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ABSTRACT: Two new metallosurfactants containing the 3d' vanadyl(IV) and 3d® chromium(III) ions bound to the
phenylenediamine-bridged phenolate-rich ligand L™ were designed, deposited as monolayer films on gold electrodes, and
probed for directional electron transfer in AulLBlAu junctions. Both [V=0"LY:%] (1) and [Cr"(L™°:)(MeOH)(H,0)]CI (2)
promote current rectification. Through a concerted experimental and computational effort, we compare the behavior of 1 and 2 with
that of our previously studied 3d® [Fe™(L™:2)Cl] (3). Based on the analysis of comprehensive electrochemical, spectroscopic, and
microscopy results allied to DFT calculations, we propose distinct mechanisms by which electronic configurations influence the
energy gap between the electrode Fermi levels and the different molecular orbitals responsible for electron transport. While the 3d°
species 3 shows electron transport through the metal-based SOMO located above the Fermi levels of the electrode, the 3d" species 1
uses a metal-based SOMO below Fermi, and the 3d* species 2 takes advantage of a ligand-based HOMO, which becomes available
when a bias is applied.

Bl INTRODUCTION asymmetric rectification exclusively through the LUMO’ or

The theoretical model proposed by Aviram and Ratner' for
unimolecular rectification, or directional electron transport via
through-bond tunneling, involves the placement of a molecule
containing o-bridged donor and acceptor moieties between
two electrodes. As originally proposed, this E;ID-c-AlE,
molecular junction requires an excited state [D*-6-A7] of
higher but accessible energy generated by the transfer of one
electron from the electrode E, to the LUMO of the acceptor,
AMUMO B, Simultaneously another electron is transferred via
E, « DHOMO The excited electron in A'"™© then relaxes to
DHOMO replenishing the [D-0-A] state. The experimental
verification of this I/V response was attained experimentally
using a synthetically accessible 7z-bridged species” > and has
been continuously expanded ever since. New molecules based
on electron transfer using energy mismatch between two
conductlng levels of the molecule, e.g., A""M© and D*"M©
developed,’

, were
and soon thereafter, molecules able to promote
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the HOMO® were proposed. Recently, we observed
rectification in AulLBlAu junctions containing Langmuir—
Blodgett (LB) monolayers of metallosurfactants, a new class of
amphiphilic compounds containing a five-coordinate high-spin
Fe" ion (3d°% S = 5/2). Unlike in previous systems based on
LUMO and HOMO tunneling, electron transport took place
through the metal-based SOMOs (d,, + d,,) when they were
within 1 eV from the Fermi level of the electrodes.”' When

the energy of the SOMOs was mismatched with that of the
Fermi levels of the electrode, e.g., in Cu" surfactants in which a
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Scheme 1. 3d!, 3d% and 3d® Metallosurfactants
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3d’ configuration leaves the highest 3d,.y, as the only singly
occupied MO, an insulating behavior was observed. These
results were validated statistically'"'* and permitted us to
postulate that for some systems containing transition metals,
the SOMOs rather than the LUMOs are the operative orbitals
for tunneling. The semioccupied nature of these orbitals may
limit the amplitude of the current response due to spin
restrictions imposed by Pauli’s exclusion; however, this
property may be advantageous for spin transport research in
electronic materials.'>'* Accordingly, the formation of a radical
in an 1n1t1ally closed-shell organic species leads to SOMO
transport,”> while HOMO rectification is observed in organo-
metallic species such as ferrocene.'® However, radical
formation within a triphenyl acceptor near a ferrocene
species'” hampers rectification even when bringing the organic
SOMO within the bias window. Other examples of SOMO/
HOMO interplay have been reported by manipulating changes
from the high-spin S = 5/2 to the low-spin S = 1/2 state in
Mn?>" and Fe®* species, either by electrical'® or thermal'’
stimuli. In both cases, the HS state enables tunneling through
the SOMOs and precludes it when a LS state with fully
occupied HOMOs is operative. In spite of remarkable progress,
the influence of electronic configurations on the mechanism of
directional electron transport is neither well understood nor
systematically assessed. We hypothesize that, within first-row
metals, a specific number of electrons in the metal center of the
metallosurfactant in the AulLBIAu junction will lead to distinct
molecular orbital energies that determine the alignment of the
Fermi levels of the electrodes with the LUMO, SOMO, or
HOMO levels of the molecule. In this study, we analyze the
rectification response of two new systems shown in Scheme 1,
the 3d! [V=0LN:] (1) with a doublet (S = 1/2) structure
and the 3d® [Cr™(LN2)(MeOH)(H,0)]Cl (2) with a quartet
(S = 3/2) structure, and compare these 3d' and 3d* species
with our previously studied 3d° [Fe™(LN:%:)CI] (3)" (sextet,
S =5/2).

We offer a detailed study involving multiple experimental
methods such as UV—visible, infrared (IR), IR reflectance/
absorbance (IRRAS), X-ray and UV photoelectron spectros-
copies (XPS, UPS), cyclic voltammetry (CV), and current/
voltage (I/V) responses, allied to DFT calculations to propose
a description of through-SOMO and through-HOMO trans-
port, including a discussion on how the currents and
rectification ratios get affected.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents were
purchased from commercial sources and used without further
purification. '"H-NMR spectra were recorded using a Varian
400 MHz instrument using CDCl; or CD;CN as the solvent.

Chemical shifts (§) are given in ppm and coupling constants
(J) in Hertz (Hz). Elemental analyses were performed by
Midwest Microlab, Indianapolis, Indiana. Infrared spectra were
measured in the range from 4000 to 600 cm™" as KBr pellets
on a Tensor 27 FTIR spectrophotometer, and 64 scans were
used to obtain the IR spectra of the compounds.

A Bruker Tensor 27 infrared spectrophotometer outfitted
with an A513/Q variable-angle accessory was used to perform
the infrared reflection absorption (IRRAS) spectra of the LB
films. Five-minute scanning time was used for each IRRAS
spectrum. ESI spectra were measured using a triple quadrupole
Micromass Quattro LC instrument. UV—visible spectra were
measured in the range from 200 to 1100 nm on a SHIMADZU
UV-3600 spectrophotometer. Electrochemical experiments
were carried out on a BAS 50W voltammetric analyzer. A
standard three-electrode cell was used with a glassy-carbon
working electrode, Pt-wire auxiliary electrode, and Ag/AgCl
reference under an inert atmosphere at room temperature.
Tetrabutylammonium hexafluorophosphate was used as the
supporting electrolyte, and the scans were run at 100 mV/s.
Ferrocene was used as the internal standard, and all the
potential values were referred to versus the Fc*/Fc couple.

Synthesis of Ligand [HzLNzoz]. The ligand was synthe-
sized as previously described,'” where a methanol solution of
4,5-bis(2-methoxyethoxy)benzene-1,2-diamine (1.0 g, 4.3
mmol) was added dropwise to a stirred mixture of 3,5-di-
tert-butyl-2-hydroxybenzaldehyde (2.0 g, 8.5 mmol)
methanol and refluxed for 18 h under an inert atmosphere.
The dark orange turbid solution was stored at 4 °C overnight
and filtered to yield a dark orange microcrystalline solid, which
was washed with cold methanol and dried under vacuum.
Yield: 78%. ESI (m/z') in CH,Cl, = 689.4525 for
[C4HgN,O4 + H]. '"H NMR, ppm (CDCl;, 400 MHz): &
1.305—1.453 (m, 36H™"), 3.459 (s, 6H°™), 3.794 (4,
4HOC) 4236 (t, 4HOC™), 6.884 (s, 2HM), 7.196 (d,
2HPY), 7.411 (d, 2HP"), and 8.635 (s, 2HM). IR (KBr, cm™):
3245 (vo_p), 2811-2957 (vc_y), 1616 (vc—(, aromatic),
1511 (vc—g, aromatic), 1578 (ve—y), 1266 (ve_o_c), and
1129 (ve_o_c)-

Synthesis of the Metallosurfactants 1 and 2. [V=
OVLN:9] (1). A solution containing H,L™*: (0.600 g, 0.870
mmol) in methanol (15 mL) was treated with methanolic
vanadyl acetylacetonate (0.276 g, 1.04 mmol). The reaction
mixture was refluxed with stirring for 4 h, and the solvent was
evaporated to 1/S of the original volume and kept in the
refrigerator for 48 h prior to filtration. The filtrate was washed
with n-hexane to yield greenish crystals. Yield = 63%. HD-
ESIMS+ (m/z) in CH;OH = 754.0135 [C,,HyVN,O, + H']*.
Anal. calc for [Cy,HN,O,V]: C, 66.92; H, 7.76; and N,
3.72%. Found: C, 67.08; H, 7.74; and N, 3.82%. IR (KBr,
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cm™): 2850—-2970 (ve_n), 1608 (vo—c, aromatic), 1507
(vcee, aromatic), 1590 (vc—y), 1253 (vc_o-c), and 1112
(Vc-0-c)-

[CH”(LNZOZ)(MeOH)(HZO)]CI (2). Complex 2 was synthesized
by treating an anhydrous tetrahydrofuran solution of H,LN:%:
(0.100 g, 0.145S mmol) with anhydrous CrCl, (0.021 g, 0.174
mmol). The resulting dark brown solution was stirred under
argon for 18 h and then kept open to air for 6 h. The reaction
mixture was then diluted with diethyl ether and washed with
aqueous saturated NH,Cl (3 X 150 mL) and brine solution (3
X 150 mL). The organic phase was dried with Na,SO,, and the
solvent was removed under reduced pressure. The resulting
product was recrystallized in methanol:dichloromethane (3:1)
to yield dark brown crystals. Yield: 80%. HD-ESIMS+ (m/z) in
CH;OH = 802.1347 for [C,HgN,04Cr]*. Anal. calc for
[C43Hy CICIN, O, ): C, 62.65; H, 7.82; and N, 3.40% Found:
C, 62.87; H, 8.02; and N, 3.34%. IR (KBr, cm™"): 2851—2920
(UC—H)! 1610 (UC=C, aromatic)) 1509 (DC=C, aromatic)) 1588
(Ve=n), 1263 (vc_o-c), and 1121 (Vc_o—c)-

X-ray Structural Determination of Metallosurfactant
2. Diffraction data for [Cr'™(L™%:)(MeOH)(H,0)]Cl (2)
was measured on a Bruker X8 APEX-II"’ kappa geometry
diffractometer with Mo radiation and a graphite monochro-
mator. Single crystals of 2 were metallic brown. A suitable
crystal was selected and mounted on the Bruker APEX-II CCD
diffractometer. Frames were collected at 100.1 K with the
detector at 40 mm and 0.3° between each frame and were
recorded for 15 s. A total of 42,448 reflections were collected,
with 4162 independent reflections (R, = 0.0482). Usin
Olex2,*' the structure was solved with the olex2.solve”
structure solution program using Charge Flipping and refined
with the XL*’ refinement package using least squares
minimization. Hydrogen atoms were placed in calculated
positions. The asymmetric unit contained one complex
coordinated to water, and methanol molecules axially, one
uncoordinated methanol solvate and a chloride counter ion. All
crystallographic parameters of 2 are shown in Table S1

Compression Isotherms. The surface pressure (IT) versus
average molecular area (A) isotherms were examined using an
automated KSF Minitrough at (22.8 + 0.5) °C. Ultrapure
water with a resistivity of 17.5—18 M€/cm was obtained from
a Barnstead NANOpure system and used in all experiments.
Impurities present at the surface of the freshly poured aqueous
subphase were removed by vacuum after compression of the
barriers. Spreading solutions were prepared in spectroscopy-
grade chloroform. A known quantity (typically 25 mL) of
freshly prepared surfactant solution with a known concen-
tration (1 mg/mL) was then spread on the clean aqueous
subphase. The system was allowed to equilibrate for
approximately 10 min before compression. The I versus A
isotherms were obtained at a compression rate of 10 mm/min.
The Wilhelmy plate method (paper plates, 40 mm diameter)
was used to measure the pressure. At least three independent
measurements were carried out per sample, with excellent
reproducibility attained.

Brewster Angle Microscopy. A KSV-Optrel BAM 300
equipped with a HeNe laser (10 mW, 632.8 nm) and a CCD
detector was used for all micrographs. The compression rate
was 10 mm/min, the field of view was 800 yum X 600 ym, and
the lateral resolution was about 2—4 um.

X-ray Photoelectron Spectroscopy. A Thermo Scientific
Nexsa X-ray photoelectron spectrometer (XPS) with a
hemispherical analyzer and monochromatic Al Ka source

was used to analyze both the powdered samples and the
deposited LB films of the complexes. The samples were
mounted on a standard holder using Cu-spring clips. Then, the
sample holder was loaded into the entry lock and held under
vacuum (<5 X 1077 mbar) for ~30 min. Once the pressure in
the entry-lock chamber reached ~4 X 1077 mbar, the sample
holder was transferred to the analysis chamber, which was kept
at a base pressure ~1.8 X 10~ mbar during data acquisition.
High-resolution spectra were collected using 50 eV pass-
energy, 0.1 eV energy step size, and 100 ms/step dwell time.
Recorded spectra were analyzed using Thermo Avantage
v5.9922 software to extract qualitative information. The C Is,
V 2p, and Cr 2p peaks were fitted using Voight functions
(Gaussian 65% and Lorentzian 30%).

Ultraviolet Photoelectron Spectroscopy. LB films were
characterized using a Thermo Scientific Nexsa X-ray photo-
electron spectrometer (XPS) equipped with UPS capabilities.
UPS experiments were performed with the He 1 (21.22 eV)
photon lines from a He-discharge lamp. Samples were
mounted on a UPS bias sample holder using Cu-spring clips
and handled in a similar way as described for XPS. Once the
pressure in the entry-lock chamber reached ~4 X 1077 mbar,
the sample holder was transferred to the analysis chamber,
which was kept at a base pressure of ~3.6 X 10~ mbar for data
acquisition. A —10 V bias was applied to overcome the
difference in work function between the analyzer and the
sample. The high-resolution UPS spectra were recorded using
2 eV pass-energy, 0.05 €V energy step size, and 150 ms/step
dwell time. Spectra were analyzed using Thermo Avantage
v5.9922.

Computational Methods. All of the calculations were
performed using density functional theory (DFT)** with
Gaussian 09,> using B3LYP***” functional with SDD basis set
and pseudopotentialszg_w on iron, vanadium, and chromium,
and 6—31G(d,p) basis*"** on the other atoms. To reduce the
computational cost, a slightly modified model was used where
the methoxyethoxy substituents of the phenylenediamine
moiety were replaced by methoxy groups. All optimized
structures were confirmed as minima by analyzing the
harmonic vibrational frequencies. Solvation effects (in
dichloromethane) were accounted for using the implicit
SMD?® continuum solvation model and were included during
structure optimization. Isodensity plots of orbitals and spin
densities were visualized using GaussView.”*

B RESULTS AND DISCUSSION

Synthesis and Characterizations. The ligand [H,L":%]
is 6,6'-((1E,1'E)-((4,5-bis(2-methoxyethoxy)-1,2-phenylene)
bis(azaneylylidene))bis(methaneylylidene) )bis(2,4-di-tert-bu-
tylphenol) and was synthesized as previously published.”"
The metallosurfactants [V=0"VLN"] (1) and [Cr™(LN:0?)-
(MeOH)(H,0)]CI (2) were obtained by treating 1 equiv of
the ligand, respectively, with VO(acac), or CrCL,*>* The
FTIR spectra for 1 and 2 showed symmetric and asymmetric
C—H stretching vibrations in the range of 2840—2970 cm™'
and a prominent peak at 1588 cm™' for C=N stretching
vibrations. Elemental analysis for 1 and 2 showed a good
correlation between experimental and theoretical values and
HD-ESIMS confirmed peaks at m/z = 754.0135 for 1 and m/z
= 802.1347 for 2. X-ray quality brown single crystals were
obtained for [Cr™(LM:%:)(MeOH)(H,0)]Cl (2) from a
methanol/dichloromethane (3:1) solvent mixture. The crystal
structure shown in Figure 1 and Table S1 reveals a six-
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Figure 1. ORTEP representation at 50% probability for 2 (CCDC
2096599). H atoms omitted for clarity.

coordinate pseudo-octahedral geometry in which the metal
center is coordinated at the basal plane by two imine nitrogen
and two phenolate oxygen atoms of the ligand L™:%, with
water, and methanol at the axial positions. The amine and
phenolate donors are trans to each other, with Cr—O and Cr—
N average bond lengths at 1.902 and 2.004 A, respectively.
These distances are comparable to other data reported for
similar Cr'™ complexes.”” Attempts to grow X-ray quality single
crystals for the vanadyl analogue 1 were unsuccessful.
Electronic and Redox Behavior. The UV—visible spectra
are dominated by ligand-to-ligand and ligand-to-metal charge
transfer bands (See Figure S1 along with discussion). The
redox response for both the vanadyl and the chromium species
1 and 2 shows a process at anodic current (Figures 2 and S2).
For 1, this process is observed at 0.09 Vg, /. (AEp =017V, |
I,/I,l = 1.16), whereas for 2, this process appears at 0.31
VFC+/FC (AE =012V, I[,,/L, | = L. 11). These electrochemlcal
events were further 1nvest1gated using DFT methods™*
obtain the spin-density plots with Mulliken spin den51ty
(MSD) values on the metal centers of the relevant species.
Species 1 is a doublet with a MSD value of 1.11 on the metal
center illustrating the presence of the V'V metal with a 3d’

>0, ,: * 0.09V
:9 o AE 0.17V
PO 1.]=1. 2
- & @ % a/pc
] ‘ @ e
P
3d° VW=0; S = FY -
(MSD o. 00) PR
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a .
? J‘ :J é
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° "
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Figure 2. Cyclic voltammograms for 1 and 2 using glassy carbon (WE), Ag/AgCl (RE), Pt wire (AE), and TBAPF,. Potentials versus the Fc*/Fc
couple. The relevant DFT-calculated spin-density plots for before and after le” oxidation of these species (isodensity 0.004 a.u.) are shown with

Mulliken spin density (MSD) values on the metal centers.
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electronic configuration. The 1 e~ oxidation of 1 was 60 vV=0 (1) cr' (2)
confirmed to be a metal-based process described as 3d' ' 5.42 mN/m
(VV=0)* to 3d° (V¥=0)*. The chromium-containing

metallosurfactant 2 shows a quartet ground state. The MSD e

value on the metal center is 2.98 confirming the presence of a 3

3d® Cr™ jon. Oxidation of 2 leads to the formation of 2* Z 40+ -

having a high-spin quintet configuration. The MSD value on E 43 n::;em

Crin 27 is calculated to be 2.95, indicating that the Cr' state is g 30

preserved after oxidation. Therefore, the oxidation of 2 is o

ligand-based, i.e, 3d*> [Cr"'L]* to 3d* [Cr"'Le]*", giving rise to E

a radical delocalized over the phenylenediamine moiety." g 20 +

These results are in good agreement with the behavior 3

observed for the 3d° Fe species 3, which shows the :?;10-

phenylenediamine oxidation at 0.64 Vg, g, (AE =012V,
Lo/L I = 1.08). As we discussed previously, "’ the oxidation
loci for 1%, 2%, and 3" differ from the expected oxidation
centered on the phenolate groups seen for the rectifying
[N,0;] iron(IlI) complex.” This is consistent with results
presented by Thomas and co-workers, which working with
ligands similar to L2 presented here, propose phenylenedi-
amine oxidation based on EPR data.*®*’

A second quasi-reversible oxidation is observed for all three
species at about 1.0 Vg, . and involves a phenolate/phenoxyl
couple. It is less relevant to this discussion because the process,
when estimated in €V (see eqs 1 and 2 in Feasibility and
Verification of Electron Transport), is energetically mis-
matched with the Au Fermi levels (Figure 2). Unlike species
3, which shows a reversible reduction at —1.02 Vg, /. (AE, =
0.12 V, IL,/I,| = 0.93) assigned to the 3d* Fe'" to 3d° Fel
redox process, the chromium-containing 2 displays an ill-
formed process at ca. —2. 0 Vg, g, associated with chemical
irreversibility. The vanadyl-bearing 1 shows a better-defined,
but irreversible, reduction process at —1.88 Vg ., associated
with the nominal VV=0/V"=0 (3d'/3d*) couple. This
behavior is complex in nature, but well documented,” and
attributed to the fast protonation of the V'=0 moiety.

Interfacial Behavior and Film Formation. The inter-
facial properties of air | water Pockels—Langmuir*'*™ and air |
solid Langmuir—Blodgett films of species 1 and 2 were
evaluated to enable the design and preparation of monolayers
on gold electrodes for AulLBlAu junctions (Figure 3).
Isothermal compression and Brewster angle microscopy
(BAM) were used at 25 °C to assess the average area per
molecule, the collapse pressure of the monolayers, and the film
topology. Good amphiphilicity supported by the hydrophobic
tert-butyl groups and the hydrophilic alkoxy chains was
observed and isothermal compression led to intermolecular
interactions, at 81 and 85 A%/molecule for metallosurfactants 1
and 2, respectively. Further compression led to the formation
of homogeneous films, as confirmed by BAM images and to a
slow constant-pressure’”** collapse after 40 mN/m with
critical areas extrapolated at 77 and 79 A?/molecule for 1 and
2, respectively. This behavior is consistent with that reported
for 3,'" in which interaction appears at 74 A?/molecule, and
collapse at 40 m/Nm, with a critical area of 71 A?>/molecule.
The vanadyl 1 is structurally closer to 3 as both species are S-
coordinate. The marginally larger areas observed for 2 are
tentatively attributed to its pseudo-octahedral geometry.

The molecular composition of the films was confirmed by
UV—visible and infrared reflection absorption spectroscopy
(IRRAS) spectroscopies. Although all our AulLBIAu junctions
contain a single monolayer, the IRRAS measurements require
the accumulation of 40 monolayers on each side of a glass

04
. T X T ? T " T T T . T v T 1] 1
40 50 60 70 80 90 100 110 120

Average Molecular Area (A%

Figure 3. Compression isotherms for 1 and 2 with selected BAM
micrographs showing films during compression and collapse.

substrate for verification of the composition.”* The UV—visible
spectrum of LB 2 correlates well with the solution spectrum
(Figures S1 and S3) and maintains the characteristic LMCT
bands. Minor shifts are due to conformational changes during
deposition.

The IRRAS spectra for LB 1 and 2 were compared to the
FT-IR of the bulk samples. The LB spectra showed peaks due
to aromatic C=C stretching between 1610 and 1500 cm™
and angular CH, and CHj; deformations in the 1359—1500
cm™' region. The characteristic C=N stretching vibrations
observed around 1585 cm™ correlate well with the bulk IR
spectrum (Figures 4 and S4—S6). The characteristic stretch

IRfor 1

IRRAS for LB1

H H i H H : H '
T T LB B S s s | T T T T T

T
1600 1550 1500 1450 1400 1350
Wavenumber (em™)

Figure 4. Comparative IR (bulk) and IRRAS (LB) for the vanadyl-
containing 1.

mode of the V=0 group in 1 appeared at 977 cm™, but
detection of this peak in LB films is challenging due to IRRAS
surface selection rules, in which the V=0 dipole moment is
perpendicular to the electric field of the polarized light.***°
This absence could be erroneously interpreted as vanadyl
decomposition and to confirm the chemical composition of 1,
we scraped off and dissolved the deposited film in MeOH and
measured the mass spectrum; as expected, a peak at m/z =
754.27 was observed, confirming the presence of the V=0
group (Figure S7).

The morphology of the LB monolayers 1 and 2 was probed
by AFM at deposited surface pressures of 15, 20, 25 (27 for 1),
and 35 mN/m (Figures S8 and S9). Monolayers deposited at
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Figure S. High-resolution XPS spectra for 1 and 2 as bulk samples (top set) and as LB monolayers (bottom set). In each set: (a) C 1s spectrum for
1; (b) V 2p spectrum for 1; (c) C s spectrum for 2; and (d) Cr 2p spectrum for 2. All spectra show experimental data (O), calculated fits (—),

background (——), and residual (—) traces.

lower surface pressures show a high incidence of pinhole
defects, and those at higher surface pressures show rougher
surfaces due to aggregation. Films deposited at 20 mN/m for 1
and 25 mN/m for 2 show the best morphology for the
assembly of Au,|LBlAu, junctions.

Retained Composition of the LB Films. The 3d' and 3d*
metallosurfactants [V=0"LN:%2] (1) and [Cr(LN:02)-
(MeOH)(H,0)]Cl (2) were analyzed using X-ray photo-

21015

electron spectroscopy, XPS, as bulk solid samples (Figure S,
top) and as LB films deposited on gold (Figure S, bottom), to
interrogate whether the identity of these species is preserved
upon transfer. The high-resolution C 1s and V 2p/Cr 2p
spectra recorded for the V'V=0 species 1 are described in
Figure S, top, a,b as peak fits for the Cls and V2p spectra,
respectively. The Cls spectrum was deconvoluted in four
peaks centered at 284.0, 284.8, 286.1, and 288.3 eV,
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respectively. These peaks are assigned to the C=C, C—C, and
C—O environments expected in a ligand containing phenolate
rings and electron-poor carbon atoms.”” The V 2p spectrum
exhibited two peaks centered at $16.3 (V 2p;,,) and 523.7 (V
2p1/,) eV confirming the presence of coordinated V'V=0
ions.*® Similarly, Figure 5, top, ¢,d shows the Cls and Cr2p
spectra for the bulk Cr'! species 2. The Cls spectrum was
deconvoluted into four peaks, and the binding energies were
almost identical to those of the VIV=0 counterpart 1. The Cr
2p3/, and Cr 2p;,, peaks centered at 576.9 and 586.2 eV,
respectively, were unambiguously assigned to a Cr'™" species.”’
Figure 5, bottom, shows the high-resolution Cls, V2p, and
Cr2p spectra recorded for the LB films of 1 and 2, respectively.
Figure S, bottom, a,b shows the fitted peaks to the Cls and
V2p spectra recorded for the LB film of 1. Similar to the
spectra of the powdered sample, the C=C, C—C, and C—O,
and electron-poor carbon environments in the Cls spectrum
show four peaks centered at 284.1, 284.8, 286.2, and 288.2 eV,
respectively. The two peaks centered at $16.40 (V 2p;/,) and
523.9 (V 2p,/,) €V in the V2p spectrum confirm the presence
of V¥ in the film. Figure S, bottom, ¢,d shows the Cls and
Cr2p spectra recorded for the LB film of 2. The Cls spectrum
displays identical characteristics to its V"Y=0 LB counterpart,
with similar binding energy values. The peaks centered at
576.8 and 586.1 eV were assigned to Cr 2p3,, and Cr 2p,,.
These results confirm that the characteristics of metal-
losurfactants 1 and 2 as bulk solids were preserved after
deposition as LB films.

Fabrication of Au,ILBIAu, Junctions. High-quality
monolayers of the V'VO-containing 1 and Cr"-containing 2
were deposited, respectively, at 20 and 25 mN/m on a
precleaned gold substrate (Au;, bottom) and dried in a
desiccator for S days under reduced pressure. The top gold
electrode (Au,) was deposited using shadow masking50 with an
Effa-Coater gold sputter. Three assemblies containing 16
individual Au,|LBlAu, junctions were prepared for each
metallosurfactant, yielding a total of 48 junctions for 1 and
48 junctions for 2 to be analyzed for their current—voltage (I/
V) characteristics using a Keithley 4200 semiconductor
parameter analyzer and a Signatone S-1160 probe station at
ambient conditions.

Current—Voltage Responses. Molecules in Au,|LBlAu,
junctions can yield one of three distinct I/V responses:>" (i)
the molecules may act as insulators and no current is
transported, as indicated by a flat line, (ii) the molecules
may act as conductors, and a sigmoidal curve indicates that
current is transported bidirectionally between electrodes, or
(iii) the molecules may act as rectifiers, thus yielding an
asymmetric curve with a sharp response to negative potentials,
followed by a negligible response from positive potential (or
vice-versa). The latter response is observed for 1 and 2, as
indicated in Figure 6.

The reproducibility of the I/V curves was probed by
measuring the response of several junctions of a given
assembly, as well as by measuring different assemblies (Figures
S10 and S11). Among each assembly, ca. 11—12 junctions
were short-circuited due to monolayer defects, and an average
of 25—30% of junctions showed clear rectification behavior for
both 1 and 2. This distribution is expected for such
junctions”'® and the rectification can be quantified by their
rectification ratio® (RR = [I at —V,/I at +V,)] and the
amplitude of the current signal.
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Figure 6. Characteristic current/voltage response observed for
vanadyl-containing AulLB1lAu and chromium-containing AulLB2|Au
junctions.

The higher the RR, the more precise the control of current.’
Species 1 showed RR values from 2.05 to 5.93 between —4 and
+4 V, from 2.41 to 5.34 between —2 and +2 V and 2.18 to
19.90 between —1 and +1 V. Species 2 displayed RR values
from 3.80 to 4.70 between +4 and —4 V, from 4.67 to 17.22
between +2 and —2 V, and 2.99 to 5.94 between +1 and —1 V.
These values are comparable, although less pronounced than
the published'’ values for the iron-containing 3 that range
from 3.99 to 28.6 between —2 and +2 V and from 2.04 to 31
between —4 and +4 V. Interestingly, the amplitude of the
current signal is comparable for 1 and 2 but less pronounced
than that of 3. This observation, allied with the fact that neither
1 nor 2 present well-defined metal reductions, led us to ponder
on the similarities and differences in charge transfer mediated
by 3d' VIVO (1), 3d* Cr'™ (2), and 3d° Fe™™. Additionally, we
note that 1 and 3 adopt a square pyramidal geometry within an
idealized C,, symmetry (C,, if N, O donors are considered),
while 2 is pseudo-octahedral.

Feasibility and Verification of Electron Transport.
Unidirectional electron transport or rectification through a
molecular metallosurfactant requires that the solid-state
potentials of its frontier molecular orbitals are compatible
with that of the Fermi levels (Eg) in the gold electrodes in any
given Au,|LBlAu, junction. Electrode Au, is the ground
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Figure 8. Secondary electron cutoff spectrum and the UPS spectrum of species 1 (V=0") and 2 (Cr"") deposited on a Au substrate.

substrate, and bias is applied to the top Au,. Detailed surface between Au; and Au,, and with the redox MOs closer to the
analysis using IRRAS spectroelectrochemistry allows us to infer top electrode.”” When a negative bias is applied to Au,, its
the position of the surfactant as asymmetrically located Fermi energy increases (i.e, gets closer to zero), lifting the
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Figure 9. Individual stepwise mechanisms of electron transport for 3d", 3d*, and 3d°® metallosurfactants 1, 2, and 3. The figure displays the resting
state, changes upon applying bias, and the first step in electron transport. An additional electron must be transported to replenish the initial state.

energies of the neighboring MOs. Although we cannot
calculate with precision the energy of the biased Au,, we can
obtain the MO energies from the experimental redox potentials
given in V, according to the following equations

V, = 47 eV + E, ,,"%(SCE) (1)

V, = 47 eV + (1.7)E, ,"(SCE) @)

The V, and V; are approximately equal to the first electron
affinity and first ionization energy levels of the molecule
supported on the electrodes, respectively.**™>° The EF and
Efj, are the measured half-wave first reduction and first
oxidation potentials, as referenced against the saturated
calomel electrode (SCE). The processes appear, respectively,
at —1.47 Vgcp (—1.88 Vi, ) and +0.50 Vi (+0.09 Vi, p0)
for the vanadyl-containing 1, and at —1.59 and +0.72 Vg
(—2.0 and +0.31 Vg, g.) for the chromium-containing 2. For
the V=0'"" containing 1, the V; value correlates to the energy
of a vanadyl-centered SOMO containing the 3d" electron and
the V, value correlates to the energy of the ligand-based
LUMO. Using values of half-wave potentials, the solid-state
energy of the metal-centered SOMO is calculated at —5.6 eV,
and the energy of the LUMO is —3.2 eV. The metal-
losurfactant 2 displays the energy of the 3d* Cr''-based SOMO
and of the phenylenediamine-based HOMO obtained from the
V, and V, values, respectively, at —3.1 and —5.9 eV (Figure 7).
These energies were further validated experimentally using
ultraviolet photoelectron spectroscopy (UPS). The secondary
electron cutoff and UPS spectrum observed for the LB films
deposited on a gold substrate are shown in Figure 8a for 1 and
Figure 8b for 2 with peaks at 1.8 and 1.7 eV, respectively.
Therefore, the energies of the HOMO levels of the v=0V
species 1 and the Cr'" species 2 were, respectively, calculated

21018

as —5.9 and —6.0 eV in excellent agreement with the metal-
based SOMO of 1 and the ligand-based HOMO of 2
calculated from cyclic voltammetric data and supported by
DFT results. On the one hand, the SOMO of the V=0V
species 1 is approximately 0.5 eV below the Au Fermi level and
is described by DFT methods as a 3d,, orbital able to engage in
electron transport. The LUMO is considerably mismatched at
about 1.9 eV above the Fermi level (Figure 7). When bias is
applied to the top electrode Au,, the SOMO is lifted enabling
transport through Au; < (3d,,') < Au,. Consequently, the
Cr™ species 2 must display a different transport mechanism,
unlike the vanadyl 1, the metal-based SOMO shows a
remarkable mismatch with the Au Fermi level. This is
experimentally observed by the lack of a clear reduction
wave for the Cr'''/Cr!! couple. In the Cr'™ case, the HOMO is
energetically closer to the Fermi level (~0.8 eV) than the
SOMO that is 2.0 eV above. The forward bias applied to Au,
lifts and aligns the ligand-based orbital, enabling transport Au,
< HOMO (1), thus yielding a singly occupied MO (1 or |)
capable of receiving an electron from Au,.

An overview of these findings appears in Figure 9, in which
the 3d' vanadyl species 1 has its singly populated metal-based
SOMO lifted when bias is applied, enabling transport from A,
into the metal-based 3dy,, and from there to Au,. The sequence
of events, i.e., whether ?3(],1{,,) — Au, or Au, « (3d,1(y), is not
clear at this point. These steps are summarized in Figure 9a—c.
On the other hand, the energy of the metal-based SOMO in
the 3d* chromium species 2 is energetically mismatched with
the Au Fermi levels, while the ligand-based HOMO is close to
the Fermi level. We propose that upon an applied bias to A,,
transport takes place from HOMO to A,. The resulting singly
occupied MO can then receive an electron from Au,. This is
summarized in Figure 9d—f. Both of these proposed electron
transport pathways differ from that described for 3d° iron-
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based species 3'° and other Fe'' species with similar ligand
environments®”*® in which the metal-centered SOMO is a
linear combination of d,, + d, located ca. 1.0 eV above the
Fermi level (Figure 7). In this case, Au; < SOMO « Au,
transport is enabled (Figure 9g—i), and the fact that the
SOMO is above the Fermi levels may lead to a better match
once bias is applied, explaining the differences in current
amplitude, where 1 & 2 < 3. In each case, another electron
must be transported to replenish the initial state. This step is
not shown.

B CONCLUSIONS

In conclusion, this study evaluated how 3d}, 3d3 and HS3d°
electronic configurations influence the energies of SOMO and
HOMO orbitals respective to the Fermi levels of gold
electrodes in AulLBIAu junctions. The species [V=0"LY:":]
(1), [Cr™(LN-92)(MeOH)(H,0)]Cl (2), and [Fe™(LN:9:)Cl]
(3) contain the same tetradentate ligand that confers
comparable ligand fields and yields similar surface and film
formation properties. Based on the interpretation of
comprehensive electrochemical, spectroscopic, and microscopy
methods allied to DFT calculations, we propose that
directional electron transport in the previously published 3d°
Fe' species takes place through the metal-based SOMOs (d,,
+ dyz) within 1 eV above the Fermi levels, while the 3d> Cr™
species requires transport through ligand-based HOMOs 0.8
eV below the Fermi level. The 3d' V=0 species shows a
mechanism based on the metal SOMO that is closer to that of
H53d° Fe™ than to the ligand-based process seen for the 3d°
Cr'™" species However, those orbitals are 0.5 eV below the
Fermi level. These results verify our hypothesis that electron
configuration is key to modulate MO/Fermi energies and
point out the fact that conducting MOs below the Fermi level
may be associated with a less pronounced current amplitude.
These findings allow us to propose that the electronic
configuration of the metal influences the selected tunneling
pathway by which directional electron transfer takes place, and
may bear relevance to the development of new molecular
materials for spintronics.
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