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Several important photophysical properties of the cyanine dye Cy3 have been determined by laser flash
photolysis. The triplet-state absorption and photoisomerization of Cy3 are distinguished by using the heavy-
atom effects and oxygen-induced triptet triplet energy transfer. Furthermore, the triplet-state extinction
coefficient and quantum yield of Cy3 are also measured via triptgilet energy-transfer method and
comparative actinometry, respectively. It is found that the triptdtiplet (T,;—T,) absorptions ofrans-Cy3

largely overlap the ground-state absorptiorcisfCy3. Unlike what occurred in Cy5, we have not observed

the triplet-state 7T, absorption otis-Cy3 and the phosphorescence from triplet statei®Cy3 following

a singlet excitation (& S;) of trans-Cy3, indicating the absence of a lowest cis-triplet state as an isomerization
intermediate upon excitation in Cy3. The detailed spectra of Cy3 reported in this paper could help us interpret
the complicated photophysics of cyanine dyes.

Introduction an excited Cy3 and blinked Cy5 is necessary to bring back Cy5

. i . from blinking. Such recovery occurs so quickly at short distances
In the past 10 years, cyanine dyes have been intensivelyiht plinking is not observet6:%6.38in addition, an alternative

stu_died by va_rious photophyfs,ica_l and photoche_mic_al meads, triplet-state quencher, Trolox, was shown to eliminate cyanine
owing to the interest for their wdesgread applications such as gy plinking, suggesting a link between triplet state and blinking.
spectral sensitizers in photograpty’in biomedical applica- Unfortunately, it is still unclear whether this excited Cy3

tion 2272% in nonlinear optics and laser physis? and espe-  .enched by dark Cy8653538is also related to the enhanced
cially in single-molecule detecticii-32 Although there has been switching behavior mentioned abo#e?’

much discussion in the literature on the mechanism of the deac . . o .
In our previous studies on the specific spectral properties of

tivation of excited cyanine dyes, the underlying mechanisms . o
y y ying Cy515-17 we have spectrally determined several specific pho-

about fluorescence, intersystem crossing, and the-ti@agpho- . )
toisomerization remain unknown to a large exdént7 30313436 tophysics of Cy5 by means of ensemble and single-molecule
measurements. It was found that the triplet state—T,)

Recently, smgle-molecule fluorescence experlment§ have Ob'absorptions largely overlap the ground-state absorptions for
served several important and unexpected photophysical pheno-

mena of cyanine dyes (such as Cy3 and Cy5) related to the cis eithertrans_- or cis-Cy5, which results in several unexpgcted
trans isomerization and triplet-state formatfgfr,17.26-28.30,34,36:38 photophysical phenomena of C$5?* Furthermore, an im-

For instance, in a single-molecule optical switch, it is unexpected portant isomerization pathway for Cy5 from thians'S, state

that the conversion of Cy5 from dark state to fluorescence state'© the cis-T, state upon excitation IS also |de_nt|f|ed from the
is dramatically enhanced in the presence of €y3.The qbselg\igd_delayed fluorescence agighT, — cis-Tq absorp-
interaction between Cy3 and Cy5 exhibits a distance dependencé'on' ~°Since Cy3 and Cy5 are4cg>§ten used asa deramceptor
much steeper than that of conventionatster resonance energy  Pair for FRET measuremeft?=" the complicated spectral
transfer (FRET) and therefore acts as a short-range spectroscopipehav'oiﬁsgsggg‘or Cy3 could largely affect the Cy3/Cy5 FRET
ruler for the study of biomolecules at the single-molecule level, 'eSults®1®*4*%% Compared to the longer polymethine chain
where the mechanism about the enhanced conversion of Cysl€ngth for CyS, cyanine dye Cy3 has a shorter chain length,
from dark state to fluorescence state in the presence of Cy3Which may lead to different competition behaviors between
remains uncleat*37On the other hand, Cy3 has been reported IS0merization and intersystem crossing (ISC).
as an adjacent reporter molecule to “sense” the presence of the In this paper, we report the detailed spectral properties of
dark intermediates of Cy5, where the dark states of Cy5 are the triplet-state formations of Cy3 structurally related to trans
still able to quench the fluorescence of the donor G336 cis photoisomerization by means of laser flash photolysis. The
Further study indicated that a contact-induced reaction betweentriplet-state absorption and photoisomerization of Cy3 are
distinguished by using the heavy-atom effects and oxygen-

*To whom correspondence should be addressed. E-mail: andong@ induced triplef»triplet energy transfer. The triplet-state extinc-
iccas.ac.cn. tion coefficient and quantum yield of Cy3 are also measured
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actinometry, respectively. The delayed fluorescence and phos-Figure 1. Normalized absorption (left) and fluorescence spectra (right)
phorescence of Cy3 are measured to see whether the lowesbf Cy3 solution dissolved in methanol (6:0 1078 M). (Aexc = 550
cis-triplet state is also involved in the formation of the isomer nm.)

cis-Cy3 following the singlet S, excitation oftrans-Cy3 as
what occurred in Cy%216Qur results show that the triplet state
(T.—T,) absorptions ofransCy3 largely overlap the ground-
state absorption afis-Cy3. Furthermore, we have not observed
the triplet-state absorption @is-Cy3 and thecis-phosphores-
cence from triplet state afis-Cy3 following a singlet (—S,)
excitation oftrans-Cy3, indicating the absence of a lowest cis-
triplet state as an isomerization intermediate upon excitation in .
Cy3. These corresponding results of Cy3 reported in this Ioaloerenergy transfer to the Cy3 acceptor. Under these conditions,

could help us interpret the complicated photophysics of cyanine the trlplet-state extinction coefficiente+() of Cy3 could be
dyes? 16343638 determined according to eq 1

M~1cm~t at 430 nm¥®*°was excited at 355 nm in the absence
and presence of a sufficient concentration of Cy3 quencher. As
a control experiment, it is found that there is no obvious ground-
state absorption from Cy3 acceptor by directly exciting the Cy3
solution at 355 nm with a low laser pulse energy (about 1.8
mJ). Therefore, all the triplet states of 2AN donor molecules
formed after exciting at 355 nm are quenched by tripteplet

€(Cy3)  AOD(Cy3)

Materials and Methods =
€(2AN) AOD(2AN)

)
Cy3 was purchased from Amersham BiosciencesAcet-
onaphthone (2AN) and ethyl iodide were obtained from Aldrich. whereer (2AN) = 10 500 ML cm? for 2AN at 430 nn9-40

Methanol was of analysis grade. AOD(2AN) is the maximum optical density of the donor 2AN

Absorption spectra were recorded with a BVis spectro- et state in the absence of acceptor, and OD(Cy3) is the
photometer ('V'Od?' U-3010, Shimadzu). Fluorescence spectrayayimym optical density of the acceptor Cy3 triplet when both
were measured with a fluorescence spectrophotometer (F4500450r and acceptor were present.

Hitachi). . . . . Furthermore, the quantum yields of triplet formatiobr]
The laser flash photolysis experiments were carried out using ¢ Cy3 were obtained by comparative actinometry with 2AN
an Edinburgh LP920 spectrophotometer (Edinburgh Instru- ;¢ o referencelfr = 0.84,er = 10 500 M1 cm 1) 3%40Cy3 or

ments). In this Isetup, samples vyelre excited using either the, N \yas irradiated at 355 nm in argon-saturated methanol. The
frequency-doub ed (532 nm) or triplet (355 nm) output from & |,5er Hulse energy-dependent triplet-state absorbance at the
puls_e Nd'YAG laser (10 Hz, 8 ns) (continuum Surelite) as respective peaks for Cy3 (monitored at 580 nm) and 2AN (moni-
excitation sources. Sample_s were freshly prepared fqr eachiored at 430 nm) was measured with high laser pulse energy.
measurement and were adjusted to an absorbancédf in With the determined; mentioned above, the quantum yields
10-mm path length quartz cuvettes at the laser wavelength usedof triplet formation (1) of Cy3 could be estimated from the

Samples were deaerated by argon purging for about 30 min o |a4ye slope of energy-dependence plots according to eq 2:

before the laser flash photolysis experiments unless otherwise

Cpectrophotometer. The fiting qualty was udged by weighted PEYS) _ slope(Cyd)erZAN)

rssidua{as and a reduced valu%f] YIRS JHEREE VY P7(2AN)  slope(2AN) e(Cy3)
Phosphorescence and delayed fluorescence were measureﬂesultS and Discussion

with a high-quality emission spectrophotometer (Jobin Yvon

TRIAX 320) with highly sensitive LN-CCD as detector (Jobin Cy3 is believed to adopt an all-trans configuration in its

Yvon, CCD-3000V) combined with a high-speed rotated sector ground state as its thermodynamically stable conform&fiof.

wheel for chopping the laser and emission beams intfine The molecular structure of Cy3 is shown in Chart 1. Figure 2

sector wheel was revolved at a speed to allow observation of shows the absorption and fluorescence spectriranfs-Cy3

all delayed fluorescence and phosphorescence with a lifetimesolution in methanol. There is a broad ground absorption ranging

greater than 0.5 ms. No other prompt fluorescence and strayfrom 500 to 560 nm with the maximum at about 550 nm. The

light from laser scattering were detected during delayed prompt fluorescence peak is around 570 nm.

fluorescence and phosphorescence measurements. Cy3 samplesFigure 2 shows the transient absorption spectra of the Cy3

were excited at 532 nm with a CW laser (Verdi-V5, Coherent, (1.0 x 10~* M) solution in methanol after laser flash photolysis

United States) for phosphorescence and delayed fluorescencat 532 nm. It is found that there is a broad positive absorption

measurements. An exposure of about 10 s of the LN-CCD wasband ranging from 560 to 600 nm and a broad negative

used to accumulate the weak delayed fluorescence and phosabsorption band ranging from 450 to 540 nm. The negative

phorescence. absorption band is mainly the fraction of Cy3 that is in the
The triplet-state extinction coefficientef) of Cy3 was ground state following the initial laser flash. The time evolutions

measured using the energy-transfer method. In this method, aof the positive transient absorption at 580 nm after the 532 nm

solution of the donor molecule (2AN) with knows (10 500 laser flash are shown in the inset of Figure 2.

)
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Figure 2. Spectra observed by laser flash photolysis of Cy3 (.00* M) in argon-saturated methanol solutions (a), argon-saturated methanol
solutions after adding ethyl iodide (b), and oxygen-saturated methanol solutions (c). Decay dynamics at 580 nm are shown in insets, respectively.
The value ofy? for each fitting was in the range of 0.964.014.

TABLE 1: Fitting Parameters of Time Evolutions of the 0.012
Transient Absorption Band of Cy3 in Different
Experimental Conditions at 580 nm -
solvent 71 (uS) A 7o (us) A g 0.0081
argon+ methanol 3.91 35% 13.58 65% g
ethyl iodide+ methanol 3.68 56% 13.96 44% Q 0.0044
oxygen+ methanol 0.94 39% 13.50 61% 2
argon+ glycerol 3.65 32% 35.18 68%
ethyl iodide+ glycerol 3.63 53% 38.52 47% 0.000 |
L Time (us)
04 06 _ 08 1.0 1.2

As shown in Figure 2a, the decay of the 580-nm species of

Cy3 in argon-saturated solution is fitted well with a double- ) ) .
Figure 3. Matched dynamical decay of 2AN triplet absorption

er:( ponentlal. function ?bo(l;t 3'3%.5 an gg(?/m 135(%?/ W'IIEth 1 monitored at 430 nm in the presence of Cy3 in argon-saturated methanol
the respective normalized amplitudes o an o. lable 15 dynamical growth of Cy3 triplet absorption monitored at 580 nm

lists the fitting parameters for the time evolutions of these two quring triplet-triplet energy-transfer measurements. Inset shows the
decay components. These two processes are expected to be th#ynamical decay of 2AN triplet absorption in the absence of Cy3 in
triplet-state absorption or the cis-isomer ground-state absorption,argon-saturated methanol with the decay time constant about 26.2 s at
alternatively. 430 nm. The time constants of the rise time (about Q.&pof Cy3

To distinguish these two components, ethyl iodide is added and the decay time (about 0.28) of 2AN are obtained.
to the Cy3 solution in argon-saturated methanol. For ethyl
iodide, because of the heavy-atom effect, it is expected that the
intersystem crossing could become more significant and lead
to the increase of triplet-state yielfl41:42

Figure 2b shows the transient absorption spectra of the Cy3
(1.0 x 107 M) solution in argon-saturated methanol after
adding ethyl iodide upon laser flash photolysis at 532 nm. It is
found that the broad absorption with a maximum about 580
nm w. nhan mpar h f ethyl iodide-fr . - . e
soluti::. ?I'hi: iﬁﬁﬁ:gtc;s F:aa;rgr;[woottegtir?te?sty)s/te%dgr%ss?r?gcxxg the resulting triplet state of Cy3 is efficiently quenched by
spin—orbit coupling through heavy-atom effects. The enhanced ©XY9en through electron transfer.
absorption at 580 nm is mainly contributed from the increased ~ Furthermore, there is no significant change of the slow decay
T,—T, triplet-state absorption dfans-Cy3 after adding ethyl component with time constant around 13$when we perform
iodide. As shown in the inset of Figure 2b, the decay of the the laser photolysis measurements in all the experimental
580-nm species is also fitted well with a double-exponential conditions (e.g., Cy3 in oxygen-free or ethyl iodide-added or
function about 3.68:s and about 13.96s with the respective ~ Oxygen-saturated solutions). Therefore, the slow decay com-
normalized amplitudes 56% and 44%. Compared to a small ponent about 13.6s is assigned to the ground-state absorption
amplitude of about 35% of iodide-free Cy3 solution, the of the photoisomer dis-Cy3) of the cyanine dye formed
increased amplitude of the fast decay component of about 56%following thetransS, — trans-S; excitation with 532-nm laser
implies that the population of the Cy3 triplet state is promoted pulse. The time constant about 136 represents the back
after adding ethyl iodide in Cy3 solution, and we thus attribute isomerization time through thermal deactivation froisS, to
the fast decay component with time constant about 391o transSy isomerization. Moreover, to test whether this slow
be the triplet-state ((F~T,) absorption oftrans-Cy3. process is really accounted for in this isomerization process,

To further prove whether this fast decay component is really we introduce a solvent viscosity-dependent laser flash photolysis
attributed to the triplet-state (¥T,) absorption of Cy3, we  measurement of Cy3 in glycerol, where the tranis isomer-
perform the laser photolysis experiments of Cy3 solution in ization is hindered significantly with increased viscosftyAs
oxygen-saturated methanol excitation at 532 nm. It is known shown in Table 1, it is found that the time constant of the slow
that in most cases, oxygen can also induce intersystem crossinggomponent about 13.6s in glycerol-free methanol solution
between the singlet and triplet states of the molecule becausencreases to 3538 us in a high viscous solvent (methanol/
of its paramagnetic ground stdfeFurthermore, oxygen as a  glycerol mixture with volume ratio about 3/1), where no
good electron acceptor of triplet state can react with the electronsignificant change was observed for time constant of fast

Time (us)

of the triplet state of Cy3 and consequently shorten the lifetime
of triplet absorptiorf3—46 As shown in Figure 3a and c, the time
constant of the fast decay component decreases dramatically
from 3.91us for Cy3 solution in oxygen-free methanol to about
0.94 us for Cy3 in oxygen-saturated solution. Meanwhile, the
transient absorption band at 580 nm becomes narrower signifi-
cantly in oxygen-saturated solution compared to that of Cy3
solution in oxygen-free methanol. These results indicate that
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component. These results suggest that the slow process results
from the isomerization of Cy3. 0.041

The observation of two decay species of Cy3 with a broad 0.034 2AN slope=0.0021
absorption band around 580 nm indicates that the triplet-state
absorption otrans-Cy3 and the ground-state absorption of the 8 0.02
photoisomecis-Cy3 are largely overlapped at 580 nm after laser b _
photolysis at 532 nm. Since the photoisomerization and triplet- 0.011 €3 slope=a.00t4
state absorption of the Cy3 are the competing processes 0.00
originating from the excited singlet manifold, it is difficult to o 5 10 15 20
determine quantitative information on triplet-state properties Laser Energy (mJ)

through direct excitation experiments because of the large Figure 4. The laser pulse energy-dependent triplet-state absorbance
overlap with ground-state absorption cit-Cy3 by means of of Cy3 (580 nm) and 2AN (430 nm) in argon-saturated methanol with
532-nm laser flash photolysis. Fortunately, the triplet-state the excitation at 355 nm.

photophysical properties could be attained through trigitgplet
energy-transfer measureme#tg’

Here, we turn to determine the quantitative information on
triplet-state properties of Cy3 with a well-studied 2AN as the
triplet-state donof?*°where the 2AN can be excited selectively
at 355 nm. Since Cy3 shows no obvious absorption at this
excitation wavelength with low excitation power (1.8 mJ), the
affects from photoisomer absorption of Cy3 could be avoided 0-
during measurements. Figure 3 shows the dynamics of the T T T T
triplet—triplet (T;—T,) absorption of donor 2AN monitored at 550 600 wf\f;engiﬁ"(nmf 50 800
430 nm in the gbsen_ce and presence _Of Cy3in argon-saturate¢igure 5. Phosphorescence and delayed fluorescence of Cy3 methanol
methanol solution. It is found that the triplet state of 2AN shows  splution in the absence and presence of ethyl iodide excited at 532
a single-exponential function with time constant)(@bout 26.2 nm.
us in the absence of Cy3 as shown in the inset of Figure 3.

Upon adding sufficient Cy3 (5.0< 104 M) into the 2AN of triplet formation®+ (Cy3) is calculated from eq 2 to be equal
solution in argon-saturated methanol, 2AN triplet state at 430 to 0.03 in argon-saturated methanol solution.
nm was quenched efficiently with time constant down to 0.28  Furthermore, the T, absorptions largely overlap the

5

4-
Cy3+CHsl

3

2

1 Cy3

Intensity (a.u.)

us, whereas a growth with time constant about @.2%or Cy3 ground-state absorptions for eitheansCy5 or cis-Cy5 as
triplet-state absorption was observed at 580 nm. The agreementeported in our previous studiésThe delayed fluorescence and
in the time constants of the rise time (about 028 of Cy3 phosphorescence measurements further displayed that the lowest

and the decay time (about 0.28) of 2AN strongly indicates  Cis-triplet state is also involved in the formation of the isomer
the efficient triplet-state energy transfer between 2AN and Cy3, (cis-Cy5) following thetransSy—trans-S, excitation as what
where the rate of formation of acceptor Cy3 triplet state is occurred in Cy3>'¢In comparison to Cy5, the cyanine dye
identical to the rate of decay of donor triplet state. The decay Cy3 contains three carbons in conjugated chain between the
dynamics of the Cya3 triplet state in the presence of 2AN excited two head groups instead of the five carbons of the Cy5
at 355 nm has no significant changes with time constant aboutmolecules. We found that the decay time constants for both
3.9 us during measurements. triplet-state absorption and isomerization of Cy3 are faster than

By taking er (2AN) = 10 500 ML cm-1,3940 AOD(2AN) those of Cy5. For instance, the time constant of isomerization

and AOD(Cy3) are estimated from Figure 3 as 0.0083 and is about 13.G:s for Cy3 and about 150s for Cy5;® indicating

. A . low-barrier back-isomerization with a shorter length of
0.0320, respectively. Therefore, according to eq 1, the triplet- a o .
state extinction coefficient of Cy3{(Cy3)) is calculated to be conjugated hydrocarbon chain for Cy3. Furthermore, as shown

- in Figure 5, the phosphorescence spectrum of the Cy3 solution

equal to 40770 _Ml enT ", . . at low temperature (77 K) excited at 532 nm only shows a broad

To further estimate the quantum yiefblr (Cy3) of triplet  {ransphosphorescence peak around 722 nm from trans-triplet
formation, we perform the laser pulse energy-dependent triplet- siate of Cy3 besides a weak delayed fluorescence. We did not
state absorption measurements for €Y% Since 355-nm  pserve the cis-phosphorescence of Cy3 from cis-triplet state
excitation at high laser pulse energy can simultaneously producegyen after adding the heavy atomic ethyl iodide as what
both the triplet state and isomer of Cy3, we estimate the value appeared in Cy%° This suggests that isomerization in Cy3
of AOD(Cy3) by a double-exponential function fitting of the  occurs from excited trans-singlet state to cis-ground state of
observed dynamics (monitored at 580 nm) at higher laser pulsecy3 following atrans-Sy—S; excitation, whereas the cis-triplet
energy as shown in Figure 4, where the amplitude of fast decaystate is not involved during isomerization for the short-chain
component was taken as the valu\@D(Cy3). Figure 4 shows  cyanine dye Cy3.
the laser pulse energy-dependent triplet-state absorbA@e-( Finally, it should be useful to explain tentatively the mech-
(Cy3)) of Cy3 and 2AN in argon-saturated methanol with the anism by which Cy3 facilitates dramatically the photoinduced
excitation at 355 nm. The relative slopes from the energy- recovery of Cy5*37In our previous work$>17 it was found
dependence plots are thus obtained as 0.0021 for 2AN andthat cis-triplet state is the intermediate state during the isomer-
0.0006 for Cy3 from Figure 4. Therefore, the quantum yield of ization from transS, state following a trans{S*trans-S;
triplet-state formation ®+) of Cy3 can then be estimated by excitation of Cy5, whereas; 7T, absorptions largely overlap
comparative actinometry metho#s!® Using the above deter-  the ground-state absorptions for eitlieans- or cis-Cy5. This
mineder(Cy3) about 40 770 M! cm™1, and takingdt (2AN) could be the important point for us to tentatively interpret the
= 0.84 andet (2AN) = 10 500 M1 cm™1,0 the quantum yield unusual enhancement of the conversion of Cy5 from the dark
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to fluorescence state in the presence of the secondary chro-

mophore of Cy3*37Since the energy about 1.98 eV (625 nm)
of triplet—triplet absorption ofransCy5 and the energy about
1.80 eV (690 nm) of triplettriplet absorption oftis-Cy5 are

higher than the energy about 1.72 eV (722 nm estimated from
the phosphorescence spectrum of Cy3) of trans-triplet state o

Cy3!516t is believed that the reverse triptetriplet energy
transfer from Cy5 to Cy3 could be expected by which a proximal

Cy3 facilitates the unexpected photoinduced recovery of Cy5,
where the reverse energy transfer results from the higher excite

T, state of Cy5 (initiated fromtransS; to T; state upon
excitation with red light only for Cy5) to trans-triplet state of
Cy3. Because of the large spectral overlap between thery
absorptions and the ground-state absorptions for etthes

or cis-Cy5, the excitation of T=T, is expected to be highly
efficient following atrans Sgy—trans-S; excitation oftrans-Cy5,
leading to the efficient reverse triptetriplet energy transfer
from the upper 7 state of Cy5 to T state of Cy3. In addition,

the fact that an alternative triplet state quencher, Trolox, was

reported to eliminate Cy5 dye blinkifgstrongly indicates a
link between triplet states and blinking, which correspond to

the enhanced conversion of Cy5 from dark state to fluorescences7g.

state in the presence of Cy3. Furthermore, the lifetiméréors
T, of Cy5 is about 35us ! andtransT; of Cy3 is about 3.9
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