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cular film metallicity with minor
modifications of the constitutive quinonoid
zwitterions†

Lucie Routaboul, *a Iori Tanabe,b Juan Colon Santana,b Minghui Yuan,a

Alessio Ghisolfi,a William Serrano Garcia,b Peter A. Dowben, *b Bernard Doudin c

and Pierre Braunstein *a

Molecular films of quinonoid zwitterions, of the general formula C6H2(/O)2(/NHR)2, have been shown to

display electronic properties highly dependent on the nature of the N-substituent R when deposited on

gold substrates. The different spacing and organization of the molecules can lead to molecular films with

semi-metal or dielectric behavior. With the long term goal to establish how packing effects in the solid

state correlate with properties as thin films, we first attempted to identify by X-ray diffraction analysis

candidate molecules showing suitable packing arrangements in the crystalline state. To this end, we have

prepared a series of new functionalized, enantiopure or sterically-hindered quinonoid zwitterions and

established the crystal structure of those with R ¼ CH2–CH2–Ph (6), CH2–CH2–CH2–Ph (7), CH2–CH2–

CH2–CH2–Ph (8), CH2–CH2–CH(Ph)–Ph (9), CH(CH3)–Ph (12), CH(CH2–CH3)–Ph (13), CH2–((4–CH3)–

C6H4) (15), CH2–((4–NH2)–C6H4) (19) and CH2–CH2–((3,4–(OCH3)2)–C6H3) (24). An analysis of the

crystal packing of three molecules, 5, 13 and 15, selected as illustrative examples for comparisons, was

carried out and it was unexpectedly found that these chemically very similar molecules gave rise to

different packing in the bulk, with resulting thin films showing different electronic properties. Various

methods have been used for the characterization of the films, such as synchrotron radiation-based FTIR

spatial spectra-microscopy, which provided an anchoring map of zwitterion 15 on a patterned substrate

(Au/SiO2) showing its selective anchoring on gold. This is one of the best examples of preferential

anchoring of a zwitterion and the sole example of spatial localization for a quinonoid zwitterion thin film.

We have also used combined photoemission and inverse photoemission spectra and the data were

compared to occupied and unoccupied DFT density state calculations.
1. Introduction

Highly conductive organic materials are much needed in
molecular electronics. So are dipolar molecules that can serve as
suitable additives in organic electronics, for better charge
separation and injection/collection in the case of organic
semiconductor devices.1 Thus, the development of such dipolar
molecules and their use to form molecular lms are very
attractive elds of research. By varying the structure of the
organic additives, there is the potential for ne-tuning the
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electronic properties of the molecular lm,2 and for switching
its electronic properties.3 In contrast to organometallic
compounds, there are only limited examples of highly
conductive organic materials, such as the charge-transfer
Bechgaard salt complexes and some charge neutral quinonoid
zwitterions.4 The synthesis of single compounds containing
both an electron acceptor and an electron donor group is
particularly attractive. The interatomic overlap of p-orbitals of
polycyclic heteroarenes, the interatomic spacing, the mutual
orientation of the molecules (face-to-face, edge-to-face, and so
on) and the energy placement of frontier orbitals are important
parameters that inuence conductivity.

In this context, prior work described the formation of semi-
metallic self-assembled monolayers (SAMs) made from quino-
noid zwitterions, of the general formula C6H2(/O)2(/NHR)2,
deposited on conductive substrates.4d,5 These “potentially anti-
aromatic” zwitterionic molecules (Scheme 1) have diverse
applications and contain two 6p electron sub-systems delo-
calized over ve atoms.6 Two carbon–carbon single bonds
chemically connect and electronically isolate the anionic
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Resonance forms of the quinonoid zwitterions investigated.
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(trimethyne oxonol) and the cationic 6p electron sub-systems
(trimethyne cyanine). This feature results in a strong molec-
ular dipole moment of around 10 Debyes.

We have previously detailed how a gold substrate can be fully
covered by thin, homogeneous, and pinhole-free molecular
lms of well-organized zwitterionic dipoles (Scheme 2).5a,b,e

A comparative study carried out on ve zwitterionic mole-
cules differing by the nature of the R substituent attached to the
N atoms of the quinonoid zwitterion has allowed us to deter-
mine structural features relevant to the electronic properties of
the lms.5e Notably, we found that the molecular lm prepared
from the benzylic zwitterion 5 (Scheme 1) on gold exhibits
electronic properties close to semi-metallic.4d,5e

It behooves us to further examine to what extent changing
the R substituent can modify the electronic properties of the
lm. More precisely, we would like to take advantage of the
steric hindrance and intermolecular interactions involving the
R substituents to modulate the spacing between two consecu-
tives molecules within a molecular row (Scheme 2), with the
hope therefore to impact the electronic properties of the lm
while keeping the dipole moment of the molecule unchanged.
Fortunately, synthetic methods6 allow the preparation and
study of a large diversity of new N-substituted quinonoid zwit-
terions, in particular containing an aryl-substituent.
Scheme 2 The molecular arrangement of zwitterions 2 in the first
layer of the film formed on a gold surface. The quinonoid zwitterions
commonly arrange in molecular rows on a gold substrate (taken from
ref. 5a, with permission from the PCCP Owner Societies). Parallelepi-
peds represent the quinonoid core and the arrows indicate the dipole
direction. Red and blue spheres represent oxygen and nitrogen atoms,
respectively.

Scheme 3 The schematic structures of various quinonoid zwitterions w

This journal is © The Royal Society of Chemistry 2017
To avoid using time-consuming spectroscopies (which are
possibly destructive to the more fragile molecular species), we
need a screening method to eliminate unpromising molecular
candidates. Here we propose to focus on how structural insight
provided from single crystal X-ray diffraction studies can be
used to select molecular species presenting rst neighbors
packing geometry of potential interest for conductivity studies.
Even though we cannot, a priori, hold that the molecular
arrangement observed in the solid state will be retained on thin
deposited lms, X-ray studies have already been shown to
provide useful indicators.5 A long term goal is to establish for
a family of relevant molecules how packing effects in the solid
state correlate with the properties of the thin lms.

2. Synthesis

Several possibilities can be envisaged to chemically modify the
steric properties of the R substituent: (1) the length of the linker
between the phenyl group and the zwitterionic core, (2) the
introduction of a R0 substituent (alkyl or aryl) on the alkyl chain,
(3) the incorporation of R0 substituent on the aromatic part
(Scheme 3).

The quinonoid zwitterions presented in Table 1 were iso-
lated in good yields, using synthetic methods previously
described in the literature (see the detailed synthetic proce-
dures in the ESI†).5,6

2.1 Crystal structures and packing of the zwitterions

Single crystals of the new zwitterions 6–9, 12, 13, 15, 19 and 24
were obtained and their molecular structures were elucidated
by X-ray diffraction (see details and Fig. S1 to S23 in the ESI†). In
all cases, the six ring carbon atoms, the two O and two N atoms
are almost coplanar.

Zwitterions 8 and 12 co-crystallize with water or pentane
molecules, respectively. Therefore the structural data cannot be
exploited for our purpose. Seven other structures determined by
X-ray diffraction establish that the molecular arrangement of
the zwitterions is highly dependent on the R substituent at the
nitrogen atoms (see results and discussion in pages S-33 to S-
69†). Notably, the presence of functional groups such as NH2 or
OMe lead to molecular arrangements drastically different from
that observed for 5 (Fig. S13 and S14, in ESI†).

We initially thought that the presence of an additional alkyl
or aryl substituent in a position to the nitrogen atom would
efficiently modify the intermolecular spacing. We thus expected
that the molecular arrangement of zwitterion 13 would be
ith different pendant groups.

RSC Adv., 2017, 7, 21906–21917 | 21907
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Table 1 Synthesis of various zwitterions with different N-substituentsa

R–NH (zwitterion) Yield (%) R–NH (zwitterion) Yield (%)

Ref. 6g 92

>95 >95

>95 ND

92 90

24 50

67 47

30 57

40 >95

71 >95

21908 | RSC Adv., 2017, 7, 21906–21917 This journal is © The Royal Society of Chemistry 2017
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Table 1 (Contd. )

R–NH (zwitterion) Yield (%) R–NH (zwitterion) Yield (%)

73 77

82 35

a ND (not determined, the expected product is obtained but all purication attempts failed).

Fig. 1 The molecular arrangement of zwitterions 13 in the crystalline
state. (a) A row of molecules. (b) Hydrogen bonding between two
neighboring molecules. For clarity, quinonoid cores are indicated in
violet and phenyl substituents in black. In the sketch, parallelepipeds
represent the quinonoid core and the arrows indicate the dipole
direction. Red and blue spheres represent oxygen and nitrogen atoms,
respectively. Light grey parallelepipeds are indicated to facilitate the
visualization of the molecular arrangement of quinonoid zwitterions.
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signicantly different from that observed for 5. In contrast, we
expected only minor differences in packing between 5 and 15
since amethyl group of 15 is not bulky and its para-position on the
phenyl substituent would further reduce its inuence. Further-
more, a methyl substituent is much less likely to create intermo-
lecular interactions than a functional group such as an amine,
a hydroxyl, a uorine or a methoxy group. We thus focused our
studies on the three molecules, 5, 13 and 15, used as illustrative
examples for comparisons based on simple steric arguments, bulk
X-ray diffraction structural insight, and surface studies outcome.

Fig. 1 and 2 show the molecular arrangements deduced from
the X-ray diffraction analyses of zwitterions 13 and 15, respec-
tively. Fig. 1a reveals how an innite row of molecules is formed
in a direction orthogonal to the C6 core. Within a row, mole-
cules of 13 are shied upward (Fig. 1a) and we observe
hydrogen-bonding interactions between a H atom of each
methylene group and the anionic system of the nearest
neighbor (Fig. 1b).

Interestingly, zwitterion 13 (Fig. 1a) forms molecular rows
resembling those of 5 (Fig. 3a). Similar rows are observed on the
gold substrate (Scheme 2) and this stacking is crucial for the
electronic behavior of the lm on the surface. The hydrogen
bonding interactions depicted in Fig. 1b are also observed for 5
(Fig. 3b) and they help maintaining the cationic system of one
molecule close to the anionic system of a neighboringmolecule.
We previously attributed the semi-metallic character of the
benzyl zwitterion 5 to these interactions.4d,5e

In the case of 15, we also observe the formation of molecular
rows in a direction orthogonal to the C6 core (Fig. 2a) but
a methylene H atom interacts with the aryl C1 carbon while one
H atom from the p-Me group interacts with the aryl C4 carbon of
This journal is © The Royal Society of Chemistry 2017
a neighboring molecule (Fig. 2b). The arrangement of the
molecules thus differs drastically from that observed in 5
(Fig. 3b). Molecules of 15 are shied ‘horizontally’ (Fig. 2a)
RSC Adv., 2017, 7, 21906–21917 | 21909
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Fig. 2 The molecular arrangement of zwitterions 15 in the crystalline
state. (a) A row of molecules. (b) Hydrogen bonding between two
neighboring molecules. For clarity, quinonoid cores are indicated in
violet and phenyl substituents in black. The parallelepipeds represent
the quinonoid core and the arrows indicate the dipole direction. Red
and blue spheres represent oxygen and nitrogen atoms, respectively.
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whereas molecules of 13 (Fig. 1a) and 5 (Fig. 3a) have a place-
ment characterized by a shi ‘upward’.
Fig. 3 The molecular arrangement of zwitterions 5 in the crystalline
state. (a) A row of molecules. (b) Hydrogen bonding between two
neighboring molecules. The parallelepipeds represent the quinonoid
core and the arrows indicate the dipole direction. Red and blue
spheres represent oxygen and nitrogen atoms, respectively. Light grey
parallelepipeds are indicated to facilitate the visualization of the
molecular arrangement of quinonoid zwitterions.

21910 | RSC Adv., 2017, 7, 21906–21917
Within a molecular row, zwitterions 13 form a similar
arrangement to 5, whereas signicant differences are observed
with 15. To evaluate the impact of structural modications on
the intermolecular spacing, three indicators can be identied:
(1) the spacing DPL between the mean planes passing through
the C6O2N2 quinonoid cores; (2) the interatomic oxygen–oxygen
(DO–O) and nitrogen–nitrogen (DN–N) distances between two
consecutive molecules in a row (these values are identical when
the molecules are strictly parallel to each other) and (3) the
distances (DO–N) between the nearest oxygen and nitrogen
atoms of two consecutive molecules in a row (only one value is
given when the molecules are strictly parallel to each other).
These values in 13 and 15 are compared to those found in 5
(Table 2).

The intermolecular spacings observed for 13 (Table 2 and
Fig. 4) are very close to those found for the benzyl zwitterion 5
(Table 2 and Fig. 6). The comparisons between zwitterions 5 and
13 reveal that an increased steric hindrance of the R substituent
does not automatically result in an increased intermolecular
spacing.

The DO–O (or DN–N) distance in 15 (Table 2 and Fig. 5) is
considerably smaller than in 5, whereas the DO–N distance in 15
is signicantly larger than in 5. We also note that the DO–N

distance of 5.2 Å in zwitterions 3 and 4 is signicantly larger
than in 15.5e Therefore, we can be relatively condent about the
potential electronic transport properties of a molecular lm of
zwitterion 15 on a gold surface. Since the spacing DPL in 15 is
larger than in 5 and molecules are horizontally shied, we can
hypothesize that interactions between the anionic and cationic
p-systems would be less favored than in 5. The arrangement
found in 15 is more similar to that of 3 than of 5.
Table 2 Spacings (Å) measured within molecular row of zwitterions 5,
13 and 15

Spacing DPL

between
mean-
planes (Å)

Range of
interatomic
distances DO–O

and DN–N (Å)

Distances DO–N

between
consecutive
molecules (Å)

2.91

6.35–6.40

4.22

3.05 4.27

3.01 6.05

3.99

4.21

3.46 4.80

4.4

4.60

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The characteristic intermolecular spacings in a molecular row of 13. (a) The spacing DPL between mean-planes. (b) Interatomic distances
DO–O and DN–N between two consecutive molecules. (c) Distances DO–N between two consecutive molecules. For clarity, the quinonoid cores
are indicated in violet and phenyl substituents in black. The parallelepipeds represent the quinonoid core and the arrows indicate the dipole
direction. Red and blue spheres represent oxygen and nitrogen atoms, respectively. Light pink parallelepipeds represent mid-planes of the
quinonoid cores. Light grey parallelepipeds are indicated to facilitate the visualization of themolecular arrangement of the quinonoid zwitterions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
17

/2
02

5 
4:

08
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Based on the chemical similarities between zwitterions 15 and
5 and the differences between 13 and 5, we anticipated the
properties of the lmsmade from 15 to bemore similar to those of
5 than to those of 13. However, the structural analysis of the
intermolecular spacings revealed the opposite. The difference
between the expected and the obtained structural results was so
intriguing that the functionalization of the gold surface by zwit-
terion 13 and 15 was an obvious next step. A gold surface func-
tionalized with zwitterion 15 should allow us to assess whether the
This journal is © The Royal Society of Chemistry 2017
electronic properties exhibited by amolecular lm of zwitterion 15
in anyway resemble those of a zwitterion 5 molecular lm.4d,5e At
issue is whether a lm of zwitterion 15 on a gold surface would
also have a semi-metallic character, like that observed for molec-
ular lms of zwitterion 5.4d,5e Although the intermolecular spac-
ings observed for 5 and 13 are very similar, zwitterion 15 is
chemically more similar to 5 than 13. Furthermore, zwitterion 13
may provide an opportunity to cover a gold surface with a molec-
ular lm of enantiopure molecules possessing a strong dipole.
RSC Adv., 2017, 7, 21906–21917 | 21911
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Fig. 5 The characteristic intermolecular spacings in a molecular row of 15. (a) The spacing DPL between mean-planes. (b) Interatomic distances
DO–O and DN–N between two consecutive molecules. (c) Distances DO–N between two consecutive molecules. For clarity, the quinonoid cores
are indicated in violet and phenyl substituents in black. The parallelepipeds represent the quinonoid core and the arrows indicate the dipole
direction. Red and blue spheres represent oxygen and nitrogen atoms, respectively. Light pink parallelepipeds represent mid-planes of the
quinonoid cores.
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However, the steric hindrance in a position to nitrogen could
affect the anchoring of the molecule on the surface. Zwitterion 13
was found by IR spectroscopies not to adhere well to gold, unlike
zwitterions 5 and 15 (as discussed below). Indeed, we recently
emphasized how the presence of a methylene group in a position
to the nitrogen atom is crucial for the anchoring of quinonoid
zwitterions on a gold surface throughN–Au interaction.5jHowever,
we have also shown that quinonoid molecular lms on a gold
surface can be obtained using an N-aryl substituent as anchor.

2.2 Thin lms on gold

Gold surfaces were functionalized using the previously published
methodology which allows the formation of a thinmolecular lm
in the nm thickness range.5a,b,e IR spectroscopy is commonly
used to characterize molecular adsorption on a metal substrate,7

and to establish molecular integrity in the submonolayer limit.7d

The characteristic IR spectroscopic ngerprint of 15 (Fig. 6) is
consistent with previous results on zwitterionmolecular lms,5a,e

and the calculated vibrational modes of the parent quinonoid
zwitterions,8 C6H2(/O)2(/NH2)2, especially the 1102 cm�1 b2
21912 | RSC Adv., 2017, 7, 21906–21917
mode (dashed line in Fig. 7). Yet the IR spectra of a gold surface
exposed to 13 does not show the ngerprints of the zwitterion,
indicating that little or no molecules of 13 were anchored on the
surface (Fig. S91, ESI†). In this regard, zwitterion 15 is similar to
zwitterion 5, as both anchor well to gold.

There is also strong evidence from spatial IR microscopy for
preferred localization of the zwitterion 15 on gold, rather than
the silicon oxide substrate. The IR spectromicroscopy
conrmed the formation of a molecular lm of 15 on the gold
surface and provided an anchoring map of this zwitterion on
a patterned substrate (Au/SiO2) showing a selective anchoring of
15 on gold. This is one of the best examples of preferential
anchoring of a zwitterion,5a,e and the sole example of spatial
localization for a quinonoid zwitterion thin lm.

The combined photoemission and inverse photoemission
spectra, Fig. 8, are also consistent with an “intact” zwitterion 15
forming a self-assembled monolayer/bilayer thin lm on gold.
These spectra resemble those taken for other similar zwitterions
on gold,5 which is not surprising as the molecular orbitals near
the chemical potential are dominated by the oxocyclohexa-1,4-
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The characteristic intermolecular spacings in a molecular row of 5. (a) The spacing DPL between mean-planes. (b) Interatomic distances
DO–O and DN–N between two consecutive molecules. (c) Distances DO–N between two consecutive molecules. For clarity, the quinonoid cores
are indicated in violet and phenyl substituents in black. The parallelepipeds represent the quinonoid core and the arrows indicate the dipole
direction. Red and blue spheres represent oxygen and nitrogen atoms, respectively. Light pink parallelepipeds represent the mid-planes of
quinonoid cores. Light grey parallelepipeds are indicated to facilitate the visualization of the molecular arrangement of quinonoid zwitterions.
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dien-1-olate backbone. Unusual for most organic SAM layers is
that the chemical potential (E � EF ¼ 0) falls very close to the
lowest unoccupied molecular orbital. While we have not
measured directly the majority carrier in these organic lms,
such a placement of the chemical potential strongly suggests
This journal is © The Royal Society of Chemistry 2017
that these lms of 15 are n-type, as was observed for the zwit-
terion 5.5e

Inverse photoemission is highly surface sensitive: if the
oxocyclohexa-1,4-dien-1-olate backbone was oriented towards
themolecular lm vacuum interface, the inverse photoemission
RSC Adv., 2017, 7, 21906–21917 | 21913
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Fig. 7 The IR spectrum of the zwitterion 15 (a) compared to the synchrotron radiation-based FTIR spectrum of the thin film SAM modified gold
substrate (b) and the calculated vibrational spectrum (c) that includes the relative oscillator strengths applied to the vibrational eigen values (d).
The key modes are schematically indicated. The synchrotron radiation-based FTIR spatial spectra-microscopy, based on the –NH– wagging
mode of the zwitterion 15 clearly shows the spatial localization on the gold, rather than silicon oxide substrate.

Fig. 8 The combined photoemission (left) and inverse photoemission
(right) of the zwitterion 15, at low (red) and higher coverage (black) on
gold. These data are compared to occupied and unoccupied DFT
density state calculations of the zwitterion 15 (green), using a 1 eV
Gaussian broadening of the eigenvalues. The actual calculated
eigenvalues are plotted at the bottom, with the individual highest and
lowest molecular orbitals indicated and distinguished by schematics of
the orbital schemes for the HOMO and LUMO.
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LUMO and LUMO+1 features should appear, as observed for the
thinnest lms, as seen in Fig. 8 (red on the right-hand side).
The decrease in the inverse photoemission spectroscopy
peaks amplitudes of the LUMO and LUMO+1 with increasing
lm thickness, as seen in Fig. 8 (red to black on the right-
hand side), is indicative of increasing disorder in the thicker
lms. As there is no such signicant change in the photo-
emission spectra (the le side of Fig. 8), which is less surface
sensitive, the changes observed in the inverse photoemission
are unlikely to be due to molecular degradation, polymeri-
zation or other unwanted feature as might occur under an
electron or photon uence. This is consistent with the results
reported elsewhere,5 that many zwitterions of this family are
21914 | RSC Adv., 2017, 7, 21906–21917
quite robust in ultra high vacuum under photoemission and
inverse photoemission conditions. There is a key difference
between lms prepared from zwitterions 5 and 15: those of 5
behave very close to a semimetal,5e while those of 15 exhibit
a very low density of carriers at the Fermi level, their chemical
potential falling well within the HOMO–LUMO gap (although
close(r) to the LUMO), and can be considered as mostly
insulators (with n-type defects). This signicant difference is
very surprising given the sole difference between the two
molecules being a remote methyl group.
3. Conclusion and perspectives

In an effort to identify potential candidate quinonoid zwitter-
ions that could give rise to molecular lms exhibiting electronic
properties close to semi-metallic as found with 5, we found that
among all the zwitterions structurally analyzed by X-ray
diffraction, 13 shows a molecular arrangement similar to that
of the benzyl compound 5 and is therefore the best candidate.
However, it cannot be stabilized in thin lms over gold. The
molecule 15 has the nearest chemical composition to 5, but
detailed comparisons indicate that molecular arrangements are
highly dependent on the R substituent on nitrogen. We also
highlight the difficulty to predict to what extent the molecular
arrangement in the solid state will be affected by even relatively
minor structural modications. A striking feature is that the
presence of a methyl group in para-position on the aryl
substituent can change drastically the electronic structure of
the quinonoid zwitterion molecular lm on the gold surface.
This can be correlated with the observation that the presence of
this methyl group leads to major modications of the molecular
packing in the solid state. This is also consistent with our
previous results showing that the zwitterion 16 is anchored
more strongly on the graphene surface when compared to the
benzyl zwitterion 5, again emphasizing the role of functional
This journal is © The Royal Society of Chemistry 2017
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groups on the aromatic substituent.5h In a wider context, this
study allowed us to expand our library of quinonoid compounds
to functionalized, enantiopure, or sterically-hindered molecules
in order to identify candidates with a suitable R substituent for
interesting electronic properties of their lms on gold.

4. Experimental section
4.1 Synthesis

General. Commercial 4,6-diaminoresorcinol dihydro-
chloride and functional amines were used directly without
further purication. Solvents were freshly distilled under argon
prior to use. Reactions under microwave irradiations were per-
formed in a closed system (10 ml CEM reactor) and using
a microwave CEM discover SP2011. 1H NMR spectra were
recorded in CDCl3 on a Bruker 500 MHz instrument, operating
at 125 MHz for 13C spectra and 500 MHz for 1H spectra.
Chemical shis are given in d units, in parts per million (ppm)
relative to the singlet at d ¼ 7.26 for CHCl3. The splittings were
designated as s, singlet; d, doublet; t, triplet; m, multiplet; br,
broad.

The synthetic procedures and characterization of the new
zwitterionic molecules are given in the ESI (p S-10 to S-27†) and
the NMR spectra are included in pages S-71 to S-243.†

4.2 Crystal structure determinations

X-ray diffraction data were collected on a Kappa CCD diffrac-
tometer using graphite-monochromated Mo-Ka radiation (l ¼
0.710 73 Å) (Table S1†). Data were collected using c scans, the
structures were solved by direct methods using the SHELX97
soware,9 and the renement was by full-matrix least squares
on F2. No absorption or self-absorption correction was used. All
non-hydrogen atoms were rened anisotropically, with H atoms
introduced as xed contributors (d(C–H) ¼ 0.95 Å, U11 ¼ 0.04).
Crystallographic data (excluding structure factors) have been
deposited in the Cambridge Crystallographic Data Centre as
Supplementary Publication: CCDC. 1531545–1531553.†

4.3 Functionalization of the gold surfaces

The zwitterionic molecules were deposited on clean gold
substrates from a CH2Cl2 solution. Typical overnight exposure
to a 0.8 mmol solution (0.2 g l�1) was followed by extensive
ethanol washing to remove the excess molecules not bonded to
the Au substrate. First, to remove drops of solution on the
surface, the functionalized surface was dipped into ethanol.
Then the surface was immersed during one minute in 3 ml of
absolute ethanol. The latter operation was repeated two more
times, and fresh ethanol was used each time. The samples were
dried and kept under nitrogen atmosphere.

4.4 Spectroscopy

Combined photoemission and inverse photoemission spectra
were taken of the lms, for molecular coverages ranging from
nominally sub-monolayer to the thicker multilayer lms. The
ultraviolet photoemission (UPS) and inverse photoemission
(IPES) spectra were taken in a single ultrahigh vacuum chamber
This journal is © The Royal Society of Chemistry 2017
to study the placement of both occupied and unoccupied
molecular orbitals of the adsorbates as a function of adsorbate
lm coverage (thickness). The IPES were obtained by using
variable incident energy electrons while measuring the emitted
photons at a xed energy (9.7 eV) using a Geiger–Müller
detector.10–12 The instrumental line width was �400 meV, as
described elsewhere.5a,5b,5c,5f,10,11,12,13 The angle integrated
photoemission (UPS) studies were carried out using a helium
lamp at hv ¼ 21.2 eV (He I) and a Phi hemispherical electron
analyzer with an angular acceptance of �10� or more, as
described in detail elsewhere.5a,5b,5c,5e,10,12,14 In both photoemis-
sion and inverse photoemission measurements, the binding
energies are referenced with respect to the Fermi edge of gold in
intimate contact with the sample surface and the photoemitted
(UPS, XPS) or incident (IPES) electrons were collected or inci-
dent along the sample surface normal.

The infrared (IR) micro-spectroscopy measurements for the
p-benzoquinonemonoimine zwitterions adsorbed on gold were
performed at the Center for Advanced Microstructures and
Devices (CAMD) synchrotron facility by means of the IR reec-
tion mode of Thermo Nicolet continuum microscope.5a The
spectrum of the zwitterion of Fig. 7a, was recorded on a Nicolet
6700 FT-IR spectrometer (in the ATR mode, diamond crystal).
4.5 Theoretical methodologies

To model the zwitterion vibrational modes theoretical calcula-
tions were performed using the SPARTAN density functional
theory (DFT) ab initio package. Calculations were undertaken
with a standard 3-21G basis set and the hybrid B3LYP func-
tional, seen to be appropriate for large donor–acceptor molec-
ular systems.15 The initial geometry was obtained by assigning
the molecule standard bond lengths and then optimizing at the
self-consistent eld (SCF) level and further rened at the SCF-3-
21G level. The solutions from the improved force eld calcula-
tions provided the vibrational frequencies of zwitterions
summarized in Fig. 7. Other theoretical approaches generally
were seen to provide very similar outcome. The main limitation
of the calculations is that none of the models or methodologies
included anharmonic corrections to the vibrational modes, but
such an effort is beyond the scope of this paper.

Using the same density functional theory approach, but with
the more extended basis set of 31G*, the ground state molecular
orbital eigenvalues were obtained, as plotted in Fig. 8, and
checked again using more limited modied neglect of differ-
ential overlap parametric method (NDO-PM3) calculations, as
well as DFT with and without the generalized gradient approx-
imation (GGA). Geometry optimization of the p-benzoquinone-
monoimine zwitterion systems was performed by obtaining the
lowest restricted Hartree–Fock energy states. Calculations of the
density of states (Fig. 8), are based on the more simplistic single
molecule semiempirical method NDO-PM3 (neglect of differ-
ential diatomic overlap, parametric model number 3) model
calculations, within the Hartree–Fock formalism, consistent
with other efforts showing good agreement with the photo-
emission and inverse photoemission spectra for zwitterions like
the above discussed zwitterions.5f Although PM3 is a simplistic
RSC Adv., 2017, 7, 21906–21917 | 21915
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semiempirical ground state calculation, we preferred it over
density functional theory (DFT), notorious for under estimating
the band gap in some cases by a factor 2 or more,16 particularly
for molecular systems, a problem found with our own B3LYP
density functional theory calculations and those of others17,18

(i.e. about 3.6 eV) using the extended 6-31G* basis set. The
calculated density of states (DOS) were obtained by applying
equal Gaussian envelopes of 1 eV full width half maximum to
each molecular orbital to account for the solid state broadening
in photoemission and inverse photoemission and then
summing. To account for the effect of work function on the
orbital energies, and other solid state effects, the model density
of states calculation was rigidly shied in energy. No correc-
tions were made for molecular interactions and nal state
effects. This is typical of the density functional theory applied to
quinonoid zwitterions, even when using the extended 6-31G*
basis set,5d,5i,5j,8,17,18,19,20 but there are some solid state calcula-
tions that have been compared with experiment.4d
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