ¢;is the phase, in radians, of the /ith laser pulse. Table 1 illustrates the phases used for
each pulse sequence. After collecting all of these phase combinations for each £ and £ time
delay, the data can be processed as in eq 2 or 3, depending on the plotting convention
desired.

S1+S54+S6+S7

SSframe(tla Lo, t3):10gm (2)

Ssframe(t1, 2, t3)=S1+S4+S6+S57 — Sy — S3 — S5 — Sy (3)

From the time-domain data the 2D IR spectra are generated by computing a two-
dimensional Fourier transform.

Figure 3 demonstrates the reduction in background when phase cycling. 2D IR spectra
shown were collected in the 2D-WIRM microscope without (a) and with (b) phase cycling.
In Figure 3a a very large feature is observed at zero frequency that is created by the
background signals. It completely obscures the 2D spectrum. In Figure 3b phase cycling
reduces this background feature by a factor of ~43 000 to reveal rephasing and nonrephasing
spectra in their respective quadrants.31:38 Figure 3c and d illustrate the reduction of this
zero-frequency feature. Absorptive spectra are generated by adding the rephasing and
nonrephasing components together (not shown). Indeed, even when plotting more contours
or zooming in to the regions where we know there is 2D signal, the inset in (a), the signal is
still unobservable and dominated by the wings of the zero-frequency feature. This eight-
frame phase-cycling scheme is well known to be advantageous and has been used in other
2D spectroscopies.28:38.39

To test the microscope, we measure polystyrene beads labeled with one of two different
metal carbonyl solutions. The experimental details for preparing polystyrene beads are
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provided in the Methods section. Briefly, polystyrene beads were soaked in saturated
solutions of either dimanganese decacarbonyl or tungsten hexacarbonyl (W(CO)g) for about
2 h. They were then spun down and washed in methanol. Beads were deposited onto a
calcium fluoride window and dried under nitrogen before imaging. At the frequency of their
respective transition, the 106-120 um beads have an optical density of about 0.6, while we
estimate the 25 pm beads to have an optical density of about 0.05-0.075.

In Figure 4 we present images of ~110 pm polystyrene beads swelled in DMDC and
W(CO)g. Figure 4a shows a 2D IR spectrum at pixel (x= 88, yy=98) on the FPA detector for
a bead labeled with DMDC. The spectrum matches solution phase data, as expected. Figure
4b shows the corresponding image of the integrated fundamental peak area (peak A in
Figure 1a). Similarly, in Figure 4c and d we plot a single-pixel 2D IR spectrum and
corresponding image for a W(CO)g-labeled polystyrene bead. Interestingly, the cross-peak
off the diagonal in Figure 4c does not appear in solution spectra of W(CO)g. We attribute
this to an accidental degeneracy with a combination or overtone band whose oscillator
strength is larger in the polystyrene environment, although we do not explore this
observation further.0

The concentric rings in the intensity image are created by refraction and diffraction of the
spatially and temporally coherent probe pulse. While the image on the detector contains
interferences, illumination at the sample is uniform because the interference effects are
significant only in the far field. Most wide-field microscopes use incoherent illumination or
measure fluorescence and do not contain the coherent interferences in our images. The
coherent images are difficult to interpret by eye because it contains extra spatial phase
information not typically present in incoherent images. In principle, the interferences can be
removed by measuring the point-spread function. The point-spread function could be
measured by passing a local oscillator around the sample and thereby measuring the spatial
phase shift introduced by the optical path of the microscope.4142 If the point-spread function
is not measured, it could be modeled using a maximum entropy method to obtain the most
likely phase distribution at the image plane.3 In the future, we plan to deconvolute the 2D
IR images, but for now we experimentally scramble the spatial coherence using a rotating
diffuser, as reported previously.3544

To implement this alternative approach in the 2D-WIRM microscope, we place the rotating
diffuser on the probe line (see Figure 2) and rotate it at ~2 Hz. Figure 5 shows a comparison
between 2D-WIRM images collected with and without the rotating diffuser, in addition to a
white-light image of a representative bead. The white-light image is very uniform but has
low contrast. The 2D IR images have much higher contrast because they come from the
molecular absorption. The diffuser helps to alleviate coherent artifacts because it decreases
the spatial coherence of the probe pulse. A diffuser is not needed in the pump line because
only the probe light is used to measure the spatial distribution of the 2D IR spectra. The
rotating diffuser is used to scramble the spatial phase of the incoming light. To completely
eliminate the interferences, the spatial phase must average to zero for each pixel on the
detector. In the limit of infinite random phase distributions, a perfectly incoherent image
would be recovered. The 2D IR signal depends only on the relative phases of the laser
pulses,; thus this random spatial phase will introduce only a small decrease in signal-to-
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noise. In this image the diffuser does not completely remove the interferences. The diffuser
is most effective at lower magnifications3® because it is easier to create phase differences on
the order of the pixel size. The interferences can create images that are not intuitive to
interpret, but they also provide more information about the signal. For example, the
interferences have been exploited to measure the 3D topography.#142 Thus, they can be
diminished or exploited to learn more about the sample. In the image with the diffuser, the
bead appears slightly larger because incorporating the diffuser requires adjustments to the
microscope focus to maximize throughput and minimize coherent interferences. These
adjustments can slightly move the image plane, and so a strict comparison between bead
sizes in Figure 5 should not be made.

2D IR spectra contain many more observables than conventional FTIR spectra, such as off-
diagonal peaks created by transitions to overtone and combination bands. In Figure 6, we
show that 2D-WIRM images generated with constraints that include off-diagonal features
dramatically improve image quality. To this end, we image mixtures of 25 pm diameter
beads labeled with different metal carbonyl molecules. Figure 6a shows the probe spectrum
with the frequency of the DMDC transition marked with the dashed line at 2015 cm™1. The
resulting image reveals six beads with about equal intensities. These beads likely have
different labels, but it is impossible to tell since the linear absorption is below our
microscope’s signal-to-noise. We performed various background subtraction methods, in the
time and frequency domain, but were unable to observe the linear spectrum.

Figure 6¢ shows a representative single-pixel 2D IR spectrum of the DMDC bead. Clearly,
even though we cannot observe the linear absorption spectrum, a 2D IR spectrum is readily
measured. Figure 6d shows the resulting image made by plotting the intensity of the
diagonal peak of DMDC. The 2D-WIRM image clearly shows that the bead in the upper
corner is labeled with DMDC, although there is some signal in other regions. This could
come from (1) noise or (2) leakage of the metal carbonyls upon mixing. If there is leakage of
the labels outside of the beads, these regions should show an off-diagonal peak characteristic
of the 2D spectrum of DMDC. Shown in Figure 6c is a dashed red box that encompasses
both the fundamental and an overtone transition of DMDC, which have opposite signs.
Figure 6f is a 2D-WIRM image that plots the fundamental intensity, but only if there is a
corresponding negative intensity at the frequency of the overtone. In other words, we are
plotting only the intensity of pixels that show signal that is characteristic of a 2D spectrum.
In this image, only the upper left bead shows any intensity, indicating that the residual
intensity in Figure 6d was due to noise. Noise in a 2D IR spectra is random. Thus, the more
constraints that are applied, the better the molecular discrimination. This is illustrated in
Figure 6e by plotting the residual intensity in the dashed white box in Figure 6d. As more
constraints are applied to the DMDC 2D IR image, the number of pixels with residual
intensity in the dashed white box, the region with no DMDC beads, is dramatically
decreased. This demonstrates that 2D IR microscopy can improve molecular discrimination
even with weakly absorbing samples.

Analogous to the hyperspectral cube, as it is often called in the FTIR imaging community,12
we have two frequency and two spatial dimensions, or a hyperspectral tesseract. This
multidimensional data can be used to generate false color images with different colors
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mapped to distinct spectral features. Figure 7a shows the fundamental intensity of W(CO)g
mapped to blue and the DMDC fundamental intensity mapped to red. Representative single-
pixel 2D IR spectra are shown in Figure 7c and d, respectively. The images require a
negative intensity at the frequencies of their respective excited-state absorption frequencies.
It is clear that even with linear absorption that is difficult to observe with our microscope, we
can still generate high-quality, single-pixel 2D IR spectra.

Another advantage of 2D-WIRM is the multitude of spectral signatures that can be used as
contrast mechanisms to generate images. Figure 7b shows the cross-peak amplitude of
DMDC spatially mapped. In future experiments, we imagine that images like the one shown
will aid in mapping vibrational coupling as a function of space, which can then be used to
determine microscopic variations in molecular structure. Additionally, the waiting time
dependence of cross-peaks can be used to observe energy transfer and chemical exchange in
heterogeneous materials. Picosecond dynamics can improve the structural contrast in a 2D
IR image to monitor hydration, for example,28:45-47 which might be interesting observables
in a structurally heterogeneous system like a cell.

We also measured the spatial resolution of 2D-WIRM for comparison to FTIR microscopy.
To do so, we used a negative USAF test target (Max Levy Autograph) patterned on calcium
fluoride. A standard USAF test target consists of a series of equally spaced bars that are
frequently used to test image formation in microscopes. DMDC was dissolved in methanol
and placed between two calcium fluoride windows, one bare and one with the USAF test
target pattern. Figure 8a shows a 2D IR amplitude image of elements four, five, and six of
group 6, while Figure 8b shows the corresponding image of the test target at 2015 cm™2, the
probe frequency of the DMDC fundamental peak. The element line widths and spacings are
labeled in Figure 8a. Diffraction through the slits can lead to ringing features, as can been
seen in the small line around pixel 80 in the FTIR scan.3%44 The interferences are less
pronounced with the test target compared to the beads because it lacks the 3D topography of
the large beads. To test the spatial resolution, we imaged group 7 elements, which are shown
in the Supporting Information, and determined that there was no significant difference in
spatial resolution between the FTIR and 2D-WIRM images.

From visually inspecting the slice, it seems that the 2D-WIRM image shows enhanced
contrast as opposed to the conventional IR transmission image: the difference from peak to
trough is exaggerated in 2D IR images compared to FTIR. To quantify the difference, we
define a contrast ratio, C, as

_ Speak - Strough
Speak + Strough (4)

where Speak is the signal at the peak of the elements and Syougn is recorded at the trough. We
used group 6, element 5 bar (orange box) to estimate the improvement in contrast. Using
these elements, with the strongest 2D IR signal, the contrast ratio of 2D-WIRM is estimated
to be about 0.96, while the FTIR is 0.77. The difference between the 2D-WIRM and FTIR
contrast is even greater for the group 6, element 6 bar, separated by 4.38 um, because these
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elements are even more closely spaced.*® We rationalize this observation using the
dependence of linear and 2D IR measurements on the absorption cross-section. In 2D IR
measurements, the signal scales with cross-section squared, while FTIR measurements scale
linearly.*® The improved image contrast adds to the list of advantages that 2D IR exhibits
over FTIR. The resolution is estimated to be at least 3.48 um. We determined this number by
measuring the smallest resolvable elements of the test target at the 20% contrast level (see
Figure S2). The 3.11 um features cannot be resolved; therefore, the resolution is between
3.11 and 3.48 um (significant figures given by the manufacturer of the test target). As we
observed in our previous FTIR experiments, this is better than the Rayleigh criterion of
0.61\/NA which yields a predicted resolution of 4.3 pm.3®

CONCLUSION

In summary, we have used a dual-AOM mid-IR pulse shaper in conjunction with a wide-
field transmissive microscope to collect 2D IR spectroscopic images. We exhibited our
ability to collect diffraction-limited 2D IR images of metal carbonyl beads and a USAF
resolution test target. This is the first implementation of wide-field nonlinear microscopy in
the mid-IR. Although these data use a combined AOM shaper, two separate pulse shapers
could be used to generate 2D-WIRM images. Our images are diffraction limited and exhibit
enhanced contrast compared to linear microscopy. Optimized pulse sequences and other
technological developments could decrease acquisition time.2%1 One can also envision
future experiments based on the many implementations of transient 2D IR spectroscopy.?1:52
We anticipate wide-field 2D IR imaging will be complementary to point-mapping
approaches; data collection on a per pixel basis is desirable, but point mapping might be
better for sparsely mapping larger sample areas. With either method, the extra dimension of
2D-WIRM opens the door for new modes of chemical sensitivity and label-free biological
imaging. This technique has the potential to impact researchers in the field of 2D IR
spectroscopy by allowing more complicated, heterogeneous samples to be analyzed, in
addition to IR microscopists, by offering new observables that could aid in cancer
diagnostics and label-free characterization of tissues.

METHODS

Laser System

The output of a 4.0 W, 50 fs regenerative amplifier (Coherent Libra) with wavelength
centered at 800 nm is used to pump a commercial OPA (TOPAS, Light Conversion). Signal
and idler pulses are then mixed collinearly in a AgGaS, DFG crystal to generate mid-IR
with a center wavelength of 5 um. Mid-IR pulses are about 100 fs in duration and have pulse
energies around 20-22 pJ.

The mid-IR output is then sent through a 90/10 wedged CaF, beam splitter. Immediately
after, a periscope is used to generate vertically offset beams for separate shaping of the pump
and probe pulses. Both pulses are shaped in the frequency domain using a dual, 4fGe AOM
(Isomet) based pulse shaper described previously.>3 Two separate arbitrary waveform
generators (AWGS) are used to generate RF masks to independently generate pump and
probe double pulses with absolute control over their phases. Masks are updated at 1 kHz, the
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repetition rate of the laser, so pulses are shaped every laser shot. Pump and probe pulses are
scanned in opposite directions in time, such that the waiting time, &, is constant. The pump
pulses’ polarizations are rotated 90° relative to the probe and subsequently recombined on a
wire-grid polarizer. The collinear pulses are then sent to a home-built transmissive
microscope. The IR light is focused using a 150 mm focal length CaF; lens. The light is
expanded over ~0.5 mm before illuminating the sample. A 0.7 numerical aperture (NA) zinc
selenide aspheric lens (Edmund Optics) is used to form an image of the sample at the FPA
detector, located about 450 mm away. A Teledyne Xcelera PCle frame grabber is triggered
by a 5 V square pulse that is emitted when the pump and probe AWG cards are each on the
first mask of their respective sequences. For 7 pump masks, there are 7+ 1 probe masks,
with the last probe mask in the sequence being a null mask that is removed before
processing. This allows for complete sampling of all 77+ 1) combinations of phases and
time delays. For the images reported here, we scanned to a max time delay of 3.48 ps with
30 fs time steps on the probe line and 60 fs time steps for the pump line. Additionally, the
rotating frame of each AOM is set to be 1900 cm™1. With the eight-frame sequence used in
this paper, that corresponds to 236 pump and 235 probe masks for a total of 55460 laser
shots to generate a 2D spectrum.

Sample Preparation

Polystyrene beads were purchased from Polysciences and used as received. In this paper, we
used 25 pm and 106-120 pm beads. The 106 um beads were prepared by swelling them in
chloroform solutions saturated with DMDC (Mn,(CO);0) or W(CO)g. After they had been
soaked for 2 h, the chloroform solution was decanted and beads were washed in methanol.
The beads were then dried on a CaF, window before being placed in a sample cell for
imaging. The 25 um beads were prepared in the same manner, except that a mixture of 30%
chloroform and 70% methanol, by volume, was used for swelling since pure chloroform
solution was observed to overswell the beads.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example 2D IR spectrum and general pulse sequence to measure 2D IR spectra. (a) 2D IR
spectrum of Mny(CO)1q absorbed in a polystyrene sphere. Peak A is a fundamental
transition at v = 0-1, peak B is its corresponding excited-state absorption transition
(sometimes called the overtone or sequence band) at v = 1-2, and peak C is one of a pair of
cross-peaks. (b) Generic pulse sequence of two “pump” pulses, £; and £,, a probe pulse, £z,
the signal-free induction decay, £jg, and the local oscillator, £ o. Time delays are given by

tn-
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Figure 2.
Schematic of the 2D-WIRM microscope. Diagram of the laser and optical layout (a) and

dual AOM pulse shaper (b). FPA: focal plane array, AOM: acousto-optic modulator, MR:
mirror, PM: 1D parabolic mirror, GR: grating.

ACS Photonics. Author manuscript; available in PMC 2017 January 20.

To microscope

Probe Double Pulse



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Ostrander et al.

100

-100

Pump Frequency(cm™)
o

(a) No Phase Cycling

-100 0

Figure 3.

10.2

'o |
-0.2

Probe Frequency (cm)

(b) Eight Frame Phase Cycling

Page 16

8

-
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(d)

0

x4500

Demonstration of background reduction with an eight-frame phase cycling scheme. (a)
Averaged spectrum without phase cycling that is dominated by a large zero-frequency
feature. The inset shows the region where there should be signal multiplied by 43 000. (b)
Averaged spectrum with phase cycling revealing the rephasing and nonrephasing spectra.
The axis labels are shown before correction with the rotating frame frequency. (c) Zero-
frequency feature, labeled with the black box in (a), that dominates without phase cycling.
(d) The same frequency region as in (c) but with phase cycling multiplied by 4500. This

region is now only noise.
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2D-WIRM images of ~110 um beads. (a) Representative single-pixel 2D IR spectrum and

(b) image of the fundamental integrated peak area of a bead labeled with DMDC. (c)

Representative 2D IR spectrum and (d) image of the integrated fundamental peak area of a

bead labeled with W(CO)g.
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(b)

Figure5.
Comparison of 2D-WIRM images collected (a) without and (b) with a rotating diffuser and

(c) a white light image of a representative bead. Scale bars are 10 pm. Colorbar for (a) and
(b) is the same as that of Figure 4.
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Figure6.
Comparison of image quality for different processing methods. (a) Spectrum of the probe

pulse used to generate FTIR transmission image (b) at 2015 cm™L. Representative DMDC
(c) 2D IR spectrum and (d) 2D IR amplitude image of the DMDC peak with no constraints.
(e) Graph showing pixels in the dashed white box with residual intensity with the indicated
constraints in (c) labeled by the dashed boxes. (f) Amplitude image generated by including
only spectra with out-of-phase peaks (i.e., one constraint) in the dashed red box in (g). All
scale bars are 10 pm.
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Figure 7.
Chemical images generated with 2D-WIRM. (a) Fundamental intensity of DMDC mapped

to red and W(CO)g mapped to blue. (b) Cross-peak image of the DMDC transition indicated
by the dashed orange lines in (d). (c) 2D IR spectrum of W(CO)g at the indicated pixel. (d)
2D IR spectrum of DMDC at the indicated pixel. Dashed boxes contain features used to
generate the images.
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Figure 8.
Comparison of image contrast and resolution between FTIR and 2D-WIRM imaging. (a) 2D

IR amplitude image and (b) FTIR amplitude image at the probe frequency of the
fundamental peak of a USAF test target with DMDC solution in the sample cell. (c). Slices
through the columns indicated by the dotted lines in (a) and (b). Element line widths and
spacings are labeled in (a) and (b).
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Table 1

Phase Cycling Scheme for Isolating the 2D IR Signal?

P11 92 P3 Q0

S 0 0 0 0
S w00 0
S 0 om0 0
S m 7w 0 0
S 0 0 9w 0
S 0 b 0
S 0 T w 0
S ®™ o owmoow 0

a . o . . . -
Spare the signals for each of the individual pulse sequences that are linearly combined, each using the indicated phases for each laser pulse ¢ /.
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