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ABSTRACT

Thiocyanates, nitriles, and azides represent a versatile set of vibrational probes to measure the structure and dynamics in biological systems.
The probes are minimally perturbative, the nitrile stretching mode appears in an otherwise uncongested spectral region, and the spectra report
on the local environment around the probe. Nitrile frequencies and lineshapes, however, are difficult to interpret, and theoretical models that
connect local environments with vibrational frequencies are often necessary. However, the development of both more accurate and intuitive
models remains a challenge for the community. The present work provides an experimentally consistent collection of experimental measure-
ments, including IR absorption and ultrafast two-dimensional infrared (2D IR) spectra, to serve as a benchmark in the development of future
models. Specifically, we catalog spectra of the nitrile stretching mode of methyl thiocyanate (MeSCN) in fourteen different solvents, includ-
ing non-polar, polar, and protic solvents. Absorption spectra indicate that n-interactions may be responsible for the line shape differences
observed between aromatic and aliphatic alcohols. We also demonstrate that a recent Kamlet-Taft formulation describes the center frequency
MeSCN. Furthermore, we report cryogenic infrared spectra that may lead to insights into the peak asymmetry in aprotic solvents. 2D IR
spectra measured in protic solvents serve to connect hydrogen bonding with static inhomogeneity. We expect that these insights, along with
the publicly available dataset, will be useful to continue advancing future models capable of quantitatively describing the relation between
local environments, line shapes, and dynamics in nitrile probes.
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. INTRODUCTION

Vibrational spectroscopy is a powerful tool to study biological
systems. The interpretation of peak positions and line shapes can
report on the structure of a species and the nature of its local envi-
ronment. For example, amide I spectra are used to reveal in vivo
protein secondary structures,' lipid ester carbonyls can report on
hydration,” ’ and phosphate modes can report on both lipids and
nucleic acids.”” These properties are important in biology, where
the identity of chemical species is often known and instead the
configuration of molecules in a given system or process is of great
interest. For example, consider biomolecular condensates, a topic of
increasing study, in which much is still unknown about the localiza-
tion of molecules and moieties, the transient secondary structures
present, and the structure of water molecules within.”” These new

studies highlight that perhaps one of the most foundational prop-
erties of life is motion across many time and length scales from the
picosecond fluctuations of hydrogen bonds to millisecond biolog-
ical assembly formation. Fortunately, time-resolved methods,
such as two-dimensional infrared (2D IR) spectroscopy, have been
developed to achieve the necessary time resolution to reach the
fastest regimes.'’ In addition to time resolution, 2D IR also benefits
from having two frequency axes, which spread out spectral informa-
tion and reveal frequency fluctuations, interconversion, couplings,
and energy exchange between different states.'” Furthermore, 2D
IR amplitudes scale with the fourth power of the transition dipole,
which affords its narrower line shapes and better background sup-
pression when compared to linear techniques.’” 2D IR has quickly
gained traction due to these benefits, and a wide range of biolog-
ical probes have been leveraged to provide new insights into the
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dynamics of lipid-water interfaces, secondary structure cou-
plings in proteins,'* and the behavior of crowded systems.

While intrinsic moieties are insightful and convenient probes,
their ever-present nature provides some setbacks in terms of speci-
ficity in vivo or similarly congested environments.'® The ester car-
bonyls of lipids, amide I modes of proteins, and ring modes of
nucleic acids all appear in a similar spectral region, which is also
heavily overlapped by the intense H-O-H bending modes of H,O.
In addition, a biological system may have countless lipids, sugars,
nucleic acids, and proteins, each with its own spectral response. In
the lab, sometimes these issues are avoided by isolating a system and
making use of the shifted spectrum of D,O, but understanding bio-
logical molecules in their native environments requires an inevitable
return to the natural menagerie of biomolecules and, in some cases,
H;O0. Addressing the rising demand, vibrational probes, such
as azides, nitriles, and thiocyanates, which are rare or absent in
natural systems and lie in a mostly unoccupied spectral window
from 1800 to 2500 cm™, have been developed. Approaches
to incorporate these probes into a host of biomolecules have been
devised,” but proteins, in particular, have been the focus.”” Thio-
cyanate, for example, can replace thiol groups on cysteine residues
with post-translational chemical modifications. Similarly, nitriles
can also be added to a variety of amino acids.”” For direct incor-
poration of these probes, there are in vivo techniques, such as
amber codon suppression, and in vitro techniques, including solid-
state peptide synthesis. On top of their expanding experimental
accessibility and ideal spectral range, these probes also have other
spectroscopic advantages, though weak oscillator strengths can be
a limitation. This has been, however, recently addressed by the
implementation of high repetition rate laser systems for 2D IR
that further enhances the signal-to-noise ratios.”* Perhaps the most
useful feature of these probes is the sensitivity of their spectral
response to the local environment, which has been leveraged in
Stark spectroscopy to investigate electric fields in proteins and other
biomolecules.

The sensitivity of azide, nitrile, and thiocyanate probes often
becomes a limitation as the spectral changes in these probes can be
incredibly complex to interpret. For probes such as ester carbonyls,
some aspects of the line shapes can correlate directly with a physi-
cal understanding of the system (e.g., a 15 cm™" shift in frequency
corresponds to the presence of a single hydrogen bond).”” Yet thio-
cyanate (and its contemporaries) shows complex line shape changes
based on hydrogen bond angles, solvent exposure, and multiple elec-
trostatic interactions. In a well-defined system, these facets can
be deconvolved, given the sufficiently detailed models to map spe-
cific interactions between the probe and environment. However,
ad hoc approaches often lack generalizability beyond the system of
their genesis. Two studies on similar azide probes showed a conflict-
ing behavior of linewidths during a change in solvent exposure.
One additional challenge is the fact that measured spectral dynam-
ics of these probes are convolved by the motions of the probe, the
solvent, macromolecules, and almost anything else nearby.

To date, faithful reproductions of spectra and detailed interpreta-
tions of the behavior of these probes in any non-trivial environment
have either relied on quantum mechanical simulations or other
involved computational techniques. Quantum mechanics/molecular
mechanics (QM/MM) simulations implement quantum mechan-
ical energy calculations into classical molecular dynamics, which
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allows for a more sophisticated determination of the energy of a
vibrational probe.”” The solvatochromism theory with effective
fragment potential (SolEFP) is a purpose-built molecular dynam-
ics scheme that can more accurately describe complex vibrational
probes by creating a trajectory of states in which the frequency
shifts related to a solute-solvent interaction potential that is par-
titioned into different components. SolEFP has been designed
with these azide, nitrile, and thiocyanate probes in mind but does
not reproduce peak asymmetry in aprotic solvents.

There are two paths toward mending this issue. First, the more
in-depth methods are continuing to grow in sophistication. Yet,
there are still issues with the tractability of these calculations among
the broader research community, especially in systems where com-
putational efficiency is essential. As a second path, many theoretical
and computational groups have been interested in creating robust,
yet low-cost solutions for calculating infrared spectra of these probes
in an expansive range of chemical environments. When considering
the dynamic nature of these probes and the systems they inhabit,
both ways forward require a comprehensive dataset for benchmark-
ing the sub-picosecond dynamics of these probes. The purpose of
the present work was to fill in the gap and create a reference point
for further development in the field.

Il. METHODS
A. FTIR spectroscopy

MeSCN samples were prepared at 500 mM concentration in 12
organic solvents (acetone, acetonitrile [ACN], benzyl alcohol [Ben-
zOH], n-butanol [n-ButOH], carbon tetrachloride [CCly], dimethyl
sulfoxide [DMSO], ethanol [EtOH], ethyl acetate [EtAc], n-hexanol
[n-HexOH], methanol [MeOH], n-propanol [n-PrOH], and tetrahy-
drofuran [THF]). They were also prepared at 500 mM concentration
in H,0 and D>O. The concentrations were determined by adding
a fixed volume of solute to the solvent and assuming linear addi-
tion of volume. For the measurement, the samples were pipetted
between two CaF, windows with a 25 ym Teflon spacer. Spectra were
recorded with a 0.5 cm™! resolution at room temperature (22 °C)
using a Bruker INVENIO spectrometer.

For cryogenic measurements, the samples were prepared sim-
ilarly with a 25 ym spacer. Spectra were collected between 0
and —120°C with a 0.5 cm™ resolution on a Bruker VERTEX
spectrometer using a Specac liquid-nitrogen cooled cryostat.

Baseline correction for the FTIR measurements was performed
with third and fourth order polynomial background subtractions
excluding the region of the peak. For the MeSCN in acetone FTIR, a
solvent background was collected and subtracted from the data due
to the asymmetric acetone peak overlapping with the nitrile mode.

B. Two-dimensional infrared spectroscopy

Ultrafast dynamics are measured using two-dimensional
infrared (2D IR) spectroscopy. In brief, a pair of ultrafast (100 fs
pulse width) excitation pulses cause [0) — |1) transitions within the
sample. The system is allowed to propagate for a waiting time, t3,
and is then probed with a third pulse to generate and measure inter-
actions between the |0) and |1) states and between the |1) and |2)
states. The resulting spectrum correlates the excitation and detec-
tion frequency as a function of waiting time. The optical setup
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used is a pump-probe geometry, which has been modified from
the previously described optical setup,”” and the measurement and
data processing workflow has been described previously.”” Here, the
spacing between the pump pulse pairs was scanned between 0 fs
and 4000 fs in steps of 20 fs using an acousto-optic modulator. An
1800 cm™" rotating frame was used. The data were collected in magic
angle geometry to remove the orientation effects. Waiting times
were varied from 150 to 5000 fs. Each waiting time was collected,
between 500 000 shots and 1000 000 shots depending on the signal
strength in each particular solvent. All 2D IR measurements were
performed at room temperature (22 °C) with a sample cell identical
to the one used in the FTIR measurements. The IR pulse energy out
of the OPA-DFG was 20 uJ.

1ll. RESULTS AND DISCUSSION
A. Line shapes and peak positions

If spectroscopy is to be used as a tool to take line shapes and
peak positions as input and determine the local environment around
a probe, it is first necessary to do the reverse. Namely, the spectra of
MeSCN must be collected and correlated with a well-understood set
of local environments. This has been performed both in an ad hoc
manner and systematically for FTIR spectra several times before the
present work, as described above. The systematic approach is con-
tinued and repeated here for two primary reasons. First, recently,
more insight into the line shapes of the protic solvent has been
described and can be added to the discussion of MeSCN spectra.
Second, linear spectra represent an important baseline for the pre-
sentation and interpretation of multidimensional spectra. To that
end, a relatively high solute concentration of 500 mM has been used
as a high signal-to-noise ratio is important for the fitting quality
in the multidimensional spectra. At this concentration, the mean
path between the solute molecules is 8.3 A, assuming a uniform
distribution. Each solute molecule has enough solvent molecules
to form a complete solvation shell. However, because MeSCN is
a liquid, it is not impossible for solute partitioning interactions to
occur. Further discussion on the topic of concentration as it per-
tains to solute-solute interactions is presented in the supplementary
material, Sec. IL

The solvent set has been selected to include commonly used
organic solvents, such as DMSO, which has the furthest MeSCN
redshift known of any organic solvent, and to demonstrate trends
among protic solvents. The FTIR spectra for each of the 14 solvents
are shown in , and their peak widths, positions, and oscillator
strengths are tabulated in

A considerable effort has been placed on understanding the
underlying mechanism behind the line shapes and frequencies for
MeSCN. In water, computational studies have shown that the sym-
metric line shape is due to a balance between o-type, n-type, and
non-hydrogen-bonded species.”” Due to non-Condon effects (dis-
cussed further below), the relative absorption of different regions
of the band are not directly related to the relative population.
Similarly in aliphatic alcohols, the asymmetric shape is caused by o-
type hydrogen bonding in the higher energy region and unbonded
MeSCN in the lower energy region. MeSCN in benzyl alcohol
is noticeably broader, and the lower energy region is shifted further
red when compared to its non-aromatic analogs. This could be due
to the interactions between the aromatic ring and the SCN moiety as
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FIG. 1. Measured absorption spectra of MeSCN in the CN stretching region for all
the solvents reported here. Frequency in cm~" is shown on the horizontal axis and
normalized absorbance is on the vertical axis. Peaks are normalized by maximum.
Water is shown in blue, alcohols are in purple, other polar solvents are in jade, and
carbon tetrachloride is in orange.

n-coupling should redshift the non-hydrogen-bonded region of the
band. However, to our knowledge, this phenomenon has not been
explored in theoretical studies. In general, solvatochromic shifts can
be related to the local electric field experienced by a vibrational probe
via Onsager’s theory, which connects the electric field experienced
by the solute to properties of the solvent, such as the dielectric and
dipole moments, and properties of the solute, such as size. For
both the alcohols and water, theoretical work has shown that pro-
tic solvents are blueshifted from the center frequencies predicted by
the Onsager field due to the electric field components added by the
hydrogen bond donors, which are not appropriately described by the
dielectric constant. Conversely, the central wavenumber in aprotic
solvents is well correlated with the Onsager field due to the reduced
complexity of their interactions. The central wavenumber and peak
widths for thiocyanate have been more effectively described in the
general case of both protic and aprotic solvents with SolEFP. The
SolEFP molecular dynamics methods produce a frequency fluctua-
tion trajectory that can be used to generate infrared spectra.”’ As
mentioned before, peak asymmetry in aprotic solvents is one area
where theoretical methods can still be improved. To provide a cur-
sory investigation into the asymmetry for one solvent, spectra of
MeSCN in THF have been collected under cryogenic conditions
( ). Cryogenic conditions separate the subpopulations by nar-
rowing line shapes, slowing the exchange of states, and reducing
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TABLE I. First moment of the CN stretch and peak widths reported as the full width
at half maximum (FWHM) are shown for MeSCN in each solvent. The first moment is
determined by the numerical integration of the peak area and is rounded to the near-
est 0.5 cm™". Oscillator strength is also determined using the numerical integration
of the peak area.

First moment FWHM Oscillator strength

(em™) (cm™) (Debye?) (x1072)
CCly 2160.0 8.1 0.87
DMSO 2153.0 9.2 1.30
ACN 2157.5 7.1 1.15
Acetone 2157.0 7.3 1.36
EtAc 2157.5 7.5 1.10
THF 2156.5 7.1 1.15
BenzOH 2158.0 12.9 1.26
n-HexOH 2160.0 11.6 1.38
n-ButOH 2160.5 11.8 1.19
n-PrOH 2160.5 11.9 1.38
EtOH 2160.5 10.9 1.06
MeOH 2160.5 11.5 1.48
D,0O 2162.5 10.5 1.92
H,O 2162.5 10.0 1.86

the populations of energetically unfavorable configurations. Peak
asymmetry under these conditions can be enhanced or otherwise
altered. Critically, the underlying geometry of subpopulations can
change at low temperatures, especially if a crystalline solid is formed,
and these spectra should be supported by other techniques during
further investigation.

The temperature-dependent FTIR spectra show a noticeable
change in peak asymmetry, position, and width over the range
of temperatures. Notably, the peak shifts toward the red at lower

== THF -120 °C

= THF -100 °C

s THF -60 °C

i

s THF -40 °C

THF -20 °C

Normalized Absorbance

THF 0 °C

THF 20 °C

2140 2160 2180
Frequency (cm'1)

FIG. 2. CN stretching region of MeSCN in THF under cryogenic conditions. Fre-
quency in cm~" is shown on the horizontal axis and normalized absorbance is
shown on the vertical axis. The peaks are normalized by maximum. The asym-
metric peak becomes more symmetric while cooling and splits into multiple peaks
after freezing. The freezing point of pure THF is —108.4 °C.
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temperatures. The freezing point of THF is —108.4°C, and the
frozen spectrum at —120 °C shows at least three distinct regions
that contribute to the overall MeSCN line shape in THF. Com-
bined experimental and theoretical work has already found that
thiocyanate ions in THF show multiple concentration-dependent
peaks at room temperature and that these peaks are due to specific
solute-solvent configurations.”” Unlike ionic probes, MeSCN is not
capable of forming ion pairs. Still, the asymmetric line shapes in
proteins at room temperature are known to be caused by distinct
populations within the ensemble. This is similar to the asymmet-
ric peaks of MeSCN in the protic solvents, which are due to specific
hydrogen bonding configurations. Therefore, it is quite possi-
ble that the asymmetry in MeSCN line shapes in aprotic solvents is
also due to distinct subpopulations. While many biochemical envi-
ronments are protic, there are also numerous aprotic regions. As
artificial vibrational probes continue to expand to regimes such as
the lipid bilayer, hydrophobic protein cores, and beyond, future
theoretical models will need to explain and reproduce the asym-
metric line shapes and their underlying mechanisms. If there are
indeed distinct subpopulations underneath the ensemble, this can
result in some difficulty with vibrational mapping. One technique
that has been successful for these kinds of systems has been to, in
a simulation, identify and isolate each relevant subpopulation and
create subtrajectories for each solvation condition. Applying a vibra-
tional map to each subpopulation has been shown to be capable at
reproducing experimental spectra.

Another complication in the infrared line shapes of thio-
cyanates is the non-Condon effect, whereby the oscillator strength
is a function of the local environment.”” Under non-Condon con-
ditions, the absorbance of each peak is not a direct reporter of its
relative population because each subpopulation may have a different
transition dipole moment. Naturally, this can aggravate or dimin-
ish peak asymmetry. In the present work, oscillator strengths have
been calculated for the overall MeSCN ensemble, but as mentioned
previously, future theoretical work may benefit from identifying the
subpopulations and determining their oscillator strengths indepen-
dently. Nonetheless, the present oscillator strengths can be useful
for comparing changes in the transition dipole moment based on
the local environment. Prior work has related the nitrile center
frequency and the magnitude of the transition dipole moment.
The same correlations are generally not found in the present work;
however, the frequency extremes of DMSO and CCly are also the
extremes for oscillator strength among aprotic solvents.

Returning to center frequency, one traditional method of pre-
dicting solvatochromic shifts in peak position is to create an empir-
ical interaction energy for solute-solvent interactions using the
Kamlet-Taft parameters. The Kamlet-Taft parameters are a set
of empirical solvatochromic parameters that describe the hydro-
gen bond donating ability (a), hydrogen bond accepting ability
(B), and polarizability (1) of a solvent.”” The MeSCN central fre-
quencies have previously been fit with a linear combination of the
Kamlet-Taft parameters, each parameter with its coefficient.
More recently, Gai and colleagues found that a significantly sim-
pler combination of the Kamlet-Taft parameters can predict the
center frequency of cyanotryptophans, in this case, a single coeffi-
cient scaling the sum and difference of the coefficients [Eq (1)].
Here, dw is the frequency shift and o is the combined Kamlet-Taft
parameter,
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Swocoz=n"+B-a (1)

This simpler formulation can be extended to MeSCN as well
( ). While empirical, the results show that the center frequency
of the nitrile is directly correlated to a simple combination of solvent
polarizability and hydrogen bond capabilities. A justification for this
trend is that the n* parameter is generally linearly correlated to the
dipole moment of a solvent, which itself is linearly correlated with
the Onsager field. Therefore, the o parameter is essentially a mea-
sure of the Onsager field with well-scaled solvatochromic hydrogen
bonding corrections.

The bulk of biochemically interesting environments are not
well-behaved homogeneous solvents where the simplified treatment
of the Onsager field (or its Kamlet-Taft derivative) applies, but,
nevertheless, this demonstrates the prime importance of hydrogen
bonding factors in any successful treatment of MeSCN frequencies.
Additionally, correlations between the Kamlet-Taft parameters and
any of the ultrafast dynamics (Sec. ) were not found for the
systems in this work.

B. Ultrafast dynamics

As explained previously, line shapes and peak positions are
only part of the challenge for MeSCN predictive models. They are
the more well-studied portion. Many of the spectroscopically rel-
evant motions of the local solvent environment and of the probe
itself occur on the timescale of femtoseconds to picoseconds. An
in-depth interpretation of these dynamics in complex environments
will require theoretical support, which, in turn, needs an experi-
mental baseline. To gain information about these dynamics, 2D IR
spectra were collected for MeSCN in each of the prior solvents. D,O
has been omitted from 2D IR measurements because of the overlap
between the CN stretch and OD stretching modes. Three representa-
tive solvents and delays are shown in . The complete set of plots
is presented in the supplementary material. The measured FTIR and
2D IR spectra are available in the Texas Data Repository.

The solvent dynamics were tracked using the nodal line slope
(NLS). The nodal line slopes for each solvent were fit to a single
exponential decay with a static offset. This functional form comes

2135 2155 2175
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FIG. 4. Select 2D IR from three solvents: H,O, EtOH, and DMSO. The horizontal
axis describes the pump (excitation) frequency, and the vertical axis describes the
probe (detection) frequency, both in cm=". The correlation function is tracked by
the nodal line indicated by red, which is fit through the nodal points indicated by
light purple. In addition, £, is the waiting time, which varies by column.

from Bloch dynamics, where the frequency fluctuation correlation
function (FFCF) is described in Eq. (2). Here, C(t) is the FFCF,
dw is the frequency fluctuation, f, is the waiting time, T, is the
homogeneous dephasing time, A, is the amplitude of the frequency
fluctuations, 7 is the correlation time in a single exponential decay,
and Ay is the static inhomogeneity,

3(t2)

+ Aie__rt2 + A(z). 2)
T,

C(t) = (dw(2)dw(0)) =

The functional form of the NLS is given in Eq. (3). In this form,
ay becomes a unit-less representation of the static inhomogene-
ity. Note that the inertial component related to the homogeneous
dephasing time is left implicit,

—t;

NLS = aweTZ + ag. (3)

These correlation times and unit-less static inhomogeneities are
shown in . The NLS decays are available in the Texas Data
Repository.”” The exponential fits are shown in Figure S14, and the
values are tabulated in Table S1.

Given that the timescale of the experiment was limited to 5 ps,
the correlation times and static inhomogeneities can be interpreted
as follows: spectral diffusion less than 5 ps is typically related to the
motions of the solvent and solute within the first solvation shell.
The static inhomogeneous component is essentially a sum of all
processes that occur beyond the 5 ps cutoff, which can include dif-
fusive motions or macromolecular behavior when applicable. Given
these interpretations, there are several trends in the data from
Focusing on the correlation times of the protic solvents first, the
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exponential fits of the nodal line slope. The error bars are determined by boot-
strapping the NLS fits and are shown as vertical lines. The exponential fits are
shown in Fig. S14, and the values are tabulated in Table S1.

frequency fluctuations in H, O are notably faster than any other sol-
vent. The prior 2D IR studies have found similar measurements
of correlation time and inhomogeneity of MeSCN in water.

These experimental studies, along with theoretical studies, relate the
dynamics of MeSCN in H,O to hydrogen bond fluctuations and
local reorganization.”’ Water causes these fast fluctuations because
both its hydrogen-bond-donating sites and lone pairs are in motion
and shift MeSCN vibrational energies. Furthermore, the networked
nature of water hydrogen bonds allows for fast structural rear-
rangements because the energetic cost of breaking hydrogen bonds
is readily paid for by the formation of new bonds."” In contrast,
methanol has half of the donatable hydrogens of water, is about
twice the size, does not have the same extended network and, conse-
quently, has about twice the correlation time. However, the relative
size may not be quite as important because it does not hold for
aliphatic alcohols in general, with hexanol having the fastest spec-
tral diffusion and no particular trend among the series. Prior studies
have indicated that only one alcohol molecule is in a hydrogen bond
configuration with MeSCN at a given time.”’ Together, these facts
indicate that the dynamic frequency fluctuations experienced by the
MeSCN are not due to more extended solvent rearrangements in
the alcohols. Indeed, the restructuring motions of alcohols manifest
in the static inhomogeneity, increasing with the size of the alcohol.
In other words, the dynamics experienced by MeSCN on the 5 ps
timescale are generally not related to large protic solvent motions,
but the relative proportion of quasi-static processes increases as the
solvent rearrangement time increases. There is a linear correlation
between the inhomogeneity and the tail length/mass/viscosity of the
aliphatic alcohols (R* = 0.94/0.94/0.92) (Fig. S15). Prior work has
suggested that slower components of spectral diffusion in localized
vibrational modes can be related to viscosity due to a diffusive move-
ment of solvent molecules in the solvation shell of the probe.”’ A
similar trend in slowing has been observed with a delocalized probe
in aliphatic alcohols but did not match the timescale of diffusion due
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to the delocalization.””" These slower components of spectral dif-
fusion can translate into static inhomogeneity when the timescale of
the experiment and responsiveness of the probe change.

There is also a trend that, in general, the aprotic solvents have
significantly lower static inhomogeneity than the protic solvents,
sometimes approaching zero. This indicates that most frequency-
modulating changes in the local solvent environment occur on a
timescale faster than 5 ps for these solvents. These aprotic sol-
vents also tend to have narrower linewidths than the protic solvents.
Linewidth in methyl thiocyanate has previously been associated with
faster solvent motions.”' However, there is no relationship in the
present work between the NLS correlation times and the FWHM
(R? = 0.02) (Fig. S16). Instead, there is a correlation between the
FWHM and the amplitude of the inertial component of the NLS
decay (R? = 0.88), which is the difference between 1 and the fit
amplitude of the exponential decay and static component of the NLS
( ). For a single peak, this term is related to the reciprocal homo-
geneous dephasing time [Eq (2)]. When the inertial amplitude is
larger, the resulting spectra are more homogeneous and can expe-
rience motional narrowing. The associated 2D spectra of the aprotic
solvents are rounder at shorter waiting times than the alcohols (Figs.
S1-S13). One caveat is that part of the linewidth in the protic sol-
vents is due to specific hydrogen bonding ensembles, rather than a
simple lack of homogeneity. Nonetheless, these findings imply that
some solvent motions contributing to the linewidth may be faster
than the current time resolution, accessible by 2D IR spectroscopy.

In contrast to the inhomogeneous component, the variations
in spectral diffusion among the aprotic solvents are not easily
explained. In the literature, there are varied examples of spectral
diffusion for thiocyanates at these waiting times. A previous work
compared thiocyanate-labeled sugars in water and chloroform and
showed that the samples in chloroform had an extra spectral dif-
fusion process on the order of 5-6 ps.”” For a thiocyanate probe
on hemoglobin, it was found that some spectral diffusion occurs
on a timescale of less than 5 ps, which was attributed to dynamic
rearrangements and interactions with the environment, but no spe-
cific correlation time could be extracted.”” The same work attributed
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other correlation times of MeSCN in different aprotic solvents
simply to solvent motions. The trend between these two works is
that the dynamic processes of aprotic solvents and their interplay
with nitrile peaks remain mysterious.

In summary, hydrogen bonding capabilities of the local envi-
ronment play a large role in the spectral behavior of MeSCN. In
purely aqueous conditions, the dynamics are fast, and a complete
loss of correlation occurs before 5 ps. However, when there are
slower solvent processes, the vibrational energy of some microstates
remains unchanged even after long waiting times. In the absence of
hydrogen bond donors, long-time correlations are rarer but highly
solvent-dependent.

C. Experimental practicality

It may also be of interest to explore the practicality of 2D IR of
thiocyanates in a biological context. For the present work, multiple
spectra were collected at each delay. Individual spectra are an aver-
age of 250 000 laser shots at a repetition rate of 1 kHz (250 s). For
the aqueous sample at 1000 mM concentration, the signal-to-noise
ratio was calculated at 124 + 2 using the difference between the max-
imum and the minimum as the signal and the standard deviation of a
spectrally void region as the noise. In a more biologically approach-
able concentration of 5 mM, a signal-to-noise ratio of 10 would take
~18 h to achieve. This ratio represents a lower level of success using
2D IR analysis fitting techniques.”’ However, with the advent of
higher repetition rates, newer referencing schemes,”” and denoising
techniques,”® 2D IR experiments of thiocyanates at low concentra-
tions are achievable. For example, it has been demonstrated that
certain machine learning denoising algorithms can reconstruct spec-
tra from data with S/N ratios as low as 2, which would reduce the
18-h acquisition time to ~40 minutes.” If only a single t, delay is
desired, these measurements become increasingly practical.

IV. SUMMARY AND CONCLUSION

The researchers working with biochemical systems have a
strong interest in transparent-window vibrational probes. Thio-
cyanate has many features that make it desirable, including sensi-
tivity, a long vibrational lifetime, and chemistries for installation at a
wide variety of sites. Because of its importance, there is a continued
push for more in-depth and more accessible models. Initially, the
Skinner group developed a reparameterization technique (fol-
lowed by Corcelli and colleagues) to compute azide and nitrile
frequencies with optimized quantum mechanics/molecular mechan-
ics (OQM/MM). Around the same time, theoretical work on the
system by Cho and coworkers focused on understanding the spectral
shifts due to hydrogen bonding and the parameterization of an elec-
trostatic vibrational map. The OQM/MM techniques need to
be reparameterized when moving too far away from the calibration
system, and it has been shown that electrostatic vibrational maps are
also not easily expanded to more than one chemical environment.
Consequently, the OQM/MM methods have been used in some
protein systems, "~ and the QM framework underlying the vibra-
tional maps has been expanded and used to deconvolve frequency
fluctuations based on the interacting species.’’ While powerful, fur-
ther development of generalizable vibrational models must include
more in-depth calculations across a wider range of systems that
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capture not only electrostatic environments but also dynamics. New
approaches, such as stochastic models, that take advantage of the
frequency-dependent friction effects may provide an alternative
approach to modeling spectra of nitriles.”* The results here show
that dynamics are key to both reproducing accurate line shapes and
understanding molecular processes. One additional caveat is that
protein environments are not like solvents; they are far removed
from simple dielectrics, and each site presents a unique environ-
ment with its dynamic processes. In addition to these properties,
limitations in the soluble concentrations and the sheer size make sys-
tematic studies into protein-bound vibrational probes a significant
hurdle for both experimentalists and theorists.

Whether to expand computationally efficient models or to
compare the state of the art, to our knowledge, time-dependent
infrared spectra of MeSCN in a broad range of solvents have not
been made publicly available. To this end, the present work pro-
vides an experimental basis for the development of theory with a
high-quality, publicly available set of data.”” It also provides insight
into the dynamics of methyl thiocyanate, such as evidence that dif-
fusive solvent motions drive static inhomogeneity measurements
on the picosecond timescale and that hydrogen bonding is a large
contributor to inhomogeneity. Furthermore, cryogenic FTIR mea-
surements hint at an area of further study for understanding the
line shapes of MeSCN. Thiocyanates are both scientifically valuable
and complex, and the continued development of spectroscopic the-
ory is perhaps one of the current factors limiting the insight we can
gain from experiments. While simple solvent systems are a start-
ing point, systemic approaches to proteins and other biomolecules
will be needed in the future. Advancing theoretical models is central
to further development and applications of these vibrational probes
and spectroscopy in general.

SUPPLEMENTARY MATERIAL

The supplementary material for this paper includes 2D IR spec-
tra for each solvent and delay time, nodal line slope fitting plots and
tabulated data, linear fits between spectral data and empirical con-
stants, and a brief discussion on the concentration of MeSCN used
in this work.
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