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We report a joint theoreticalexperimental study on the optical properties dfisuccinimidyl-2,2-bithiophene
(NS-2T), a prototype system for a new class of biomarkers. Time-dependent density functional theory (TD-
DFT) and approximate coupled-cluster single and doubles (CC2) calculations are performed in the ground
and excited states. Theoretical results are compared with absorption, photoluminescence (PL), time-resolved
PL, and PL quantum efficiency measurements. The excited state of NS-2T has a larger dipole moment as
compared to that of the ground state, explaining the experimental shift of the PL peak in solvents of different
polarity, and a smaller intersystem crossing (ISC) rate as compared to that of isolated bithiophene (2T),
explaining the increased PL quantum efficiency. We also studied two model systems to describe the effects
of the covalent binding of NS-2T to biomolecules and proteins withethdH, lysine groups. These model
systems show optical properties closer to 2T, as the PL quantum efficiency is reduced due to the increased
ISC rate. Theoretical calculations and experimental results show that covalent binding of NS-2T to a
biomolecule will blue-shift the absorption but not the photoluminescence. CC2 and TD-DFT can very well
describe the absorption and photoluminescence energies of all three systems, but the presence of several
charge-transfer transitions in the TD-DFT spectrum of NS-2T required the use of a correlated method to
validate the TD-DFT results.

I. Introduction and optical properties of the molecule, before it can be used as

L . - a probe in fluorescent experiments.
Fluorescence labeling is a widely used tool in biology and & the olicothionh inimidvi
medical diagnosis, and it will probably replace conventional !N @ recent work®the oligothiophene\-succinimidyl esters

techniques based on radioisotopes soon. Fluorescence techniquéd SES) have beean introduced. These molecules are derived from
have opened new possibilities for molecular and cellular imaging ©/igothiophenes? which have been already successfully used

and for the monitoring of biological processes. The development " Many electronic and optoelectronic applications, such as

of new and more efficient fluorescent probes is actually an issue °rganic light-emitting diode’;*>1¢4Tasers;® and field-effect
of great interest in many areas of research. transistors® 2! TSEs have shown, after the binding with

Recently great attention has been paid to the use of organicpmtei”s or oligonucleotides, high fluorescence efficiency, good

compounds as fluorescent proBe&? Many organic compounds optical stability, large Stokes shifts, and good c_olor tunability
can be identified that have suitable optical properties and that@"d have been successfully employed to obtain fluorescence
can be easily functionalized to allow binding to biomolecules. Microscopy images and in fluorescence resonance energy
Unfortunately the functionalization and the binding to biomol- {ransfer experiments. These features, along with the easy
ecules might change the optical and photophysical behavior of synthe5|s_and the easy modalities of binding to ollgonucleotldes_
the probes and make them unsuited for use as fluorescent labels2nd proteins, make the TSEs one of the best classes of organic
Therefore a careful investigation is required to study the effect fluorescent markers.

of functionalization, first, and of binding on the photophysical In this work we study in detail the photophysical and optical
properties of the TSEs, both theoretically and experimentally,
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NS-2T caution for the computation of excitations of TSEs, and the
results must be accurately checked to avoid artifacts due to the
well-known limitations of TD-DFT in treating charge-transfer
systems!738 |n fact, when applied to the calculation of
excitations involving charge transfer between widely separated
species within a molecule, TD-DFT yields severely underesti-
mated results for the charge-transfer excitation enefgi€his
failure is due to the local character of the approximate
exchange-correlation (XC) functional, and TD-DFT cannot
yield correct CT states with any local XC functiof&llthough
the use of a simple hybrid kernel such as B3EY&an improve
the quality of charge-transfer excitation energies in the case of
short CT separatiof?,3340it yields an incorrect long-range
behavior. Several approaches have been proposed to solve the
CT problem?1:33.36.37 however, these approaches are only
approximate and still require external calculatidfid or
parameterd’ 3¢ and thus these methods cannot compete with
CC2 in describing CT excitation energies.
BI-2T In this work, we studied the absorption spectra of the NS-
2T, BC-2T, and BI-2T molecules experimentally and by CC2
and TD-DFT calculations to obtain a clear picture of singlet
and triplet excitations in the three systems and to test the ability
of TD-DFT to describe such excitations. We use the common
B3LYP XC functional, and compare the excitation energies with
those of CC2. Absorption spectra measurements are carried out
in solvents of different polarities to investigate the effects of
; the electronic dipole moment. Then we calculated the emission
Figure 1. The 5N-succinimidyl-2,2-bitiophene (NS-2T) molecule and  gpectra of the three systems and compared the results with the
the bioconjugate BC-2T and BI-2T models. PL experimental values. The emission spectra were obtained
by optimizing the geometry of the optically active excited state,
by a recently developed TD-DFT meth®dBy calculation of
the singlet and triplet spectra at the correct, i.e., excited-state
minimum, geometry semiquantitative analysis of the photo-
. physical properties of these molecules can be obtained and
2T—C(0)~O—NS+ NH,—protein— compared to nonradiative decay rates extracted from time-
2T—C(O)-NH—protein resolved PL and PL quantum efficiency (PLQE) measure-
ments??
Therefore, taking a CCHs group as representative of the  The article is organized as follows: In section I, the
terminal part of a protein, we can model the covalent binding ¢omputational details and the experimental setup are described.
to a biomolecule. To study such covalent binding we synthe- |5 section 11, we illustrate the results of calculations and
sized, measured, and computed a bithiophene bearing aC(O) experiments. Then, in section IV, theoretical results of different
NH-—CH,—CHjs group at one terminal position, hereafter called methods are compared with each other and with experiments;

BC-2T. In addition, to clarify the role played by the NH and  moreover a comparison between the various systems is carried
C—0O groups in the linker, we considered a bithiophene bearing ot Finally, in section V, conclusions are drawn.

a C(O)-CH,—CH,—CHs group at one end, named BI-2T.

Preliminary calculations of the optical properties Nf I. Method
succinimidyl bitiophen¥ showed the importance of charge-
transfer (CT) contributions. To describe the charge-transfer ~A. Computational Details. The geometry optimization of
character of excited states an accurate correlated method ighe ground states of NS-2T, BC-2T, and BI-2T was carried out
required, such as the coupled-cluster metHo@ihe coupled- ~ using the approximate coupled-cluster singles and doubles
cluster method is a post-HartreBock (HF) size-consistent ~method (CCZP with the resolution-of-identity (RI) approxima-
method that provides an accurate description of excited statestion (RI-CC2%43 in the TZVPP44 basis set.
and can also be used for high-level optimization of ground-  We also optimized the geometry of the optically active excited
state and excited-state geometries. In particular the opticalstates of NS-T2 and BC-T2, using the computationally much
properties of systems of the size of TSEs can be efficiently less demanding TD-DFFwith the B3LYP® hybrid kernel and
studied using the approximate coupled-cluster singles andthe triple< valence basis set (TZVPS.
doubles model (CC2j together with the resolution-of-identity To verify the quality of the TD-DFT excited-state geometry,
(RI) approximation, which has already been successfully we computed for NS-2T the excited-state geometry using the
employed for the calculation of the excitation energies of large CC2 method and the TZVPP basis set, and we analyzed the
s-conjugated moleculé% 28 and for the geometry optimization ~ CC2 singlet and triplet spectra computed with the two geom-
of both ground and excited states of a variety of many different etries. Using the TD-DFT geometry, we found that the spectrum
systemg?.30 is only blue-shifted by less than 0.1 eV, meaning that the TD-

However, time-dependent density-functional theory (TD- DFT excited-state geometry can be used. We note that all the
DFT), which is the most commonly used approach to deal with results reported in this work for excited-state geometries were
the excited states of organic molecules, must be used withobtained at the geometries optimized with TD-DFT.

(o]

S

proteins, forming a stable amine bo##@3Thus, we can consider
for the NS-2T (here explicitly denoted as 2T(O)—O—NS)
the following binding reaction
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The state selected for the excited-state geometry optimization NS-2T BC-2T BI-2T
was the optically active one, which for NS-T2 is not the lowest Lumos3 +0849 6V LUMO+6 #1996y LUMO+6 1137 e¥
(section IIl). During the optimization, it crosses with lower 8«« 'S e @
states. By analyzing the oscillator strengths of the two, we could ~ ==#~=%,
resolve the crossing and follow the optically active state in the
final excited-state conformation. LUMO+1 40,688 6V

LUMO+2 +0.859 8V

From ground-state geometries, vertical singlet excitation L
energies were calculated, using the RI-CC2 method, to obtain
information about the absorption spectrum. The Dunning trple-
valence basis set with augmented functions (aug-cc-pV¥¥Z), nomo 8191 ev HOMO 745 eV
which has been shown to be large enough to obtain converged ‘U‘h’ .

CC2 results on oligothiophenéswas used. The corresponding
auxiliary basis séf was used to exploit the RI approximation,
and in all CC2 calculations the core orbitals have been kept yomo-s 2271 8v
frozen. RI-CC2 calculations were well converged and did not
suffer from the possible multireference nature of the ground
state of the systems investigated (D1 diagnd%tialues in the
range of 0.070.08) and from the neglect of triple or higher Figure 2. Most relevant HF orbitals and eigenvalues in the ground-
excitations (single excitation contribution always greater than state geometry.

0,
90%). . . o TABLE 1: Lowest Three Singlet Excitation Energies (eV)
We also calculated TD-DFT vertical singlet excitations of wijth Oscillator Strengths (in Parentheses) and Main

NS-2T, BC-2T, and BI-2T in the ground-state configuration. Single-Particle Transitions of NS-2T as Computed at the
We used the TZV# basis set and B3LYP functiorflto take CC2 and TD-DFT Levels

advantage of the nonlocal HF exchange, especially in consid- cec2 TD-DFT
eration of the charge-transfer nature of some of the single-
particle transitions of the investigated systems.

energy transition % energy transition %
S 3.64(0.00) H-6—L +3 66.4 2.74(0.01) H-L 99.3

For NS-2T (Figure 9), we also compare three different XC H—6—L+1 20.2
functionals using the XCUZLF basis set: B3LYP, Becke S; 3.91(0.70) H—L+1 75.6 3.38(0.00) H-3—L 88.0
Perdew!?50 and the LHFX approact, i.e., the localized H—L+3 9.9

Hartree-Fock approach to obtain self-interaction-free Kehn ~ Ss 4.14(0.01) H-5—L +3 29.8 3.55(0.63) H-L +1 97.5
Sham orbitals and eigenval3é8® combined with a TD-DFT : B g_, t ig ig'i
calculation that employs the Becke exchange kefhel. ‘

From TD-DFT excited-state geometries, we computed vertical ||| Results

CC2 singlet and triplet excitation energies using the aug-cc-

pVTZ basis set. A. Theoretical Results.1. Geometriesln the ground state,
All the calculations were performed with the quantum- the optimized geometry of the bithiophene segment of NS-2T

chemistry broaram package TURBOMOLE V55an particular is_ very similar to that of isolated bithiopher®eThe inter-ring _
the moguﬁ)esg Dsgﬁﬁ‘5ngELAX 59 ESC60-64 e;md RI- distance is 1.44, A and the dihedral angle between the two rings

is 23. The distance between the carbon atom in thed3yroup
and the nearest thiophene ring is 1.45 A. Teuccinimidyl
group is almost perpendicular to the nearest thiophene ring.
Upon excitation in the first optically active singlet state the
bithiophene segment of the molecule acquires a quinoid
character and becomes planar while Mwsuccinimidyl group

. . . is left almost unchanged. This behavior is due to the localization
environment polarity, we used three different solvents, namely, of the transition density on the bithiophene segment of the

toluene, dichloromethane, and dimethyl sulfoxide (DMSO). molecule (sect. IV)

Continuous wave photoluminescence (PL) measurements The substitution of theN-succinimidyl group with C(O}
have b_gen performgd with a Cary Ec!ipse Spectrofluoremeter(_~,|_|2_C|_|2_C|_|3 (BI-2T) or C(O)-NH—CH,—CH;z (BC-2T)
by exciting the solutions at 325 nm with a lamp. does not change, in the ground state, the geometry of the

The PL quantum efficiency was determined by comparing bithiophene. In BC-2T only, the torsional angle is increased to
the samples integrated PL intensity with that of dithieno- 25°, The distance of the added group from the nearest thiophene
thiophene-4,4-dioxide (efficiency 61% in tetrahydrofur®e  ringis, in both cases, much larger than that in NS-2T with bond
solutions with the same optical density at the excitation |engths of 1.47 and 1.48 A for BI-2T and BC-2T, respectively.
wavelength. The signal was corrected considering the differences 2. Excitation EnergiesCalculated singlet excitation energies
of the refractive index of the employed solvents. The absorption of NS-2T are reported in Table 1. The HF orbitals most relevant
spectra were measured with a double-beam spectrophotometertor the analysis of excitation energies are reported in Figure 2.

Time-resolved PL measurements were performed by exciting The optically active state, at the CC2 level of computation,
the samples with the second harmonic (390 nm) of a mode- is the second singlet state, which is mainly described a transition
locked Ti-sapphire (Spectra Physics Tsunami), delivering 80 from the highest occupied molecular orbital (HOMO) to the
fs pulses with a repetition rate of 80 MHz. The signal was second lowest unoccupied molecular orbital (LUMPD 1);
dispersed in wavelength and time by a spectrometer coupledsingle-particle transition will be indicated in the following as,
with a Hamamatsu C5680 streak camera. The overall temporale.g., HOMO— LUMO + 1. The HOMO is essentially localized
resolution was about 10 ps. on the two thiophene rings and closely resembles the HOMO

CC26:296567 \yere used. Parallel RI-CC2 calculations have been
performed on a Hewlett-Packard XC6000 Itanium2 Cluster.

B. Experimental Setup. Solutions were prepared with
spectroscopic grade solvents without further purification. To
avoid intermolecular interactions the concentration was de-
creased down to about 1O M. To study the effects of the
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NS-2T

LUMO#1 2291 eV

BC-2T

LUMO+1 —0.575 &V

37, 2006

BI-2T
LUMO+1

-0.874 eV

Fabiano et al.

TABLE 2: Lowest Three Singlet Excitation Energies (eV)
with Oscillator Strengths (in Parentheses) and Main
Single-Particle Transitions for BC-2T as Computed at the

CC2 and TD-DFT Levels
cc2 TD-DFT
energy transition % energy transition %

S, 4.05(0.56) H-L+6  32.0 3.68(0.54) H-L  97.2
H—L+3 162
H—L+4  13.9

S, 4.37(0.03) H-5—L+6 17.8 4.07(0.01) H-1—L 726

1976 eV

LUMO -3.085 eV LUMO

HOMC HOMCl_ -5.913eV HOMO -6.002 eV H-5—L+3 96 H—2—L 15.8
Q.f} S; 4.82(0.00) H-1—L+6 13.3 4.53(0.01) H-2—L 61.9
.j‘/ ol Tq‘;\}‘u H-—1—L 19.1

H—L+1 10.0

~7.795 eV -6.870 eV -5.970 eV

HOMO-1 TABLE 3: Lowest Three Singlet Excitation Energies (eV)
1o with Oscillator Strengths (in Parentheses) and Main

g Single-Particle Transitions for BI-2T as Computed at the
CC2 and TD-DFT Levels

Figure 3. Most relevant DFT orbitals and eigenvalues in the ground- CC2
state geometry.

of bithiophene?® the LUMO + 1 is instead delocalized on the
whole molecule. The excited state also has a signature from
the HOMO— LUMO + 3 transition, which is an almost pure
(i.e., with no overlap between involved orbitals) CT transition
because the LUMG- 3 is localized on the succinimidyl group.
The S state is instead a dark state (i.e., with vanishing oscillator
strength), and it is mainly described by a HOM6 — LUMO
+ 3 transition; this is a transition concerning orbitals all localized HOMO — LUMO transition, whose change in electronic density
on the succinimidyl group. There is again a non-negligible is quite similar to the admixture HOMG> LUMO + 6 and
contribution coming from the HOMO- 6 — LUMO + 1 HOMO — LUMO + 3 found in CC2 calculations. The higher
(20.2%) transition. The third singlet state is a dark state singlets are dark states described by many single-particle
characterized by an admixture of many single-particle transi- transitions.
tions. We note that in both CC2 and in TD-DFT calculations only
The TD-DFT results in Table 1 are, at a first sight, quite singlet excitations dominated by a bithiophenebithiophene
different from the CC2 ones. Nevertheless, a closer inspectiontransition are optically coupled to the ground state, while
reveals many similarities. If we exclude, as it will be explained excitations dominated by a succinimidyl succinimidyl transi-
in section 1V, the excitations characterized by the HOMO tion are optically forbidden. This is true, in general, also for
LUMO transition, which have no analogous excitations in the BC-2T. Thus, the optically active state of NS-2T is the second
CC2 spectrum, then we find that the optically active statg (S singlet state, and the first singlet state has a very low oscillator
is now thesecondsinglet state, as in the CC2 results. It is strength, while in BC-2T the optically active state is the first
characterized by a HOM©G- LUMO + 1 transition, which is singlet and the second singlet state is a dark state.
localized mainly on the bithiophene (Figure 3). The TD-DFT Finally, the calculations on BI-2T in the ground-state
S, state is characterized by a HOMO©3 — LUMO transition, geometry are reported in Table 3.
which is mainly localized on the succinimidyl group. These The CC2 calculations give the second singlet state as the
transitions are closely related, in terms of orbital densities, to optically active state. This is well described by a HOM®
the HOMO— LUMO + 1 (plus HOMO— LUMO + 3) and LUMO + 2 transition, the HOMO being very similar to the
HOMO — 6 — LUMO + 3 (plus HOMO— 6 — LUMO + 1) bithiophene HOMO and the LUM@- 2 being mainly localized
transitions with HF orbitals, respectively. Thus, we can recog- on the bithiophene segment. The first singlet state is a dark state
nize a one-to-one correspondence between the TD-DFT and CCZharacterized by a HOM® 4 — LUMO + 2 transition. The
results for the lowest singlet states; also the CC2 values for theHOMO — 4 is mainly localized on the C(®)CH,—CH,—CHjs
vertical excitation energies are about 0.3 eV higher. group.
In Table 2 we report the calculated absorption energies for The TD-DFT results mainly confirm the CC2 findings with
BC-2T. the notable exception that the first and the second singlet states
The CC2 calculations predict the first singlet state to be the (composed of HOMO—~ LUMO and HOMO — 1 — LUMO
active state. This is described by an admixture of several with similar weight) are almost degenerate. The oscillator
transitions, the principal ones being HOM®LUMO + 6 and strengths are then redistributed between these two states.
HOMO — LUMO + 3. These are transitions among orbitals 3. Emission Energie€C2 singlet excitation energies of NS-
localized on the bithiophene rings. The HOMO is almost 2T at the TD-DFT excited-state geometry are reported in Table
identical to the HOMO of NS-2T. The LUM@- 6 and LUMO 4. We also report the TD-DFT emission energy, which is about
+ 3 are mainly localized on single bonds and on sulfur atoms, 0.3 eV lower than the CC2 value. The Sate is almost a pure
in close analogy to the LUMO of isolated bithiophetiélhe HOMO — LUMO transition, localized on bithiophene (see the
higher singlets are all optically forbidden and described by an orbitals in Figure 4). This is the only optically active state, while
admixture of many single-particle transitions. the higher singlets have negligible oscillator strengths. In the
The B3LYP results essentially reproduce CC2 calculations. ground-state conformation, the optically active state showed also
The lowest singlet state is the active state. It is described by aa non-negligible contribution from the HOM© LUMO + 3

TD-DFT
energy transition % energy  transiton %

S 3.72(0.01) H-4—L+2 495 351(0.24) H1—L 50.0
H—L 44.1
72.8 3.55(0.33) H-L 53.7
H—-1—L 41.2
S; 469(0.01) H-2—L+2 23.7 444(0.01) H2—L 519
H-1—L+2 217 H—L+1 34.9

H—L+16 16.1

S, 3.92(0.64) H—L +2
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TABLE 4: Singlet and Triplet Excitation Energies (eV), TABLE 5: Singlet and Triplet Excitation Energies (eV),
Oscillator Strengths (OS), and Main Single-Particle Oscillator Strengths (OS), and Main Single-Particle
Transitions for NS-2T as Computed at the CC2 Level in the Transitions for BC-2T as Computed at the CC2 Level in the
Excited-State Geometry Excited-State Geometry
state energy oS transitions % state energy oS transition %
S 3.41(3.13) 0.72 H—L 92.4 S 3.41(3.19) 0.56 H—L 84.6
S 3.73 0.00 H-6—L+5 87.9 S 4.04 0.04 H-5—L 50.9
S 4.41 0.00 H—=L+5 43.5 S 4.44 0.00 H-1—L 41.9
H-2—L 17.0 H—L+7 15.8
A 10.0 T 2.15 H—L 85.6
T1 2.18 H—L 91.5 T> 3.61 H-3—L+1 20.9
T2 3.69 H—3—L 24.8 H—L+7 17.1
H—L+15 19.9 Ta 3.96 H-5—L 31.9
H—L+13 16.3 H—4—L 12.7
Ts 3.70 H-4—L+5 88.8 Ta 4.10 H-1—L 59.7
Ta 4.00 H-1—L 62.1 H-3—L 14.7
H-2—L 16.9

aTD-DFT result.
aTD-DFT result.
TABLE 6: Singlet and Triplet Excitation Energies (eV),

NS-2T BC-2T BI-2T Oscillator Strengths (OS), and Main Single-Particle
LUMO+5 0998 e LUMO+T LUMOs16  sz5a7ev Transitions for BI-2T as Computed at CC2 Level in the
Excited-State Geometry
state energy oS transition %
S 3.40(3.09) 0.66 H—L 90.1
LUMO 40,147 ¥ S 3.44 0.01 H-4—L 66.4
Py S 4.35 0.00 H-1—L 32.8
Y QV‘J H—L+16 27.0
g H-—2—L 11.4
T, 2.13 H—L 89.1
HOMO ) —;ﬂeav HOIIJ?? ~7.514 8V T, 3.22 H—4—L+1 62.6
o i H—4—L+16 111
R L o
RS gD T, 3.60 H—L + 16 34.4
= H-3—L 21.5
Ta 4.06 H—1—L 62.0
HOMO-6 ~12.067 eV HOMO-5 —1'1._.5379":" HDl{|0—4 =11.214eV H-3—L 20.2

aTD-DFT result.

o

Figure 4. Most relevant HF orbitals and eigenvalues in the excited- IocaI!Z(_ad_on the bithiophene. However, orblt_als localized or! the

state geometry. succinimidyl group are almost unchanged in shape and eigen-
values.

Table 4 also includes triplet excitation energies, which will
transition, but this transition (which is equivalent to HOM® be used in section IV.C for a qualitative description of
LUMO + 5 in the excited state) does not give a relevant photophysical properties. The first triplet state is almost a pure
contribution here because its single-particle energy is now muchHOMO — LUMO transition, while the second triplet state lies
larger than that of the HOMG~ LUMO transition and this at energies higher than the active singlet state.
prevents the two transitions from mixing. Indeed the HOMO  |n Table 5 we report the singlet and triplet emission energies
— LUMO + 5 transition is completely decoupled from the of BC-2T.

HOMO — LUMO transition, and it gives rise to the third singlet ~ CC2 and TD-DFT emission energies are almost identical to
state, lying in fact about 1 eV above the first singlet state. the NS-2T ones. The;State is the optically active state as it
The S state is characterized by the HOM©6 — LUMO was in the ground state. However in the ground state (Table 2)
+ 5 transition localized on the succinimidyl group (see the the S state single-particle transitions were spread over many
orbitals in Figure 4). This excited state is thus completely unoccupied orbitals, while in the excited state it is an almost
equivalent to the first singlet state in the ground-state geometry pure HOMO— LUMO transition. We note that in the excited-
as also suggested by the fact that the two excited states havestate geometry the electronic structure of BC-2T is only slightly
very close energies. Thus, we note that theud S states are modified with respect to the ground-state configuration. The
interchanged with respect to the results in the ground state inmain consequence is that because of the greater localization of
Table 1. This is due to the geometry changes in the excited virtual orbitals on the bithiophene, in contrast with NS-2T TD-
state, which are localized on the bithiophene and thus decreasdFT calculations, there are no artifacts in the BC-2T TD-DFT
the energy of the optically active state while excitation energies spectrum and the optically active state is the first singlet state.
on the succinimidyl group are left almost unchanged. In the  Concerning the triplet spectrum, it is similar to that of NS-
excited-state geometry, there is a strong reduction of the 2T, but the T excitation energy is about 0.1 eV lower than
HOMO—-LUMO gap that also brings about a reorganization of that in NS-2T.
the orbitals. The shape of the HOMO is almost unchanged while  Table 6 reports singlet and triplet emission energies of BI-
its energy increases 0.47 eV. The energy of the first non- 2T.
Rydberg virtual orbital (LUMO+ 1 in the ground-state Again no differences in emission energies are found as
geometry) is reduced by 0.54 eV in the excited-state geometry,compared to NS-2T and BC-2T. However in this system the S
so that it becomes the LUMO, and the orbital density is more and $ states are almost degenerate. We also note that in the

A
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Figure 5. Absorption and PL spectra of the three molecules in
dichloromethane solutions.
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Figure 6. Absorption and PL spectra for NS-T2 in DMSO, dichlo-
romethane, and toluene solutions.
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TABLE 7: Absorption and PL Energies of the Main Peak
for the Three Systems in Dichloromethane Solution

system absorption PL

NS-2T 348 nm (3.56 eV) 416 nm (2.97 eV)
BC-2T 330 nm (3.75 eV) 412 nm (3.01 eV)
BI-2T 348 nm (3.56 eV) 419 nm (2.95 eV)

ground state Sand $ were very close, also at the TD-DFT
level. Here the §state is an almost pure HOM& LUMO
transition while the gstate is dominated by a HOM© 4 —
LUMO one. The reason is the absence of the oxygen atom in
the substituent, which increases the energy of the HOM®

by 0.37 eV with respect to the corresponding orbital (HOMO
— 5) in BC-2T. As a consequence the energy of the HOMO

4 — LUMO transition and thus of the,State is reduced.

The triplet spectrum is also quite different from those of the
other systems. The,Tstate, which is dominated by transition
out of the HOMO- 4, has much lower energy, and it is below
the first singlet state.

B. Experimental Results.1. Optical Propertiesin Figure
5 we report the absorption (Abs) and the PL spectra in
dichloromethane for all the molecules.

All the spectra are characterized by one main broad peak and

no evident vibrational replicas. The values of the main PL and
Abs peaks are reported in Table 7. A significant shift in
absorption is present between BC-2T and NS-2T while the latter
is very similar to BI-2T. No significant differences (a few
nanometers) are found in the PL among all the systems.
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Figure 7. Photoluminescence relaxation dynamics of NS-2T, BC-2T,
and BI-2T in dichloromethane solutions.

TABLE 8: Absorption and PL Energies of the Main Peak of
NS-T2 in DMSO, Dichloromethane, and Toluené

dipole
solvent ¢ moment absorption PL
DMSO 46.7 4.1 343nm (3.61eV) 429 nm (2.89 eV)
CHCl, 8.9 1.1 348 nm (3.56 eV) 425 nm (2.92 eV)
toluene 2.4 0.4 347 nm (3.57eV) 414 nm (2.99 eV)

2 The dielectric constantg)and dipole moments (D) of the solvents
are also reported.

TABLE 9: PL Quantum Efficiency () and Decay Times
(PL, Radiative, and Nonradiative) for NS-2T, BC-2T, and
BI-2T

system n TpL Trad Thr
NS-2T 28% 1.98 ns 7.2ns 2.7ns
BC-2T 5% 0.48 ns 8.7 ns 0.5ns
BI-2T 1%

TABLE 10: Dipole Moments (D) for NS-T2 in the Ground
and Optically Active Excited States at the CC2 and DFT
Levels

Ccc2 DFT
ground state 0.508 0.703
excited state 2.420 2913

We have also investigated the solvent dependence of the
optical properties for NS-2T. The Abs and PL spectra of NS-
2T in toluene, dichloromethane, and DMSO are shown in Figure
6. Some small shifts can be seen in the PL spectra. In Table 7
the dielectric constant and the dipole moment of the solvent
are reported together with the wavelengths of the Abs and PL
peaks.

We observe that an increase of the solvent dielectric constant
from 2.4 to 46.7 leads to a red shift of the NS-2T PL peak
energy by about 100 meV.

2. Photophysical Propertiesn Figure 7 we report the time-
resolved PL signal for NS-2T, BC-2T, and BI-2T in dichlo-
romethane solutions. The decays are monoexponential, so that
PL decay timesp.) of NS-2T and BC-2T can be extracted,
while non-monoexponential relaxation is observed for BI-T2
solutions.

In Table 9 we report the measured PLQE) (and the
corresponding radiativer{g and nonradiative decay times,j.

These decays times can be extracted from the relations

1/TPL = 1/rrad + 1/an n= rPL/Trad

The PLQE andp_ of BC-T2 are significantly smaller than those
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effect is correctly related to the increased dipole moment in the
excited state with respect to the ground sfite.

In TD-DFT calculations (see right column of Table 1) we
observe that Sis a pure charge-transfer state characterized
almost completely as a HOM©- LUMO transition. For this
state we can expect, except for a small contribution of the HF
exchange in the hybrid kernel, the matrix elements of the TD-
Figure 8. CC2 differential density for the optically active excited state DFT kernel to vanish; thus the; &xcitation energy is largely
in the ground-state geometry. underestimated, and it almost coincides with the keBham

single-particle gap® This observation is confirmed by calcula-
of NS-2T. The PLQE value is more accurate and smaller than tions made using a Beckéerdew®3 XC functional where
that reported in ref 12. We observe that the PLQE apnd half a dozen ghost states (Figure 9) appear below the true states
decrease in BC-2T with respect to NS-2T is mainly due to a due to the neglect of any nonlocal exchange in the Becke
strong reduction of the nonradiative decay timg)( The PLQE Perdew kernel. Figure 9 also reports the results obtained with
of BI-2T is very low and probably affected by different the LHFX approach, i.e., a TD-DFT calculation with the Becke

nonradiative channels. exchange kernel using self-interaction-free Kel@am orbitals
and eigenvalues, obtained with the localized Hartieeck
I\V. Discussion (LHF) approach?53The LHF Kohn-Sham potential is not only

asymptotically correct, but it is self-interaction-fréelhus the

Theoretical calculations show that the NS-2T has a complex L HFX method can correctly treat Rydberg excitations but,
electronic structure. The HF orbitals can be divided into orbitals pecause of the semilocal TD-DFT kernel, cannot properly
localized on the bithiophene, orbitals localized on the succin- describe CT excitations. By comparing the BeekRerdew (B-
imidyl group, and orbitals delocalized on the whole molecule. p) and the LHFX results in Figure 9, we can estimate the effects
Also some low-lying Rydberg orbitals (e.g., the LUMO, not that a correct KohrSham (KS) potential has on excitation
reported in Figure 2) can be recognized, due to the diffuse basisenergies without considering TD-DFT coupling contributions.
set employed. The excited states, both singlets and triplets, arerhe Jowest CT state increases by less than 0.3 eV going from
highly correlated and are often characterized by at least two B—p to LHFX due to the increased KS gap. A much larger
single-particle transitions. effect is instead present going from—® to B3LYP; in this

For all the excited states one of the single-particle transitions case the lowest CT state is increased by about 1 eV, whereas
is from an orbital localized on the bithiophene (succinimidyl) transition localized on the bitiophene (indicated by “B” in Figure
to an orbital localized on the succinimidy! (bithiophene). This 9) increases only about 0.3 eV. These results show that by using
feature might suggest that the excitations of NS-2T are of a a self-interaction-free/asymptotically correct KS potential the
charge-transfer character, but a more detailed analysis showsID-DFT excitation energies are improved, but the effects of a
that this is not the case. In Figure 8 we report the plot of the nonlocal kernel are much larger. Similar conclusions were found
difference between the,$optically active) excited-state density in refs 33 and 70.
and the ground-state density of NS-2T as computed at the CC2 | Taple 1, the $state has no equivalent in the CC2 resullts.
level. Thus we can consider; s a ghost state, due to the XC kernel

The differential density is completely localized on the approximation. The presence of such a ghost state does not affect
bithiophene and on the-€0 group, while no density appears optical properties such as absorption spectra. In fact its oscillator
on the succinimidyl ring. So there is no net charge separation. strength is vanishingly small, and thus it does not contribute to
The charge transfer induced by the HOM® LUMO + 1 the absorption spectra. However, ghost states completely modify
transition is canceled by the HOM& LUMO + 3 transition, the photophysical description, e.qg., a optically forbidden lowest
so that the final result is a transition localized on the bithiophene. singlet state would mean quenching of the PL. Moreover, ghost

This fact is also demonstrated by the invariance of the states are present in the triplet spectrum, which then can be
geometry of the succinimidyl group upon excitation. The same strongly corrupted and cannot be used for the description of
considerations also hold for Svhich, despite the HOMG- 6 photophysical properties (section IV.C).
— LUMO + 1 transition, is described by a transition density  A. Binding to Biomolecules.Theoretical calculations show
localized on the succinimidyl group with no charge-transfer that the BC-2T has an electronic structure that closely resembles
signature. that of isolated bithiophene. The occupied orbitals (Figure 2)

Even if there is no net charge separation in NS-2T, experi- do not change much after binding, and it is still possible to
mental results show a non-negligible (100 meV) shift of the identify, among the orbitals appearing in the main single-particle
PL main peak with the solvent polarity. In Table 6 the computed transitions characterizing the excited states, orbitals localized
dipole moments of NS-2T are reported in the ground and excited on the bithiophene (HOMO) and orbitals localized on the
states. substituent group (HOMG- 6 in NS-2T and HOMO— 5 in

Most of the magnitude of the dipole is due to the component BC-2T). On the contrary the binding to a biomolecule has a
along the molecular axis, and only a little contribution is due Strong effect on virtual orbitals. We can compare the LUMO
to the perpendicular component. The origin of a large dipole in + 1 and LUMO+ 3 of NS-2T with the LUMO+ 3 and LUMO
NS-2T can be traced back to the-©O group effect and to the + 6 of BC-2T to see that in BC-2T the orbital denSity is more
acceptor nature of the oxygen atom. However, the effect of the localized on the bithiophene.
nitrogen atom seems to compensate for that of the oxygen atom The excited states of BC-2T are characterized by many single-
so that the G-N group plays a more minor role than the-O particle transitions, and it is difficult to identify the character
group. Both CC2 and TD-DFT predict a much larger dipole in of the excited state. Nevertheless, by inspection of the single-
the excited state. As shown in Table 8 the emission energy particle transitions, we can relate the first singlet state of BC-
decreases as the dielectric constant of the solvent increases. Thi&T with the second singlet state of NS-2T and the second singlet
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Figure 10. Comparison between CC2, TD-DFT, and the experimental
absorption peak in dichloromethane solution.

state of BC-2T with the first singlet state of NS-2T. The reason

that in BC-2T the excited states have a higher energy and appeaW

in reverse order with respect to the excitations of NS-2T may

be traced back to the greater weight in BC-2T excited states of

transitions to higher orbitals and to the greater localization of
virtual orbitals of BC-2T on bithiophene.

Fabiano et al.

that trendsbetween different systems are very well predicted
by both CC2 and TD-DFT. The excitation energy of BC-2T is
predicted to be about 0.2 eV higher than that of NS-2T. This is
due to the presence of oxygen atoms in the latter. In BC-2T the
presence of the NH group cancels the effect of the acceptor
group of C-0. This is indeed confirmed by calculations on
BI-2T (in which no N=H group is present), which has an
excitation energy close to that of NS-2T. The blue shift in
absorption energies going from NS-2T to BC-2T can be traced
back to orbital energies, and it is easier to consider TD-DFT
results as they are more easily described in terms of single-
particle transitions. In NS-2T the optically active state is
characterized by HOMG~ LUMO + 1 while in B2-2T the
transition is HOMO— LUMO. From from NS-2T to BC-2T,

the HOMO energy increases by 0.309 eV, but the energy of
the corresponding unoccupied orbital increases more (0.465 eV),
meaning that the KS gap and thus the excitation energy are
increasing.

However, when comparingbsolutevalues we note that the
CC2 results are blue-shifted with respect TD-DFT by about 0.3
eV. This difference is related to the different approximations
in the two methods, and similar differences were also found in
oligothiophened® When comparing theoretical absolute values
and experimental results, we must point out that (1) calculations
are performed in empty space (i.e., the gas phase) while
experimental measurements are performed in solution, and the
latter are usually red-shifted (by about 0.1 eV) with respect to
the gas-phase, and (2) we compute electronic vertical excitation
energies while experimental measurements are related to the
band maximum in solution where no vibronical replicas are
visible, so that the band maximum can easily underestimate the
vertical excitation energy (by about 0.1 eV). Thus we can
conclude thatboth TD-DFT and CC2 are in very good
agreement (by about 0-D.2 eV) with measurements within
the experimental accuracy.

While absorption energies show significant difference among
the systems, theame emission energits all the three systems
are predicted by both CC2 and TD-DFT, about 3.4 and 3.1 eV
for CC2 and TD-DFT, respectively. This is in good agreement
ith the experimental measurements, where all the emission
peaks are at about 3.0 eV. (Deviations less that 60 meV are
present.) The equivalence of emission energies can be explained
as follows.

In the excited-state geometry, all the optically active transi-

The origin of the localization of virtual orbitals deserves some tions are HOMO— LUMO. As it can be seen in Figure 4, the
more consideration. While the occupied orbitals show a common HOMO does not change its shape among the three systems;
behavior in all three molecules, the virtual orbitals are more the same is true for the LUMO. Both orbitals are completely
dependent on the presence of different functional groups. A localized on the bithiophene segment, and they are very close
major role is played by the oxygen atoms, which are well-known t0 the isolated bithiophene, as previously observed, with the
to attract charge in the virtual orbitals. In NS-2T the presence €xception of the contribution on the—~®, which is almost
of three oxygen atoms in the C(©NH—succinimidyl group equivalent in all the systems. While wave functions do not
causes the electronic density to be strongly attracted by thischange among the systems, the orbitals energies are instead
group. As a consequence, the LUMO1 is spread over the  affected by the potentials of the substituent atoms, in particular
entire molecule, and the LUM® 3 is mostly localized onthe ~ ©0xygen and nitrogen. In fact the HOMO energy increases going
succinimidyl group. In BI-2T, only one oxygen atom is present, from NS-2T to BC-2T and decreases going from BC-2T and
and the effect is less strong. The LUMO2 is mainly localized ~ NS-2T. The key point is that also the LUMO energies are
on the bithiophene, but the LUM® 6 is still mostly localized =~ modifiedin the same wagps for the HOMO, meaning that the
on the G-O group. In BC-2T again we have one oxygen atom, Single-particle gap and thus excitation energies remain almost
but its effect seems to be compensated for by the presence otinchanged among the systems.

the nitrogen atom. The virtual molecular orbitals thus are more
localized on the bithiophene segment of the molecule.
B. Comparison with Experiments.In Figure 10 we compare

C. Photophysical Considerations.The main nonradiative
decay path in unsubstituted oligothiophenes is known to be
intersystem crossing (ISC§."* 73 A quantitative analysis of ISC

the experimental absorption peak and the theoretical excitationrequires the calculation of the singlet/triplet potential surfaces
for the optically active states for the three systems. We note and the spir-orbit coupling from $to the triplet manifold*~76
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