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Abstract

Photoexcited fluorescent markers are extensively used in spectroscopy, imaging, and

analysis of biological systems. The performance of fluorescent markers depends on high

levels of emission, which are limited by competing non-radiative decay pathways. Small-

molecule fluorescent dyes have been increasingly used as markers due to their high and

stable emission. Despite their prevalence, the non-radiative decay pathways of these

dyes have not been determined. Here, we investigate these pathways for a widely-used

indocarbocyanine dye, Cy3, using transient grating spectroscopy. We identify a non-

radiative decay pathway via a previously unknown dark state formed within ∼ 1 ps

of photoexcitation. Our experiments, in combination with electronic structure calcu-

lations, suggest that the generation of the dark state is mediated by picosecond vibra-

tional mode coupling, likely via a conical intersection. We further identify the vibra-

tional modes, and thus structural elements, responsible for the formation and dynamics

of the dark state, providing insight into suppressing non-radiative decay pathways in

fluorescent markers such as Cy3.
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Small-molecule fluorophores are ubiquitous tools in microscopy, spectroscopy, and bi-

ological assays, providing multiscale resolution to understand systems from organisms to

single-molecule scales with molecular specificity.1–3 The diversity of chemical structures for

polyaromatic organic flurophores has also been used in solar concentrators, light-emitting

diodes, and lasers.4–7 All of the applications of fluorophores rely on robust photophysical

behaviour that is limited by dark state formation via isomerization, intersystem crossing to

triplet states, and generation of radical species.5,8–10 Optimizing the molecular structure of

dyes can overcome these limitations by enhancing fluorophore photostability based on known

structural dynamics associated with dark state formation.2,11,12 However, the requisite knowl-

edge of structural dynamics has been limited to longer timescale phenomena because, to date,

there have been few investigations on the femtosecond timescale.13,14 Therefore, the relevant

structural dynamics for ultrafast dark state formation have not been identified, despite their

potential for fluorophore optimization.

Ultrafast spectroscopy has characterized dynamics on the femtosecond timescale in a

wide range of systems.15–20 These experiments have provided critical insight into excited

state photophysical processes such as electron transfer, potential energy surface crossing, and

intersystem crossing.18,21–25 Along with electronic processes alone, ultrafast spectroscopy can

probe coupling between electronic processes and nuclear motion, including excited state reac-

tivity and vibrationally-mediated energy transfer.26,27 Despite the rich information that can

be derived from such investigations, they have been minimally used to examine femtosecond

to picosecond dynamics in certain types of widely-used small-molecule fluorophores.

Cyanines are a family of small-molecule fluorophores commonly used as fluorescent mark-

ers for biological imaging and detection assays because of their large absorption cross-sections

and stable emission.28–30 In recent years, cyanines have also been studied as a model photoi-

somerization system, and are one of few molecular classes that have successfully undergone

coherent reactivity control schemes.31,32 Cyanines consist of two nitrogen atoms connected

by a conjugated polymethine bridge. In visible-range cyanines, photoinduced excitation to
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the S1 state proceeds through a π–π* transition of the conjugated system, after which pop-

ulation relaxation occurs via a combination of radiative fluorescence, non-radiative internal

conversion, photoisomerization to a dark state, and intersystem crossing.

Visible-range cyanines such as the indole-based Cy3, Cy5, and their derivatives are par-

ticularly widely used as fluorescent markers. In this cyanine sub-family, the major known

non-radiative decay pathway occurs along the photoisomerization reaction coordinate. After

photoexcitation from the trans ground state, isomerization to the cis configuration begins

through picosecond to nanosecond generation of a twisted 90◦ angle configuration. The

twisted configuration has an optically dark state with charge-transfer character (twisted in-

tramolecular charge-transfer state or TICT), which relaxes back to the trans ground state

or to the cis ground state.33–35 Although ultrafast spectroscopy has been used extensively

to characterize the barrierless photoisomerization of cyanines such as the quinoline-based

pseudoisocyanine and pinacyanol,36,37 cyanines such as Cy3 and Cy5 must overcome an en-

ergetic activation barrier to populate the TICT state. Therefore, the barrierless dynamics

previously characterized cannot be extrapolated to other cyanines. Despite their wide usage,

the femtosecond dynamics of the Cy3 and Cy5 sub-family have been minimally investigated.

Specifically, the number and role of dark states and how nuclear motions govern the excited

state pathways has not been determined.

Here, we investigate the femtosecond dynamics of Cy3 (Figure 1a, inset). Using homo-

dyne transient grating spectroscopy, we monitor the excited state evolution of Cy3 including

population relaxation and the generation of nuclear wavepackets. Time-domain frequency

analysis of these wavepackets as a function of emission frequency identifies several long-lived

vibrational modes along with coupling between modes that persists for ∼1.5 ps after pho-

toexcitation. The phase of the wavepackets reveals a previously unknown non-emissive trans

intermediate state that persists for several picoseconds after photoexcitation, providing an

alternate non-radiative relaxation pathway. The existence and dynamics of the identified

trans intermediate competes with radiative emission, and thus hinders performance as a bi-
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ological marker. Observation of this state, and particularly the nuclear motion underlying

its formation, provides a target for molecular engineering, and thus has the potential to

establish design principles for fluorophore structure engineering for enhanced emission.

The linear absorption spectrum of Cy3 is shown in Figure 1a along with the emission

spectrum. Both spectra exhibit a vibronic progression of the 0–0, 0–1, and 0–2 transitions

with 1205 cm−1 spacing, corresponding to a C–C stretching mode,38 and a Huang-Rhys factor

of 0.53 (Supporting Information Figure 6a). While the emission spectrum retains signatures

of a vibronic progression, the lack of mirror symmetry with the absorption spectrum likely

arises from excited state structural reorganization of the polymethine backbone. The Stokes

shift is 530 cm−1, corresponding to a reorganization energy of 265 cm−1.

Ultrafast, emission frequency-resolved transient grating measurements were performed

with broadband pulses centered at 19, 300 cm−1 (Figure 1a, gray). Transient grating spec-

troscopy is a four-wave mixing technique performed in a non-collinear geometry for back-

ground free, and thus high sensitivity, detection. Here, we monitor excited state population

and coherence dynamics. Figure 1b shows a representative time trace at an emission fre-

quency of ω3 = 18, 620 cm−1. Short timescale population relaxation appears as a decay

on two timescales, ∼70 fs and ∼4 ps. We assign both of these timescales to excited state

vibrational relaxation (further details given in Section 4 of Supporting Information). Long-

timescale population relaxation appears as a decay on a ∼45 ps timescale, likely due to

conversion from the bight excited state to the TICT state (Supporting Information Figure

6).

Coherent vibrational wavepacket propagation appears as oscillatory features in the time

domain traces. These oscillations correspond to wavepackets on the ground and excited state

potential energy surfaces and persist for several picoseconds after photoexcitation, which have

been observed in similar cyanine systems.39,40 A Fourier transform along the time axis of the

transient grating data (t2) recovers the mode frequencies. The resultant power spectra are

shown in Figure 1c for three emission frequencies (18, 620 cm−1, 18, 050 cm−1, and 17, 450
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cm−1), which span the ground state bleach and stimulated emission peaks. The traces show

several modes between 35 cm−1 and 1, 594 cm−1. All of these are present in the non-resonant

Raman spectrum (Figure 1c, bottom). A complete assignment of the modes present in the

transient grating power spectra is shown in the Supporting Information Section 2, primarily

based on density functional theory (DFT) calculations.

Figure 1: Cyanine dye vibronic dynamics. (A) Cyanine dye (commercially basic red 12, inset)
absorption (solid) and emission (dashed) spectra showing a strong vibronic progression.
Laser pulse is shown in gray. (B) Time domain transient grating trace from frequency-
resolved homodyne detection for ω3 = 18, 620 cm−1. The window used in the sliding window
Fourier transform analysis in Figure 2a is shown in gray. Here t2’ denotes the center time of
the window. (C) Power spectra of decay-subtracted residuals at selected emission frequencies
along with the non-resonant Raman spectrum.

The temporal evolution of the coherent oscillations observed in the transient grating

signal were extracted using a sliding window Fourier transform. A 600 fs Hann window was

used as the filtering function and is shown over the time domain trace in Figure 1b. We

denote the time axis generated by the sliding Fourier window, t′2. The resultant frequency-

time plot (ω2, t′2) is shown for ω3 = 18, 620 cm−1 in Figure 2a. Several long-lived modes are

observed at 550 cm−1, 615 cm−1, 800 cm−1, and 928 cm−1. The 550 cm−1 and 928 cm−1

modes are assigned to ring stretching coupled to a methyl rock and the 615 cm−1 and 800

cm−1 modes are assigned to symmetric stretches delocalized over the entire cyanine molecule

(computational details given in Supporting Information Section 2). The remaining identified

modes decay within 1.5 ps after photoexcitation.
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Coupling between modes appears as oscillatory features in t′2 due to beating between

bright modes or modulations in the Franck-Condon factor of a bright mode by a dark mode.

These oscillatory features are distinct from beating due to energetically closely spaced modes

as discussed in Supporting Information Section 6.41,42 A Fourier transform over the t′2 axis

generates a correlation plot between ω2 and ω′2 in which coupling between modes appears as

cross peaks. To investigate the oscillatory features observed in Figure 2a, we first decreased

the Hann window to 65 fs (Supporting Information Figure 9), thereby isolating higher

frequency modulations. We separately Fourier transformed the early time (t′2 = 0.1 − 1.5

ps, Figure 2b) and long time (t′2 = 1.5 − 4.5 ps, Figure 2c) regions of t′2 to determine the

timescale over which mode coupling persists. The early time correlation plot shows a cross

peak between 800 cm−1 and 315 cm−1, directly reflecting coupling between these modes.

The long time correlation plot lacks cross peaks, indicating that the mode coupling decays

by 1.5 ps after photoexcitation.

Figure 2: Identification of coupled vibrational modes. (A) Time domain evolution of the
power spectrum at an emission frequency of ω3 = 18, 620 cm−1 obtained from a 600 fs
FWHM sliding Hann window. (B) Coupling between high and low frequency modes based
on oscillatory features in 65 fs FWHM sliding window Fourier transform at early times
(0.1 − 1.5 ps). Frequencies of antisymmetric and symmetric modes shown. (C) Coupling
between high and low frequency modes based on oscillatory features in 65 fs FWHM sliding
window Fourier transform at late times (1.5− 4.5 ps).

The 800 cm−1 mode is a Franck-Condon active symmetric stretch. The 315 cm−1 mode

is minimally Franck-Condon active. From DFT calculations, we assign the 315 cm−1 to
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a combination of two antisymmetric stretch modes (301 cm−1 and 330 cm−1) localized on

the non-nitrogen bound methyl groups. Although the 315 cm−1 mode is minimally Franck-

Condon active, it modulates the energy and magnitude of the Franck-Condon overlap of the

800 cm−1 mode by coupling to this mode. Spectroscopically, this appears as the amplitude

modulations of the 800 cm−1 mode in the transient grating signal (Supporting Information

Figure 9).41,42

The phase associated with nuclear wavepackets can be used characterize potential en-

ergy surfaces.43,44 The population subtracted residual transient grating signal is shown as

a function of the time delay, t2, in Figure 3a. The oscillatory features in the residual are

primarily due to the symmetric stretch/bend mode at 615 cm−1. The long lifetime and large

amplitude of this mode allow it to serve as a reporter mode for the excited state potential

energy surface. Two distinct nodes appear at emission frequencies of ω3 = 17, 580 cm−1 and

ω3 = 18, 030 cm−1, as indicated by dashed lines in Figure 3a. The phase of the 615 cm−1

mode is shown in Figure 3a, (top) as a function of emission frequency (ω3). Two phase jumps

appear at the same emission frequencies as the nodes in the oscillatory transient grating sig-

nal. A phase jump of π is a well established signature of a potential energy minimum.43,45

Here, the magnitude of the phase jumps is smaller than π, which occurs when stimulated

emission features overlap with the ground state bleach.46,47

The two observed jumps correspond to two distinct excited state potential energy minima.

The higher frequency phase jump, ω3 = 18, 030 cm−1, aligns with the peak of the fluorescence

emission at ω3 = 17, 990 cm−1 and therefore corresponds to the bottom of the S1 potential

energy well. This suggests that a large fraction of the 615 cm−1 vibrational wavepackets

observed at this emission frequency are on the excited state potential energy surface. The

magnitudes of the two phase jumps are 0.59 ± 0.07 π and 0.63 ± 0.07 π for the higher and

lower frequency jumps, respectively. The similarity of the magnitudes suggests that both

phase jumps arise from the same population (same contributions of stimulated emission

and ground state bleach signal), which would mean that the lower frequency jump also
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comes from the excited state potential energy surface. The lower frequency phase jump,

ω3 = 17, 580 cm−1, corresponds to a non-radiative, dark state, as no peak is observed in

this frequency range in either the absorption or emission spectra (Figure 1a, Supporting

Information Figure 7a). This state was not previously observed in cyanine dyes. We assign

this state to a trans intermediate, as discussed in more detail below. The canonical picture of

Cy3 photoisomerization consists of relaxation to the minimum of the S1 surface, followed by

crossing of a thermal barrier to form the TICT state and subsequent isomerization.29 As the

observed state is populated on the ∼1 ps timescale, we suggest it serves as an intermediate

prior to formation of the TICT state or conversion to the ground state.

Figure 3: Identification of potential energy surface minima. (A) Time domain transient
grating residual as a function of emission frequency. Phase as a function of emission frequency
is shown above. Phase jumps are observed at ω3 = 17, 580 cm−1 and ω3 = 18, 030 cm−1.
(B) Time domain evolution of the power spectrum at an emission frequency of 18, 620 cm−1
(upper) and 17, 450 cm−1 (lower) obtained from a 600 fs FWHM sliding Hann window.
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To investigate the structural elements that give rise to the observed trans intermediate

at ω3 = 17, 580 cm−1, we investigated the wavepacket dynamics of a Cy3 derivative with

a propanol group attached to each nitrogen atom instead of methyl groups (Supporting

Information Sections 11 and 12). The propanol-modified Cy3 derivative shows a 110 cm−1

redshift in its absorption spectrum. Similarly, we observed a phase jump at ω3 = 17, 460

cm−1 for the derivative. Therefore, the non-radiative pathway to the trans intermediate

is conserved with a similar energy gap from the S1 state as in the original Cy3. We also

observe mode coupling between a 327 cm−1 mode and the 1179 cm−1 and 1398 cm−1 modes,

suggesting vibrational mode coupling occurs on short timescales, similar to the original Cy3.

Because propanol and similar modifications are often required intermediates to conjugate Cy3

to a biomolecule of interest, the presence of the trans intermediate in both chromophores

establishes the applicability of the result.

Further evidence for the identified trans intermediate state comes from the emission-

frequency dependence of the temporal dynamics of the reporter mode, shown for the original

Cy3 in Figure 3b. A 600 fs FWHM Hann window was used to generate a sliding window

Fourier transform spectrum at regions of high oscillatory signal on the S1 potential energy

surface (ω3 = 18, 620 cm−1) and on the identified trans intermediate (ω3 = 17, 450 cm−1).

On the S1 surface, the 615 cm−1 mode grows in within 300−400 fs. In contrast, on the trans

intermediate, the 615 cm−1 mode grows in at 1 ps after photoexcitation. The 615 cm−1

mode at ω3 = 17, 450 cm−1 also appears to be 1−2 ps longer-lived than at ω3 = 18, 620 cm−1.

These temporal dynamics could arise due to non-adiabatic relaxation from the higher lying

state (ω3 = 18, 620 cm−1) to the lower lying one (ω3 = 17, 450 cm−1). The differences in the

temporal dynamics also support the conclusion that the two examined emission frequencies

correspond to different potential energy surfaces, consistent with the phase jumps in Figure

3a.

The traditional view of photoisomerization of cyanine dyes such as Cy3 and Cy5 is pro-

gression along a bond-torsion axis over a thermal barrier into a TICT intermediate (Figure
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4a).33–35,48 Decay from the TICT state is thought to occur through an avoided crossing to the

ground state of both the cis and trans isomer. The ground state of the cis isomer undergoes

thermal reversion to the ground state of the trans isomer.49,50 Additional complexity in the

excited state manifold and the isomerization pathway has also been suggested. For example,

the triplet manifold was proposed to mediate isomerization, but the minimal spin-orbit cou-

pling led to the conclusion that the singlet state dominates on short timescales.35,51–54 As

a result, the photoisomerization pathway shown in Figure 4a has been accepted for several

years. Here, we identify an additional state in the excited state potential, a non-radiative

trans intermediate state at ω3 = 17, 580 cm−1, shown in Figure 4b, which is populated on a

∼ 1 ps timescale.

Figure 4: Identification of potential energy surface minima. (A) Potential energy surface
for Cy3 isomerization. (B) Potential energy surface for trans intermediate with schematic
showing relaxation through a conical intersection mediated by modes at 800 cm−1 and 315
cm−1.

We tentatively assign the observed intermediate state to a structural perturbation from

the minimum of the radiative S1 potential.55 The observed trans intermediate appears on

the ∼1 ps timescale, not the hundreds of picoseconds timescale of the TICT state.35,56

The energy of the intermediate is below the bottom of the S1 potential (as identified from
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the photoluminescence spectrum), which suggests it precedes the TICT or ground state.

While we do observe a ∼ 45 ps population decay over all emission frequencies consistent

with conversion to the TICT,35,56 the frequency dependent dynamics do not allow us to

distinguish between conversion from the S1 state or the trans intermediate (Supporting

Information Figure 6). The observed trans intermediate state is optically dark, and thus it

is possible that the trans intermediate state has partial charge-transfer character. However,

the extremely small absorption cross-section arising from the symmetry constraints of TICT

states makes it unlikely that we would be able to detect such states in our experiment even

through the indirect methods employed.57

Although the electronic character of the trans intermediate is challenging to determine,

our measurements do indicate that it is not a triplet, a cis isomer, nor a n − π∗ state.

First, while the formation of the triplet state has been observed in fluorescence microscopy

experiments, the minimal spin-orbit coupling means that intersystem crossing requires much

longer than the 1 ps timescale observed.35,53,54,58,59 Second, photoisomerization to the cis

isomer does occur, but it happens on a tens of picoseconds to nanoseconds timescale.29,35,56

Furthermore, the persistence of the 618 cm−1 and 550 cm−1 modes at ω3 = 17, 580 cm−1,

both of which are highly delocalized over the entire cyanine molecule, excludes large nuclear

rearrangement when forming the trans intermediate state. Finally, the insensitivity of the

relative energy of the trans intermediate to structural modifications at the indole nitrogen

positions also suggests that no large nuclear rearrangement occurs. Third, given the presence

of unshared electrons at the nitrogen sites of the cyanine molecule, an n− π∗ state could be

populated through a conical intersection, as has been observed in pyrimidine bases. These

states have been calculated to be slightly below the energy of the π − π∗ transition in

rhodamine dyes, consistent with our measurements.60,61 However, these n−π∗ states are more

commonly optically active in azoalkanes, whereas π−π∗ states are more commonly optically

active in polyenes, which is particularly true for cyanines.62 For these reasons, we conclude

that the observed trans intermediate state arises upon a minor structural perturbation, such
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as a small angle twist.

The observed trans intermediate state is likely populated by a non-adiabatic transition

through a conical intersection from the S1 state, as illustrated in Figure 4b. The minimum

model for a conical intersection requires coupling between a symmetric mode corresponding

to bond displacement and a non-totally symmetric mode, which breaks symmetry to allow

for the intersection of potential energy surfaces.63–65 Here, we observe coupling between the

symmetric 800 cm−1 mode and the antisymmetric 315 cm−1 mode (non-totally symmetric

as shown in Supporting Information Figure 2), consistent with this model. The quantum

yield measured in Cy3 (4%) also suggests formation of the trans intermediate state can

only be populated for a short time after photoexcitation, consistent with a non-adiabatic

transition.49 The observed trans intermediate is non-radiative and if the ∼ 1 ps generation

is maintained after photoexcitation, the tens to hundreds of picoseconds radiative relaxation

from the S1 state would be negligible with a quantum yield orders of magnitude lower than

the observed value. The mode coupling required for a conical intersection only persists for

the first ∼ 1.5 ps after photoexcitation. Therefore, the entire population does not have time

to transition to the trans intermediate state and the remaining S1 population undergoes

alternative decay pathways, including fluorescence emission.

Structural modifications on the parent fluorophore have been used as a means to enhance

fluorescence of cyanine dyes by reducing known non-radiative relaxation pathways.2,11,12,66–68

For example, Cy3B is a Cy3 analog with a bridging structure that severely restricts photoiso-

merization and increases the quantum yield from 4% to 67%.11 Our experiments discovered

an additional non-radiative decay pathway, which opens the door to its suppression for fur-

ther enhancements to the quantum yield. The bridging structure in Cy3B may similarly

restrict the non-radiative decay pathway reported here. However, the effect of a bridge can-

not be predicted without more complete knowledge of the specific nuclear motion associated

with formation of the observed trans intermediate. Alternately, in related small molecule sys-

tems, the excitation of specific vibrational modes and collections of vibrational wavepackets
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has been shown to control photophysical pathways.26,69,70 The persistence of mode coupling

and the trans intermediate to non-backbone modifications observed here suggests that the

C–C stretch modes characteristic to the polyene backbone would be a promising target. A

modification to the conjugated backbone of Cy3, such as the addition of a phenyl group

(1,1’,3,3,3’,3’-hexamethyl-9-phenylindocarbocyanine), could disrupt the C-C normal modes

along the polyene backbone, thus altering the energetic landscape associated with formation

of the trans Cy3 intermediate. Alternately, the 315 cm−1 coupled mode implicated in the

trans intermediate is largely localized over the methyl group rock/stretching motions, and so

modification of this carbon substituent could potentially control mode coupling. An exam-

ple of this modification from the studied constructs here could be removal of the dimethyl

containing carbon, and replacement with either sulfur (3,3’-Dimethylthiacarbocyanine) or

oxygen (3,3’-Dimethyloxacarbocyanine), thus disrupting the nuclear motions of the 315 cm−1

mode and possibly suppressing formation of the trans intermediate. Either of these nuclear

modifications could suppress generation of the identified trans intermediate and thus the

newly discovered non-radiative decay pathway to enhance the fluorophore emissive proper-

ties.

We used ultrafast transient grating spectroscopy to isolate signatures of nuclear wavepack-

ets that report on the Cy3 excited state potential energy surface and vibrational mode

coupling. Our experiments reveal a previously unknown trans intermediate state, likely pop-

ulated through a conical intersection mediated by coupled modes. The trans intermediate

state is optically dark, and so suppression of the state would de-activate a non-radiative decay

pathway. Identification of the nuclear motions associated with the coupled modes suggests

design principles for molecular analogues with increased fluorescence quantum yields. Op-

timization of the underlying reaction pathways in molecular dyes provides opportunities to

generate fluorophores with superior photophysics for biological imaging and characterization.
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