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ABSTRACT: Optical measurements of electric fields have wide-ranging applications in the

fields of chemistry and biology. Previously, such measurements focused on shifts in intensity or
frequency. Here, we show that nitrile vibrational lifetimes can report local electric fields
through ultrasensitive picosecond mid-infrared—near-infrared double-resonance fluorescence
spectro-microscopy on Rhodamine 800. Using a robust convolution fitting approach, we
observe that the nitrile vibrational lifetimes are strongly linearly correlated (R* = 0.841) with
solvent reaction fields. Supported by density functional theory, we rationalize this trend
through a doorway model of intramolecular vibrational energy redistribution. This work
provides new fundamental insights into the nature of vibrational energy flow in large
polyatomic molecular systems and establishes a theoretical basis for electric field sensing with
vibrational lifetimes, offering a new experimental dimension for probing intracellular

electrostatics.

lectric fields are central to many aspects of the physical
sciences, including chemical reactivity, cell signaling, and
more.'~® Over 100 years ago, Stark reported that electric fields
can affect how atoms and molecules interact with light; in
particular, he observed that degenerate spectral lines in
hydrogen are split into multiple components in a strong
electric field.” This phenomenon is now called the Stark effect
and provides useful information across much of the electro-
magnetic spectrum.'’”'” For example, electric fields almost
fully break degeneracy in gas-phase microwave rotational
spectroscopy, facilitating detailed spectral assignments that
provide fundamental understanding of molecular structure and
geometry.”~"> The electronic Stark effect is the physical basis
for sensing cellular potentials with electrochromic dyes, whose
fluorescence emission spectra are influenced by the local
electric field.' Electric field sensing has broad-ranging
applications in molecular biology, from characterizing enzyme
active sites to mapping spatially heterogeneous hydration."~°
Rotational and electronic Stark effect spectroscopy present
extreme cases of a trade-off between quantitative interpret-
ability and biological applicability. The theoretical description
of the rotational Stark effect is robust, but microwave
spectroscopy methods are incompatible with aqueous bio-
chemical samples.m’22 In contrast, the electronic Stark effect
can qualitatively characterize intracellular electric fields, but the
response of a fluorescent emission profile to an applied field is
rarely linear and immensely challenging to predict.”** Over
the years, the vibrational Stark effect emerged as a highly
promising spectroscopic tool with quantitative applicability in
biological systems."’
In pioneering work, Boxer and co-workers explored the
vibrational Stark effect in the liquid phase, leading to the
development of the field of vibrational Stark spectroscopy

© 2024 American Chemical Society

WACS Publications

(0]

£

=

2 :

° Linear

= ~ . _ response

E Theory i,
Experiment i<

Electric field

(VSS).** Using linear infrared (IR) absorption spectroscopy,
Boxer and co-workers demonstrated that several vibrational
modes exhibit sensitivity to applied fields,”*° with carbonyls
and nitriles exhibiting some of the strongest linear
responses.””° Because IR-induced vibrations are electric
dipole-allowed transitions, the shift of a vibrational frequency
relative to zero field (Av,) is expressed as a coupling between
the transition dipole moment vector and the external field
(Ayy = —%A—)y-ﬁ).zg’m In vibrational bioimaging, nitriles are of
special interest because they absorb IR light in a frequency
region where there is minimal background absorption from
native biomolecules (known as the “cell-silent 1'egion”).3l’32
Thus, nitriles have significant potential for quantitative,
intracellular sensing of local electric fields.”*™*

However, the potential of electric field mapping in cells with
nitrile vibrations has not yet been fully realized, mainly due to
the limited sensitivity of linear IR absorption spectroscopy.’®
To improve the sensitivity of vibrational bioimaging, a handful
of ultrasensitive vibrational microscopy techniques have been
developed.**™*' We recently reported one such technique,
termed bond-selective fluorescence-detected IR-excited (Bon-
FIRE) spectro-microscopy (Figure 1).*° BonFIRE is a
picosecond mid-IR (MIR)—near-IR (NIR) double-resonance
fluorescence technique (Figure 1b) with applicability to a wide
range of fluorescent dyes and excellent biocompatibility. By up-
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Figure 1. Overview of BonFIRE spectroscopy. (a) Jablonski energy level diagram for Rh800. Gray arrows denote vibrational relaxation. Vibronic
states are labeled |E, V), where E describes the electronic state and V describes the vibrational state. The energy levels of the Jablonski diagram are
the vibrational normal mode manifold of Rh800. (b) BonFIRE instrument diagram (see Section S1 of the SI for full instrumental details). The MIR
and NIR beams focus on the structure of Rh800. AOM, acousto-optic modulator; OPO, optical parametric oscillator; SHG, second-harmonic

generation; PMT, photomultiplier tube.

converting the vibrationally excited population to a fluo-
rescently active population, BonFIRE achieves single-molecule
imaging sensitivity (Figure 1la), drastically increasing the
sensitivity of vibrational imaging by allowing for the use of
ultrasensitive fluorescence detection schemes.”

As a two-pulse experiment, BonFIRE allows for direct
measurement of vibrational lifetimes (reflecting the decay of an
excited vibrational population) by measuring the decay of
fluorescent intensity as a function of the time delay between
the MIR and NIR laser pulses.”™ Vibrational lifetime
measurements provide access to dynamical information, such
as site-specific hydration or structural conformation changes in
proteins, but accurate lifetime measurements are challeng-
ing.**™* Until the 1970s, there were no experimental
techniques that allowed for direct measurements of liquid-
phase vibrational lifetimes, even in pure liquids.””' Histor-
ically, lifetimes were inferred from spectral line widths, where
lifetime and line width are inversely related by the uncertainty
principle. However, measuring lifetimes with linear absorption
spectroscopy is challenging for bulk samples in the condensed
phase, where inhomogeneous broadening dominates vibra-
tional lineshapes and obscures the homogeneous line width of
a transition.”” For measurements of vibrational lifetimes in
biological samples (where inhomogeneous broadening is
inevitable and molecular concentration is low), a technique
like BonFIRE is necessary because multipulse experiments
allow for the measurement of homogeneous lifetimes even in
inhomogeneously broadened ensembles.*>**~°

In this paper, we investigate the dependence of nitrile
vibrational lifetimes on solvation fields by BonFIRE time-
domain spectro-microscopy on Rhodamine 800 (Rh800).
Originally developed as a laser dye, Rh800 is commercially
available, highly photostable, passively permeates cellular
membranes, and exhibits minimal cytotoxici’fy.‘w_é0 Further-
more, the nitrile of Rh800 is vibronically coupled to its
xanthene core and was demonstrated by BonFIRE to have the
capability for single-molecule vibrational bioimaging.*®
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Through robust convolution fitting and density functional
theory (DFT) calculations, we carefully extracted the nitrile
lifetimes from our system and proposed a model rationalizing
such a dependence, benchmarking the potential of Rh800
nitrile lifetimes to sense local electric fields in biological
systems.

Interestingly, we indeed observe a sensitive dependence of
the nitrile lifetime of Rh800 in different solvents that are
typically adopted for frequency-based VSS (Figure 2a) [see
Section S1 of the Supporting Information (SI) for detailed
methods and Section S2 for electronic absorption and emission
spectra of Rh800; Figure S1].*” In VSS theory, strongly polar
molecules (like nitriles) promote a local alignment of solvent
dipoles, leading to the exertion of a net electric field by the
solvent on the solute (Figure $2).°"~%* This field, termed the
solvent reaction field (SRF), can be quite large in magnitude
(~10 MV/cm), leading to distinctly different vibrational
spectra as a function of the solvent (see Section S3 of the SI
for further details on SRF theory; eqs S1 and $2).°"°>° Given
that the effects of electric fields on molecular vibrations are
well-documented, we hypothesized that the solvent-dependent
lifetimes we observed were also primarily due to the influence
of the SRF.

To elucidate the connection between vibrational lifetimes
and the SRF, we first need to evaluate the response precision of
our picosecond laser system and to robustly retrieve nitrile
vibrational lifetimes. An observed signal can be described as
the convolution of the instrument response function (IRF)
with the molecular response.”° Because nitrile vibrational
decays are generally well-described by a single exponential
decay,”"®” BonFIRE intensity (I) as a function of time delay
(tp) can be modeled as

I(tp) = IRF *[H(tp)e ™ ] 1)
Here, our IRF is determined by the cross-correlation of our
pulses in the time domain,*® * denotes a convolution, H(tp) is
the Heaviside step function, and I is the damping rate of the
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Figure 2. Influence of local electric fields on Rh800 nitrile BonFIRE.
(a) Data (open circles) and fits to eq 1 (traces) showing the solvent-
dependence of BonFIRE time-domain spectra of the nitrile stretch in
Rh800 measured at @y = 2228 cm™, Ay = 825 nm (pulse width
1.84 + 0.06 ps, bandwidth 10 cm™"). “Normalized intensity” denotes
integrated fluorescent intensity collected through a bandpass filter
(see Sections S1—S2 of the SI for further details). Raw spectra and fits
are provided in Section S7 of the SI (Figure S7). (b) Rh800 nitrile
stretch vibrational lifetimes as a function of the solvent reaction field.
There is a strong linear correlation (R* > 0.8) between the lifetime
and the SRF, indicating the potential for nitrile vibrational lifetimes to
sense local electric fields.

vibrationally excited population (further information can be
found in Sections S4 and S$ of the SI; Figures S3 and S4; eqgs
$3-510).°"7* The lifetime (7) of the vibrationally excited
population is defined as 7 = 1/I.”° This method of data
analysis allows for accurate and direct determination of
vibrational lifetimes on the picosecond time scale (see Section
S6 of the SI for further details; Figures SS and S6; eqs S11—
S14).7977

Fitting of our time-domain data (eq 1) and calculation of the
corresponding SRFs (eq S2) allows us to quantitatively assess
the dependence of the vibrational lifetime on the local electric
field (see Section S7 of the SI for the raw data and equations of
the best-fit curves plotted in Figure 2a; Figure S7).”%”” As
plotted in Figure 2b, we see a clear trend of elongation of the
vibrational lifetime with increasingly negative SRFs (as was
evident from the raw time-domain spectra). Notably, the trend
appears to be strongly linear, featuring an adjusted R* of 0.841
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that agrees very well with previous vibrational solvatochrom-
ism work on nitrile probes.”’

As a vibrational lifetime is often considered an intrinsic
property of a molecule and not generally subject to change,*®
this first report of the SRE-dependence of a vibrational lifetime
could be highly counterintuitive upon first glance. For clues to
explain this surprising linear trend, we turned to the extensive
body of VSS work in the literature. VSS investigations have
primarily focused on the vibrational frequency shifts associated
with external electric fields. However, often coincident with the
observed shifts in the transition frequency are systematic shifts
in the line width of the associated transition.”’ In a
homogeneously broadened system, slowing of intramolecular
vibrational energy redistribution (IVR; see Section S8 of the SI
for details on IVR theory; Figure S8; eqs S15—S18)">*'~%" by
external electric fields manifests as a narrowing of the observed
spectral line width, due to elongation of the corresponding
vibrational lifetime.*® For example, Dawlaty and co-workers
recently investigated the homogeneous line width alterations in
vibrational sum-frequency generation spectroscopy on benzo-
nitrile in applied electric fields,”" identifying a systematic
perturbation of IVR by the external electric field.*® However, in
inhomogeneously broadened systems (like those studied here),
lifetimes cannot be directly retrieved from steady-state spectral
line widths (see Section S9 of the SI; Figure S9; Table S1; egs
S$19 and $20).%%%%°

To study the IVR dynamics of Rh800 and understand the
linear dependence of nitrile lifetimes on SRFs, we turned to
DFT. Since Rh800 is roughly triple the size of prototypical
nitrile VSS probes,””* it is significantly more challenging to
compute.”> We first validated our DFT methods [B3LYP, 6-
31G(d,p); see Section S1 of the SI for detailed methods]”' >
by comparison to Dawlaty and co-workers’ previous DFT
vibrational Stark effect studg (see Section S10 of the SI for
details; Figures $10—S12).*® From our DFT calculations on
Rh800 (see Section S11 of the SI for details; Figures S13—
$16), we find strong agreement between predicted IR spectra
and experimental data (Figure S13). In varying applied electric
fields, we note systematic shifts in the normal-mode
frequencies of Rh800 (Figure S14), demonstrating that many
of the 162 total normal modes of Rh800 are theoretically
sensitive to an external electric field.

IVR is the dominant vibrational relaxation mechanism in
polyatomic systems. Though forbidden in a purely harmonic
system, mixing of vibrational quanta becomes allowed through
anharmonic coupling (see Section S8 of the SI for details). The
most common IVR processes are “cubic” or “third order,”
where the order describes the number of vibrational quanta
associated with the process. Higher-order processes are
possible but tend to be less probable due to weaker
couplings;”* furthermore, higher-order treatment has previ-
ously been demonstrated to be unnecessary for quantitative
accuracy in lifetime calculations.””*>** Thus, we limit our
analysis to third order here.

To third order, IVR processes can be broadly classified as
decays and collisions (Figure S8). A third-order decay
describes one quantum of a higher-energy vibration converting
into two quanta of lower-energy vibrations, and a third-order
collision describes two quanta of lower-energy vibrations
converting into one quantum of a higher-energy vibration. For
nitrile-stretching vibrations (~2300 cm™), collisional IVR
generallgr requires a CH-stretching acceptor mode (~2900
cm™1).*® Due to the low thermal population of modes above
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Figure 3. IVR lifetime analysis by DFT. (a) Comparison between self-consistent predicted lifetimes by the @35 = @, + @ IVR pathway (black
lines with open circles) and experimentally measured nitrile lifetimes (red dots with error bars). Error bars are +1 standard deviation. (b) Diagram
of energy flow in Rh800 following IR excitation of mode 136, the nitrile-stretching mode. Normal mode displacement vector drawings for modes
(c) 136, (d) 102, and (e) 66 (not to scale). Modes 102 and 66 (CH-bending and C=C-stretching modes) serve as the doorway modes that allow
for energy from the nitrile stretch to be dissipated into the dense bath of states.

600 cm™! at room temperature, collisional IVR rates (eq S18)
were vanishingly small for the nitrile-stretching vibration
(mode 136) of Rh800, in agreement with previous nitrile-
stretch IVR analysis."® We subsequently calculated the decay
IVR rates for all of the 162> = 26,244 possible third-order
pathways (eq S17).°7%¢

To assign the most probable decay pathway, we first
screened our IVR pathways by identifying which pathways
were most likely to contribute to the overall decay rate.””
There are two requirements for efficient IVR: strong
anharmonic coupling and the conservation of energy.
Qualitatively, the same two requirements apply for a third-
order Fermi resonance (TFR; eq S16), allowing TFR to serve
as an initial screen of potential IVR pathways. Mode triples
with TFR > 1 are said to be “resonantly coupled,” indicating a
strong possibility of contributing significantly to IVR.” For the
nitrile stretch of Rh800, we identified 18 IVR pathways that
were resonantly coupled over the range of SRFs we studied
(Figure S16). Among those 18 decays, we observed that the
vibrational lifetimes predicted by the @ 35 = ®,(, + ®¢s decay
pathway exhibited the strongest agreement with our exper-
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imentally measured lifetimes from BonFIRE spectra (Figure
3a). To ensure quantitative accuracy, we iteratively calculated
the w36 = ®p, + ®g IVR rate until the nitrile-stretch
damping rate was consistent with the predicted energy transfer
rate under zero applied potential (see Section S12 of the SI for
details; eqs S21—523).

For vibrational lifetime predictions at this level of theory,
sub-picosecond agreement with experimental data is excep-
tionally strong (see Section S13 of the SI for numeric values of
the data in Figure 3a; Tables S2 and $3).”° Given this
quantitative agreement, we therefore conclude that the w35 —
@9, + W IVR pathway is most reasonable to be the primary
decay that we observe in our BonFIRE experiments (Figure
3b). Mode 102 is predominantly a CH-bending (wagging)
mode (Figure 3d), and mode 66 is predominantly a C=C-
stretching mode, although it also features prominent CH-
bending (scissoring) character (Figure 3e). Our results support
a growing consensus that nitrile-stretching vibrations in large
polyatomic systems generally decay into CH-bending
vibrations.”*® Importantly, mode 66 contains weak but
nonzero nitrile-stretching character (primarily due to strong
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stretching along the —C—CN bond), making the @35 = @1,
+ w4 IVR pathway intuitively tractable. CH-bending modes
are generally very strongly coupled to the dense bath of
states.””'°° Thus, we can construct a diagram of the vibrational
energy flow in the nitrile-stretching vibration in Rh800 (Figure
3b), where modes 102 and 66 act as the “doorway” modes that
allow the nitrile-stretching vibrational energy to be dissipated
into the phonon bath.

Notably, the lifetime trend predicted by the @3 = @, +
@¢s IVR pathway is not strictly linear with the electric field (see
Section S13 of the SI for further details). However, across the
range of SRFs that we can generate with traditional solvents,
the nitrile vibrational lifetime of Rh800 is appreciably linear
with the electric field; hence, local field sensing with linear
response should remain valid.>’ These characteristics are
consistent with Dawlaty and co-workers’ description of the
VSS line widths of benzonitrile.*® Furthermore, slight
deviations from linearity have been a hallmark of nitrile
vibrational probes since Andrews and Boxer’s first reports of
VSS with nitriles; most of the vibrational Stark effect can be
rationalized as a linear coupling between the dipole moment
and the external field, but higher-order terms are needed for a
more complete quantitative description of VSS.*%'"1*>

Previous IVR studies of nitrile-stretching vibrations (in
benzonitrile and cyanophenylalanine) demonstrated that TFR
is strongly correlated with the overall IVR rate.””*® Given that
TFR (eq S16) is relatively easy to calculate compared to an
IVR rate (eqs S17 and S18), TFR thereby served as a
convenient metric to assess relative IVR rates. However, our
calculations indicate that TFR fails to describe the trend in the
nitrile vibrational lifetimes for Rh800. Specifically, TFR 34 105,66
decreases with increasingly positive fields (Figure S15),
directly contradicting the experimental trend of shorter
lifetimes in increasingly positive fields. However, calculation
of the corresponding IVR rate (W34 0566 See Section S12 of
SI for details) yields quantitative agreement with experimental
data (Figure 3a), demonstrating that TFR;34;0266 and
Wiss 10066 predict opposing trends. This failing is notable
because it signifies that the vibrational dynamics of the nitrile
stretch of Rh800 are appreciably different from those of smaller
nitrile probes like benzonitrile and cyanophenylalanine.”***

Although TFR (eq S16) resembles the IVR decay rate (eq
S17), we note a few key differences. First, the decay rate
depends quadratically on the cubic force constant of a triple of
modes, but TFR is linearly dependent on the cubic force
constant; it follows that TFR will underestimate the sensitivity
of the IVR rate to the degree of anharmonic coupling. Second,
we note that the denominator in the TFR term is only the
resonance condition but the decay rate includes the resonance
condition added with a quadratic damping rate term (due to
treatment as a finite-width Lorentzian). As the triple of modes
approaches strict resonance (Aw 0), the TFR term
approaches infinity (which can be readily seen in
TFR 3610066 Figure S15), but the IVR rate approaches a
finite maximum determined by the intrinsic lifetimes of the
modes in the triple; we therefore expect TFR to overestimate
the sensitivity of the overall IVR rate to the resonance
condition. In support of this reasoning, when we examine the
individual components of the @35 = ®;p, + ®Wg IVR rate
equation, we find that the changes we calculate in the IVR rate
as a function of the applied electric field are primarily due to
changes in the anharmonic coupling (Figure 4; see Figure S17
and Section S14 of the SI for the absolute term contributions).
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Figure 4. Relative IVR rates predicted by the @35 = @0, + @s IVR
pathway (black) and contributions from anharmonic coupling (red)
and the resonance condition (blue), as calculated by eq S21. Plotted
values are standardized relative to their respective values under zero
applied field (see Figure S17 for the absolute term contributions).
Although the influence of the resonance condition is nonzero, the
trend in the IVR rate is dominated by variation in the anharmonic
coupling.

Our findings suggest that, for larger molecules like Rh800,
anharmonic coupling strength is the dominant factor in IVR
efficiency, whereas for smaller molecules like benzonitrile, the
dominant factor in IVR efficiency is the resonance condition.
This trend can be intuitively understood by considering the
scaling of the number of normal modes of a molecule (3N — 6
for an N-atom, nonlinear molecule). As the number of normal
modes increases, the probability of finding a pair of acceptor
modes that is approximately resonant with a given donor mode
increases as well. Thus, for larger polyatomic molecules like
Rh800, pairs of frequency-resonant acceptors are not rare; the
limiting factor in IVR thereby becomes the anharmonic
coupling strength, and TFRs lose utility as predictors of
relative IVR rates (though they do still serve as a useful screen
of resonantly coupled mode triples). However, for smaller
polyatomic molecules such as benzonitrile with sparser normal
mode distributions, finding a pair of resonant acceptors is
appreciably less likely; therefore, the resonance condition
becomes the limiting factor in the IVR rate for a given
vibrational mode, and TFRs remain well-correlated with IVR
rates.

We summarize our key findings as follows:

(1) Convolution fitting of BonFIRE time-domain spectra
allows highly accurate vibrational lifetime measurements
on fluorescent molecules.

(2) The nitrile-stretching (2228 cm™") vibrational lifetime of
Rh800 is strongly correlated (R* = 0.841) with the
solvent reaction field.

(3) Lifetime calculations from DFT vyield sub-picosecond
agreement with experimental data, allowing us to assign
the IVR decay pathway of the nitrile stretch of Rh800.

(4) In larger molecules like Rh800, anharmonic coupling is
the limiting factor governing IVR. This trend contrasts
with previous IVR analyses on smaller molecules like
benzonitrile, where conservation of energy was the
limiting factor.
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Here, we have presented a combined experimental and
theoretical investigation of vibrational dynamics in the
fluorescent dye Rh800. With double-resonance BonFIRE
spectroscopy, we measured vibrational decays in dilute samples
on the picosecond time scale, which we analyzed with a
thoroughly benchmarked convolution fitting scheme. We
observed that the nitrile-stretch vibrational lifetime exhibits a
strong linear correlation (R* = 0.841) with the SRF, laying the
foundation for future applications of single-molecule vibra-
tional lifetime sensing with BonFIRE.*® From DFT calcu-
lations, we additionally established a theoretical basis for
sensing electric fields with vibrational lifetimes, where the
electric field tunes the anharmonic coupling between the
vibrational modes of Rh800.

It is worth noting that vibrational lifetime sensing operates
on a mechanism different from frequency-shift VSS, potentially
offering a new dimension to probe intracellular electrostatics
with unparalleled sensitivity when coupled with BonFIRE
microscopy. Where VSS is sensitive to the coupling between
the external field and the dipole moment of the IR-active
mode, vibrational lifetimes are sensitive to the coupling of the
field to the IR-active donor mode’s transition dipole moment,
the acceptor modes’ transition dipole moments, and the
anharmonic couplings between the modes. Therefore, lifetime
sensing theoretically allows for applications inaccessible to
frequency-shift-based VSS, such as electric field sensing with a
donor vibrational mode that exhibits no Stark shift but does
exhibit a lifetime shift from the detuning of its acceptor modes
or the associated anharmonic coupling. Although the electric-
field dependence established here does not account for lifetime
shifts in hydrogen-bonding environments (see Section S15 of
the SI for further details; Figure S18), vibrational lifetime
imaging in hydrophobic environments, such as liquid—liquid
phase-separated condensates, remains a promising future
application of local electric field sensing with high sensitivity
and quantitative interpretability.

We further demonstrated that lifetime measurements allow
for fundamental insights into vibrational dynamics. Through
DEFT calculations and analysis of IVR rates in a Fermi’s golden
rule framework, we found sub-picosecond agreement between
our experimental lifetimes for the nitrile stretch and the
predicted lifetimes from the decay of one quantum of the
nitrile stretch into one C=C-stretching quantum and one CH-
bending quantum. Our calculations present a disagreement
between TFR and IVR rate trends, highlighting that the
relative importance of anharmonic coupling versus the
resonance condition in the overall IVR rate depends on the
normal mode density of the molecular system. These results
inform an intuitive, size-based approach to assessing the factors
governing vibrational relaxation dynamics in polyatomic
molecules.

We expect these experimental and theoretical methods to be
broadly generalizable to the study of vibrational dynamics in
fluorescent molecules. Although the theoretical methods
presented here yield quantitative agreement with experimental
results for Rh800, higher levels of theory may be necessary to
accurately describe the vibrational dynamics of large
polyatomic molecules, in general. We are additionally curious
about the generality of sensing local electric fields with nitrile
vibrational lifetimes. Our results show that these dynamics are
clearly dependent on the molecular structure, but we suspect
that these trends are not unique to Rh800 and benzonitrile.
Rather, we suspect that there are specific molecular factors
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(such as being attached to a symmetric, largely nonpolar
aromatic scaffold) that predispose a nitrile to having a stronger
lifetime response to a local electric field with the ultimate
determinant being the coupling between the nitrile and its
acceptor modes. Investigations of vibrational dynamics across
multiple different classes of dyes to attempt to identify these
molecular factors are currently ongoing. By continuing to
combine experimental and theoretical approaches, we will
further explore vibrational energy flow in large polyatomic
molecules, facilitating a much deeper understanding of
molecular dynamics and behavior.
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