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Abstract

Pulsed temperature-jump (T-jump) spectroscopy with infrared (IR) detection has been widely used
to study biophysical processes occurring from nanoseconds to ~1 millisecond with structural
sensitivity. However, many systems exhibit structural dynamics on timescales longer than the
millisecond barrier that is set by the time-scale for thermal relaxation of the sample. We have
developed a linear and nonlinear infrared spectrometer coupled to an intensity-modulated
continuous wave (CW) laser to probe T-jump initiated chemical reactions from <1 ms to seconds.
Time-dependent modulation of the CW laser leads to a <1 ms heating time as well as a constant
final temperature (+ 3%) for the duration of the heating time. Temperature changes of up to 75 °C
in D,0 are demonstrated, allowing for nonequilibrium measurements inaccessible to standard
pulsed optical T-jump setups. T-jump linear absorption, pump-probe, and two-dimensional IR (2D
IR) spectroscopy are applied to the unfolding and refolding of ubiquitin and a model intercalated
motif (i-motif) DNA sequence, and analysis of the observed signals is used to demonstrate the
limits and utility of each method. Overall, the ability to probe temperature-induced chemical
processes from <1 ms to many seconds with 2D IR spectroscopy provides multiple new avenues
for time-dependent spectroscopy in chemistry and biophysics.
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Introduction

Macromolecules exhibit structural dynamics spanning from solvation dynamics on
picosecond timescales to large secondary structure rearrangements that last from
milliseconds to seconds. For the last 50 years, temperature-jump (T-jump) spectroscopy has
been one of the most common methods for investigating macromolecule and chemical
reaction dynamics due to its ability to probe over many decades in time.1=> To generate
temperature changes rapid enough to resolve fast molecular motions, T-jumps are typically
delivered through electrical discharge® or optical excitation of the solvent.”"11 In the most
common optical approach, an intense near-infrared laser with ~10 ns pulses is used to excite
the overtone of the O-H or O-D stretching vibration, leading to solvent heating within the
envelope of the pulse (< 10 ns). This type of T-jump setup has been instrumental for the
investigation of intermediate species and activated and downhill kinetics in processes such as
protein unfolding,12-13 DNA dehybridization,* 14 nucleic acid unfolding,1>-16 and various
chemical reactions.1’~20 The elevated temperature lasts from ~10 ns to ~1 ms until the
sample begins to relax toward the initial temperature (7). However, many macromolecules
exhibit large changes in secondary structure that are known or proposed to occur from tens
to hundreds of milliseconds.2227 The millisecond limit to pulsed T-jump experiments is
governed by the time scale for thermal diffusion of the initially deposited heat out of the
sample, so to access longer time scales, steady-state heating at a rate equal to the rate of
dissipation by thermal diffusion is required to maintain a constant elevated temperature.
Continuous wave (CW) optical heating has recently been applied to investigate biomolecular
dynamics,28-30 and may be used to extend the time window for T-jump measurements out to
hundreds of milliseconds or seconds. To increase the rate of solvent heating and cooling and
to achieve larger temperature changes, optical CW T-jump methods are often performed on
small sample volumes and probed with fluorescence microscopy.28: 30 Additionally, T-jump
methods utilizing other types of heating methods have been used to study millisecond
reaction dynamics.23-2

Infrared (IR) spectroscopy is a structurally sensitive probe that has been employed to track
T-jump responses from proteins, nucleic acids, and small molecules.? 14 19.31-37 | DNA or
RNA, each nucleobase exhibits a distinct mid-IR spectrum reporting on in-plane vibrational
stretching motions that is reshaped upon changes in hydrogen bonding and base stacking.
38-42 The amide | vibrations of proteins are sensitive to hydrogen bonding, allowing them to
report on the disruption of secondary structures such as B-sheets and a.-helices.*3-44 IR
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spectroscopy can resolve individual residues among a large protein or nucleic acid through
isotope labelling of certain atoms, and this approach has been coupled with T-jump
spectroscopy to resolve detailed mechanisms of protein unfolding.33 45-48 Relative to linear
IR spectroscopy, two-dimensional IR (2D IR) spectroscopy offers greater insight into the
structure of biomolecules and their interactions with the environment. The 2D IR spectrum
reports on coupling between vibrational modes, reveals contributions to the linewidth of an
IR transition, and can distinguish whether peaks arise from distinct chemical species.
19,49-50 Changes in line shape and cross-peaks between vibrational modes of DNA bases
have been used to report on base pair formation and base stacking as well as the loss of -
sheet character in proteins while the 2D IR line shape provides information on the
distribution of environments the molecule experiences.#0-41 43,51 Dye to the added
technical difficulties relative to T-jump linear IR spectroscopy, the development of T-jump
2D IR (t-2D IR) spectrometers has been limited.”

Since pulsed T-jump experiments are limited to time scales shorter than 1-10 ms, T-jump
experiments with CW laser heating can be used to access longer time delays. To achieve
temperature changes >10 °C with CW heating, a high (~10* W/cm?2) near-IR excitation
power density is needed at the sample. Focusing of a 135 mW near-IR CW source to small
volumes (~10 pL) has been shown to generate temperature changes of up to 80 °C in water
within a few milliseconds.2® Such small heating volumes work when combined with
techniques such as fluorescence microscopy but are incompatible with linear IR and 2D IR
spectroscopic probes due to the ~10x increase in diffraction-limited spot size in going from
the visible to mid-IR. Typical 2D IR setups have a mid-IR probe volume between 50 pL and
1 nL, which requires a T-jump excitation volume between 1 and 50 nL to ensure temperature
uniformity of the probe region with a Gaussian mode. Therefore, T-jump IR and 2D IR
spectroscopy requires a high CW excitation power to achieve sizeable temperature changes.
Even with a higher CW excitation power, the greater heating volume needed for IR
spectroscopy will also require more time to heat to a stabilized final temperature, since the
millisecond time-scale for thermal diffusion limits the time it takes to reach the point of
steady-state heating. In addition, CW heating methods have been shown to create unstable
final temperatures that may create thermal artifacts in the T-jump response of the sample.30
One way to accelerate the heating time and remove time-dependent variation in temperature
is to rapidly modulate the T-jump laser intensity throughout the heating event. For example,
if the T-jump laser initially excites the solvent with a high power for a short amount of time
and then drops down to a plateau power, heating to the temperature of the plateau power will
occur faster than if a simple square waveform between an off state and the plateau power
were used.

In this article we report the design and characterization of a t-2D IR spectrometer for
probing chemical processes from <1 ms to seconds. T-jumps are delivered by optical
excitation of the solvent with an intense CW laser modulated by an acousto-optic modulator
(AOM). The T-jump laser is coupled into a 2D IR spectrometer that has a pump-probe pulse
geometry. T-jump experiments can be performed with and without timing synchronization
between the T-jump laser and femtosecond mid-IR probe. Temperature changes (AT) of up
to ~75 °C in D»0O are demonstrated. T-jump linear IR absorption (t-A), pump-probe (t-PP),
and t-2D IR spectroscopy are applied to study unfolding and refolding of intercalated motif

J Phys Chem B. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ashwood et al.

Page 4

(i-motif) DNA and the protein ubiquitin. The T-jump responses are combined with kinetic
simulations (see Supporting Information) to characterize potential distortions to the
observed signals and establish methods for analyzing T-jump data.

2. Experimental Section

Our T-jump spectrometer is specifically designed to optically heat the sample through weak
absorption by the D,O stretch overtone near 2 um to ensure uniform heating across the path
length of the sample. We use a 30 W Thulium (Tm) CW fiber laser to induce temperature
changes of many tens of degrees, and the laser intensity is abruptly modulated by an AOM
to optimize the heating time (<1 ms) of the solvent and rapidly turn off the laser. The
temperature of the sample is monitored by the change in mid-IR transmission of D,0O. A
train of mid-IR pulses probe the sample continuously with a repetition rate of 1 kHz and are
detected pulse-by-pulse in a frequency resolved manner with an array. The mid-IR pulses
may be split into a series of pulses and delayed relative to one another with high precision
motorized stages to measure nonlinear IR signals from the signal. In total, t-A, t-PP, and
t-2D IR probes can be used to track the sample after a T-jump. The details of the mid-IR
spectrometer and optical heating method are described in the following sections.

2.1 2D IR Spectrometer

Fig. 1 outlines the optical components used to generate, delay, and detect a series of mid-IR
pulses for 2D IR spectroscopy. The output of a Ti:sapphire regenerative amplifier (Libra,
Coherent) pumps an optical parametric amplifier (OPA, TOPAS C, Light Conversion). The
resulting signal and idler undergo collinear difference-frequency generation (DFG) in an
AgGaS; crystal to generate 10 puJ mid-IR pulses with a 90 fs pulse duration. A CaF, wedge
(0.5 deg, Q131115LJ2, Altechna) reflects about 5% of the mid-IR light to be used as the
probe pulse (k3). The transmitted portion enters a Mach-Zehnder interferometer that uses a
pair of 50:50 CaF, beamsplitters (Edmund Optics) to split the beam into two arms (k; and
ko), create a time delay between the arms (z1), and recombine the beams. The output from
the Mach-Zehnder interferometer is split into in-phase and rc-shifted outputs. The rt-shifted
portion is focused onto a room-temperature HgCdTe (MCT) detector (MCT5-020-H,
Electro-Optical Systems) that measures the interferogram between k; and k, to be used as a
reference to correct for errors z;. The in-phase portion is used as the pump for pump-probe
measurements and the first two signal generating pulses in 2D IR measurements. Two
mirrors mounted on motorized stages (ANT95L, Aerotech) are placed in the kq beam path to
control 7; and the k3 beam path to control z,, the time delay between ky and k3. The
stationary k, beam is chopped at 500 Hz (Ch, 3501, Newport) and differential detection
between unchopped and chopped shots is used to isolate the PP or 2D IR signal from the
large transmitted k3 background. After the interferometer, the polarization of kq, and k are
controlled by sending each through a MgF» half waveplate (MWPMFA2-22-WL-UN, Karl
Lambrecht Corp.) and ZnSe polarizer (57503, Specac) in motorized rotation mounts
(PRM1Z8, Thorlabs). The k3 beam transmits through a CaF, window (WG51050, Thorlabs)
to compensate for dispersion and is then fixed to horizontal polarization with a ZnSe
polarizer.
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The ky/ko (pump) and k3 (probe) beams are horizontally offset by 1” and each focused by a
gold 90° off-axis parabolic mirror (MPD229H-MO03, Thorlabs, 2” reflected focal length) into
the sample. A diameter of approximately 40 um (1/e2 in intensity) was measured for each
beam by monitoring the transmitted power as a razor blade was scanned across the focus. A
temporal duration FWHM of 90 fs was measured for both the pump and probe pulses by
interferometric autocorrelation and cross-correlation measurements, respectively, in
AgGaS,. The sample is held between two 1 mm thick CaF, windows separated by a 50 pm
Teflon spacer. The windows are held in a home-built brass jacket that is temperature
controlled using a recirculating chiller (Ministat 125, Huber). For chiller setpoints from 0 to
105 °C, the temperature at the sample was measured with a thermocouple in thermal contact
to one CaF, window and used to calibrate the reported temperatures in this work. In the
pump-probe geometry, the pump-induced intensity change on the probe is measured.
Therefore, the pump beam is blocked after the sample and the probe beam is focused into a
monochromator (Triax 190, Horiba) that disperses the light onto the lower stripe of a 2 x 64
pixel MCT array connected to a boxcar integrator (IR-0144, Infrared Systems
Development). The array signal is sampled every millisecond and converted to a digital
signal (ADC) before being stored in FIFO memory and readout to the host computer (PC). A
ZnSe analyzer set parallel to the polarization of the probe is placed just before the
monochromator.

2.2 Optical Heating of Sample

T-jumps are induced by optical excitation of the overtone transition of the O-D stretch
vibration in D,O. A CW Tm fiber laser (TLR-30, IPG Photonics) outputs 30 W of 1.94 pm
light. D,O has a weak absorption coefficient at this wavelength (15 cm™1), which assures
that heating is uniform through the 50 pm thick sample. The output is collimated to a beam
diameter of 1.5 mm using a Galilean telescope and sent through an AR-coated TeO, AOM
(M1099-T40L-2(M), Isomet) with a 2 mm active aperture height. A radiofrequency (RF)
driver (531C-7, Isomet) converts a sine wave input with programmable amplitude (0 — 1 V)
from an arbitrary function generator (AFG) (31101, Tektronix) to a 40 MHz signal of up to
9.7 W, which is used to drive the AOM. The AOM is placed on a manual rotation stage
(RP03, Thorlabs) and rotated to the Bragg angle (9.05 mrad). The rise time of the AOM is
~300 ns. A first-order diffraction efficiency of 70-75% is achieved with maximum RF
power. The 0" and 15%-order diffracted beams are separated by an angle of 18.10 mrad. After
the beams sufficiently separate, the 0" order beam is blocked, and the 15t-order beam is used
for optical heating of the sample. To spatially overlap the T-jump beam and the mid-IR
pulses, the T-jump beam is focused through a tapered hole in the center of the 15t off-axis
parabolic mirror to a diameter of 230 um (1/e in intensity) at the sample. The T-jump beam
is focused to a diameter >5x larger than that of the mid-IR beams to ensure uniform heating
of the mid-IR probe volume in the dimensions parallel to the windows. After passing
through the sample, the T-jump beam exits through a tapered hole in the second parabolic
mirror and is blocked.

2.3 Timing Between T-Jump and Mid-IR Probe

The diffraction of the T-jump laser toward the sample is repeatedly turned on and off,
creating an alternating cycle in the sample between a high temperature 7¢for a timescale z,,
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and low temperature 7;for a time 7,z with a total cycling period z7that spans from
hundreds of milliseconds to seconds in practice (Fig. 2). Mid-IR probe shots arrive at the
sample every 1 ms, and are sorted based on their time of arrival after the T-jump laser turns
on (z7y) and off (z7p= 77— 4. Hundreds to thousands of measurements as a function of
T-jump delay z77and T-drop delay z7ppare acquired per T-jump cycle and are binned
logarithmically. The first probe shot arrives between 0 and 1 ms (z}-,) after the T-jump laser

turns on. r}J can be electronically controlled (synchronous) or allowed to wander

(asynchronous) due to the timing mismatch between the T-jump cycle and the 1 kHz
repetition rate of the mid-IR probe. When 7)., is allowed to wander, different zJ., values are

probed in subsequent T-jump cycles. Therefore, asynchronous acquisition is advantageous
for collecting data at many time delays, because data at every z7yand z7p will be
accumulated together over many T-jump cycles. Synchronous acquisition fixes T}J and only

collects a subset of z77and z7p at a time, making it optimal for acquiring high quality data
at select 7}, delays.

In asynchronous acquisition, the T-jump laser and the mid-IR probe laser are not
synchronized, and the internal clock of the AFG determines when optical heating of the
sample is started and stopped. Therefore, the z77and =7 values associated with each probe
pulse are initially unknown and must be determined using an additional electronic signal. At
the initiation of heating, the AFG triggers a second AFG (DG812, Rigol) to generate a 16-bit
linear ramp from —-10 (V) to 10 V (V/7) that lasts for =7 The voltage ramp is read by the
boxcar integrator connected to the MCT array that measures the mid-IR signal. Each mid-IR
shot is associated with a voltage that is related to z7;by eq. 1.

V(try) = VTT—TVOTTJ (€
The resolution to which z7yand =7 values are recorded is determined by the number of
voltage steps in the ramp. For a 16-bit AFG, the time resolution of the ramp is 7216, If 7
is 1 s, then the time delay accuracy is limited to 15 ps.

In synchronous acquisition, the 80 MHz repetition rate from the oscillator seeding the
regenerative amplifier serves as the master clock. The 80 MHz signal is divided to 1 kHz by
a delay generator (SDG Elite, Coherent), which is sent to the regenerative amplifier, and the
1 kHz signal is then divided to 20 Hz. The 20 Hz signal is further divided by an integer from
2 to 256 with a programmable frequency divider (PRL-260NT, Pulse Research Lab). The
resulting frequency between 0.08 Hz and 10 Hz (1/zy) triggers the AFG to initiate a
sequence of waveforms that are converted to drive the AOM and modulate the intensity the
T-jump laser. The AFG sets -, by adding a 0 — 1 ms delay between the trigger and

diffraction of T-jump laser.

For detection of nonlinear IR signals, the k, beam is chopped at 500 Hz, and therefore half
of the mid-IR shots contain the nonlinear signal of interest and are corrected with the
chopped shots to remove additional background signals. For a given T-jump event, this
means that half of the z7;and z7p delays will be chopped and the other unchopped. Ideally,
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the timespan between acquisition of unchopped and chopped shots to be subtracted should
be minimized to reduce the impact of fluctuations in laser power. T-jump events are acquired
in pairs where the second T-jump is initiated an odd number of probe shots after initiation of
the first T-jump. Therefore, every z7;and z7pthat was chopped/unchopped in the first T-
jump becomes unchopped/chopped during the second T-jump, allowing for subtraction
between subsequent T-jump cycles.

2.4 Temperature-Jump Linear, Pump-Probe, and 2D IR Spectroscopy

The simplest T-jump experiment, transient linear IR absorption (t-A) spectroscopy,
characterizes the change in absorbance of the mid-IR spectrum observed by the probe beam
as a function of z7; Without a separate reference detector, the t-A signal is acquired as
difference between the spectral intensity at a given 7 (A w, 7)) and at the initial
temperature ({w, 7).

(o, 7r))

AOD(CO, TTJ) = - log(—

1(@.T) @

In practice, w, 7)) is taken as the average spectral intensity at long z7p delays following re-
equilibration of the sample at 7;. The measured difference spectrum then contains the time-
dependent change in solvent and sample absorption. When measured on its own, the t-A
signal can be acquired without optical chopping. However, when acquired simultaneously
with the nonlinear IR signal, the t-A signal is extracted only from mid-IR shots where ks is
chopped to avoid distortions from the ky/k3 PP and 2D IR signals.

The details of 2D IR in the pump-probe geometry have been described previously,>2-54 but a
brief description of 2D IR data acquisition and processing steps will be provided. PP spectra
are acquired as a function of z; and Fourier transformed to give the absorptive 2D IR
spectrum. The m-shifted output of the Mach-Zehnder interferometer is used to measure a
pump interferogram as z; is stepped. The pump interferogram is then Fourier transformed
and used to correct for timing errors in 7 via the Mertz method.>> All PP and 2D IR data
shown here were collected with 7, = 100 fs. In the absence of the T-jump, PP and 2D IR data
are collected as the difference in optical density (AOD) between adjacent mid-IR shots with
ka unchopped (/gpen) and chopped (//ose0)-

®

1. (t1. 7,
40D(z), 7y, 03) = ~ 10g(M)

Iclosed(Tl’ 72, (’)3)

The PP signal between k, and k3 is constant during z; and subtracted as the mean value over
the acquired FID at each pixel.

Temperature-jump 2D IR (t-2D IR) data were acquired by stepping z; and averaging for
many T-jump cycles at each z7; Acquisitions of 90 s were performed for each 7 in the data
shown here. To reduce acquisition time, data were undersampled along z; with 24 fs steps
from —160 to 2000 fs. As for equilibrium 2D IR, the mid-IR pump interferogram was used
to correct for phase errors in 2D IR surfaces at each z7;using the Mertz method.>° t-PP and
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t-2DIR spectra are typically represented as double difference spectra to emphasize spectral
changes throughout the reaction.

Q]

1 , I ,T;
AAOD(w3, T1y) = —10g( open(®@3 rn)) 10( open(®3 ,))

Iclosed(w37 TTJ) Iclosed(w37 Ti)

The second term in eq. 4 is the AOD signal at 7; prior to optical heating. The T-jump
waveforms used in this study have a sufficiently long z,zthat allows for complete thermal
relaxation of the sample prior to the next T-jump event. Therefore, spectra acquired after
thermal relaxation has completed are averaged and used in the second term of eq. 4.

3. Results

3.1 Heating Profile in D,O

3.1.1 Optimizing Heating Profile with Laser Power Waveform—CW laser-based
T-jump experiments often suffer from slow rise times to a fixed 7ras well as large time-
dependent deviations in 7739 56 Typically, optical heating is performed with a square power
waveform where the CW laser power switches between on/off position:

P@) = POB(tons toff) ()
Where the step-on/step-off function is

Bltontoff) =1 iftoy <t <tors
=0 ifr <tpport>torf

With a simple on/off power waveform, Tris achieved once heat deposition from the T-jump
laser and thermal diffusion out of the sample reach a steady-state. Our sample is placed
between two CaF, windows spaced 50 um apart. The thermal conductivity of CaF, is ~15x
greater than that of D,0, so thermal diffusion out of the sample primarily occurs through the
CaF, windows. The blue curve in Figs. 3b and 3d show the AT profile (See Section S2 for
determination of AT) for a T-jump rise with an on/off waveform and power Py=15W,
chosen to give a steady state AT = 16 °C (Fig. 3a and 3c). The heating occurs in two phases:
a relatively fast phase in which ~75% of the total temperature change occurs within 10 ms,
and a slow phase in which heating to a steady-state continues for tens to hundreds of
milliseconds. The total rise can be fit to a sum of two exponentials with time constants of 6.4
and 60 ms.

When the T-jump laser is turned off, the solvent temperature decays back to 7; which is set
by a re-circulating chiller. Traces of normalized ks transmission during the thermal
relaxation are shown in Fig. 3d. In general, the thermal relaxation is also two phase, with
most of the cooling happening quickly with a time-scale of z; = 5ms, and a slower non-
exponential phase. The relaxation is well fit by the sum of an exponential and stretched
exponential function with minor differences between the datasets with different heating
waveforms.
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T(rrp) = AT[0.856Xp(—(TTD/TD1)) + 0.15€Xp(—(TTD/TD2)ﬂD)] +T; (6)

where zpp ~ 20 ms and the stretch parameter (8p) is 0.45.

To understand the heating and cooling processes and the time-dependent spatial temperature
profile within the sample, the temperature distribution within the sample parallel and
perpendicular to the T-jump laser beam was simulated (Fig. 4) as a function of z7yand z7p
by numerically solving the 2D heat diffusion equation in cylindrical coordinates (See
Section S3 for details). After continuous heating is initiated by turning on the T-jump laser at
constant intensity, the sample temperature over the mid-IR probe region exponentially
increases and reaches a plateau by 10 ms (Fig. 4a), which results from the balance of energy
deposited by the T-jump laser and heat flow out of the sample. Figs. 4b and 4c show the
temperature distribution parallel (r) and perpendicular (z) to the CaF, windows during
on/off heating. The temperature distribution in the r dimension is Gaussian with a width
corresponding to the diameter of the T-jump laser spot (230 um, 1/e in intensity), which
leads to a 5% variation in AT across the FWHM of the mid-IR probe pulse (Fig. 4b, black
line). The temperature in the z dimension (Fig. 4c) has a maximum at the center of the
sample and decreases sharply near the window due to the ~15x greater thermal conductivity
of CaF, relative to D,0. Therefore, the temperature in the z dimension is the primary source
of temperature inhomogeneity within the mid-IR probe volume. Once the laser is turned off,
the temperature undergoes a single-exponential decay over a few milliseconds back to 7;
(Fig. 4a). For both T-jump and T-drop processes, the simulations capture the relatively fast
exponential first component observed in experiments but not the slow second component
observed in experiment. The slow component may result from thermal relaxation within the
D,O0 rather than through the CaF, window, as suggested previously.38 Additional
simulations were performed with thermally insulating windows to enforce temperature
relaxation within the D,O (Section S4), and the resulting T-jump and T-drop profiles are
similar to the slow component of the experimental profiles. However, it is still unclear why
the simulations with CaF, windows do not reproduce the multi-exponential T-jump and T-
drop behavior observed experimentally.

The thermal profile for on/off CW heating is problematic for T-jump spectroscopy as the
solvent temperature rises slowly and varies substantially over most of the measured time
window. We optimize the solvent heating profile with time-dependent modulation of the T-
jump laser power using an AOM. To increase the rate of heating, the AOM is set to diffract
the maximum amount of power for a short time (<1 ms) and then drop to a plateau power
identical to the elevated power with the on/off waveform (Figs. 3a and 3c):

P(f) = Ppax B(0,0.8ms) + PyB(0.8ms, 500ms) %)

The red trace in Fig. 3 illustrates a step function between two laser powers with P, = 17
W and Py= 1.5 W, which is the simplest waveform for achieving faster heating. While the
solvent temperature rises to its max value in <1 ms, it subsequently drops by nearly 20%

following the step down in laser intensity and then increases back to the max temperature
over tens of milliseconds. The temperature drop from 1-10 ms is also observed in T-jump
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simulations (Fig. 4a) and results from an initial uneven balance between thermal diffusion
out of the sample window and energy deposition due to the sudden drop in laser power. The
subsequent slow rise appears similar to that observed in the on/off heating case and is not
captured by the T-jump simulations.

To flatten the temperature profile at 75 we employed more complicated power waveforms
where the high-to-plateau power transition occurs via a two-component decay (green trace,
Fig. 3a) rather than through a step function. This form varies the input T-jump power to
more closely match the thermal diffusion out of the sample region before reaching steady-
state heating:

P() = Proax B(0. tep) + Prexp(~(1 — tuep)/n) + Pexp(~((t = tuep)ira))
+ PB(tsteps S00ms)
The step up (tsep = 0.25 ms) phase enables rapid heating but is cut short relative to the step
function waveform to allow for an exponential phase (P;=15 W, #;=0.8 ms) that contains
most of the change in power in the high-to-plateau transition. Shortening tsep in exchange
for the exponential phase corrects for 1-10 ms temperature drop observed when the step
function waveform is applied, but also extends the heating rise time from ~0.8 to ~1 ms. The
remainder of the high-to-plateau power transition is a stretched-exponential decay that
extends for hundreds of milliseconds (P,= 0.5 W, £,= 100 ms, £ = 0.55) and corrects for the
slow temperature increase observed when the step function and on/off waveforms are used.
Once heated within ~1 ms, the sample maintains 7rto + 3% (°C) over the entire T-jump time
window, minimizing potential temperature-dependent artifacts in T-jump spectroscopy. Due
to the time-dependent CW laser power, the solvent heating rise is not a simple exponential,
as shown in Fig. 3b. The temperature profile can be fit to a compressed-exponential function.

T(ery) =Ty~ ATeXP(—(TTJ/ TR)ﬁR) ©)

The data in Fig. 3d was fit to a time constant (z) of 0.5 ms and compression parameter (55)
of 1.7.

3.1.2 Tunable T-Jump Magnitudes—BY varying P AT can be tuned over the
temperature range of liquid D,O (Fig. 5). Large AT values may amplify sample responses
and expand the capability of variable T-jump measurements to study chemical kinetics for
high barrier reactions.14 57-58 Fig. 5a shows solvent profiles for optimized T-jumps with AT
=410 75 °C. The dependence of on/off heating waveforms on AT is shown in Fig. S4. As
AT increases, the rise time to 7rincreases due to the reduced gap between the peak and
plateau powers in the heating waveform (Fig. 5b). When fit to a compressed exponential
function (Fig. 5¢), zg increases from 0.1 to 1.8 ms while S drops from 1.8 to 1.4 from AT =
410 75 °C. The value of zpshows a linear correlation with AT over the range studied (Fig.
5d) and exhibits a slope of 23 ps/°C, which can be used to predict the rise time for a given
AT. 5 also shows a subtle increase from 4.8 to 5.6 ms over the range of AT. To maintain a
flat temperature profile at 7z T-jump laser power waveforms need to be optimized for each
AT (Fig. 5b). For increasing AT, optimization of power waveforms is accomplished by
increasing tgeep as well as increasing P As a result, even for AT =75 °C, the temperature
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deviates only + 2 °C (<3%) over the high temperature plateau. The parameters describing
the optical waveform for each T-jump are listed in Table 1.

3.2 T-Jump IR Spectroscopy

Ubiquitin and the intercalated motif (i-motif) are studied as example systems with t-A, t-PP,
and t-2D IR spectroscopy. Ubiquitin is a 76-residue protein with significant B-sheet content
that has been investigated previously with optical and mixing-induced T-jump methods.
23,57,59 The j-motif is a class of nucleic acid structures characterized by a tetraplex
mediated with cytosine-cytosine base pairs.22 0 The unfolding and refolding of i-motifs are
known to occur slowly, as evidenced by stopped-flow measurements and hysteresis in
thermal and pH melting experiments.22 61 However, the unfolding or refolding have yet to
be studied in detail with time-resolved spectroscopy.

3.2.1 T-Jump Spectroscopy of Ubiquitin Unfolding—Fig. 6a shows the FTIR
spectrum of ubiquitin from 1550 to 1740 cm™1 in D,0 at pH* 1. The ubiquitin spectrum
overlaps with a broad D,0 bend-libration combination band that is subtracted from the raw
data. The mid-IR spectrum of folded ubiquitin (Fig. 6a, low temperature) is characterized by
an amide | vibration centered at 1640 cm™1 as well as a shoulder near 1670 cm™1. The
splitting of the amide | peaks arises from vibrational coupling between residues in anti-
parallel B sheets.52-63 The bright band (v) is known to have a transition dipole moment
oriented perpendicular to the p-sheet while that of the shoulder (vy) is roughly parallel.
Increasing the temperature toward the melting transition centered near 65 °C leads to
recombination of the amide-1 bands into a single broad peak centered at 1650 cm™1 and
indicates the loss of B-sheet contacts.

The PP spectra of ubiquitin following a T-jump from 43 to 63 °C are shown in Fig. 6d. The
PP spectra contain positive and negative features that arise from fundamental (0—1) and
excited-state absorption (ESA) (1—2) transitions, respectively, projected onto the detection
axis («ws). The ESA is typically shifted to lower frequency along w3 due to anharmonicity of
the vibrational potential. The PP signal of the DO bend-libration combination band is
negligible compared to that of the systems studied here, therefore no solvent subtraction is
necessary for t-PP spectroscopy in the mid-IR. The combination of fundamental and ESA
features leads to more structure in the PP spectra of ubiquitin relative to the linear absorption
spectrum. In particular, a negative peak from the ESA of v, arises at 1610 cm™1 in addition
to the two fundamental transitions. The ESA of v overlaps with the v, fundamental band
and is not resolved in the PP spectra.

2D IR spectroscopy spreads the information content of the PP spectrum onto the excitation
frequency axis (). The equilibrium 2D IR spectrum of ubiquitin at 43 °C is shown in Fig.
7a. Fundamental (red-yellow) and ESA (blue) peaks occur along and below the diagonal
between the detection and excitation axis. The v and v fundamental bands are each
broadened along the diagonal and are not well separated in the 2D IR spectrum. The 2D IR
spectrum also resolves off-diagonal features between vibrations, which may report on
vibrational coupling or dynamic processes. The off-diagonal features for ubiquitin are low
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amplitude for the pulse polarization scheme used here, but cross-peaks between v and v,
have been observed with different pulse polarizations.>®

The response of ubiquitin following a T-jump from 43 to 63 °C was probed using t-A, t-PP,
and t-2D IR spectroscopy. The raw t-A difference spectra between the time-dependent linear
absorption and the spectrum at 7;contain a broad background from an increase in D,O
transmission (see Fig. S5). The D50 background is subtracted from the t-A data (Fig. 6b)
using a second measurement on pure D,0O. The t-A and t-PP (Fig. 6e) difference spectra of
ubiquitin are dominated by a negative feature at 1635 cm™1 that corresponds to the loss of
the fundamental v| peak. Approximately 30% of the v, signal loss occurs within the ~1 ms
heating of the sample. The remaining signal change occurs over tens of milliseconds and can
be described by a single-exponential decay with a time constant of 30 ms. t-2D IR difference
spectra are presented at z7;values of 3 and 100 ms in Fig. 7b and time traces at select probe
frequencies are shown in Fig. 7c. Red changes indicate a gain or loss of a positive or
negative 2D IR feature, respectively, while blue changes correspond to negative gain or
positive loss. The 3 ms surface exhibits negative and positive change in the v, fundamental
and ESA transitions, respectively, with additional positive change above the diagonal. There
is also a negative/positive doublet observed at the v transition. By 100 ms, the v
difference features are approximately 3x greater and a negative/positive doublet is clearly
observed at the lower-right cross-peak region between v, and v, indicating the loss of -
sheet content. T-jump time-traces at select 2D IR features are plotted in Fig. 7c and reveal
relaxation kinetics identical to those observed in the t-A and t-PP data.

The T-jump response for ubiquitin reveals fast (<1 ms) and slow (10-100 ms) phases of
unfolding characterized by the loss p-sheet content (Figs. 6¢ and 7b), which is consistent
with previous pulsed T-jump IR studies.>”- 59 64 The fast phase was previously characterized
as downhill unfolding occurring from 100 ns to 100 us that results from rapidly shifting a
subensemble of folded molecules at 7;to the unfolding transition state at 7z The remaining
unfolding transitions must surpass a large free energy barrier and correspond to the slow
unfolding phase. Pulsed T-jump 2D IR could directly observe the fast unfolding phase, but
the time window of these previous experiments was limited by thermal relaxation of the
sample on the order of milliseconds, and the complete activated unfolding process could not
be measured. In this work, we can measure the entire activated unfolding process that occurs
from 10 to 100 ms. Overall, ubiquitin illustrates one example where multiple T-jump
methods are needed to resolve the entire unfolding dynamics of a protein.

Once the T-jump laser is turned off, the solvent thermally equilibrates back to 7;while
ubiquitin re-folds. As discussed above, the solvent cooling is significantly slower than the
heating timescales, and the re-folding response may be distorted by the time-dependent
temperature of the sample. At the studied temperature, the T-drop relaxation response of
ubiquitin lags behind the solvent cooling and the majority of signal change occurs between
10 and 100 ms (Fig. 6f). However, the T-drop relaxation profile is more complicated than a
single exponential and is better described by the sum of two stretched exponentials where
the latter likely arises from the slow thermal relaxation component of the solvent.

J Phys Chem B. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ashwood et al.

Page 13

3.2.2 T-Jump Spectroscopy of i-Motif Unfolding—?5’-
CCCTTTCCCTTTCCCTTTCCC-3’ (C3T3) is chosen as a model sequence to investigate
slow nucleic acid folding due to its known preference to adopt a unimolecular i-motif
structure.%® Fig. 8a shows an FTIR temperature series of C3T3 at pH* 4.5 from 3 to 97 °C.
The random coil single-strand dominates at the highest temperature and exhibits many in-
plane nucleobase vibrations from 1550 to 1750 cm~1.38.66-67 The peak at 1701 cm™ and
shoulder at 1720 cm™1 correspond to thymine and protonated cytosine carbonyl stretch
vibrations, respectively. The brightest peak at 1656 cm™~1 is dominated by cytosine carbonyl
stretch vibrations and overlaps with a mixed carbonyl/ring thymine stretch. The shoulder at
1632 cm™1 corresponds to a thymine ring vibration while the peak and shoulder at 1613 and
1577 cm™1 each correspond to cytosine ring modes. Upon i-motif formation, the most
noticeable spectral change is the splitting of the 1656 cm™ band into peaks centered at 1665
and 1700 cm™1 Additionally, the shoulder at 1720 cm™! and band at 1577 cm™ are
suppressed while the 1613 cm™1 shoulder redshifts to 1609 cm™L. The PP spectrum of C3T3
is similar to the FTIR spectrum in that it contains three positive peaks at 1632, 1665, and
1700 cm™1 at low temperature (Fig. 8d). The spectral region from 1550 to 1620 cm™1 has
negative amplitude and is structured due to overlap of multiple ESA features. The 2D IR
spectrum of C3T3 (Fig. 9a) fully resolves each of the fundamental/ESA doublets between
1550 and 1740 cm™1. Off-diagonal features are observed between the 1632 and 1665 cm™1
peaks as well as between the 1665 and 1700 cm™1 peaks and indicate coupling between
nucleobase vibrations.39: 41

The response of C3T3 following a T-jump from 45 to 65 °C was probed using t-A (Fig. 8b),
t-PP (Fig. 8e), and t-2D IR spectroscopy (Fig. 9b). Regardless of the IR probe, the relaxation
response of C3T3 spans many tens of milliseconds (Fig. 8c). The D,O background was
subtracted from t-A spectra using a second measurement on pure D,O. However, a second
method for background removal using a discrete wavelet transform (DWT) approach is also
demonstrated for C3T3 (Fig. S5). As zyyincreases from 0.1 to 500 ms, the t-A spectra
exhibit a primary gain feature at 1656 cm~1 as well as a gain and loss at 1720 and 1700 cm
-1 respectively. Each of difference features are consistent with the spectral changes in the
FTIR temperature series, suggesting that the relaxation response corresponds to unfolding of
C3T3. The t-PP spectra also have a primary gain feature at 1656 cm™1, but it is narrower
than that in the t-A spectra due to overlap with ESA bands at higher and lower frequency. A
net loss in amplitude is observed from 1550 to 1620 cm™1 due to a gain in magnitude of the
brightest ESA peak, and additional peaks result from the fundamental and ESA transitions
of cytosine ring vibrations.

Due to the many fundamental and ESA transitions exhibited by C3T3 between 1550 and
1740 cm™1, the changes in the t-PP spectra (Fig. 8e) are more difficult to interpret than for
ubiquitin (Fig. 6). The t-2D IR spectra in Fig. 9b clarify many of the assignments in the t-PP
spectra as well as provide additional spectral information that may be useful for describing
detailed structural dynamics. At 5 ms, the t-2D IR spectrum of C3T3 reveals a modest gain
from 1640 — 1670 cm™! along wy at w3 = 1650 cm™1 with a negative growth at (e, ws) =
(1650 cm™1, 1630 cm™1). By 100 ms, these difference features have substantially increased
in amplitude and indicate a redshift of the fundamental and ESA at e = 1665 cm™ to oy =
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1650 cm~1. Additionally, positive loss is observed near (1700 cm=2, 1700 cm™1) and (1730
cm1, 1700 cm™1) whereas positive gain appears at (1700 cm~1, 1675 cm™1) and (1720 cm
~1,1720 cm™). The loss and redshift of the 1700 cm~! and 1665 cm~! diagonal features,
respectively, are consistent with recombination of the C,=0 carbonyl vibrational modes split
upon i-motif formation. The growth along the diagonal at 1720 cm™! indicates a gain of
protonated cytosine in the random coil state. In agreement with the t-A and t-PP data, the
t-2D IR features capture i-motif unfolding from 1 to 100 ms, but also allow for a more
detailed analysis of transient changes in coupling, line shape, and spectral shifts.

Figs. 8c and 9c¢ show T-jump relaxation kinetics for C3T3 probed at the main difference
feature at 1656 cm™L. The t-A, t-PP, and t-2D IR data exhibit a single component unfolding
response that is well-fit to a stretched exponential function with a time constant of ~25 ms
and stretch parameter of 0.85. Stretched exponential kinetics are commonly observed in
biomolecular reactions and result from a distribution of reaction rates that may report on
structural heterogeneity or multiple reaction pathways.12 5868 |n T-jump experiments,
temperature heterogeneity throughout the probe volume of the sample may also lead to a
distribution of reaction rates for activated processes and artificially stretched relaxation
kinetics. From the C3T3 data alone, it is impossible to distinguish whether the stretched
exponential kinetics arise from a temperature artifact or molecular properties of the system.
However, similar stretched exponential behavior would be expected from ubiquitin if caused
by a temperature artifact, but ubiquitin exhibits single-exponential unfolding kinetics
consistent with previous reports.23 57: 64 Assuming the unfolding barrier for C3T3 is not
significantly larger than that of ubiquitin, then the stretched exponential kinetics of C3T3
indicate a heterogeneity of starting states or unfolding pathways rather than an artifact from
temperature inhomogeneity.

Similar to ubiquitin, the T-drop relaxation of C3T3 lags behind the solvent thermal
relaxation by many milliseconds. However, the observed time trace is still best described by
the sum of an exponential and a long-lived stretched exponential. The first exponential has a
time constant of ~24 ms while the second is ~100 ms with a stretch parameter of 0.55. The
presence of the second slow component suggests that the re-folding response is distorted by
the solvent cooling profile. As 7;increases (Fig. S9), the re-folding timescale increases, and
the time profile becomes a single stretched exponential, which further suggests that the slow
component at 7;= 45 °C results from distortion by the solvent profile. A detailed discussion
and analysis of distortions in the T-jump and T-drop profiles are provided in Section S7.

4. Discussion & Conclusions

The instrument presented here extends the accessible time window of T-jump 2D IR
spectroscopy by five orders of magnitude, allowing the enhanced information content of 2D
IR to be applied to the study of structural dynamics and kinetics from 1 ms to many seconds.
As shown for the model i-motif in this work, many molecules that unfold or dissociate over
many milliseconds also fold or associate on slow enough timescales to be separated from the
solvent thermal relaxation. Therefore, in many cases T-jump and T-drop measurements will
be able to simultaneously probe each direction of a reaction, which typically requires a
combination of mixing and T-jump experiments.15: 69
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In previous transient 2D IR experiments, detection of the probe signal occurs with a
repetition rate much lower than the reaction timescale of interest and t-2D IR acquisition
must be repeated at many trigger delays to fully sample the process. Therefore, t-2D IR has
typically been used for coarse probing of reactions in time whereas 1D probes are employed
for fine sampling of kinetics.19 5. 70-72 However, there are many experiments in which
evolution of a cross-peak or lineshape over the course of a reaction provides quantitative
dynamic information and requires fine sampling with t-2D IR.”3 Even though the repetition
rate of the mid-IR probe is the same as those used in previous t-2D IR methods, the
relaxation timescales of interest are much slower and can therefore be monitored finely in
time with t-2D IR spectroscopy. The time traces shown in Figs. 7¢c and 9¢c demonstrate the
ability of our instrument to probe reactions finely in time with t-2D IR.

The high-power CW T-jump laser enables AT to be adjusted across the temperature range of
liquid DO and modulation of the laser power with the AOM provides tunability to the T-
jump waveform, both of which will extend our capability to probe the dynamics and
physical properties of a reaction. For example, experiments where 7is fixed and 7;is varied
have been used to probe the shape of unfolding and dissociation barriers as well as folded
and dimer state wells, but such measurements have been limited to AT of 20 °C in pulsed
optical T-jumps.14: 57-58 The larger AT tunability from our t-2D IR spectrometer will enable
greater reshaping of the free energy surface for both fixed 7rand fixed 7; measurements.
The measurements in this work utilized a simple T-jump waveform in which the temperature
was repeatedly jumped to 7rand relaxed to 7, However, more complicated T-jump
waveforms could be utilized to probe nonequilibrium dynamics. For example, following an
initial T-jump, a second T-jump may be used to perturb the system at different time points
along its evolution to the first 7z This scheme is one of many imaginable waveforms that
could be easily implemented with an intensity modulated T-jump source.

One aspect of the t-2D IR spectrometer in this work that can be improved is the solvent
heating rise time. T-jump kinetic simulations (See Section S7) predict that the observed rate
will become distorted toward slower values as the reaction rate increases. As AT increases,
the solvent heating time also increases with a slope of 23 us/°C, which, depending on the
timescales of interest, may further distort the observed signal. Thermally insulating films
may be useful for reducing the rise time for a given AT by extending the lifetime of heat
exchange out of the sample. The rise time may also be shortened by reducing the spot size of
the T-jump laser, which will increase the input energy density at the sample but may also
lead to thermal artifacts due to temperature heterogeneity in dimensions parallel to the
window.

Lastly, we note that the T-jump setup described in this study will be used in complement
with a previously reported t-2D IR spectrometer that uses pulsed optical heating to probe T-
jump responses from 10 ns to 1 ms.” Nucleic acids and proteins often exhibit a hierarchy of
structural dynamics ranging from changes in solvation on picosecond timescales to large
changes in secondary structure over hundreds of microseconds to seconds. In combination,
our setups can monitor T-jump responses from 10 ns to seconds with the same experimental
probe, allowing for a broadly spanning characterization of the motions exhibited by a
biomolecule across many decades in time.
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Figure 1.

Diagram of optical setup and relevant electronic components for t-2D IR, t-PP, and t-A data
acquisition. D — room temperature MCT detector, Ch — optical chopper, A/2 — half
waveplate, P — polarizer, L1 — T-jump focusing lens (f = 30 cm), PM — parabolic mirror
(RFL =2in), S —sample, T —telescope, AOM — TeO, acousto-optic modulator, AFG —
arbitrary function generator, PC — host computer, L2 — focusing lens into monochromator (f
=10 cm), A - analyzer.
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Figure 2.
Schematic of timing between optical heating and arrival of mid-IR probe. The first mid-IR

probe shot arrives between 0 and 1 ms (r ) after optical heating is initiated, and subsequent
probe shots arrive every 1 ms. i, can be electronically controlled or allowed to wander due

to the mismatch in mid-IR probe and T-jump (1/z7) repetition rate. 7¢is held for hundreds of
milliseconds to seconds (z,,;) while probe shots are collected according to their time of
arrival after heating is initiated (z7). At z,,, the laser is switched off for another period of
hundreds of milliseconds to seconds (z,s), and probe shots are tracked as a function of time
after the T-jump laser turns off. For detection of nonlinear IR probe signals, every other mid-
IR shot is chopped (dashed line). T-jump events are collected in pairs where the second T-
jump cycle is delayed 1 ms relative to the first, allowing for chopper subtraction between
adjacent T-jump events.
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(a) Semi-log plot of T-jump laser power at the sample as a function of time for different
amplitude modulation waveforms applied to the AOM, and (b) the corresponding change in
solvent temperature (AT) as a function of time for different T-jump laser power waveforms.
Measurements were performed at 7;= 20 °C. AT was computed using the method described
in Section S2. (c,d) Similar figures to (a) and (b) on a linear time axis. The on/off (blue) and
optimized (green) rise profiles are fit to bi-exponential (z(1) = 6.4 ms, 7(2) = 60 ms) and
compressed (zp= 0.5 ms, Br = 1.7) exponential functions, respectively. Solvent cooling
profiles are fit to bi-exponential decays (zp = 5.1 ms, T = 20 ms).
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Figure 4.
Numerical simulations of AT during T-jump laser heating and cooling. (a) Normalized AT at

center of T-jump laser focus (solid) and averaged across the heated region perpendicular (z)
to the sample window and mid-IR probe area parallel (r) to the window (dash). Temperature
profiles for on/off (blue line) and high-to-plateau power (green line) are shown. Input laser
power as a function of z7yand 7 are plotted for each waveform (dotted line). (b)
Normalized AT distribution radially along the beam axis for on/off T-jump in 20 um steps.
The Gaussian profile of the mid-IR probe at the sample focus is overlaid in black. Inset
shows the cylindrical coordinate system for the simulation. (c) Normalized AT distribution
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perpendicular to the sample window for on/off T-jump in 5 um steps. (d,e) Similar plots for
high-to-plateau power T-jumps.
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Figure 5.

(a) AT determined from mid-IR probe transmission as a function of z7yand 7 for
maximum AT ranging from 4 to 75 °C. Measurements were performed at 7;,=5 °C. (b) T-
jump laser power at the sample as a function of time for various AT. (c) Normalized mid-IR
probe transmission curves upon heating and cooling. Heating traces are fit to eq. 9 (solid
line) with time constant zand compression parameter Bz while cooling traces are fit to eq.
6 with time constants z, zpp, and stretch parameter Bp. (d) zzas a function of AT (dots)

fit to a linear function (solid). The fit gives a slope of 23 us per °C.
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Figure 6.
(a) Equilibrium FTIR temperature series of ubiquitin from 3 to 97 °C. (b) t-A difference, (d)

pump-probe (PP), and (e) pump-probe difference (t-PP) spectra from z7;=0.1 to 500 ms
following a T-jump from 43 to 63 °C. (c) T-jump and (f) T-drop t-A and t-PP time traces
probed at 1635 cm™1. Dashed lines indicate solvent heating and cooling traces. T-jump time
traces are fit (solid lines) to a single-exponential rise at 77> 1 ms. T-drop time traces are fit
to a sum of two stretched exponentials.
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Figure 7.

(a) 2D IR spectrum of ubiquitin at 43 °C acquired with a parallel (ZZZZ) polarization
scheme and t, = 100 fs. (b) T-jump 2D IR (t-2D IR) difference spectra acquired at z7;=3
and 100 ms following a T-jump from 43 to 63 °C. The contour map of the equilibrium
surface is superimposed on the difference spectra. Red indicates a positive gain or negative
loss while blue corresponds to negative gain or positive loss. Difference amplitudes are
plotted in percent change relative to the maximum of the equilibrium spectrum. (c) Time
traces probed at select features on the t-2D IR surfaces marked by the colored squares in (b).
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Figure 8.
(2) Equilibrium FTIR temperature series of C3T3 from 3 to 97 °C. (b) t-A difference, (d) PP,
and (e) t-PP spectra from z7;= 0.1 to 500 ms following a T-jump from 45 to 65 °C. (c) T-
jump and (f) T-drop t-A (purple) and t-PP (red) time traces probed at 1656 cm™1. Dashed
lines indicate solvent heating and cooling traces. T-jump traces are fit to a single stretched
i_> exponential (solid lines) while T-drop traces are fit to a sum of two stretched exponentials.
5
Q
<
)
S
c
wn
Q
z
>
c
5
Q
<
)
>
c
7))
Q
=

J Phys Chem B. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ashwood et al.

1700

1650

1600

Detection Frequency (w, cm™)

Equilibrium 45 °C T, =95 ms T,,= 100 ms AS/max(S,,)
a) — 7 [B) , A a0 %
4 & [ fog®
- s - -0 £
8 % 40 20

1600 1650 1700

1600 1650 1700

1600 1650 1700

Excitation Frequency (w,, cm™)

Figure 9.

Page 29

10" 10° 10" 10?

Ty (ms)

(a) 2D IR spectrum of C3T3 at 45 °C acquired with a parallel (ZZZZ) polarization scheme
and o, = 100 fs. (b) t-2D IR difference spectra acquired at z7;= 4 and 100 ms following a T-
jump from 45 to 65 °C. The contour map of the equilibrium surface is superimposed on the
difference spectra. Red indicates a positive gain or negative loss while blue corresponds to
negative gain or positive loss. Difference amplitudes are plotted in percent change relative to
the maximum of the equilibrium spectrum. (c) Time traces probed at select features on the
t-2D IR surfaces marked by the colored squares in (b).
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Optical waveform parameters for variable AT shown in Fig. 5

Table 1.

AT(°C) 4 9 18 29 38 50 60 75
Po(W) 173 173 173 173 173 173 173 173
tep(ms) 007 012 025 065 10 16 24 28
P(W) 167 161 146 123 108 87 76 65
(ms) 02 05 10 14 19 27 31 40
Py(W) 015 025 075 15 20 26 29 33
tr(ms) 100 100 100 100 100 100 100 100
B 055 055 055 055 055 055 055 055
PyW) 05 10 20 35 45 60 68 75
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