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A systematic study of the relation between the molecular structure and the electronic properties of
new dicyanovinyl (DCV) substituted acceptor-donor-acceptor chromophores is described. A
combination of theoretical and experimental methods shows a subtle relation between the charge

transfer character and the geometry of the molecules.
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Abstract

In this contribution we describe a combined expental and theoretical study of
the relation between the molecular structure anel eéhectronic properties of
conjugated donor-acceptor type chromophores fértdigarvesting applications. A
series of model systems was synthesized where @ateanthracene (electron
donor) is connected to dicyanovinyl units (electranceptor) through ar-
conjugated spacer. The study of the redox and alptproperties of these
chromophores and of reference compounds withowtadiavinyl units allows us
correlate the electronic properties to the presewmicéhe electron withdrawing
groups and the molecular conformation. Comparisat walculated electronic
structure shows that the construction of chromoebtahat consist of electron
donating and accepting units does not always foltbes simple rules that are
generally used in the design of such molecules.rébalts show a subtle relation
between the charge transfer character and the gepofethe molecules. In some
cases this leads to significant contribution of rgeatransfer excitation to the
absorption spectra of some chromophores while soakributions are completely
absent in others.

Keywords: small organic dyes, 2,2’-dicyanovinylene, acceptonor-acceptor

type chromophore, electronic structure, geometfpmieation, charge transfer



1. Introduction

Conjugated small molecules and polymers are infegescandidates for
application organic opto-electronic devi¢&sOne of the attractive points of using
such n-conjugated molecules and polymers is that theticap and electronic
properties can be optimized for specific appliaagidoy using rational design
approache&!! Therefore building a thorough fundamental undediteg of the
relation between the molecular structure and tleetenic properties in such
materials is important to provide further guidamoethe design of new materials
with optimal propertie$?** In this respect, small conjugated model compounds
with well-defined geometries prove to be very ubkefince they allow for a
detailed characterization that combines electrocsteyn and spectroscopic
techniques with high-level theoretical methods. &btaer, small organic
molecules are of considerable interest in their orght, for instance for
application in photovoltaic devices due to theghabsorption coefficient and the
possibility to tailor the HOMO-LUMO energy gap2' From a synthetic point of
view, small organic molecules are attractive sitihey are monodisperse in nature
with well-defined chemical structures and a goottido-batch reproducibility.
Compared to their polymer counterparts, high-leteoretical studies on small
organic molecules can be performed in a relatireghtforward manner.

A variety of molecular design approaches have bessd to tune the optical
properties, charge carrier mobility, HOMO and LUM#Dergy levels and the
structural ordering of small organic moleculeshe solid state. One of the most
successful approaches to influence the HOMO and OUWkhergies involves
incorporation of alternating electron-rich (DonoB) and electron-deficient
(acceptor, A) aromatic units into the molecule Kimme?**° In such combined
polymers and oligomers it is assumed that the HOM e donor and the LUMO
of the acceptor are largely responsible for thation of the frontier orbitals in D-
A systen®3! The HOMO and LUMO can then be tuned individuatBsulting in

a straightforward approach to engineer the banadgdpe copolymers/oligomers.
While this approach has been predominantly usgmbliymers, the combination of

donors and acceptors in small organic moleculesn&tance based on a/AD-n-



A configuration, are receiving increasing attentiorf This is especially true for
the inclusion of dicyanovinyl (DCV) as an electwithdrawing unit®’3°
Recently, a series of oligothiophenes end-cappél suich DCV acceptor groups
has been developed in the Bauerle research §fdtdpt was reported that the
introduction of the DCV group leads to a considgrabduced the HOMO-LUMO
energy gap and an intense absorption in the vigibtgon due to the strong
electron withdrawing nature. The DCV units alsotdbute to the conjugation of
the backboner-system and can lead to specific intermoleculageratdtions that
change the packing of molecules in the solid $fate most small organic
molecules, acceptor and donor units are linkeduiiincaz-spacer to increase the
conjugation length. In addition to the length of th-conjugated spacer, the
intrinsic electronic properties of tmespacer may also affect the spectral response
of the molecule.
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Scheme 1. Molecular structures of control compounds and D&M capped

chromophores.

In this contribution, we explore the relation beéwemolecular structure and the
electronic properties of small conjugated moleculdgsconsidering two series of
new model compounds that follow the acceptoebiidge)-donor-bridge)-

acceptor architecture (A-D-n-A) (Scheme 1). The effects of the acceptor unit on



the optical and electronic properties of the chrphayes are investigated and
compared to control compounds that lack DCV-uni¥sthin the first series, the
aromatic n-spacer is varied from benzene through thiophenealitbiophene,
leading to improved optoelectronic properties.Ha second series, the changes in
the optical and electrochemical behavior origimatinom the extension of the
effective conjugation length by insertion of anyetyl in then-bridge are reported.
These series of compounds allow us to not onlyyste effect of combining units
with different electronic properties into a singtelecule but also to investigate
geometrical effects, for instance the planaritytlsé molecules. The electronic
properties have been studied by a combination gemmental methods and

electronic structure calculations.

2. Experimental Section

2.1. Material Synthesis.

All starting materials were purchased from Sigmd#ih, Acros or Alfa Aesar
and used as received without further purificatioAnalytical thin layer
chromatography (TLC) was performed on silica gelF@%4 (Merck) plates and
detected under a UV lamp. Column chromatography pestormed on silica gel
60 (Aldrich). 9,10-dibromoanthracefie 5-(5-bromothiophen-2-yl)thiophene-2-
carbaldehyd®, 9,10-bis((tri-methylsilyl)ethynyl)-anthracete 9,10-
diethynylanthracene () 2-(10-(thiophen-2-yl)anthracen-9-yl)thiophene A,
2-(thiophen-2-yl)-5-(10-(5-(thiophen-2-yl)thioph@ayl)anthracen-9-
yl)thiophene(BABJ®, 9,10-bis(2-phenylethynyl)anthracene (EBABR-(2-(10-(2-
(thiophen-2-yl)ethynyl)anthracen-9-yl)  ethynyl)tpleene  (ETAT}*  were

synthesized according to literature procedures.

2.2. Characterization.

'H NMR and *C NMR spectra were performed in the appropriatetetated
solvents with tetramethylsilane as internal staddan a Bruker Advance
spectrometer at 400 MHzH) and 100 MHz ¥C); chemical shifts§) are reported



in parts per million. FTIR measurements were cdrio@it on a Perkin Elmer
Spectrum One FTIR spectrometer with ATR. EI-MS measents were
performed on a Shimadzu GCMS-QP2010S spectromél€rvis absorption
spectra were measured in dichloromethane ;({IH and recorded on a Perkin
Elmer Lamda 40 UV-Vis spectrometer. Fluorescenadiss were carried out on a
QuantaMaster™ 40 UV VIS fluorescence spectrometer.

All electrochemistry experiments were done in aveortional three-electrode cell
using a platinum flag working electrode, a platinwmne counter electrode and a
silver wire pseudoreference electrode. Cyclic volteograms were obtained in dry
degassed CHKI, using 0.1 M tetra-n-butylammonium hexafluorophagph(n-
BWwNPFs;) as the electrolyte, scanning at a rate of 50 mVhe electrochemical
potential was subsequently calibrated versus thm@denium/ferrocene (Ft-c)
using the formal potential of this redox couple(®46 V vs SCE in 0.1 M n-
BuNPR in CH,CI,>?*8 The corresponding energy levels are reportedivelao
the vacuum level using the following equations HOM@Eqnset oxvs Ferrat D.1)
(eV) and LUMO= -(Bnsetredss Fe+/Fet 5.1) (V).

3. Results and Discussion

3.1. Synthesis.

The route to synthesize the accepteb(idge)-donor-bridge)-acceptor system
is depicted in Scheme 2 and 3. Boronic e$tarnderwent smooth Suzuki cross-
coupling with brominated aromatic aldehydes in higbnversions under the
standard reaction conditions: boronic ester (3\ejjusodium hydrogencarbonate
(12 equiv.), Pd(PR (5 mol %), THF/HO, heating to reflux for 24 h. Subsequent
Knoevenagel condensation of the dialdehyde devigativith malononitrile in the

presence of triethylamine resulted in the DCV eapgped target compounds.
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Scheme 2. Synthetic routes for directly-linked chromopho(®&.Cs)’

%Conditions. (a-c) Pd(PRh, THF, KCO; (aq) (a) 4-bromobenzaldehyde, (b) 5-
bromothiophene-2-carbaldehyde, (c) 5-(5-bromothemp-yl)thiophene-2-carbaldehyde,
(d) malononitrile, TEA, CHGI

The synthesis of 9,10-bis(ethynylarylaldehyde)aatbne started from anthracene,
which was brominated with bromine in acetic acidgive 9,10-dibrominated
anthracene. The latter compound was coupled withS¥EMdetylene in a
Sonogashira coupling reaction to obtain TMS-pra&eédhtermediates. The cross-
coupling reaction has been performed in TEA witm& % Pd(PP¥).Cl, and 10
mol % cuprous iodide at 60 °C for 3 h. The interiatdd product was desilylated
with 5 equiv. of KOH in a THF/methanol mixture ab’°2. To obtain the
dialdehyde precursors for the DCV-substituted swystebrominated aromatic
aldehydes were cross-coupled with deprotectedetatgd/ intermediates (5) in a
Sonogashira reaction with 5 mol % Pd(BRbI, and 10 mol % cuprous iodide at
25 °C for 16 h. In a final step, the dialdehyded#ives were transformed into the
corresponding dicyanovinylene compounds by Knoegeha@ondensation with
malononitrile in the presence of triethylamine iacoform. All DCV-substituted

systems could be obtained in high purity by flaBtomatography on silica gel.



Scheme 3. Synthetic routes for ethynyl-linked chromophorés s}

%Conditions. (a-c) Pd(PRh, THF, KCOs; (aq) (a) 4-bromobenzaldehyde, (b) 5-
bromothiophene-2-carbaldehyde, (c) 5-(5-bromothéop-yl)thiophene-2-carbaldehyde,
(d) malononitrile, TEA, CHGI

3.2. Electrochemistry.

The redox behavior and energies of the frontieremlr orbitals were studied by
cyclic voltammetry. The information that is dirgctlobtained from cyclic
voltammetry is the oxidation and reduction potdnti@r convenience we have
converted these potentials into approximate HOM® lHdMO energies using the
know oxidation potential and HOMO energy for feroe (HOMO = -5.1 eV).
This gives a correlation between the energy reduineadd (remove) one electron
to (from) a molecule, the standard reduction (oxag potential and the energy of
the LUMO (HOMO) have been used to estimate thegnkvels of the frontier
orbitals?® The measurements were performed in,Clpl containing 0.1 M n-
BuwNPF as a supporting electrolyte. As noted above, thwecoular orbital

energies are calculated from electrochemical resallibrated with ferrocene with



a value of 5.1eV (Table 1) and summarized for the series of compounds in
Figures 2 and 3, respectively.
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Figure 1. Cyclic voltammograms of (a) DPA-DPAM and (b) DPAVATM, BABM in
0.1 M BuNPFR/ CHyCl,at a scan rate of 50 mV/s.

In Figure la the cyclic voltammograms of DPA andADP are shown. The
dicyanovinyl end-capped chromophore (DPAM) hasghéi oxidation potential
than that of the unsubstituted analogue (DPA), Wwitanslates to a lower HOMO
level for the dicyanovinyl substituted compoundeT™ame trend was observed for
all the model compounds studied in this work. A éorying HOMO of the DCV
substituted compounds is consistent with preserficéhe electron withdrawing
dicyanovinyl units as compared to the control coomus. All of the control
compounds without DCV show well-defined oxidatioeatures; however, no
cathodic reduction processes were recorded, whghdifferent from the
dicyanovinyl-end capped chromophore (see Suppottfgmation, Figure S1).
The LUMO energies of the control compounds weraioled by subtracting the
optical bandgaps from the electrochemical oxidatimta. The LUMO energy
levels show similar values in the range of -3.30.30 eV. In Figure 2 the HOMO and
LUMO energy levels are summarized for the diretitiked series of compounds. The
scheme shows that the variation in the HOMO lesatary small throughout this series
(~0.4 eV) while for the LUMO level variations excieg 1eV are observed. This is
consistent with the electron-withdrawing naturegref DCV groups, which mostly affect
the LUMO. In addition, the nature of theconjugated spacer between DCV and the
central anthracene unit also affects the LUMO lewdlile leaving the HOMO energy



largely unchanged. The trends in the HOMO and LUMeIs can be understood when
considering the results of electronic structurecwations. DFT calculations were
performed using the M062X functional combined wahcc-pVDZ basis set in the
Gaussian’09 program packatfeThe effect of the introduction of DCV units in the
directly linked chromophores is clearly illustrate¢chen comparing the shape and
localization of the HOMO and LUMO for DPA and DPAINI Figure 4.
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Figure 2. Energy levels of the control compounds and chrdmogs in directly-linked
chromophores obtained by CV.
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Figure 3: Energy levels of the control compounds and chrorogghin ethynyl-linked

chromophores obtained by CV.

For DPA, both the HOMO and LUMO are mostly locatizen the anthracene unit and
the electronic properties are almost not affectedhie rest of the molecule. While the
HOMO in DPA is largely unchanged when going to DPAtle LUMO is now almost
completely localized on the DCV units and ttispacer. More detailed inspection shows
that while the original anthracene LUMO is stillepent in DPAM (and has the same
energy as in DPA), the DCV units contribute to ghleir lying orbital on the outer parts of
the molecule and pull the energy of this orbitalobethe anthracene LUMO. As is
clearly seen in Figure 4, the LUMO spreads ovehlo¢ DCVs and the-spacer, but has
very little density on the anthracene, again duthéolarge dihedral angle. An interesting
trend can be observed when comparing the HOMO gnefgDPAM and TATM.
Thiophene is considered a better donor than benzemeever, the HOMO level of
TATM is lower (more negative) than that of DPAM.i3lis caused by subtle differences
in the dihedral angles between the central antheeead the phenyl or thiophene. As can
be see in Table, for the thiophene containing sltEns the dihedral angle is very close
to 90 degrees and there is almost no mixing betwleeiHOMO on anthracene and those
on the thiophenes. For the DPAM, the angle is ssmahd hence the large (but still
small) mixing between the states on anthracendtanghenyl-containing side chain lead

to slightly less negative HOMO levels.
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Figure4. Optimized geometries, Frontier molecular orbitd8MO and LUMO of
DPA, DPAM, EDPA and EDPAM. Calculations were cadraut at DFT (M062X/cc-
pVDZ) level; dihedral angles between the planedarfor unit and linker unit are

indicated by red circle.

The breaking of tha-conjugation by the strong deviations from planafdr the
directly linked molecules can be overcome by theuotuction of an ethynyl unit in
the n-spacer. This reduces the steric interaction teatld to this conjugation
breaking (Figure 4). Consequently, the ethynyldithlseries of compounds have an
almost fully planar conformation. This is reflectedthe oxidation and reduction
potentials that are summarized in Figure 3. Nowhkbe HOMO and LUMO
energies change when structural changes are madpeeirouter parts of the
molecules, even for the control compounds withoGMunits. This indicates that
the DCV units should contribute to both the HOMOdahe LUMO. This is
confirmed by the DFT calculations as seen in Figureéor EDPA both the HOMO
and LUMO are fully delocalized over the whole mallec The introduction of
DCV in EDPAM changes this to some extent. The HONM&comes more
localized towards the anthracene while the LUM®udled to the outer parts of
the molecule. This is directly reflected in thedation potential, which increases
on introduction of DCV (see Figure 4). The LUMO ékvs considerably lowered
by the introduction of the DCV units, as expectdd. the other ethynyl-linked

11



compounds the nature of tlespacer also affects both the HOMO and LUMO

because it contributes to both of these orbiteds #ne now delocalized along the

whole backbone of the molecule (See Table S1).

Table 1. Optical and electrochemical properties of chronuwph.

Chromophore Algax €max Plvax | EQ” | Enomo | Ewumo | EGTC

(hm) MTem?) | (nmP | @V | (eVv) | (eV) | (eV)
DPAM 390 16 x 16 605 | 254| -6.68| -4.42 2.26
TATM 381 60 x 16 587 | 2.51| -6.77| -452 225
BABM 453 23 x 16 633 | 2.44| -653| -464 1.89
EDPAM 537 20 x 10 587 | 2.17| -6.35| -4.18 2.17
ETATM 515 36 x 10 620 | 2.02| -594| -428d 1.66
EBABM 521 47 x 16 634 | 198| -5.78| -4.16 1.62

2 First real maximum in spectrum, this does not diyecorrespond to the lowest

electronic state® From photoluminescence spectra in supporting in&tion. ¢ Energy

gap determined from the onset of the optical aliznrg Energy gap from CV data.
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Figure 5. The optical absorption spectra of (a) control coomus and (b) DLCs
chromophores (DPAM, TATM, BABM) in CCl, solution (c) Theoretical
simulation of the UV-vis absorption spectra for DA €hromophores (DPAM,
TATM, BABM).

3.3. Optical Properties.

In Figure 5, the absorption spectra of the diretitiked chromophore series are
shown, together with those of the control compouwvdeout DCV. The spectral
data obtained from these spectra and the fluorescemission spectra in the
supporting information are summarized in Table 1.

In the unsubstituted analogues multiple absorptraxima are observed in the
absorption spectra which are associated withtthetransition of anthracene core.
The characteristic vibrational fine structure of tisolated anthracene group
confirms the results from the calculations desaribbove that the introduction of
bulky substituents to the 9 and 10 positions on d@m¢hracene results in a
nonplanar conformation with restrictedelectron delocalization. Therefore, the
absorption spectrum is largely determined by thracene unit. Introduction of
the electron withdrawing DCV groups leads to coesatlle red shifts in the
absorption spectra for all chromophores. At theeséime, the absorption spectra
lose the characteristic vibrational fine structuteat was observed in the
unsubstituted analogues. This shows that the nafutike excited state changes,
from a localized excitation on the anthracene telcalized excitation to which
the anthracener-spacer and the DCV all contribute. The opticaldogaps, taken
as the onset of the absorption, are found to b& &4for DPAM with the benzene
linker, 2.45 eV for TATM with the thiophene linke2,42 eV for BABM with the
dithiophene linker. The emergence of a shouldethm absorption spectra of
DPAM and less pronounced in TATM could be an intdaraof an intramolecular
charge transfer between the electron rich antheamoane and the electron poor
dicyanovinyl end groups. In order to obtain mor®@imation on the nature of the

different features in the UV/Vis spectra of thearhophores studied in this work

13



we have performed time-dependent DFT calculatt8isA variety of density
functionals and basis sets (GGA (BP86), Hybrid (BBl and meta-GGA (MO06-
2X)) were compared in this study to establish tast lbunctional for the calculation
of the optical properties of the DCV substitutednpounds as described in the
supporting information. In agreement with extensibenchmarks of DFT
functionals for the calculation of excitation enegit is found that M06-2X

performs very welf®>°
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Table 2. Calculated and experimental transition energ&si( eV), calculated oscillator

strengths (f) and composition of excited state.

Compound | AE AE f Composition of excited state
(exp.) | (calc) | (calc.)
ineV | inev
DPAM 292 | 3.33 0.38 0.61(H-L) + 0.33 (H- L+2)
3.23 | 3.60 0.12 -0.32(H-L) + 0.61 (H- L+2)
3.99 | 431 1.60 0.49(H-3- L) — 0.48(H-2- L+1)
TATM 2.77 3.42 0.67 0.14(H-2-L) — 0.14(H-1- L+1) + 0.68
(H-L+2)
3.17 | 3.95 1.31 -0.48(H-2- L) + 0.48(H-1- L+1) +
0.19(H- L+2)
3.56 | 531 1.31 -0.21(H-5- L+2) + 0.45(H-3- L+2) +
0.50(H- L+3)
BABM 2.72 3.26 1.91 0.41(H-2-L) + 0.40(H-1- L+1) —
0.39(H- L+2)
3.00 | 343 0.59 0.49(H-2- L+1) + 0.49(H-1- L)
3.54 | 0.10 0.28(H-2-L) + 0.28(H- L) + 0.58(H- L)
EDPAM 230 | 254 1.75| -0.11(H-1- L+1) +0.68(H- L) +0.15(H- L+2)
3.25 | 3.65 0.32 -0.16(H-2-L) + 0.12(H-1- L+1) +
0.65(H- L+2)
4.00 0.82 0.61(H-2-L) — 0.22(H-1- L+1)
+0.18(H- L+2)
ETATM 254 | 2.43 1.94| 0.68(H-L) - 0.13(H-1- L+1) + 0.11(H- L+2)
3.75 | 3.53 0.36 0.62(H-L+2) + 0.24(H-2- L) + 0.18(H-
1-L+1)
472 | 3.80 0.50 0.59(H-2-L) - 0.27(H- L+2) + 0.19(H-
1. L+1)
EBABM 240 | 2.39 2.69| -0.18(H-1- L+1) + 0.64(H- L) -0.18(H- L+2)
292 | 3.24 0.39 0.27(H-2-L) - 0.28(H-1- L+1 +
0.56(H- L+2))
3.59 0.45 0.48(H-2-L) -0.28(H-1- L+1) —
0.33(H-L+2)

In Table 2, the calculated transition energiesheflowest three excited states with

an oscillator strength (f) larger than 0.1 areelisttogether with the composition of

the excited states. The experimental values for lthelying transition were

15



obtained from fitting the absorption spectra withiltiple Gaussian peaks since
they typically consist of multiple close lying ttions (see Supporting
Information Figure S7). For DPAM the lowest excitsthte consists mostly of
excitation of an electron from HOMO to LUMO. Frohetdiscussion above on the
localization of the HOMO and LUMO on the anthraceme dicyanovinyl parts of
the molecule it is clear that the lowest allowednsition for DPAM
(corresponding to the shoulder in the absorptioacspm at 425 nm) has a
substantial charge transfer character. For the rottveo directly linked
chromophores, TATM and BABM the observation is eatHifferent. In this case
the lowest excited state does not contain any HOMMMO character but
excitations from other orbitals are dominant. Frandetailed inspection of the
different excited states it was found that in b&&TM and BABM a charge
transfer excited state similar to that in DPAM éxibut with negligible oscillator
strength so it does not contribute to the obseatexbrption spectrum. The large
contribution of HOMO-LUMO transition in the lowestxcited state for DPAM
leads to considerable CT character in this case. dther transitions involved in
the allowed excited states for the directly-linksampounds involve orbitals that
are localized on the same unit, as can be infeinmd Table 2 and the orbital
pictures that are shown in Figure S5 in the suppgpihformation. As an example,
for TATM in the (H->L+2) contribution both orbitalare localized on the
anthracene units, while for the other two contidmg (H-2->L and H-1->L+1)
both orbitals are localized on the DCV and thepgaeer. The same trend is also
observed for all other transitions in these thrempounds. From the data for the
lowest three calculated transitions in Table 2 Igoabecomes clear that the
appearance of the experimental absorption speatrattie directly linked
chromophores results from several close lying tteams. This is also true for
instance for BABM where contributions from diffetealectronic states to the
experimental spectrum are less obvious than in DPs#&id TATM. In order to
directly compare the experimental spectra we haes uhe 30 lowest calculated
transitions from the TDDFT calculations to constrsimulated absorption spectra,

using a Gaussian broadening of the absorption baind25 eV. The result of this
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simulation is shown in Figure 5c. Overall, the agnent of the general shape of
the spectra is rather good, with a consistent bhift of the spectra compared to
the experimental data. The latter is attributedh® absence of any environment
effect in the calculations, while the experimenerevdone in CkCl, solution. In
the second series of chromophores, ethynyl groapsaming carbon-carbon triple
bonds were introduced in thespacer to enhance the effective conjugation over
the molecule by removing the steric interactiorwsstn the anthracene core and
the aromatic bridges. As discussed above, the lialof this approach is
confirmed by geometry optimizations that show titat ethynyl-inserted systems
are planar (see Figure 4). The absorption spettitzeccontrol compounds without
DCV, shown in Figure 6a, clearly show the effectld insertion of the ethynyl
units.
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Figure 6. The optical absorption spectra of (a) control compus and (b)ELCs

chromophores (EDPAM, ETATM, EBABM) in Ci€l, solution (c) Theoretical
simulation of the UV-vis absorption spectra for EL€hromophores (EDPAM, ETATM,
EBABM).
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The absorption bands shift to lower energy, becbmeadened and lose the vibrational
structure as compared to the directly linked cdrdompounds (Figure 5a). Inclusion of
the DCV units leads to a pronounced red-shift i@ #tosorption spectrum in all three
compounds, similar as observed for the directlitdthchromophores. The optical band
gaps calculated from the onset of the* transition were found to be 2.17, 2.02 and 1.98
eV for EDPAM, ETATM and EBABM, respectively. Thigend reflects the more
electron-rich nature of the thiophene group, aspamed to the phenyl group, leading to a
higher lying HOMO and hence a decreased energy Aydqhition of a second thiophene
ring in EBABM further increases the HOMO (see Fg@®) but apparently also moves
the LUMO level to higher energy, resulting in omyminor decrease in the energy gap.
DFT calculations for the ethynyl linked series shibnat the lowest allowed transition is
in all cases dominated by HOMO-LUMO excitation. Was discussed above, both the
HOMO and the LUMO for the ethynyl linked chromopésrare rather delocalized, but
the HOMO still has more density on the anthraceh#deathe LUMO is localized more
towards the dicyanovinyl. Therefore, the lowesnsidons in EDPAM, ETATM and
EBABM exhibit small charge transfer character (betow). In the case of the ethynyl-
linked chromophores the DFT calculations show thatdifferent electronic transitions
are well-separated, with roughly 1 eV differencén®=n the lowest two excited states in
all cases. The shape simulated absorption spetralso in good agreement with the
experimental spectra (Figure 6c), although agaénrétative intensities for the different

compounds are not reproduced.

3.4. Chargetransfer character in the excited state

The charge transfer character in the excited sted@sbe more clearly identified by
comparing the electron density in the ground saatbthe excited statéSIn Figure 7 the
change in the charge distribution upon excitatmmhe lowest (allowed) excited state is
shown for all six chromophores. These changes angehdistribution were obtained by
taking the difference in the sum of the Mullikenaojes for a specific fragment
(anthracene, ethynyl, phenyl, thiophene and dicyauyt) of the molecule in the ground

and excited state. The figure clearly illustrates gignificant charge transfer character for
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the lowest excited state in DPAM; a significant amoof negative charge moves from
the anthracene unit towards the dicyanovinyl unithe outer parts of the molecule. For
TATM and BABM there is hardly any shift in chargpan excitation, which clearly
shows that there is very little charge transferati@r in the lowest allowed excited state.
This is consistent with the absence of HOMO-LUMQ@uetter in this excited state. For
all ethynyl-linked chromophores (EDPAM, ETATM an@&BM) the picture is similar.
There is a clear shift of electrons from the argdbree towards the dicyanovinyl units but
the amount of charge is considerably less thanDiBAM (0.1-0.2 e vs. ~0.4 e for
DPAM). This can be understood when the shape oHO&O and LUMO orbitals are
considered. Both the HOMO and the LUMO are delaealj but with some extra density
on the anthracene for the HOMO and some extra gensi the dicyanovinyl for the
LUMO. Since the lowest excited state is dominatgdaliransition from the HOMO to

the LUMO in all of these chromophores, excitatieads to a small shift in charge upon

excitation.
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Figure 7. Change in the charge density on the differentiuguits in the chromophores

upon excitation to the first excited state as otgdifrom a Mulliken population analysis.

3.5. Stokes shift and geometric structur e reor ganization.

Excitation of a chromophore to an excited stateegaly leads to changes in the
geometry of the molecule. Such geometry changesedlected in the Stokes shift; the
difference between the absorption and emission maxiThese shifts can be obtained
from experimental data but can also be calculatedpbimization of the geometry of the
excited state using time-dependent density funatidheory. The experimental and
calculated absorption and emission energies dezllia Table 3 together with the Stokes
shift obtained from these data. Both in the expental and the calculated data there is a
clear distinction in the Stokes shift for the DL@sd ELCs series. Although the
difference is more pronounced in the calculatidvatin the experimental data, it is clear
that the Stokes shift is larger for the directhkid series than it is for the ethynyl linked
series. This points to larger geometric struct@arganization upon excitation for the
directly linked series than for the ethynyl linkedromophores. In the directly linked
chromophores the geometric structure reorganizaigonroughly be divided in two parts;
planarization and a transition from aromatic anthgugal bonding patterns. From the
geometry optimization it becomes clear that reliaxabf the geometry in the directly
linked chromophores leads to a significant decreashe dihedral angle between the
anthracene and the neighboring phenyl or thioplgrnaps (see Table 3). This partial
planarization results in an increased degree gjugation in the excited state, and hence
a significant Stokes shift. Apart from the planatian there are many other degrees of
freedom by which geometry relaxation can take pkfter excitation. Most importantly
for conjugated molecules, deformations in the castarbon bond lengths occur upon
excitation. In the ground state a sequence of @ignsingle and multiple bonds can be
followed through the molecule where there are wicstdifferences in the bond length; i.e.
a bond-length alternation can be observed. Thisd#emgth alternation generally
becomes less upon transition to the excited stag¢eta the quinoidal bonding patterns.
This geometry deformation leads to a Stokes shife calculated Stokes shift due to all

geometry deformations is roughly 1 eV for the diyelinked chromophores.
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Table 3. Calculated and experimental absorption and enms=nergiesAE in eV).

Compound AEaps AEem Stokes AEaps AEem Stokes (g
(exp. (exp. shift (calc. (calc. shift (deg.) (deg.)
in in (exp.) ineV) ineV) (calc.)

evV) eV)
DPAM 292 215 077 333 251 0.82 80 51
TATM 277 216 061 342 234 1.08 90 45
BABM 272 204 068 326 232 094 90 48
EDPAM 230 213 017 254 219 035 0 0
ETATM 254 198 056 243 208 0.35 0 0
EBABM 240 189 051 239 201 0.38 0 0
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Figure 8. Change in the C-C bond lengths along the chrom@pbackbone upon
excitation to the lowest excited state. The nunmgeaf the bonds is indicated in the

scheme.

For the ethynyl-linked chromophores the Stoked shibverall significantly smaller, both

in the experiments and in the calculations. Thenndifference between the directly
linked series and the ethynyl linked series is that ethynyl linked chromophores are
fully planar in the ground state. Therefore no plaation can occur in the excited state.

Therefore, we conclude that in the directly linlesties, the larger Stokes shift is due to
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planarization of the non-planar molecule. In thieyeyl-linked series both the ground
state and the excited state are fully planar aedotily geometry deformation that can
occur is in the bond length. As can be seen inrBi§uand Figure S4, the changes in the
C-C bond lengths are similar to those in the diydatked chromophores. In all cases the
largest change in bond length (0.035A) is foundttia bond connecting the central
anthracene unit with the rest of the molecule. Gdhe the deformations become less
pronounced in the outer parts of the chromophavesgsh is consistent with the changes

in charge distribution on excitation.

4. Summary and Conclusions

In this work, we have presented a combined experiah@nd theoretical characterization
of the structural and electronic properties of Axtoe-Donor-Acceptor (A-D-A) type
chromophores, incorporating dicyanovinyl (DCV) sréis the terminal acceptor moieties.
DCV units are connected to the donor unit throudferegnt t-spacers. Specific emphasis
is placed on the structure of the benzene- angblieioe-based- spacer and the effect of
adding an additional “ethynyl” unit that leads t@ma planar geometries. A comparison
between the experimental and theoretical work |¢éadietailed insight in the relationship
between the molecular structure and electronictira of A-D-A type chromophores. It
is shown that for compounds that exhibit large dgons from planarity, the orbitals are
rather localized on different subunits. Howeves ttharge transfer character in most
allowed transitions remains small because genermatily transitions between orbitals on
the same units are involved. The more planar strestobtained after inserting ethynyl
units exhibit more delocalized orbitals, leadingatsignificant red-shift in the absorption
spectra.

While A-D-A molecular design approach allowed usystematically lower the LUMO
energy levels of the target chromophores, HOMO-LUi&D is not directly related to
the absorption properties. This is due to the susdfliect that the molecular geometry has
on the shape and delocalization of the orbitalggeslly for non-planar compounds. In
the case of planar pi-conjugated compounds the HQM®IO transition is dominating
the optical absorption but due to the more delaedlinature of the frontier orbitals the
energy levels of the HOMO and LUMO cannot be cdtgdoindividually.
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In order to establish the suitability of the newtenials presented here for photovoltaic
devices we have performed preliminary photocondiigtiexperiments on drop-casted
blends with C60-PCBM. While clear evidence of phadoced charge separation was
observed, the experiments are complicated by tgke tendency of these materials to
form crystalline domains. This could be resolvedusing physical vapor deposition and

we are currently working in this direction.
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