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Photoelectrochemical and thermal characterization baromatic

hydrocarbons substituted with a dicyanovinyl unit
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Abstract: Seven aromatic hydrocarbons bearing a dicyanovimit were prepared to
determine the relationship between both the nurabaromatic rings and location of acceptor
substituent on their thermal and optoelectroni@prtes. Additionally, the density functional
theory calculations were performed. The obtainechmmunds showed temperatures of the
beginning of thermal decomposition in the rangel87 — 289 °C, being above their
respective melting points found between 88 and “Z2l8They were electrochemically active
and showed quasi-reversible reduction process (except for 2-(phen-1
yl)methylene)malononitrile). Electrochemically @stited energy band gaps were below 3.0
eV, in the range of 2.10 — 2.50 eV. The absorptiad emission spectra were recorded in
CHCI; and NMP and in solid state. All compounds stronglysorbed radiation with
absorption maximum ranging from 307 to 454 nm asctito the intramolecular charge
transfer between the donor and acceptor units.afbenatic hydrocarbons were luminescent
in all investigated media and exhibited higher phonhinescence quantum yields in the solid
state due to the aggregation induced emission phena. Electroluminescence ability of
selected compounds was tested in a diode with dneesstconfiguration. Additionally, the
selected compound together with a commercial N748 applied in the dye-sensitized solar

cell.

Keywords: Malononitrile derivatives, luminescence, electrouistry, dye-sensitized solar
cells

1. I ntroduction



Organic molecules consisting of donor and acceptoieties connected througt:
conjugated linkages, where the intramolecular aldrgnsfer (ICT) can occur, are widely
investigated due to the possibility of applicationsoptoelectronic devices, such as organic
light-emitting diodes (OLEDSs), photovoltaic (PV)liseand organic field-effect transistors
(OFETS) [1-4]. Aromatic malononitrile derivatives&lto their push-pull structure are widely
investigated as materials exhibiting interestingpefectronic properties. They may show for
instance desirable aggregation induced emissiomgrhenon (AIE). Much research have
been devoted to their synthesis using differentalgsts. The synthetic approach for
preparation of aromatic malononitrile derivativesgented in this work has been reported in
literature [5-15]. However, thermal, UV-vis, lumseence and electrochemical properties of
the obtained compounds have not been systematstaliiyed.

Lin et al. [16] investigated 2-(naphthalene-1-ylhmé¢ne)malononitrile as ligand for
CN anion detection in water and showed its excellessitivity and selectivity with
detection limit as low as 1.6 - 1Gmol/L. Turpaev et al. [17] described structureiait
relationship of 2-[(phen-1-yl)methylene]lmalononéri  and 2-[(naphthalen-2-
yl)methylene]malononitrile as activators of celsistance to oxidative stress and modulators
of multiple signaling pathways. Kristmamoorthy et 18] studied isomerization of
malononitrile derivatives with naphthalene unitglenirradiation {ex > above 340 nm) at -
196°C. They found that 2-[(naphthalen-2-yl)methglgnalononitrile showed negligible
changes upon irradiation at -196°C. Precisely odlett nanowires and microwires with
lengths reaching several millimeters were prepareg casting 2-(anthracene-9-
yl)methylenemalononitrile from Ci€l, solution. The nanowires and microwires allowed for
construction of a photoswiching device [19]. Katkien et al. [20] synthesized a series of
compounds, in which pyrene was substituted withiowsr groups, including also
dicyanovinylene unit as sensitizers for dye-sermitisolar cells (DSSC). Paramaguru et al.
[21] also reported pyrene dyes with various electwothdrawing groups, among them 2-
[(pyren-1-yl)methylene)malononitrile was presentet their optical properties in various
solvents were measured. Binding affinity with 7j@nd its dependence on the structure of
the compounds was investigated. Experimental ®switre combined with theoretical
calculations. Breffke et al. [22] studied malondtetderivatives bearing naphthalene units in
order to determine their potential utility as flinydprobes. Katritzky et al. [23] synthesized
compounds with dicyanovinylene unit with pherydnaphthyl, anthracene, phenanthrene and
pyrene moieties, and investigated their opticalpprobes (UV-vis, PL) in various solvents
(toluene, diethyl ether, 1,4-dioxane, THF, ethyletate, CHCl,, DMF and CHCN).
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Intermolecular charge transfer properties and photmescence ability were discussed in
relation to the solvents polarity.

In this paper the selected properties of seven atiormalononitrile derivatives with
phenyl, biphenyla-naphthyl,3-naphthyl, anthracene, phenanthrene and pyrenetiesomre
presented. Even though these compounds have besanped in the literature, their optical
properties were not measured in the solid statetlagid electroluminescence ability was not
examined. The aim of this work focuses on the imiahip between their aromatic part
structure and properties important for applicatiamptoelectronics. Geometric structures
and frontier molecular orbitals of the studied ncales, and the UV-Vis and PL spectra were
calculated using DFT and TD-DFT methods. Selectedpounds, that is, 2-((1,1’-biphenyl)-
4-yl-methylene)malononitrile and 2-((phenanthregb®rethylene)malononitrile were tested
in light emitting diodes with guest-host configuoat Additionally, the compound which
showed the highest Ilight harvesting efficiency (DHEthat is, 2-((pyren-1-

yl)methylene)malononitrile was tested with N71D8SC device.
2. Experimental section

All chemicals utilized in this work were purchadedm Sigma Aldrich (Merck). The
aluminum oxide 90 active neutral (CAS 1344-28-1%warchased from Merck.
Characterization methods, films, OLED and DSSC ara&ons and photovoltaic

measurements are described in Supplementary Materia
2.1. Typical Procedurefor the synthesis of malononitrile derivatives

Into a solution of malononitrile (8.00 mmol) in rhgtene chloride (20 mL), aluminum
trioxide (800 mg) and the appropriate aldehyde Q4mdmol) were added. The reaction
mixture was stirred at room temperature for 24 kerAthis time, the crude product was
purified using column chromatography (SiCCH,Cl,). All compounds were prepared
according to the method described in our previagep[24].
2-((phen-1-yl)methylene)malononitrile (1)

White powder.Yield: 89%.*H NMR (400 MHz, CDCk) 6 7.91 (d,J = 7.5 Hz, 2H), 7.78 (s,
1H), 7.66 — 7.61 (m, 1H), 7.55 @,= 7.6 Hz, 2H).**C NMR (100 MHz, CDCls) 6 159.91,
134.63, 131.16, 130.78, 129.73, 113.76, 112.62BFT-IR (KBr, v, cm): 3031 (C-H
aromatic); 2223 (-€N), 1591 (C=C); 1567 (C-C stretching in the aromatic ring); 1186 (C-N



stretching); 677 (C-N deformationhnal. Calcd for CioHgN2 (154.16 g/mol): C, 77.91; H,
3.92; N, 18.17; Found: C, 77.90; H, 4.11; N, 17D8C T, = 88°C.
2-((1,1’-biphenyl)-4-yl-methylene)malononitrile (2)

Light yellow-green powdeiYield: 73%.'H NMR (400 MHz, CDCI3) & 8.00 (d,J = 8.3 Hz,
2H), 7.81 — 7.73 (m, 3H), 7.68 — 7.61 (m, 2H), 7-53.41 (m, 3H)>*C NMR (100 MHz,
CDCl3) 6 159.33, 147.46, 139.00, 131.51, 129.91, 129.30,1%? 128.14, 127.36, 114.03,
112.93, 82.12FT-IR (KBr, v, cmi*): 3063 (C-H aromatic); 2225 (=), 1604 (C=C); 1573
(C-C stretching in the aromatic ring); 1197 (C-Kesthing); 689 (C-N deformationfnal.
Calcd for CieH10N2 (230.26 g/mol): C, 83.46; H, 4.38; N, 12.17; Fou@Gd83.13; H, 4.68; N,
12.11.DSC Ty, = 144°C.

2-((naphthalen-1-yl)methylene)malononitrile (3)

Yellow powder.Yield: 87%."H NMR (400 MHz, CDCls)  8.66 (s, 1H), 8.28 (d = 7.3 Hz,
1H), 8.12 (dJ = 8.2 Hz, 1H), 7.96 (d] = 8.3 Hz, 2H), 7.72 — 7.60 (m, 3H}C NMR (100
MHz, CDCl3) 6 157.65, 134.97, 133.81, 131.31, 129.59, 128.68,62 127.78, 127.43,
125.52, 122.48, 113.81, 112.59, 85.69-IR (KBr, v, cmi*): FTIR (KBr, v, cm*): 3028 (C-
H aromatic); 2227 (-€EN), 1590 (C=C); 1566 (C-C stretching in the aromatic ring); 1244 (C-
N stretching); 778 (C-N deformatiornal. Calcd for C;4HgN, (204.27 g/mol): C, 82.33; H,
3.92; N, 13.72; Found: C, 82.48; H, 4.16; N, 1308C T,, = 170°C.
2-((naphthalen-2-yl)methylene)malononitrile (4)

Light yellow-green powderYield: 84%.*H NMR (400 MHz, CDCls) § 8.29 (s, 1H), 8.08
(dd,J =8.7, 1.8 Hz, 1H), 7.96 (d,= 8.4 Hz, 2H), 7.92 — 7.86 (m, 2H), 7.71 — 7.66 (),
7.64 — 7.59 (m, 1H)"*C NMR (100 MHz, CDCls) $ 159.69, 136.07, 134.34, 132.86, 130.07,
129.79, 129.78, 128.77, 128.16, 127.86, 124.45,0014.12.95, 82.66-T-IR (KBr, v, Cm'l):
FTIR (KBr, v, cm?): 3031 (C-H aromatic); 2226 (=N), 1623 (C=C); 1585 (C-C stretching
in the aromatic ring); 1183(C-N stretching); 743NQleformation)Anal. Calcd for Ci4HsN>
(204.27 g/mol): C, 82.33; H, 3.95; N, 13.72; Fou@d:82.60; H, 4.12; N, 13.6®SC T, =
141°C.

2-((anthracen-9-yl)methylene)malononitrile (5)

Red powderYield: 71%."H NMR (400 MHz, CDCl3) 8 8.95 (s, 1H), 8.66 (s, 1H), 8.10 (,
= 8.4 Hz, 2H), 7.93 (d] = 8.8 Hz, 2H), 7.71 — 7.65 (m, 2H), 7.62 — 7.56 2H). °C NMR
(100 MHz, CDCk) 6 160.70, 132.60, 131.02, 129.65, 129.21, 128.45,1726124.00,
123.51, 113.12, 111.51, 92.45T-IR (KBr, v, cm?): 3056 (C-H aromatic); 2229 (=),
1621 (C=C); 1575 (C-C stretching in the aromatiwy)j 1211 (C-N stretching); 722 (C-N



deformation).Anal. Calcd for CigH10N2 (254.29 g/mol): C, 85.02; H, 3.96; N, 11.02; Found
C, 85.08; H, 4.18; N, 11.0@SC T, = 213°C.

2-((phenanthren-9-yl)methylene)malononitrile (6)

Yellow powder.Yield: 75%.'H NMR (400 MHz, CDCls) & 8.77 (d,J = 8.1 Hz, 1H), 8.70
(d,J = 8.3 Hz, 1H), 8.64 (s, 1H), 8.48 (s, 1H), 8.02J& 7.9 Hz, 1H), 7.94 (d] = 8.2 Hz,
1H), 7.85 — 7.77 (m, 2H), 7.75 — 7.67 (m, 2f)C NMR (100 MHz, CDCls) 6 158.65,
132.66, 131.37, 130.67, 130.26, 130.14, 128.84,1%28128.08, 127.90, 126.76, 123.84,
123.53, 122.95, 113.72, 112.50, 85.87-IR (KBr, v, crmi'): 3029 (C-H aromatic); 2226 (-
C=N), 1613 (C=C); 1569 (C-C stretching in the aromatic ring); 1197 (C-N &thing); 689
(C-N deformation)Anal. Calcd for CigHi0N2 (254.29 g/mol): C, 85.02; H, 3.96; N, 11.02;
Found: C, 85.08; H, 4.20; N, 11.a3SC T,,= 204°C.

2-((pyren-1-yl)methylene)malononitrile (7)

Orange powdelield: 61%.'H NMR (400 MHz, CDCls) $ 8.91 (s, 1H), 8.82 (d} = 8.3 Hz,
1H), 8.38 — 8.32 (m, 3H), 8.31 — 8.24 (m, 3H), 848.11 (m, 2H)**C NMR (100 MHz,
CDCl3) 6 156.46, 135.98, 131.58, 131.33, 131.30, 130.992,583 127.96, 127.66, 127.52,
127.20, 126.04, 125.35, 124.89, 124.35, 124.08,3121114.59, 113.44, 83.4BT-IR (KB,

v, cm): 3039 (C-H aromatic); 2220 (=), 1582 (C=C); 1560 (C-C stretching in the
aromatic ring); 1198 (C-N stretching); 711 (C-N afefation). Anal. Calcd for CyoH1oN»
(280.32 g/mol): C, 85.69; H, 4.31; N, 9.99; Fou]:85.60; H, 4.03; N, 9.6DSC T, =
248°C.

3. Result and discussion
3.1. Synthesisand characterization

The designed aromatic hydrocarbons bearing a dosyaylene unit, whose chemical
structure is presented in Fig. 1, were syntheswiadKnoevenagel reaction of aromatic
aldehydes with malononitrile fEI(CH),]. In the condensation reaction aluminum oxide was
used as a dehydrating agent. The compounds weaebdtin good yield above 70%, except
for 2-((pyren-1-yl)methylene)malononitrile (61%).



Fig. 1. Structures of the synthesized malononitrile denest

The chemical structures of the prepared compoundstlzir purity were confirmed
by instrumental techniques includifgl NMR, **C NMR, FTIR and elemental analysis,
respectively. The position of signals typical feojons in dicyanovinylene units depended on
the molecular structure. For the compounds witmghgl) and biphenyl Z) units the signal
of the vinyl proton was found at 7.78 ppm. The pre® of condensed aromatic rings caused
downfield shift of the proton signals. The largdstvn-field shift of the vinyl proton signals
at 8.95 ppm and 8.91 ppm was observed in the congsowith anthracenes) and pyrene
(7), respectively. In the case of the molecules wdphthalene units3(and4), these signals
depended on the substitution position of aromatid with dicyanovinylene unit. In the
molecule with naphthalene-B)( the vinyl proton signal was down field shiftexl8.66 ppm
in comparison with that of the molecule with na@htime-2 group4), which was found at
8.29 ppm (cf. Supplementary Material Fig. S1). Bhéts the proton signal confirmed the
differences in conjugation in the synthesized posthimolecules. Conjugation of electrons is
more effective in molecules with condensed aronratgs, with higher degree of conjugation
present in the compound with anthracene WB)icOmpared with the ones bearing phenylene
rings @,2). On the other hand the observed shift of the Ivorgton can be also associated

with a decrease in electron density due to stetgractions between the vinyl proton and the
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aromatic rings. If3C NMR spectra, the signals in the range of 156.460.70 ppm and
82.12 - 92.45 ppm confirmed the presence of cadiom in vinyl units, and carbon atom
bonded to cyano groups in the vinyl units, respetfi Signals in the range of 111.51 -113.44
ppm are characteristic for carbon inslC groups (cf. Supplementary Material Fig. S1). The
absorption of -EN groups in FTIR spectra was detected in the rafi@220 — 2228 nm. The
elemental analysis results confirmed the purityhef obtained compounds. The photographs
of 1-7 under daylight are presented in Supplementary Nédteig. S2.

3.2.  Thermal properties

Differential scanning calorimetry (DSC) and thermagmetric analysis (TGA) were
applied to estimate the thermal behavior of theop@red compounds. The obtained data are
collected in Table 1, whereas the representativ€ @8d TGA thermograms are given in
Supplementary Material Fig. S3 and Fig. S4.

Table 1.Thermal properties of the investigated malonomitdérivatives.

TGA DSC

Code (I run) (Il run)
Ts" T Trax T T’

[°C] [’C] _[°C] [°C] [°C]

1 137 153 191 88-86°%,~-88%%) 87
2 225 245 294 144-(140°™) 145
3 179 205 256 170~ 71 ~163%) 171
4 217 238 294 141-(139%%) 142
5 225 236 282 213-12%% ~209%%)) 213
6 242 260 308 204~03%) 204
7 289(>406") 302 341 248~254%) 249

@ Ts, Ty - temp. based on 5%, 10% weight loss from TGA esr? Temp. of the maximum
decomposition rate from DTG curvésMelting temp. registered upon | and Il a heatiogrs

All of the compounds showed crystalline nature @i melting points (), detected
as endotherms in DSC thermograms registered umaefirst heating run, depend on the
chemical structure of the molecule. The compounith Wie phenylene unitl] melted at the
lowest temperature, and increase of the aromatgsrbeing condensed, caused increase of
the melting temperature values. However, the therpraperties also depend on the
substitution position of the aromatic ring with yinovinylene unit. In the case of molecules
with naphthalene structur8 and4), higher T, was detected for the compound, in which the
dicyanovinylene group was attached to the naphtleating ina position @), in comparison
with the one being substituted in 3 positiel). (In the compounds with three condensed
aromatic rings, i.e. with anthracer® and phenanthrené)(units, higher ', was detected for



the example with the anthracene moiety. The comgddn which contains four condensed
aromatic rings, melted at the highest temperafDueing cooling DSC scan exothermic peak
indicated crystallization of the compounds was sddre second DSC heating scan, after
cooling, showed only melting endotherm. Thermogretric analysis gave information about
temperatures, in which the compounds start to dposm (), detected as the temperature
values of 5% weight loss. It was found that the enoles with anthracene)( and a-
naphthalene3) units start to decompose about 10 degrees bayenrdmelting points. On the
contrary, the molecule with 3-naphthalene ufijtstarts to decompose about 70 degrees over
its melting temperature. Also a big difference hegw melting and decomposition
temperatures - about 80 degrees - was observeldeirdmpound with biphenyl unig)
About 40 degrees difference between melting andmeosition temperatures was found for
the compound with phenanthrer® é&nd pyrene?) units.

3.3.  Electrochemical properties

The electrochemical properties were investigatedCH,Cl, by means of cyclic
voltametry (CV) using glassy carbon electrode as tworking electrode. The cyclic
voltamograms o2,4,6 and7 are presented in Fig. 2.
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Fig. 2. Cyclic voltammograms d,4,6 and7 during a) oxidation and b) reduction process
(GC:; scan rate 0.100¥"; ¢ = 10* mol/dnt; 0.2 M BuNPF; in dichloromethane).

The electrochemical reduction and oxidation onsetemtials were used for estimating
ionization potentials (IP) and electron affiniti@sA) of the compounds (IP of ferrocene
equals -5.1 eV according to [30]). The calculateA Bnd IP levels, together with

electrochemical energy band gag)(E&re presented in Table 2.



Table 2.Electrochemical parameters (CV), IP and EA togettidy HOMO and LUMO and
the energy band gaps.

on onseg:v EOXCV IPCV Ered onsetcv Eredcv EACV EgCV HOMO DFT LUMO DFT EgDFT

Code
[V] [Vl [eV] [V] [Vl [eV] [eV] [eV] [eV] [eV]
1 1.18 1.73 -6.28 -0.92 -1.14 -4.12.10 -6.93 -2.78 4,16
2 1.62 1.81 -6.72 -0.88 -1.05 -4.22.50 -6.41 -2.81 3.59
3 1.50 1.75 -6.60 -0.84 -1.02 -4.28.34 -6.27 -2.82 3.45
4 1.31 1.74 -6.41 -1.05 -1.31 -4.02.36 -6.31 -2.79 3.52
5 1.32 1.44 -6.42 -0.87 -1.03 -4.22.19 -5.70 -2.79 2.91
6 1.72 1.85 -6.82 -0.77 -0.93 -4.32.49 -6.18 -2.71 3.48
7 1.55 1.78 -6.65 -0.85 -1.03 -4.22.40 -5.74 -2.75 2.99

IP(eV) = ('5-1 - %x onse)' |e| EA(EV) = ('5-1 - lEdonsa' |e|-Egcv= on onset_Ered onst-:-(Egl:)FT= HOMO-LUMO.

The malononitrile derivatives with aromatic ringserne electrochemically active.
Based on the difference between peaks potentids) the irreversible reduction process for
1 (AE, above 300 mV, cf. Fig. S12) and theasi-reversible process for other compounds
(AEp about 150 mV) was seen. In the reduction process22-dicyanovinyl (-CH=C(CN)
as electron deficient moiety was involved [1, 2, 21]. The lowest and the highestd&nset
were observed for the molecules with phenanthref®@ and [-naphthyl structure 4,
respectively (cf. Table 2). Slight differences ieduction (~ 0.28 — 0.38 V) and larger
differences in the oxidation (~ 0.41 — 0.54 V) mtigls were noted. The oxidation process is
related to the donor substituent attached to thgleme bond [1, 2, 24, 31]. Similar values of
Eox onsetfOr compounds with anthracef and5) were observed, where it would be expected
to obtain similar potentials f@3 and4 due to similar chemical structures. Based on the E
onsetit can be concluded that compouhexhibits the strongest electron-donating abilitg. (i
Eox onset at a lowest potential than fa2-7). Paramaguru and et al. [21] carried out
electrochemical measurements fofwith pyrene), obtaining the oxidation potential1la66
V. The difference in the obtained potentials cardbe to different solvents and methods (in
[21] DMF solution and DPV method were used).

The compounds exhibited the nature of n-type semigctors, having a low LUMO
orbital (EA below 4.0 eV) [32]. The calculated egyeiband gap (§ was in the range 2.10 -
2.50 eV, being the lowest fdr (with phenyl) and the highest f@& (with biphenyl). Low
energy band gap values, below 3.00 eV, make itilpesgo use1l-7 compounds in

optoelectronic devices [32, 33].



3.4. Geometric structures and frontier molecular orbitals

Theoretical calculations were performed with the aéthe density functional theory
(DFT) and were carried out using the GaussianO§rpro [34] on B3LYP/6-31g++ level [35,
36]. Molecular geometry of the singlet ground staité¢he compounds was optimized in the
gas phase and their electronic structures, eldcttoansitions, and first and second singlet
excited states were calculated with the Polariz&aletinuum Model (PCM) in chloroform as
a solvent. Such calculations were carried out faalysis of the frontier molecular orbitals
structure and energy levels, UV-Vis and photolursg@mce data. The optimized geometries
of 1-7 are depicted in Fig. S5 in the Supplementary Mateand Fig. S6 presents
experimental and calculated IR spectra. The moésc@) and @) are planar in ground and
S, S excited states and in the case of other ones layteae malononitrile fragment is bent
at an angle of about 30° to 54° in ground statehénfirst and second excited states the angle
between arene and dicyanovinylene (—-HC=C(N)ows up to 90° in the case of compound
(5) (cf. Table S1 in Supporting Materials). The bipyepart in the 2-((1,1’-biphenyl)-4-yI-
methylene)malononitrile molecul@)(in the S state is more planar than in ground state with
the relatively small deformation of the biPh-CH=0{)g plane. Similarly, in the case 8fthe
molecule in the Sstate is significantly flatter than inp.SHowever, the moleculé in the
second excited state is more planar than in grataig. Generally, in the excited states the
methylene C=C bond is extended by about 0.1 A,aGkeN bonds are shortened by about
0.02 A and &N distance increases by about 0.01 A (cf. TableSupporting Materials).

Based on the optimized geometries, next the #ontholecular orbitals of the
compounds were analyzed. Comparing the energiéfOdOs and LUMOs determined on
the basis of electrochemical data with theoretycalttained values (cf. Table 2), it can be
seen that calculated HOMO energies are compatibite the experimental values of
ionization potentials determined from CV measuremenhe largest difference of 0.91 eV
occurs for compound’). On the other hand, calculated LUMO energiesvareh higher than
those determined experimentally. The virtual ofbitare generally harder to be described
theoretically than the occupied ones [37], howetle, calculated values of the HOMO and
LUMO energies were used only for consistency widorgetry optimization. For a more
detailed description of the molecular orbitals, tentributions of parts i.e. arene and
dicyanovinyl fragments to a molecular orbital, weedculated. The obtained DOS diagrams
are depicted in Fig. S7 and composition of seleatetecular orbitals in ground as well as

first and second excited states are gathered ine3aB2-S4 in Supplementary Material.
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HOMO and LUMO comprise the whole molecule, althougixcept {), aromatic
hydrocarbons play a dominant role in HOMO, wheldd®1O is dominated byt orbitals of
—CH=C(CN) fragment. The lower energy occupied orbital HOMQ@uid higher energy
LUMO+1 are localized on the aromatic, i.e. phenyiphenyl, a-naphthyl, B-naphthyl,
anthracene, phenanthrene and pyrene, fragmené ohtihecules. The compounds are polar in
the ground and in the excited, & states compound4-@#) have dipole moments greater and
(5-7) lower than in the ground state, although the gkarof the dipole moments are small
(cf. Table S1).

3.5.  Electronic absorption and fluorescence characteristics

UV-vis absorption and photoluminescence (PL) spect the hydrocarbons with
dicyanovinylene unit were registered in two solgewith different dielectric constants, i.e.
chloroform € = 4.81) and NMPg(= 33.0) at the same concentration equal © mhdl/L and
in solid state as well. Additionally, the UV-Vis exira of the compounds were calculated
with the use of the TD-DFT [38] method (cf. Fig. 88 Supplementary Materials). The
electronic absorption spectra registered in chtorof solution are presented in Fig. 3 and
spectroscopic data, that is, positions of maximisogption bandNmay with value of molar

absorption coefficient are collected in Table 3.

(a) (b)

-
=]
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=
1
1

e
=

T T y T T T T T T —
300 350 400 450 500 550 600 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Fig. 3. Normalized UV-vis spectra of the compounds inGeICl;and (b) film on glass
substrate.

The UV-vis absorption spectra of the compounds isbref two bands located below and
above 300 nm. According to the calculations, theelst absorption band corresponds to the
S—S: (HOMO—LUMO) transition and, based on the data collectedable S2 and DOS

diagrams shown in Fig. S7, the transition can llevi@d by charge decrease in the aromatic
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part of the molecules and charge increase on thadovinylene fragment. Thus, the mixed
intramolecular charge transfer/locally-excited (ICH) nature of the Sstate is evident.

The bathochromic shift ofmax according to aromatic part structure was dete@téd
Fig. 3a.). The molecules with anthracebg §nd pyrene®) units absorbed radiation in the
lower energy range. Similar absorption range wasdofor the compounds with-naphthyl
(3) and phenanthren&)(unit. Replacement ai-naphthalened) structure with biphenylene
(2) hypsochromically shiftefnax from 377 to 352 nm.

In the case of compounds with the condensed aromags absorption bands at
longer wavelengths in less polar solvent - chlanofevas bathochromically shifte® ¢ 7) in
comparison with the ones in NMP. However, the sioiftthe compounds with naphthalene
and pyrene®) moieties was very small and was found to be 8fomthe molecule witho-
naphthalene unit3j, 3 nm for the one with 3-naphthalene moietlgsgnd 12 nm for the one
with pyrene 7) structure. In the case of the compound with auémne §), the negative
solvatochromism was more pronounced. The investigatalononitrile derivatives in NMP
exhibited higher value of molar absorption coeéfidiindication better light harvesting ability
than in chloroform solution. The light harvestirf§aency (LHE) in chloroform solution was
calculated using equation LHE = 1) @vheref is the oscillator strength of the compound
[20] and the highest value 0.83 exhibited moleeuté pyrene unitT).

Electronic spectra were also taken for films casimf chloroform. In all cases
absorption bands of the film were observed at lomgevelengths than in the CHClolution
for the same compound (cf. Fig. 3b). It was notsfie to detected . for the compound
with phenyl () anda-naphthalene unit3], because the absorption bands were broad without
any the structured maximum.

All prepared malononitrile derivatives were fluarest in solution and in solid state as
film and powder, emitting radiation with maximum iesion bandXen) in the range of 390 -

609 nm (cf. Table 3). The representative PL spentalepicted in Fig. 4a,b.
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All of the compounds showed more intense PL in itom than in the NMP solution.
Table S5 contains calculated electronic transitiooisesponding to excitations resulting in
the most intense luminescence intensity in chlorofcsolution. The excitation 06-7
compounds occurs at wavelengths correspondingwoirtensity (cf. Fig. S8), which are
connected to &S, transition. Considering that H-2/H-2/HOMO and LUM®AL are
involved in these transitions, it can be concludeat S state has also ICT/LE character.
Moreover, the molecular structure biin S, state is more planar than in 8$wus the second
excited state of this compound definitely prevai#ischaracter. In PL spectra of molecules

5 one emission band located in blue spectral range moted. Whereas the fluorescence
spectra o6 and7 in chloroform solution show two emission bands {able 3 and Fig. 4a),
one intense band in UV region and the second weall wvith maximum at 632 nm and 500
nm for6 and7, respectively. The first one originates from the-S&, transition and the weak,
low intensity one in the visible region arises fr@&r—S, transition. The 5% fluorescence
may appear if the £-S; radiationless internal conversion process is sleffitly slow. This
situation can happen when the energy gap betweeamd® S levels is large enough. It is
assumed that the energy gap greater th&n> 3000 crit reduces the vibronic coupling
between these states and slows the rate of theSSinternal conversion processes [39].
Calculated value of the energy gap between then8 $ states 7) is equal to 5965 cthand

is sufficiently large for the observation of the &nission. In the case 6fthe energy gap
between second and first excited state of 1673, amhich indicates the possibility of the
conversion process and the emission bands fromSthand $ states are not separated
although the intensity of the long—wave band isiritely lower. In the case 05 the
conversion process seems to be probable becausméngy difference between the second
and first excited states is small (595 Brtherefore only one emission band originatingrfro
the S transition is observed. Moreover, the energy dkifice between;&nd $ states of

5 corresponds well to the fluorescence maximum (exymntal 416 nm, calculated 412 nm).
We also considered the possibility that the lovemsity band at lower energies is the result of
TS transition. However, the energy difference betwestited and ground states:
S 614 nm, S5 450 nm and S 1010 nm calculated for compourrdindicate
probability of the &S, emission for compoundsand?.
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Table 3.UV-Vis electronic and photoluminescence data ofcttrapounds (in solution ¢ =

10° mol/dnt).
UV-vis PL
Code Medium
hna, [NM] (£210%)7 | 2e,[nm] Aeg[NM] Stokes shift [cm']®  ®[%] LHE
CHCl,4 309 (4.2) 340 390 6721 0.5 -
1 NMP 311"(2.3) 350 420 - - -
Film nd 310 373500" - 1.7 -
Powder - 340 383 - - -
CHCl,4 352 (9.6) 380 424 4824 1.4 -
NMP 352 (24.9) 380 448 6088 - -
2 Film 440 370 513 3234 8.2 -
Powder - 510 609 - - -
PVK:PBD® - 310 388520 - 3.4,4.8 -
PVK:PBD® - 310 392531 1664 4.45.1 -
CHCl, 310 418 2602 1.5 -
267 (9.8), 377 (9.9)| 37~ . > ) 0.55
3 NMP 262 (8.9), 369 (8.2) 310 358 - -
Film nd 340 552 - 2.1 -
Powder - 470 549 - - -
CHCl; 282 (11.0), 334 (11.7) 340 434 6899 1.2 -
384 (3.8) 384 f - - 0.41
NMP 281 (9.2), 331 (11.4 h ] ] ]
4 384 (4.7) 310 364,455
Film 428 350 490 2956 3.1 -
Powder - 360 493 - - -
CHCl; 249 (21.1), 280 (3.1) 310 416 - 2.2 -
449 (1.8) 449 - - - 0.58
5 NMP 349 (1.9), 370 (1.7),
430 (2.8) 370 471 - - -
Film 473, 503 310 363530 - 6.8,2.2 -
CHCl, 310 330,632 - 1.3 -
252 (10.7), 380 (2.5) 5o ’ ] ) 0.12
NMP 270 (4.5), 289 (1.9),
300 (1.8), 370 (4.1)| 10 370 J J J
6 Film 312, 402 310 563 - - -
370 563 7114 7.9 -
Powder - 490 555 - - -
PVK:PBD® - 310 384,538 - 5.3,3.6 -
PVK:PBD* - 310 373557 - 2.7,6.6 -
265" (4.9), 311 (2.4)
CHCls  4,c (0.9), 394 (1.5) 228 378_ 500 : 5.2_,0.5 0-83
454 (2.6) '
278 (0.5), 311 (2.4)
7 NMP 345 (1.2), 394 (2.0) | 350 395 : i :
442 (2.9)
Film 319, 405 nd nd - - -
Powder - 410 495 - - -

3¢ - Absorption coefficient, [drhmol* cm
P Stokes shifts calculated according to the equation(1/Aqps1/er)- 10 [cm Y.

1]. sk

shoulder. Bold data indicates the most intense PL

* the second derivatives method was used. Nd —atettbd.
¢ 2wt% concentration of the compound in PVK:PBD (Sang0wt%).
415wt% concentration of the compound in PVK:PBD (S@@0wt%).
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Maxima of the emission for all the compounds in tlkelid state were
bathochromically shifted in comparison with the ®me CHC} solution (except foll and7).
IEC chromaticity diagram is presented in Fig. 4onpounds as powders emitted in the UV
range () and in the visible range2,(3, 4, 6, 7). Compound with biphenyl unit2] was
emissive in the red range, with naphthyl 8) and phenanthren®)(unit in the green range,
and - naphthyl4) and pyrene®) unit in the blue range. Photoluminescence quantighal
(®p) of the compounds in CHEbolution was found to be in the range of 0.5 -%.2The
highest values were detected for the compound pytiene structure7). The malononitrile
derivatives showed high@p,_ in film than in the solutions. This behavior camdssigned to

the aggregation induced emission phenomena (AlB)4}. Taking into account the
compound structure, one can see that the presémgehenyl unit @) resulted in the increase
of PL yield in comparison with the molecule witheptyl unit () in solution and in the film.
Film of the compound with 3 - naphthyl und xhibited higher PL quantum vyield than the
one witha- naphthyl moiety ). In the case of the compounds with three condkasematic
rings, PL yield the film of the molecule with pherlarene §) unit was higher than the value

of the film prepared from the molecule with anttaae unit ).
3.6. Electroluminescence performance

The electroluminescence (EL) ability of the seldctealononitrile derivatives was
tested in a guest-host type diode. A binary matomsisting of poly(9-vinylcarbazole) (PVK
(50 wt. %)) and 2-(4-start-butylphenyl)-5-(4-biplygr)-1,3,4-oxadiazole (PBD (50 wt. %))
as hole and electron transport layers was usepectgely. Two compounds with biphenyl
(2) and phenanthrene)( unit were molecularly dispersed with content 218r wt.% in a
matrix to form the active layer in the device. Téenolecules were selected based on PL
spectra in blend with PVK:PBD. In the case of thbtends intense band ascribed to the
photoluminescence oR and6, except of band originating from the emission lad matrix,
was observed (cf. Fig. 4d,e and Fig. S9). The pasef emission of PVK:PBD suggests no
complete energy transfer from the host to the gwesich can be expected considering UV-
Vis absorption range of studied malononitrile datives [1,42]. Energy transfer can take
place via Forster (FRET) or Dexter processes ingthest-host system. FRET can take place
when the emission spectrum of the host overlap Wit absorption spectrum of the
luminophore [1,2,43,44]. For series of the investiggl compounds only partial overlap was
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seen (cf. Fig. S10). Diodes with structure ITO/PHDESS/PVK:PBDcompound/Al were
fabricated.

ITO/PEDOT:PSS/PVK:PBD:2 2wt.%/Al ITO/PEDOT:PSS/PVK:PBD:2 15wt.%/Al
20000 : : . T T T —— — —
— External voltage: = External voltage:
g —24V 2 20000 - e
9 —25V 3 —20V
= 2, — 22V
P 2 10000 —24V
2 @ —25V
2 & — 26V
c -
- £
0 1 1 1
0 ik 1 1 .
300 400 5‘:‘,0 6?0 Iﬂu 800 900 1000 300 400 500 600 700 800 900 1000
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ITO/PEDOT:PSS/PVK:PBD:6 2wt.%/Al ITO/PEDOT:PSS/PVK:PBD:6 15wt.%/Al
10000 . . . ; ; e —
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E 8000 —21V - '=E: —14V
8 —22V © 30000 —15V -
= 6000 —23v | & —16V
i v 17V
e W 50000 - - 1
2 4000 1 2 —19V
2 @ —20V
£ 2000} & 10000
= =
goo 400 560 660 760 800 900 1000 0
400 500 600 0 800 900
Wavelength [nm] Wavelengm [nm]

Fig. 5. The electroluminescence spectra of prepared OLED.

The prepared diodes showed EL with maximum emisisamd Ag ) located in range of 569-
604 nm. Increasing the compounds content in a maom 2 to 15 wt.% revealed the red

shift of Ag. and increase of the EL intensity.
3.7. Photovoltaic performance

Photovoltaic performance of selected malononitdézivative with pyrene unit7j,
which exhibited the highest LHE, was tested in DS8@vas found that tetracyanate units
were used as anchoring groups in several orgargs dpplied in DSSC [45]. Thus, it could
be expected that dicyanovinylene units may anchaeacnles to TiQ surface. However, the
lack of anchoring ability of —CN group with Tjvas demonstrated [20,46] and confirmed in
our study. Nevertheless in the presented investiggta mixture of a commercial bis(4,4-
dicarboxylato-2,2’-bipyridine)-bis(isothiocyanotajhenium(ll) (N719) (cf. Fig. S11) with 2-
((pyren-1-yl)methylene)malononitrile7 was applied for anode preparation. As reference
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photoanode with only N719 was prepared. ConsidetiwegUV-Vis spectra of N719 and
mixture of N719 with7 in solution (Fig. 6a) the enhancement of absonpability in the
range of 350-500 nm of mixture in comparison withl was observed.

(a) (b)
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Fig. 6. The UV-Vis spectra of (aj, N719 and its mixture in ACN: t-butyl alcohol sban
(c =3 - 1 mol/dnT) and (b) TiQ with adsorbed dyes after 48 h immersion in sofutio

The absorption band of substrate Ti€bontains two dyes was characterized with higher

absorbance and wider absorption range compared With9 (cf. Fig.7b). The AFM
measurements showed that the J¥@th adsorbed dye was more planar, as indicateadbty

mean square (RMS) roughness values (cf. Fig. 7)SR¥the photoanodes was found to be

86, 52, 55 nm for Ti@without dye, with N719, N7194mixture, respectively.
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Fig. 7. The AFM microgr;phs of the surface Bi@) without dye, (b) w-iwth adsorbed dyes
mixture (7 and N719), (c) with adsorbed N719 (c = 3 10ol/dnT) and (d) with adsorbed
N719 (c = 1.5 x 18 mol/dnT).

The DSSC device with photoanode prepared from tixéune of 7 with N719 was fabricated.
Additionally, the reference cell based on N719 wasstructed. Based on registered the
current density — voltage (J-V) characteristicpdpared cells, the photovoltaic parameters,
such as short circuit currents{), open circuit voltage (), fill factor (FF) and power
conversion efficiency (PCE) were calculated. It wiasind that both types of devices

exhibited similar photovoltaic parameters (cf. Ea).

Table 4.Photovoltaic parameters of prepared DSSCs.

Code Ve [MV] J [mMA/cm?] FF [] PCE [%]
Device with N719 747 19.64 0.46 6.84
Device with N719* 731 14.84 0.39 4.28
Device with N719+7 726 18.18 0.50 6.78

* photoanode prepared from N719 solution with conicion 1.5 - 18 mol/ dn?.

DSSC with photoanode prepared with a neat N719 stlo¥¢, Voc, FF and PCE equal to
19.64 mA/cri, 747 mV, 0.46 and 6.84%, respectively. On therdtlamd, the device in which
photoanode was immersed in the mixture of N719 witkxhibited dc, Voc, FF and PCE
equal to 18.18 mA/cfin 726 mV, 0.50 and 6.78%, respectively. Thus, iit ba concluded that
using compound’/ as coadsorbent, the reduction of N719 amount @amadhieved while
keeping similar photovoltaic performance. The comedion of solution used for photoanode
preparation with N719 and dyes mixture was 3.0 % &®l/dnT. Thus, in the case of device

19



with dyes mixture half less amount of N719 was egapl In order to confirm the impact @f

on PV performance, the photoanode with N719 udmgolution with concentration of 1.5 x
10* mol/dn? was prepared. Device based on such electrode evatati as N719*. As can be
seen from Table 4 such a cell exhibited signifisalfitwer PCE as compared to the others.
The lower efficiency resulted mainly from the lowlwe of FF, which may be a consequence
of photoanode surface quality. RMS of the photoanprepared from lower concentration
N719 solution was 73 nm, being higher comparedthercelectrodes (cf. Fig. 8d). The more
uniform and smooth photoanode surface may be owirige filling of some pores with dye
molecules, giving a boost the PV parameters [4fi¢ presented results showed a significant
effect of compound on the photovoltaic parameters of the cell witlotpAnode obtained
from a mixture of the dyes.

4. Conclusions

Summarizing the presented results it can be coedititat:

o all malononitryle derivatives except for 2-((phetyimethylene)malononitrile

showed relevant thermal properties required formmumnds for organic electronics,

» the presence of anthracerig &nd pyrene®) moiety significantly shifted absorption
range to lower energy region. Substitution of nhplene unit atn-position with
dicyanovinylene §) bathochromically shifted\nax compare to compound witR-
naphthyl @),

» all investigated compounds were fluorescent indsstiate and emitted red)( green 8
and6) and blue 4 and?7) light as well as radiation withe,, around 360 nml(and>5).
The highest quantum PL yield about 8% exhibitechdilobtained from malononitrle

derivatives containing bipheny2) and phenanthrene un@)(

* based on PL spectra of malononitrle derivativepeatsed molecularly in matrix
(PVK:PBD) the most efficient, however not completgergy transfer from host to
luminophore was observed in the case of moleculéh Wwiphenyl @) and
phenanthrene unibj,

» the constructed diodes with structure ITO/PEDOT/PSE:PBD:20r6/Al emitted
light with Ag_ in range of 569 - 604 nm, howevdrese compounds seems to be rather

poor candidates for real OLED applications,
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* the utilization of 2-((pyren-1-yl)methylene)malonwile (7) for photoanode
preparation allowed decreased by half of N719 amaractically without sacrificing

DSSC performance.
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> Seven aromatic hydrocarbons bearing a dicyanovinyl unit were prepared. > The effect of
chemical structure on their properties was demonstrated. > All investigated compounds were
fluorescent in solid state. >The selected compounds were tested in OLED and dye-sensitized
solar cells. > The using of 7 let to decreased by half of N719 amount without sacrificing
DSSC performance. >
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