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Preface to ”Advances and Challenges in Organic

Electronics ”

Organic Electronics is a rapidly evolving multidisciplinary research field at the interface between

Organic Chemistry and Physics. Organic Electronics is based on the use of the unique optical and

electrical properties of π-conjugated materials that range from small molecules to polymers. The wide

activity of researchers in Organic Electronics is testament to the fact that its potential is huge and its

list of potential applications almost endless. Application of these electronic and optoelectronic devices

range from Organic Field Effect Transistors (OFETs) to Organic Light Emitting Diodes (OLEDs) and

Organic Solar Cells (OSCs), sensors, etc. We invited a series of colleagues to contribute to this Special

Issue with respect to the aforementioned concepts and keywords. The goal for this Special Issue

was to describe the recent developments of this rapidly advancing interdisciplinary research field.

We thank all authors for their contributions.

Frédéric Dumur, Fabrice Goubard
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Abstract: Push–pull dyes absorbing in the visible range have been extensively studied so that a variety
of structures have already been synthesized and reported in the literature. Conversely, dyes absorbing
in the near and far infrared region are more scarce and this particularity relies on the following points:
difficulty of purification, presence of side-reaction during synthesis, low availability of starting
materials, and low reaction yields. Over the years, several strategies such as the elongation of the
π-conjugated spacer or the improvement of the electron-donating and accepting ability of both donors
and acceptors connected via a conjugated or an aliphatic spacer have been examined to red-shift the
absorption spectra of well-established visible dyes. However, this strategy is not sufficient, and the
shift often remains limited. A promising alternative consists in identifying a molecule further used as
an electron-accepting group and already presenting an absorption band in the near infrared region
and to capitalize on its absorption to design near and far infrared absorbing dyes. This is the case with
poly(nitro)fluorenes that already exhibit such a contribution in the near infrared region. In this review,
an overview of the different dyes elaborated with poly(nitro)fluorenes is presented. The different
applications where these different dyes have been used are also detailed.

Keywords: fluorene; nitrofluorene; Knoevenagel reaction; near infrared absorption; push–pull
chromophore; poly(nitro)fluorene

1. Introduction

The reciprocal influence of an electron-donating and an electron-accepting group is capable to give
rise to structures with fascinating properties. Optically, the first manifestation of this mutual interaction
is a color change when the two partners are mixed, resulting in the presence of an additional absorption
band which is not detectable in the absorption spectra of the initial partners considered separately.
This absorption band corresponds to the charge transfer (CT) interaction where part of the electronic
density is transferred from the electron-rich to the electron-deficient partner. Depending on the fact
that the two moieties are (or not) connected to each other, this CT transition can be intermolecular or
intramolecular. Historically, intermolecular charge transfer complexes have been extensively studied,
focused on the metallic conductivity resulting from the grinding of two insulating organic compounds,
i.e., tetrathiafulvalene (TTF) and tetracyano-quinodimethane (TCNQ) [1]. Following this pioneering
work, the possibility to develop superconductors at low temperatures has driven extensive research
efforts, and the emergence of the Bechgaard salts [2]. If these structures are attractive for their electrical
properties, the resulting charge transfer complex renders these structures insoluble, drastically limiting
the scope of applicability. Conversely, materials exhibiting an intramolecular charge transfer (ICT) i.e.,
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meaning that the electron donor is connected to the electron acceptor by mean of a spacer (aliphatic
or conjugated) are not necessarily insoluble so that these structures found widespread applications
ranging from dye-sensitized solar cells (DSSCs) [3], nonlinear optical applications [4,5], solvatochromic
probes [6–8], photochromes [9], single component semiconductors [10–12], electrochromes [13,14],
and piezochromes [15]. Typically, these compounds are composed of a π-conjugated system with
an electron-donating, and an electron-accepting part connected at both sides of the conjugated
spacer [16–19]. If the number of groups used as electron donors cannot be calculated anymore
in regards to the diversity of structures, the number of electron acceptors that can be covalently linked
to electron donors is more limited, as exemplified by the list of molecules 1–17 presented in the Figure 1.
Notably, malononitrile 1 [20], indanedione derivatives 2 [21], (thio)barbituric derivatives 3 [22],
Meldrum derivatives 4 [23], pyridinium 5 [24], methyl-containing tricyanofurans 6 [25], substituted
tricyanopropenes 7 [26], pyran derivatives 8 and 9 [27,28], 1,1,3-tricyano-2-substituted propenes 10 [29],
isoxazolones 11 [30], hydantions and rhodanines 12 [31], pyrazines 13 [32], dicyanoimidazoles 14 [33],
benzo[d]thiazoliums 15 [34], benzo[d]imidazoliums 16 [35], and dicyanovinyl-thiophen-5-ylidenes
17 [36] can be cited as the most common acceptors.

 

Figure 1. Chemical structures of common electron acceptors.

For all these acceptors and irrespective of the electron donors, the intramolecular charge transfer
band is centered in the visible range and this latter can be displaced towards the near infrared region if
the length of the π-conjugated spacer introduced between the two partners is extended as much as
possible. However, the extension of the π-conjugated spacer is often a hard work from a synthetic
point of view and alternatives are actively researched [37]. Considering that for numerous applications,
an absorption in the near-infrared region is required and face to the fact that all the above-mentioned
electron acceptors are not sufficiently electro-deficient to inherently position the charge transfer band
in the near infrared (NIR) region without taking recourse to the elongation of the π-conjugated spacer,
electron acceptors already displaying an absorption band in the NIR region are actively researched.
In this field, and to the best of our knowledge, only (poly)nitrofluorenes such as dinitrofluorene 19 [38],
trinitrofluorene 20 and tetranitrofluorene (TNF) 21 exhibit such an absorption band (see Figure 2).
It has to be noticed that the absorption band detected in the NIR for 19–21 is not detectable in 18.
Based on this unique property, numerous push–pull dyes displaying an absorption peak in the NIR
region have been designed. If (polynitro)fluorenone derivatives have been extensively studied for
the design of intermolecular charge transfer complexes [39], the presence of the carbonyl function in
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fluorenone totally impede this structure to be used for the design of push–pull molecules by connecting
the electron withdrawing/releasing groups to the carbon inserted between the two aromatic rings.
Fluorenone derivatives will not be discussed in this review (see Figure 3). Indeed, by the presence
of the activated CH2 group standing between the two aromatic rings, poly(nitro)fluorene derivatives
constitute candidates of choice for the synthesis in one step of push–pull molecules by a Knoevenagel
reaction, when opposed to an electron donor comprising an aldehyde function (see Figure 3).

 

Figure 2. UV-visible absorption spectra of 18–21 in N,N-dimethylformamide (DMF).

As an interesting feature, when substituted with electron-withdrawing groups such as nitro
groups, the methylene group standing between the two aromatic rings is sufficiently acid so that
the Knoevenagel reaction on 20 and 21 can be carried out without any base, in non-toxic and polar
solvents such as N,N-dimethylformamide (DMF). Principles of Green Chemistry can thus be applied
to the synthesis of push–pull molecules (see Figure 3). Conversely, the methylene group in 18 and 19 is
often not sufficiently activated to allow the Knoevenagel reaction to be carried out without a base and
piperidine or pyridine are classically used.

 
Figure 3. Chemical structures of fluorene and fluorenone.

In this review, an overview of the different push–pull structures comprising (poly)nitrofluorenes as
electron acceptors is presented. More precisely, four different aspects will be detailed. First, numerous
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push–push dyes have been obtained by functionalization of the 9-position of the fluorene acceptor.
Second, a series of dyes has also been obtained by nucleophilic substitution of secondary amines on
cyano-substituted fluorenes and this second approach constitutes the second most widely used synthetic
procedure to access to poly(nitro)fluorene-based dyes. Third, the conceptual unimolecular rectifier
proposed by Aviram and Ratner has been a source of inspiration for the design of numerous chromophores
and a series of dyes has been designed based on this proposed structure. Finally, parallel to organic
donors, organometallic donors have also been investigated, and it constitutes the last part of this review.
To end, and parallel to the synthesis and the examination of the different photophysical properties of the
dyes, the different applications justifying the design of these structures will be detailed.

2. Push–Pull Molecules Based on the Connection of Strong Electron Donors at the 9-Position of
the Fluorene Acceptors

The first report mentioning the design of push–pull molecules with poly(nitrofluorenes) 23–26

was published in 1984 [40]. In this pioneering work, relatively weak electron donors were used
since alkylthio groups were employed. By virtue of the electron-donating ability of the sulfur
atom, an absorption extending until 480 nm could be obtained for 25 and 26. Despite the weak
electron-donating ability of alkylthiols, the strong electron-accepting ability of 19–21 could be
evidenced, the standard conditions of thioacetalization of ketones being unable to provide the
targeted molecules. Indeed, the charge transfer interactions existing between the alkylthiols and
nitrofluoren-9-one derivatives hampered the classical condensation procedures to provide the
push–pull structures 23–26 (See Figure 4).

 

Figure 4. First push–pull molecules 23–26 based on poly(fluorene) acceptors.

The four molecules could only be obtained using an unusual procedure making use of aluminium
chloride as a mediator for the reaction [41]. Using this strategy, 23–26 could be obtained with
reaction yields ranging from 85 to 93%. Interestingly, a weak charge transfer interaction could
be evidenced for 23–26, the lowest-energy transition exhibiting an onset at 470 nm for 25 and 26

and 410 nm for 23 and 24 respectively. Weakness of the interaction between the sulfur donor and
the nitro acceptors and thus the low electronic delocalization in the ground state was confirmed
by cyclic voltammetry, all molecules exhibiting redox potentials comparable to that obtained for
alkyl 2,4,5,7-tetranitrofluorene-9,9-dipropionates that does not possess any electron-donating groups.
These molecules possessing good electron acceptors connected to electron donors can efficiently
sensitize the photoconductivity of semiconducting polymers by forming charge transfer complexes
with these latter, especially with carbazole-containing polymers [42–44], and this ability was examined
with poly(N-vinylcarbazole) (PVK) which is a standard semiconducting polymer. This interaction was
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demonstrated by using two different techniques i.e., the space-charge-limited xerographic discharge
and by an electrochemical time-of-flight (ETOF) method. It has to be noticed that the first commercially
available organic photoconductor was based on a charge-transfer complex between tetranitrofluorene
(TNF) and PVK, justifying the different studies devoted to this topic. As interesting feature, the spectral
zone of photoconductivity of the carbazole-containing polymers can be selected by the appropriate
choice of the push–pull molecule. By comparing the electron mobilities of 23–26 with that of the
reference 2,4,7-trinitrofluoren-9-one, comparable transport properties could be determined [45–48],
demonstrating the pertinence of the strategy for the design of photoconductive materials with
poly(nitro)fluorene derivatives.

In contrast, by improving the electron donating ability of the donors, a significant red-shift of the
absorption combined with the appearance of a second and new long-wavelength absorption band
can be detected at lower energy than the intramolecular charge transfer. This specific band could be
evidenced with the series of push–pull molecules 27–32 (see Figure 5) [49]. This additional absorption
band is really a characteristic from the poly(nitro)fluorene acceptors. As electron donors, dithiolylidene
and selenathiolylidene groups were used, these groups being among the best electron donors [50,51].
27–32 were obtained by condensation of the corresponding dithiolylium 35, 36 and selenathiolylium
salts 37 with the electron acceptors 20, 21, 33 and 34 [52,53]. More precisely, due to the presence of
multiple electron-accepting nitro groups on 20 and 21, these latter are strong C-H acids [54] allowing
the condensation in a highly polar solvent such as DMF to be carried out without any base. From a
photophysical point of view, two charge transfer bands could be detected for the whole series 27–32,
the first one being detected between 446 and 500 nm and the second one between 587 and 633 nm
respectively. Almost no influence of the heteroatom on the electronic transitions of 31 and 32 could be
evidenced (see Table 1).

 

Figure 5. Push–pull dyes 27–32 comprising dithiolylidene or selenathiolylidene electron donors.
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Table 1. UV-visible absorption characteristics of compounds 27–32 in N,N-dimethylformamide (DMF).

Compounds 27 28 29 30 31 32

ICT Bands (nm) 500, 587 492, 604 498, 613 509, 633 447, 599 446, 602

In sharp contrast, positions of the sulfur atoms clearly influence the ICT bands and a blue-shift
of 60 nm for 31 relative to that of 30 was determined. Considering that the same electron acceptor is
used for 30 and 31 (i.e., 21), the enhanced electron donating ability of 1,2-dithiol-3-ylidene compared
to that of 1,3-dithiol-2-ylidene was demonstrated. As attended, improvement of the electron accepting
ability of the substituents in 27–30 resulted in a bathochromic shift of the ICT bands (see Table 1) and a
bathochromic shift of the absorption maximum was also determined by increasing the solvent polarity.
It thus evidences the higher polarity of the excited state for these compounds relative to that of their
ground states. Intramolecular nature of the charge transfer was proved by protonation of the different
molecules in sulfuric acid, resulting in the disappearance of the two ICT bands and the formation of
colorless acidic solutions.

These different trends (lack of influence of the heteroatoms on the ICT maxima, positive
solvatochromism) were confirmed in a subsequent study devoted to a series of 28 molecules (27–32,
38–59) (See Figure 6) [55] Several molecules of the former study (namely 27–32) were revisited in the
context of this new work with aim at establishing a structure-photophysical properties relationship.

 

Figure 6. Push–pull dyes 27–32, 38–59 using 1,2- and 1,3-dithiole, and 1,3-selenathiole as electron donors.

Nine acceptors 20, 21, 33, 34, 60–64 were examined and the synthesis of the different dyes were
carried out using procedures similar to that previously reported, using 35–37 and 65 as the electron
donors. New conclusions could be determined from this work examining a wide range of structures.
First, the reaction yields significantly decreased by reducing the electron-accepting ability of R1 and
R2 so that use of a base was required while using 60–62 as acceptors (see Figure 7). As specificity,
60–62 are not substituted with nitro groups, deactivating the methylene group of the fluorene acceptor.
The intramolecular nature of the charge transfer complex was proved by dissolving the different
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compounds in sulfuric acid, resulting in the formation of colorless solutions by protonation of the
electron-donating part. Reversibility of the process was also evidenced upon addition of water,
regenerating the initial compounds.

Only acidic sensitive compounds comprising nitrile or ester groups could not be entirely recovered,
these groups being partially hydrolysed in strongly acidic conditions. Intramolecular nature of
the charge transfer band was also proved by UV-visible spectroscopy, with a perfect and linear
concentration dependence of the absorbance of their absorption maxima.

As other finding, modification of the linkage of the benzene ring to the donor group drastically
alter of the absorption properties, with a hypsochromic shift of the absorption peaks of about 70 nm
when the aromatic ring is fused to the donor (see series of compounds 55–59 vs. the series of molecules
27–30, 50–54). Examination of the solvatochromism proved to be quite complex, all the dyes exhibiting
two intramolecular charge transfer bands originating from different transitions. (see Table 2).

 

Figure 7. Synthetic routes to 27–32, 38–59.

Considering that the electronic transitions involved in these different absorption bands are not
the same, the solvatochromic behaviors of the two bands varied separately and opposite behaviors
were sometimes found for the two bands of a same dye. While using correlations based on the basicity
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and/or the polarity of the solvent such as the Koppel–Palm correlation, no linear relationships could
be obtained [56,57]. A similar behavior was observed while using more traditional multi-parameter
polarity scales such as the normalized Reichardt’s parameter (EN

T) or the Dimroth–Reichardt
ET(30) index [58]. Parallel to the solvatochromism, a thermochromism could be detected for all
compounds, evidencing a modification of the solute-solvent interactions with the temperature [59,60].
Thus, a hypsochromic shift while increasing the temperature was determined for all compounds,
with a more pronounced shift for the low energy ICT band. To illustrate this, a blue shift of 72 nm was
observed in chlorobenzene for the second ICT band of 31 while increasing the temperature from 3 to
92◦C whereas a blue shift of only 7 nm was detected for the high-energy transition.

Table 2. UV-visible absorption characteristics of compounds in dioxane.

Compounds 38 39 40 41 42 43 31

ICT Bands (nm) 406, 491 412, 492 418, 515 420, 525 426, 556 426, 552 434, 571

Compounds 44 1 45 1 46 47 48 49 32

ICT Bands (nm) 403, 490 410, 514 416, 516 422, 526 425, 556 425, 554 433, 571

Compounds 50 51 52 27 29 53 30

ICT Bands (nm) 460, 527 470, 557 470, 565 480, 572 490, 592 486, 593 492, 606

Compounds 28 2 55 56 57 58 59

ICT Bands (nm) 492, 604 498 513 542 549 425, 569
1 in acetone. 2 in DMF. ICT: intramolecular charge transfer.

To quantitatively examine the temperature effect, a linear dependence with inverse temperature
could be evidenced. As attended, a negative halochromic behavior was detected, resulting from the
protonation of the electron-donating dithiolylium. Interestingly, at certain concentration, an additional
band in the 800–1000 nm region was detected for 31 and 32, assigned to the formation of radical ion
species. Precisely, the generation of radical species was assigned to bimolecular interactions between
the neutral form regenerated upon dilution and the protonated form, resulting to an intermolecular
electron transfer between the neutral and the cationic form, producing a radical and a radical cation
following the Equation (1).

31 + 31-H+ ↔ 31+ + 31-H (1)

Electrochemical investigations revealed the different molecules to exhibit two redox processes,
with two closely spaced reduction waves centered on the fluorene moieties, corresponding to the
formation of the radical anion and dianion. For the series of compounds 32, 44–49, an additional
reversible reduction process was detected at about −2.0 V (vs. Fc0/Fc+ couple) and this process was
assigned to the formation of the radical trianion species. Investigation of the substitution effects on
the fluorene acceptors revealed the difference between the two first reduction processes to be almost
constant, whatever the substitution of the fluorene core was. Position of the ICT band is highly sensitive
to the strength of the electron donors and acceptors that are selected for designing push–pull dyes but
position of this transition can also be modified with lengthening the conjugated chain between the two
partners. Influence of this parameter was notably examined with a series of chromophores bearing
1,3-dithiolylium donors [61]. The different dyes 66–97 were synthesized using a strategy comparable
to that used for the former series (see Figure 8). 98–105 were used as the electron donors and 20, 21,
60–64 as the electron acceptors.

Upon elongation of the conjugated spacer, an extension of the highest occupied molecular orbital
(HOMO) level over the donor part and the π-conjugated system is logically observed, resulting in a
decrease of the HOMO-LUMO gap (where LUMO stands for lowest unoccupied molecular orbitals).
Thus, comparison between 71, 83, and 90 revealed the second ICT band to shift from 544 to 588 and
636 nm respectively in 1,2-dichloroethane (see Table 3). Parallel to this, the molar extinction coefficient
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drastically increased from 9800 to 21,000 and 39,000 dm3·mol−1·cm−1 respectively upon elongation
of the conjugated spacer. By electrochemistry, a cathodic shift could be detected (Ered (71) = −0.80 V,
−1.02 V and Ered (83) = −0.83 V, −1.05 V vs. Ferrocene/Ferrocenium (Fc0/Fc+) couple), consistent
with an improvement of the electron-donating ability in 83 and thus a lower ability for the fluorene
moiety to accept electrons.

 

Figure 8. Synthetic routes to push–pull dyes 66–97 based on 1,3-dithiole donor moieties.

Table 3. UV-visible absorption characteristics of compounds 71, 77, 83, 90 and 95–97.

Compounds 71 77 83 90 95 96 97

ICT Bands (nm) 1 544 592 611 588 636 707 753
ICT Bands (nm) 2 535 578 595 572 590 650 700

1 in 1,2-dichloroethane. 2 in acetone.

As potential application for these structures, the most soluble derivative 84 was examined as a
sensitizer in photothermoplastic storage media (PTSM) based on poly[N-(2,3-epoxypropyl)carbazole]
(PEPC) [44]. Notably, photothermoplastic materials can find numerous applications in aerospace
and astrophysics [62]. In the present case, high values of holographic sensitivity in the ICT region
were determined, outperforming the results obtained with tetranitrofluorene 21, when used as the
sensitizer for the same polymer. Especially 84 is a promising candidate for this application as it
possesses a significant electron affinity (2.1 eV deduced from its reduction potentials (Ered1 = −0.81 V,
Ered2 = −1.04 V vs. Fc0/Fc+ couple), facilitating the formation of charge transfer complexes with
electron donors such as poly(carbazoles).

Finally, the best comprise between electron affinity and intramolecular charge transfer energy was
obtained with the molecule 106 [63]. This molecule was obtained by condensation of the aldehyde 107

with 21 in DMF (See Figure 9). Comparison of the electrochemical properties of this molecule with those
of 21 evidenced the two molecules to exhibit similar redox potentials (−0.89 V, −1.04 V and −1.78 V
for 106 vs. −0.88 V, −1.15 V and −1.79 V for 21 vs. Fc0/Fc+ couple respectively), providing similar
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electron affinities and thus electron accepting abilities to the two molecules. However, compared to its
analogue 84, a red-shift of the two ICT bands was obtained for 106, with a red-shift of 95 and 33 nm for
the two ICT bands and an increase of the peak intensity of 1.5 and 3 for the two ICT bands respectively
(See Table 4). This enhancement of the molar extinction coefficient is consistent with the elongation
of the π-conjugated system, increasing the oscillator strength and thus the electronic delocalisation
upon excitation.

 

Figure 9. Synthetic routes to tetranitrofluorene (TNF)-based dye 106.

Table 4. UV-visible absorption characteristics of 84 and 106.

Compounds 106 1 84 2

ICT Bands (nm) 545, 643 450, 610
1 in dichloromethane. 2 in acetone.

While comparing 84 and 106, the ability of 106 to sensitize the photoconductivity of the
carbazole-based polymer PEPK-1 was greatly enhanced, by the red-shift of its absorption bands but
also by the similar intensity of the two ICT bands, widening the photoresponse over the 500–700 nm region.
Indeed, the photoresponse of 84 was limited to the 550–650 nm region due to the presence of a unique
ICT band.

As already mentioned, elongation of the π-conjugated spacer is favorable to increase the molar
extinction coefficient of the intramolecular charge transfer and to redshift the absorption maximum.
An improvement of the photoconductivity sensitization is also attended if the electron affinity of the
chromophore is enhanced, favouring the formation of a charge transfer complex with the sensitized
polymer. With aim at optimizing these different parameters (length of the π-conjugated spacer,
electron donating/accepting ability of the two partners), a thiophene was introduced between the
electron-donating 1,3-dithiole group and the fluorene acceptor (see Figure 10) [64].

 

Figure 10. Chemical structures of 108, 109 and 84.

From a photophysical point of view, only few details were provided in this work, excepted that
the two ICT bands are detected in the 400–900 nm region, with a significant red-shift of the absorption
maximum accompanied by a substantial increase of the molar extinction coefficient for 108/109 relative
to that of 84. By electrochemistry, unexpectedly, an irreversible one-electron reduction process was
observed for 108 and 109, identified as resulting from the presence of the hydrogen on the double
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bond close to the acceptor moiety. As a consequence of this electrochemical irreversibility, when tested
as sensitizers for the carbazole-based polymer PEPK, only a poor photoresponse in the ICT band
of 108/109 was observed and this result was assigned to the poor photochemical stability of the
radical anion previously demonstrated by the irreversibility of the reduction process. Solubility of the
sensitizer is another major issue, especially for fluorene derivatives that are prone to aggregate, and this
issue was addressed by elongating the chain (109 vs. 108). The higher solubility of 109 compared to
that of 108 was evidenced.

Recently, the design used for the synthesis of 84 was revisited in a more ambitious study where
21 structures were examined [65]. Their chemical structures are depicted in the Figure 11. In fact,
compared to the previous study [61], only two new structures were added, namely 110 and 111.
However, a more detailed study was carried out in this new work.

 

Figure 11. Synthetic route to 67–84 and 110–111.

All molecules 67–84 and 110, 111 exhibited a strong color ranging from red to black and the
different dyes were also characterized by a low solubility in most of the common organic solvents.
This is the reason 84 was synthesized: in order to greatly improve the solubility of this chromophore.
As the main characteristic of this series, the different molecules are characterized by multiple
redox states, ranging from four to five redox states what is rarely observed for purely organic
molecules [66–68]. Precisely, until four reduction processes could be detected for 71, 70, and 68,
what is also observed for fullerene derivatives [69]. Considering that upon reduction, the radical
anion, the dianion, the radical trianion, and the tetraanion are centered on the fluorene moiety, a major
influence of the substitution pattern was evidenced on these different reduction processes. A summary
of the redox potentials is provided in the Table 5. Precisely, a linear correlation for the first and second
reduction processes could be determined while using the Hammett constants which quantify the
impact of the substitution pattern on the redox potentials [70]. No influence of the substitution pattern
of the dithiole moiety on the reduction potentials was detected, evidencing the negative charge to
be exclusively localized on the fluorene fragment. These results were confirmed by the theoretical
calculations done on the different molecules, evidencing the LUMO level to be mostly centered on the
fluorene moiety.
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Table 5. Summary of the electrochemical data in dimethylacetamide (DMA) (vs. Fc0/Fc+ couple) and
optical properties of the different dyes recorded in CH2Cl2.

Compounds Eox1 (V) Ered1 (V) Ered2 (V) Ered3 (V) Ered4 (V) λICT (nm)

84
0.86, 1.22 irr

1 −0.91 1 −1.10 1 −1.91 1 - 590

84 - −0.80 −1.04 −2.04 -
83 0.85 irr −0.83 −1.07 −2.01 - 611
82 0.84 irr −0.94 −1.15 −2.04 - 589

81
0.82, 1.35 irr

1 −1.11 1 −1.21 1 −1.89 1 - 580

81 0.79 irr −0.98 −1.22 −2.05 -
80 0.76 irr −1.12 −1.35 −2.02 - 554
79 0.73 irr −1.18 −1.37 - - 540
78 - −1.28 −1.43 - - 535
77 0.79 irr −0.78 −1.02 −2.00 - 592
76 0.77 irr −0.90 −1.11 −2.03 - 572
75 0.75 irr −0.94 −1.18 −2.05 - 568
74 0.73 irr −1.08 −1.29 −2.00 - 538
73 0.72 irr −1.14 −1.32 −1.53 irr - 529
72 - - - - - 498
110 - −0.76 −1.01 −1.99 - 558
111 1.18 irr −0.77 −1.02 −2.00 - 557
71 - −0.76 −0.98 −1.79 −2.08 544
70 - −0.87 −1.06 −1.81 −2.10 528
69 - - - - - 520
68 - −1.05 −1.25 −1.83 −2.03 496
67 - −1.11 −1.31 −1.88 - 488
66 - - - - - 472

1 in dichloromethane.

While examining the position of the ICT bands, classical trends were determined such as a clear
bathochromic shift of the ICT band while improving the accepting ability of the fluorene moiety or
by improving the electron donating ability of the 1,3-dithiole moiety. Here again, a linear correlation
with the sum of the Hammett parameters was demonstrated, evidencing this series of molecules to
exhibit a classical modification of the ICT band with the strength of the donors and the acceptors.
The most redshifted absorption was detected for 83, with an ICT band peaking at 611 nm. Only a
weak positive solvatochromism was determined for all molecules by increasing the solvent polarity,
the variation of the ICT band being lower than 20 nm. This result is indicative of a highly polar ground
state. Conversely, a pronounced thermochromic behavior was evidenced with a hypsochromic shift
of the ICT band while increasing the temperature. This phenomenon was notably demonstrated in
high-boiling point solvents such as chlorobenzene and 1,2-dichlorobenzene. Such a behavior is not
so unusual since it was previously reported for polythiophenes [71,72]. Finally, among the series
of 27 molecules, only 84 was examined as an electron acceptor for the preparation of CTC with
carbazole-containing polymers. Precisely, 84 was used for recording holograms on photothermoplastic
storage media (PTSM) materials in combination with poly(N-epoxypropylcarbazole) (PEPK). To reach
the maximum sensitivity, a concentration of only 2 wt.% was required for 84 compared to 10 wt.% for
benchmark sensitizers such as 2,4,7-trinitrofluorenone and 2,4,7-trinitro-9-dicyanomethylene-fluorene,
as a result of a broader UV-visible absorption spectrum.

Until 2008, the unique application reported for poly(nitro)fluorene dyes concerned the
electrophotographic processes with the sensitization of carbazole-containing polymers [73]. In 2009,
the scope of applicability of poly(nitro)fluorene dyes was extended to aggregation-induced emission
(AIE) and the design of red-emitting materials [74]. For this purpose, three molecules (112–114) were
examined and the slight differences in chemical structures drastically impacted the optical properties
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and the supramolecular structures (See Figure 12). To examine this last point, symmetrically and
asymmetrically substituted push–pull molecules were investigated.

 

Figure 12. Chemical structures of 112–114.

While refluxing 112 and 113 in hexanes and cooling the solutions at 0 ◦C afforded in the two cases
precipitates that were examined by optical microscopy. If the formation of spheres of 6–8 μm diameter
and a nanostructured surface was observed for 112, conversely, microtubes of 2.5–5 μm diameter were
obtained for 113. The size and morphology of the microstructures could be easily tuned by varying
the cooling temperature. Thus, “flowers with petals” could be obtained while cooling the solution at
15 ◦C for 112, replacing the microspheres previously obtained when the solution was cooled at 0 ◦C.
By optically characterizing the microstructures, the two charge transfer bands detected in hexanes at 417
and 520 nm for 112 gradually evolved to a band at 480 nm with a shoulder at 520 nm upon aggregation.
This new band was assigned to an intermolecular charge transfer between adjacent molecules in
the solid state. Based on this finding, the cohesion between molecules in the solid-state results
from intermolecular interactions between molecules, outperforming the intramolecular interactions.
A similar behavior was evidenced for 113, the intramolecular charge transfer band at 552 nm
splitting into two new bands at 385 and 460 nm. While examining the photoluminescence properties,
a 50-fold enhancement of the photoluminescence quantum yield (4.5%) was determined for 112 upon
aggregation. An AIE process was thus evidenced. Conversely, the symmetrical substituted 113 did
not show any enhancement of the photoluminescence properties upon aggregation. In fact, authors
determined from the crystallographic investigations that the structure of 113 was more twisted than
that of 112 in the solid state, quenching the fluorescence. Parallel to this, intermolecular interactions are
responsible of the aggregation of 112 in the solid state whereas dipole interactions govern the packing
of 113 in the solid state. It was thus concluded the molecular dipole moments in chromophores to be a
crucial parameter governing the packing mode and the ability to design AIE emitters.

Parallel to 1,3-dithiole electron donors, thiophenes are also extensively used for the design of
semiconducting polymers [75] and materials for NLO applications due to their exceptional electron
donating ability and their oxidation potentials [76]. In this context, a series of poly(nitrofluorenes)
where the thiophene group was not used as a spacer but as an electron donor were prepared [77].
More precisely, the 1,3-dithiole moiety was fused with the thiophene ring, furnishing an extended
donor (see Figure 13).

For this series of dyes 114–131, the synthesis of the acceptors and especially the selectivity during
the mono- and dinitration reactions of the fluorene esters proved to be challenging and the reaction
conditions had to be carefully optimized for each of them. To illustrate this, 138–142 could only
be obtained by using a HNO3: AcOH 3:20 ratio starting from 133–137 whereas 143 and 144 could
be more easily prepared while using a HNO3: AcOH 1:1 ratio. Conversely, 148–150 could only be
obtained while reacting 133–135 in fuming nitric acid. In the case on long-chain esters (undecanyl and
triethyleneglycol monomethyl ether and triethyleneglycol monoethyl ether), the purification of 145

and 146 was almost impossible due to the presence of a mixture of di- and trinitro derivatives that
could not be separated due to similar polarities on the column chromatography. As an alternative
strategy to access to 145 and 146, the ester 144 was hydrolyzed in acidic conditions providing 153 and
esterified with the appropriate alcohol furnishing the two expected esters 145, 146 and even 154.
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Figure 13. Structures of the different push–pull chromophores comprising a fused thiophene-1,3-dithiole
114–126 and dtetrahydrothiophene moieties 127–131.

As other surprising result, the synthesis of 151 could not be realized in the conditions used for
150, the Nuclear Magnetic Resonance (NMR) analysis evidencing that the terminal ethyl group was
lost (see Figure 14). Loss of the ethyl group and formation of a nitrate was confirmed by Infrared
spectroscopy analyses. This unexpected behavior was not observed for 150.

 

Figure 14. Synthetic routes to the various electron acceptors 132–154.

14



Materials 2018, 11, 2425

From a synthetic point of view, 114–126 were obtained in conditions adapted for each acceptor.
Thus, due to the high reactivity of the tri- and tetranitrofluorene acceptors, condensation with salt 155

could be realized simply in DMF whereas pyridine was used as the solvent for the less reactive dinitro
acceptors. Long reaction times were required for the reaction with mononitro derivatives, yielding the
targeted molecules in low yields (40 to 76% yield) due to the degradation of the salt 155 over time.
Compounds 114–116 could not be isolated pure. Face to this result, reactivity of the dihydrothiophene
salt 157 towards condensation with fluorene acceptors was examined. Due to a greater delocalisation
of the positive charge over the whole salt, reaction temperature for the synthesis of 127–131 could be
considerably reduced (room temperature for the synthesis of 127–131 versus 100 ◦C for 114–125, 50 ◦C for
126) (see Figure 15). Reaction yields ranging from 47 to 64% were determined for the synthesis of 127–131.

 

Figure 15. Synthetic route to the series of push–pull molecules 114–131.

While examining the optical properties of the series of dyes 114–131, a bathochromic shift of the
two ICT bands was unexpectedly observed for 127–131 compared to that of their analogues 114–126.
This counter-intuitive behavior can be assigned to the fact that when the thiophene ring is fused to
1,3-dithiole, this latter doesn’t behave as a donor but as an acceptor, reducing the electron donating
ability of the 1,3-dithiole moiety. A similar behavior was previously reported for TTF derivatives [78,79].
The most red-shifted ICT was detected for 131, bearing 21 as the acceptor and the ICT was detected at
596 nm (see Table 6).
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Table 6. UV-visible absorption characteristics of push–pull molecules 115–131.

Compounds 115 116 117 118 119 120

ICT Bands (nm) 1 429 446 474 492 492 492

Compounds 121 122 123 124 125 126

ICT Bands (nm) 1 492 508 538 542 540 562

Compounds 127 128 129 130 131

ICT Bands (nm) 1 502 520 537 574 596
1 in DMF.

The electrochemical behavior of 114–131 revealed an irreversible oxidation process to take place
upon oxidation. As deduced by UV-visible spectroscopy, the negative impact of the electron-withdrawing
ability of the fused thiophene on the redox properties was confirmed, the oxidation potentials being
detected at more cathodic potentials for the 114–126 vs. 127–131. An oxidation process centered on the
1,3-dithiole fragment could be confirmed. Two closely-spaced reduction processes could be detected for
all molecules with the presence of an additional reduction peak detected around −1.8 V (vs. Fc0/Fc+

couple), that was reversible, quasi-reversible or irreversible depending of the electron-withdrawing
acceptor. No regular dependence with the substitution pattern of the fluorene moiety was evidenced
for this third and additional peak. Finally, attempts to electropolymerize the series 114–126 failed, as a
result of the formation of the radical cation onto the 1,3-dithiole part which is thus inappropriate for
dimerization. The steric hindrance of the monomer was also suggested as impeding the monomeric units
to connect to each other. This drawback was overcome with the terthiophene derivative 158 where two
electroactive thiophene groups were introduced on both side of the thieno-1,3-dithiol-2-ylidene moiety
(See Figure 16) [80]. In these conditions, a sufficient distance was introduced between the bulky fluorene
units so that a polythiophene polymer could be formed by cycling between 0 and 1.40 V.

 
Figure 16. Chemical structure of 158.

To reduce the negative impact of the 1,3-dithiole moiety on the electrochemical oxidation of the
thiophene moiety and the localization of the radical cation onto the 1,3-dithiole moiety, a strategy
consisting in isolating electronically the two groups from each other was examined and in this aim,
the 160–164 series was developed [81]. By analogy with the previous work, a series of molecules 158,
166–169 where additional and lateral thiophene groups have been introduced to reduce the steric
hindrance was also prepared (See Figure 17).
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Figure 17. Structures of electropolymerizable monomers 160–164 and 158, 166–169.

The different molecules were prepared using the standard procedure, by reaction consisting in
the condensation of the substituted fluorenes with the appropriate dithiolium salt 159 or 165. It has
to be noticed that 165 is unstable so that it has to be used immediately after synthesis, in the next
step, without purification. If 166 and 168 could be synthesized, their low solubilities impeded their
purifications so that, even if obtained, these two compounds were thus further investigated.

By UV-visible spectroscopy, the low influence of the thiophene moiety as well as the 1,4-dithiino
spacer on the charge transfer interaction was evidenced, especially by comparing the positions of the
ICT bands with those of unsubstituted analogues previously reported (See Table 7) [55,61,82] Similarly,
comparison of the oxidation potentials of the 167–169 series with those of the series 160–164 previously
studied [77] evidenced the 1,4-dithiino spacer to decrease the electronic effects of the fluorene moiety
on the oxidation ability of the thiophene unit, what is favorable for the oxidative electropolymerization
of thiophene. Finally, for electropolymerization, only 158 was examined, this latter exhibiting the best
compromise between solubility and electron-accepting ability of the fluorene fragment.

Table 7. UV-visible absorption characteristics of push–pull molecules 158, 160–164, and 169.

Compounds 168 158 169

ICT bands (nm) 1 503 565 589

Compounds 160 161 162 163 164

ICT bands (nm) 1 489 513 530 567 588
1 in DMF.
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Poly(158) was obtained by electrochemical oxidation, by successive cycling between 0 and 1.4 V
in dichloromethane. A dark blue polymer formed at the surface of the Gold electrode. By UV-visible
spectroscopy, an ICT band located at 567 nm could be determined for the electrogenerated polymer.
For comparison, poly(158) was also synthesized chemically, by oxidation with FeCl3, and an ICT
band at the same position could be detected. By FTIR spectroscopy, analysis of the photoinduced IR
spectrum of poly(158) revealed the presence of two representative infrared active vibration (IRAV)
bands, one evidencing the presence of radical cations delocalized over the polythiophene backbone and
a second one demonstrating the accepting part of the polymer to be localized over the fluorene units.

3. Push–Pull Molecules Obtained by Nucleophilic Substitution

All the aforementioned chromophores have been obtained by functionalization of the methylene
group of the fluorene acceptor. In this field, the most popular reaction has undoubtedly been the
Knoevenagel reaction. Parallel to the Knoevenagel reaction, an alternative has also been proposed,
based on the nucleophilic substitution on the dicyanomethylene fragment of dicyano-methylenefluorene
acceptors by aliphatic amines. This reaction has previously been reported for strong electron acceptors
such as tetracyanoquinodimethane (TCNQ) and tetracyanoethylene (TCNE) [83–85]. In the present
case, one or two cyano groups can be substituted, depending of the reaction conditions. In 1995,
Perepichka, et al. reported a series of push–pull molecules 178–193 and 194–209 prepared from 170–177,
based on the successive substitution of a cyano group by a secondary amine (See Figure 18) [86]. In this
work, two different amines were investigated, namely piperidine and morpholine.

 

Figure 18. Structures of push–pull molecules 178–193 and 194–209.

By the simultaneous presence of the electron donating aliphatic amino group and the
electron-accepting fluorene fragment within the same molecule, appearance of an intramolecular charge
transfer band located in the visible range could be detected. Interestingly, by NMR, a Z/E isomerization
could be evidenced and by increasing the number of electron-withdrawing group on the fluorene fragment
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contributed to lower the rotation barrier. In this work, only few details were provided concerning the
UV-visible absorption spectra of 178–193 and 194–209. The unique informations concern the absorption
range, going from 440 to 550 nm for 178–193 (440–550 nm) and 530–620 nm for 194–209 respectively.
More efforts were devoted to determine the relationship existing between the position of the ICT band
and the substituent effects. Especially, the Koppel–Palm four-parameters’ equation taking account from
the polarity, the polarizability, the acidity and the basicity of the solvent was examined [56]. In this study,
only the polarity and the basicity proved to be relevant to justify the shift with the substitution pattern.

Following this work, a more detailed study was proposed in 1996 by the same authors and the lateral
functionalization of the fluorene core was investigated (see Figure 19) [82]. By electrochemistry, the specific
behavior of 204 compared to the series 210–217 and 218–225 was evidenced. Notably, a difference of
560 mV was found between the two first reduction waves of 204 whereas this difference is only of 160 mV
for 210–217 and 218–225 (see Table 8). The electron affinity (2.46 eV) of 204 was determined as being
greater than that of the series 210–217 (1.65–2.03 eV) and the series 218–225 (1.36–1.85 eV). This result
is counter-intuitive, considering the presence of the electron-donating group directly connected to the
fluorene core but can rationalized on the basis of the sum of the nucleophilic constants. Considering that
the two series 210–217 and 218–225 exhibit a strong absorption band in the visible range (see Table 8),
the generation of the radical anion or the dianion of these structures should drastically reduce the electron
accepting ability of the fluorene moiety, resulting in the disappearance of the intramolecular charge
transfer band. A similar behavior should also be observed upon generation of the radical cation, making
these structures appealing candidates for electrochromic applications. These conclusions were confirmed
by spectro-electrochemical experiments, demonstrating a reduction of the ICT band upon oxidation
and/or reduction of the chromophore, associated with the appearance of new bands corresponding to the
formation of the radical cation, radical anion or dianion.

 

Figure 19. Structure of push–pull molecule 204 and the two series 210–217, 218–225.
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Table 8. Summary of the electrochemical data in acetonitrile (vs. Fc0/Fc+ couple) and optical properties
of the different dyes 210–224 recorded in dioxane.

Compounds Eox1 (V) 1 Ered1 (V) 1 Ered2 (V) 1 Ered3 (V) 1 Ered4 (V) 1 λICT (nm) 2

210 1.23 −0.89 - - - 441
211 1.33 −0.82 - - - 454
212 1.33 −0.79 - - - 460
213 1.34 −077 - - - 459
214 1.36 −0.70 −0.77 - 0.07 465
215 1.37 −0.67 −0.75 −1.32 0.08 472
216 1.47 −0.53 −0.62 −1.34 0.09 492
217 1.55 −0.40 −0.50 −1.31 0.10 505
218 0.71 −1.16 - - - 528
219 - - - - - 532
220 0.77 −1.04 −1.14 - 0.10 543
221 0.77 −1.03 1.13 - 0.10 542
222 0.87 −0.97 −1.06 - 0.09 539
223 0.89 −0.93 −1.03 −1.44 0.10 552
224 1.00 −0.84 −0.96 −1.50 0.12 564
225 1.11 −0.70 −0.86 −1.50 0.16 571

1 in acetonitrile. 2 in dioxane.

Finally, due to the broad absorption of these structures, the sensitization of the photoconductivity
of carbazole-containing polymers was examined. While comparing the sensitization ability of 177,
217 and 225, a decrease in the order 177 > 217 > 225 was demonstrated, resulting from a reduction of
the electron accepting ability of the fluorene core. An hypsochromic shift of the electrophotographic
sensitivity was also observed, following the trend of the ICT band.

4. Push–Pull Molecules Based on the Aviram and Ratner Concept

The unimolecular rectifier proposed by Aviram and Ratner in 1974 has excited during numerous
years the imagination of researchers [87]. If proposed theoretically, numerous attempts have been
carried out to synthesize this conceptual model 226, without success [88–90]. The difficulty of
synthesis lies in the combination within a unique molecule of a strong donor and a strong acceptor
that will form an intermolecular charge transfer complex prior to the formation of the covalent
bond [91–94]. If the initial concept was based on the covalent linkage of the remarkable electron donor
tetrathiafulvalene (TTF) to the strong electron acceptor tetracyanoquinodimethane (TCNQ), numerous
acceptors of lower electron-accepting ability were examined, as exemplified by quinones [95,96],
tetracyanoanthraquinodimethane [89], fullerenes [48,97]. The conversion of weak acceptors to
stronger acceptors subsequently to their covalent linkages has been extensively studied, but this
conversion proved to be more difficult than anticipated and most of the attempts failed [88–90].
In 2002, Perepichka, et al. examined the combination of TTF with poly(nitro)fluorene acceptors.
Three molecules were synthesized (See Figure 20) [98]. Here again, the strategy consisted in first
connecting the fluorenone-based acceptors to the donors, providing the diads 227, 229, and 231. In a
second step, 227, 229, and 231 were converted to 228, 230, and 232 by reaction with malononitrile in
DMF at room temperature. Concerning their designs, for 228 and 230, the length of the flexible spacer
was selected to be sufficient to allow an intramolecular electron transfer whereas a short spacer was
selected for 232, precluding the formation of an intramolecular interaction. Due to the use of strong
electron donors and acceptors, an intramolecular electron transfer could effectively occur in 228 and
230 thanks to the use of a flexible spacer. The first manifestation of this ICT was the detection by EPR
of a strong signal indicative of the formation of a radical determined as being the radical cation of TTF.
Conversely, the radical anion of the acceptor was not detected, and this absence of signal was assigned
to the formation of head to head dimers, quenching the signal. This behavior has previously been
reported for TCNQ derivatives [99]. From an electrochemical point of view, diads 228, 230 and 232
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are characterized by a multiredox behavior, with the formation of the radical cation and dication of
TTF and three reversible reduction processes centered on the fluorene moiety corresponding to the
formation of the radical anion, dianion and radical trianion (See Table 9). Comparison of the redox
potentials of 228, 230 and the short-chain 232 revealed in this last case, the redox potentials of TTF not
to be affected by the presence of the electron acceptor, and this was especially revealed by comparing
the oxidation potentials of TTF in 231 and 232 (less than 10 mV of difference). Indeed, in this last case,
232 has been designed to preclude any intramolecular charge transfer and the two partners, in turn,
behave as independent molecules. As final interesting feature, an extremely small HOMO-LUMO gap
was determined for the three molecules, around 0.3 eV.

 

Figure 20. Structures of push–pull chromophores 227–232 derived from the Aviram and Ratner
conceptual unimolecular rectifier 226.

By UV-visible spectroscopy, the six push–pull molecules are characterized by two ICT bands,
one in the visible range and another one in the NIR region. As anticipated, improvement of the
electron-accepting ability resulted for 228 and 230 to a red-shift of the two absorption bands relative
to that of 227 and 229. Examination of the concentration dependence of the ICT band intensity was
determined as being linear for 227, 229, 231 whereas a complete disappearance of the charge transfer
band was detected for 231 and 232 for concentrations below 10−4 M. It can therefore be concluded that
the two bands detected for 231 and 232 correspond to through-space interactions between adjacent
molecules. Finally, 199 and 201 were examined for their electrochromic properties. 230 proved to be
more promising than 228 as a partial decomposition was observed during cycling. This instability was
partially assigned to the linker introduced between the donor and the acceptor, the ester connection
being less stable than the amide connection. 230 proved to be an interesting material for photochromic
applications as the two first oxidation and reduction processes are reversible, ensuring the regeneration
of the initial molecule upon cycling.
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Table 9. Summary of the electrochemical data in CH2Cl2 (vs. Fc0/Fc+ couple) and optical properties of
the different dyes 198–203 recorded in CH2Cl2.

Compounds Eox1 (V) Eox2 (V) Ered1 (V) Ered2 (V) Ered3 (V) λICT1 (nm) λICT2 (nm)

227 −0.13 0.37 −0.68 −1.04 −1.86 750 990
228 −0.09 0.35 −0.39 −0.90 −1.57 800 1230
229 −0.17 0.31 −0.69 −1.06 −1.84 775 975
230 −0.10 0.32 −0.38 −0.90 −1.56 800 1260
231 −0.11 0.40 −0.72 −1.00 −1.81 630 1 900 1

232 −0.10 0.41 −0.39 −0.93 −1.62 785–825 1200–1330
1 in acetone.

5. Intramolecular Charge Transfer Complexes in Metal-Based Dyes

Organic electron donors were not the only ones to be used for the preparation of push–pull
chromophores comprising poly(nitro)fluorene acceptors. Ferrocene was also examined as a potential
donor and influence of the length as well as the nature of the spacer introduced between the two
fragments was studied (See Figure 21) [100].

 

Figure 21. Push–pull chromophores 233–250 based on ferrocene.

For the series of metal complexes 233–250, an absorption band ranging from 450 to 900 nm could
be detected. These different complexes being designed for Non-Linear Optical (NLO) applications and
in order to facilitate the determination of the quadratic hyperpolarizability by the electric field induced
second harmonic (EFISH) generation, a soluble version of each complex was synthesized, namely, 235,
238, 241, 244, 247 and 250. Going from 235 to 250, the μβ values increased from 100 × 10−48 esu for
235 to 200 × 10−48 esu for 238, 800 × 10−48 esu for 241 and 2400 × 10−48 esu for 250. Evolution of the
hyperpolarizability is consistent with the elongation of the π-conjugated spacer in these structures.
While examining the optical properties, two ICT could be detected for all compounds. Only a minor
variation of the maximum absorption was observed with the spacer (See Table 10).
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Table 10. Summary of the optical properties of the different dyes recorded in 1,2-dichloroethane.

Compounds 233 234 236 238 239 241

λICT1 (nm) 430 410 451 431 430 430
λICT2 (nm) 620 609 658 616 600 600

Compounds 244 247 248 249 250

λICT1 (nm) 502 450 464, 514 450, 485 455, 490
λICT2 (nm) 640 - 706 660 660

Finally, in 2001, the same authors investigated the design of A-D-A triads 233, 251–258 where
ferrocene or a ruthenium complex was used as the donor (See Figure 22) [101]. In these series, the higher
electron donating ability of ferrocene compared to the ruthenium complex was demonstrated, a
red-shift of the ICT band being detected for 253 (622 nm in 1,2-dichloroethane) compared to 256

(521 nm in 1,2-dichloroethane). Comparison of the UV-visible spectra of the triads 253–255 with the
diads 233, 251, 252 revealed the position of the ICT bands to remain almost unchanged. Face to these
considerations and considering the difficulty to synthesize the triads, it can be concluded that the
synthesis of the diads is sufficient and that the connection of the donor to an additional electron
acceptor can’t improve its electron-donating ability irrespective of the electron-withdrawing ability of
the acceptor.

 

Figure 22. Push–pull chromophores based on metallocenes (iron and ruthenium complexes).

6. Conclusions

In this review, an overview of the different dyes designed with the fluorene scaffold substituted
with three or four nitro groups is presented. As detailed in this review, organic dyes have
focused the main interest of researchers, but metal-based chromophores have also been investigated.
If poly(nitro)fluorene acceptors constitute a unique class of acceptor by their inherent absorption in
the near infrared region, the presence of numerous nitro group drastically limits the solubility of
the resulting push–pull dyes and numerous efforts have been devoted to overcome this drawback.
At present, the scope of applicability of these structures is quite limited, since the compounds
have mostly been investigated as sensitizers for hologram recording, and more scarcely for NLO
or electrochromic applications. With regards to the recent interest of compounds absorbing in the near
infrared region (photopolymerization, dyes for photovoltaics applications, etc.), clearly, the number of
applications involving the use of poly(nitro)fluorene structures will greatly expand in the future.
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Abstract: We propose a novel method to pattern the charge recombination layer (CRL) with a
low-temperature solution-processable ZnO layer (under 150 ◦C) for organic solar cell applications.
Due to the optimal drying process and thermal annealing condition, ZnO sol-gel particles formed
a three-Dimensional (3D) structure without using a high temperature or ramping method. The
generated 3D nano-ripple pattern showed a height of around 120 nm, and a valley-to-valley distance
of about 500 nm. Based on this newly developed ZnO nano-ripple patterning technique, it was
possible to pattern the CRL without damaging the underneath layers in tandem structure. The use of
nano-ripple patterned ZnO as the part of CRL, led to the concomitant improvement of the power
conversion efficiency (PCE) of about 30%, compared with non-patterned CRL device.

Keywords: organic tandem solar cell; 3D nano-ripple pattern; ZnO sol-gel; charge recombination
layer; low temperature solution process

1. Introduction

Finding alternatives for the current energy sources (i.e., burning fossil fuels, nuclear materials)
has become one of the most important societal challenges for relieving the environmental pollution
problem [1]. One of the most promising next-generation energy sources is solar energy, which can
be converted to electric power via photovoltaic technology. Currently industrialized photovoltaic
panels are based on inorganic materials such as silicon [2–4]. Recently, organic solar cells (OSCs)
emerged as an alternative to inorganic photovoltaics devices [5–7]. The merits of OSC technology
are: a low-cost solution process, a low temperature process, flexibility, and a tailorable material for
further improvement. Recently, the champion single-junction OSC has reached a power conversion
efficiency (PCE) of 12.6% [8]. However, it is still necessary for improving PCE and air-stability for
large-scale commercialization.

One of the reasons for the low PCE is the narrow light absorption range of organic materials. A
tandem solar cell structure, where two or more single-junction cells with complementary absorption
spectra are connected in tandem, can be a promising design to overcome the limitations of single
cells [9–11]. A tandem structure offers several advantages: (1) a broad absorption spectrum due to the
usage of complementary absorbing materials; (2) summation of the open circuit voltage (VOC) of each
sub-cell; (3) a reasonable fill factor (FF) due to higher optical density over a wider fraction of solar
spectrum than that of single cell without increasing internal resistance. To maximize these advantages,
the tandem device requires the qualified charge recombination layer (CRL) to simultaneously act as
the anode for one of two adjacent sub-cells, and as the cathode for the other [12]. The CRL should have
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low electrical resistance, high optical transparency in the visible range, and a low barrier for charge
recombination. Furthermore, the layer should be able to protect the lower layers during the remaining
solution fabrication process.

In 2007, the CRL made with a metal oxide material was suggested [13]. The advantage of using a
metal oxide as a part of CRL is to minimize the absorption at visible wavelengths. The classical structure
of CRL is based on 0.5 nm LiF/1 nm Al/3 nm WoO3, used as multilayers. The first all-solution-processable
tandem OSC was reported by Kim et al., where poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and TiOX were used to form CRL [14]. In 2013, the first inverted tandem OSC that
broke 10% efficiency was reported by You et al., with PEDOT:PSS and ZnO being used as CRL [15].
As shown above, new efficient CRLs with a large work function difference between two opposite
interfaces have been developed continuously. Therefore, is high VOC of the tandem device without
loss-in-sum of the VOC of the component cells is achieved. However, maximizing the short circuit
current of tandem device is still under development, due to the difficulties in the current matching
between the component cells. The current of tandem device is limited by the cell that produces the
lower current. Therefore, it is important to increase the short circuit current of each component cell
by enhancing the charge extraction properties of CRL. However, to our knowledge, there has been
no reported research on the tandem device with patterned CRL, even though the 3D pattern could
enhance the charge extraction capability of the CRL.

In the single junction solar cell, patterning of the charge-collecting layer (CCL) has been developed
widely to maximize the charge extraction ratio [16–21]. However, previously proposed fabrication
techniques for growing nano-wires, nano-rods, and nanoporous layers are not compatible with tandem
structure fabrication. High thermal annealing conditions or vacuum processes should be avoided for all
solution-processable tandem devices, to prevent the degradation of the films underneath. Meanwhile,
a solution-processable ZnO nano-ripple pattern was firstly shown in a single sub-device by Yang et al.
in 2009, by using a ramping thermal annealing method [22]. By using patterned ZnO CCL, the PCE
improved by about 25% compared with device-containing planar CCL. However, the high thermal
annealing treatment condition of this technique (275–350 ◦C) limited the use of this ripple patterning
only in single inverted OSCs [22–24].

Herein, we found the optimal process conditions for nano-ripple patterning of the ZnO film in
low-temperature conditions. After confirming the characteristics of ZnO in the single sub-cell device,
the layer was introduced as a part of CRL in the tandem device. A newly developed low-temperature
process technique actualized the patterning on the CRL without damaging the films underneath. As
compared to the non-patterned device, the tandem device with ZnO ripple-patterned CRL showed a
PCE improvement of about 30%.

2. Experimental Section

As shown in Figure 1, for electron-only devices, ZnO films with different pattern sizes,
single-junction OSCs, and tandem OSCs with a ZnO layer were fabricated and analyzed. The
detailed fabrication methods are described below.
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Figure 1. Device structures used in this study, with relevant energy levels of the different layers.
(a) Electron only device, (b) single solar cell with a nano-ripple pattern, (c) tandem solar cell. ECL
(electron collecting layer) and HCL (hole-collecting layer) are the ZnO nano-ripple layer and the
PEDOT:PSS:Triton layer respectively.

2.1. Preparation of Solutions

A ZnOX sol-gel solution was prepared by the following method. Zinc acetate dehydrate (ZnO
precursor) at 1.5 M concentration was prepared in 2-methoxyethanol, followed by adding 0.1 mL
of ethanolamine. Two types of PEDOT:PSS (Al4083 and PH1000, respectively) with surfactant were
used as the hole-collecting layer. A volume of 100 μL of surfactant Triton was mixed with 4 mL of 1:1
volume ratio of AI4083 and PH1000. The ratio of PEDOT:PSS was 1:6 for Al4083, and 1:2.5 for PH1000.
PH1000 contains higher amount of PEDOT, and thus has a higher conductivity than AI4083. AI4083
and PH1000 were purchased from Bayer (Leverkusen, Germany). In solar cells, poly(3-hexylthiophene)
(P3HT) and poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-
[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) were used as the donor materials, while
1′,1”,4′,4”-tetrahydro-di[1,4]methanonaphthaleno[1,2:2′,3′,56,60:2”,3”][5,6]fullerene-C60 (ICBA),
6,6-phenyl C61-butyric acid methyl ester (PCBM), and 6,6-phenyl C71-butyric acid methyl ester
(PC70BM) were used as acceptor materials. P3HT, PTB7, and fullerene derivatives were purchased
from Ossila (Sheffield, UK). For a single solar cell (Figure 1b), a blend of P3HT and PCBM (1:1 weight
ratio) was used as the active layer by dissolving 40 mg of P3HT:PCBM in 1 mL 1,2-dichlorobenzene
(DCB, Sigma Aldrich, St. Louis, MO, USA). For the tandem solar cell (Figure 1c), the first sub-cell
(bottom cell, Figure 1c) was based on a blend of P3HT and ICBA, and the second sub-cell (top
cell, Figure 1c) was a blend of PTB7 and PC70BM. The P3HT:ICBA blend solution was prepared by
dissolving 40 mg of P3HT:ICBA (1:1 weight ratio) in 1 mL of DCB. For second sub-cell active layer,
the solution was prepared by dissolving 1:1.5 weight ratio of PTB7:PC70BM in DCB with a total
concentration of 25 mg/mL. All prepared solutions were stirred for 12 h in a N2 glove box.

2.2. Electron-Only Device

An aluminum layer of 100 nm thickness was deposited onto glass substrates by thermal evaporation.
The deposition rate of Al was 0.25 Å/s under 5 × 10−7 Torr process pressure. Prepared ZnO sol-gel
solution was spin-coated on the Al deposited glass through a 0.45 μm pore polyvinylidene fluoride
(PVDF) filter at 1000 rpm for 60 s. The obtained films were dried in ambient air over 5, 10, 30, 60, and
180 min, respectively, and then thermally annealed over 10 min at 125, 150, 175, and 200 ◦C, respectively.
The final thickness of the films was 400 nm. For top electrode, 100 nm thick aluminum layer was
thermally evaporated through a shadow mask, defining a device area of 0.28 cm2. The deposition
condition of Al was same as the bottom electrode. ZnO film obtained by ramping method, as described
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by Yang group, was also prepared for comparison [21]. The current-voltage (I-V) characteristics of the
ZnO electron-only device were measured by a Keithley 4200 (Tektronix, Beaverton, OR, USA). Atomic
force microscopy (AFM) was used for the imaging of the 3D pattern of the fabricated samples.

2.3. Organic Solar Cell Fabrication and Characterization

OSCs were fabricated on ITO substrates (sheet resistance 20 Ω/square) purchased from Xinyan
Technologies (Kowloon, Hong Kong). Pre-patterned ITO coated glass substrates were cleaned in an
ultrasonic cleaner with deionized water and isopropyl alcohol (IPA) for 20 min each.

For single solar cell (Figure 1b), prepared ZnO sol-gel solution was deposited onto the ITO layer
by spin coating (3000 rpm for 60 s) through a 0.45 μm pore PVDF filter in a N2 glove box. The substrates
were directly transferred outside the glove box and dried in ambient air during different times (0, 5, 10,
30, 60, and 180 min, respectively) and then thermally annealed at 125 ◦C over 10 min, in order to form
nano-ripple structures. The final thickness of the fabricated film was 200 nm. The samples were then
transferred into N2 glove box to deposit the following layers. A P3HT:PCBM solution was filtered
through a 0.45 μm pore polytetrafluoroethylene (PTFE) filter, and spin-coated in two steps (500 rpm
for 30 s, and then 1000 rpm for 45 s). The films were thermally annealed at 145 ◦C for 10 min. The
thickness of this layer was approximately 100 nm after annealing. Then, PEDOT:PSS:Triton solution
was deposited at 1000 rpm for 60 s. The thickness of this layer was 120 nm after annealing at 120 ◦C
for 2 min.

For tandem cells (Figure 1c), the ZnO nano-ripple layer (ECL), the first sub-cell active layer, and
PEDOT:PSS:Triton layer (HCL) were fabricated in the same way as reported above. PTB7:PC70BM was
used as active layer in the second sub-cell. The PTB7:PC70BM solution was filtered through a 0.45 μm
pore PTFE filter, and spin-coated at 700 rpm for 60 s. The layer was annealed in DCB solvent vapor for
5 min. The thickness of this layer was approximately 80 nm. Finally, a gold electrode (anode) was
thermally evaporated through a shadow mask, defining a 0.28 cm2 active surface area. The deposition
rate of Au was 0.5 Å/s under 5 × 10−6 Torr process pressure.

The current density-voltage (J-V) characteristics of the OSCs were measured in a N2 glove box
using a source meter (Keithley 2635, Tektronix, Beaverton, OR, USA) in the dark and under illumination.
An Air-Mass 1.5 (AM 1.5) solar simulator with 100 mW cm−2 was used as the light source.

3. Results and Discussion

3.1. ZnO Electron Collection Layer

To find the optimal annealing temperature for ZnO films, electron-only devices were fabricated to
evaluate the conductivity of ZnO films under different thermal annealing conditions [25]. Figure 2
shows the I-V characteristics of Al/ZnO/Al electron-only device, with 400 nm thick ZnO. Table 1
summarizes the conductivity extracted from the I-V characteristics. The film made with the ramping
fabrication method shows the highest conductivity among all films, but the difference is weak, and the
conductivity values are in the same order of magnitude. A factor of 3 was observed between the lowest
temperature annealing temperature (125 ◦C) and the ramping method (350 ◦C). It is obvious that the
conductance of the ZnO thin film becomes higher when the film was annealed at higher temperature.
Generally, a high annealing temperature provides a better crystallinity of the films, which directly
impacts on the conductivity [26,27]. The reaction phenomena of ZnO sol-gel is reported in a previous
report [28]. The ZnO precursor (zinc acetate dehydrate) film is highly resistive, because of the acetate
functional group. Therefore, an annealing process is required to induce the reaction between the ZnO
precursor with 2-methoxyethanol and the oxidation of a ZnO precursor in air. However, thermal
annealing treatments of higher than 200 ◦C were not considered in this study, since the high annealing
temperature of CRL could cause damage on the underlying layers in a tandem structure. It is then
shown that the annealing temperature could be lowered to 125 ◦C.
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Figure 2. I-V characteristics of an Al (100 nm)/ZnO (400 nm)/Al (100 nm) electron-only diode device
with a ZnO thickness of 400 nm.

Table 1. Conductivity value of the ZnO films under different annealing temperatures.

Temperature 125 ◦C 150 ◦C 175 ◦C 200 ◦C Ramping 350 ◦C
Conductivity (S/m) 2.5 × 10−3 3.5 × 10−3 4.4 × 10−3 6.7 × 10−3 7.3 × 10−3

3.2. ZnO Ripple Pattern

Based on the idea that ZnO ripple pattern growth mechanism is analogous to the coffee ring
effect [27,29,30] and the solvent annealing technique [31], ZnO films were dried in the air at ambient
temperature over various time periods (from 0 to 3 h) before annealing. After that, they were placed on a
hot plate for thermal treatment over 10 minutes at 125, 150, 175, and 200 ◦C, respectively. Peak-to-valley
roughness values (RPtoV) of patterned ZnO films, measured by AFM, are summarized in Table 2. The
highest RPtoV values for each annealing temperature were as follows: 110 nm at 125 ◦C, 122 nm at 150
◦C, and 113 nm at 175 ◦C, achieved when the drying time was 60, 10, and 5 min, respectively. Devices
with a short drying time require a high annealing temperature for the optimum pattern, i.e., the highest
RPtoV value. This result is reasonable, because short dried samples has more remaining solvent [32].
The sample will need a higher temperature to remove the remaining solvent, and consequently, to
form the pattern. During the drying process, the films will partially dry, and small ZnO particles
(cross-linked ZnO precursors) begin to form inside the film. These particles will travel, following the
convection current of the solvent during thermal annealing of the film. Changing the drying time
affects the initial size of seed crystal particles and the amount of the remaining solvent, which modifies
the convection flow and the coffee ring effect [29,32]. The device with the highest RPtoV was achieved
at 150 ◦C after 10 min of drying time. The RPtoV values were abruptly decreased with a long drying
time (3 h) and a high annealing temperature (200 ◦C). The lack of remaining solvent due to the long
drying process or fast evaporation at high temperature hinders the convection flow, and consequently,
the rearrangement of ZnO precursor to form a 3D pattern.

The AFM images of the best nano-ripple pattern fabricated by a low temperature process, and
the pattern obtained by ramping method, are shown in Figure 3. Pattern sizes with the novel low
temperature method (Figure 3a) showed similar RPtoV value to that achieved by the ramping method
(Figure 3b). RPtoV value of ZnO film fabricated by ramping method was 135 and 120 nm for drying
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time of 10 min followed by annealing temperature of 150 ◦C during 10 min. Finally, we succeed on
the fabrication of 3D nano-patterned ZnO film, without using a high temperature, by introducing the
drying step in the process.

Table 2. RPtoV value of ZnO films with different drying times and annealing temperatures (units in
nm).

Drying Time
Annealing Temperature

125 ◦C 150 ◦C 175 ◦C 200 ◦C
0 min 78 109 93 21
5 min 84 111 113 22
10 min 96 122 110 19
30 min 102 106 99 21
60 min 110 98 93 22

3 h 43 87 83 21

Figure 3. Atomic force microscopy (AFM) images of the ZnO nano-ripple, (a) the low temperature
processed (10 minutes of drying time and annealing temperature of 150 ◦C) and (b) the ramping method.

3.3. Single Junction Solar Cell with A 3D Nano-Patterned ZnO Layer

The inverted devices have a structure of ITO/ZnO/P3HT:PCBM (200 nm)/PEDOT:PSS (100 nm)/Al
(100 nm) with a different ripple size of the ZnO layer. Figure 4 shows J-V characteristics of the inverted
devices made with P3HT:PCBM under 100 mW/cm2 illumination. The performance characteristics of
the OSCs are summarized in Table 3. Devices A to D were fabricated in a low-temperature process,
with an annealing temperature of 150 ◦C for 10 min and different drying times. The drying time was
3000, 300, 60, and 10 min for devices A, B, C, and D, respectively. As previously shown in Table 2, the
drying time modifies the pattern size (RPtoV) for a fixed temperature. Only drying time was controlled
to change the 3D pattern size (RPtoV), in order to exclude the effects of the annealing temperature on the
film properties, such as conductivity. The J-V curve that is labeled device E shows the characteristics of
OSC, with the ZnO layer being made by the ramping method. Even though the ramping method could
give a slightly better conductivity as shown in Table 1, the overall characteristic of device D shows
similar characteristic with device E. The short circuit current (JSC) and FF increase as the ZnO pattern
size increases, while VOC does not show a significant change. As a result, the device with 120 nm RPtoV

has the best performance, with 3.4% of PCE. The improvements on the JSC and FF are based on the
efficient charge collection properties, by introducing a patterned ZnO layer. Due to the efficient carrier
extraction, the space charge-inducing resistance near ECL will be reduced. When the pattern size of
ZnO increases from 80 to 120 nm, an expectable result is a decrease in the series resistance. The series
resistances extracted by the slope of the J-V curve at the VOC were 27, 25, 21, and 21 Ω·cm2 for device
A, B, C, and D, respectively.

34



Materials 2019, 12, 162

Figure 4. Current–voltage characteristics of the solar cells with different nano-patterned sizes of the
ZnO electron-collecting layer (ECL). (ramp.) stands for the ramping method.

Table 3. The summary of the key parameters of the single junction organic solar cells (OSCs), with
different nano-ripple pattern sizes. Devices A to D were fabricated by the low-temperature method,
while device E was fabricated by the ramping method.

Device
X

Pattern Size
(nm)

Voc
(V)

JSC

(mA/cm2)
FF
(%)

PCE
(%)

Rs
(Ω·cm2)

A 0 0.54 −9.0 56 2.7 27
B 80 0.54 −9.3 56 2.8 25
C 100 0.55 −9.9 61 3.3 21
D 120 0.55 −10.3 60 3.4 21
E 135 0.55 −10.3 61 3.4 21

To assess the effect of ZnO layer on the electrical properties of the device more deeply, we examined
the charge collection probability (Pcollection) in the cells, according to the method proposed by Kyaw
et al. [33]. A photo-generated current (Jph) is saturated at the high internal voltage (Vint) region, due to
the large enough internal field extracted all generated charges. Therefore, the saturated photocurrent
(Jph,saturation) can be written as following equation, while the value is limited only by the number of
absorbed photons:

Jph,saturation = qLGmax (1)

q is the elementary charge, L is the thickness of the active layer, and Gmax is the maximum photoinduced
carrier generation rate per unit volume. However, in a low internal voltage region, the Jph is proportional
to the Pcollection in the cells. Therefore, the equation 1 can be written as:

Jph,saturation = qLGmax Pcollection (2)

From Equations (1) and (2), Pcollection can be calculated by normalizing Jph with Jph,saturation.
Figure 5 shows the charge collection probability with respect to internal voltage (Vint) under

illumination of 100 mW/cm2. As shown in Figure 5, the overall charge collection probability of the
inverted devices with ZnO increased, as the pattern size increases. The increment in charge collection
probability is more significant at low Vint (high applied voltage). The observed increment of charge
collection probability in the nano-patterned ZnO devices is well-matched with the JSC characteristic of
the OSCs.
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Figure 5. Charge collection probability as a function of the internal voltage for cells with different ZnO
nano-pattern size.

3.4. Tandem Solar Cell with Low-Temperature Processed ZnO

Photoactive layers with complementary absorption range were used as sub-cells of the tandem
device. P3HT:ICBA was selected as the active layer for the bottom cell (device F and G). ICBA was
selected as the acceptor, because the P3HT:ICBA active layer forms its optimal morphology in higher
annealing temperature when compared with P3HT:PCBM [34–36]. Therefore, the P3HT:ICBA system
promises a lower thermal degradation for tandem device fabrication, compared with the P3HT:PCBM
system. The PTB7:PC70BM active layer is selected for the top cell (device H and I). Instead of thermal
annealing, the solvent annealing method was used for the PTB7:PC70BM active layer, to minimize
the thermal effect on the underneath layers in the tandem device process [37]. The sub-cells have
the structure: ITO/ZnO (150 nm)/P3HT:ICBA (100 nm) or PTB7:PC70BM (150 nm)/PEDOT:PSS (120
nm)/Au (100 nm). The details of structure and photovoltaic devices performance are summarized in
Table 4. Figure 6 presents the effect of the ZnO ripple pattern on the performance of each sub-cell.
Among the devices F to I, devices with patterned ZnO show better JSC and PCE. Likewise in the device
with P3HT:PCBM, the increment of charge collection probability in the nano-patterned ZnO layer is
the origin of these improvements. The inverted tandem devices have a structure of ITO/ZnO (150
nm)/P3HT:ICBA (100 nm)/PEDOT:PSS (120 nm)/ZnO (150 nm)/PTB7:PC70BM (150 nm)/PEDOT:PSS/Au
(100 nm). The VOC values of fabricated tandem devices are much higher than VOC of each sub-cell
(Table 4). This means that the sub-cells were series connected through CRL. VOC of P3HT:ICBA device
and PTB7:PC70BM device is 0.78 and 0.73 V, respectively. Therefore, ideally expected VOC for tandem
device is 1.5 V. Comparing this ideal value with VOC of the fabricated tandem devices, there was only
slight loss at around 0.1 to 0.2 V. A tandem device with a 3D nano-patterned ZnO (device K) shows a
higher VOC, JSC, and FF than the device with pristine ZnO (device J). A better work function matching
of CRL with active layers, efficient electron extraction, and electron-hole balance in the device are the
reasons for this improvement [38,39]. A highly efficient carrier recombination characteristic of the CRL
in a patterned ZnO layer reduced charge accumulation effect. Finally, the best device achieved a VOC

of 1.38 V, a JSC of −7.2 mA/cm2, a FF of 49%, and PCE of 4.8%.
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Table 4. The summary of the key parameters of the OSCs extracted from the J-V measurements. ECL
stands for the electron collecting layer (ZnO layer).

Device Structure
ECL

(ZnO Layer)
VOC

(V)
Jsc

(mA/cm2)
FF
(%)

PCE
(%)

F
First sub-cell

Non-patterned 0.79 −7.6 51 3.1
G Nano-ripple 0.78 −8.8 50 3.5

H
Second sub-cell

Non-patterned 0.73 −10.2 48 3.6
I Nano-ripple 0.73 −11.9 48 4.2

J
Tandem cell

Non-patterned 1.28 −6.5 44 3.7
K Nano-ripple 1.38 −7.2 49 4.8

Figure 6. The J-V characteristics of the OSC devices with and without a ZnO patterned layer as ECL.

4. Conclusions

We developed a new method for patterning the ZnO layer by a low temperature (under 150 ◦C)
solution process. A solution-processable ZnO layer shows proper electrical characteristics for OSCs
even with a low temperature process. Nano-ripple pattern was fabricated to maximize the interface
between the ZnO layer and the photoactive layer. In a single-junction device, PCE was about 30% higher
when the ZnO layer was patterned. Finally, developed low-temperature processable nano-patterned
ZnO was introduced in the tandem structure. The best tandem device has VOC of 1.38 V and PCE of
4.8%, showing nearby 30% PCE improvement, compared to the non-patterned injection layer. It is
shown that main improvement results from the charge extraction probability improvement, due to the
nano-ripple patterned layer.
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Abstract: The fabrication of macromolecular organic structures on surfaces is one major concern in
materials science. Nanoribbons, linear polymers, and porous nanostructures have gained a lot of
interest due to their possible applications ranging from nanotemplates, catalysis, optoelectronics,
sensors, or data storage. During decades, supramolecular chemistry has constituted an unavoidable
approach for the design of well-organized structures on surfaces displaying a long-range order.
Following these initial works, an important milestone has been established with the formation
of covalent bonds between molecules. Resulting from this unprecedented approach, various
nanostructures of improved thermal and chemical stability compared to those obtained by
supramolecular chemistry and displaying unique and unprecedented properties have been developed.
However, a major challenge exists: the growth control is very delicate and a thorough understanding
of the complex mechanisms governing the on-surface chemistry is still needed. Recently, a new
approach consisting in elaborating macromolecular structures by combining consecutive steps has
been identified as a promising strategy to elaborate organic structures on surface. By designing
precursors with a preprogrammed sequence of reactivity, a hierarchical or a sequential growth of 1D
and 2D structures can be realized. In this review, the different reaction combinations used for the
design of 1D and 2D structures are reported. To date, eight different sequences of reactions have been
examined since 2008, evidencing the intense research activity existing in this field.

Keywords: on-surface reaction; stepwise growth; sequential growth; hierarchical growth;
macromolecular organic structures; surface covalent organic framework; nanoribbons; macrocycles;
coordination polymers

1. Introduction

The discovery of new classes of materials is fundamental to the development of future
applications [1] and the possibility to elaborate well-organized structures on surface paves the way
towards the design of miniaturized devices and the exploration of new concepts in nanoelectronics [2].
With regards to their exquisite properties, organic compounds are prime candidates because their
functionalities are widely variable. During decades, supramolecular chemistry has proved to be a
powerful tool to elaborate well-organized and extended structures on surfaces [3–6] (see Figure 1).
By applying the fundaments of supramolecular chemistry, the monomers which constitute the
elemental building-blocks for the construction of two-dimensional structures could be arranged
precisely, with a long-range order by mean of secondary interactions (van der Waals interactions,
hydrogen bonds, etc.).
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Figure 1. Principle of the supramolecular self-assembly. (A) Scanning tunneling microscope (STM)
image of isophthalic acid on highly ordered pyrolytic graphite (HOPG) and picture of the molecular
mechanics simulation. Adapted with permission from Lackinger et al. [3]. Copyright 2004 American
Chemical Society. (B) STM images of the metal–organic supramolecular structure formed with cobalt
on Ag(111) and superimposition of a ball and stick model onto the STM image. Reprinted with
permission from Kühne et al. [5]. Copyright 2009 American Chemical Society. (C) STM image of the
iron coordination network and schematic illustration of the complementary ligands coordinated to
iron, Langner et al. [6]. Copyright 2007 National Academy of Sciences.

Parallel to this, due to the noncovalent character of the bonds created between tectons [7–10],
defects formed during the initial growth of the supramolecular phase can be partially or totally repaired,
self-healing consisting in a thermal post-treatment of the surface. Resulting from the possibility to
suppress defects, networks perfectly ordered and extending over tens of square nanometers could
be prepared (see Figure 1). By chemical engineering of the molecular tectons, the design of complex
structures with precise shapes, compositions and functionalities is thus rendered possible. The large
number of published studies and review articles dealing with supramolecular self-assemblies at
surfaces demonstrates it as a mature field. However, the low thermal stability and the lack of electronic
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conjugation often evidenced in these assemblies drastically limit the applicability of these systems [11–13].
To overcome these drawbacks, an efficient strategy consists in generating covalent bonds between
tectons, but it requires the monomers to be conveniently functionalized (see Figure 2) [14–20].

Figure 2. Principles of the formation of covalent polymer network on surface. (A) STM image of
the polymerization of tetra(4-bromophenyl)porphyrin on Au(111). Reprinted by permission from
Springer Customer Service Center GmbH: Springer Nature, Nature Nanotechnology, Grill et al. [18],
2007. (B) STM image of the polymer formed with hexaiodo-substituted cyclohexa-m-phenylene on
Ag(111). Reproduced from [19] with permission from The Royal Society of Chemistry. (3) STM image
of the polymer formed with tris(4-bromophenyl)benzene on Au(111). Scale bars: (I) 190 Å, (II) 14 Å.
Adapted from [20] with permission from The Royal Society of Chemistry

In this field, formation of covalent bonds between tectons is not limited to two-dimensional
(2D) structures and one-dimensional (1D) structures have also been the purpose of numerous studies.
Due to the remarkable robustness resulting from the formation of covalent bonds between molecular
subunits, the excellent thermal, mechanical and chemical stability, and the possibility to create fully
conjugated structures with the desired functionalities, a great impact of these covalent structures in
nanoelectronics can already be anticipated, irrespective of their shapes, sizes, and lengths [21]. As far
as 2D polymers are concerned, the most basic organic material with a strictly 2D character is graphene,
which is composed solely of carbon atoms, and which is attracting considerable interest nowadays as
illustrated, in particular, by year 2010’s Nobel Prize award in Physics. Under intense investigations
by various groups in the world, the properties of graphene appear simply exceptional in terms of
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basic science as well as for practical applications in electronic devices [22]. However, applications
such as solar cells [23] or field-effect transistors [24] require a high level of control on its doping
level to pertain its properties in devices, for example by introducing chemical changes [25]. Indeed,
graphene’s properties are very sensitive to chemical modifications [26], which can in principle be
extended infinitely to form a well-ordered sheet composed of various heteroatoms. The development
of 2D polymers is thus a meeting point where the extraordinary properties of a 2D material such as
graphene can be combined with the powerful knowledge of supramolecular and synthesis chemistry
to create a new class of materials of quasi-infinite structural and functional diversity [27–29]. However,
growth control of these structures remains very delicate and there is still a lot of work to be done to
improve to optimize the on-surface synthesis.

At present, possibilities offered by organic chemistry to form covalent bonds between molecular
tectons have only been scarcely explored by physicists with regards to the number of existing
coupling modes [30,31] and the reactions of cyclodehydrogenation [32,33], dehydration of boronic
acids [34–39], esterification of boronic acids [40], Bergman cyclization [41], Glaser coupling [42,43],
Wurtz reaction [44], dehydrogenative coupling of terminal alkenes [45], dehydrogenative coupling of
porphyrines [46], aryl–aryl coupling via a C–H activation [47], formation of triple bonds by coupling of
trichloromethyl groups [48], cyclotrimerization of acetyls [49], formation of imines [50–58], esters [59],
imides [60,61], amides [62,63], or the Ullmann coupling between halogenated aromatic rings [18,64]
can be cited as examples of reactions already examined on surface (see Figure 3). Parallel to known
reactions, unprecedented coupling modes were also discovered in the context of the surface-mediated
reactions, as exemplified with the oxidative coupling of activated methylene groups [65–67], the
polymerization of alkanes [68], or the aryl–aryl coupling of none halogenated polyaromatics [47] or
porphyrins [69], reactions that have never been reported in solution phase chemistry [70].

In the search for nanostructures of high thermal, mechanical, and chemical stability, a major
breakthrough has thus been achieved with the demonstration that the formation of covalent bonds
between tectons was possible [18–20]. However, rapidly, pioneering works on surface covalent
organic frameworks (sCOFs) have evidenced the difficulties of the polymer growth. Notably, due to
the formation of covalent bonds and the low-dimensional environment of the on-surface syntheses,
possibilities of defect self-healing remain limited, and can even be considered as being precluded for
certain reactions such as Ullmann coupling [64], Wurtz coupling [45], or Bergman cyclization [41].
In these conditions, the resulting macromolecular organic structures formed with these reactions are
either poorly ordered and limited in terms of 1D or 2D growth. Conversely, all reactions based on a
dehydration process are reversible and the possibility of self-healing remains possible, as exemplified
with imines [55,57] or boronic esters [40]. To increase the size and the regularity of the nanodomains
made of 1D or 2D structures, novel and more efficient chemistries or synthetic approaches offering a
better control of the growth conditions are highly desired and will guide the future development of
this emerging technology. Concerning growth control, the best candidates to examine this point are
undoubtedly 2D structures requiring the covalent linkage to be carried out in the two dimensions and
on the basis of the different works reported in the literature, some conclusions can be deduded. Notably,
the simultaneous presence of numerous identical and reactive functional groups onto molecular tectons
was identified as favoring the formation of numerous defects, the probability for the monomer to react
in an inappropriate orientation being drastically increased [71]. This drawback was notably evidenced
with diboronic acids during the formation of 2D polymers. Due to an insufficient space to promote the
diffusion and the rearrangement of 1,4-benzenediboronic acid (BDBA) onto the surface, various pore
shapes could be found on the surface while using this molecular building block (see Figure 4) [29].

Another relevant example of a drawback induced by the presence of numerous reactive functional
groups onto the same monomer is provided with hexaiodo-substituted cyclohexa-m-phenylene [19].
In this last case, during the thermal deposition of the monomer onto a Ag(111) surface, an undesired
dehalogenation reaction occurred, promoting the formation of numerous defects on the surface
(see Figure 4).
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Figure 3. Examples of common on-surface reactions reported in the literature.

45



Materials 2019, 12, 662

 
Figure 4. (A) Disorder exists during the polymer growth of 1,4-benzenediboronic acid (BDBA)
on Au(111). Reprinted with permission from Zwaneveld et al. [39]. Copyright 2008 American
Chemical Society. (B) Loss of iodine atoms during the thermal deposition of hexaiodo-substituted
cyclohexa-m-phenylene on a Ag(111) surface kept at room temperature (red spheres correspond
to iodine atoms). (Ba) STM image of the macromolecular structure on Ag(111); (Bb) STM image,
magnification of a nanodomain. Adapted from [19] with permission from The Royal Society
of Chemistry

To circumvent these different problems, alternative procedures to construct nanoporous structures
have been actively researched. In most of the works reported in the literature, molecular tectons only
possess a single type of functional groups, inducing a disorder during polymerization as several
functional groups of a same monomer are simultaneously involved in reactions. Loss of functional
groups is also occasionally observed.

Recently, the development of monomers bearing different types of functional groups activable in
different reaction conditions has emerged as an effective way to address the defect issue. Typically,
monomers developed for this purpose possess two (or more) functional groups that can be activated
separately. More precisely, the dormant sites can be activated in a predetermined order, giving rise
to a sequential growth of the final network. The reactive sites are also selected to be compatible
so that no reaction should occur between the different functional groups. Such reactions that do
not interfere each other are typically named orthogonal reactions [72–76]. Parallel to the sequential
growth of polymers, the hierarchical growth of sCOF can also be employed but requires the monomers
to be substituted adequately. As the main difference between the sequential and the hierarchical
growths of macromolecular architectures, two different types of functional groups are involved
contrarily to the hierarchical growth for which the same types of functional groups can be used,
but can be activated in different reaction conditions. In this field, the most representative example
concerns aromatic precursors bearing two different types of halogens, namely bromines and iodines.
Even if an Ullmann coupling can occur with the two types of halogens, selectivity will arise from
the difference of reactivity between iodines and bromines. By perfectly controlling the reaction
temperature, Ullmann coupling will occur for the iodinated sites prior to the brominated ones. Using
this stepwise strategy (hierarchical or sequential), nanoporous architectures extending over tens of
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square nanometers can be obtained, resulting from an advanced polymerization process at each step.
During the last decade, major breakthroughs have been achieved in the hierarchical and sequential
growth of 2D polymers. However, this synthetic approach is not limited to 2D structures and 1D
structures such as ribbons, macrocycles, and linear polymers have also been prepared using this
innovative strategy. Indeed, the contribution of 1D and 2D structures in the comprehension of the
underlying mechanisms of polymerization are comparable, especially due to the fact the reactions
involved in the sequential or hierarchical growth of 1D and 2D organic structures are different
at only one exception. Indeed, a recent work succeeded to combine the Ullmann/aromatization
sequential growth strategy typically used for the elaboration of 1D structures to the deshydrogenative
cross-coupling of aromatics, enabling the bottom-up synthesis of two dimensional graphene-like
structures [77]. To image these structures and the different growth steps of the macromolecular organic
structures, scanning tunneling microscopy (STM) is a remarkable technique combining the atomic
resolution with the ability to probe the local electronic structure [78]. To get a deeper insight into the
chemical structures of the macromolecular organic structures, STM can be combined with other surface
analysis methods such as Raman spectroscopy, photoemission, high resolution electron energy loss
spectroscopy (HREELS), or synchrotron radiation analyses [79,80]. The combination of these different
techniques is of crucial importance, especially to characterize the multistep growth of macromolecular
organic structures. Before continuing, a distinction should be made between “self-assembly”, which is
commonly used to evoke the formation of both supramolecular and covalent phases on-surface, and
“chemically released diffusion”. Indeed, numerous published or being published articles comprise
the terminology "self-assembly” whereas the right term is “chemically released diffusion”. Indeed,
“self-assembly” refers to the self-organization of molecular tectons on surface without necessarily
involving a chemical modification of the molecular tectons and this terminology is well-adapted
for supramolecular phases for which the cohesion is ensured by weak intermolecular interactions
between elemental building blocks. Contrastingly, chemically released diffusion refers to mass transfer
occurring in polycondensates due to the permanent exchange of fragments existing between molecular
segments under growth (i.e., via transreactions). This concept developed in the early 1980s by Prof.
Stoyko Fakirov is more adapted to describe the formation of covalent phases on surface, the chemical
composition of the polymer under growth continuously evolving by exchange reactions [81].

In this review, an overview of the recent advances concerning the sequential or hierarchical
growth of macromolecular organic structures on surface in ultrahigh vacuum (UHV) environment
is presented. As compared to their one-step counterparts, multistep formation of organic structures
on surface is less documented in the literature. However, elaboration of covalent bonds in multistep
procedures offers a unique opportunity to guide the growth of the macromolecular architecture and
to control the kinetic of reaction at each individual step. This hierarchical and sequential approach is
of prime importance for the regularity of 2D polymers on surface, but also for the preparation of 1D
structures as the efficacy of the covalent couplings will determine the length of the final structures. At
present, most of the reaction combinations used for the sequential growth of 1D and 2D structures are
different. To date, eight different combinations of reactions have been examined in the literature and
these strategies are presented in this review.

2. Coupling Modes Used for the Design of 2D Covalent Networks

2.1. Hierarchical Growth of Macromolecular Architectures Based on Successive Ullmann Couplings

On-surface chemistry is an emerging field of research and optimization of the reaction conditions
to elaborate well-defined nanostructures constitutes the major focus of researchers. Since the first
reports mentioning the elaboration of sCOFs, Ullmann coupling of halogenated aromatic rings [31,82]
have undoubtedly been one of the most commonly used coupling mode. As mentioned previously,
the sequential growth of covalent networks is mainly based on the attachment of two different
types of functional groups onto the same monomer. Deviating from this situation, the reactivity
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of halogens is well known to differ when two different types of halogens are attached to the same
molecules. Numerous reactions in solution phase chemistry are based on these differences of reactivity
between halogens and this specificity was transposed to on-surface synthesis. In this case, Ullmann
coupling can be selectively activated by a careful control of the reaction temperature and fully
conjugated 2D polymers can be prepared. This situation typically constitutes a hierarchical growth
of 2D structures. In this field, the first report mentioning a hierarchical approach was published
in 2012 by Grill et al. [83]. To achieve a complete control during the hierarchical growth, iodine
and bromine atoms were introduced onto tetraphenyl porphyrin to give 5,15-bis(4′-bromophenyl)-
10,20-bis(4′-iodophenyl)porphyrin (trans-Br2I2TPP) (see Figure 5A).

 

Figure 5. Sequential growth of a 2D architecture with 5,15-bis(4′-bromophenyl)-10,20-bis(4′-iodophenyl)
porphyrin (trans-Br2I2TPP). (A) Chemical structure of the precursor. (B) Two-step polymer growth.
Reprinted by permission from Macmillan Publishers Ltd: Nature Chemistry from [83], copyright 2012.

The bond dissociation energy (BDE) of these carbon-halogen bonds are different and determined
in the gas phase as being 336 and 272 kJ/mol for the C–Br and C–I bonds, respectively. To anticipate the
reactivity of monomers on surface, determination of BDEs in the gas phase are not sufficient. Indeed,
the role of the metal surface is crucial (metal choice, crystallographic plane, etc.) and the possibility for
the monomers to interact with the substrates are not taken into account in the theoretical calculations.
Based on previous works devoted to the Ullmann coupling of halogenated precursors on surface,
a scale of reactivity of the carbon–halogen bond could be established, taking in consideration these
different parameters. Thus, the C–I bond is well-known to spontaneously cleave on copper, silver, and
gold [28,84]. Conversely, the C–Br bond can fully cleave on copper [85,86], partially on silver [87,88],
and remains intact on gold [20] in the absence of thermal activation. In this context, the combination
of iodine and bromine halogens on trans-Br2I2TPP was appropriate for works carried out on gold.
Precisely, the deposition of trans-Br2I2TPP was examined on Au(111) substrates. After deposition of
trans-Br2I2TPP at −93 ◦C, which let the monomer intact, the sequential growth could be activated
by heating first the surface at 120 ◦C and then 250 ◦C. Here again, the well-separated temperature
windows enabled to perfectly control the two-step process and to avoid the possibility of competing
Ullmann couplings. As shown in the Figure 5B, the first step produced linear chains of porphyrins
by activation of the iodine sites, without forming lateral connection between the different chains.
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By activating the second growth direction at a higher temperature, a 2D architecture was obtained,
resulting from the crosslinking of the different chains. Regular structures extending on surfaces of area
bigger than 10 × 10 nm2 could be imaged. Catalytic activity of the gold surface in this second step was
clearly evidenced as the C–Br bond dissociation could be obtained at 200 ◦C on the gold surface, below
the temperature required to get a bromine dissociation in the evaporator (300 ◦C) [83].

The possibility to design more complex structures was examined by copolymerizing trans-
Br2I2TPP with dibromoterfluorene (DBTF) on Au(111) surfaces (see Figure 6A). Thanks to the sequential
procedure, even if both types of molecules are deposited onto the metal surface, heating of the surface
at 250 ◦C first induced the formation of porphyrin chains by activation of the iodine sites (only 2%
of undesired reaction of DBTF with trans-Br2I2TPP was detected) followed in second step by the
carbon–bromine dissociation resulting in the covalent coupling of the porphyrin chains with DBTF.
Chains with length ranging between 15 and 20 nm could be imaged. Even if the lateral connection of
adjacent porphyrins was detected on the STM images (see Figure 6B,C), 70% of the carbon–carbon
bonds resulted from the reaction between the bromine sites of porphyrin and DBTF, opening the way
towards the design of complex architectures. Following this work, the design of 2D polymers with
1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene (BIB) was examined (see Figure 7A) [89]. Here again,
the two steps are characterized by a significant difference of their activation temperatures since the
first step (activation of the iodine sites of BIB) could be realized at room temperature whereas an
annealing at 185 ◦C was required to initiate the second step (activation of the bromine sites of BIB).
As anticipated, deposition of BIB on Au(111) surfaces at room temperature resulted in the dimerization
of BIB and the formation of 3,3′ ′ ′,5,5′-tetra(p-bromophenyl)-1,1′ ′,1′ ′:4′ ′,1′ ′ ′-quaterphenyl (TBQ). STM
images of the supramolecular phase revealed the TBQ units to be linearly aligned in parallel rows,
with iodine atoms standing between the TBQ motifs.

Figure 6. (A) Chemical structure of dibromoterfluorene (DBTF). (B) STM topograph of the
copolymerization of 5,15-bis(4′-bromophenyl)-10,20-bis(4′-iodophenyl)porphyrin (trans-Br2I2TPP) with
DBTF (13 × 18 nm2). (C) Statistical analyses of the porphyrin/TBTF connection. Reprinted by
permission from Macmillan Publishers Ltd: Nature Chemistry from [83], copyright 2012.

The influence of the reaction temperatures (185, 250 and 375 ◦C) and the heating rates (between
6.3 and 8.9 ◦C/min) on the second step were examined. Irrespective of these two parameters, a similar
disorder accompanied with an incomplete coverage of the surface and the formation of pores could be
found on all STM images, of scanning size 60 × 60 nm2 for the bigger STM images (see Figure 7B).
Complex networks based on highly branched structures could be imaged. As interesting findings,
hexagons and opened pores were mainly observed upon annealing the surface at 185 ◦C whereas
squares and octagons were more frequently observed at 250 and 375 ◦C (see Figure 7C,D).
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Figure 7. (Aa,b) Chemical structures of 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene (BIB)
and TBQ. (Ac,d) STM images of supramolecular self-assembly of 3,3′ ′ ′,5,5′-tetra(p-bromophenyl)-
1,1′:4′,1′ ′:4′ ′,1′ ′ ′-quaterphenyl (TBQ) on Au(111) surface. (B) STM images of the 2D polymers obtained
by annealing the surface at 185, 250, and 375 ◦C. (C) STM images of the 2D polymers obtained by
annealing the surface at 250 ◦C at different heating rates. (D) STM images of the 2D polymers obtained
by direct polymerization at different temperatures. Reprinted with permission from [89]. Copyright
2014 American Chemical Society.

Parallel to the hierarchical polymerization, the possibility of creating regular 2D polymers in
one step, by direct polymerization, was examined. In this second approach, temperature of the
substrates is determinant since 2D polymers of low quality were obtained for surfaces held at 185 and
375 ◦C whereas regular hexagonal pores were obtained at 250 ◦C (see Figure 7D). Almost defect-free
polymers extending over surfaces of area bigger than 30 × 30 nm2 were detected. At such high
temperatures, the deposition rate is another parameter affecting the network quality and reduction
of the rate resulted in a broader distribution of polygons going from squares to octagons. From
these different experiments, it could be concluded that at low temperature, the mobility of molecules
was insufficient and the cleavage of C–Br bonds incomplete so that it could account for the large
amount of opened pores. Conversely, at high temperature, the probability to generate pores deviating
from the ideal hexagons was greatly enhanced. Finally, comparison of the direct and the hierarchical
polymerization revealed the first approach to produce a denser polymeric network even if the density
of defects was similar in the two cases. Two years later, other authors examined the covalent coupling
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of 4-bromo-4′ ′-chloro-5′-(4-chlorophenyl)-1,1′:3′,1′-terphenyl (BCCTP) which differs from BIB by the
choice of the halogens (see Figure 8A) [90].

 
Figure 8. (A) Reaction pathway involved in the formation of hexagonal pores with BCCTP.
(B) Evaporation of BCCTP on Au(111) substrates (26 nm × 26 nm with inset 3 nm × 3 nm).
(C) Evaporation of the copper catalyst on a Au surface heated at 140 ◦C (26 nm × 26 nm). (D,E)
STM images of the Au(111) substrate after annealing the surface at 280 ◦C at different magnifications
(65 nm × 65 nm for (D) and 14 nm × 14 nm for (E)). Adapted from [90] with permission from The
Royal Society of Chemistry.

In this last case and due to the low reactivity of the chlorine atoms, presence of Cu catalyst was
required to induce a surface-assisted Ullmann coupling. This is among the first example of Ullmann
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coupling where a catalyst was introduced to enforce the reaction to occur. As anticipated, and due
to the inexistent reactivity of the chlorine atoms, the first step furnished on Au(111) substrates a
supramolecular arrangement comparable to that obtained with BIB, with the formation of BCCTP
dimers linearly aligned in parallel rows, with bromine atom standing between dimers (see Figure 8B).
By evaporating the Cu catalyst on the Au(111) surface kept at 140 ◦C, the second coupling mode could
be activated, enabling the formation of oligomers (see Figure 8C). However, if the polymerization
of BCCTP could starts at 140 ◦C, this latter could only be ended by annealing the surface at 280 ◦C
for 30 minutes (see Figure 8D,E). Once again, a large diversity of polygons was detected on the
surface, going from pentagons to heptagons, demonstrating the difficulty to elaborate regular
pores. For comparison, a worse result was obtained while depositing BCCTP on Cu(111). Indeed,
no control of the polymerization process was possible on this metal surface. Considering that the
sequential polymerization of BIB and BCCTP should produce exactly the same final polymers, that the
crystallographic plane and the metal chosen for the two studies are the same, and with regards to the
size of the STM images (35 × 35 nm2 for the polymerization of BIB (see Figure 7(Dc)), 65 × 35 nm2

for the polymerization of BCCTP (see Figure 8D), the most regular structures are clearly obtained
with BIB which is also the monomer exhibiting the best design to get an advanced polymerization
process. In 2017, an interesting study demonstrated the possibility to elaborate a hierarchical growth
of 2D polymers with a precursor only bearing one type of halogens [91]. This strategy is quite
unexpected considering that the six bromine atoms of 1,3,5-tris(3,5-dibromophenyl)benzene (TDBB)
could theoretically cleave simultaneously upon thermal activation.

In fact, authors demonstrated this precursor to possibly give rise to two different types of dimers,
depending of the coupling modes (type-A and type-B, see Figure 9A–C).

Figure 9. Scheme of the 1,3,5-tris(3,5-dibromophenyl)benzene (TDBB) dimer building block with the
two-covalent-bond dimer (type-A) and the one-covalent-bond dimer (type-B).

In this work, we succeeded in developing temperature-dependent engineering of 2D polymers.
Notably, by annealing at 145 ◦C the supramolecular phase obtained after evaporation of TDBB on
Au(111) surfaces—only type-B dimers could be found on the surface—resulting from the formation of
a unique type of C–C bond between TDBB (see Figure 10A). Interestingly, rows of type-B dimers were
found to be separated from each other by nanodomains only composed of unreacted TDBB. On the
opposite, by annealing the supramolecular phase at 170 ◦C, oligomers of TDBB formed, resulting from
multiple type-B couplings (see Figure 10B).
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Figure 10. Sequential growth of 2D polymers based on 1,3,5-tris(3,5-dibromophenyl)benzene (TDBB).
(A) STM images of the Au(111) surface after annealing at 145 ◦C (9 nm × 9 nm). (B) STM images
of the Au(111) surface after annealing at 170 ◦C (25 nm × 25 nm). (C) STM images of the Au(111)
surface after annealing at 175 ◦C (36 nm × 36 nm and 5 nm × 5 nm (bottom left), 3 nm × 3 nm
(bottom right)). (D) STM images of the Au(111) surface after annealing at 275 ◦C (left: 20 nm × 20 nm,
right: 3 nm × 3 nm). Adapted with permission from Peyrot at al. [91]. Copyright 2017 American
Chemical Society.

Locally, star-shaped tetramers could even be found, still resulting from type-B couplings.
Regarding their specificity, these tetramers are issued from the covalent linkage of a central TDBB unit
surrounded by three peripheral TDBB. By annealing the supramolecular phase at 175 ◦C (i.e., at a
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temperature only higher of 5 ◦C compared to the previous experiments), the coexistence of different
structures could be found, as exemplified in the Figure 10C. Notably, cyclic structures composed of six
molecules connected by type-B linkages could be found all over the surface. More scarcely, structures
based on type-A couplings could also be found. However, irrespective of the type of linkage, the
formation of a dense polymeric structure with dimensions bigger than 40 × 40 nm2 (i.e., the size of the
STM images) can be detected on Figure 10D, demonstrating the efficient of the Ullmann coupling on
Au(111) surfaces. Finally, annealing of the supramolecular phase at 275 ◦C enabled to form a densely
packed 2D networks with hexagonal pores exclusively based on type-A linkages (see Figure 10D).
Regularity of the final polymers could be evidenced with a scan area size larger than 20 × 20 nm2.

From these different experiments, the sequential growth of the 2D polymers could be deduced.
Thus, annealing of the supramolecular phase resulted in first step in the dimerization of TDBB via a
single type-B connection. Starting at 170–175 ◦C, the covalent linkage of three (or more) TDBB units by
mean of two type-B connections occurs, giving rise to the formation of linear chains. By increasing
the temperature until 275 ◦C, connections between chains can be initiated, inducing the formation of
type-A linkages between molecular tectons. In turn, due to its stepwise growth, a porous network
exhibiting a low defect density can be obtained.

2.2. Sequential Growth Based on the Boroxine Formation/Ullmann Coupling Combination

Since the first reports mentioning the elaboration of sCOFs, condensation of boronic acids to form
boroxines [92,93] and the Ullmann coupling of halogenated aromatic rings [31,82] have been widely
used as coupling modes. Considering that these two on-surface reactions are now a mature field of
research with regards to the number of publications, a combination of these two reactions was logical
to create 2D covalent networks. The first report mentioning such a combination was published in
2011 [94]. First of all, orthogonality of the two reactions is obvious and no side-reactions are expected
to occur at each step. 3,5-Dibromophenylboronic acid (DBPBA) was selected as the molecular tecton
and choice of the boronic functional group for DBPBA was dictated by the fact that the boroxine
cycle that results from the trimerization process of boronic acids exhibits the same symmetry and
almost the same size than a phenyl ring, while sharing its planarity. Under UHV and upon deposition
onto Ag(111) substrates, dehydration of DBPBA could be initiated at low temperature produced
the unreactive 1,3,5-tris(3′,5′-dibromophenyl)boroxine (TDBPB) (see Figure 11). It has to be noticed
that the dehydration reaction of boronic acids possesses its own specificity as this reaction does not
require the presence of a catalyst and directly occurs during heating in the evaporator. Indeed, upon
heating, condensation of boronic acids is preferred over sublimation. In situ formation of TDBPB
was confirmed by Raman spectroscopy and by NMR analyses. An additional proof of the formation
of trimers was obtained by sublimation of DBPBA onto graphite(001) substrates; only the presence
of TDBPB was detected on the STM topographs. No trace of DBPBA was observed on the surface,
demonstrating that the cyclodehydration of boronic acids was quantitative in the evaporator. Stability
of the supramolecular phase is ensured by electrostatic interactions between halogens, assembled into
trigonal cyclic arrangements (see Figure 11A). Interestingly, annealing of the graphite(001) substrates at
200 ◦C only resulted in the desorption of the molecules whereas annealing of the Ag(111) substrates at
lower temperature (130 ◦C) furnished the targeted polymer by a surface-catalyzed reaction. The higher
ability of silver to interact with organic molecules than graphite is a general trend reported in numerous
works concerning the on-surface synthesis and the better adsorption of TDBPB on Ag(111) substrates
over graphite substrates confirms this trend. Due to the specific substitution of DBPBA (and therefore
of TDBPB), the coexistence of two hexagonal arrangements (A-type and B-type) could be potentially
observed on the surface (see Figure 11A,B). However, the periodicity of the final network, the distance
between cycles, and the symmetry of the overall system revealed the exclusive formation of A-type
arrangements. As a drawback, the final polymer lacks long-range order and only small nanodomains
were detected on the surface (see Figure 11C). Indeed, nanodomains rarely bigger than 20 × 20 nm2

could be found on the surface. The low polymerization yield can be confidently assigned to the
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molecularity of the reaction in the second step, six functional groups being simultaneously involved
in the Ullmann coupling of TDBPB. This issue was addressed in the next study where the number of
halogens were reduced by a factor 2 compared to this study [95]. Similarly to DBPBA, the formation of
hexagonal pores resulted from the combination of two consecutive steps, the building block being this
time p-bromobenzeneboronic acid (BBBA). Due to its reduced molecular weight, the sublimation of
BBBA onto Au(111) substrates could be realized at lower temperature than that required for the trimer
of DBPBA (100 ◦C for BBBA vs. 190 ◦C for the trimer of DBPBA).

 

Figure 11. Reactions involved in the polymerization process of 3,5-dibromophenylboronic acid
(DBPBA). (A) The two potential A- and B-type arrangements. (B) STM topograph of the supramolecular
phase on Ag(111) obtained with 1,3,5-tris(3′,5′-dibromophenyl)boroxine (TDBPB) and the tentative
model of the monolayer. (C) STM topographs of the polymer phase at different magnifications.
Reproduced from [94] with permission from The Royal Society of Chemistry.

Compared to DBPBA, the advantages offered by BBBA are manifold: (1) The low molecular weight
of BBBA drastically limits the degradation and the probability of polymerization during sublimation.
In fact, investigations revealed BBBA to be deposited intact on the Ag(111) substrates and to polymerize
subsequent to its deposition on the Au(111) surface. The competition exiting between sublimation
and polymerization for boronic acids is a well-known drawback of this family of compounds since
only a minor fraction of boronic acids can be sublimed onto the surface, the rest polymerizing in the
evaporator. (2) Limitation of the molecularity of the reaction at each step optimizes the probability of
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reaction and thus improves the reaction yields. Possibilities to create defects are considerably reduced.
(3) Creation of hexagonal pores of large size becomes possible, the two-step growth enabling to avoid
the evaporation of large precursors with important molecular weight. However, the detrimental role
of the intermediate supramolecular phase was clearly evidenced.

Due to the formation of dense nanodomains of BBBA dimers stabilized by hydrogen bonds,
the distance between trimers was not sufficient for the molecules to rearrange and diffuse onto the
surface during annealing at 250 ◦C. If the formation of the polymer network was clearly evidenced,
the reaction yield was limited to 88%, insufficient for the ring-closure of hexagons. Only 40% of pores
covering the surface were detected (see Figure 12A).

 

Figure 12. Polymerization reaction of p-bromobenzeneboronic acid (BBBA) on Au(111) substrates.
(A) STM topographs of the supramolecular phase further annealed at 250 ◦C (10 nm × 14 nm, inset:
scale bar = 2 nm). (B) STM topograph of the polymerization of BBBA in one step. Polygons of different
shapes found on the Au(111) surface (left: scale bar = 4 nm). Adapted with permission from [95].
Copyright 2012 American Chemical Society.

56



Materials 2019, 12, 662

In fact, investigations revealed the density of BBBA dimers in the supramolecular phase to be
1.5 BBBA/nm2, higher than the density of BBBA in an ideal honeycomb-like structure (1.2 BBBA/nm2).
The material being denser in the supramolecular phase than in the polymer network, it clearly
supports the formation of numerous defects during the conversion of the supramolecular assembly to
the polymer. As a consequence of the high density of molecules on the surface and the insufficient
distance between molecules to rearrange, polygons of different shapes could be detected, going from
squares to octagons. Defects could not be repaired, even by a post-thermal treatment of the surface at
400 ◦C. The drawback issued from the close packing of the molecules in the supramolecular phase is
an issue that has already been reported in the literature [29,96]. To address the density issue, BBBA was
directly deposited on Au(111) substrates maintained at 250 ◦C. In these conditions, the two steps could
be realized at low molecular density, favoring the diffusion and the rotation of the molecules on the
surface and enabling in turn the molecules to be properly positioned for the formation of the boroxine
cycles and the Ullmann couplings (see Figure 12B). As evidenced in the Figure 12B, an STM image
with a scan area size larger than 55 × 55 nm2 revealed the surface to be totally covered by the polymer,
demonstrating that the polymerization can be carried out over a large area. A polymerization yield
increasing up to 95% accompanied with the formation of 60% of pores were determined. Compared
to the postannealing approach (first attempt), deposition of BBBA at high temperature favored the
polymerization process. The total area covered by the polymer was doubled compared to the first
attempts, even if a similar distribution of pore shapes was found in the two cases. Disorder in the final
polymer was assigned to the size of the BBBA trimer, favoring the flexibility of the structure and the
deviation from the regular hexagons. These conclusions are consistent with previous results reported
in the literature for monomers of equivalent size [20,86]. Finally, examination of metal surfaces other
than Au(111) revealed the choice of the surface to be essential to get well-separated temperature
windows for the two steps. Thus, experiences carried out on Ag(111) revealed the two reactions to
occur simultaneously, resulting in the formation of disordered structures on the surface.

2.3. Sequential Growth Based on the Boroxine Formation/Imine Combination

Capitalizing on the findings of the former studies, the possibility to combine two orthogonal
reactions, namely, the formation of the boroxine cycles and imines in a single step was examined in
2016 on highly oriented pyrolytic graphite (HOPG) (see Figure 13) [97]. As the main difference from
the previous works, the formation of sCOFs was examined in a multicomponent reaction with the
amine and the aldehyde functional group attached to different precursors. Influence of the substitution
pattern was also studied by differing the position of the aldehyde functional group.

As main advantages of these selected reactions, even if the two reaction pathways are activated
simultaneously, the boroxine and imine formations are reversible reactions based on the release of
water molecules which is the same side-product for the two reactions. In this context, self-healing
opportunities during the polymerization process are greatly improved by the presence of numerous
water molecules. With reference to “chemically released diffusion”, self-healing typically refers to this
concept, the possibility to repair defects resulting from mass transfer between polymer chains under
growth. Considering that water molecules are exchanged between macromolecules under growth
enabling to cleave and reform specific bonds, the term “chemically-assisted healing” would be more
accurate in the present case.

To form the 2D structures, two bifunctional precursors were examined, namely 4-formylphenylboronic
acid (4FPBA) and 3-formylphenylboronic acid (3FPBA) that were both opposed to 1,3,5-tris
(4-aminophenyl)benzene (TAPB). Interestingly, two different chiral phases were obtained upon reaction
of 3FPBA with TAPB and these results are among the first examples of chiral sCOF reported in
the literature (see Figure 13). To perform these different two-component reactions, TAPB was first
drop-casted onto the HOPG substrate whereas the second partner (4FPBA or 3FPBA) was placed in a
reactor as powder in the presence of copper sulfate pentahydrate as the equilibrium control agent [92].
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Figure 13. Polymerization reaction of 4-formylphenylboronic acid (4FPBA) with 1,3,5-tris(4-
aminophenyl)benzene (TAPB). (A) The two reaction steps. (B) STM topograph of the polymer network.
(C) the different possible conformations of the imine groups and the resulting hexagons. Reproduced
from [97] with permission from The Royal Society of Chemistry.

When 4FPBA was used as the precursor, three hours at 120 ◦C in a sealed reactor were required to
obtain a polymerization. Typically, nanodomains of 80 × 80 nm2 were detected, the growth of these
domains being orientated along the lattice of the HOPG surface (see Figure 13B). Due to the possible
cis/trans isomerization of the imine functions, an inherent disorder exists and the presence of distorted
hexagons on the surface is clearly detected (see Figure 13C). As the main drawback of employing
functional groups with a nonpermanent orientation, presence of unclosed hexagons was observed on
the HOPG substrate due to the inappropriate orientation of numerous imine functional groups.
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A more complicated behavior was evidenced for 3FPBA. Indeed, due to the asymmetrical
substitution of 3FPBA, a chirality can appear due to the formation of two types of 3FPBA
trimers that can rotate clockwise (CW-3FPBA) or counterclockwise (CCW-3FPBA) (see Figure 14A).
By polymerization with TAPB, the coexistence of two chiral nanodomains with a long-range order was
found on the surface) (see Figure 14B). As specificity, CW-3FPBA furnished a CCW-sCOF, whereas
the opposite situation was found for CCW-3FPBA (CW-sCOF). For the two chiral sCOFs, a growth
orientation governed by the interaction of TAPB with the substrate was found, imposing the epitaxial
conditions of growth.

 

Figure 14. (A) Reaction involved in the polymerization process. Clockwise (CW) and counter-clockwise
(CCW) rotating 3FPA trimers. (B) STM topographs of the sCOF obtained with 3-formylphenylboronic
acid (3FPBA) and 1,3,5-tris(4-aminophenyl)benzene (TAPB), and the demonstration of the presence of
two chiral phases. Reproduced from [97] with permission from The Royal Society of Chemistry.

Evidence of imines formation was furnished by X-ray photoelectron spectroscopy (XPS) analyses.
A peak at 398.5 eV characteristic for the nitrogen of an imine group was detected in the XPS
spectrum. Conversely, a peak at 399.8 eV was found for the precursor TAPB, demonstrating the
chemical modification of the NH2 group. The crucial role of copper sulfate pentahydrate was
clearly demonstrated in control experiments. Notably, a higher structural disorder accompanied
by incomplete reactions was found for the polymerization of 4FPBA with TAPB in the absence of this
salt (see Figure 15A).
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Figure 15. (A) STM topograph of the polymerization of 4-formylphenylboronic acid (4FPBA) with
1,3,5-tris(4-aminophenyl)benzene (TAPB) without copper sulfate pentahydrate. (B) STM topograph of
the polymerization of 4FPBA with TAPB for a reaction carried out at 120 ◦C for 3 h. (C) Stability of the
2D polymer formed with 4FPBA and TAPB after heating at 180 ◦C for 1 h. (D) Stability of the polymer
formed from 4FPBA and TAPB after 20 days of storage. Reproduced from [97] with permission from
The Royal Society of Chemistry.

In fact, this hydrated salt is capable in a sealed reactor to release water and favor the reversibility
of the imine and boroxine formation. Examination of the kinetic of polymerization of 4FPBA with
TAPB also revealed the boroxine cycle to be formed at the same timescale than the imine functional
groups, and that a high coverage of the HOPG surface can only be obtained after four hours of reaction
(see Figure 15B). Finally, stability of the sCOFs were examined and several conclusions could be
determined. Thus, sCOFs formed with 4FPBA were stable after annealing of the surface for one hour
at 180 ◦C, demonstrating the robustness of the structure (see Figure 15C). Second, after 20 days of
storage under ambient conditions, sCOFs formed with 4FPBA could be still observed on the substrates
what is remarkable considering that the boroxine cycle is easy to hydrolyze (see Figure 15D). This
stability is higher than that previously reported for sCOF only formed of boroxine cycles [92]. However,
examination of the chemical stability of these structures revealed that exposition of sCOF to acidic
(pH < 3) or basic (pH > 11) conditions rapidly furnished chaotic structures.

2.4. Hierarchical Growth Based on the Coordination Polymer/Phthalocyanine Formation

A longstanding challenge toward the development of advanced functional materials relies in
the possibility to create fully conjugated covalent networks. An interesting approach consisted of
creating in situ the phthalocyanine macrocycles in successive steps involving first the formation
of a supramolecular phase further converted to a covalent polymer by thermal annealing [98].
Phthalocyanines are a family of compounds extensively used in organic electronics by the possibility
to finely tune their electronic properties by a careful selection of the metal center. These metal
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complexes are also characterized by a remarkable thermal and chemical stability, making these
structures appealing candidates for numerous applications. Parallel to this, numerous examples
of on-surface chemistry based on the phthalocyanine motif have been reported in the literature [99].
Here, and contrarily to the former study reported in 2011 where a polymer of Fe-phthalocyanine
was formed in one step on Au(111) [100], in this subsequent study carried out by the same authors,
the different intermediate steps could be isolated and characterized (see Figure 16). As the main
difference, Mn instead of Fe was used as the metal, Ag(111) substrate was used instead of Au(111),
while 1,2,4,5-tetracyanobenzene (TCNB) was used as the same elemental building block. In this
work, formation of the phthalocyanine polymer could be decomposed in three steps, the first one
consisting in the sublimation of both the metal and the precursor on Ag(111) held at room temperature,
generating a two-dimensional coordination polymer with a square symmetry (see Figure 17A). In this
first 2D network, Mn and TCNB could be found in a 1:1 ratio. Upon annealing at ca 377 ◦C, Mn-based
octacyanophthalocyanines arranged in a closely packed supramolecular structure self-assembled by
hydrogen bonds and aligned along the dense directions of the substrate were found (see Figure 17B).

 

Figure 16. Sequential growth of the phthalocyanine-based polymer.

Coexisting with this first phase, a second phase, where Mn-based octoacyanophthalocyanines
are linked by mean of Mn atoms, could also be found. Considering that Mn-based octoacyano-
phthalocyanines can be formed in a 4:1 TCNB:Mn ratio, the presence of this second phase resulting
from metal–ligand interactions between the electron-donating nitrile groups and the electron-deficient
metal atoms could be attended. It also supports the formation in the final stage (annealing at 342 ◦C)
of small 5-nm-large domains composed of polymeric phthalocyanines, where the presence of free Mn
atoms is necessary to form the additional phthalocyanines and form the fully conjugated polymer (see
Figure 17C).

In this 2D polymeric phase, magnetic atoms regularly spaced and introduced in a fully
π-conjugated system could be obtained. This work opens the way towards the bottom-up elaboration
of devices for data storage.
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Figure 17. The different steps involved in the formation of phthalocyanines-based 2D π-conjugated
polymers. (A) STM images of the supramolecular phase resulting from the deposition of 1,2,4,5-
tetracyanobenzene (TCNB) and Mn atoms on a Ag(111) surface at room temperature with a DFT
model. (B) STM images of the two phases existing after annealing at 277 ◦C. Left: the hydrogen-bonded
supramolecular phase. Right: the metal–organic coordination 2D polymers. (C) Polymeric phase
obtained in the final step upon annealing at 342 ◦C. Reproduced from [98] with permission from The
Royal Society of Chemistry.

3. Coupling Modes Used for the Design of 1D Macromolecular Organic Structures

3.1. Sequential Growth Based on the Ullmann Coupling/Aromatization Combination

In all the aforementioned reaction combinations, 2D covalent networks have been obtained by
sequential or hierarchical growth of nanostructures. However, a series of combinations has also been
specifically developed for the design of 1D macromolecular organic structures. At present, it has to be
noticed that these combinations have not been used for the design of 2D structures yet, even if from a
technical point of view, these combinations could be easily transposed to 2D structures. In this field,
graphene, by its unique properties, has driven a great deal of interest and numerous works have been
devoted to design graphene-like structures. To produce regular and extended structures, the Ullmann
coupling followed by an aromatization reaction is a promising approach (see Figure 18).
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Figure 18. (A) Reaction mechanism and STM images of the formation of nanoribbons with
10,10′-dibromo-9,9′-bianthracene. (B) Reaction mechanism and STM images of the formation of
zigzag nanoribbons with 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene. (C) STM images of the
copolymerization reaction. All experiments have been carried out on Au(111) surfaces. Reprinted by
permission from Macmillan Publishers Ltd: Nature from [101], copyright 2010.

In this field, the first on-surface synthesis was reported in 2010 [101]. Graphene nanoribbons
(GNRs) were obtained by first depositing 10,10′-dibromo-9,9′-bianthracene on Au(111) surfaces at 200
◦C, enabling to interlink the biradicals resulting from the dehalogenation reaction, the planarization
of the structure and the formation of a linear polymer. At 400 ◦C, a cyclodehydrogenation
reaction converted the polymer to a fully conjugated and linear structure (see Figure 18A).
Versatility of the approach was demonstrated by the design of several types of nanoribbons, such
as chevron-type nanoribbons resulting from the polymerization and aromatization reaction of
6,11-dibromo-1,2,3,4-tetraphenyltriphenylene (see Figure 18B). In this last case, steric hindrance
generated by the tetraphenylene groups enforces these bulky substituents to stand on each side of the
polymer main axis and a zigzag structure was obtained. The possibility of codepositing two differing
precursors (6,11-dibromo-1,2,3,4-tetraphenyltriphenylene and 1,3,5-tris(4”-iodo-2′-biphenyl)benzene)
was also examined, demonstrating the possibility to design chemically modified graphene-like
structures (see Figure 18C). Recently, the different experiments carried out by Cai et al. on 10,10′-
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dibromo-9,9′-bianthracene and 10,10′-dibromo-9,9′-bianthracene were reproduced using another
deposition process for the first step. In this last case, the direct contact transfer (DCT) consisting
in using a stamp with the corresponding molecule at its surface was used [102]. Using this strategy,
the precursor could be deposited on the surface without taking recourse to sublimation. This finding
constitutes a major advancement, considering that the molecular weight often constitutes a drastic
limitation. Indeed, increase of the molecular size results in higher sublimation temperatures that can
degrade the molecule. Over the years, a wide range of molecular tectons giving access to GNRs have
been reported in the literature and these different structures are depicted in the Figure 19 [103–117].

 

Figure 19. Chemical structures of precursors used to elaborate graphene nanoribbons (GNRs) and the
corresponding reference in brackets.

The beauty of these approaches relies in the fact that nitrogen-doped GNRs [111,116], ultranarrow
GNRs [103,118], chevron-type GNRs [102], or zigzag GNRs [106,117,119] with chemically modified
edges could be elaborated with these precursors. Among the most interesting findings and by properly
choosing the molecular precursors, GNRs could notably be used as elemental building blocks to trigger
the design of more extended structures. This goal was achieved by substituting the precursors with
nitrogen atoms [112]. Ordered nanomaterials could be obtained by an atomically precise bottom-up
synthesis based on the creation of hydrogen bonds and van der Waals interactions between GNRs
(see Figure 20A). Growth of structures in the third dimension could be even obtained by π–π stacking
of GNRs sheets. Modification of the electronic structures of GNRs is another long-standing challenge
and, in this field, a remarkable example has been reported in 2016 [115].
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Figure 20. (Aa–f) Bottom-up synthesis of GNRs containing nitrogen atoms with the possibility to create
lateral interactions between GNRs (a: scale bar: 10 nm, b: scale bar: 2 nm, c: scale bar: 10 nm, d: scale
bar: 2 nm). Adapted with permission from Vo et al. [112]. Copyright 2015 American Chemical Society.
(B) Schematic representation of GNRs comprising both carbazole and phenanthridine units. (Ba–c)
High-resolution AFM images of GNRs with the demonstration of the presence of phenanthridine (Bb)
and carbazole (Bc) units in GNRs. Reproduced from [113] with permission from The Royal Society
of Chemistry.

By a thermally activated ring expansion/dehydrogenation reaction, the electron-rich carbazole
could be converted into the electron-deficient phenanthridine [120]. In this work, authors succeeded to
partially convert the carbazole groups into phenanthridine, opening the way towards the fine tuning
of the materials bandgaps by the presence of electron-rich and electron-poor groups onto the same
structures (see Figure 20B).
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Choice of the surface as well as a careful selection of the shape of the molecular tectons (planar
or nonplanar) can impact the geometry of the final GNRs and greatly help in designing GNRs with
precise structures [121]. These opportunities were demonstrated with an extensive study carried out on
two molecular building blocks, i.e., 10,10′-dibromo-9,9′-bianthracene (DBBA). The debate concerning
the molecular arrangement of DBBA on Cu(111) is a long-standing issue [105,107,108,122,123] and
by using noncontact atomic force microscopy (nc-AFM), the controversy could be definitely solved.
In the specific case of DBBA and despites the presence of bromine atoms, the Ullmann reaction
proved to be ineffective on Cu(111) substrates to couple the molecular tectons and GNRs resulting
from another coupling mode could be detected on the surface. Interestingly, the same outcome than
the one obtained with DBBA could be produced with the unsubstituted 9,9′-bianthracene (BA) or
10,10′-dichloro-9,9′-bianthracene on Cu(111) substrates (see Figure 21Aa–Ad).

 

Figure 21. (A) GNRs obtained with different bianthracene (BA) precursors. (B) Connection of
bianthracene precursors at the C2 and C2’ positions (scale bar: 1 nm for all noncontact AFM images).
Adapted with permission from Schulz et al. [121]. Copyright 2017 American Chemical Society.

Conversely, upon deposition of DBBA on Ag(111) or Au(111), the conventional Ullmann coupling
reaction occurred, providing GNRs with armchair edges. By combining STM and nc-AFM at low
temperature, the mechanism could be elucidated. Authors demonstrated that upon cleavage of the
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carbon–halogen bond, the biradicals of DBBA were stabilized by the strong interactions existing
with the Cu(111) surface and/or adatoms, so that a severe reduction of the energy barrier for
the carbon–hydrogen bond scission at the C2 and C2’ positions could be obtained. Parallel to
this, the twisted structures of the different BA derivatives enforced a specific arrangement of the
molecular tectons on the surface, favorable to intermolecular interactions at the C2/C2’ positions
(see Figure 21(Ba,Bb). As a result of this, and irrespective of the substitution pattern of BA, the same
GNRs could be obtained with all monomers, the homocoupling being governed by the C–H scission
and not by the recombination of radicals.

3.2. Sequential Growth Based on the Coordination Polymer/Glaser Coupling Combination

Still implying intermediate organometallic structures in multistep reactions, a surprising example
has been reported in 2018 where the monomer, i.e., 2,5-diethynyl-1,4-bis(4-bromophenyl-ethynyl)
benzene (2Br-DEBPB) could theoretically react according to the Ullmann and Glaser coupling
mechanisms (see Figure 22A) [124].

Figure 22. (A) Polymerization of 2,5-diethynyl-1,4-bis(4-bromophenyl-ethynyl)benzene (2Br-DEBPB)
on Ag(111) substrates and chemical structures of 1-((4-bromophenyl)ethynyl)-2,5-diethynyl-4-
(phenylethynyl)benzene (1Br-DEBPB) and ((2,5-diethynyl-1,4-phenylene)bis(ethyne-2,1-diyl))dibenzene
(DEBPB). (B) STM images of the supramolecular phases obtained by annealing the surface at RT
temperature for 30 min. (C) STM images of the coordination polymer obtained by annealing the
surface at RT temperature for 10.5 hours. 4) Covalent polymer chains obtained by annealing the
Ag(111) surface at 410K. Reproduced from [124] with permission from The Royal Society of Chemistry.

However, only one type of coupling was observed on Ag(111) surfaces. To get this discrimination
between the two possible types of coupling, the experiments were carried out at low temperature. Thus,
coexistence of two supramolecular phases consisting in a chevron-type structure and a honeycomb
arrangement could be found on a Ag(111) surface after a thermal evaporation of 2Br-DEBPB on a
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surface held at −123 ◦C (see Figure 22B). After annealing this surface for 1.5 h at room temperature and
subsequent cooling of the surface at low temperature (see Figure 22C), a newly ordered structure could
be found on Ag (111) surfaces, consisting of parallel rows of molecules where intact molecules and
monobrominated 1-((4-bromophenyl)ethynyl)-2,5-diethynyl-4-(phenylethynyl)benzene (1Br-DEBPB)
(2% of the total molecules) were coassembled in a densely packed structure. Presence of a large number
of bromine adatoms (higher than the 2% resulting from the debromination reaction) on the surface
was assigned to the desorption of the fully debrominated molecules. This fact was confirmed by
annealing the supramolecular phase for 30 min instead of 1.5 h at room temperature. Twenty-one
percent of fully reduced molecules could be found on the surface. However, it has to be noticed that
the temperature was insufficient to initiate an Ullmann coupling. Molecular chains corresponding to
the formation of coordination polymers could only be obtained by annealing the surface for 10 hours at
RT. In these conditions, an activation of the C–H bonds of terminal alkynes could be obtained, resulting
in the formation of polymer chains. Finally, conversion of the coordination polymers to covalently
bonded polymers was achieved at the relatively low temperature of 137 ◦C (See Figure 22D). By the
abundant presence of bromine adatoms on the Ag(111) surface, interactions between the electron-rich
bromines and the electron-deficient hydrogens of terminal alkynes could occur, reducing the BDE,
and weakening the C–H bond. As a result of this, Glaser coupling, assisted by both the surface and the
presence of halogen adatoms, could occur.

3.3. Sequential Growth Based on the Glaser Coupling/Dehydrogenative Coupling Combination

Convincing results concerning the benefits of a sequential procedure were also obtained by
combining a Glaser coupling with a dehydrogenative polymerization [125]. Use of carboxylic acid
derivatives for on-surface syntheses of supramolecular networks is not new and this is notably due to
the ability of the carboxylic functional groups to form hydrogen bonds or to interact with the metal
substrates, giving rise to metal–ligand coordination networks [126,127]. The carboxylic functional
groups can also be deprotonated by the metal surface, drastically modifying the structure of the final
network. A clear evidence of this influence was provided with trimesic acid deposited onto a Cu(100)
surface [128]. Deprotonation of the carboxylic functions modified the adsorption geometry of the
network by inducing a rotation of 90◦ relative to the substrate so that the deprotonated form of trimesic
acid stands upright and perpendicular to the surface. With aim at generating covalent bonds, only few
articles have been reported in the literature and the decarboxylation of 2,6-naphthalenedicarboxylic
acid to form carbon–carbon bonds can be cited as the unique example [129]. Parallel to this, on-surface
Glaser coupling of terminal alkynes was reported prior to this work but examples in the literature
are scarce [42]. Orthogonality of these two reactions is clear so that their combination was examined
for the polymerization of 6-ethynyl-2-naphthoic acid (ENA). Interestingly, influence of the surface
topography as well as the density of molecules on surface were determined as controlling the
reaction outcome. Upon deposition of ENA on Au(111) substrates at low surface coverage and upon
annealing of the surface at 124 ◦C, a 2D network formed, resulting from the dimerization of ENA, i.e.,
6,6′-(buta-1,3-diyne-1,4-diyl)bis(2-naphthoic acid) (DBNA) and the formation of a metal–carboxylate
coordination network (see Figure 23). Differing from this first arrangement, the same experiments
carried out at high surface coverage resulted in the coexistence of two distinct phases on the surface
(See Figure 24A). The first one corresponds to an intermediate state of the Glaser dimerization where
two ENA molecules are arranged in a linear fashion with Au adatoms ensuring the connection with
two ENA units. In the second phase and contrarily to what was expected, the product resulting
from the Glaser coupling, i.e., DBNA was detected on the surface, but coexisting with an unexpected
compound resulting from an oxidative dehydrogenation. In fact, disordered polymer chains could be
detected in this second phase, resulting from the formation of bisacylperoxides (see Figure 24B).
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Figure 23. Polymerization of 6-ethynyl-2-naphthoic acid (ENA) by a domino reaction based on the
Glaser coupling/dehydrogenative coupling combination. Depending of the density of molecules onto
the Au(111) substrates, different structures are obtained.

 

Figure 24. Polymerization of 6-ethynyl-2-naphthoic acid (ENA) by a domino reaction based on the
Glaser coupling/dehydrogenative coupling combination. (A) STM topographs obtained at low density
of molecules after Glaser coupling and formation of the Au-carboxylate complex on Au(111) substrates
(left: 42 nm × 38 nm, right: 21 nm × 17 nm, bottom: 5.9 nm × 5.0 nm). (B) STM topographs obtained
at high density of molecules on Au(111) substrates (top left: 72 nm × 88 nm, top right: 2.6 nm ×
1.2 nm, bottom left: 17 nm × 12 nm, bottom right: 5 nm × 4 nm). Reprinted with permission from
Held et al. [125]. Copyright © 2016 John Wiley & Sons, Inc.

Interestingly, the starting point of these different polymer chains was still a gold–carboxylate
complex. As a result of this, the direction of the chains growth is thus predetermined by the geometry
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of the Au-complex and the number of “ligands” around the Au center. To verify the role of the
substrate in the growth direction, similar experiments were carried out onto Au(100) substrates with
a structured surface and these latter revealed the Glaser coupling as well as the dehydrogenative
coupling to produce chains aligned along with the channels direction, without the formation of
ramifications. Polymers extending over 100 nm could be thus prepared, with a thermal stability higher
than 160 ◦C. In this work, the crucial role of the first step, i.e., the formation of the butadiyne groups,
was determined as being primordial to activate the formation of bisacylperoxides. Indeed, despite
numerous aromatic acids having been examined for on-surface synthesis prior to this work, formation
of peroxides from carboxylic groups has never been reported. Finally, XPS experiments confirmed the
formation of both Au–carboxylate complexes as well as bisacylperoxide groups.

4. Conclusions

In this review, a series of eight combinations of orthogonal reactions enabling the successful
realization of 1D and 2D macromolecular organic structures on surface have been reported. The
development of efficient chemistries in a vacuum environment is an important challenge conditioning
the future of numerous applications. For these reasons, it is of high importance to continue to
acquire knowledge and know-how on the growth of macromolecular organic structures in vacuum
environment. Based on the different works devoted to the hierarchical or sequential construction
of 1D and 2D structures, the possibility to elaborate extended covalent organic structures on
surface was brilliantly demonstrated with STM images of scan area sizes larger than 60 × 60 nm2.
Comparison between the macromolecular structures obtained by sequential or hierarchical growth
on surface and those obtained by the classical one-step approach would be of crucial interest
for the future development of this approach and the optimization of the reaction conditions.
However, the comparison between the two approaches remains extremely difficult with regards
to the multiparametric character (metal, crystallographic plane, formation or not of an intermediate
supramolecular phase, density of molecules on-surface, etc.) of the delicate growth. This is notably the
reason why the comparison between the two models is not established in the different studies. With
regards to the large number of reactions existing in organic chemistry and the infinite of combinations,
there is still room for improvement and numerous unexplored combinations will be reported in
the future.
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Abstract: Efficient synthesis of silicon phthalocyanines (SiPc) eliminating the strenuous reaction
conditions and hazardous reagents required by classical methods is described. Implementation
into organic thin-film transistors (OTFTs) affords average electron field-effect mobility of
3.1 × 10−3 cm2 V−1 s−1 and threshold voltage of 25.6 V for all synthetic routes. These results
demonstrate that our novel chemistry can lead to high performing SiPc-based n-type OTFTs.

Keywords: silicon phthalocyanines; n-type organic semiconductors; organic thin-film transistors

1. Introduction

In recent years, research focused on the design of various organic architectures that enable electron
transport in organic semiconductors (OSCs) has led to significant advances, not only in terms of OSC
design but also the requirements for integration into organic electronics. In regard to the latter, to
be viable for organic thin-film transistors (OTFTs), OSCs must ultimately possess high field-effect
mobilities, robust environmental stability and ease of processability. While these efforts have led to
impressive progress, the development of n-type OSCs still lags behind their p-type counterparts in
terms of carrier mobility and air stability [1,2]. This may be attributed to the challenges associated with
designing new n-type OSCs, in which the number of electron-deficient π-building blocks available
is limited, and even fewer have been demonstrated to lead to high-mobilities [1]. Nonetheless, by
employing motifs such as imides, carbonyls, N-heterocycles, cyanoethylene, and fullerenes, a library
of both molecular and polymeric n-type OSCs has been achieved.

Phthalocyanines (Pcs; Figure 1), which are conjugated molecules composed of a tetramer of
nitrogen-linked isoindole units, are ideal candidates for organic electronics. This is due in large part to
their unique photophysical signatures and electrophysical properties, which are readily tunable through
structural modification. Furthermore, they are known for their chemical robustness, high thermal
resistance and low photodegradation [3,4]. Pcs often chelate a metal or metalloid through four M–N
bonds, resulting in highly stable materials that have been explored for a variety of applications including
their employment as active materials in organic electronics, predominantly as p-type materials [3,5–10].
With respect to their potential as n-type OSCs, only a handful of metal phthalocyanines (MPcs) have
been shown to possess air stable n-type mobilities when implemented into OTFTs, with values on the
order of 10−1 cm2V−1s−1 [9,11–13].
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Figure 1. Divalent metal phthalocyanine (MPc) and tetravalent silicon phthalocyanine
(SiPc) frameworks.

Replacing the central metal ion in MPcs with silicon affords tetravalent silicon phthalocyanines
(SiPc), a subclass of phthalocyanines that have recently experienced an increase in interest with respect
to integration into organic light emitting diodes [14–16], organic solar cells [17–21] and OTFTs [22],
positioning SiPcs as excellent candidates as n-type OSCs. In addition to their inherent n-type mobility,
a key advantage to employing SiPcs over divalent MPcs is the ability to modify the axial substituents
(e.g., R3), thereby providing a facile avenue for functionalization. Considering that the two key factors
that determine the performance of OSCs in organic electronics are the frontier molecular orbitals (in
terms of both energy levels and electronic distribution), and molecular packing in the solid state,
axial substitution in SiPcs enables modification, and ideally control, of the film morphology. To
that end, preliminary studies on SiPcs axially functionalized with aromatic substituents revealed
electron mobilities up to 10−2 cm2V−1s−1, demonstrating the influence of film morphology on device
performance [22]. While axial substitution impacts molecular packing in the solid state, it has little
effect on the energy levels of the frontier molecular orbitals. To that end, modifications to the R1 and
R2 substituents about the Pc framework will not only influence the packing but also the energetics.
This would therefore require appropriately substituted starting materials.

While MPcs are often prepared through the reaction of phthalonitrile with various metal precursors
(e.g., MX2, where X = halide), this route is not effective for silicon-based derivatives as very low
yields (i.e., less than 1%) [23] of SiPcCl2 are achieved upon the treatment of phthalonitrile with
silicon tetrachloride (SiCl4) [24]. Other reported attempts to prepare SiPcCl2 involved the reaction
of the disodium salt of phthalocyanine with SiCl4; however, no product was obtained through this
methodology [25]. Alternatively, starting with diiminoisoindoline or o-cyanobenzamide in place of
phthalonitrile affords enhanced yields of 71% and 35%, respectively [26]. Although this improved the
yield of SiPcCl2, the preparation of such reagents proves problematic, especially of diiminoisoindoline
(DIII). For example, the reported synthesis involves a constant flow of ammonia gas bubbling though
a refluxing solution of phthalonitrile and sodium methoxide [26]. In addition to the harsh reaction
conditions, the isolation of DIII of high purity is difficult to achieve, which may be attributed to many
factors including its high solubility in a number of solvents, its tendency to cyclize upon dissolution
and its sensitivity towards heat. This therefore limits the methods available for purification. As a
result, DIII is often used in its crude form in most cases, or used directly in a one-pot synthesis of
SiPcCl2 [27]. In order to tap into the potential of SiPcs, we sought to explore and develop new synthetic
protocols to facilitate advancements within this exciting class of n-type OSCs. To that end, we herein
present effective and alternative approaches to the classical preparative route for SiPcCl2, eliminating
the undesired expenses attributed to the strenuous reaction conditions required and the hazardous
reagents employed. Furthermore, integration of the resulting SiPc derivatives into high performing
n-type OTFTs is presented, exhibiting the highest electron field-effect mobilities (μe) reported for silicon
phthalocyanine-based OTFTs.
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2. Results and Discussion

As mentioned, SiPcs can be isolated following Route A (Scheme 1); however, the conditions
required are not appealing for large scale production due to the safety precautions necessary when
dealing with corrosive gases and highly reducing sodium metal. To achieve a more versatile and
less hazardous preparative method, we sought to eliminate the necessity of both sodium metal and
ammonia gas in the preparation of DIII. To that end, utilization of lithium bis(trimethylsilyl)amide
etherate (LiN(TMS)2·Et2O) offers several advantages over the reagents required for Route A. First and
foremost, LiN(TMS)2·Et2O is a solid tolerant to atmospheric conditions, rendering it easier to handle and
quantify than gaseous reagents such as ammonia. Not only does the use of LiN(TMS)2·Et2O eliminate
the need for ammonia gas, but it also affords the necessary basicity without the use of sodium metal,
thereby affording a preparative route that removes the use of toxic gases (ammonia) and highly reactive
reagents (sodium metal). As outlined in Scheme 1, treatment of phthalonitrile with LiN(TMS)2·Et2O
affords the anionic intermediate 1. Initial attempts to quench with either water or methanol led to
various intractable by-products, likely due to decomposition of the desired product. Alternatively,
quenching the anionic intermediate with gaseous hydrochloric acid afforded the dihydrogen chloride
salt [H2DIII]Cl2 (Route B), which precipitates out of solution as a powdery yellow solid. Attempts to
deprotonate [H2DIII]Cl2 to afford DIII were unsuccessful; however, preparation of SiPcCl2 could be
achieved by reacting [H2DIII]Cl2 directly with SiCl4 in refluxing quinoline.

 
Scheme 1. Synthetic routes in the preparation of SiPcCl2. Reagents and conditions: (a) (i) Na, MeOH, (ii)
NH3(g), Δ; (b) SiCl4, Quinoline, Δ; (c) LiN(TMS)2·Et2O, Toluene; (d) HCl(g); (e) (i) TMSCl, (ii) silica gel.

Although SiPcCl2 can be synthesized via Route B in 21% yield, employing gaseous hydrochloric
acid to isolate [H2DIII]Cl2 does not eliminate the use of corrosive gases. Alternatively, quenching 1
with chlorotrimethylsilane (TMSCl) affords the silylated DIII intermediate, while the LiCl by-product
precipitates out of solution (Route C). Protonation and purification can be achieved upon passing the
resulting brown solution through silica gel, affording DIII as a pale orange solid. Subsequent treatment
of the DIII with SiCl4 in refluxing quinoline affords SiPcCl2 as a purplish blue matte solid in 51% yield.
Via Route C, we have therefore established a safer alternative to that previously published, as we have
not only eliminated the necessity for highly reactive reagents and corrosive gases, but we have also
ascertained a method in which quantifiable amounts of each reagent necessary can be used. Overall,
Route C offers the best alternative in terms of yield and purity of the final product and, through the use
of LiN(TMS)2·Et2O in place of sodium metal and ammonia gas, paves the way for the development of
additional derivatives that would otherwise not be possible with the previous synthetic routes.

To test the efficacy of the various routes to prepare SiPcCl2, and to ensure the quality
of the materials is maintained, samples from routes A–C were functionalized at the axial
position with 3,4,5-trifluorophenoxy substituents and implemented into OTFTs. In that regard,
bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F)2-SiPc) was synthesized from SiPcCl2
according to the literature [28], employing SiPcCl2 from Routes A, B and C. In all cases, the (345F)2-SiPc
was purified by train sublimation and the products were obtained in similar yields with similar purities.
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UV–Vis absorption spectroscopy revealed no difference between all the (345F)2-SiPc derivatives in this
study (Figure S1) and those reported in the literature [28]. (345F)2-SiPc has previously been reported to
have a good thermal stability (decomposition temperature of >400 ◦C), significant pi–pi interaction
by single crystal X-ray diffraction and a highest occupied molecular orbital (HOMO) level of −5.90
eV and a respective lowest unoccupied molecular orbital energy level of −4.05 eV (Figure 2c) [28].
Organic thin-film transistors (OTFTs) were therefore fabricated using (345F)2-SiPc (from Routes A,
B and C) by thermal evaporation in a bottom-contact, bottom-gate configuration. Regardless of the
synthetic route for the preparation of (345F)2-SiPc, an average electron field-effect mobility (μe) of
3.1 × 10−3 cm2 V−1 s−1 and threshold voltage (VT) of 25.6 V were obtained. Although modest, this
performance is superior to previously reported silicon-based phthalocyanine OTFT devices fabricated
under similar conditions using bis(benzoate) silicon phthalocyanine as the semiconductor, where an
average μe of 4.9 × 10−4 cm2 V−1 s−1 and VT of 25.9 V were obtained [22]. For (345F)2-SiPc, performance
varied over 75 devices with an average electron field-effect mobility of 3.1 × 10−3 cm2 V−1 s−1 and
threshold voltage of 25.6 V, an on/off current ratio (Ion/off) ranging between 103 and 105 and a maximum
μe of 1.64 × 10−2 cm2 V−1 s−1 for all synthetic routes. Characteristic output and transfer curves for
(345F)2-SiPc devices are shown in Figure 2. We have previously shown that when integrated into
bottom-gate, bottom-contact OTFTs, (345F)2-SiPc and other SiPc derivatives experienced significant
variations in performance as a function of channel lengths due to substantial contact resistance (as
apparent in Figure 2a) [29]. Current efforts involve device engineering, including electrode material
selection as a way to reduce contact resistance and amplify n-type performance.

(a) (b) 

(c) 

Figure 2. Characteristic output curve (a) and transfer curve (b) for bis(3,4,5-trifluorophenoxy) silicon
phthalocyanine ((345F)2-SiPc) bottom-gate, bottom-contact (BGBC) organic thin-film devices with
L = 5 um. (c) is the chemical structure of ((345F)2-SiPc), the respective highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of (345F)2-SiPc and a diagram
of the BGBC organic thin-film transistor (OTFT) structure (from left to right) [28].

3. Conclusions

In closing, we have demonstrated an efficient and effective method for the preparation of SiPcCl2
and, upon axial substitution, have confirmed their n-type mobilities, which are the highest reported
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to date for SiPc-based OTFTs. Having developed the synthetic methodology to isolate SiPcCl2 using
less toxic, less corrosive, non-gaseous reagents, we can now begin to explore other derivatives with
modified molecular frameworks. This therefore provides an avenue to control the energy levels of
the frontier MOs, enabling the development of air stable n-type OSCs, in synergy with the combined
morphological control through axial substitution. Such studies are currently underway.

4. Materials and Methods

4.1. General Methods and Procedures

The reagents phthalonitrile (TCI, Philadelphia, PA, USA), trimethylsilyl trifluoromethanesulfonate
(Synquest, Alachua, FL, USA), chlorotrimethylsilane (Acros, Fair Lawn, NJ, USA), silicon tetrachloride
(Sigma, Sheboygan, WI, USA) and 1,3-diiminoisoindoline (TCI, Philadelphia, PA, USA) were obtained
commercially and used as received. Lithium bis(trimethylsilylamide) etherate [30], HCl gas [31] and
bis(3,4,5-trifluorophenoxy) silicon phthalocyanine [32] were prepared as outlined in literature. All
solvents were ACS grade; dry solvents were obtained by passing through activated alumina on a J.C.
Meyer solvent purification system. Quinoline (Oakwood, Estill, SC, USA) was distilled over zinc
dust. All reactions were performed under an atmosphere of dry nitrogen. NMR spectra were run
in either DMSO-d6 or MeCN-d3 solutions at room temperature on a Bruker Avance 300 or 400 MHz
spectrometer (Billerica, MA, USA, Figures S2–S4). 19F-NMR spectra were referenced to trifluoroacetic
acid at −76.55 ppm (Figure S5). IR spectra of solid samples were recorded on an Agilent Technologies
Cary 630 FT-IR spectrometer (Cary, NC, USA).

4.1.1. Preparation of SiPcCl2 (via Route A)

Reaction was performed analogous to previously reported literature starting with 1 g of
commercial diiminoisoindoline [27]. Crude yield 0.76 g (1.2 mmol, 73%). Samples were characterized
spectroscopically and compared to references in literature [33]. HR-MS (EI) for C32H16Cl2N8Si [M]+:
Calcd, 610.0644; Found, 610.0635.

4.1.2. Preparation of 2,3-Dihydro-1H-Isoindole-1,3-Bis(Iminium) Bis(Trifluoromethanesulfonate)
[H2DIII][OTf]2 (via Route B)

A solution of lithium bis(trimethylsilyl)amide etherate (4.7 g, 19.5 mmol) in dry toluene (200 mL)
was added dropwise to a stirring tolyl solution (150 mL) of phthalonitrile (2.5 g; 19.5 mmol) and
subsequently stirred overnight. Hydrochloric acid was bubbled into the mixture for 25 minutes. The
resulting green slurry was stirred for 30 min, followed by filtration in vacuo and washed thrice with
MeCN to afford the green solid of [H2DIII]Cl2. IR νmax = 3120 (br, w), 2672 (br, m), 2545 (br, m), 2347
(br, w), 1671 (s), 1601 (m), 1527 (m), 1475 (m), 1463 (m), 1353 (m), 1318 (m), 1276 (m), 1179 (m), 1086
(w), 1043 (s), 912 (w), 846 (s), 826 (s, br), 787 (s), 746 (m), 728 (m), 690 (s). This material is essentially
insoluble in organic solvents; its identity was determined by metathesis to the more soluble triflate
salt by the following procedure: Trimethylsilyl trifluoromthanesulfonate (10.6 mL, 58.5 mmol) was
added to a slurry of [H2DIII]Cl2 in dry MeCN (25 mL) and stirred for 1 h. The green slurry was
filtered in vacuo and washed thrice with DCE to afford a green solid of [H2DIII][OTf]2. Yield 4.8441 g
(10.9 mmol, 56%). 1H-NMR (δ, CD3CN, RT, 300 MHz): 8.36 (m, 2H), 8.11 (m, 2H). 19F-NMR (δ, CD3CN,
RT, 300 MHz): −79.20 (s, 6F). IR νmax = 3252 (w), 3109 (w), 2967 (m, br), 1678 (m), 1606 (w), 1478 (w),
1467 (w), 1353 (w), 1300 (m), 1284 (m), 1271 (m), 1236 (m), 1217 (s), 1192 (s), 1167 (s), 1091 (w), 1077 (m),
1033 (s), 1022 (s), 978 (w), 868 (m), 840 (m), 783 (m), 764 (m), 748 (m), 697 (m).

4.1.3. Preparation of Silicon Phthalocyanine Dichloride (via Route B)

A solution of lithium bis(trimethylsilyl)amide etherate (4.7 g, 19.5 mmol) in dry toluene (200 mL)
was added dropwise to a stirring solution of phthalonitrile (2.5 g; 19.5 mmol). After 5 h, the reaction
mixture was cooled in an ice bath and hydrochloric acid was bubbled into the mixture for 25 min. The
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resulting green slurry was stirred for 30 min followed by filtration in vacuo and washed thrice with
MeCN. To the filtered solid, dry quinoline (75 mL) and silicon tetrachloride (3.2 mL, 28.1 mmol) were
added. The stirring slurry was heated to 180 ◦C for 4 h producing a visible red microcrystalline solid.
The solid was filtered and washed with benzene, followed by methanol and acetone, respectively.
Crude yield 0.63 g (1.0 mmol, 21%). Samples were characterized spectroscopically and compared to
references in literature [33]. HR-MS (EI) for C32H16Cl2N8Si [M]+: Calcd, 610.0644; Found, 610.0632.

4.1.4. Preparation of DIII (via Route C)

A solution of lithium bis(trimethylsilyl)amide etherate (4.7 g, 19.5 mmol) in toluene (200 mL)
was added dropwise to a stirring tolyl solution (150 mL) of phthalonitrile (2.5 g; 19.5 mmol) and
subsequently stirred overnight. Chlorotrimethylsilane (2.2 mL, 19.5 mmol) was added to the solution
and refluxed for an additional 24 h. Lithium chloride was removed through hot filtration of the mixture
in vacuo. The brown filtrate was passed through a column of silica and washed with DCM and EtOAc,
respectively. The desired product was collected with a 25% MeOH in EtOAc solution (v/v). The solvent
of the filtrate was removed in vacuo and the resulting brown solid was washed with ether, DCM, and
EtOAc consecutively, resulting in a light orange solid. Yield 1.23 g (8.5 mmol, 44%). Samples were
characterized spectroscopically and compared to references in literature [34]. 1H-NMR (δ, CD3CN, RT,
400 MHz): 7.76 (m, 2H), 7.59 (m, 2H).

4.1.5. Preparation of Silicon Phthalocyanine Dichloride (via Route C)

Reaction was performed analogously to previously reported literature starting with 1 g of
diiminoisoindoline (via Route C) [27]. Crude yield 0.54 g (0.9 mmol, 51%). Samples were characterized
spectroscopically and compared to references in literature [33]. HR-MS (EI) for C32H16Cl2N8Si [M]+:
Calcd, 610.0644; Found, 610.0637.

4.1.6. Preparation of Bis(3,4,5-trifluorophenoxy) Silicon Phthalocyanine

Reaction was performed analogous to previously reported literature using as prepared SiPcCl2
from Routes A–C. Samples were characterized spectroscopically and compared to references in
literature [29]. HR-MS (EI) for C38H18N8OF3Si [M–C6H2OF3]+: Calcd, 687.1325; Found (Route A),
687.1311; Found (Route B), 687.1330; Found (Route C), 687.1315.

4.1.7. Electrical Testing

Bottom-gate, bottom-contact OTFTs made with (345F)2-SiPc active layers were made starting with
prefabricated substrates manufactured by Fraunhofer IPMS. These substrates had a doped silicon
base/gate, a 230 nm SiO2 dielectric, and pre-patterned source-drain electrodes made from gold with an
indium tin oxide adhesion layer (W = 2000 μm, L = 2.5, 5, 10, 20 μm). Substrates were rinsed thoroughly
with acetone to remove the protective resist and then treated for 15 min in oxygen plasma. Before
transferring into a 1% v/v solution of octyltrichlorosilane (OTS, Sigma, 97%) in toluene, the substrates
were rinsed with water and isopropanol, then dried with nitrogen. After 60 min heating at 70 ◦C,
the substrates were removed from solution, rinsed with toluene and isopropanol, then dried under
vacuum at 70 ◦C for 30–60 min. Dried, OTS-treated substrates were transferred into a vacuum chamber
where (345F)2-SiPc was evaporated onto their surface at a rate of 0.3Å/s until their thickness reached
the target of 300Å as measured using a quartz crystal monitor. Finished devices were transferred in an
evacuated capsule to the custom OTFT testing setup, oesProbe A10000-P290 (Element Instrumentation
Inc. & Kreus Design Inc.), and tested under vacuum (P < 0.1 Pa) without having been exposed to air.
Transfer characteristics were obtained in the range 0 V < VGS < 60 V, increased step-wise every 100 ms,
with VDS set to 50 V. Field-effect mobility (μe) and threshold voltage (VT) were calculated from the
slope and x-intercept of Equation (1) in the range 35 V < VGS < 45 V, with the dielectric capacitance
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Ci calculated as kε0/t, where t is the dielectric thickness and k is the relative dielectric constant of
SiO2 (3.9).

IDS =
μCiW

2L
(VGS −VT) (1)

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/8/1334/s1,
Figure S1: Normalized absorbance spectra of (345F)2-SiPc via Routes A (black), B (blue) and C (red) in toluene
solutions, Figure S2: 1H-NMR spectra of DIII from Route B at 400 MHz in MeCN-d3. Spectrum referenced
to solvent residual peak at 1.94 ppm, Figure S3: 1H-NMR spectra of [H2DIII][OTf]2 at 300 MHz in MeCN-d3.
Spectrum referenced to solvent residual peak at 1.94 ppm, Figure S4: 1H-NMR spectra of DIII from commercial
source (blue) and from Route B (red) in DMSO-d6 at 400 MHz. Spectra referenced to residual solvent peak
at 2.50 ppm, Figure S5. 19F-NMR spectra of [H2DIII][OTf]2 at 300 MHz in MeCN-d3. Spectrum referenced to
F3CCOH at −76.55 ppm.
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Abstract: A series of ten push-pull chromophores comprising 1H-cyclopenta[b]naphthalene-
1,3(2H)-dione as the electron-withdrawing group have been designed, synthesized, and characterized
by UV-visible absorption and fluorescence spectroscopy, cyclic voltammetry and theoretical
calculations. The solvatochromic behavior of the different dyes has been examined in 23 solvents
and a positive solvatochromism has been found for all dyes using the Kamlet-Taft solvatochromic
relationship, demonstrating the polar form to be stabilized in polar solvents. To establish the interest
of this polyaromatic electron acceptor only synthesizable in a multistep procedure, a comparison
with the analog series based on the benchmark indane-1,3-dione (1H-indene-1,3(2H)-dione) has been
done. A significant red-shift of the intramolecular charge transfer band has been found for all dyes,
at a comparable electron-donating group. Parallel to the examination of the photophysical properties
of the different chromophores, a major improvement of the synthetic procedure giving access to
1H-cyclopenta[b]naphthalene-1,3(2H)-dione has been achieved.

Keywords: push-pull dyes; chromophore; naphthalene; solvatochromism

1. Introduction

During the past decades, push-pull molecules have attracted much attention due to their
numerous applications ranging from non-linear optical (NLO) applications [1,2] to organic photovoltaics
(OPVs) [3,4], organic field effect transistors (OFETs) [5], organic light-emitting diodes (OLEDs) [6],
photorefractive applications [7], colorimetric pH sensors [8], ions detection [9], biosensors [10],
gas sensors [11], or photoinitiators of polymerization [12–16]. Typically, push-pull chromophores
are based on an electron donor and an electron acceptor connected to each other by mean of a
saturated or a conjugated spacer [17]. As the first manifestation of the mutual interaction between
the two partners, a broad absorption band corresponding to the intramolecular charge transfer (ICT)
interaction can be detected in the visible to the near-infrared region. Position of this absorption band
typically depends on the electron-donating ability of the donor and the electron-releasing ability
of the acceptor, and a bathochromic shift of this transition is observed upon improvement of the
strength of the donor and/or the acceptor. This ICT band can even be detected in the near and far
infrared region for electron-acceptors based on poly(nitrofluorenes) [18]. Among electron acceptors,
indane-1,3-dione (1H-indene-1,3(2H)-dione) EA1 has been extensively studied due to its commercial
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availability, its low cost and the possibility to design push-pull dyes by a mean of one of the simplest
reaction of Organic Chemistry, namely the Knoevenagel reaction [19–23]. By chemical engineering,
its electron-withdrawing ability can be drastically improved by condensation of one or two malononitrile
units under basic conditions, furnishing 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile
EA2 [24] and 2,2’-(1H-indene-1,3 (2H)-diylidene)dimalononitrile EA3 [25] (see Figure 1). Based
on the strong electron-withdrawing abilities of EA2 and EA3, push-pull dyes with non-fullerene
acceptors and small energy gaps have been developed [26,27]. As a possible alternative to improve the
electron-accepting ability, extension of the aromaticity of the acceptor can be envisioned. Using this
strategy, a red-shift of the ICT band combined with an enhancement of the molar extinction coefficient
can be both obtained for these new push-pull derivatives, relative to that obtained with the parent
electron acceptor.

Figure 1. Electron acceptors EA1–EA3.

In this article, an extended version of the well-known indane-1,3-dione, i.e., 1H-cyclopenta[b]
naphthalene-1,3(2H)-dione EA4, has been used for the design of ten push-pull dyes. It has to be
noticed that even if the synthesis of EA4 is reported in the literature since 2006 [28], only one report
mentions the development of anion sensors with EA4 in 2013 [29] and the first push-pull dyes have
been developed in 2017 for photovoltaics applications [30,31]. Considering the scarcity of studies
devoted to this electron acceptor, a series of 10 push-pull chromophores PP1–PP10 have been developed
with EA4. To evidence the contribution of the additional aromatic ring in EA4 relative to that of EA1,
10 dyes PP11–PP20 comprising EA1 as the electron acceptor have been synthesized for comparison
(see Figure 2).

 
Figure 2. Chemical structures of the 20 dyes PP1–PP20 examined in this study. PP1–PP10 were made
from EA4, while PP11–PP20 were made from EA1.
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The photophysical properties of the series of 20 dyes as well as their electrochemical properties
have been investigated. To support the experimental results, theoretical calculations have been carried
out. Finally, the solvatochromic properties have also been examined.

2. Materials and Methods

All reagents and solvents were purchased from Aldrich, Alfa Aesar or TCI Europe and used
as received without further purification. Mass spectroscopy was performed by the Spectropole of
Aix-Marseille University. Electron spray ionization (ESI) mass spectral analyses were recorded with a
3200 QTRAP (Applied Biosystems SCIEX) mass spectrometer. The HRMS mass spectral analysis was
performed with a QStar Elite (Applied Biosystems SCIEX) mass spectrometer. Elemental analyses were
recorded with a Thermo Finnigan EA 1112 elemental analysis apparatus driven by the Eager 300 software.
1H and 13C nuclear magnetic resonance (NMR) spectra were determined at room temperature in 5 mm
outer diameter (o.d.) tubes on a Bruker Avance 400 spectrometer of the Spectropole: 1H (400 MHz)
and 13C (100 MHz). The 1H chemical shifts were referenced to the solvent peak CDCl3 (7.26 ppm) and
the 13C chemical shifts were referenced to the solvent peak CDCl3 (77 ppm). UV-visible absorption
spectra were recorded on a Varian Cary 50 Scan UV Visible Spectrophotometer, with concentration of
5 × 10−3 M, corresponding to diluted solutions. Fluorescence spectra were recorded using a Jasco FP
6200 spectrometer. The electrochemical properties of the investigated compounds were measured in
acetonitrile by cyclic voltammetry, scan rate 100 mV·s−1, with tetrabutylammonium tetrafluoroborate
(0.1 M) as a supporting electrolyte in a standard one-compartment, three-electrode electrochemical cell
under an argon stream using a VSP BioLogic potentiostat. The working, pseudo-reference and counter
electrodes were platinum disk (Ø = 1 mm), Ag wire, and Au wire gauze, respectively. Ferrocene
was used as an internal standard, and the potentials are referred to the reversible formal potential of
this compound. Computational details: All quantum mechanical calculations were computed using
Gaussian Package [32]. All geometry optimizations were performed using the density functional
theory (DFT) with the global hybrid exchange-correlation functional B3LYP [33] and all minima on the
potential energy surface were verified via a calculation of vibrational frequencies, ensuring no imaginary
frequencies were present. The Pople double-zeta basis set with a double set of polarization functions
on non-hydrogen atoms (6-3111G(d,p))[34,35] was used throughout. This computational approach
was chosen in consistency with previous works, as it provides good agreement with experimental data.
Excited states were probed using the time dependent density functional theory (TD-DFT) using the same
function. All transitions (singlet-singlet) were calculated vertically with respect to the singlet ground
state geometry. Solvent effects were taken into account by using the implicit polarizable continuum
model (PCM) [36,37]. Dichloromethane (DCM) where chosen in analogy with the experiments.
Computed spectra were simulated by convoluting each transition with Gaussians functions-centered
on each absorption maximum using a constant full width at half maximum (FWHM) value of 0.2 eV.
The assignment of electronic transitions for λmax has been determined with GaussSum 3.0 software [38].
4-(Dodecyloxy)benzaldehyde D1 [39], 3,4-dibutoxy-benzaldehyde D2 [40], 2,4-dibutoxy-benzaldehyde
D3 [41], 4-(diphenylamino)benzaldehyde D6 [42], 4-(bis(4-bromophenyl)-amino)benzaldehyde D7 [43],
and 9-methyl-9H-carbazole-3-carbaldehyde D8 [44], 3-(4-(dimethylamino)phenyl)acrylaldehyde
D9 [45], and 3,3-bis(4-(dimethylamino)phenyl)-acrylaldehyde) D10 [46] were synthesized, as previously
reported, without modifications and in similar yields.

2.1. Synthesis of the Dyes

2.1.1. 2-Butoxy-4-(Diethylamino)Benzaldehyde D5

A mixture of 4-(diethylamino)salicylaldehyde (26.5 g, 137 mmol, M= 193.24 g/mol), 1-bromobutane
(21.8 g, 159 mmol) and potassium carbonate (18.9 g, 152.2 mmol) were heated in N,N-dimethylformamide
(DMF) (250 mL) at reflux overnight. The solution was concentrated before addition of water. Extraction
of the product was carried out with diethyl ether. The ethereal solution was washed with several
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portions of water to remove remaining DMF, dried over MgSO4 and concentrated to yield the product
as an orange oil (32.1 g, 128.73 mmol, 94% yield). 1H nmR (CDCl3) δ: 0.91 (t, 3H, J = 7.4 Hz), 1.14 (t, 6H,
J = 7.1 Hz), 1.42–1.48 (m, 2H), 1.71–1.78 (m, 2H), 3.34 (q, 4H, J = 7.1 Hz), 3.96 (t, 2H, J = 6.3 Hz), 5.95
(d, 1H, J = 2.3 Hz), 6.19 (dd, 1H, J = 9.0 Hz, J = 2.3 Hz), 7.63 (d, 1H, J = 9.0 Hz), 10.1 (s, 1H, CHO);
13C nmR (CDCl3) δ: 12.6, 13.8, 19.3, 31.2, 44.7, 67.8, 93.2, 104.2, 114.4, 130.1, 153.8, 163.9, and 187.1;
HRMS (ESI MS) m/z: theor: 249.1729 found: 249.1733 ([M]+. detected).

2.1.2. 1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione EA4

Diethyl naphthalene-2,3-dicarboxylate (10 g, 38.5 mmol, 1 eq., M = 272.30 g/mol) was suspended
in extra dry EtOAc (24 mL) and NaH 95% in oil (2.44 g, 96.4 mmol, 2.5 eq.) was added. The reaction
media was refluxed at 105 ◦C for 5 h. After cooling, the yellow solid was filtered off and thoroughly
washed with a mixture of EtOH-Et2O 50/50. Treatment of this solid with 200 mL of a 1 M HCl solution
under reflux for 1.5 h furnished a new solid. After cooling, the solid was filtered off, washed with water
and recrystallized in toluene (200 mL). The product was obtained as a brown solid (6.9 g, 35.27 mmol,
91% yield). 1H nmR (CDCl3) δ: 3.38 (s, 2H), 7.66–7.75 (m, 2H), 8.10–8.13 (m, 2H), 8.52 (s, 2H); 13C nmR
(CDCl3) δ: 46.7, 124.3, 129.7, 130.6, 136.4, 138.2, and 197.6; HRMS (ESI MS) m/z: theor: 196.0524 found:
196.0526 ([M]+. detected).

2.2. General Procedure for the Synthesis of PP1–PP10:

1H-Cyclopenta[b]naphthalene-1,3(2H)-dione EA4 (0.5 g, 2.55 mmol) and the appropriate
substituted benzaldehyde (2.55 mmol, 1. eq.) were dissolved in absolute ethanol (50 mL) and
a few drops of piperidine were added. The reaction mixture was refluxed and progress of the reaction
was followed by thin layer chromatography (TLC). After cooling, a precipitate formed. It was filtered
off, washed several times with ethanol and dried under vacuum.

2.2.1. 2-(4-(Dodecyloxy)Benzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP1

4-(Dodecyloxy)benzaldehyde (0.74 g, 2.55 mmol), mexp = 1.05 g, 2.24 mmol, 88% yield. 1H nmR
(CDCl3) δ: 0.88 (t, 3H, J = 6.2 Hz), 1.27–1.40 (m, 16H), 1.46 (qt, 2H, J = 7.5 Hz), 1.83 (qt, 2H, J = 6.7
Hz), 4.09 (t, 2H, J = 6.5 Hz), 7.02 (d, 2H, J = 8.7 Hz), 7.67–7.69 (m, 2H), 7.94 (s, 1H), 8.09–8.10 (m,
2H), 8.49 (d, 1H, J = 3.0 Hz), 8.62 (d, 2H, J = 8.7 Hz); 13C nmR (CDCl3) δ: 14.1, 22.7, 26.0, 29.1, 29.3,
29.55, 29.59, 29.63, 29.66, 31.92, 114.9, 123.8, 123.9, 126.5, 128.2, 129.0, 129.1, 130.4, 130.5, 135.6, 136.3,
136.5, 137.6, 137.7, 148.0, 164.2, 189.4, and 190.7; HRMS (ESI MS) m/z: theor: 468.2664 found: 468.2665
([M]+. detected).

2.2.2. 2-(3,4-Dibutoxybenzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP2

3,4-Dibutoxybenzaldehyde (0.64 g, 2.55 mmol), mexp = 0.92 g, 2.15 mmol, 84% yield. 1H nmR
(CDCl3) δ: 1.01 (t, 3H, J = 7.6 Hz), 1.04 (t, 3H, J = 7.5 Hz), 1.50–1.64 (m, 4H), 1.82–1.94 (m, 4H), 4.14
(t, 2H, J = 6.5 Hz), 4.26 (t, 2H, J = 6.4 Hz), 6.97 (d, 1H, J = 8.4 Hz), 7.66–7.69 (m, 2H), 7.85 (d, 1H, J = 7.1
Hz), 7.92 (s, 1H), 8.07–8.10 (m, 2H), 8.49 (s, 2H), 8.83 (s, 1H); 13C nmR (CDCl3) δ: 13.8, 13.9, 19.2, 19.3,
31.0, 31.2, 68.8, 68.9, 112.1, 117.8, 123.8, 123.9, 126.9, 128.0, 129.0, 129.1, 130.4, 130.5, 131.7, 135.6, 136.3,
136.5, 137.6, 148.7, 148.8, 154.7, 189.5, and 190.7; HRMS (ESI MS) m/z: theor: 428.1988 found: 428.1987
([M]+. detected).

2.2.3. 2-(2,4-Dibutoxybenzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP3

2,4-Dibutoxybenzaldehyde (0.64 g, 2.55 mmol), mexp = 0.95 g, 2.22 mmol, 87% yield. 1H nmR
(CDCl3) δ: 1.00 (t, 3H, J = 7.4 Hz), 1.04 (t, 3H, J = 7.4 Hz), 1.49–1.63 (m, 4H), 1.82 (qt, 2H, J = 7.7 Hz),
1.91 (qt, 2H, J = 6.4 Hz), 4.09 (t, 4H, J = 6.2 Hz), 6.44 (d, 1H, J = 0.9 Hz), 6.64 (dd, 1H, J = 11.0 Hz, J = 0.9
Hz), 7.64–7.67 (m, 2H), 8.06–8.09 (m, 2H), 8.44 (s, 2H), 8.62 (s, 1H), 9.37 (d, 1H, J = 9.0 Hz); 13C nmR
(CDCl3) δ: 13.77, 13.83, 19.17, 19.32, 31.04-31.13, 68.2, 68.7, 98.8, 106.2, 116.5, 123.44, 123.48, 127.1, 128.7,
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128.8, 130.3, 130.4, 135.8, 136.3, 136.4, 136.9, 137.7, 142.4, 163.1, 166.6, 189.5, and 191.0; HRMS (ESI MS)
m/z: theor: 428.1988 found: 428.1986 ([M]+. detected).

2.2.4. 2-(4-(Dimethylamino)Benzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP4

4-Dimethylaminobenzaldehyde (0.38 g, 2.55 mmol), mexp = 0.62 g, 1.89 mmol, 74% yield. 1H nmR
(CDCl3) δ: 3.16 (s, 6H), 6.74 (d, 2H, J = 9.0 Hz), 7.62–7.64 (m, 2H), 7.87 (s, 1H), 8.05–8.06 (m, 2H), 8.39 (d,
2H, J = 2.6 Hz), 8.61 (d, 2H, J = 8.6 Hz); 13C nmR (CDCl3) δ: 40.1, 111.5, 122.4, 122.9, 123.1, 125.1, 128.5,
128.6, 130.2, 130.3, 135.9, 136.1, 136.3, 137.8, 138.5, 148.5, 154.3, 189.6, and 191.4; HRMS (ESI MS) m/z:
theor: 327.1259 found: 327.1260 ([M]+. detected).

2.2.5. 2-(2-Butoxy-4-(Diethylamino)Benzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP5

2-Butoxy-4-(diethylamino)benzaldehyde (0.63 g, 2.55 mmol), mexp = 1.02 g, 2.38 mmol, 94% yield.
1H nmR (CDCl3) δ: 1.04 (t, 3H, J = 7.4 Hz), 1.28 (t, 6H, J = 7.1 Hz), 1.60 (qt, 2H, J = 7.4 Hz), 1.92 (qt, 2H, J
= 7.8 Hz), 3.50 (q, 4H, J = 7.1 Hz), 4.08 (t, 2H, J = 6.4 Hz), 6.03 (d, 1H, J = 2.0 Hz), 6.43 (dd, 1H, J = 9.3
Hz, J = 2.0 Hz), 7.59–7.62 (m, 2H), 8.03–8.05 (m, 2H), 8.34 (s, 2H), 8.58 (s, 1H), 9.50 (d, 1H, J = 9.3 Hz);
13C nmR (CDCl3) δ: 12.8, 13.9, 19.4, 31.1, 45.1, 68.2, 93.1, 105.1, 113.2, 122.37, 122.40, 123.1, 128.1, 128.2,
130.1, 130.2, 136.08, 136.11, 136.3, 137.8, 138.0, 155.2, 164.1, 189.8, and 191.9; HRMS (ESI MS) m/z: theor:
427.2147 found: 427.2149 ([M]+. detected).

2.2.6. 2-(4-(Diphenylamino)Benzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP6

4-(Diphenylamino)benzaldehyde (0.70 g, 2.55 mmol), mexp = 1.02 g, 2.26 mmol, 89% yield. 1H nmR
(CDCl3) δ: 7.02 (d, 2H, J = 8.9 Hz), 7.20–7.24 (m, 6H), 7.38 (t, 4H, J = 8.2 Hz), 7.65–7.67 (m, 2H), 7.88
(s, 1H), 8.07–8.09 (m, 2H), 8.44 (d, 2H, J = 7.7 Hz), 8.50 (d, 2H, J = 8.9 Hz); 13C nmR (CDCl3) δ: 118.7,
123.50, 123.56, 125.7, 126.0, 126.7, 127.2, 128.8, 128.9, 129.8, 130.3, 130.4, 135.8, 136.3, 136.4, 137.3,
137.7, 145.6, 147.6, 153.1, 189.4, and 191.0; HRMS (ESI MS) m/z: theor: 451.1572 found: 451.1574
([M]+. detected).

2.2.7. 2-(2-Butoxy-4-(Diethylamino)Benzylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP7

4-(Bis(4-bromophenyl)amino)benzaldehyde (1.1 g, 2.55 mmol, M = 431.13 g/mol), mexp = 1.42 g,
2.33 mmol, 92% yield. 1H nmR (CDCl3) δ: 7.03–7.08 (m, 6H), 7.48 (d, 4H, J = 8.7 Hz), 7.66–7.69 (m, 2H),
7.88 (s, 1H), 8.07–8.11 (m, 2H), 8.46–8.52 (m, 4H); 13C nmR (CDCl3) δ: 118.6, 119.8, 123.78, 123.82, 127.1,
127.7, 128.2, 128.98, 129.08, 133.0, 135.7, 136.4, 136.5, 137.0, 137.6, 144.7, 147.0, 151.9, 189.3, and 190.7;
HRMS (ESI MS) m/z: theor: 606.9783 found: 606.9787 ([M]+. detected).

2.2.8. 2-((9-Methyl-9H-Carbazol-3-Yl)Methylene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP8

9-Methyl-9H-carbazole-3-carbaldehyde (0.53 g, 2.55 mmol), mexp = 0.84 g, 2.17 mmol, 85% yield.
1H nmR (CDCl3) δ: 3.91 (s, 3H), 7.37 (t, 1H, J = 6.7 Hz), 7.43 (d, 1H, J = 7.8 Hz), 7.48 (d, 1H, J = 8.7
Hz), 7.53 (t, 1H, J = 7.3 Hz), 7.66–7.69 (m, 2H), 8.05–8.12 (m, 2H), 8.20 (s, 1H), 8.28 (d, 1H, J = 7.3 Hz),
8.48 (d, 2H, J = 7.6 Hz), 8.76 (d, 1H, J = 8.0 Hz); 13C nmR (CDCl3) δ: 29.4, 108.8, 109.2, 120.8, 121.0,
123.2, 123.66, 123.68, 123.7, 125.3, 126.8, 127.5, 128.8, 128.9, 129.0, 130.38, 130.40, 133.9, 135.7, 136.3,
136.5, 137.8, 141.7, 144.5, 149.9, 189.5, and 190.9; HRMS (ESI MS) m/z: theor: 387.1259 found: 387.1263
([M]+. detected).

2.2.9. 2-(3-(4-(Dimethylamino)Phenyl)Allylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-Dione PP9

3-(4-(Dimethylamino)phenyl)acrylaldehyde (0.45 g, 2.55 mmol), mexp = 756 mg, 2.14 mmol, 84%
yield. 1H nmR (CDCl3) δ: 3.10 (s, 6H), 6.70 (d, 2H, J = 8.4 Hz), 7.36 (d, 1H, J = 15.1 Hz), 7.61–7.75
(m, 4H), 7.73 (d, 1H, J = 12.3 Hz), 8.03–8.07 (m, 2H), 8.34–8.39 (m, 3H); 13C nmR (CDCl3) δ: 40.1, 111.9,
119.8, 122.9, 123.3, 123.8, 126.3, 128.66, 128.72, 130.30, 130.35, 131.7, 136.2, 136.3, 136.5, 137.6, 147.6,
152.8, 154.8, 190.6, and 190.9; HRMS (ESI MS) m/z: theor: 353.1416 found: 353.1414 ([M]+. detected).
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2.2.10. 2-(3,3-Bis(4-(Dimethylamino)Phenyl)Allylidene)-1H-Cyclopenta[b]Naphthalene-1,3(2H)-
Dione PP10

3,3-Bis(4-(dimethylamino)phenyl)acrylaldehyde (0.75 g, 2.55 mmol), mexp = 1.06 g, 2.24 mmol,
88% yield. 1H nmR (CDCl3) δ: 3.08 (s, 6H), 3.09 (s, 6H), 6.68 (d, 2H, J = 9.0 Hz), 6.78 (d, 2H, J = 8.7
Hz), 7.24 (d, 2H, J = 10.2 Hz), 7.50 (d, 2H, J = 8.9 Hz), 7.60–7.63 (m, 2H), 7.78 (d, 1H, J = 12.9 Hz),
8.01–8.06 (m, 2H), 8.33 (d, 2H, J = 5.2 Hz), 8.42 (d, 2H, J = 12.9 Hz); 13C nmR (CDCl3) δ: 40.1, 40.2,
111.4, 111.5, 119.4, 122.4, 122.7, 125.8, 125.9, 128.3, 128.4, 128.8, 130.2, 132.5, 133.7, 136.1, 136.3, 136.7,
137.8, 146.6, 151.9, 152.4, 167.0, 191.0, and 191.1; HRMS (ESI MS) m/z: theor: 472.2151 found: 472.2148
([M]+. detected).

2.3. General Procedure for the Synthesis of PP11–PP20

Indane-1,3-dione (1H-indene-1,3(2H)-dione) EA1 (0.37 g, 2.55 mmol) and the appropriate
substituted benzaldehyde (2.55 mmol, 1 eq.) were dissolved in absolute ethanol (50 mL) and a
few drops of piperidine were added. The reaction mixture was refluxed and progress of the reaction
was followed by TLC. After cooling, a precipitate formed in most of the case. This latter was filtered
off, washed several times with ethanol and dried under vacuum. For several chromophores (PP11,
PP12, PP13 or PP20), a purification by column chromatography on SiO2 was required.

2.3.1. 2-(4-(Dodecyloxy)Benzylidene)-1H-Indene-1,3(2H)-Dione PP11

4-(Dodecyloxy)benzaldehyde (0.74 g, 2.55 mmol), mexp = 790 mg, 1.89 mmol, 74% yield. 1H nmR
(CDCl3) δ: 0.88 (t, 3H, J = 6.4 Hz), 1.21–1.54 (m, 18H), 1.83 (qt, 2H, J = 7.8 Hz), 4.07 (t, 2H, J = 6.5 Hz), 7.01
(d, 2H, J = 8.9 Hz), 7.77–7.85 (m, 2H), 7.85 (s, 1H), 7.97–8.00 (m, 2H), 8.54 (d, 2H, J = 8.9 Hz); 13C nmR
(CDCl3) δ: 14.1, 22.7, 26.0, 29.1, 29.3, 29.54, 29.58, 29.62, 29.64, 31.9, 68.5, 114.9, 123.0, 126.3, 126.4, 134.8,
135.0, 137.3, 140.0, 142.4, 147.0, 163.8, 189.6, and 190.9; HRMS (ESI MS) m/z: theor: 418.2508 found:
418.2503 ([M]+. detected).

2.3.2. 2-(3,4-Dibutoxybenzylidene)-1H-Indene-1,3(2H)-Dione PP12

3,4-Dibutoxybenzaldehyde (0.64 g, 2.55 mmol), mexp = 820 mg, 2.17 mmol, 85% yield. 1H nmR
(CDCl3) δ: 1.00 (t, 3H, J = 7.5 Hz), 1.02 (t, 3H, J = 7.5 Hz), 1.48–1.63 (m, 4H), 1.83–1.93 (m, 4H), 4.12
(t, 2H, J = 6.6 Hz), 4.23 (t, 2H, J = 6.4 Hz), 6.95 (d, 1H, J = 8.5 Hz), 7.77–7.82 (m, 4H), 7.96–8.00 (m, 2H),
8.72 (d, 1H, J = 1.7 Hz); 13C nmR (CDCl3) δ: 13.8, 13.9, 19.2, 19.3, 31.0, 31.2, 68.8, 68.9, 112.1, 117.6, 123.0,
126.2, 126.6, 131.2, 134.7, 134.9, 140.0, 142.5, 147.6, 148.8, 154.4, 189.7, and 190.9; HRMS (ESI MS) m/z:
theor: 378.1831 found: 378.1832 ([M]+. detected).

2.3.3. 2-(2,4-Dibutoxybenzylidene)-1H-Indene-1,3(2H)-Dione PP13

2,4-Dibutoxybenzaldehyde (0.64 g, 2.55 mmol), mexp = 723 mg, 1.91 mmol, 75% yield. 1H nmR
(CDCl3) δ: 1.00 (t, 3H, J = 7.4 Hz), 1.02 (t, 3H, J = 7.3 Hz), 1.46–1.64 (m, 6H), 1.76–1.94 (m, 4H), 4.07
(t, 2H, J = 6.4 Hz), 4.08 (t, 2H, J = 6.4 Hz), 6.42 (d, 1H, J = 2.2 Hz), 6.61 (dd, 1H, J = 9.0 Hz, J = 2.2 Hz),
7.73–7.76 (m, 2H), 7.94–7.97 (m, 2H), 8.51 (s, 1H), 9.22 (d, 1H, J = 9.0 Hz); 13C nmR (CDCl3) δ: 13.7, 13.8,
19.2, 31.1, 31.2, 68.2, 68.6, 98.8, 106.1, 116.1, 122.7, 122.8, 125.2, 134.5, 124.6, 136.5, 140.0, 141.3, 142.3162.7,
166.1, 189.8, and 191.2; HRMS (ESI MS) m/z: theor: 378.1831 found: 378.1834 ([M]+. detected)

2.3.4. 2-(4-(Dimethylamino)Benzylidene)-1H-Indene-1,3(2H)-Dione PP14

4-Dimethylaminobenzaldehyde (0.38 g, 2.55 mmol), mexp = 580 mg, 2.09 mmol, 82% yield).
1H nmR (CDCl3) δ: 3.14 (s, 6H), 6.75 (d, 2H, J = 9.2 Hz), 7.70–7.75 (m, 2H), 7.78 (s, 1H), 7.90–7.94
(m, 2H), 8.54 (d, 2H, J = 9.2 Hz); 13C nmR (CDCl3) δ: 40.1, 111.4, 122.1, 122.48, 122.49, 123.1, 134.1, 134.3,
137.9, 139.9, 142.3, 147.5, 154.0, 190.0, and 191.7; HRMS (ESI MS) m/z: theor: 277.1103 found: 277.1105
([M]+. detected).
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2.3.5. 2-(2-Butoxy-4-(Diethylamino)Benzylidene)-1H-Indene-1,3(2H)-Dione PP15

2-Butoxy-4-(diethylamino)-benzaldehyde (0.64 g, 2.55 mmol), mexp = 886 mg, 2.35 mmol, 92%
yield. 1H nmR (CDCl3) δ: 1.03 (t, 3H, J = 7.4 Hz), 1.26 (t, 6H, J = 7.1 Hz), 1.60 (qt, 2H, J = 7.4 Hz), 1.90
(qt, 2H, J = 8.0 Hz), 3.48 (q, 4H, J = 7.1 Hz), 4.06 (t, 2H, J = 6.4 Hz), 6.03 (d, 1H, J = 1.7 Hz), 6.40 (dd,
1H, J = 9.3 Hz, J= 1.7 Hz), 7.66–7.70 (m, 2H), 7.85–7.89 (m, 2H), 8.48 (s, 1H), 9.35 (d, 1H, J = 9.3 Hz);
13C nmR (CDCl3) δ: 12.8, 13.9, 19.4, 31.1, 45.0, 68.2, 93.2, 104.9, 112.5, 121.1, 122.1, 122.2, 133.6, 133.9,
137.3, 139.9, 141.1, 142.2, 154.7, 163.7, 190.3, and 192.2; HRMS (ESI MS) m/z: theor: 377.1991 found:
377.1992 ([M]+. detected).

2.3.6. 2-(4-(Diphenylamino)Benzylidene)-1H-Indene-1,3(2H)-Dione PP16

4-(Diphenylamino)benzaldehyde (0.70 g, 2.55 mmol) mexp = 890 mg, 2.22 mmol, 87% yield.
1H nmR (CDCl3) δ: 7.01 (d, 2H, J = 8.9 Hz), 7.18-7.22 (m, 6H), 7.34–7.38 (m, 4H), 7.74–7.76 (m, 2H), 7.78
(s, 1H), 7.94–7.96 (m, 2H), 8.41 (d, 2H, J = 8.9 Hz); 13C nmR (CDCl3) δ: 118.9, 122.81, 122.84, 125.4, 125.5,
125.8, 126.6, 129.7, 134.5, 134.7, 136.8, 140.0, 142.4, 145.8, 146.5, 152.7, 189.6, and 191.2; HRMS (ESI MS)
m/z: theor: 401.1416 found: 401.1418 ([M]+. detected).

2.3.7. 2-(4-(Bis(4-Bromophenyl)Amino)Benzylidene)-1H-Indene-1,3(2H)-Dione PP17

4-(bis(4-bromophenyl)amino)benzaldehyde (1.1 g, 2.55 mmol), mexp = 1.15 g, 2.06 mmol, 81%
yield. 1H nmR (CDCl3) δ: 7.02–7.07 (m, 6H), 7.46 (d, 4H, J = 8.8 Hz), 7.76–7.78 (m, 3H), 7.96–7.98 (m,
2H), 8.42 (d, 2H, J = 8.9 Hz); 13C nmR (CDCl3) δ: 118.4, 120.0, 122.98, 123.01, 126.4, 126.9, 127.6, 133.0,
134.7, 135.0, 136.6, 140.1, 142.4, 144.8, 146.0, 151.5, 189.5, and 190.9; HRMS (ESI MS) m/z: theor: 556.9626
found: 556.9628 ([M]+. detected).

2.3.8. 2-((9-Methyl-9H-Carbazol-3-Yl)Methylene)-1H-Indene-1,3(2H)-Dione PP18

9-Methyl-9H-carbazole-3-carbaldehyde (0.54 g, 2.55 mmol), mexp = 671 mg, 1.99 mmol, 78% yield;
1H nmR (CDCl3) δ: 3.91 (s, 3H), 7.35 (t, 1H, J = 7.5 Hz), 7.43–7.48 (m, 2H), 7.54 (t, 1H, J = 7.3 Hz),
7.76–7.81 (m, 2H), 7.97–8.03 (m, 2H), 8.25 (d, 2H, J = 7.7 Hz), 8.69 (d, 1H, J = 8.7 Hz); 13C nmR (CDCl3)
δ: 29.4, 108.7, 109.1, 120.7, 121.0, 122.9, 123.2, 123.6, 125.0, 125.6, 126.8, 128.6, 133.4, 134.6, 134.8, 140.0,
141.7, 142.5, 144.2, 148.8, 189.8, and 191.2; HRMS (ESI MS) m/z: theor: 337.1103 found: 337.1101
([M]+. detected).

2.3.9. 2-(3-(4-(Dimethylamino)Phenyl)Allylidene)-1H-Indene-1,3(2H)-Dione PP19

3-(4-(Dimethylamino)-phenyl)acrylaldehyde (0.45 g, 2.55 mmol), mexp = 688 mg, 2.27 mmol, 89%
yield. 1H nmR (CDCl3) δ: 3.09 (s, 6H), 6.69 (d, 2H, J = 8.9 Hz), 7.31 (d, 1H, J = 15.1 Hz), 7.59 (d, 2H, J = 8.4
Hz), 7.64 (d, 1H, J = 12.3 Hz), 7.71–7.74 (m, 2H), 7.90–7.92 (m, 2H), 8.28 (dd, 1H, J = 15.1 Hz, J = 12.3 Hz);
13C nmR (CDCl3) δ: 40.1, 111.9, 119.4, 122.4, 122.6, 123.8, 124.5, 131.3, 134.3, 134.4, 140.8, 142.1, 146.5,
152.5, 153.6, 190.8, and 191.2; HRMS (ESI MS) m/z: theor: 303.1259 found: 303.1255 ([M]+. detected).

2.3.10. 2-(3,3-Bis(4-(Dimethylamino)Phenyl)Allylidene)-1H-Indene-1,3(2H)-Dione PP20

3-(4-(Dimethylamino)phenyl)-acrylaldehyde (0.75 g, 2.55 mmol), mexp = 915 mg, 2.16 mmol, 85%
yield. 1H nmR (CDCl3) δ: 3.06 (s, 6H), 3.07 (s, 6H), 6.67 (d, 2H, J = 9.0 Hz), 6.76 (d, 2H, J = 8.8 Hz), 7.20
(d, 2H, J = 8.7 Hz), 7.45 (d, 2H, J = 9.0 Hz), 7.67–7.71 (m, 3H), 7.84–7.89 (m, 2H), 8.28 (d, 1H, J = 12.8 Hz);
13C nmR (CDCl3) δ: 40.1, 40.2, 111.4, 111.5, 118.8, 122.1, 122.3, 123.9, 125.7, 128.8, 130.7, 132.1, 132.7,
133.4, 133.9, 134.1, 140.7, 142.0, 145.5, 151.7, 152.1, 165.5, 191.3, and 191.5; HRMS (ESI MS) m/z: theor:
422.1994 found: 422.1998 ([M]+. detected).
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3. Results and Discussion

3.1. Synthesis of the Dyes and Electron Acceptors

All dyes PP1–PP20 presented in this work have been synthesized by a Knoevenagel reaction
involving the aldehydes D1–D10 and the two electron acceptors EA4 and EA1, respectively
(See Figure 3). The different reactions were performed in ethanol using piperidine as the catalyst.
PP1–PP20 were obtained with reaction yields ranging from 74% yield for PP4 and PP11 to 94% for PP5

(see Table 1). All compounds were obtained as solids and they were characterized by 1H, 13C nmR
spectroscopies, and HRMS spectrometry (see Supplementary Materials). It has to be noticed that the
synthetic procedure to EA4 has been greatly improved compared to that reported in the literature [47],
enabling to reach a reaction yield of 91%. Indeed, a common method to synthesize 1,3-indanedione
derivatives consists in a Claisen condensation of the corresponding diesters with ethyl acetate under
basic conditions (generally sodium hydride).

Figure 3. Synthetic pathways to PP1–PP20 and the ten aldehydes used in this study.

Table 1. Reaction yields obtained for the synthesis of PP1–PP20.

Compounds PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PP10

Reaction yields (%) 88 84 88 74 94 89 92 85 84 88

Compounds PP11 PP12 PP13 PP14 PP15 PP16 PP17 PP18 PP19 PP20

Reaction yields (%) 74 85 75 82 92 87 81 78 89 85

The final product is obtained after the condensation step by decarboxylation of the intermediate
salt under hot acidic conditions (see Figure 4). To access the starting compound, i.e., diethyl
naphthalene-2,3-dicarboxylate, two different reaction pathways were examined, by esterification of
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naphthalene-2,3-dicarboxylic acid in ethanol in the presence of an excess of thionyl chloride, or by the
classical esterification conditions consisting in refluxing the acid in ethanol in the presence of a catalytic
amount of H2SO4 (see Figure 4). If diethyl naphthalene-2,3-dicarboxylate could be obtained in almost
quantitative yields with the two procedures, our attempt to convert the diester obtained by the first
procedure were unfruitful to form EA4. This is attributable to remaining traces of SOCl2 in the diester,
despites the numerous washings in basic conditions. Due to the presence of water traces in ethyl acetate,
SOCl2 could react with water to form HCl, neutralizing part of the NaH introduced. Conversely, in the
second procedure, H2SO4 can be easily removed from the diester due to its catalytic use, avoiding this
drawback. Using the oil obtained by this second procedure, a major improvement was obtained by
replacing NaH 60% dispersion in oil by NaH 95% dispersion in oil for the first reaction step.

 
Figure 4. Synthetic route to 1,3-indanedione derivatives by the Claisen condensation and the two
possible esterification procedures for naphthalene-2,3-dicarboxylic acid.

By using this more concentrated dispersion, the reaction yield of the crude materials for the
two steps (the intermediate salt was not isolated) could be greatly increased. By modifying the
decarboxylation time (increased from 1.5 h instead of 20 min), the quantity of NaH (2.5 eq. instead of
1.45 eq.) and the recrystallization solvent [47] (benzene replaced by the less toxic toluene) compared to
that reported in the literature, the overall reaction yield after purification could be increased from 65%
(literature) up to 91% in our optimized conditions.

3.2. Theoretical Calculations

Theoretical studies were realized in order to investigate the energy levels as well as the molecular
orbitals (M.O.) compositions of the different dyes. DFT calculations of all synthetized compounds were
performed by the B3LYP/6-311G(d,p) level of theory using Gaussian 09 programs. Dichloromethane
as the solvent and the polarizable continuum model (PCM) as the solvent model were used for the
TD-DFT calculations. The optimized geometries as well as the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbital (LUMO), i.e., the frontier orbitals’ electronic
distributions of selected compounds (PP6 and PP16) are given in Figure 5. The data for all compounds
are supplied in the Supplementary Materials. The simulated absorption spectra are shown in the
Figure 6 while the Table 2 summarizes all HOMO and LUMO energy levels and electronic transitions
associated with the intramolecular charge transfer (ITC) absorption peaks. The assignment of the
electronic transitions for λmax reported in the Table 2 has been determined with GaussSum 3.0 software,
and especially, the contribution of the different transitions.
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 Optimized geometry HOMO LUMO 
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PP16 

 
  

Figure 5. Optimized geometries and HOMO/LUMO electronic distributions of PP6 and PP16.

As can be observed for all compounds, clear common trends are well observed for the two series:

� ICT Absorption:

The absorption peaks corresponded to the ICT are well observed in the Figure 6 and the values
of maximal ICT absorption wavelengths are given in the Table 2. A clear trend is observed in
both series: The ICT transition is mainly associated with the HOMO-LUMO transition. When the
electron donor properties of the donor part increase, a clear redshift is obtained for the ICT transition.
When we compare the two molecules in the two series with the same donor part, we observe that the
ICT of the EA4-based molecule is redshift compared to that of EA1-based counterpart (for instance:
λmax (nm) = 518 and 490 for PP6 and PP16, respectively, both compounds have triphenylamine as
donor part).

� HOMO and LUMO Energy Levels:

Within the same series, the values of EHOMO importantly vary as a function of the electron
donating capacity of the donor part while the values of ELUMO slightly change. When we compare
cross the two series: two molecules with the same donor part, we observe that they have nearly the
same EHOMO while the ELUMO of the EA4-based molecule is deeper compared to that of EA1-based
counterpart, which is in good accordance with the more electron deficient nature of EA4 (for instance:
EHOMO (eV) = −5.633 and −5.635 for PP6 and PP16, respectively, while ELUMO (eV) = −2.836 and
−2.694, respectively. Both compounds have triphenylamine as donor part).

� HOMO and LUMO Orbitals Distribution:

The HOMO orbitals are well developed over the electron donor part while the LUMO orbitals
are on the electron deficient moiety. Only a small overlap between the HOMO and LUMO orbitals is
detected (see Figure 5).
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(a) 

 

(b) 

λ

Figure 6. Simulated absorption spectra in dilute dichloromethane (5 × 10−3 M) of synthetized
compounds PP1–PP10 (a) and PP11–PP20 (b).

Table 2. Summary of simulated absorption characteristics in dilute dichloromethane of synthetized
compounds. Data were obtained in dichloromethane solution.

Compounds EHOMO (eV) ELUMO (eV) λmax (nm) Transitions

PP1 −6.279 −2.865 414 HOMO->LUMO (95%)

PP2 −6.468 −2.983 406
HOMO->LUMO (72%)

HOMO-1->LUMO (22%)
HOMO-2->LUMO (5%)

PP3 −5.974 −2.691 441 HOMO->LUMO (98%)
PP4 −5.717 −2.668 473 HOMO->LUMO (99%)
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Table 2. Cont.

Compounds EHOMO (eV) ELUMO (eV) λmax (nm) Transitions

PP5 −5.522 −2.489 477 HOMO->LUMO (99%)
PP6 −5.633 −2.836 518 HOMO->LUMO (99%)
PP7 −5.826 −3.003 520 HOMO->LUMO (99%)
PP8 −5.953 −2.816 471 HOMO->LUMO (99%)
PP9 −5.554 −2.874 567 HOMO->LUMO (100%)

PP10 −5.262 −2.62 574 HOMO->LUMO (90%)
HOMO-1->LUMO (10%)

PP11 −6.3 −2.71 390 HOMO->LUMO (97%)

PP12 −6.498 −2.842 385 HOMO->LUMO (94%)
HOMO-1->LUMO (4%)

PP13 −5.982 −2.526 417 HOMO->LUMO (97%)

PP14 −5.715 −2.498 444 HOMO->LUMO (95%)
HOMO->L+1 (4%)

PP15 −5.513 −2.309 448 HOMO->LUMO (95%)
HOMO->LUMO+1 (4%)

PP16 −5.635 −2.694 490 HOMO->LUMO (99%)
PP17 −5.835 −2.878 493 HOMO->LUMO (99%)
PP18 −5.962 −2.656 443 HOMO->LUMO (98%)
PP19 −5.555 −2.748 537 HOMO->LUMO (100%)

PP20 −5.253 −2.489 545 HOMO->LUMO (85%)
HOMO-1->LUMO (15%)

3.3. Optical Properties

All compounds were characterized by UV-visible spectroscopy and their absorption spectra in
dichloromethane are provided in the Figure 7. PP1–PP20 are push-pull compounds that possess an
electron donating group and an electron accepting group which interact by mean of a π-conjugated
system. The position of the charge transfer band will depend of parameters such as the strength of the
electron donating/accepting groups, but also of the length of the π-conjugated system. By combining
both effects, a decrease in the energy difference between the HOMO and the LUMO can be obtained,
resulting in a shift of the absorption spectrum towards longer wavelengths.

While examining the first series PP1–PP10, absorption maxima ranging from 412 nm for PP1

to 524 nm for PP5 were found in dichloromethane for dyes exhibiting a short spacer. Elongation of
the π-conjugated system resulted in a significant red-shift of the absorption maximum, shifting from
471 nm for PP1 to 571 nm for PP9. The most red-shifted absorption was found for PP10, peaking at
603 nm. While comparing the PP1–PP10 series with PP11–PP20 based on 1,3-indanedione, absorption
spectra of PP11–PP20 were found to follow the same order than that of the PP1–PP10 series, but with an
absorption blue-shifted by about 30 nm (see Figure 7). Examination of the molar extinction coefficients
for the two series also revealed the PP1–PP10 series to exhibit higher molar extinction coefficients
than that of the PP11–PP20 series, consistent with an improvement of the molar absorptivity with the
oscillator strength and the conjugation extension (see Figure 8) [48].

The experimental absorption spectra recorded in dichloromethane of all compounds are in good
accordance with predicted properties obtained by DFT calculation. Notably, a good accordance between
the theoretical absorption maxima can be found for all dyes (See Tables 2–4). Second, considering that
the main absorption band was theoretically determined for all dyes originating from a HOMO->LUMO
transition, this latter can thus be confidently assigned to the intramolecular charge transfer bands
for all dyes. A contribution of the HOMO->LUMO transition to the ICT band ranging between 85%
(for PP20) to 100% for PP9 and PP19 could be calculated.
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(a) 

 
(b) 

Figure 7. UV-visible absorption spectra of PP1–PP10 (a) and PP11–PP20 (b) in dichloromethane.

(a) 

Figure 8. Cont.
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(b) 

Figure 8. UV-visible absorption spectra of PP1–PP10 (a) and PP11–PP20 (b) in chloroform.

Table 3. Summary of the optical properties of PP1–PP10 in twenty-three solvents and Kamlet and Taft
parameters π*.

Compounds π*1 PP12 PP22 PP32 PP42 PP52 PP62 PP72 PP82 PP92 PP102

diethyl ether 0.27 403 442 445 490 505 499 489 464 534 569
toluene 0.54 405 450 441 501 512 509 501 473 553 582

chloroform 0.78 412 450 457 520 524 520 510 480 574 606
THF 0.58 405 444 450 502 517 504 497 471 555 587

1,4-dioxane 0.55 402 443 446 498 512 503 496 468 545 581
acetone 0.71 405 441 449 505 520 501 496 471 562 595

dichloromethane 0.82 411 448 456 510 524 514 505 476 571 603
DMSO 1.00 414 447 458 522 534 512 506 482 590 620

heptane -0.08 410 445 443 479 497 497 486 461 529 551
acetonitrile 0.75 404 439 450 507 523 505 496 471 565 597

dimethylformamide 0.87 409 447 454 514 528 509 503 478 579 609
ethyl acetate 0.54 404 444 447 498 513 500 491 468 546 579

p-xylene 0.43 406 448 448 496 509 504 497 470 547 580
1,2-dichloroethane 0.81 410 447 454 509 524 515 504 474 567 603
dimethylacetamide 0.88 410 447 456 516 529 508 502 477 577 608

diglyme 0.64 406 445 450 506 518 504 497 474 567 593
cyclohexane 0.00 412 446 445 482 499 502 492 462 532 556

triethylamine 0.14 439 454 450 486 501 503 507 463 533 559
hexane -0.08 409 444 442 477 495 497 488 457 525 551
anisole 0.73 413 450 454 508 520 514 504 476 567 599
pentane -0.09 408 442 440 476 495 495 485 458 524 548

nitrobenzene 1.01 433 452 461 518 532 519 509 484 585 613
diethyl carbonate 0.45 402 444 447 495 510 500 493 466 542 575

1 Kamlet and Taft parameters; 2 Position of the ICT bands are given in nm.

Table 4. Summary of the optical properties of PP11–PP20 in twenty-three solvents and Kamlet and Taft
parameters π*.

Compounds π*1 PP113 PP123 PP133 PP143 PP153 PP163 PP173 PP183 PP193 PP203

diethyl ether 0.27 384 404 424 462 480 474 467 442 502 531
toluene 0.54 388 408 429 474 486 485 476 451 520 552

chloroform 0.78 391 416 436 483 497 493 485 456 539 571
THF 0.58 387 411 428 476 490 479 472 448 518 553
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Table 4. Cont.

Compounds π*1 PP113 PP123 PP133 PP143 PP153 PP163 PP173 PP183 PP193 PP203

1,4-dioxane 0.55 385 406 426 471 486 474 471 444 512 549
acetone 0.71 385 410 429 479 493 477 471 447 526 555

dichloromethane 0.82 388 417 433 482 497 489 482 452 537 567
DMSO 1.00 391 425 435 492 506 484 481 458 554 584

heptane −0.08 379 400 422 457 473 476 468 439 478 523
acetonitrile 0.75 383 410 428 480 494 477 471 446 528 556

DMF 0.87 388 415 433 488 501 482 479 453 541 579
ethyl acetate 0.54 385 409 426 474 486 474 470 447 520 544

p-xylene 0.43 388 407 429 471 484 481 474 449 522 548
1,2-dichloroethane 0.81 388 421 432 481 496 487 480 453 536 567
dimethylacetamide 0.88 388 412 432 489 500 485 478 454 543 573

diglyme 0.64 386 412 429 479 490 480 472 450 524 559
cyclohexane 0.00 382 402 423 459 474 478 471 441 481 527

triethylamine 0.14 384 403 424 461 476 478 471 443 489 530
hexane −0.08 378 400 422 455 471 474 467 437 476 521
anisole 0.73 389 415 432 481 495 487 482 454 530 570
pentane −0.09 378 399 420 454 470 474 465 436 474 520

nitrobenzene 1.01 n.d.2 n.d. 2 437 491 504 493 482 459 552 582
diethyl carbonate 0.45 384 405 426 471 484 475 470 445 510 541

1 Kamlet and Taft parameters; 2 not determined. 3 Position of the ICT bands are given in nm.

3.4. Solvatochromism

All dyes PP1–PP20 exhibited a good solubility in most of the common organic solvents so that
examination of the solvatochromism could be carried out in 23 solvents of different polarities. It has
to be noticed that alcohols such as methanol, ethanol, propan-2-ol, butan-1-ol and pentan-1-ol were
initially considered as solvents for the solvatochromic study, but the absorption maxima obtained
with these solvents were irregular compared to that obtained with the 23 other solvents. This specific
behavior can be assigned to the fact that all dyes precipitated in alcohols such as in ethanol which
was the solvent of reaction. Even if the absorption spectra could be recorded in alcohols for all dyes,
presence of free molecules and aggregates in solution certainly modify the position of the absorption
maxima. A summary of the absorption maxima for the twenty dyes are provided in Tables 3 and 4.

As evidenced in the Tables 3 and 4, analysis of the solvatochromism in solvents of different
polarities confirmed the presence of an intramolecular charge transfer in all dyes. Intramolecular nature
of the charge transfer was demonstrated by performing successive dilutions, intensity of the charge
transfer band linearly decreasing with the dye concentrations. Various empirical polarity scales have
been developed over the years to interpret the solvent-solute interaction and the Kamlet-Taft’s [49],
Dimroth-Reichardt’s [50], Lippert-Mataga’s [51], Catalan’s [52], Kawski-Chamma-Viallet’s [53],
McRae’s [54], Suppan’s [55], and Bakhshiev’s [56] scales can be cited as the most popular ones.
Among all scales, the Kamlet-Taft solvent polarity scale proved to be the most adapted one, linear
correlations being obtained for all dyes by plotting the absorption maximum vs. The empirical Taft
parameters (see linear regression in Supplementary Materials). For all the other polarity scales based
on the dielectric constant or the refractive index of solvents, no reasonable correlations could be
established. The Kamlet and Taft equation is also a multiparametric equation that can take into account
the dipolarity-polarizability (π*), the hydrogen-donating and accepting ability (α and β) of the solvents,
modelizing more precisely the interactions between the solvent and the solute. However, multiple
linear regression analyses carried out on the triparametric Kamlet-Taft equation using the three solvent
descriptors (α, β, π*) did not improve the correlation coefficients, as demonstrated in the Table in
SI. It can therefore be concluded that the dipolarity-polarizability of the solvent is the primary cause
influencing the position of the ICT band.
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As evidenced in the Figure 9 and Figures in Supplementary Materials, PP1–PP20 show negative
slopes with good linear correlations, indicative of a positive solvatochromism. Excepted for PP1,
PP2, PP11, and PP12 that possess weak electron donors, all dyes displayed strong negative slopes,
indicative of a significant charge redistribution upon excitation. The most important solvatochromism
was found for PP9, PP10, PP19, and PP20 that exhibit the longest conjugated spacers.

Δ

π  
(a) 

Δ

π  
(b) 

Figure 9. Variation of the positions of the charge transfer band with Kamlet-Taft empirical parameters
for PP1–PP10 (a) and PP11–PP20 (b).

3.5. Fluorescence Spectroscopy

The fluorescent properties of all compounds were investigated in dichloromethane and toluene,
in diluted solutions and the results are summarized in the Figure 10 and the Table 5. Interestingly,
most of the chromophores were not emissive whatever the solvent is and this behavior is consistent
with results classically reported in the literature for indane-1,3-dione derivatives [57–61]. However,
it has to be noticed that a series of indane-1,3-dione derivatives was reported as being highly emissive,
in a specific context, by use of oligo(phenylene)vinylene as electron donors [62]. Only eleven of these
compounds displayed a weak emission in toluene so that the luminescence lifetime as well as the
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photoluminescence quantum yield were not determined for these compounds. While examining the
emission maxima, the most red-shifted emissions were found for PP9 and PP10 displaying the most
extended conjugated spacer but also the most extended electron acceptor. As attended, a blue-shifted
emission was found for PP20 (λem = 604 nm) relative to that of PP10 (λem = 626 nm), directly resulting
from its blue-shifted absorption maxima. While comparing the results obtained in dichloromethane
and toluene, absorption maxima were found to be blue-shifted by ca. 20 nm for all dyes in toluene
relative to that determined in dichloromethane. Based on the Taft parameters for both solvents (0.54 for
toluene and 0.82 for dichloromethane), it can be concluded that a positive solvatochromism can also
be observed in emission. This point is notably confirmed by the Stokes shifts determined in both
dichloromethane and toluene, which are almost identical.

(a) 

(b) 

Figure 10. Fluorescence spectra of studied compounds in dichloromethane (a) and toluene (b).
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Table 5. Fluorescence properties of the different compounds in dichloromethane and toluene solutions.

Dichloromethane

Compounds PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PP10

excitation (nm) 411 448 456 510 524 524 505 476 571 603
emission (nm) - 512 499 - 558 617 - - 654 -

Stokes shift (nm) - 64 43 - 34 103 - - - -

Compounds PP11 PP12 PP13 PP14 PP15 PP16 PP17 PP18 PP19 PP20

excitation (nm) 388 417 433 482 497 489 482 452 537 567
emission (nm) - - - 545 - 596 - - - 623

Stokes shift (nm) - - - 63 - 107 - - - 56

Toluene

Compounds PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8 PP9 PP10

excitation (nm) 405 450 441 501 512 509 501 473 553 582
emission (nm) - 487 495 546 546 574 - - 613 626

Stokes shift (nm) - 37 54 45 34 65 - - 60 44

Compounds PP11 PP12 PP13 PP14 PP15 PP16 PP17 PP18 PP19 PP20

excitation (nm) 388 408 429 474 486 485 476 451 520 552
emission (nm) - 467 - 530 - 558 - - - 604

Stokes shift (nm) - 59 - 56 - 73 - - - 52

3.6. Electrochemical Properties

The electrochemical properties of all compounds have been investigated by cyclic voltammetry
(CV) in dilute solutions, either in acetonitrile or in dichloromethane. The selected voltammograms are
shown in the Figure 11 and CV curves of all compounds are given in the Supplementary Materials.
The redox potentials of all compounds are summarized in the Table 6 in which redox potentials are
given against the half wave oxidation potential of the ferrocene/ferrocenium cation couple.

Figure 11. Selected examples of cyclic voltammograms of studied compounds (PP9, PP19) and
Ferrocene (Fc).

Table 6. Electrochemical redox potentials of the studied compounds PP1–PP20.

Compounds Ered (V/Fc) EOx (V/Fc) EHOMO (eV) ELUMO (eV) ΔEel (eV)1 ΔEopt (eV)2

PP1 −1.30 1.19 −5.99 −3.50 2.49 3.07
PP2 −1.26 1.18 −5.98 −3.54 2.44 2.82
PP3 −1.36 1.15 −5.95 −3.44 2.51 2.76
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Table 6. Cont.

Compounds Ered (V/Fc) EOx (V/Fc) EHOMO (eV) ELUMO (eV) ΔEel (eV)1 ΔEopt (eV)2

PP4 −1.33 0.68 −5.48 −3.47 2.01 2.45
PP5 −1.40 0.63 −5.43 −3.40 2.03 2.37
PP6 −1.32 0.79 −5.59 −3.48 2.11 2.46
PP7 −1.26 0.84 −5.64 −3.54 2.10 2.50
PP8 −1.38 0.95 −5.75 −3.42 2.33 2.63
PP9 −1.22 0.49 −5.29 −3.58 1.71 2.19
PP10 −1.30 0.41 −5.21 −3.50 1.71 2.08
PP11 −1.46 1.19 −5.99 −3.34 2.65 3.24
PP12 −1.44 1.18 −5.98 −3.36 2.62 3.02
PP13 −1.50 1.23 −6.03 −3.30 2.73 2.90
PP14 −1.56 0.65 −5.45 −3.24 2.21 2.58
PP15 −1.30 0.54 −5.34 −3.50 1.84 2.51
PP16 −1.44 0.77 −5.57 −3.36 2.21 2.60
PP17 −1.29 0.85 −5.65 −3.51 2.14 2.63
PP18 −1.52 0.94 −5.74 −3.28 2.46 2.78
PP19 −1.30 0.49 −5.29 −3.50 1.79 2.35
PP20 −1.30 0.36 −5.16 −3.50 1.66 2.23

1 All potentials are recorded in 0.1 M TBABF4/CH3CN, except for PP15 and PP20 for which electrochemistry was
carried out in 0.1 M TBAClO4/CH2Cl2. EHOMO (eV) = −4.8 − Eox and ELUMO (eV) = −4.8 − Ered; 2 Optical bandgaps
determined in acetonitrile.

As shown in Figure 11, PP9 and PP19 differ from each other only in the nature of the accepting
moiety. As expected, both compounds have quasi-reversible oxidation processes with identical
oxidation potentials (Figure 11, Table 6). Indeed, the oxidation process for the two chromophores
is centered onto the electron-donating part and this latter is the same for the two dyes. Conversely,
the reduction potential of PP9 comprising 1H-cyclopenta[b]naphthalene-1,3(2H)-dione (EA4) as the
electron-accepting moiety is slightly lower than that of PP19 (comprising EA1 as the acceptor), leading
to narrower electrochemical bandgap. This is in good accordance with the optical bandgap determined
by UV-visible absorption spectroscopy, where PP9 showed a red-shifted ICT band in comparison to
PP19 (See Figures 7 and 8).

The redox potentials of all other compounds are gathered in the Table 6. As can be seen in the
same series (PP1–PP10 and PP11–PP20) where the nature of the acceptor moiety is identical, their
reduction potentials changed very slightly while the oxidation potential importantly vary as a function
of the donor moiety.

The number and the substitution position of the alkoxy chains on the phenyl ring slightly influence
the redox potentials of the targeted molecules (PP1–3 and PP11–13). However, important variations
were determined when the electron-donating ability of the electron donor was increased by the
presence of diakylamino groups on the phenyl ring (see PP4–5 and PP14–15). This phenomenon was
even much more pronounced when a double bond was inserted between the donor and the acceptor
moiety leading to more conjugated push pull molecules (see PP9–10 & PP19–20). The presence of
two 4-(N,N-methylamino)phenyl groups such as in PP10 and PP20 has only a negligible impact on
the electrochemical property. In fact, while the second 4-(N,N-methylamino)phenyl group could
increase the electron donating ability, examination of the mesomeric forms in PP10 and PP20 clearly
evidences the two groups not to be able to contribute simultaneously to the electronic delocalization,
as previously mentioned in the literature [46]. While comparing the dyes at identical electron donating
groups, push pull compounds prepared with EA4 (PP1–PP10) have lower reduction potentials than
their counterparts PP11–PP20 comprising EA1 as the electron withdrawing groups. This is in perfect
accordance with the higher electron accepting capacity of EA4.

The redox behaviors of synthesized molecules were then used to estimate their HOMO and LUMO
energy levels by using the ferrocene (Fc) ionization potential value (4.8 eV vs. vacuum) as the standard.
The correcting factor of 4.8 eV is based on calculations obtained by Pommerehne et al. [63]. It is also
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important to note that some other correcting factors have also been used in the literature [64].
The obtained values of EHOMO and ELUMO issued from electrochemical characterizations are
summarized in the Table 6 for comparison, the optical bandgaps of all dyes in acetonitrile have
been added. The Figure 12 shows a comparative presentation of the frontier orbitals’ energy levels
experimentally and theoretically obtained. We can see that the experimental findings fit well with the
trend predicted by DFT calculation.

Figure 12. Comparison of frontier orbitals’ energy levels obtained from cyclic voltammetry and
DFT calculations.

4. Conclusions

In this work, a series of twenty dyes comprising indane-1,3-dione or 1H-cyclopenta[b]
naphthalene-1,3(2H)-dione have been synthesized and examined for their photophysical properties.
Introduction of a naphthalene moiety in EA4 greatly contributed to improve the electron-withdrawing
ability of the group. Notably, a red-shift of the intramolecular charge transfer band of ca. 30 nm was
observed for all dyes prepared with this acceptor, compared to the parent series comprising EA1.
A linear and positive solvatochromism was found for all dyes, demonstrating an important charge
redistribution upon excitation. A good correlation between the experimental HOMO-LUMO gaps and
the theoretical ones could be found. Examination of their electrochemical properties revealed these dyes
to be reversibly oxidized whereas an irreversible reduction monoelectronic process was determined for
all dyes. By extending the aromaticity of EA4, a significant red-shift of the absorption maximum could
be obtained for all dyes compared their analogues comprising EA1. Future works will consist of further
improving the electron accepting ability of EA4, which is achievable by functionalizing EA4 with
malononitrile. Based on the present work, the tetracyano derivatives of EA4 will certainly allow the
design of near-infrared dyes that can find applications in research fields such as telecommunications
and defense.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/8/1342/s1.
1H and 13C nmR spectra of all chromophores; Solvatochromism analyses in 23 solvents; contour plots of HOMO
and LUMO energy levels of all dyes; cyclic voltammograms of all chromophores.
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Abstract: Ten novel fullerene-derivatives (FDs) of C60 and C70 had been designed as acceptor for
polymer solar cell (PSC) by employing the quantitative structure-property relationship (QSPR) model,
which was developed strategically with a reasonably big pool of experimental power conversion
efficiency (PCE) data. The QSPR model was checked and validated with stringent parameter and
reliability of predicted PCE values of all designed FDs. They were assessed by the applicability domain
(AD) and process randomization test. The predicted PCE of FDs range from 7.96 to 23.01. The obtained
encouraging results led us to the additional theoretical analysis of the energetics and UV-Vis spectra
of isolated dyes employing Density functional theory (DFT) and Time-dependent-DFT (TD-DFT)
calculations using PBE/6-31G(d,p) and CAM-B3LYP/6-311G(d,p) level calculations, respectively.
The FD4 is the best C60-derivatives candidates for PSCs as it has the lowest exciton binding energy,
up-shifted lowest unoccupied molecular orbital (LUMO) energy level to increase open-circuit voltage
(VOC) and strong absorption in the UV region. In case of C70-derivatives, FD7 is potential candidate
for future PSCs due to its strong absorption in UV-Vis region and lower exciton binding energy
with higher VOC. Our optoelectronic results strongly support the developed QSPR model equation.
Analyzing QSPR model and optoelectronic parameters, we concluded that the FD1, FD2, FD4, and
FD10 are the most potential candidates for acceptor fragment of fullerene-based PSC. The outcomes
of tactical molecular design followed by the investigation of optoelectronic features are suggested to
be employed as a significant resource for the synthesis of FDs as an acceptor of PSCs.

Keywords: DFT; fullerene derivative; P3HT; polymer solar cell; QSPR; TD-DFT

1. Introduction

Polymer solar cell (PSC) is a subject of discussion over the last decade due to its initial encouraging
power conversion efficiency (PCE). Over time, organic dye-sensitized solar cells (DSSCs) and perovskite
solar systems outperform the PSCs based on better and efficient PCE. Additionally, high cost and
low-life time factors are other threats, which pose a great task for the researchers [1–4]. The PSC
functions similarly to another kind of solar cell through the conversion of photons into an electrical
current. The most common types of PSC are fullerene-based and non-fullerene based where
they act as acceptor fragment and the role of polymer is a donor. Cuiet al. [2] experimentally
showed that chlorinated non-fullerene acceptor-based PSC converts 16.5% of solar energy into an
electrical current which is the highest reported PCE value for any non-fullerene PSCs till date.
On the contrary, Meng et al. [4] reported 17.3% conversion employing tandem cell strategy using
PTB7-Th:O6T-4F:PC71BM (PTB7-Th is poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′]
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dithiophene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate]; O6T-4F is carbon-oxygen-bridged i8
difluoro-substituted 1,1-dicyanomethylene-3-indanone; PC71BM is [6,6]-phenyl C71 butyric methyl ester)
with an architecture of ITO/ZnO/PFN-Br/active-layer/M-PEDOT/Ag and ITO/ZnO/active-layer/MoO3/Ag
where PC71BM acts as acceptor material under fullerene-based PSC. Fullerene derivative (FD)
PC61BM conjugated with diverse polymers P3HT (poly(3-hexyl)thiophene), PTPTB (poly-N-
dodecyl-2,5,-bis(2’-thienyl)pyrrole, 2,1,3-benzothiadiazole), PEOPT (poly(3-(4’-(1′′,4′′,7′′-trioxaoctyl)
phenyl)thiophene), PFDTBT (poly{[2,7-(9-(20-ethylhexyl)-9-hexylfluorene])-alt-[5,50-(40,70-di-2-
thienyl-20,10,30-benzothiadiazole)]}) showed PCE values range from 2.8 to 4.4 [5–8], 1.7–2.1 [9],
1.75 [9] 1.9 [9], respectively. Even, PCPDTBT (poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) and PBDTP-DTBT (poly{4,8-bis(4-(2-ethylhexyl)- phenyl)-
benzo[1,2-b:4,5-b′]dithiophene-alt-[4,7-di(4-(2-ethylhexyl)-2- thienyl)-2,1,3-benzothiadiazole)-5, 5′-diyl]})
showed PCE of 3.2 [10] and 8.07 [11] with PC71BM, respectively. While, PCDTBT (poly[N-
9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]) and PCPDTBT
offers PCE of 6.1 [12] and 6.16 [13] with PC70BM, respectively.

The PCE value of existing PSCs is reasonable but not better than other commercial solar cell
systems. Thus, improved and efficient PSCs are required by the implementation of rational designing
of different fragments followed by optoelectronic properties evaluation to establish them as a future
system. Based on the above discussion, it is quite clear that a good amount of simple and complex
polymers has been examined, but the PCE value has not improved drastically. Therefore, we have aimed
for novel modifications of FDs to improve the PCE of PSCs. Arbitrarily synthesizing various FDs is not
a practical solution, as well as it is costly and time-consuming. Thus, considering experimental PCE
data of existing FDs, in silico models can be prepared by quantitative structure-property relationship
(QSPR) model [14]. Our group has proposed the first QSPR model followed by the virtual screening of
FDs generating future lead acceptor fragment for PSC with PCE value of 12.11% [15]. Additionally,
the QSPR technique was successfully employed in all steps from designing to prediction purpose
for DSSCs by our group [16,17] and other researchers [18,19] with encouraging outcomes. Therefore,
without any doubt, the QSPR modeling can be tactfully employed for designing better acceptor FDs
for PSCs.

In continuation of our previous work [15], in the present study, we have prepared a QSPR model
followed by implementation of the mechanistic interpretation and identified vital structural fragments
obtained from the model to design new FDs as an acceptor for PSC. Previously we had used the QSPR
model to screen 169 FDs to find the best FDs based on PCE value only without considering identified
features from the model [15]. In the present study, designing will help us to consider the structural
fragments more precisely and effectively. Ten FDs have been designed including seven C60 and three
C70 FDs. The PCE of designed FDs are predicted employing the developed QSPR model prepared from
59 existing experimental PCE data of FDs. Top four lead acceptors (3 from C60 and 1 C70) are further
employed for energetics study along with analysis of UV-Vis spectra of isolated dyes. The rational
scheme from designing to the electrochemical analysis of FDs for PSCs offers a detailed idea of how
one can implement a QSPR model to design various future solar cells, not confined to only PSCs pool
of species.

2. Materials and Methods

2.1. QSPR Modeling Study and Designing

2.1.1. Dataset

A series of 59 FDs consist of 52 C60 and 7 C70 derivatives as acceptor for PSCs with experimental
PCE data were taken from our previous research [15] to generate a statistically acceptable and predictive
QSPR model. The experimental data for all solar cells is measured according to bulk-heterojunction
(BHJ) devices, where FD acts as the electron acceptor and Poly(3-hexylthiophene) (P3HT), a commonly
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used photovoltaic polymer as the donor material. The experimental data and chemical structures of
FDs have been reported in Table S1 in the Supplementary material section.

2.1.2. Descriptors Calculation

Molecular structures of FDs had been drawn in GaussView 6.0 [20] and optimized by semi-empirical
PM6 method using Gaussian 16 software [21]. The output structures were employed in MarvinView
(ChemAxon) [22] software to calculate physicochemical and solvent accessible surface area descriptors.
To compute Simplex Representation of Molecular Structure (SiRMS) [23,24] descriptors, QSAR4U
software was applied which helps to identify and understand the major structural fragments responsible
for higher PCE.

2.1.3. Dataset Division and Modeling Tools

The entire pool of descriptors was treated with a 0.0001 variance cutoff and passed through a 0.99
correlation coefficient to eradicate the highly correlated feature and decrease the noise level among
descriptors. Followed by the dataset is divided into 3:1 ratio randomly by generating training and test
sets with 44 and 15 FDs, respectively. The training set was then employed to develop a PLS based
model using Partial Least Squares version 1.0 tool [25].

2.1.4. Model Validation and Designing Criteria

To assess the quality of a QSPR model followed by its prediction capability towards new compounds
depend largely on statistical metrics. Internal metrics like R2 (goodness-of-fit) and leave-one-out
cross-validation (Q2

LOO) are important parameters. While external validation metric R2
pred or Q2

ext(F1)

signify the predictability. Along with these classical parameters, to check the quality of the developed
model, we have further employed stringent metrics like the rm

2 metrics [26], the Q2
ext(F2) [27] and

Golbraikh and Tropsha’s [28] criteria. To follow the Organization for Economic Co-operation and
Development (OECD) principle 3, we have studied the applicability domain test employing the
Euclidean distance approach [29]. To check the robustness of the model, Y-randomization technique
had been performed to generate 100 random models [30]. The average R2 and Q2

LOO values of all
100 random models should be failed the stipulated threshold value of 0.5.

2.2. Quantum Study of Designed FDs

To model P3HT polymer, an oligomer with 8 monomers considered to study the compatibility of
the designed four FDs [31,32]. In all of the computations, PCBM was used as a reference. A variety
of functionals [B3LYP, CAM-B3LYP, PBE] and basis sets [6-31G(d,p), 6-311G(d,p)] were used for the
accurate description of the frontier orbitals of [6,6]-phenyl-C61-butyricacidmethylester (PCBM) and
Poly(3-hexylthiophene) (P3HT) (see Table 1). PBE/6-31G(d,p) and CAM-B3LYP/6-311G(d,p) level
of theory employed for the DFT and TDFT calculations, respectively. Absorption spectra of FDs
in chlorobenzene solvent have been simulated by the Conductor like polarizable continuum model
(C-PCM) [33] considering 20 low-lying singlet-singlet allowed transitions. All calculations were
performed with the Gaussian 16 program package [21].

113



Materials 2019, 12, 2282

Table 1. Energy profiles highest occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) and their gap (Egap) of the isolated P3HT oligomer, and PCBM. All the energies are in
eV and PCBM/P3HT.

Method. EHOMO ELUMO EGAP

PBE/6-31G(d,p) −5.94/−4.00 −3.12/−2.46 2.82/1.54
PBE/6-311G(d,p) −6.24/−4.49 −3.45/−2.43 2.79/2.06

B3LYP/6-31G(d,p) −5.63/−4.76 −3.06/−1.81 2.57/2.95
B3LYP/6-311G(d,p) −6.02/−5.08 −3.47/−1.92 2.55/3.16

CAMB3LYP/6-31G(d,p) −6.78/−6.16 −2.08/−0.53 4.70/5.63
CAMB3LYP/6-311G(d,p) −7.17/−6.36 −2.51/−0.77 4.66/5.59

Experiment [34] 6.0/5.2 4.2/3.2 1.8/2.0

3. Results and Discussion

3.1. QSPR Modeling

The training set offered 7 features (descriptors) and 6 latent variables (LVs) based PLS equation
(Equation (1)). To judge the goodness-of-quality of the presented equation along with predictivity of
the test set molecules, we have checked a series of stringent statistical metrics and all of them passed
the stipulated threshold values (Table 2).

PCE (%) = 2.50 + 1.84*S_A(chg)/A_D_D_D/1_2s,1_3s,3_4a/6
−0.78*Fr5(chg)/B_C_C_C_D/1_4s,2_3s,2_4s,3_4s/

−0.06*Fr5(type)/C.3_C.3_C.3_C.3_H/1_2s,2_3s,3_4s,4_5s/
−0.937*Fr5(att)/C_C_E_E_E/1_3s,2_4s,3_5a,4_5a/

−0.11*Fr5(type)/C.3_C.3_C.AR_C.AR_C.AR/1_4s,2_3s,2_5s,4_5a/
+0.61*S_A(type)/C.3_C.3_C.3_C.AR/1_3s,2_3s,3_4s/5-0.008*ASA_P

(1)

Table 2. Obtained statistical data from the developed quantitative structure-property relationship
(QSPR) model.

Validation Metrics Value Threshold

Internal

NTraining 44 -

R2 0.74 >0.5

Q2
LOO 0.65 >0.5

r2
m(LOO)Scaled

0.54 >0.5

Δr2
m(LOO)Scaled

0.13 <0.2

External

NTest 15 -

Q2
F1 or R2

pred 0.73 >0.5

Q2
F2 0.73 >0.5

r2
m(test)Scaled

0.64 >0.5

Δr2
m(test)Scaled

0.12 <0.2

Golbraikh and Tropsha’s criteria

r2 0.73 >0.5
∣
∣
∣r2

0 − r′0
2
∣
∣
∣ 0.05 <0.3

r2−r2
0

r2
0.002

Any of them must be < 0.1
r2−r′20

r2
0.06

k 1.01
0.85 ≤ k or k′ ≤ 1.15

k’ 0.91
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Considering the complexity and diversity of FDs structures, the internal and external prediction
variances are 0.74 and 0.73, respectively which are highly acceptable in QSPR modeling. The same value
for Q2

F1 and Q2
F2 suggested stability between training and test sets followed by identical distribution

of FDs. The model also passed the strict rm
2 metrics and Golbraikh and Tropsha’s criteria. To check

the randomness of the model which one support that the model is not developed by chance, we have
performed process validation by generation of 100 random models. We found that average R2 and Q2

values for 100 random models are 0.17 and −0.38, respectively which failed the stipulated value of 0.5
for both metrics. It supports the conclusion that the PLS model is not a result of correlation-by-chance.
To check the applicability domain (AD), we have prepared ED-based AD study and found that all
test compounds are falling within the AD zone created by the training set data which supports the
reliability of prediction for test compounds.

3.2. Mechanistic Interpretation of Model

Out of seven features, two features namely S_A(chg)/A_D_D_D/1_2s,1_3s,3_4a/6 and
S_A(type)/C.3_C.3_C.3_C.AR/1_3s,2_3s,3_4s/5 contributed positively to PCE value. This signifies that
the higher value of these features may increase the PCE value. On the contrary, the remaining five
features affect the equation negatively suggesting lowering or no effect on the PCE value (absent of
these features or fragments in the FDs).

S_A(chg)/A_D_D_D/1_2s,1_3s,3_4a/6 defines a four-atomic fragment labeled by partial charges
which are induced by -ortho directing groups in the benzene rings. FDs having the mentioned
fragments (see Figure 1) have higher value for this descriptor and in a consequence promote
higher PCE value. While, S_A(type)/C.3_C.3_C.3_C.AR/1_3s,2_3s,3_4s/5 represents types of fullerene
substituent connections demonstrated in Figure 2 are also good for increment of PCE value.
This specific fragment portrayed that aromatic rings like phenyl, thiophene, pyrrole (electron
acceptors) attached to the fullerene by a linker help the electron withdrawing capability of the
fullerene. Fr5(chg)/B_C_C_C_D/1_4s,2_3s,2_4s,3_4s/ also defines partial charges portrayed by the
molecular fragment in Figure 3 offers detrimental effects to PCE. This suggests that it is better to
avoid such specific substituents to FDs. Fr5(type)/C.3_C.3_C.3_C.3_H/1_2s,2_3s,3_4s,4_5s/ describes
the existence of saturated carbon chains like [C(sp3)- C(sp3)- C(sp3)- C(sp3)-H]) and offers inductive
effects and reduces the mesomeric effects of aromatic rings in a FD, which has a negative effect
on PCE. Fr5(att)/C_C_E_E_E/1_3s,2_4s,3_5a,4_5a/ is associated to the van der Waals attraction
between 3 or higher-ortho substituents in benzene rings with negative contribution to the PCE.
Fr5(type)/C.3_C.3_C.AR_C.AR_C.AR/1_4s,2_3s,2_5s,4_5a/ portrayed substituents to a pentagon of the
fullerene core which is electrochemically more steady than general two-points substituted FDs. Higher
number of attachments in the parent fullerene affects the unsaturation and aromaticity negatively and
results in reduction of acceptor property of FDs. ASA_P defines the solvent accessible surface area of
polar atoms which is significant for the calculation of free energy changes as a result of shifting the
molecule from a polar to a non-polar solvent during the formation of PSCs with BHJ layers.

Figure 1. Fragments like -ortho directing groups substituted in the benzene ring help in power
conversion efficiency (PCE) increment.
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Figure 2. Important fullerene substituents for higher PCE.

Figure 3. Fragment has detrimental effect on PCE value.

3.3. Designing of Novel FDs as Acceptor

Mechanistic interpretation of important fragments lead to higher PCE are considered here for
the designing of lead FDs as acceptor for Fullerene-based PSCs. The major fragments illustrated in
Figures 1 and 2 are included in the acceptor and fragments (Figure 3, C(sp3)- C(sp3)- C(sp3)- C(sp3)-H,
3 or higher-ortho substituents in benzene and substituents to a pentagon of the fullerene core) which
are detrimental to PCE are avoided when possible. Ten FDs structures (7 C60 and 3 C70) are designed
(Figure 4) and modeled descriptors are calculated following similar protocols mentioned in Section 2.1.2.
Followed by QSPR model (Equation (1)) is implemented to predict the PCE of the designed FDs and
AD study has also been performed to check their prediction reliability. All 10 FDs passed the Euclidean
distance-based AD study portraying the PCE values to be reliable and can be considered for the further
introspection to prove them as future efficient acceptor for fullerene-based PSCs. The predicted PCE of
FDs range from 7.96 to 23.01 considering both C60 and C70 FDs. Here, FD7, FD8 and FD9 are C70 FDs
whose PCE values varies from 7.96 to 12.11, while remaining FDs are C60 FDs whose PCE values varies
from 12.03 to 23.01. All values are no doubt encouraging and higher than any existing FD acceptor for
PSCs. To check the electrochemical properties of these FDs, we have selected the top three C60 and
top C70 FDs for further analysis. Computed modeled descriptors value along with mean normalized
distance for AD study provided in Table S2 in the Supplementary material section.

3.4. Energetics of Isolated FDs

The computed HOMO energy of PCBM and P3HT are similar to experimental value while the
LUMO values are overestimated by the chosen method which is accepted by the community [35].
According to McCormik et al. [35], B3LYP functional is sufficient to approximate HOMO energy of
conjugated polymers while LUMO is not well approximated. Due to the overestimation of LUMO
energy, the computed energy for HOMO-LUMO gap (Egap) is very high with B3LYP functional.
To tradeoff between LUMO energy and Egap, we choose PBE functional for the ground state calculation.
The computed value of the HLg for the gas phase isolated PCBM is 2.82 eV but González et al. reported
1.48 eV (PBE-D3/TZP) [31] and by Thompson et al. it amounts to 1.4 eV [36] whereas Cook et al.
reported experimental value for pure PCBM films to be 1.8 eV [34]. The computed energy gap for the

116



Materials 2019, 12, 2282

isolated P3HT-8mer is 1.54 eV which is in good agreement with the reported results 1.31 eV [31] and
1.49 eV [37], whereas the experimental value for pure P3HT films is 1.9 eV [34]. Computed energetics
of P3HT, PCBM and four FDs are compiled in Figure 5.

 

Figure 4. Structure of designed fullerene-derivatives (FDs) as lead acceptor molecule for polymer solar
cells (PSCs).

Figure 5. Computed energy diagram of the four FDs along with [6,6]-phenyl-C61-butyricacidmethylester
(PCBM) and P3HT. All the values obtained with the use of PBE/6-31G(d,p) level of theory in the gas phase.
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We also compute the different driving forces for the exciton binding, dissociation, charge-transfer,
and open-circuit voltage (VOC) for FDs which affect the smooth flow of exciton in the donor/acceptor
blends. The following definition used to compute driving forces in terms of energy [38]:

ΔE1 = ELUMO
Donor − ELUMO

Acceptor (2)

ΔE2 = ELUMO
Acceptor − EHOMO

Donor = VOC (3)

ΔE3 = EHOMO
Donor − EHOMO

Acceptor (4)

The difference between the LUMO levels of donor and acceptor, ΔE1, is responsible for the charge
dissociation of the excitons in polymer donor to overcome the excitations binding energy. The typical
exciton binding energy is ca. 0.3–0.5 eV, if it is too large then the exciton charge separation will
require more energy and lowers VOC. The value of ΔE2 determines the VOC which can be increased by
up-shifted LUMO energy level of acceptors and thus higher efficiency of PSCs. ΔE3, the difference
between the HOMO levels of donor and acceptor, affects the dissociation of electron-hole pairs in the
donor/acceptor interface. If the HOMO levels of acceptor are too high, ΔE3 will be too small which
hinders the dissociation of electron-hole pairs at interface in some extent [38]. So, it is necessary to
maintain effective ΔE3 to maintain a smooth dissociation. But ΔE3 is not the sole factor which affects
the efficiency of PSCs. Balancing between all the related factors (Table 3), FD4 will be efficient acceptor
as it has the lower exciton binding energy and higher VOC with least ΔE3 value.

Table 3. Electronic energy level differences of P3HT and fullerene-derivatives (FDs) including
[6,6]-phenyl-C61-butyricacidmethylester (PCBM).

FDs ΔE1 ΔE2 ΔE3

PCBM 0.66 0.88 1.94
FD1 0.93 0.61 1.79
FD2 0.71 0.83 1.76
FD4 0.33 1.21 1.47
FD7 0.72 0.82 1.62

3.5. UV-Vis Absorption Spectra of Isolated FDs

The Figure 6 shows the simulated absorption spectrum of the different PCBM, four designed FDs
and P3HT. The spectrum of PCBM reproduces the qualitatively main features of reported experimental
results [34,39], such as, it shows a strong optical absorption predominantly in the UV region, with very
weak absorption (f = 0.0021) in the visible region (from 450 nm to 700 nm, see the inset in Figure 6).
However, the spectrum of P3HT oligomer (Figure 6, Bottom) showing two strong absorption peaks at
241.20 nm (f = 0.3423) and 381 nm (f = 2.4886) with one shoulder at 307 nm (f = 0.4027), which represents
a HOMO − LUMO + 6, HOMO − LUMO and HOMO − 1 − LUMO + 1 transition, respectively. As a
reference, for pure P3HT films two maxima absorption peaks and one shoulder at 493 nm, 517 nm, and
572 nm, respectively have experimentally been reported, also attributed to the π-π* transitions [40–42].
Our simulated absorption of P3HT oligomer shows a small blue shift compare to experimental one.

Also, PCBM has weak absorption in visible region which is one of the factors that can be tuned to
get better efficiency from PSCs [43]. If one examines the absorption strength of FDs, it is obvious that
except FD4 and FD7 all of them having very weak absorption in the visible region. C70 derivatives FD7
is showing a red shift extends up to 600 nm with large oscillator strength [43]. From this aspect our
designed FD4 and FD7 will be the most efficient acceptor in conjunction with donor P3HT.
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Figure 6. Simulated absorption spectra of PCBM, four FDs [Top] and P3HT [Bottom] with the use of
TD/CAM-B3LYP/6-311G(d,p) level of theory in chlorobenzene solvent. Inset Top: Magnified PCBM
absorption spectrum.

4. Conclusions

In silico modeling followed by designing and optoelectronic properties evaluation of future lead
FDs as acceptor for PSCs had been performed. The QSPR model led us to development of 10 novel FDs
as acceptor including seven C60 and three C70. Based on the predicted PCE, optoelectronic properties
of four FDs were evaluated by DFT and TDDFT. PBE/6-31G(d,p) and CAM-B3LYP/6-311G(d,p) level
of theory were employed for gas phase DFT and solvent phase TDDFT computations. Frontier
orbital energies and UV-Vis absorption spectra of the isolated P3HT oligomer, PCBM and FDs were
analyzed to estimate the optoelectronic properties of four FDs as acceptor in future PSCs. Exciton
binding energy plays the pivot role at interface when excitons diffuse and dissociate in to electrons on
LUMO level of the acceptor. The big off-set of LUMO energy levels will hinders this process. FD4 is
the best C60-derivatives candidates for PSCs as it has the lowest exciton binding energy, up-shifted
LUMO energy level that assist to increase VOC and strong absorption in the UV region. In case of
C70-derivatives, FD7 is a potential candidate for future PSCs due to its strong absorption in UV-Vis
region and lower exciton binding energy with higher VOC. By trading off the computed optoelectronic
properties, our analysis supports our QSPR model which predict highest PCE values for FD4.

The rational molecular modeling, designing, and prediction followed by quantum study offers
valued reasoning for the synthesis of lead FDs with higher power conversion efficiency. The structural
analysis concluded the following points:
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• Ortho directing groups in the benzene rings and aromatic rings like phenyl, thiophene, pyrrole
attached to the fullerene are significant features for better PCE of PSCs.

• Saturated carbon chains, 3 or higher -ortho substituents in benzene rings and a higher number of
attachments in the parent fullerene core need to be avoided for higher PCE along with structural
fragments with a lower solvent accessible surface area of polar atoms.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/14/2282/s1,
Table S1: Fullerene derivatives with their experimental and predicted % PCE, Table S2: Computed value of
modeled descriptors for each FDs along with their predicted % PCE and mean normalized distance value.

Author Contributions: S.K., J.K.R., and J.L. conceived and designed the experiments; S.K. and J.K.R. performed
the experiments; S.K., J.K.R., and J.L. analyzed the data; S.K. and J.K.R. contributed analysis tools; S.K., J.K.R., and
J.L. wrote the paper.

Funding: Authors thankful to the Department of Energy (grant number: DE-SC0018322) and the NSF EPSCoR
(grant number: OIA-1757220) for financial support.

Acknowledgments: Authors want to acknowledge the Extreme Science and Engineering Discovery Environment
(XSEDE) by National Science Foundation grant number OCI-1053575 and XSEDE award allocation number
DMR110088 and DMR110013P for providing state-of-the-art high-performance computing facilities for supporting
this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, S.; Ye, L.; Zhao, W.; Yan, H.; Yang, B.; Liu, D.; Li, W.; Ade, H.; Hou, J. A wide band gap polymer with a
deep highest occupied molecular orbital level enables 14.2% efficiency in polymer solar cells. J. Am. Chem.
Soc. 2018, 140, 7159–7167. [CrossRef] [PubMed]

2. Cui, Y.; Yao, H.; Zhang, J.; Zhang, T.; Wang, Y.; Hong, L.; Xian, K.; Xu, B.; Zhang, S.; Peng, J.; et al. Over 16%
efficiency organic photovoltaic cells enabled by a chlorinated acceptor with increased open-circuit voltages.
Nat. Commun. 2019, 10, 2515. [CrossRef] [PubMed]

3. Chang, Y.; Wu, C.E.; Chen, S.Y.; Cui, C.; Cheng, Y.J.; Hsu, C.S.; Wang, Y.-L.; Li, Y. Enhanced performance
and stability of a polymer solar cell by incorporation of vertically aligned, Cross–Linked fullerene nanorods.
Angew. Chem. Int. Ed. 2011, 50, 9386–9390. [CrossRef] [PubMed]

4. Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.; Ke, X.; Xiao, Z.; Ding, L.; Xia, R.; et al. Organic
and solution-processed tandem solar cells with 17.3% efficiency. Science 2018, 361, 1094–1098. [CrossRef]
[PubMed]

5. Vanlaeke, P.; Vanhoyland, G.; Aernouts, T.; Cheyns, D.; Deibel, C.; Manc, J.; Heremansa, P.; Poortmans, J.
Polythiophene based bulk–heterojunction solar cells: Morphology and its implications. Thin Solid Films 2006,
511–512, 358–361. [CrossRef]

6. Chi, D.; Qu, S.; Wang, Z.; Wang, J. High efficiency P3HT: PCBM solar cells with an inserted PCBM layer.
J. Mater. Chem. C 2014, 2, 4383–4387. [CrossRef]

7. Tsai, J.H.; Lai, Y.C.; Higashihara, T.; Lin, C.J.; Ueda, M.; Chen, W.C. Enhancement of P3HT/PCBM
photovoltaic efficiency using the surfactant of triblock copolymer containing Poly(3-hexylthiophene) and
Poly(4-vinyltriphenylamine) segments. Macromolecules 2010, 43, 6085–6091. [CrossRef]

8. Zhou, H.; Zhang, Y.; Seifter, J.; Collins, S.D.; Luo, C.; Bazan, G.C.; Nguyen, T.-Q.; Heeger, A.J. High-efficiency
polymer solar cells enhanced by solvent treatment. Adv. Mater. 2013, 25, 1646–1652. [CrossRef] [PubMed]

9. Winder, C.; Sariciftci, N.S. Low bandgap polymers for photon harvesting in bulk heterojunction solar cells.
J. Mater. Chem. 2004, 14, 1077–1086. [CrossRef]

10. Mühlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.; Gaudiana, R.; Brabec, C. High photovoltaic
performance of a low-bandgap polymer. Adv. Mater. 2006, 18, 2884–2889. [CrossRef]

11. Zhang, M.; Gu, Y.; Guo, X.; Liu, F.; Zhang, S.; Huo, L.; Russell, T.P.; Hou, J. Efficient polymer solar cells based
on benzothiadiazole and alkylphenyl substituted benzodithiophene with a power conversion efficiency over
8%. Adv. Mater. 2013, 25, 4944–4949. [CrossRef] [PubMed]

120



Materials 2019, 12, 2282

12. Park, S.H.; Roy, A.; Beaupré, S.; Cho, S.; Coates, N.; Moon, J.S.; Moses, D.; Leclerc, M.; Lee, K.; Heeger, A.J.
Bulk heterojunction solar cells with internal quantum efficiency approaching 100%. Nat. Photonics 2009, 3,
297–302. [CrossRef]

13. Albrecht, S.; Janietz, S.; Schindler, W.; Frisch, J.; Kurpiers, J.; Kniepert, J.; Inal, S.; Pingel, P.; Fostiropoulos, K.;
Koch, N.; et al. Fluorinated copolymer PCPDTBT with enhanced open-circuit voltage and reduced
recombination for highly efficient polymer solar cells. J. Am. Chem. Soc. 2012, 134, 14932–14944. [CrossRef]
[PubMed]

14. Roy, K.; Kar, S.; Das, R.N. Understanding the Basics of QSAR for Applications in Pharmaceutical Sciences and Risk
Assessment; Academic Press: Cambridge, MA, USA, 2015.

15. Kar, S.; Sizochenko, N.; Ahmed, L.; Batista, V.S.; Leszczynski, J. Quantitative structure-property relationship
model leading to virtual screening of fullerene derivatives: Exploring structural attributes critical for
photoconversion efficiency of polymer solar cell acceptors. Nano Energy 2016, 26, 677–691. [CrossRef]

16. Kar, S.; Roy, J.; Leszczynska, D.; Leszczynski, J. Power conversion efficiency of Arylamine organic dyes for
dye-sensitized solar cells (DSSCs) explicit to cobalt electrolyte: Understanding the structural attributes using
a direct QSPR approach. Computation 2017, 5, 2. [CrossRef]

17. Kar, S.; Roy, J.K.; Leszczynski, J. In silico designing of power conversion efficient organic lead dyes for solar
cells using todays innovative approaches to assure renewable energy for future. NPJ Comput. Mater. 2017, 3,
22. [CrossRef]

18. Li, H.; Zhong, Z.; Li, L.; Gao, R.; Cui, J.; Gao, T.; Hu, L.H.; Lu, Y.; Su, Z.M.; Li, H. A cascaded QSAR model for
efficient prediction of overall power conversion efficiency of all-organic dye-sensitized solar cells. J. Comput.
Chem. 2015, 36, 1036–1046. [CrossRef]

19. Venkatraman, V.; Alsberg, B.K. A quantitative structure-property relationship study of the photovoltaic
performance of phenothiazine dyes. Dyes Pigment. 2015, 114, 69–77. [CrossRef]

20. Dennington, R.; Keith, T.A.; Millam, J.M. GaussView, Version 6; Semichem Inc.: Shawnee Mission, KS, USA,
2016.

21. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision, B.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

22. Chemaxon Software. Available online: https://www.chemaxon.com (accessed on 1 May 2019).
23. QSAR4U Software. Available online: http://qsar4u.com/pages/sirms.php (accessed on 1 May 2019).
24. Artemenko, A.G.; Muratov, E.N.; Kuz’min, V.E.; Muratov, N.N.; Varlamova, E.V.; Kuz’mina, A.V.; Gorb, L.G.;

Golius, A.; Hill, F.C.; Leszczynski, J. QSAR analysis of the toxicity of nitroaromatics in Tetrahymena
pyriformis: Structural factors and possible modes of action. SAR QSAR Environ. Res. 2011, 22, 575–601.
[CrossRef]

25. DTC Lab Software Tools. Available online: http://teqip.jdvu.ac.in/QSAR_Tools/ (accessed on 1 May 2019).
26. Roy, K.; Mitra, I.; Kar, S.; Ojha, P.; Das, R.N.; Kabir, H. Comparative studies on some metrics for external

validation of QSPR models. J. Chem. Inf. Model. 2012, 52, 396–408. [CrossRef]
27. Schüürmann, G.; Ebert, R.-U.; Chen, J.; Wang, B.; Kühne, R. External validation and prediction employing

the predictive squared correlation coefficient test set activity mean vs. training set activity mean. J. Chem. Inf.
Model. 2008, 48, 2140–2145. [CrossRef] [PubMed]

28. Golbraikh, A.; Tropsha, A. Beware of q2! J. Mol. Graph. Model. 2002, 20, 269–276. [CrossRef]
29. Kar, S.; Roy, K.; Leszczynski, J. Applicability Domain: A Step towards Confident Predictions and Decidability

for QSAR Modeling. In Computational Toxicology: Methods and Protocols, Methods in Molecular Biology;
Nicolotti, O., Ed.; Springer Nature: Basingstoke, UK, 2018; Volume 1800, pp. 395–443.

30. Roy, K.; Kar, S. How to Judge Predictive Quality of Classification and Regression Based QSAR Models?
In Frontiers of Computational Chemistry; Haq, Z.U., Madura, J., Eds.; Bentham Science Publishers: Sharjah,
UAE, 2015; pp. 71–120.

31. Gutiérrez-González, I.; Molina-Brito, B.; Götz, A.W.; Castillo-Alvarado, F.L.; Rodríguez, J.I. Structural and
electronic properties of the P3HT–PCBM dimer: A theoretical Study. Chem. Phys. Lett. 2014, 612, 234–239.
[CrossRef]

32. Martínez, J.P.; Trujillo-González, D.E.; Götz, A.W.; Castillo-Alvarado, F.L.; Rodríguez, J.I. Effects of Dispersion
Forces on Structure and Photoinduced Charge Separation in Organic Photovoltaics. J. Phys. Chem. C 2017,
121, 20134–20140. [CrossRef]

121



Materials 2019, 12, 2282

33. Cossi, M.; Barone, V. Time-dependent density functional theory for molecules in liquid solutions. J. Chem.
Phys. 2001, 115, 4708. [CrossRef]

34. Cook, S.; Katoh, R.; Furube, A. Ultrafast Studies of Charge Generation in PCBM: P3HT Blend Films following
Excitation of the Fullerene PCBM. J. Phys. Chem. C 2009, 113, 2547–2552. [CrossRef]

35. McCormick, T.M.; Bridges, C.R.; Carrera, E.I.; DiCarmine, P.M.; Gibson, G.L.; Hollinger, J.; Kozycz, L.M.;
Seferos, D.S. Conjugated Polymers: Evaluating DFT Methods for More Accurate Orbital Energy Modeling.
Macromolecules 2013, 46, 3879–3886. [CrossRef]

36. Thompson, B.C.; Fréchet, J.M.J. Polymer-fullerene composite solar cells. Angew. Chem. Int. Ed. Engl. 2008,
47, 58–77. [CrossRef]

37. Drori, T.; Sheng, C.-X.; Ndobe, A.; Singh, S.; Holt, J.; Vardeny, Z.V. Below-Gap Excitation of π-Conjugated
Polymer-Fullerene Blends: Implications for Bulk Organic Heterojunction Solar Cells. Phys. Rev. Lett. 2008,
101, 37401. [CrossRef]

38. He, Y.; Li, Y. Fullerene derivative acceptors for high performance polymer solar cells. Phys. Chem. Chem.
Phys. 2011, 13, 1970–1983. [CrossRef]

39. Cook, S.; Ohkita, H.; Kim, Y.; Benson-Smith, J.J.; Bradley, D.D.C.; Durrant, J.R. A photophysical study of
PCBM thin films. Chem. Phys. Lett. 2007, 445, 276–280. [CrossRef]

40. Li, G.; Shrotriya, V.; Yao, Y.; Huang, J.; Yang, Y. Manipulating regioregular poly(3-hexylthiophene):
[6,6]-phenyl-C61-butyric acid methyl ester blends—route towards high efficiency polymer solar cells.
J. Mater. Chem. 2007, 17, 3126. [CrossRef]

41. Shrotriya, V.; Ouyang, J.; Tseng, R.J.; Li, G.; Yang, Y. Absorption spectra modification in poly(3-hexylthiophene):
Methanofullerene blend thin films. Chem. Phys. Lett. 2005, 411, 138–143. [CrossRef]

42. Yin, B.; Yang, L.; Liu, Y.; Chen, Y.; Qi, Q.; Zhang, F.; Yin, S. Solution-processed bulk heterojunction organic
solar cells based on an oligothiophene derivative. Appl. Phys. Lett. 2010, 97, 023303. [CrossRef]

43. He, Y.; Zhao, G.; Peng, B.; Li, Y. High-yield synthesis and electrochemical and photovoltaic properties of
indene-C 70 bisadduct. Adv. Funct. Mater. 2010, 20, 3383–3389. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

122



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Materials Editorial Office
E-mail: materials@mdpi.com

www.mdpi.com/journal/materials





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-0283-0 


	Blank Page

