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Excited-state relaxation in two prototypical shortwave infrared (SWIR) polymethine dyes developed for bioimaging,
DOI: 10.1039/x0xx00000x heptamethine chromenylium Chrom7 and flavylium Flav7, is studied by means of femtosecond transient absorption with
broadband ultraviolet-to-SWIR probing complemented by steady-state and time-resolved fluorescence and
phosphorescence measurements. The relaxation processes of the dyes in dichloromethane are resolved with sub-100 fs
temporal resolution using SWIR, near-IR, and visible photoexcitation. Different population members of the ground-state
inhomogeneous ensemble are found to equilibrate via skeletal deformation changes with time constants of 90 fs and either
230 fs (Chrom7) and 350 fs (Flav7) followed by slower evolution matching the 1-ps timescale of diffusive solvation dynamics.
Molecules excited into high-lying singlet electronic states (Sn) by visible excitation repopulate with time constants of 400 fs
(Chrom7) and 450 fs (Flav7) the corresponding first excited singlet S: states, which decay within several hundreds of
picoseconds in dichloromethane and chloroform solvents. Vibrational relaxation in Si1 for both Chrom7 and Flav7 in
dichloromethane occurs with time constants of 350 and 800 fs for excess of vibrational energy of ~1000 and 10000 cm~*
deposited by near-IR and visible excitation, respectively. Two competing non-radiative processes are present in Si:
temperature-independent internal conversion, and thermally-activated twisting about a carbon-carbon bond of the
conjugated chain, which is substantial at room temperature but essentially nonreactive, producing traces of isomer product.
Intersystem crossing in S1, and thus the triplet quantum yield, is minor. The importance of absorption bands from the excited
Si1 state in applications requiring high-intensity excitation conditions is discussed.

seriesl®22 have become broadly used. They consist of two
Introduction indolenine heterocyclic end rings connected by 3, 5, or 7 -CH=
methine units forming the -conjugated chain. In polymethines,
the main absorption band is due to a dipole-allowed mm*
transition between the ground Sp and lowest excited singlet S;
states in the most thermodynamically stable planar trans-
isomer (sterically non-hindered dyes?3). An extra -CH=CH- unit
in the conjugation chain produces an approximately 100-nm
displacement of the So-S; band towards longer wavelengths
known as a vinylene shift. Although the absorption of Cy7-like
heptamethine dyes reaches the 800-nm range, it does not
extend further than ~850 nm. Further lengthening of the
polymethine chain is possible,312 but it may enhance the
likelihood of thermal instability and photodecomposition, thus
hampering the biological imaging applications.2* Extending
heterocyclic conjugation, rather than elongating the
polymethine chain, is a viable alternative. A recently developed
flavylium polymethine dye, Flav7 in Scheme 1,242> possesses
two dimethyl-flavylium heterocyclic end groups in place of the
indolenines in the Cy7-like dyes producing, in comparison, a
~200-nm shift of absorption and fluorescence spectra into the
IR region.

Efficient SWIR fluorescence is critical for bioimaging;
however, SWIR fluorophores exhibit low emission quantum
yields and it is not clear if other reasons, apart from a small So-
S1 energy gap, affect the S; deactivation. Flav7 was the brightest
organic SWIR emitter at the time of publication2425 and remains
one of the brightest at present. Generally, for polymethines, in
agreement with Kasha’s rule26 S, are much less emissive than S;
states, which in the absence of intermolecular relaxation, decay
aDepartment of Chemistry and the Center for Photochemical Sciences, Bowling via competing radiative and non-radiative processes of internal
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The development of shortwave infrared (SWIR) emitters for
bioimaging applications is of significant interest.1> The SWIR
portion of the electromagnetic spectrum extends from about
900 to 2500 nm. Compared with in vivo imaging applications in
the near-IR range, SWIR imaging presents several substantial
advantages® such as less autofluorescence and scattering
produced by the tissue as well as a larger penetration depth into
the tissue opening an opportunity for deep tissue imaging.
Organic fluorophores exhibit low toxicity and are removed from
the body by well-understood mechanisms. Also, they can target
specific biomolecules either inherently or by design. These
favorable traits make organic fluorophores to be the aspiring
and most common imaging agents and fluorescent labels.2.7-10
To improve the efficiency of SWIR fluorophores for bioimaging
applications, a comprehensive understanding of the excited-
state radiationless relaxation pathways competing with
fluorescence in these molecular systems should be gained. This
should permit identifying key drawbacks in the fluorophores
design and lead to further development of bright and stable
organic SWIR emitters with enhanced, tailored photodynamics.

Dyes of the polymethine group are one of the most widely
used fluorescent agents.”'2 Their ubiquitous use in
photographic, laser, and photonic industries was reviewed.?13-
15 In biophysical and biomedical applications, because of
photostability as well as intense absorption and fluorescence,
the indocarbocyanines, especially Cy3, Cy5, and Cy7 of the Cy
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Scheme 1. Structures of the studied dyes (counterion, BF47).

viscosity dependent, is predominant in short-chain and
pentamethine cyanines in room-temperature fluid solutions,27-
31 but becomes less dominant in heptamethines under the same
conditions.32-34 Whereas the geometry restriction imparted at
the central region of the heptamethine chain moderately
affects the photoisomerization,35-37 conformational restraint
imparted along the entire chain is reported to stop the
photoisomerization entirely.22 For unrestrained dyes, the
Rulliere model has been widely invoked in which the S, trans-
isomer overcomes the photoisomerization barrier (rate
constant, kp) to yield the 90°-twisted structure, which either

yields the Sp cis-photoisomer or returns to the parent So trans-
form with ¢ and 1—¢ branching ratio.?”-2° Advanced quantum
chemistry computations on streptocyanines383% suggest that
the initial in-plane symmetric stretching in the Franck-Condon

(FC) region on the S, potential energy surface (PES) is followed
by torsional motion dominated by twisting about one of the
central carbon-carbon conjugated bonds at the end. This takes
the molecule to an extended S;—So conical intersection (Cl)
seam located close to the 90°%twisted state, but on the trans-
side. The recovery of the Sp trans-form is thus favored, which is
consistent with <10% quantum yields of the photoisomer
formation in sterically non-hindered penta- and
heptamethines.30-3240 Because of large k., of these and shorter-
chain dyes in fluid solutions, unless ISC is aided by heavy atom
substituents, the quantum yield of the formation of the lowest
excited triplet T, state (@) is small. The @, values of
~0.0013031,33,41-45 gre typical; however, 0.031617 was recently
proposed for Cy3 and Cy5. The twisting pathway leading to the
So trans-form (i.e., unreactive) is thermally-activated and
controlled by the photoisomerization barrier and, therefore,
should be distinguished from ‘direct’ S;—S¢ IC within the planar
trans-form (rate constant, ki.). Direct IC is very weakly viscosity
and temperature dependent occurring even at low
temperatures and/or in highly viscous solutions, 29:33:44,46-48 gn(d
therefore, does not involve a large structural change. The
underlying theory for direct IC is the energy gap law,*? according
to which the energy decays intramolecularly from the donor
excited electronic state to the high-frequency-mode vibrational
states of the acceptor electronic state. When the displacement
between the involved PESs is not large, the decay rate constant
is predicted to increase exponentially with decreasing energy
separation between the electronic states. This behavior was
found in several organic systems such as aromatic
hydrocarbons,5°linear polyenes, and carotenoids.>1-53 However,
the exact nature of the accepting modes is still under debate
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Fig. 1. Model potential energy diagram?’ used in literature to interpret the photophysics and photochemistry of polymethine dyes, a). A thermodynamically
stable trans-form excited into S, undergoes radiative decay, direct internal conversion, and thermally activated crossing over the photoisomerization barrier

along the twisting reaction coordinate. The corresponding rate constants are K4 ki, and k,,. From the 90° twisted S;-state, the molecule branches either into

the trans- or cis- Sy forms. The ground-state isomerization rate constant for reformation of the trans-isomer is ki,. Normalized steady-state absorption (orange
and grey) and fluorescence?®® spectra (If(/l), red and black dotted curves) of Flav7 and Chrom7 in anhydrous CH,Cl,, and the constructed ggg (1) stimulated
emission cross-section spectra (solid red and black curves), b). The inset shows the short-wavelength absorbance of Flav7 and Chrom7 measured in solutions

of larger overall absorbance and appropriately scaled to match the spectra in the main panel.
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Table 1. Summary of calculated and measured S; lifetimes of Chrom7 and Flav7 in dichloromethane?¢ and chloroform/9.

*7 (ps)
D M-1 -1 b (° k 108 (s calc f
Y “ em’) s raar 10°(87) | 77" (ps) TCSPC? | this work
250250 162,5158 @
Chrom7 | s2000:  '7° 1.356 125 148 g
e d
Flav7 241000° | 0.61° 1.241 49 68 397”967

a Ref. [24]. ? After deconvolution with IRF.25 Determined from S; ESA decay. Excitation (nm): 990,5f 925,9 104229 this work.

with C=C,5254-57 C—H,57-5% and organic alkenyl C—H22.%0 stretching
as well as N—H and O-H vibrations®! all having been proposed.
Vibrational overlap between the narrowly separated S; and So
states becomes substantial and is considered in literature to be
the reason for short Si-state lifetimes and low quantum yields
of SWIR fluorophores.

The main objective of this work is to characterize excited-
state relaxation processes following photoexcitation of two
SWIR polymethine dyes, Flav7 and closely related Chrom7,
where in the latter the phenyl groups are replaced by tert-butyl
groups. Experimental work on the excited-state relaxation
pathways of SWIR dyes is limited, and further studies on these
two systems should lead to a deeper understanding of
photophysics and photochemistry of SWIR fluorophores in
general. We have used femtosecond transient absorption
spectroscopy to capture the evolution of the photoinduced
reaction starting from the very initial events. Flav7 and Chrom7
were excited in the (i) low-energy wing of the So-S; absorption
band, 1042 and 990 nm, respectively, (ii) shoulder of the So-S1
band, namely 925 nm, and (iii) 500-nm region of the congested
So-Sn absorption bands where the photostability of these dyes
was previously evaluated.2425 |n addition, we have performed a
series of femtosecond and nanosecond transient absorption as
well as steady-state and time-resolved emission measurements
at different temperatures to obtain the hitherto unknown
information regarding the involvement of photoisomerization
in the S; relaxation and the energetics of the T; state.

Results and Discussion

Steady-state absorption and emission: construction of cross-
section spectra

The X-ray crystal structure of Chrom7 and JuloFlav5 closely
related to Flav7 is all-trans,?> which implies the same
conformation in solution based on the literature.2? The UV-vis
absorption spectra of Chrom7 and Flav7 in CH,Cl, exhibit
intense bands peaking at 975 and 1027 nm due to the So-S:
transition, Fig. 1b. The shoulders at shorter wavelengths (~880
nm in Chrom7 and 915 nm in Flav7) shifted by ~1230 cm! from
the Sp-S1 band maxima are assigned to the 0-1’ vibronic bands,52
where 0 are 1’ label the optically active vibrational states in So
and S;, respectively. The frequency at which the approximately
mirror-symmetrical fluorescence?> and absorption spectra
overlap can serve as an estimate for the So-S1 energy gap; it is

This journal is © The Royal Society of Chemistry 20xx

10140 cm~1 for Chrom7 and 9700 cm~1 for Flav7. The analysis of
transient absorption spectra requires the knowledge of So-S;
absorption (04) and S$;-So stimulated emission (ogg) cross-
section spectra. The g4 spectrum is given as: g4(1) = €(4) -
2303/N,4, where N, is the Avogadro number and £(4) is the
extinction coefficient spectrum. Based on the maximum ¢
values (Table 1), the maximum g, values are calculated to be
9.57-1071 and 9.22:1071 c¢m?2 for Chrom7 and Flav7,
respectively. The ogz(1) spectra are obtained from the
fluorescence spectra when applying necessary scaling
corrections for the frequency of the emitted light,®3 as detailed
in the ESI section, and further assuming that the So-S; and S1-So
transition dipole moments are the same.®* The resulting spectra
(Fig. 1b) exhibit the ogz (A1) maximum of 1.09-10-15 and 1.14-10-
15 cm2 for Chrom7 and Flav7, respectively.

Radiative and total lifetime of the S; state

The dye S; lifetime can be calculated using the formula T;alc =
Pr/kyqq from the known fluorescence quantum yield @5 and
the radiative rate constant k,,4, which in its turn can be
calculated using the Strickler-Berg equation:%% k,.,; = 2.88 X
1070 [ e(@)dinv [ 1;(¥)dV / [ 1 (¥)v~3dV. In the
equation, €(¥) is the So—S; extinction coefficient spectrum,
I(V) is the S1—So fluorescence spectrum, v is the frequency
(expressed in wavenumber units), and ny is the mean refractive
index of the solvent over the fluorescence spectrum. The
refractive index of CH,Cl, in the 1-um region is about 1.422.66,67
The fvs(ﬂ)dlm_/ integrals for Flav7 and Chrom7 were evaluated
for ¥ <15100 cm~! to account only for the So—S; transition in
question, vyielding k,,q of 1.241-108 and 1.356-108
respectively, Table 1.

s,

Excitation into the low-energy part of the absorption spectrum
Chrom7 was excited at 990 nm and Flav7 at 1042 nm at the low-
energy wing of their So—S; 0-0’ vibronic transition to minimize
contribution from vibrational relaxation to the dynamics. In
transient absorption spectra, Fig. 2, the prominent negative AA
signals are observed at probe wavelengths longer than ~800-
nm. They represent excitation-induced probe gain due to
ground-state bleach (GSB) and stimulated emission (SE) caused
by the depletion of the So population and the population of the
S1 state. The positive AA signals represent induced
absorption(i.e., probe loss) and emerge as a ~420-780 nm broad
band with two maxima, 612 and 657 nm for Chrom7 and 622
and 685 nm for Flav7. They decay concurrently to SE signals and,

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Short- (a, d), intermediate- (b, €), and long- (c, f) time AA spectra of 990-nm

excitation and probe pulses expressed in picoseconds are given inside each panel.

therefore, are assigned to excited-state absorption (ESA) from
S; to higher S, states.

The overall photoinduced dynamics can be divided into
three different stages. As soon as the 90-fs excitation and probe
pulses begin to temporally overlap (delay time, —200 fs),
spectrally narrow positive (in the ~¥625 nm region) and negative
(in the vicinity of the excitation wavelength) AA signals are
observed for Chrom7 and Flav7, Fig. 3. The initial negative
signals broaden and shift to shorter wavelengths as delay times
progress to 250 fs. The initial positive signals broaden faster,
i.e., within the first 200 fs, while shifting to longer wavelengths.
These sharp short-time AA signals are characteristic to hole
burning dynamics.6871 From 250 fs to 2 ps, the AA spectra
undergo only a modest reshaping. Afterwards, the amplitude of
AA signals decays uniformly and single-exponentially,
suggesting that the relaxation is now exclusively determined by
the S, lifetime. The S, lifetime found for Flav7 is the same as the
one reported in time-correlated single photon counting (TCSPC)
experiments (68 ps25), whereas the S, lifetime of 162 ps for
Chrom7 is somewhat longer (TCSPC, 148 ps25), Table 1.
Confirming the S; lifetimes using the superior temporal
resolution was desirable as it is known that TCSPC may not be
accurate enough to measure tens of picoseconds lifetimes of
the same temporal duration as the instrument response
function (IRF) of the technique.

4| J. Name., 2012, 00, 1-3
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excited Chrom7 (a-c) and 1042-nm excited Flav7 (d-e): delay times between

When the S; decay is complete, very weak AA signals
persisting to the longest investigated 2-ns delay time were
observed: induced absorption from 1020 to 1120 nm for Flav7,
and induced absorption in the 1020-1070 and 600-nm regions
and bleach between 970 and 1020 nm for Chrom7, Fig. S1.
Thermal heating and photodegradation can be ruled out as
possible reasons for these signals because the excitation energy
used was well below 100 nJ pulse™ and the UV-vis spectra of
the solutions measured before and after the experiments
showed no changes. Trans-cis photoisomerization or ISC in the
trans S;-state yield a long-lived product, the So cis-isomer or the
trans-form in the T, state, also causing GSB of the parent trans-
form. We investigated the transient absorption of Chrom7
solutions saturated with O, after a nanosecond pulsed 532-nm
excitation, Fig. S2. O, is known to act as a triplet state
quencher.72 If T,—T, absorption were responsible for the
observed transient absorption, the AA signal should have
decayed within the investigated 4 us window in the O,-
saturated solution compared to the solution in the equilibrium
with air at 1 atm (O; equilibrium concentration in CH,Cly: 2.2
mmol/liter”3). Because this was not observed, Fig. S2, we
concluded the long-time AA signals in the femtosecond
experiments are due to the isomer product. The photoisomer
absorption in penta- and heptamethine dyes is typically red-
shifted with respect to that of the parent trans-form,3031,33,74-76

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Short-time behavior of AA kinetic traces at representative probe wavelengths within S4-S; absorption and stimulated

emission regions for Chrom7 excited at 990 nm, a) and Flav7 excited at 1042 nm, b). The kinetic traces are normalized at the

maximum short-time negative AA signal. Insets: the same AA data to 2 ns before normalization. Note the decadic logarithmic
time scale after 10 ps. The bell-like curve is the excitation-probe cross-correlation function (CCF, 158 fs fwhm).

consistent with our assignment. The photoisomer quantum
yield of 1.8:10-3 and 6.4-1073 for Chrom7 and Flav7, respectively,
can be estimated under the assumption that the maximum
extinction coefficients for trans and photoisomer forms are
similar,30:3133,7476 and using the ratio of the 1-2 ns AA signals
(<0.04 mOD and <0.07 mOD, Fig. S1) to the GSB maximum taken
to be a half (to exclude the SE contribution) of the maximum
negative AA signal, —0.042 and —0.023 (Fig. 2) at 300 fs after
completion of fast hole-burning dynamics.

Ultrafast transient absorption experiments were also
performed for both dyes in CHCl; to compare and determine the
Sq lifetimes. The fits of the AA kinetic traces acquired within the
region of ESA from the S, state, Fig. S3, yielded the lifetime of
21043 ps for Chrom7 and 77%2 ps for Flav7 (22 °C, Table 1).

Ultrafast transient absorption: 925-nm excitation into the
vibronic shoulder

In response to the abrupt solute charge redistribution caused
by excitation, various re-equilibration processes occur on
ultrafast timescales to a varying degree such as solvation
dynamics and solute vibrational relaxation. Rearrangement of
the nearby solvent to accommodate the new solute charge
distribution may initially occur as fast as 20-60 fs depending on
solvent, and typically lasts about a few picoseconds. Vibrational
energy redistribution in the polyatomic solutes may be as fast
as 30-100 fs71.77-79 1o several hundreds of femtoseconds, and is
followed by picosecond energy transfer to the surrounding
solvent.8082 To gauge the contribution of these processes into
the initial dynamics, we utilized 925-nm excitation into the 0-1’
vibronic shoulder and probed the S; ESA region, Fig. 4. This
excitation produces the excess vibrational energy of 700 cm™!
for Chrom7 and 1200 cm=! for Flav7 in their S; states with
respect to the red-wing excitation. The AA spectra of both dyes
excited at 925-nm initially (—200 fs) exhibit sharp ESA features,
which broaden on their red side as the excitation and probe
pulses better temporally overlap. At 100 fs, the ESA spectra
already look like those in Fig. 3, displaying the 612-nm (Chrom7)
and 622 nm (Flav7) bands, but the weaker bands at 657 nm
{Chrom7) and 685 nm (Flav7) fully develop at ~1-2 ps via red-

This journal is © The Royal Society of Chemistry 20xx

side broadening and blue-side narrowing, Fig. S4. Afterwards,
the AA spectra remained unaltered in shape and decayed single-
exponentially with the S, lifetimes, Table 1.

Hole burning

The spectrally sharp features in short-time AA spectra (Fig. 2)
are due to hole burning and hole replica. If the transition
energies of solute molecules are inhomogeneously distributed,
only a fraction of these molecules whose transition energies are
equal to the excitation photon energy, will be photoexcited.83
As a result, a population hole is burned in the thermally-
equilibrated ground-state configurational
distribution and can be seen as the series of narrow vibronic
lines missing from the initial solute absorption or, specifically in
transient absorption experiments, as the series of spectrally
narrow GSB signals. The population excited into the FC state
initially represents the replica of the ground-state hole: a
narrow ensemble localized on the multidimensional solute-
solvent PES of the excited state. The hole replica is seen through
spectrally narrow negative (SE) and positive (ESA) AA signals.
Thus, the short- and long-wavelength sides of the initial,
negative sharp feature at 990 nm in Chrom7 and 1042 nm in
Flav7 (Fig. 2) are due to the Sy absorption hole and the S,
stimulated emission hole replica. These AA features rapidly
broaden on the high-energy side from 990 to 980 nm in Chrom7
and 1023 to 1015 nm in Flav7 between —100 and 100 fs.
Analogous dynamics was observed previously
dyes.8485 When excitation is at the low-energy side of
absorption spectrum,848é as the re-equilibration begins on the
So solute-solvent configurational potential the GSB develops on
the high-energy side of the initial hole. At the same time, the
hole replica is positioned in the minimum of the solute-solvent
configurational potential and, consequently, hole replica SE
does not show time-dependent shift, Fig. 5a. Hole replica ESA is
also stationary. The shift of the positive AA maxima from 621 to
623 nm for Chrom7 and 608 to 612 nm for Flav7 between —100
and 100 fs is due to the developing bleach of the S¢-S,
absorption, which contributes more at the high-energy side of

solute-solvent

in several

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. Transient absorption spectra of Chrom7 (a-c) and Flav7 (d-f) in CH,Cl; at short (a, d), intermediate (b, e), and long (c, f) times following 90-fs 925-nm excitation. Delay

times between the excitation and probe pulses are given in the legends. The representative AA kinetic traces at several probe wavelengths and the fits with CCF deconvolution

are shown for Chrom7 in g) and Flav7 in h). Note the decadic logarithmic time scale after 10 ps.

the ESA band (Fig. 1b and Fig. 2). Whereas initially fast, the So
hole broadens to ~2 ps.

The hole dynamics can be quantitative characterized by
analyzing the time-dependent GSB hole bandwidth (specifically,
the half-width at half-maximum, hwhm).87.88 Assuming that the
hole replica is stationary, the hwhm evaluated at the short-
wavelength side of the 990- and 1042-nm AA features yields the
time evolution of the ground-state hole. The bandwidth
broadens with time for both Flav7 and Chrom7 from about 50
to 290 cm™, which behavior can be described by a double
exponential with time constants of 7 = 230 fs and > = 1.0 ps
for Chrom7 and 71 =315fsand = =1.2 ps for Flav7, Fig. 5. These
time constants are also found in AA kinetic traces within the So-
S, absorption, Fig. 3 and Fig. S5-S8, but not outside this region,
Fig. S7-S9. At wavelengths nearby the excitation wavelength
(e.g., 980 nm, Chrom7, and 1060 nm, Flav7) these time
constants describe the hole refilling (decay), whereas at those
away (e.g., 840 nm, Chrom7, and 980 nm, Flav7) they describe
the hole broadening (rise), Fig. 3. Within the outermost blue
wing of the So-S; absorption spectrum, a faster initial hole
dynamics is observed (—100 and O fs AA spectra, Fig. $10), for
which the fits yield a time constant of 7 = 90430 fs for both
Flav7 and Chrom7, Table S1. In an inhomogeneous ensemble,
different members may have different lifetimes; probing across
the blue wing interrogates the different, evidently steeper,
portion of the Sy solute-solvent configurational potential, Fig.
5a. In the SE range, the double exponential decay is practically
absent, e.g., at 1070 and 1120 nm for Chrom7 and 1140 and
1160 nm for Flav7 (Fig. 3), consistent with the notion that the
hole replica is positioned at the minimum of the excited-state
solute-solvent configurational potential. The lack of red shift of
the SE maximum is evidence that solvent stabilization of the
excited S;-solute is minor in these dyes.

6 | J. Name., 2012, 00, 1-3

Following 925-nm excitation, the high-energy-side ESA
hwhm for Flav7 and Chrom7 evolves with 7y ~120 fs, which is
the same as the 90430 fs time constant within the accuracy,
Table S1. This similarity may be explained by the fact that in
cyanine dyes the So surfaces are typically much steeper than the
S1 surfaces,?® and therefore, although the S; hole replica is not
stationary following 0-1’ excitation, the hwhm dynamics is
predominantly determined by the gradient of the So solute-
solvent configurational potential. The second component of the
hole dynamics following 925-nm excitation remains about 1 ps
for both dyes (Fig. $11-S16).

Let us begin by interpreting = = 1 ps, which is independent
of the dye nature and excitation wavelengths, and therefore,
can be assigned to nonspecific solvent motion. This component

b) 7 (A)=230 fs (0.81)
% (A)=1.0 ps (0.19)

Y
~—

Free Energy

hwhm (cm)

3507 chrom7

300+

250

{A)=350 fs (0.42)
2{A2)=1.2 ps (0.58)

200+

1504

1004
50

00 04 08 12 16 20
Time (ps)

Solute-solvent configuration

coordinate
Fig. 5. Schematic diagram for the hole relaxation when excitation is into the low-energy
wing of the linear absorption spectrum and excites only a narrow range of resonant
sites,®*#¢ a). The distribution of excited-state population may only broaden without shift,
but the ground-state population bleaches to fill the hole. In b), for Chrom7 (excitation,
990 nm) and Flav7 (excitation, 1042 nm), the time evolution of the hwhm bandwidth
evaluated at the short-wavelength side of the main negative AA band is fitted to a two-
exponential Aexp(—t/7) + A.exp(-t/7,) function, with the fit curves and best-fit
parameters shown.
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matches the slow, 1.02 ps7® time constant in the spectral
response function for CH,Cl, obtained with a coumarin solute
and assigned to diffusive solvation dynamics. Regarding i,
there is no match of either 230 or 350 fs to the fast 144 fs72 time
constant due to inertial solvent dynamics in the same spectral
response function. The 230 or 350 fs time constants are also
significantly shorter than the average solvation time of CH,Cl,,
0.56 ps.”® There is also no agreement with time constants of
0.57 and 2.21 ps due to solvent reorientation reported for neat
CH,Cl, in ultrafast Raman-induced Kerr effect studies.8®
Therefore, the initial hole dynamics cannot be considered to be
due to inertial solvation dynamics alone and also is not
reducible to the rearrangement of the CH.Cl, molecules
through their rotational motion. Instead, one can propose the
So site distribution with low-frequency (95-145 cm™) skeletal
deformations, such as torsional and bending vibrational modes
known?° to be optically active in polymethines. The 230- and
350-fs relaxation times are firmly within vibrational periods of
these modes. An inhomogeneous ensemble in which different
members exhibit a small, varying degree of deviation from the
planarity has often been invoked to explain the absorption
spectrum broadening in cyanine dyes.23°132 Also, the link
between torsional motion and hole burning dynamics was
reported in barrierless excited-state relaxation of 1,1’-diethyl-
2,2’-cyanine.5%33 Skeletal deformations with somewhat higher
vibrational frequencies of about 350 cm~ may be responsible
for the 90-fs hole dynamics.

To determine vibrational relaxation rate constants for
Chrom7 and Flav7 in the S, state, the ESA AA kinetic traces were
fitted to a sum of multiexponential decay functions while
including the known hole relaxation time constants. For 0-1’

925-nm excitation, this procedure vyielded ~350-fs time
constants for both dyes, Fig. S15 and S16. Spectral
narrowing/broadening is a well-known indicator of vibrational
energy flow,8-82 and therefore, we also examined the time
evolution of the ESA fwhm. For Flav7, a similar 323-fs time
constant was found, Fig. S11. We note that vibrational
relaxation manifests itself as the growth of the weaker peak
relative to the major one in the ESA spectra (cf. the 300- and
500-fs AA spectra, Fig. S17c¢,f). A similar spectral change occurs
during the fast hole dynamics, Fig. S10, which suggest that the
involved low-frequency skeletal deformations also participate
in the vibrational relaxation process. Vibrational relaxation was
not observed after 990- and 1042-nm excitation.

Ultrafast transient absorption. 500-nm S, excitation

To provide an estimate for the lifetimes of highly-excited S,
electronic states, excitation of Chrom7 and Flav7 was carried
out at 500 nm. The S1 ESA AA signals rise with a significant delay
within the first picosecond after excitation, Fig. 6 and Fig. S18-
S19. The 300-fs AA spectra are broadened, Fig. S20. The
population in the S; state becomes relaxed and thermalized at
6 ps because afterwards the AA spectral shape remains
unaltered with time and similar to that after S; excitation. The
amplitude of AA signals decays to the noise level with the S;
lifetime, Table 1.

The entire AA kinetic traces can be described by a
triexponential decay model using deconvolution with the CCF.
In addition to the S, lifetime, two other time constants describe
the initial AA signal buildup and the spectral narrowing, Fig. S21.
The buildup is interpreted as the S; population rise following IC
from the S, state (time constant, 0.40+0.05 ps for Chrom7 and

02 ' ‘ ' ‘ 02 I ‘
0.003 a) 01 Chrom?f d) -0.1 FIaV7 1.0 g) 925-nm exc,
0.004 — 0 ]
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oA < 041
0.000 PAGIA RS 0.000 =N A A < o
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Fig. 6. Transient absorption spectra of Chrom7 (a-c) and Flav7 (d-f) in CH,Cl, at short (a, d), intermediate (b, €}, and long (c, f) times following 500-nm excitation. Delay times

between the excitation and probe pulses are given in the legends. Representative AA kinetics traces (symbols) at the probe wavelength of 575 nm for Chrom7 in g) and 645 nm
for Flav7 in h) are compared with the data (symbols) measured following 925-nm excitation within the same ESA range: 553 nm in g}, and 659 nm in h). The neat CH,Cl, yields

a negligibly small AA signal (as shown) under the same excitation conditions. The CCF between 500-nm excitation and probe pulses is Gaussian-shaped with a 145-fs fwhm, g)

and h).
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0.45+0.05 ps for Flav7). Sub-picosecond S, lifetimes were
reported for other polymethines.®4 The narrowing (time
constant, ~0.8 ps, both dyes) is due vibrational relaxation in the
S; well bottom. Following S,—S; IC, ~10,000 cm~! excess
vibrational energy is deposited in the S; state for Chrom7 and
Flav7, which is ~10 times more than produced by 925-nm
excitation. Vibrational relaxation times are expected to be
faster in higher vibrational states as reported for the
indotricarbocyanine HITCI.%5.%6 This expectation is transferrable
provided that with an increase of vibrational energy the
microscopic picture of energy transfer remains the same: e.g.,
initially from solute’s higher- to lower-frequency modes and
then to solvent low-frequency modes, and other mechanisms,
e.g., from solute’s high-frequency modes directly into high-
frequency modes of the solvent, do not intervene.’” The
opposite trend in the vibrational relaxation times we observed
(0.8 vs. 0.35 ps for 500- and 925-nm excitation, respectively) is
because they characterize the arrival of hot population into the
S: well bottom and embody the transit times through all
intermediate vibrational states involved.

Vibrational coherences
Following So—S; excitation of Chrom7 and Flav7, the oscillatory
AA signals occur predominantly in the S; ESA region with the
decoherence time constants of about 500 fs, Table S2. Following
subtraction of exponential decays determined from the AA fits,
the oscillatory signals can be isolated and further analyzed by
the fast-Fourier transform (FFT). The FFT analysis revealed
several oscillation frequencies of 52, 139, and 278 cm™! for
Chrom7 (excited at 990 nm) and 208 and 121 cm for Flav7
(excited at 1042 nm), Fig. S22a,b and Fig. S23a,b. Upon 925-nm
excitation of Chrom7, 104 and 208 cm® FFT bands, in addition
to the one at 52 cm™, were detected (Fig. S23g,h). For Flav7, a
225 cm~1 FFT band (Fig. S22g,h, 925-nm excitation) is thought to
be the same as the 208 cm~1 band observed following 1042-nm
excitation based on the accuracy of data analysis.

The coherent motion observed most likely takes place in the
S; and not Sy state because the absorption from S;
predominates throughout the ESA probing region. Ultrafast
pulse excitation prepares the molecule in the FC electronic state
in a superposition of optically active vibrational levels called a
wavepacket. The vibrational wavepacket oscillates between the
inner and outer turning points of the excited-state potential. As
a result, the oscillations occur with a nt-shift in the red and blue
wings of the S; ESA band, as observed, Fig. S24. Excitation at the
low-energy side of the absorption spectrum is known to
suppress vibrational coherence in the S; state,?®% which agrees
with the oscillations for Chrom7 and Flav7 in this case being less
pronounced than for 0-1’ 925-nm excitation. Upon 500-nm S,
excitation of Chrom7, the sub-1 ps AA signal rise is
superimposed with 139-cm~ modulations, Fig. $25. Product
vibrational coherence may result from crossing of PESs itself100
or be transferred from the initial state following its preparation
by a short excitation pulse. In polymethine dyes, vibrational
coherence in S; following IC from S,, was observed for the first-
time, to our knowledge, in indolenine HDITC following the
deposition into S; chemically significant ~1.5 eV of energy,0!

8 | J. Name., 2012, 00, 1-3

similar to the amount for Chrom7. No coherence was observed
after 500-nm excitation of Flav7.

Vibrational wavepackets were ubiquitously observed in
polymethine dyes following ultrafast pulse excitation.93.98,99,101-
109 Whereas in many instances the coherence observed was
merely due to ‘spectator’ optically-active vibrational levels, for
Cy5the 273 cm~1vibrational mode connecting the planar FC and
photoisomerization transition state structures was claimed to
be involved.105 Several studies demonstrated that vibrational
the photoisomerization quantum
yield,110-112 which was interpreted as altering the excited-state
relaxation path towards the Cl seam separating the parent and
the photoisomer 1,1’-diethyl-2,2’-cyanine,
vibrational coherences in Raman-active 200 cm™ butterfly-like
symmetric stretching as well as 130 and 300 cm™! bending
modes play a role.114112 The prominent 52, 139, 104, 208, and
278 cm™ vibrational modes observed in our work are in the
same frequency range as the modes previously proposed to be
involved in the photoisomerization pathway.

coherence can control

forms.?® |n

Lowest-energy triplet states

We performed phosphorescence measurements of Chrom7 and
Flav7 in a frozen solvent matrix at 77 K following 532-nm 7-ns
pulsed excitation to locate the energy position of lowest-energy
triplet T, states. No phosphorescence was observed in ethanol
glass. A heavy-atom containing matrix (CDsl) was then used to
increase the ISC and radiative phosphorescence rates. Also,
deuterated solvents may reduce possible non-radiative
deactivation of low-energy excited states via coupling to C-H
vibrational modes of the surrounding medium and are often
preferred for near-IR luminescence measurements. The
excitation of Chrom7 in a CDsl matrix at 77 K resulted in weak
phosphorescence with a maximum at 1305 nm, Fig. 7a. The
~1260-nm shoulder is assigned to 10, emission,’2 whereas the
feature at 1110 nm is due to contributions from scattered
fundamental (1064 nm) laser light and CDsl matrix emission, Fig.
S26. The phosphorescence intensity decayed
monoexponentially with a lifetime of 12 us, Fig. 7b. Nanosecond
pulsed excitation of Flav7 in a CDsl matrix (77 K) either at 532
nm or 1064 nm did not result in any detectable
phosphorescence in the 1000-1400 nm range. A possible
reason is that Flav7 phosphorescence occurs at wavelength

30
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Fig. 7. Phosphorescence spectrum for Chrom7 in a CDsl matrix at 77 K, a). The
phosphorescence was recorded in the 4-19 ps time interval after pulsed laser excitation
(532 nm, 7-ns pulse width). The phosphorescence decay (black) was measured at a 1300-
nm wavelength and can be fitted to a single exponential decay (red) with a 12 us lifetime,
b).
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longer than the 1400 nm PMT detection limit. This implies a
lower T, state in Flav7 than in Chrom7, which is consistent with
the lower S; state in Flav7 than in Chrom7. The absence of
phosphorescence from Flav7 might also have been caused by
poor triplet state population and/or a very low
phosphorescence radiative rate constant. The first cause is
unlikely; provided that about a factor of 2.5 difference in the S;
lifetimes between Chrom7 and Flav7 transfers into the $;=>T;
ISC quantum vyields, the T; population in Flav7 would still be
measurable. The second explanation is also unlikely because of
the similar radiative rate constants in these two dyes (Table 1),
which implies a similar electronic nature of the low-energy
excited states.

The energy of the Ty state may in principle be determined
from the position of the highest-energy phosphorescence
vibronic band.>¢ If, however, the phosphorescence spectrum
does not show sufficiently resolved vibronic structure, the
‘onset’” of the short-wavelength portion of the
phosphorescence spectrum may be used to estimate the upper
limit of the T; state energy.5® Neither of these two approaches
work for Chrom7 because of the lack of vibronic structure and
the presence of O; emission. Instead, a 0.9 level at which the 0-
0’ vibronic bands of absorption and fluorescence spectra cross
(So-S1 energy gap), Fig. 1, was adopted for the 1305-nm
phosphorescence band, which yields the intersection at 1290
nm and thus the T, energy at 7750 cm~1 above So. Based on the
1400-nm detection limit, the Flav7 T, state is placed at 7140 cm~
Lor lower.

Temperature Dependence of the S; state lifetime

The fluorescence quantum yields, be, and the Si-state lifetime,
7, for Chrom7 and Flav7 rise upon lowering the temperature
before reaching a plateau, Fig. S27-529, and Fig. 8. The total
non-radiative rate constant in the S, state, k,,,., is given by:27,33.46
kpp =kic+kppn =(1/Pp — 1) "kyqq = 1/7 — kpyq- Here,
Kyqq and k;.are the practically temperature independent
radiative and direct IC rate constants, and k,, is the rate
constant for photoisomerization barrier crossing, which is
temperature and solvent viscosity dependent according to the

following equation: kp,, (¢, T) = D¢~ %exp (—E,/RT). Here, R is
the universal gas constant, T is the absolute temperature, E, is
the intrinsic barrier height, ¢ is the solvent viscosity, and D and
a are the parameters, where a (0<a<1) depends on the size and
shape of the intrinsic barrier,113-115 reaching the low limit for
larger barriers.116117 The approximation used in many
studies4®116-121 s that in a narrow temperature range, ¢ =
coexp(E./RT),122 where ¢,is the constant, and E is the
solvent viscosity activation energy. As a result, kph obeys the
Arrhenius  equation, k,, = Aexp (=E,/RT), with the
preexponential factor A and the activation energy E, given by
E, = Eq + aE.. When plotted against T71, k,,, should exhibit
the slope defined by E, before reaching a plateau defined by
k;c atlow T. The k,,, values determined from the measured &,
and 7; are fitted to a sum of k,,; and k., Fig. 8. At 22 °C, the fits
for Chrom?7 yield k;. = 4.03-10° s™%, which is larger than k;;, =
5.72-108 s71 by a factor of 7, but for Flav7 the difference is not
dramatic as k;. = 8.89-10° s is larger than k,; = 3.88-10° s7*
only by a factor of 2.3. The fits yield reasonable A = 6.97-1012
and 5.29-1012 st for Chrom7 and Flav7, respectively, as well as
E, =5.2040.75 and 4.2610.74 kcal mol=, which are much larger
that Ec of CHCls. The latter is estimated to be 1.78 kcal mol-?
based on viscosities!?? reported between —25 and 50 °C, which
is about the temperature range investigated in this work.

Fig. 9 summarizes the S; radiationless relaxation mechanism
we propose for the SWIR polymethine dyes studied in this work,
which involves competing energy gap and isomerization decay
pathways. Several conclusions can be made. First, the
application of energy gap theories for unconstrained SWIR
polymethine dyes, which does not account for kph while silently
assuming that the nonradiative decay is entirely due to direct
IC,20124 may be in error. Compared to the fit124 of k,,,. alone to
the energy gap model, plotting k,,,. — kph produces a better fit.
Second, the difference in room-temperature lifetimes for
Chrom7 and Flav7 upon going from CH,Cl, to CHCl; (Table 1)
cannot be attributed to the gap law alone because the
solvatochromic shifts involved are small (~3 nm). Shorter S;
lifetimes in CH,Cl, are consistent with the presence of the
photoisomerization pathway less hindered by a less viscous
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Fig. 8. Chrom7, a), and Flav7, b), in CHCl;: influence of
measured by femtosecond transient absorption (open
circles) assuming that k.., 4 is the same as in CH,Cl,, Ta

temperature on the inverse S;-state lifetime, where 75 values were
circles) and calculated from the fluorescence quantum yields (solid
ble 1, and the best fits of the 1/7 data using the Arrhenius k,,;, and

temperature independent k;. and k;..4 rate constants. The insets show the rate constants and CHCI; viscosity, labelled E,

{for comparison, the ¢ values were scaled by a constant factor), plotted on a natural logarithmic scale vs. 10% - T71,
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High-frequency
C-H or C-C modes

Low-frequency
torsional modes

Fig. 9. The radiationless relaxation mechanism of the SWIR
polymethine dyes studied in this work with the competing
pathways of direct IC, which takes place within the planar S,
the energy gap law,

is thermally activated. The

trans-form and obeys and

photoisomerization, which

photoisomerization motion predominantly samples the trans-
side of the twisted S; minimum and is essentially nonreactive.

solvent (0.42 and 0.56 cP for CH,Cl; and CHCls, respectively, 20
°C). Third, it is reasonable to assume that the solvent
contribution to E is similar for Flav7 and Chrom7 because the
measured activation energies are not much different.114-117 This
suggests that the intrinsic photoisomerization barrier is
somewhat larger in Chrom7 than Flav7. This is consistent with
Chrom7 having a bulkier 2-alkyl group as compared to a phenyl
group in Flav7. A slowing down of the S; photoisomerization
with increasing bulkiness of the twisting fragment was
previously observed.125.126

Finally, one can compare k,p, k;;, and E, values found in
this work with those reported in the S; state for heptamethine
cyanine dyes. For HITCI (in DMSO unless indicated otherwise),
direct IC is slow, k;. = 2.8:108 s71,33 as expected because its
absorption maximum is blue shifted by ~260 nm compared to
Flav7 and Chrom7. The photoisomerization activation energies,
5.3 (HITCI33), 5.0 (DTTCI34), and 6.0 {IR-14034) kcal/mol as well

Chrom7

(a.u.), o, o, o, (107, cm?)

3.5 (DTTCI34), 4.5 (IR-1403%4), and 5.74 (DOTCI48) kcal/mol in
C;HsOH are comparable with the E, values in Flav7 and
Chrom7. Similar activation energies were measured for
photoisomerization of dicarbocyanine dyes.48.76
Photoisomerization is the major S; relaxation pathway in
heptamethine cyanine dyes, e.g., the kphrf quantum yield is
~0.7 in HITCI (k,;, = 3.3:10% 571 33). Photoisomer quantum vyields
are about 0.08 in penta- and heptamethine cyanines,30-32,40
which based on kphrf in these dyes yields a branching ratio ¢ of
~0.1, Fig. la. The values of k,, in Chrom7 and Flav7 are
significant (5.72-108 s™* and 3.88:10°s7%), so that k,,;, 7, becomes
0.12 and 0.3, that is still significant, and which for the
photoisomer quantum vyields estimated, 1.8:1073 and 6.4-1073,
suggests the branching ratio of 0.014 and 0.02 in Chrom7 and
Flav7, respectively, Table S3. This is 10 times smaller compared
with penta- and heptamethine dyes. Quantum chemical
computations of polymethine dyes suggest the presence of the
S1/So Cl seam on the trans-side in the vicinity of the S;-state
twisted minimum.383% One then can propose that Chrom7 and
Flav7, after overcoming the photoisomerization barrier, reach
the seam region where local topology even more strongly favors
the So-trans nonreactive channel over So-cis product formation.

Highly excited states and implications for bioimaging

After SE becomes spectrally separated from the absorption and
unaffected over time in the femto-to-picosecond range, the
ogp (A1) spectrum can be constructed from the steady-state
fluorescence spectrum,127.128 Fig. 1. When vibrational relaxation
in S is faster compared with the S; lifetime and in the absence
of an appreciable photochemical change, which are valid
assumptions based on the data, the 4A(A,t) spectrum is:
4A(A, t) = constant - ng, (t) - (—04(1) —05g (1) + 054 (1)),
where ng (t) is the S; population at a delay time t. The
measured AA(4,t) spectrum can be scaled to a sum of g,(1)
and oz (1) with the minimal uncertainty using the wavelength
range where the spectrum and the sum closely match each
other (implying that ogg4(4)~0 in this range) and change
rapidly; the excess of the scaled AA(4,t) over g,(1) + g55(1)
outside the matching range yields the unknown ogg,(1)

Flav7

3

400 500 600 700 800 900 1000 1100
Wavelength (nm)

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 10. Chrom7 excited at 990 nm, a}, and Flav7 excited at 1042 nm, b}, for which the 50-ps AA spectrum from Fig. 2 is scaled (open symbols)

to the g4(2) + asp (1) sum (with the individual g,(2) and dgsg(1) contributions shown); their difference (solid symbols) is equal to the
054 () spectrum of ESA from S,. The gz, (1) spectral shape is found to be constant from ~100 ps to delay times as short as 500 fs, Fig. S30.
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spectrum. The said wavelength range is present between 875-
970 nm for Chrom7 and 960-1020 nm for Flav7. Consequently,
the g5 4(1) spectra were determined, Fig. 10, with the accuracy
of the o5, (1) values estimated to be better than 50%.

Both Chrom7 and Flav7 exhibit an intense ESA band in the
SWIR range (1000 and 1050 nm, respectively), which is
somewhat red-shifted with respect to the S¢-S; absorption
maximum, as well as weak ESA in the near-IR region, Fig. 10. We
attribute these two ESA features to the terminal S, and S3
states, although we cannot exclude the possibility of singlet
excited states lying even lower. Blue-shifted, intense ESA (Fig.
10) resembles that in other symmetric long-chain cyanines!2®
and assigned to the terminal Sa5 states (dual peaks at 683 and
622 nm for Chrom7, and 657 and 612 nm for Flav7). Incidentally,
the peak separation gap of 1435 and 1120 cm™ is not

a) b)
Ss S5 —
s A_622 nm s AN612 nm
4 683 nm 857 nm

Ssumnnuafus S
3IIIIII A
S, e——

S, m—

986 nm 1031 nm
So v=0 S) r— = 0
Chrom7 Flav7

Fig. 11. Energy diagram for Chrom7, a), and Flav7, b), based on this work. The Sg-
Si energy gap is 10140 and 9700 cm~! based on the overlap of the 0-0’ absorption
and fluorescence bands at 986 and 1031 nm. The S;—S, and S,—S; transitions
are nearly isoenergetic, and the Ss states are found to be within 100 cm™ of each
other at ~26150 cm™1. The S; position is only tentatively shown because near-IR
ESA attributed to the S; —S; transition is weak and diffuse. The T state is at 7750
cmt above S, for Chrom7 and is assumed, see the text, at 7140 cm or lower for
Flav7.

overwhelmingly larger than the ~1230 cm™! frequency of the
optically active vibrational mode of the So-S; transition, Fig. 1.
The transition energies of ESA from the equilibrated S; state,
when they are adjusted for the So-Si energy gap (10140 and
9700 cm™ for Chrom7 and Flav7) are expected to match the So-
Sn band positions. We found the terminal S; and Sa 5 states to be
close {within 120-240 cm™ for S; and 300-800 cm™! for S45) to
the visible band maxima in the linear absorption spectrum, Fig.
S31. We note that the ESA bands are much narrower than the
diffuse So-Sn absorption bands. Similar effects were observed
for ESA of coumarin C15313%and HITCI,*31 and may be attributed
to either fewer vibrational modes being optically active in S;
compared to Sp!3° and/or the presence of several closely-lying
excited states where intense absorption from S, is only allowed
to occur into one of them.132 The energy diagrams for Chrom?7
and Flav7 are summarized in Fig. 11.

This journal is © The Royal Society of Chemistry 20xx

The ogg,4(A) values in two major bands are 8.1:10716 cm? at
1050 nm and 9.2:10"%¢cm2at 612 nm for Flav7 and 7.3-10-16 cm2
at 1000 nm and ogg4 = 9.8:1071¢ cm? at 622 nm for Chrom7.
Consideration of the ESA spectrum is important for Flav7 and
Chrom7, as well as generally for molecular probes in high-
intensity photonic applications and measurements, e.g.,
fluorescence correlation spectroscopyl8133.134  where the
fluorophore So—$S; excitation rate constant (intensity times
cross-section) may become comparable with the inverse S,
lifetime. The S; population may then be promoted by secondary
excitation into one of the higher electronically excited states,
which usually is much more prone to molecular decomposition
compared to S;. Also, S, may exhibit a very different
photoreactivity. Facile photoisomerization3513¢ gnd ISC!37 in S,
states of polymethine dyes were reported. High-intensity
irradiation, such as 25 kW peak power focused into a
micrometer spot typical for two-photon microscopy,*38 of Flav7
and Chrom7 in the 1050- and 1000-nm region should cause, at
least, the Sp—S;—S, excitation based on comparable intensity
times cross-section products of the So—S; and S;—S; steps. In
the case of pulsed visible irradiation utilized in confocal
microscopy, biphotonic excitation may also be expected if the
used irradiation wavelength overlaps the visible ESA. On the
other hand, irradiation of Flav7 between 820 and 1020 nm and
Chrom7 between 730 and 910 nm limits the population
promotion further than the S; state because ESA in these
regions is weak.

Conclusions

We have characterized the ultrafast dynamics as well as
photophysical and  photochemical properties of a
chromenylium and a flavylium polymethine dye the latter of
which is one of the brightest organic SWIR emitters reported to
date. By using different excitation wavelengths, the separation
of dynamic inhomogeneous broadening of vibronic spectra and
intramolecular vibrational relaxation was made possible, as well
as the characterization of ultrafast deactivation of highly excited
electronic states. The complexity of deactivation of the first
excited singlet state (S;) is revealed by excited-state lifetime and
time-resolved phosphorescence measurements at different
temperatures. Intersystem crossing is found not to impact
room-temperature excited-state relaxation. The results
highlight the presence of two competing radiationless
relaxation mechanismsin S;. One with the minimal temperature
sensitivity is internal conversion via energy gap law. Another is
twisting about one of the carbon-carbon conjugated bonds,
which has an excited-state Arrhenius activation energy
comparable to that of photoisomerization in symmetric penta-
and heptamethine cyanines and permits traces of isomer
products. Direct internal conversion predominates thermally-
activated twisting in the studied SWIR dyes at room
temperature, but the latter pathway is substantial, constituting
~15-40% of the total relaxation rate constant, suggesting that
the SWIR fluorophore brightness can be further improved by
conformational constraints. The knowledge of excited-state
absorption is important in the design of fluorophores for
biological and medical applications because it may reduce their
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brightness thereby limiting their potential in imaging
application. The understanding of photoproperties is overall
crucial in the design of organic fluorophores.

Experimental
Materials. Anhydrous dichloromethane (EMD Millipore, ACS
grade) was used as a solvent, and in a few cases, chloroform was
used. Chrom7 and Flav7 were synthetized by and received from
Dr. E. Sletten (UCLA).2425 UV-vis absorption spectra of the
solutions were measured using a Varian Cary 50 Bio
spectrophotometer.
Photoluminescence Experiments. Temperature dependent
fluorescence spectra following 900-nm irradiation were
recorded on a FLS1000 spectrometer (Edinburgh Analytical
Instruments) in conjunction with a H10330B-45 near-IR
sensitive PMT (Hamamatsu). The sample solutions in 1X1 cm?
quartz cells were deoxygenated before measurements. CHCl3
(Acros, spectroscopic grade) was used as a solvent instead of
CH,Cl, because of a higher boiling point of the former. In
conjunction with these experiments, steady-state absorption
spectra were recorded on an Agilent 8453 spectrometer
equipped with a Peltier temperature-controlled sample holder
(PTP-1, Perkin Elmer) in 1-cm pathlength quartz cells.
Phosphorescence measurements were performed on a
modified Fluorolog-3 spectrometer (HORIBA Jobin Yvon) in
conjunction with a near-IR sensitive photomultiplier (H10330A-
45, Hamamatsu). A Spectra-Physics GCR-150-30 Nd:YAG laser
(532 nm, 7-ns pulse width or 1064 nm, 10-ns pulse width) was
used for excitation (<2 mJ pulse™1). For recording time-resolved
phosphorescence spectra, the signal from the near-IR sensitive
PMT was time gated using a SR250 Boxcar Integrator (Stanford
Research Systems) and digitized in the Fluorolog-3 SPECTRACQ
unit through a DM303M Voltage Input Module (HORIBA Jobin
Yvon). Phosphorescence decay was measured with the near-IR
sensitive PMT and stored using a digital oscilloscope (TDS 360,
Tektronics). The sample solutions were placed in 4-mm (outer
diameter) quartz tubes, deoxygenated by purging with N, gas
and frozen in an optically-transparent quartz liquid N, Dewar
(77 K) located inside the sample chamber of the spectrometer.
Nanosecond Transient Absorption. The previously described
set-up13? used 532-nm 7-ns excitation pulses produced by the
GCR-150-30 Nd:YAG laser and an Xe-arc lamp as a probing
source. Solutions of Chrom7 were prepared in 1X1 cm? quartz
cells at concentrations such that the absorbance was ~0.3 at the
excitation wavelength.
Ultrafast Transient Absorption. The details of the set-up and
experimental procedures can be found in ESI section. Briefly,
the set-up used!40141 js based on a regeneratively amplified
Ti:sapphire laser system producing a 1 kHz train of 90 fs (fwhm)
pulses with 0.9 mJ of energy centered at 800 nm. The 50%
portion of the amplified output is sent to an optical parametric
amplifier (OPA) to produce 1042-, 990-, and 925-nm and 500-
nm pulses used for sample excitation. The remaining half was
used either to produce a broadband white-light continuum
(wlc) probe light in the 340-935 nm range or to pump another
OPA to generate a single-wavelength probe light tunable from
800 to 1160 nm. The polarization plane of the excitation light
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was set to the magic angle (54.7°) with respect to that of the
probe light to eliminate rotational reorientation effects from
transient absorption signals. The probe and excitation beams
overlapped at a 6° angle at the sample position, being 60 and
200 pum in diameter. The excitation energy was attenuated to
around 45-60 nJ pulse™ to ensure that single-photon excitation
is responsible for the measured AA data, Fig. S32. The
experiments were performed at 22 °C unless stated otherwise
and utilized a 2-mm pathlength rotating cell. The absorption
spectra of Flav7 and Chrom7 samples obeyed the Lambert-Beer
law and showed no change after laser experiments. The AA data
were corrected for group-velocity dispersion in the wlc probe
light with a 20-fs accuracy using electronic instantaneous
response of the CH,Cl; solvent142.143 present within the initial
~170 fs after excitation, Fig. S33a-c. The CCF between the
excitation pulse and spectral components of the wic pulse
(Gaussian-shaped with fwhm of 125 fs for 990- and 1042-nm
excitation, and 145 fs for 925-nm excitation) was determined
using the same solvent response as described in the
literature.142 The CCF between 500-nm and wlc probe pulses
(Gaussian, 145-fs fwhm, Fig. S33d) was determined using the
solvent anti-Stokes AA signal at 433 nm at time zero!#* due to
the Raman-active C-H stretching mode of CH,Cl, (3045 cm™1 145),
When probing in the near-IR using the OPA, the time zero and
CCF (fwhm, 155 fs) were determined via sum-frequency mixing
of the excitation and probe light in a 0.1-mm thick, type-l BBO
crystal, Fig. S34. The representative AA kinetic traces were fitted
with CCF deconvolution to a sum of up to six exponential decay
functions, AA =Y,_¢ Al-(/l)e_t/fi, where A4;(4) is the amplitude
and 1 is the time constant of the ith component. From
multiexponential fits with CCF deconvolution the time
resolution of the experiments reported herein is 40 fs. FFT
analysis was performed on the residuals of multiexponential
fits.

The same set-up with wlc probing was used for low-
temperature S;-state lifetime measurements. Excitation was at
1042 nm (Flav7) and 990 nm (Chrom7). CHCI5; was used as a
solvent (ACS-grade anhydrous, Fischer Scientific). The samples
were kept in a 1X1X4 cm3 quartz cell immersed into a Dewar
condenser filled with acetone cooled by liquid N;, where the
temperature was monitored with a thermocouple.
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