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ABSTRACT: Highly scattering samples, such as polymer droplets or solid-state powders, are
difficult to study via coherent two-dimensional infrared (2D IR) spectroscopy. Previously,
researchers have employed (quasi-) phase cycling, local-oscillator chopping, and polarization control
to reduce scattering, but the latter method poses a limit on polarization-dependent measurements.
Here, we present a method for Scattering Elimination Immune from Detector Artifacts (SEIFDA) in
pump−probe 2D IR experiments. Our method extends the negative probe delay method of
removing scattering from pump−probe spectroscopy to 2D experiments. SEIFDA works well for all
polarizations when combined with the optimized noise reduction scheme to remove additive and
multiplicative noise. We demonstrate that our method can be employed with any polarization
scheme and reliably lowers the scattering at parallel polarization to comparable levels to the
conventional 8-frame phase cycling with probe chopping (8FPCPC) at perpendicular polarization.
Our system can acquire artifact free spectra in parallel polarization when the signal intensity is as
little as 5% of the intensity of the interference between the pump pulses scattered into the detector.
It reduces the time required to characterize the scattering term by at least 50% over 8FPCPC. Through detailed analysis of detector
nonlinearity, we show that the performance of 8FPCPC can be improved by incorporating nonlinear correction factors, but it is still
worse than that of SEIFDA. Application of SEIFDA to study the encapsulation of Nile red in polymer droplets demonstrates that
this method will be very useful for probing highly scattering systems.

■ INTRODUCTION

Two-dimensional infrared (2D IR) spectroscopy is a well-
established method for determining many useful aspects of
molecular systems including time-resolved dynamics and
molecular structure.1,2 Many of these experiments require
spectra acquired with different polarization schemes in order to
scale different Feynman pathways and extract information such
as the relative angles of the transition dipoles.3−7 Often,
samples of interest such as metal−organic frameworks,8,9

porous silica,10−13 fibrils,14 zeolite,15 minerals,16 and pelleted
samples17 cause significant scattering. In the box-cars
geometry, researchers have used quasi-phase cycling13,18 or a
combination of choppers and shutters.19 In the pump−probe
geometry, researchers have used 4-phase cycling,20 population-
time modulation,21 nearly crossed polarization,7 and a
combination of probe chopping and polarization control to
remove the scattered light.8,22 More recently, researchers have
employed a strong probe, weak pump combination as well as
polarization control.17 Polarization control limits the experi-
ments available and therefore what can be determined about
the system of interest. Here we present a method for scattering
removal which can be employed with any polarization scheme
and reliably lowers the scattering to comparable levels to the
chopper and polarization control method introduced by Biaz et
al.22

In heterodyne detected third order spectroscopy, when the
probe serves as the local oscillator, the total intensity on the
detector is expressed as eq 1,8
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We will use E for electric field terms and I for intensity terms.
ELO and ILO are the local oscillator electric field and intensity,
respectively. Esig and Isig are the electric field and intensity of
the signal, respectively. E1 and E2 are the pump electric fields.
I1 and I2 are the pump intensities. Finally, s1 and s2 are
scattering constants for these pump fields, respectively. In our
setup, we utilize a pulse shaper to generate two collinear pump
fields.20,23 It is well established that a 4-phase cycling scheme
removes all heterodyned scattering terms.4,20,24 Rotating the
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phase of the first pump pulse (first term in parentheses) and
the second pump pulse (second term) according to eq 2

[ ] + [ ](0, 0) (0, ) ( , ) ( , 0) (2)

removes all the intensity terms (ILO, Isig, s12I1, s22I2) including the
strong local oscillator background while also removing the
heterodyne detected scattering terms (s1E1ELO, s2E2ELO)
without chopping either the pump or the probe.8 This
means that every shot contributes to the EsigELO term.
However, this scheme does not remove s1s2E1E2. Therefore,
after combining Itot from 4 shots based on phase cycling in eq
2, and neglecting the small signal terms (s1E1Esig, s2E2Esig) and
the factor of 2, we are left with Stot:

= +S E E s s E Etot sig LO 1 2 1 2 (3)

When the s1s2E1E2 term is much smaller than ELO, this term
can be neglected as demonstrated by Donaldson et al.17 When
a sample causes significant scattering and the phase and
amplitude of ELO cannot be independently controlled, s1s2E1E2
can become dominant. This is especially true when the pump
is significantly stronger than the probe, as is typically the case
to improve the signal-to-noise ratio (SNR). Because the phase
of ELO cannot be independently controlled, the s1s2E1E2
scattering term has the same sign as EsigELO, and cannot be
removed using phase cycling. This is what motivated
researchers to employ the 8-frame phase cycling with probe
chopping (8FPCPC)8,22 with two sets of the 4-phase cycling in
eq 2 applied to the pump pulses. The probe is present in the
first 4 frames and the probe is chopped in the second 4 frames

[ ] + [ ]
[ ] + [ ]

( (0, 0) (0, ) ( , ) ( , 0) )

( (0, 0) (0, ) ( , ) ( , 0) )chopped (4)

Taking the difference between the two sets gives the signal
S8FPCPC:

=S S S E E8FPCPC tot chopped sig LO (5)

Here Schopped is obtained after 4-phase cycling of the detector
intensity when the probe beam is chopped, Ichopped:

= +I s E s E( )chopped 1 1 2 2
2

(6)

If the detector were perfectly linear, this scheme would, on
average, result in the isolation of EsigELO, without the need for
perpendicular polarization to suppress scattering.
In this paper, we will demonstrate why the 8FPCPC cannot

effectively isolate EsigELO for all polarizations when using a
HgCdTe (MCT) detector. Furthermore, we will present a new
method for Scattering Elimination Immune from Detector
Artifacts (SEIFDA), as expressed in eq 7,

[ ] + [ ]
[ ] + [ ]

( (0, 0) (0, ) ( , ) ( , 0) )

( (0, 0) (0, ) ( , ) ( , 0) )npd (7)

where npd indicates negative probe delay. Taking the
difference between the two sets results in

= =S S S E ESEIFDA tot npd sig LO (8)

where Snpd is the signal obtained after applying 4-phase cycling
to the detector intensity when there is a negative probe delay
with respect to the pump beam, Inpd:

= + +I E s E s E( )npd LO,npd 1 1 2 2
2

(9)

Here the subscript npd indicates that the probe arrives at least
10 ps before the pump arrives at the sample. We will show that
when the detector nonlinearity and multiplicative (convolu-
tional) noise are correctly accounted for, eq 8 is truly equal to
EsigELO. SEIFDA is a 2D analog of the pump−probe scattering
elimination method which also utilizes a negative delay
between the pump and probe.10

We first demonstrate the effectiveness of the SEIFDA using
a sample which does not have any intrinsic scattering to verify
that no artifacts are introduced and quantify the residual
scattering. Next, we use it to study a highly scattering sample
containing nonionic block copolymer coacervates.25 We
confirm the encapsulation of Nile red within an amphiphilic
block copolymer polyethylene glycol-block-polycaprolactone
(PEG45-b-PCL30). In order to compare the effectiveness of the
new scattering removal method to the 8FPCPC commonly
used,8,9,14,16,22 we characterize the scattering reduction using a
100-μm pinhole in place of a sample. This results in generation
of scattering terms only, allowing us to accurately quantify the
remaining scattering. Finally, we demonstrate that SEIFDA
characterizes the scattering term at least 50% faster than the
8FPCPC and discuss some additional considerations that
researchers may need when designing scattering removal in
heterodyne detected experiments.

■ METHODS
Samples. To validate the effectiveness of this method, we

characterized the remaining scattering in a sample without
intrinsic scattering, a sample of N-tert-butyl-2,2-dimethyl-
propionamide in D2O. In this sample, there was both a large
scratch and pieces of dust on the window. The concentration
was 45 mM. The thickness was 100 μm. FTIR confirmed that
the OD was approximately 0.1.
Additionally, we looked at Nile red, a hydrophobic dye

commonly used as a model system for encapsulation,26 within
polyethylene glycol-block-polycaprolactone (PEG45-b-
PCL30).

27 To prepare the samples, 1.12 mM of the polymer
PEG45-b-PCL30 solution was prepared by dissolving the
polymer in a 5 mM Nile red solution in dioxane. By volume,
70% of this mixture was transferred to a 1.5 mL Eppendorf
tube, and 30% D2O was added to reach 3.5 mM Nile red and
0.84 mM polymer. For the samples of Nile red without
polymer, a solution of 3.5 mM Nile red in 70% by volume
dioxane and 30% D2O was prepared. The solutions were
vortexed for approximately 25 s before they were pipetted into
a sample cell. Optical and confocal laser scanning microscopy
was used to determine the size of the polymer droplets. The
diameters of the droplets were between 10 and 20 μm.
Spectroscopy.We acquired all the linear IR spectra using a

Jasco 4700 FTIR purged with dry air. Harrick cells with 100-
μm Teflon spacers and CaF2 windows were used. For the Nile
red samples, the solvent peaks (70% by volume dioxane and
30% D2O) were removed by subtracting the solvent spectrum
acquired immediately before using a thickness-matched spacer
and cell.
We acquired 2D IR data in the pump−probe geometry using

a setup previously described.28 The time zero was found using
a position on the sample cell with significant scattering. We
scanned the coherence time between the first and second
pump pulse, τ, from 0 to 4.5 ps in 0.025 ps steps using an
AOM-based pulse shaper. The pump−probe delay time was set
by a computer-controlled translation stage. The probe
spectrum was calibrated using water lines. The pump spectrum
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was calibrated using neat acetone and a 100-μm thick sample
of 5 mM benzanilide dissolved in dimethyl sulfoxide. The
probe frequency, ωt is directly reported by the spectrometer.
The pump frequency, ωτ is obtained by Fourier transforming
the time domain data along τ. For the 2D IR spectra presented
in this paper, the waiting time between the pump and probe,
Tw, was set to 0.3 ps. When used, the chopper was placed
immediately before the focusing parabola and synchronized to
the laser. The pump spectrum was monitored to confirm that it
was not clipped by the chopper. When both ⟨YYZZ⟩ and
⟨ZZZZ⟩ were collected, at the sample, the probe was polarized
at 45° to the table. After the sample, prior to detection, the
⟨YYZZ⟩ and ⟨ZZZZ⟩ were separated using an analyzer which
allowed the ⟨ZZZZ⟩ to pass and reflected the ⟨YYZZ⟩. The
⟨YYZZ⟩ signal was then transmitted through another polarizer
to clean the signal. When only ⟨ZZZZ⟩ spectra were collected,
the λ/2 waveplate prior to the signal generation was used to
change the probe polarization to match the pump. The MCT
we use operates as photoconductive, as most MCTs have been
constructed since at least the 1970s.29 It has 2 rows with 32
pixels in each row which allows us to detect ⟨YYZZ⟩ and
⟨ZZZZ⟩ simultaneously, when desired. Optimized referenc-
ing30,31 was implemented using a separate MCT reference
array detector. Every 40 shots (4 phases × 10 steps along τ) we
collect 2 blank shots (shots which do not include the pump),
unless we are chopping. When chopping, because our chopper
was operating at 0.5 kHz and we were utilizing a 1-kHz laser,
we had to collect twice the number of blank shots to obtain the
same number of shots which contained the ELO.
Computational. For Nile red, anharmonic DFT calcu-

lations were performed using the Gaussian 16 package32 with

functional B3LYP and basis 6-311g++(d,p) with an implicit
water solvent.

■ RESULTS AND DISCUSSION
Effectiveness of Scattering Removal Using SEIFDA.

The largest issue with scattering removal methods that utilize
ELO chopping8,19,22 is that MCTs are more linear for very low
levels of light and become less linear with higher levels of light,
essentially reaching saturation slowly.29,33 In MCTs, as photon
irradiance increases, the number of excess carriers affects the
total carrier density and carrier lifetime.29,34,35 In heterodyne
detected spectroscopy, the most intense field on the detector is
ELO. Therefore, this field contributes the most to how
nonlinear the detector response will be. When determining
how detrimental detector nonlinearity is to a measurement, we
need to consider the difference in detector response across
pixels and on individual pixels across shots. For signal
intensities on the mOD level or lower, the difference in
MCT reading across pixels is likely to be small, assuming the
experiment is conducted within the full width half-maximum of
the excitation source. The difference in MCT reading from
shot to shot on a single pixel should be even smaller. When
chopping the probe beam, however, the difference in MCT
readings between chopped and unchopped shots can be
exceptionally large in comparison to the dynamic range of the
detector. Because MCTs tend to be more linear for very low
intensities of light and have a smaller response with higher
levels of light,29 as discussed later and demonstrated in Figure
3, the s1s2E1E2 scattering term will appear to be much larger
when measured with ELO chopped (equal to Schopped)
compared to when measured with ELO unchopped (a

Figure 1. Efficacy of SEIFDA compared to 8FPCPC on a sample of N-tert-butyl-2,2-dimethyl-propionamide in D2O. Parallel polarization ⟨ZZZZ⟩
was used. Data were normalized based on the maximum value after scattering was removed. Waiting time was 0.3 ps. The top row, (a−d), were
acquired using the low gain setting of the detector. The bottom row, (e−h), were acquired using the high gain setting. The first column, (a) and
(e), were acquired in the same position with no observed scattering using the 4-phase cycling scheme. (b) and (f) were acquired in two different
positions with moderate and significant scattering, respectively, using the 4-phase cycling scheme. The scattering is approximately 38% of the signal
intensity in (b), and 750% in (f). Columns (c) and (g), are the result after removing the scattering using 8FPCPC. The remaining scattering in (c)
is 17% of that in (b); and in (g) it is 9.1% of that in (f). (d) and (h) are the results after applying SEIFDA. The remaining scattering in (d) is 5.6%
of that in (b); and in (h) it is 0.85% of that in (f).
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component in Stot). Therefore, eq 4 will result in residual
negative s1s2E1E2 along the diagonal, as seen in Figure 1g,
rendering scattering removal by 8FPCPC ineffective. This is
why previous researchers had to use the ⟨YYZZ⟩ polarization
control as well as 8FPCPC8,14 (although in the case of 2D IR
microscopy,22 this was also to separate the collinear pump and
probe).
In order to fully remove the s1s2E1E2 scattering term, we

need to acquire a spectrum of s1s2E1E2 independently of
EsigELO, then we can calculate EsigELO + s1s2E1E2 − s1s2E1E2. To
collect this term in a manner that is unaffected by detector
nonlinearity, we devised the SEIFDA method where the probe
can be moved enough in time before the pump so that the
sample will have no memory of the probe when the pump
arrives, eliminating the four-wave mixing Esig terms, allowing us
to isolate the scattering term s1s2E1E2. The intensity on the
detector with a sufficiently negative probe delay, eq 9, can be
reduced to

=S s s E Enpd 1 2 1 2 (10)

after 4-phase cycling is applied. Subtracting Snpd from Stot
allows us to obtain the heterodyned signal EsigELO we are
interested in. Furthermore, because Inpd is measured in the
presence of ELO, both Stot and Snpd are collected in the same
detector linearity regime. As a result, the spectrum is immune
to detector nonlinearity artifacts. We will discuss this aspect
more in the section on the detector nonlinearity.
For our MCT detector, most of the pixel response has

decayed after about 2000 ns, although 5000 ns are required for
it to fully decay. If the probe arrives within tens of ps of the
scattering, the pixel response will not have appreciably
changed. We confirmed this was true for our detector for up
to 30 ps. When measuring different material systems in general,
researchers need to make sure that this negative delay time is
much longer than the dephasing time of vibrational coherence

generated by the probe pulse. They should also confirm that
the detector response does not appreciably decay during the
required time for the coherence to fully decay. This value will
vary from one detector to another as it depends on the pixel
response time. Most of the oscillators we are interested in will
have no memory of the probe if it arrives 10−30 ps before the
pump. In principle, it is also possible to choose a positive probe
delay instead. However, the required positive delay time would
need to be sufficiently longer than the decay time of
population dynamics or thermal effects generated by the
pump pulses, which can be much longer than the coherence
decay time and thus not as practical.
Because 2D spectra, as well as pump−probe spectra, and the

scattering term s1s2E1E2, depend on the intensity of the pump,
which fluctuates over time, one potential issue with the
SEIFDA method is that the long-term fluctuations in pump
intensity may play a larger role here than the 8FPCPC method
because the time between taking Stot and Snpd is typically longer
than the time between taking Stot and Schopped. In practice, we
found that the fluctuations in the pump are well accounted for
using the terms used to characterize the multiplicative
noise.30,31 We will discuss in more detail how multiplicative
noise is treated and additional considerations in a later section.
To validate the effectiveness of SEIFDA and to compare it

with 8FPCPC, we characterized the remaining scattering in a
sample without intrinsic scattering. Figure 1 shows the results
when we applied both methods of scattering removal to a
sample of N-tert-butyl-2,2-dimethyl-propionamide in D2O. In
this sample, there was both a large scratch and pieces of dust
on the window. We chose two sample locations to demonstrate
two cases: moderate and significant scattering where the
scattering intensity is about 38 and 750% of the signal intensity
in Figure 1b,f, respectively, estimated based on the maximum
noise intensity in Snpd and the ground state bleach signal in
SSEIFDA. The top (bottom) row spectra were obtained when the

Figure 2. (a) and (b) Absorptive 2D IR spectra of Nile red with PEG45-b-PCL30 in dioxane-water solution taken by the 4-phase cycling scheme and
SEIFDA, respectively. High gain setting used. (c) Absorptive 2D IR spectrum of Nile red with solvent only. Low gain setting and 4-phase cycling
scheme used. Parallel polarization used for all 2D IR spectra. Waiting time 0.3 ps. (d) FTIR of Nile red in solution with and without PEG45-b-
PCL30. (b) and (c) were plotted with the same number of contours and same minimum and maximum. (e) and (f) Absolute value nonrephasing
spectra of Nile Red with and without polymer, respectively. (e) and (f) were normalized and plotted with the same number of contours as each
other.
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detector was set to low (high) gain. Figure 1a,d are taken in the
same position with no observed scattering using the 4-phase
cycling scheme as a standard for comparison.
Because the 4-phase cycling scheme eliminates all

heterodyne detected terms but does not impact the s1s2E1E2
term, comparing the on-diagonal absolute value intensity
before and after removing scattering using the SEIFDA
method allows us to estimate the percentage of s1s2E1E2
removed with respect to the 4-phase cycling scheme. We
examined the diagonal in the region from 1643 to 1679 cm−1

to estimate scattering. This region is spectrally clear without
features from the sample. In Figure 1c, the ground state bleach
is obviously distorted compared to Figure 1a by residual
scattering left after 8FPCPC (17% of scattering in Figure 1b).
In Figure 1g, we can see the significant residual scattering
along the diagonal after 8FPCPC (9.1% of scattering in Figure
1f). Furthermore, the sign is flipped in Figure 1g compared to
Figure 1f because the s1s2E1E2 term acquired without ELO is
greater than when acquired with ELO, as expected if detector
nonlinearity is the explanation for imperfect scattering removal
when relying on probe chopping. In contrast, in Figure 1d,h,
SEIFDA reduced the remaining s1s2E1E2 to 5.6 and 0.85% of
the intensity remaining after 4-phase cycling for the low gain
and high gain cases shown here, respectively. Clearly, SEIFDA
suppresses scattering much more effectively than 8FPCPC. For
both methods, scattering removal is more effective at the high
gain setting than the low gain setting, but SNR is lower at the
high gain setting. We will further discuss the significance of the
low gain and high gain settings later in the paper.
Application to Nile Red Encapsulation. We applied the

SEIFDA method to confirm the encapsulation of small
molecule Nile red, a hydrophobic dye commonly used as a
model system for encapsulation,26 within amphiphilic block
copolymer PEG45-b-PCL30. Figure 2 shows the 2D IR and
FTIR results for a Nile red vibrational mode with and without
PEG45-b-PCL30. DFT calculations indicate that this mode has
contributions from the C�O stretching and ring breathing.
Harmonic DFT calculations put this mode at 1609 cm−1 and
anharmonic DFT calculations put it at 1576 cm−1. In the
FTIR, this peak is centered at 1586 cm−1. We attribute some of
the discrepancy between the DFT calculations and the reality
to the difference in solvent. For the DFT calculations, we used
an implicit water solvent rather than a more accurate, but
significantly more computationally expensive, explicit mixture
of 70% by volume dioxane and 30% water.
The differences between Nile red in solution without and

with PEG45-b-PCL30 are subtle in the FTIR spectra, Figure 2d.
Similarly, after scattering removal from the spectra acquired

with polymer, the differences in the 2D IR absorptive spectra
are also very small between Figure 2b,c. However, when we
extract the nonrephasing spectrum using a Hilbert trans-
form,24,36 we see that there are two overlapping peaks37,38 for
the Nile red with PEG45-b-PCL30. We have assigned the higher
frequency peak to the free Nile red because it is the closest in
frequency to what we observe for the Nile red in solvent only
and the lower frequency to the encapsulated Nile red. The
intensities of the two peaks are nearly equal, consistent with
the estimation that ∼50% of the Nile red in the focus is
encapsulated.
Detector Nonlinearity. Because we think that the detector

nonlinearity29,39 is most likely the cause of the ineffective
scattering removal if the 8FPCPC were employed without
polarization control, we needed to accurately estimate the
detector nonlinearity. To do so, we characterized the detector
response with the laser intensity on the detector significantly
attenuated with neutral density (ND) filters and then again
with fewer ND filters.40,41 We used the pump pulse shaper to
continuously adjust the laser intensity.
The detector nonlinearity depends on the gain setting used.

Often, the most linear gain setting does not have the best
SNR.30 Estimates for the SNR30,31,35 for our detector are
shown in Figure 3a. In this paper, we will compare two gain
settings, as previewed in Figure 1. The first is the most linear,
the highest gain setting. However, increasing the gain increases
the dark noise, so this gain setting does not achieve the
maximum SNR for our detector.30 We will refer to this setting
as high gain for the rest of the paper. The second setting used
is a lower gain setting that does achieve the maximum SNR. Of
the settings that reach the maximum SNR, this setting has the
largest “dynamic range.” For this paper, we will define the top
of the “dynamic range” to be a deviation from linearity by
approximately 10%.33 We will refer to the second setting as low
gain for the rest of the paper. Note that we utilized a different
low gain setting in this paper from the one utilized by Feng et
al.30

Figure 3b,c show the MCT detector raw response measured
at the low and high gain settings, respectively. The exact top of
the dynamic range for the raw response differs from pixel to
pixel, however, we estimate it to be around 3 V for the high
gain and around 1.25 V for the low gain. For the high gain
setting, most pixels deviate from linearity by less than 1% when
the MCT reading is below approximately 1 V. For the low gain
setting, there is no range where the majority of pixels deviate
from linearity by less than 1%. Most pixels deviate by less than
5% from the predicted linear response below a reading of 1 V
for the low gain setting.

Figure 3. (a) Estimate of relative SNR as a function of MCT readings at the low gain (dashed) and high gain (solid) detector settings. Estimate is
based on rational function fit of detector readout for the 16th pixel. (b) and (c) Detector response for the low and high gain settings used in this
paper, respectively, for the 16th pixel. The raw is the detector readout whereas the “corrected” response was calculated using eqs 11, 14, and 15.
The line is a linear fit to the low voltage range.
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To reduce the effects of detector nonlinearity on spectra,
one can attempt to correct detector response. Detector
nonlinearity has long been characterized and corrected using
polynomial fits.40−43 It has been shown that, when the
nonlinearity is small, the detector response can be corrected
using eq 11,41

=V V (1 )corrected measured NL (11)

where Vcorrected and Vmeasured are the corrected and measured
detector response in volts and ΔNL is the detector nonlinearity
correction factor, which can be calculated according to the
polynomial in eq 12,41

=
=

V V b V V( , ) ( )
k

n

k
k k

NL r
2

1
r

1

(12)

where Vr is a reference voltage. The coefficients, bk , are
determined by fitting the data according to eq 1341

=
=
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n

k i
k

i
k

2 (13)

The factor α is the transmission through the ND filters, Vi is
the MCT reading of the ith measurement, and Vαi is the
corresponding attenuated MCT reading in volts. In the
saturation regime, ΔNL is negative, so (1 − ΔNL) > 1. We
used n = 3 as this produced more consistent results.41 Because
Vαi and Vi are not collected simultaneously, there may be some
variability in the laser intensity. In theory, this could be
corrected by treating α as a variable rather than a constant, but
in practice this introduces more noise into the ΔNL.

41

The ΔNL(V, Vr) depend significantly on the Vr used. When
we applied the nonlinear correction factors to real 2D IR data,
we found that the Vr value that best removed scattering
produced artifacts in the spectra when we used eqs 12 and 13
as written. In order to find the ΔNL that gives the best
agreement for the 2D IR signal with the linear MCT response
(for the high gain setting, this occurs at the range of mean ILO
below 0.78 V where the observed response is very linear), we
came up with a new expression to calculate bk , using
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then replace the fixed Vr in eq 12 with a moving reference Vi as
shown in eq 15,
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where ymax is the maximum value of (Vαi − αVi) that occurs at
the saturation limit. Although applying the nonlinearity
correction factors can extend the dynamic range, data still
needs to be acquired far enough from the saturation value that
there is a consistent, observable difference in reading between
shots. We selected 75% of the maximum of the differences as
the approximate top of the range where there are still reliable
changes in the detector response with changing signals. Eq 15
accounts for the nonlinearity contributed by the detector and
preamplifier at the same time.34 The corrected responses
shown in Figure 3b,c are quite close to the linear fit through
the low-voltage data points.
To better remove scattering using 8FPCPC, one can

determine nonlinearity correction factors for each pixel at
the relevant voltages used in the experiment, and then apply
the nonlinearity correction factors to the data. In practice, this
approach does not sufficiently remove scattering, as shown in
Figure 4. Because 8FPCPC requires data to be collected across
nearly the full detector dynamic range, the exact pixel
nonlinearity becomes very important. It is difficult to make
the ΔNL work well for the whole dynamic range. As we will
discuss later, we do not apply nonlinear correction to every
shot, but to the averaged data. Furthermore, small changes in
the orientation of the cable connecting the detector to the
preamplifier change the dark noise slightly. These make
determining the exact pixel nonlinearity challenging. We
believe that this is why the implementation of 8FPCPC for
⟨ZZZZ⟩ does not work well even with ΔNL.
As far as we can tell, determining ΔNL using eqs 14 and 15 is

a novel method for calculating the corrected detector response.
For the low gain setting, using eq 14 we can extend the
dynamic range to about 2 V. This range was determined by
comparing slices of 2D IR spectra of N-tert-butyl-2,2-dimethyl-
propionamide in D2O at different gain settings to ensure that
the line shape was not visibly distorted. By extending the
dynamic range from ∼1.25 to ∼2 V, the SNR is increased by
46%. Therefore, using eq 14 to correct data acquired over the

Figure 4. To estimate the scattering reduction as a function of the local oscillator intensity, we acquired scattering-only spectra using a 100-μm
pinhole to scatter pump into the probe path for both the (a) low gain and (c) high gain detector settings. To better visualize the low gain results,
panel (b) zooms in on the bottom region of (a). Scattering reduction was estimated by comparing the on-diagonal maximum after applying a
specific method to the scattering detected for the parallel polarization ⟨ZZZZ⟩ at the same time. The average scattering reduction achieved through
4-phase cycling by changing the polarization from parallel to perpendicular ⟨YYZZ⟩ is shown in a dashed black line. The ΔNL factors were
calculated using eqs 14 and 15.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04220
J. Phys. Chem. B 2024, 128, 8835−8845

8840

https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04220?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04220?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04220?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04220?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


top of the detector dynamic range enables researchers to
acquire data with a higher SNR.
How Does Scattering Removal Using SEIFDA Com-

pare to Other Methods? The effectiveness of the different
methods for scattering removal depends on the intensity of the
local oscillator, because it is the greatest contribution to the
detector nonlinearity caused by a change in the density of
charge carriers and because it is a source of noise, even after
shot-to-shot noise is reduced by referencing.30,31 Figure 4
compares the effectiveness of the different scattering removal
methods at different mean local oscillator intensities on the
detector. To estimate the scattering removal, we used a pinhole
to scatter the pump into the probe path. All methods are
compared using the scattering in 4-phase cycling with parallel
polarization as a reference. Because the polarizer extinction
coefficient is very nearly constant throughout the intensities
measured here, for clarity, we indicate the remaining scattering
of 4-phase cycling with perpendicular polarization by a dashed
straight line. Across the dynamic range, SEIFDA brought the
remaining scattering to a comparable level with the ⟨YYZZ⟩
8FPCPC, for both the parallel and perpendicular polarizations.
Furthermore, when operating near the top of the dynamic
range, the 8FPCPC with ⟨YYZZ⟩ performed worse than 4-
phase cycling with polarization control alone for the low gain
setting used, as seen in Figure 4b. This behavior shows that the
effect of detector nonlinearity can overwhelm the ability of
polarization control to suppress scattering.
As the local oscillator intensity increases, the noise also

increases. After referencing, the effect is small, however, we
believe that this accounts for the upward trend in remaining
scattering for all methods as the mean ILO increases. Using eqs
14 and 15 to correct the data with ΔNL, the remaining
scattering can be lowered for the methods which use probe
chopping, however, there is still significant scattering. For very
strongly scattering samples, if a researcher wishes to collect
spectra using parallel polarization, they should consider the
relative intensity of the probe to the pump17 then utilize ND
filters to the keep the overall intensity on the detector within
the very linear regime of their detector, as was required for
Figure 1h, when the scattering was very intense in comparison
to the signal. In our system, we have gone further than Figure
1h and achieved 0.3% remaining scattering with the mean of
ILO was set to 0.3 V (data not shown). This means that we can
use SEIFDA to acquire artifact free spectra in parallel
polarization when the signal intensity in SSEIFDA is as little as
5% of the scattering intensity in Snpd.
Researchers who use 2D MCT focal plane arrays44 may

spread their signal over more pixels resulting in a more linear
MCT response. This approach will improve scattering removal,
but may reduce SNR depending on their dark noise levels.
Considerations on Noise Suppression and Data

Acquisition Efficiency. When we compare these methods
of scattering removal, they have different time and laser drift
considerations. The 8FPCPC method may be implemented by
alternating consecutive shots, as we did, or by grouping
chopped and unchopped shots for measuring Stot and Schopped
as shown in eq 4. The laser repetition rate and the time
required for the detector response to decay should be
considered when determining how to implement either the
8FPCPC or our SEIFDA.
While considering laser drift, we should determine the

proper order for data acquisition. In general, it is best to
acquire data for each different pump phase combination at a

single τ then move to the next τ until all τ’s have been
collected, then begin repeats. This is because if the pump and
probe are not perfectly synchronized in time, there may be a
very small drift in their timing. This ordering is important for
all terms that contain ELO (EsigELO, s1E1ELO, s2E2ELO), however,
it is unimportant for terms created by collinear excitation
sources that contain only interference between these pulses (in
the pump−probe geometry, s1s2E1E2).
The data presented in this paper applied the optimized noise

suppression method invented by Feng et al.30,31 that was
initially derived to eliminate noise based on two consecutive
shots30 and later generalized to scenarios with complex
chopping or phase cycling patterns.31 If one chops the probe
beam in every other shot in order to eliminate the scattering
terms, one needs to then compare the noise of every other
shot. Making this adjustment to the referencing scheme is
straightforward, using the generalized Δ operator, Δ1−3 , in
reference 31. To build a matrix of blank shots collected on the
signal and reference detectors with a set number of shots with
the local oscillator present, one now needs to collect twice as
many blank shots as before because half of the shots collected
will not have any light because the probe is chopped. This
increases the amount of time required to eliminate the
scattering using 8FPCPC, but only marginally. We typically
spend about 5% of data acquisition time on collecting blank
shots.31 This was increased to 10% when acquiring data using
8FPCPC.
Because using SEIFDA to measure Inpd requires moving the

delay stage, it would take significant experimental time if one
were to move the stage for every other shot or after every
coherence time τ (this would be after 4 shots for 4-phase
cycling). It is more efficient to collect a complete spectrum of
Stot followed by a complete spectrum of Snpd. This increases the
time between collecting the terms. It takes approximately 1
min to collect a complete spectrum in our current setup (this
corresponds to 151 steps in τ × 4 phases × 99 internal
repeats). The effect of long-term laser drift can be
compensated for using the multiplicative (convolutional)
noise correction term.30,31 Referencing is vital to the
application of SEIFDA. The remaining scattering in Figure
1d goes from 5.6%, with referencing applied, to 58% without
referencing. For Figure 1h, it goes from 0.86% when
referencing is applied, to 17% without referencing.
The multiplicative noise has been treated by considering an

F factor that depends on the heterodyne detection technique
and experimental details.30,31 For a 2-phase cycling scheme
that flips the pump phase between 0 and π, F = ILO* IPu* + ILO′ IPu′
where ILO and IPu are the intensity of the probe and pump
beams, respectively; * and ′ refer to the shots where the pump
phase is 0 and π, respectively.31 In principle, we should use the
true intensities of relevant beams,30 and factor out F on a shot-
to-shot basis. In practice, we can only use the detector outputs
that contain shot noise and detector noise, and factoring out F
using averaged intensities has been shown to be sufficient.30

Therefore, we treat the fluctuations of LO and pump separately
on an average basis.
The intensity of fluctuating LO, IFLO, can be well

approximated by summing Itot over 4-phase cycling,

= + + +I I I I I I
1
4

( )FLO tot
0,0

tot
0,

tot
,

tot
,0

LO (16)

because EsigELO and s1s2E1E2 , terms with opposite pump
phases (shown in the superscripts), cancel each other. To
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monitor IPu , one can acquire a pump spectrum during every
2D IR spectrum acquisition. In our current setup, this method
is feasible if we use one array for pump monitoring and another
array for data collection. However, this method does not
completely remove the dependence on the pump because it is
the intensity at the sample, not at the detector that matters, so
fluctuations in the pump focus are not accounted for. If the
pump and probe are generated by the same source, collecting a
pump spectrum is unnecessary as the pump and probe
intensity fluctuations are strongly correlated. Therefore, we can
use the local oscillator intensity to adjust for the laser drift in
the pump as well. Because we shape the pump in the frequency
domain, the individual colors may fluctuate slightly differently
between the pump and the probe. We assume that IPu(t, λ) =
ILO(t) × c(λ) and the pump probe focus overlap at the sample
is nearly constant in time. We monitored pump and probe
spectra overnight, and confirmed that these assumptions held
for the 12 h monitored. We spectrally average IFLO over pixels
to give IFPu to account for the intensity of fluctuating pump.
When using SEIFDA to isolate Esig, we calculate Esig

according to eq 17 to express it in absorbance change in e-base,

i
k
jjjjjj

y
{
zzzzzz=

× ×
E I

S
I I

S

I Isig FPu
tot

FLO FPu

npd

FLO,npd FPu,npd (17)

where the subscript npd indicates that these terms are taken at
a negative probe delay. For IFLO, and IFLO,npd , there is a unique
term for each τ. For IFPu and IFPu,npd , it is averaged over the τ
scan. We obtained a slightly higher SNR and better scattering
removal when the data were averaged first, then additive noise
was removed followed finally by removal of multiplicative
noise.
When using 8FPCPC to isolate Esig , there is no good way to

estimate F when the probe beam is chopped. Because the
chopped shots typically appear either every other shot or every
4 shots, the effect of long-term laser drift is expected to be less
than SEIFDA. The simplest solution which gave us the best
scattering removal was to simply exclude the chopped shots
from the calculation of multiplicative noise for the data
included in this paper and use eq 18 to calculate Esig ,

E
S S

Isig
tot tot,chopped

FLO,unchopped (18)

where IFLO,unchopped is found similar to eq 16 where the phases
are summed over for unchopped shots. When ΔNL detector
nonlinear correction factors were applied, the ΔNL used for
each pixel was determined based on the average probe blank
shot intensity during the run on that pixel. These factors could
instead be calculated for each shot, however, when this was
attempted, data acquisition was slowed because too much
memory was required (this was true whether the calculation
was done during or after data acquisition because either way,
we need to save significantly more data). Esig was calculated
with individual pixel’s ΔNL according to eq 19

× ×
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S S
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(1 ) (1 )
sig

tot NL tot,chopped NL,chopped

FLO,unchopped

(19)

When calculating ΔNL using eqs 14 and 15, it is often not
necessary to “correct” the chopped shots because the intensity

on the detector is typically at the very linear range and thus (1
− ΔNL,chopped) ≈ 1.
Removing the scattering using SEIFDA applied as a full, well

averaged spectrum for Stot followed by a well averaged
spectrum for Snpd only works if the scattering material is not
moving. If the scattering material is moving in and out of the
pump−probe overlap region in the sample on a fast time scale
compared to the time it takes to acquire a spectrum, then we
must reduce the time to acquire a spectrum. We collect spectra
by acquiring each of the 4-phases at τ1, then move to τ2 and
cycle through the 4-phases, then repeat until we get to τmax. We
repeat this process approximately 100 times then save the data.
This was chosen to minimize the time where no data is
collected. If the scattering material moves on the minute scale,
but does not appreciably move within ∼1200 ms, the
approximate minimum time to acquire a spectrum of Stot and
another of Snpd for a 1 kHz laser, then we could set the internal
repeats to 0. If the scattering moves faster than this, we can
split the acquisition of τ’s such that we acquire a portion of the
τ’s for Stot followed by acquisition of those same τ’s for Snpd
followed by the next set of τ’s for Stot and repeat until the full
spectra are acquired. This was not required for any of the
samples we looked at, but we imagine it may be necessary for
samples with microscopic bubbles and solvents with very low
viscosity.
If only one average and one waiting time is required, the

8FPCPC and the SEIFDA methods require the same number
of shots. However, when acquiring data with different waiting
times for extracting the frequency-frequency correlation
function, we found that SEIFDA with referencing30,31 enabled
us to reduce the frequency we had to acquire scattering-only
spectra. We can arrange to start and end with Stot, acquire Snpd
followed by two more Stot at the desired waiting times in
between every acquisition of Snpd, then utilize the same Snpd to
remove scattering from the Stot acquired before Snpd and the
Stot acquired after Snpd, as shown in Figure 5. We used this

approach to reduce the scattering-only shots by least 50%
when compared to the 8FPCPC. The frequency needed to
collect scattering-only spectra can be reduced further depend-
ing on the stability of the light source used.
When the multiplicative noise is removed following our

discussion above, researchers utilizing the box-cars geometry
could also reduce the frequency they acquire scattering-only
terms. Consider a combination of choppers and shutters,19

instead of interspersing the chopped and shuttered shots, they

Figure 5. Comparison of data acquisition for 4 averages (or waiting
times) of 8FPCPC (top row) and 4 averages (or waiting times) of
SEIFDA (bottom row). In the top row, the blue vertical lines
represent chopped shots whereas the white vertical lines represent
unchopped shots. In the bottom row, the purple and green blocks
represent the time periods that are used to collect Stot and Snpd spectra,
respectively. One half of the shots in the 8FPCPC row will not
contain signal. In contrast, one-third of the shots in SEIFDA will not
contain signal. For SEIFDA, the number of shots without signal can
be reduced further, depending on the laser stability.
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could group the shuttered and unshuttered shots to collect
separate spectra. They could then use the same spectrum of
scattering only to remove the scattering from multiple spectra
with signal and scattering. One remaining issue with this
method would be the phasing issues which may occur. Before
implementing this method, researchers would have to evaluate
how frequently they need to adjust the phase of the data.
Here we would like to make a quick note on referencing and

scattering removal. Because we split the probe and the
reference early in our setup,28 before the sample, and utilize
separate detectors for signal detection and reference detection,
our reference is inherently scattering free. This makes it much
simpler to implement both referencing and SEIFDA. If this is
not the case, for example, if researchers use one row of a dual-
stripe MCT array to detect the reference and the other row to
detect the signal, or edge pixels on the signal detector to serve
as reference pixels,45 or several rows in a 2D MCT focal plane
array,44 there may be pump scattering in the reference. In this
situation, we recommend utilizing crossed polarization for the
reference, to reduce scatter onto the reference detector. As
discussed previously,31 to ensure that referencing does not
incorrectly add a background to the real signal, the reference
detection must satisfy the condition that ⟨ΔIref⟩ = 0, and hence
the reference cannot contain any pump-induced signal,
including scattering.
When polarization control is insufficient to remove

scattering from the reference, then special attention should
be paid to the implementation of the B matrix. The B matrix
must be calculated using truly blank shots, shots collected with
all electric fields besides the local oscillator blocked. SEIFDA
should be implemented using the same uncontaminated B for
Stot and Snpd when the scattering detected on the reference
detector, q1q2E1E2 is not negligible. Referencing will result in
adding (−q1q2E1E2B) to Stot and Snpd , but calculating (Stot −
Snpd) will remove the reference contamination. This explains
how SEIFDA coupled with optimized referencing30,31 is
expected to remove all scattering terms even when the
reference is contaminated by scattering.
Additive noise is largely introduced by the local oscillator, so

reducing ELO on the detector can reduce additive noise.36

However, the referencing scheme reduces additive noise to
nearly the noise floor.30,31 This changes the SNR consid-
erations when determining how intense the ELO should be.
Although the spectrum is independent of the ELO, because the
term we are interested in detecting, EsigELO, scales with the
intensity of the ELO, increasing the local oscillator intensity
improves SNR. Additionally, increasing the ELO relative to the
pump, reduces the effects of scattering on the spectrum.17

When doing single color 2D IR experiments using only one
OPA, we cannot independently vary the relative intensity of
ELO. However, this relationship between ELO and pump
intensity is still useful to keep in mind for experimental
configurations that allow independent adjustment of ELO. In
this case, increasing ELO in conjunction with the optimized
referencing scheme30,31 can increase SNR and enhance
scattering removal.

■ CONCLUSIONS
In conclusion, we have developed a method of scattering
removal, SEIFDA, which works well for all polarization
combinations. Furthermore, it requires at least 50% less time
to characterize the scattering than the more commonly used
8FPCPC method. SEIFDA avoids the artifacts caused by

detector nonlinearity by acquiring all data points in the same
detector linearity regime. SEIFDA is made possible through
the reduction of both additive and multiplicative noise with
optimized referencing. We have demonstrated the usefulness of
SEIFDA on determining the encapsulation of small molecule
Nile red in PEG45-b-PCL30. Furthermore, we have presented a
method for correcting the detector nonlinearity which will
enable researchers to acquire higher SNR data. In the future,
researchers will be able to use SEIFDA to obtain spatial and
dynamic information for samples with low signal to scattering
ratios as SEIFDA provides improved flexibility in polarization
control, detector dynamic range, and a reduction in the time
required to characterize scattering, enabling researchers to
acquire more averages.

■ AUTHOR INFORMATION
Corresponding Author

Nien-Hui Ge − Department of Chemistry, University of
California, Irvine, California 92697-2025, United States;
orcid.org/0000-0002-0011-0790; Email: nhge@uci.edu

Authors
Anneka Miller Casas − Department of Chemistry, University

of California, Irvine, California 92697-2025, United States;
orcid.org/0009-0000-0714-9383

Nehal S. Idris − Department of Chemistry, University of
California, Irvine, California 92697-2025, United States;
orcid.org/0000-0002-6129-6648

Victor Wen − Department of Chemistry, University of
California, Irvine, California 92697-2025, United States

Joseph P. Patterson − Department of Chemistry, University of
California, Irvine, California 92697-2025, United States;
orcid.org/0000-0002-1975-1854

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.4c04220

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This paper is based upon work supported by the National
Science Foundation under grant number CHE-1905395 to N.-
H.G. Any opinions, findings, and conclusions or recommen-
dations expressed in this paper are those of the authors and do
not necessarily reflect the views of the National Science
Foundation. A.M.C. acknowledges the support of the Rose
Hills Foundation through fellowships. V.W. acknowledges the
support of UCI Undergraduate Research Opportunities
Program. We would also like to thank UCI Greenplanet and
NSF Grant CHE-0840513 for the computations performed on
their clusters. We acknowledge UCI Laser Spectroscopy
Laboratories. We would also like to thank Hiroaki Maekawa
for laser maintenance and fruitful discussion.

■ REFERENCES
(1) Kim, H.; Cho, M. Infrared Probes for Studying the Structure and
Dynamics of Biomolecules. Chem. Rev. 2013, 113, 5817−5847.
(2) Ghosh, A.; Ostrander, J. S.; Zanni, M. T. Watching Proteins
Wiggle: Mapping Structures with Two-Dimensional Infrared Spec-
troscopy. Chem. Rev. 2017, 117, 10726−10759.
(3) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. M.
Heterodyned Two-Dimensional Infrared Spectroscopy of Solvent-

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04220
J. Phys. Chem. B 2024, 128, 8835−8845

8843

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nien-Hui+Ge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0011-0790
https://orcid.org/0000-0002-0011-0790
mailto:nhge@uci.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anneka+Miller+Casas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-0714-9383
https://orcid.org/0009-0000-0714-9383
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nehal+S.+Idris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6129-6648
https://orcid.org/0000-0002-6129-6648
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+P.+Patterson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1975-1854
https://orcid.org/0000-0002-1975-1854
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04220?ref=pdf
https://doi.org/10.1021/cr3005185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr3005185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0100093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Dependent Conformations of Acetylproline-NH2. J. Phys. Chem. B
2001, 105, 6520−6535.
(4) Hamm, P.; Zanni, M. T. Concepts and Methods of 2D Infrared
Spectroscopy; Cambridge University Press, 2011.
(5) Golonzka, O.; Tokmakoff, A. Polarization-Selective Third-Order
Spectroscopy of Coupled Vibronic States. J. Chem. Phys. 2001, 115,
297−309.
(6) Woutersen, S.; Hamm, P. Structure Determination of Trialanine
in Water Using Polarization Sensitive Two-Dimensional Vibrational
Spectroscopy. J. Phys. Chem. B 2000, 104, 11316−11320.
(7) Rehault, J.; Helbing, J. Angle Determination and Scattering
Suppression in Polarization-Enhanced Two-Dimensional Infrared
Spectroscopy in the Pump-Probe Geometry. Opt. Express 2012, 20,
21665−21677.
(8) Nishida, J.; Tamimi, A.; Fei, H.; Pullen, S.; Ott, S.; Cohen, S. M.;
Fayer, M. D. Structural Dynamics inside a Functionalized Metal−
Organic Framework Probed by Ultrafast 2D IR Spectroscopy. Proc.
Natl. Acad. Sci. U.S.A. 2014, 111, 18442−18447.
(9) Nishida, J.; Fayer, M. D. Guest Hydrogen Bond Dynamics and
Interactions in the Metal−Organic Framework Mil-53(Al) Measured
with Ultrafast Infrared Spectroscopy. J. Phys. Chem. C 2017, 121,
11880−11890.
(10) Yamada, S. A.; Shin, J. Y.; Thompson, W. H.; Fayer, M. D.
Water Dynamics in Nanoporous Silica: Ultrafast Vibrational Spec-
troscopy and Molecular Dynamics Simulations. J. Phys. Chem. C 2019,
123, 5790−5803.
(11) Yamada, S. A.; Hung, S. T.; Shin, J. Y.; Fayer, M. D. Complex
Formation and Dissociation Dynamics on Amorphous Silica Surfaces.
J. Phys. Chem. B 2021, 125, 4566−4581.
(12) Hung, S. T.; Yamada, S. A.; Zheng, W.; Fayer, M. D. Ultrafast
Dynamics and Liquid Structure in Mesoporous Silica: Propagation of
Surface Effects in a Polar Aprotic Solvent. J. Phys. Chem. B 2021, 125,
10018−10034.
(13) Spector, I. C.; Olson, C. M.; Huber, C. J.; Massari, A. M.
Simple Fully Reflective Method of Scatter Reduction in 2D-IR
Spectroscopy. Opt. Lett. 2015, 40, 1850−1852.
(14) Cracchiolo, O.; Edun, D.; Betti, V.; Goldberg, J.; Serrano, A.
Cross-α/β Polymorphism of PSMα3 Fibrils. Proc. Natl. Acad. Sci. U. S.
A. 2022, 119, No. e2114923119.
(15) Hack, J. H.; Ma, X.; Chen, Y.; Dombrowski, J. P.; Lewis, N. H.
C.; Li, C.; Kung, H. H.; Voth, G. A.; Tokmakoff, A. Proton
Dissociation and Delocalization under Stepwise Hydration of Zeolite
Hzsm-5. J. Phys. Chem. C 2023, 127, 16175−16186.
(16) Yan, C.; Nishida, J.; Yuan, R.; Fayer, M. D. Water of Hydration
Dynamics in Minerals Gypsum and Bassanite: Ultrafast 2D IR
Spectroscopy of Rocks. J. Am. Chem. Soc. 2016, 138, 9694−9703.
(17) Donaldson, P. M.; Howe, R. F.; Hawkins, A. P.; Towrie, M.;
Greetham, G. M. Ultrafast 2D-IR Spectroscopy of Intensely Optically
Scattering Pelleted Solid Catalysts. J. Chem. Phys. 2023, 158,
No. 114201.
(18) Bloem, R.; Garrett-Roe, S.; Strzalka, H.; Hamm, P.; Donaldson,
P. Enhancing Signal Detection and Completely Eliminating Scattering
Using Quasi-Phase-Cycling in 2D IR Experiments. Opt. Express 2010,
18, 27067−27078.
(19) Seol, J. G.; Kwon, H.; Jin, G. Y.; Moon, J.; Yi, C.; Kim, Y. S.
Scattering Elimination of Heterodyne-Detected Two-Dimensional
Infrared Spectra Using Choppers and Shutters. J. Phys. Chem. A 2019,
123, 10837−10843.
(20) Shim, S. H.; Zanni, M. T. How to Turn Your Pump-Probe
Instrument into a Multidimensional Spectrometer: 2D IR and Vis
Spectroscopies Via Pulse Shaping. Physical chemistry chemical physics:
PCCP 2009, 11, 748−761.
(21) Helbing, J.; Hamm, P. Compact Implementation of Fourier
Transform Two-Dimensional IR Spectroscopy without Phase
Ambiguity. Journal of Optical Society of America B 2011, 28, 171−178.
(22) Baiz, C. R.; Schach, D.; Tokmakoff, A. Ultrafast 2D IR
Microscopy. Opt. Express 2014, 22, 18724−18735.
(23) Shim, S.-H.; Strasfeld, D. B.; Ling, Y. L.; Zanni, M. T.
Automated 2D IR Spectroscopy Using a Mid-IR Pulse Shaper and

Application of This Technology to the Human Islet Amyloid
Polypeptide. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 14197−14202.
(24) Myers, J. A.; Lewis, K. L. M.; Tekavec, P. F.; Ogilvie, J. P. Two-
Color Two-Dimensional Fourier Transform Electronic Spectroscopy
with a Pulse-Shaper. Opt. Express 2008, 16, 17420−17428.
(25) Rizvi, A.; Ianiro, A.; Hurst, P. J.; Merham, J. G.; Patterson, J. P.
Nonionic Block Copolymer Coacervates. Macromolecules 2020, 53,
6078−6086.
(26) Ray, A.; Das, S.; Chattopadhyay, N. Aggregation of Nile Red in
Water: Prevention through Encapsulation in β-Cyclodextrin. ACS
Omega 2019, 4, 15−24.
(27) Ianiro, A.; Patterson, J. P.; Garcia, A. G.; van Rijt, M. M. J.;
Hendrix, M. M. R. M.; Sommerdijk, A. J. M.; Voets, I. K.; Esteves, A.
C. C.; Tuinier, R. A Roadmap for Poly(Ethylene Oxide)-Block-Poly-
Ε-Caprolactone Self-Assembly in Water: Prediction, Synthesis, and
Characterization. J. Polym. Sci., B: Polym. Phys. 2017, 56, 330−339.
(28) Vinogradov, I.; Feng, Y.; Karthick Kumar, S. K.; Guo, C.;
Udagawa, N. S.; Ge, N.-H. Ultrafast Vibrational Dynamics of the
Tyrosine Ring Mode and Its Application to Enkephalin Insertion into
Phospholipid Membranes as Probed by Two-Dimensional Infrared
Spectroscopy. J. Chem. Phys. 2021, 155, No. 035102.
(29) Bartoli, F.; Allen, R.; Esterowitz, L.; Kruer, M. Auger-Limited
Carrier Lifetimes in HgCdTe at High Excess Carrier Concentrations.
J. Appl. Phys. 1974, 45, 2150−2154.
(30) Feng, Y.; Vinogradov, I.; Ge, N.-H. General Noise Suppression
Scheme with Reference Detection in Heterodyne Nonlinear Spec-
troscopy. Opt. Express 2017, 25, 26262−26279.
(31) Feng, Y.; Vinogradov, I.; Ge, N.-H. Optimized Noise Reduction
Scheme for Heterodyne Spectroscopy Using Array Detectors. Opt.
Express 2019, 27, 20323−20346.
(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H. et al. Gaussian 16, Revision A.03; Gaussian, Inc.,
2016.
(33) Farrell, K. M.; Ostrander, J. S.; Jones, A. C.; Yakami, B. R.;
Dicke, S. S.; Middleton, C. T.; Hamm, P.; Zanni, M. T. Shot-to-Shot
2D IR Spectroscopy at 100 Khz Using a Yb Laser and Custom-
Designed Electronics. Opt. Express 2020, 28, 33584−33602.
(34) Theocharous, E.; Ishii, J.; Fox, N. P. Absolute Linearity
Measurements on HgCdTe Detectors in the Infrared Region. Optica
2004, 43, 4182−4188.
(35) Holmes, J. F.; Rask, B. J. Optimum Optical Local-Oscillator
Power Levels for Coherent Detection with Photodiodes. Appl. Opt.
1995, 34, 927−933.
(36) Farrell, K. M.; Yang, N.; Zanni, M. T. A Polarization Scheme
That Resolves Cross-Peaks with Transient Absorption and Eliminates
Diagonal Peaks in 2D Spectroscopy. Proc. Natl. Acad. Sci. U. S. A.
2022, 119, No. e2117398119.
(37) Ge, N.-H.; Zanni, M. T.; Hochstrasser, R. M. Effects of
Vibrational Frequency Correlations on Two-Dimensional Infrared
Spectra. J. Phys. Chem. A 2002, 106, 962−972.
(38) Maekawa, H.; Formaggio, F.; Toniolo, C.; Ge, N.-H. Onset of
310-Helical Secondary Structure in Aib Oligopeptides Probed by
Coherent 2D IR Spectroscopy. J. Am. Chem. Soc. 2008, 130, 6556−
6566.
(39) Chase, D. B. Nonlinear Detector Response in FT-IR. Appl.
Spectrosc. 1984, 38, 491−494.
(40) Coslovi, L.; Righini, F. Fast Determination of the Nonlinearity
of Photodetectors. Appl. Opt. 1980, 19, 3200−3203.
(41) Yang, S.; Vayshenker, I.; Li, X.; Scott, T. R.; Zander, M. Optical
Detector Nonlinearity: Simulation; National Institute of Standards and
Technology: Gaithersburg, MD; NIST Technical Note 1376, 1995.
(42) Saunders, R. D.; Shumaker, J. B. Automated Radiometric
Linearity Tester. Appl. Opt. 1984, 23, 3504−3506.
(43) Frehlich, R. G. Estimation of the Nonlinearity of a
Photodetector. Appl. Opt. 1992, 31, 5926−5929.
(44) Ghosh, A.; Serrano, A. L.; Oudenhoven, T. A.; Ostrander, J. S.;
Eklund, E. C.; Blair, A. F.; Zanni, M. T. Experimental
Implementations of 2D IR Spectroscopy through a Horizontal Pulse

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04220
J. Phys. Chem. B 2024, 128, 8835−8845

8844

https://doi.org/10.1021/jp0100093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1376144
https://doi.org/10.1063/1.1376144
https://doi.org/10.1021/jp001546a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp001546a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp001546a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.20.021665
https://doi.org/10.1364/OE.20.021665
https://doi.org/10.1364/OE.20.021665
https://doi.org/10.1073/pnas.1422194112
https://doi.org/10.1073/pnas.1422194112
https://doi.org/10.1021/acs.jpcc.7b02458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b02458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b02458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c01225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c04798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c04798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c04798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OL.40.001850
https://doi.org/10.1364/OL.40.001850
https://doi.org/10.1073/pnas.2114923119
https://doi.org/10.1021/acs.jpcc.3c03611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c03611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c03611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0139103
https://doi.org/10.1063/5.0139103
https://doi.org/10.1364/OE.18.027067
https://doi.org/10.1364/OE.18.027067
https://doi.org/10.1021/acs.jpca.9b09219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b09219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B813817F
https://doi.org/10.1039/B813817F
https://doi.org/10.1039/B813817F
https://doi.org/10.1364/JOSAB.28.000171
https://doi.org/10.1364/JOSAB.28.000171
https://doi.org/10.1364/JOSAB.28.000171
https://doi.org/10.1364/OE.22.018724
https://doi.org/10.1364/OE.22.018724
https://doi.org/10.1073/pnas.0700804104
https://doi.org/10.1073/pnas.0700804104
https://doi.org/10.1073/pnas.0700804104
https://doi.org/10.1364/OE.16.017420
https://doi.org/10.1364/OE.16.017420
https://doi.org/10.1364/OE.16.017420
https://doi.org/10.1021/acs.macromol.0c00979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b02503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b02503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/polb.24545
https://doi.org/10.1002/polb.24545
https://doi.org/10.1002/polb.24545
https://doi.org/10.1063/5.0054428
https://doi.org/10.1063/5.0054428
https://doi.org/10.1063/5.0054428
https://doi.org/10.1063/5.0054428
https://doi.org/10.1063/1.1663561
https://doi.org/10.1063/1.1663561
https://doi.org/10.1364/OE.25.026262
https://doi.org/10.1364/OE.25.026262
https://doi.org/10.1364/OE.25.026262
https://doi.org/10.1364/OE.27.020323
https://doi.org/10.1364/OE.27.020323
https://doi.org/10.1364/OE.409360
https://doi.org/10.1364/OE.409360
https://doi.org/10.1364/OE.409360
https://doi.org/10.1364/AO.43.004182
https://doi.org/10.1364/AO.43.004182
https://doi.org/10.1364/AO.34.000927
https://doi.org/10.1364/AO.34.000927
https://doi.org/10.1073/pnas.2117398119
https://doi.org/10.1073/pnas.2117398119
https://doi.org/10.1073/pnas.2117398119
https://doi.org/10.1021/jp011768o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp011768o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp011768o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8007165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8007165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8007165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1366/0003702844555296
https://doi.org/10.1364/AO.19.003200
https://doi.org/10.1364/AO.19.003200
https://doi.org/10.1364/AO.23.003504
https://doi.org/10.1364/AO.23.003504
https://doi.org/10.1364/AO.31.005926
https://doi.org/10.1364/AO.31.005926
https://doi.org/10.1364/OL.41.000524
https://doi.org/10.1364/OL.41.000524
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Shaper Design and a Focal Plane Array Detector. Opt. Lett. 2016, 41,
524−527.
(45) Robben, K. C.; Cheatum, C. M. Edge-Pixel Referencing
Suppresses Correlated Baseline Noise in Heterodyned Spectroscopies.
J. Chem. Phys. 2020, 152, No. 094201.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04220
J. Phys. Chem. B 2024, 128, 8835−8845

8845

https://doi.org/10.1364/OL.41.000524
https://doi.org/10.1063/1.5134987
https://doi.org/10.1063/1.5134987
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



