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Theory
1) Detailed information on optimization of the geometry

Regarding how the gap between the two electrodes is determined, as described in the
main text, we use four atomic layers of gold on each side of the junction, but fix the outer
two layers on each side as their bulk geometry. The z components of these atoms are
allowed to relax, where z is the transport axis, along the junction and perpendicular to the
atomic surface of the leads. For each side, the force on the z component of the outer two
Au layers is taken as an average of the z-component forces on the atoms of the third layer
from the outmost layer. As a result, all of the x, y, and z components of the inner four

layers (two on each side) of gold, the adatoms and the molecule, and the z components of



the outer four layers (two on each side) of gold are allowed to relax. The gap between the
two electrodes is thus optimized. 100A is used as the length of the simulation box along z

direction, much greater than the distance between the two outmost layers.

With the optimization scheme above, the orientation of the molecular plane with respect
to the gold layer is optimized. The initial geometry is constructed based on the following
consideration: there are long alkyl chains in the molecules used in experiment (see Figure
1 of the main text), but in the calculation, we replace those chains to —CH3. If we define 0
as the angle between the molecular plane and the gold surface, those long alkyl chains
will prevent 6 from being too low or too high, otherwise the long alkyl chains would be
in contact with the innermost gold surface, on one side or on the other. The angle
between the molecular plane (inner porphyrin plane containing the metal) and the gold

surface is about 55°.

2) Self-energy corrections with hybrid functionals

As detailed in the main text, fully self-consistent DFT-OT-RSH calculations with our
junction geometries, which consist of 1019 atoms, are currently prohibitive. However, we
can build information from OT-RSH into DFT+Z, as follows, correcting the T(E) and
conductance. In the DFT+X method', a self-energy correction of the following form is

applied to the eigenvalues of the Hamiltonian of the combined system, e.g.,

Nm
2= e wr,
i

where N, is dimension of the molecular subblock, and 1™°! is an eigenfunction of the

subblock. Although in general X is orbital dependent, A; can typically be approximated to
be Anomo for all occupied orbitals, and Apymo for all virtual orbitals. For each orbital, A
is defined as the sum of two terms, e.g.,

A=Zg, +Zimg
where the first term X4, accounts for the inaccuracy of the DFT gas phase frontier orbital
energy, and the second term X, accounts for nonlocal surface polarization effects and is

approximated by static image charges”.



Usually, X4, 1s approximated by the difference between the IP (calculated from ASCF or
GW) and the PBE HOMO energy. However, as shown in the main text, the dominating
conducting orbitals are incorrectly ordered for metal-porphyrin junctions; further, for the
OT-RSH functional, by construction, the IP is same as HOMO energy. Thus, we may
correct these two PBE errors - qualitatively incorrect orbital ordering and quantitatively
inaccurate HOMO energies - simultaneously by equating the difference between OT-
RSH HOMO and PBE conducting orbital (not necessarily HOMO) with X, for the
systems considered in this work. Xy, is calculated using molecular Mulliken charges
interacting with their images, with two image planes taken to be 1.47A above each

surface.

We report the self-energy corrections, computed with DFT+X as described above, in the
Table S1 below for all four junctions. For open-shell systems such as CuP and CoP, we
use same correction for both spin components, and the correction is determined by the
following consideration: since a ASCF calculation with the OT-RSH® functional predicts
that the spin states of both CuP and CoP cations are triplets, the minority spin electron is
removed when forming a cation. We then correct the PBE conducting orbitals of minority
spin component (not necessarily the HOMO) using the OT-RSH minority spin HOMO
eigenvalue, provided that the inner product of the PBE conducting orbital and OT-RSH
HOMO is nearly unity, and apply this correction to both spin components in the junction

calculation with PBE.

As mentioned above, for the systems studied in this work, the parameters used in the OT-
RSH functional are o= 0.2 and y = 0.1. a is fixed based on previous work™, and y is
tuned to minimize’

] = lenomo(N) + I(N)| + |egomo (N + 1) + I(N + 1),

where egomo(N) is the HOMO of N—electron neutral system, I(N) is the ionization
potential (IP) of N—electron neutral system, etc. We test the functional with the chosen

parameters using a similar molecule, PhNiP in Fig. 1 of the main text, whose IP is known



from experiment to be 6.44 eV°®. Our OT-RSH calculations, using the parameters

described above, predict an IP of 6.31 eV, in excellent agreement with experiment.

We note that in this work, the PBE spin splitting remains unaltered by the self-energy
correction described above. Relaxing this constraint is a future direction of study. Also
for simplicity, we shift all occupied levels by the same amount A downwards (see Table
S1), and shift all unoccupied levels by the same amount A upwards. [For the minority
spin component of CoPc, the A shift applies to HOMO-2 (PBE conducting orbital) and all
occupied levels below. However, PBE’s HOMO and HOMO-1 are also weakly coupled,
as seen in the dashed blue curve in Fig. S1. PBE’s HOMO corresponds to OT-RSH’s
HOMO-3. Using a similar strategy, we shift HOMO and HOMO-1 by 2.7 eV
downwards.] This shift procedure is justified by the fact that T(E) near Ep, in this case, is
entirely dominated by one channel (the quasiparticle HOMO, again, not necessarily PBE
HOMO for some systems) for all systems considered in this work, and the energies of the

other levels do not numerically affect the predicted conductance.

Table S1: Summary of quantities related to self-energy corrections used in our calculations. For open-shell
systems such as CuP and CoP, the minority spin eigenvalues are listed in parentheses. epgg is the PBE
conducting orbital energy, determined by comparing the eigenchannel (calculated using the Inelastica
package’) and PBE gas phase orbitals of the isolated molecule; Eg - epgg: is the PBE alignment between the
Fermi level and the PBE conducting orbital energy, determined from the peak in projected density of states
(PDOS) of the junction on the molecule; 4,5 (PBE) is the gas phase PBE eigenvalue of the corresponding
conducting orbital; €5 (RSH) is the eigenvalue of gas phase OT-RSH HOMO, which is very similar to IP
predicted by OT-RSH, by construction’; X4 18 the difference between the OT-RSH HOMO energy and the
gas-phase PBE eigenvalues for conducting orbital, and for open-shell molecules such as CuP and CoP, this
is calculated from the minority spin component (see discussion in text) and applied to both spin
components. It corrects for the inaccuracy of PBE eigenvalues. The image charge correction Zip, is
calculated using Mulliken charges interacting with their own images, assuming image planes at 1.47A
above each surface. It accounts for non-local surface polarization effects®. A = 2gp + Zimg 18 the total self-
energy correction. The sum of Ep - epgg and A is the adjusted level alignment, which would be
approximately the HOMO peak in PDOS if OT-RSH functional calculation were performed on the entire
junction. All values are in eV.

FP CuP CoP NiP

£pBE HOMO HOMO (HOMO) | HOMO (HOMO-2) HOMO-3
Er - €pae 0.25 0.25 (0.38) 0.42 (0.41) 0.51
€405 (PBE) 418 3.95 (-4.27) -4.09 (-4.30) 429
£gas (RSH) 5.77 -5.86 (-5.85) -5.89 (-5.89) -5.88
T 1.59 1.58 1.59 1.59
ime 0.33 0.33 0.33 0.33
A 1.26 1.25 1.26 1.26
Er - epmet A 1.51 1.50 (1.63) 1.68 (1.67) 1.77




3) Landauer formula using DFT+X

We apply X only to the molecular subblock of the Hamiltonian of the electrode-molecule-
electrode junction, leaving everything else at the PBE level in the transport calculation
based on Landauer formula®’. This is justified, as self-energy corrections to Au
eigenvalues are negligible compared to those of the molecule. We implement DFT+X in

the NEGF-based TranSIESTA package'®. The transmission function is calculated as
T(E) = Tr{TfPE (E)GTo4 (E)TFEE (E)GRoT (B)},

where [FBE (TFBE) describes the coupling between the extended molecule and the left
(right) electrode, and is calculated at PBE level. The modified Green’s function G*°% of

the central region is calculated as:
God(E) = [ES — H™ — 5PF (E) — SfPF (B)] ™,

where S is the overlap matrix, 755 (ZFBE) is the self-energy due to left (right) lead
Hamiltonian, and T72F = i(2FB% — £7PFT). H™ is the Hamiltonian of the extended

molecule corrected with the model GW approach DFT+X, as described in the main text:

Hmod — HSE’BE + Zmoll

where HEBE

is the PBE Kohn-Sham Hamiltonian of the extended molecule and X, is
shift to DFT eigenvalues and is not to be confused with the self-energy due to the leads.
Our calculations within this modified NEGF formalism is equivalent to previous work

based on scattering theory™'!

. Within the tight-binding-like first-principles scheme
implemented in TranSIESTA ' using a short-ranged atomic-centered basis, the I'L (T'r)
matrix, whose dimension is same as the left (right) electrode, should be non-zero only in
the upper left (lower right) corner. We set all other elements to zero, to eliminate
numerical noise for very low transmission values T(E) ~ 10°Go. This procedure does not

have any numerical effect for T(E) > 10°Go. We discuss this further in section (5) below.



4) Spin-dependent T(E) for CoP and CuP

For the two open-shell systems (CuP and CoP), conductances for both spin components
are similar, as the HOMO resonance of both spin components are far away from Fermi
level of the junction, and spin splitting is small. We show spin-dependent transmission

function T(E) for CoP and CuP in Figure S1, calculated both from PBE and DFT+X.

CuP DFT+X (up) CoP DFT+ZX (up)
CuP DFT+Z (down) —— CoP DFT+X (down)
CuP PBE (up) ===~ CoP PBE (up) ===
CuP PBE (down) 0 CoP PBE (down) =========:

T(E)
=

16 -12 08 -04 0 16 -12 08 -04 0
E-Ep (eV) E-Ep (eV)

Figure S1: Spin-dependent transmission T(E) for CuP (left panel) and CoP (right panel). Solid lines are
DFT+Z results and dashed lines are DFT-PBE results. DFT+X uses OT-RSH functionals (see main text).
Red lines are for the up (majority) spin component, and blue lines are for the down (minority) spin
component.

5) The block-zero form of coupling matrices

We explain the block-zero form of I'L and I'r we used in section (3) above. This is used
to eliminate numerical noise in T(E) curve, and it is important when T(E) is as low as 10™*
(such as the case with the metal porphyrins). We only list the necessary steps relevant
towards this purpose. For the complete derivation and implementation of NEGF, we refer

the readers to Ref. 10 and Ref. 12.

Figure S2 shows the relaxed CuP junction geometry in our transport calculation, but the
discussion is not limited to this particular molecular junction. In our work, each layer
contains 8x8 gold atoms. The extended molecule includes the bare molecule and four

layers of gold on each side (red boxes). As we explained in the main text, four layers of



gold atoms in the extended molecule are required to converge our results. Within the
extended molecule, we denote the left four layers of gold with a lowercase /, and the right
four layers of gold with a lowercase ». We also denote the extended molecule (/+mol+r)
the central region C. There are additional three layers of gold (blue boxes) that are treated
explicitly on each side of the extended molecule. They are repeated periodically to -oo
and +oo, respectively, to form the semi-infinite left and right leads. We denote them
uppercase L and R. Periodic boundary conditions are used along x and y directions, but

not along z which is the direction of current flow.
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Figure S2: The relaxed CuP junction geometry in our transport calculation. This is used to show the
different regions in the junction, and the discussion in this appendix is not limited to these metal-porphyrin
junctions. The extended molecule includes the molecule and four layers of gold atoms on each side (red
boxes). Three layers of gold atoms (blue boxes) serve as left and right leads. For details, see text.

The Hamiltonian for the system can be written as:

. _tL
_tL HL VL 0
vt H. Vi
O ]/R-I— HR _tR

—tp
The dots to the left of Hy, are for the semi-infinite periodic left lead, and it is
approximated by a tight-binding scheme® with each “site” being a block containing three
layers of gold in this case (refer to the blue boxes in Figure S2), and the hopping between
sites is the tp matrix. Hy and t, are of the size Ny xNg, with N, the number of basis
functions in a block. Similar arguments apply to the right semi-infinite lead and we
introduce Nr in a similar fashion.

The self-energy due to the left lead can be written as'*'*:



T, =6y,
GLS T is the surface Green's function of the left lead, and is of the size Ny xN¢. Vi is of

the size Ny xXNc. As a result, X is of the size NcxNc.

Now we argue that, for the N¢xN¢ matrix Zp, only the upper left N XNy, block should be
non-zero. In the Hamiltonian and Figure S2, we allow sufficient screening in the
extended molecule (hence the reason of using four layers of gold atoms in the central
region), the coupling of left lead and the central region should be limited to the leftmost
N¢ element of the extended molecule. In other words, only the leftmost Ny XN block of
VL is non-zero. This is consistent with the tight-binding treatment of the semi-infinite
lead (i.e., tr. is of dimension Ni). Because I'y is imaginary part of Xy, the N¢xN¢ matrix

'L is only non-zero at the upper left N XN corner.

We use a similar block-zero form for I'r with only right bottom NgxNg block being non-
zero. Those coupling matrices are calculated at PBE level. We use this form in Landauer
formula to compute T(E). In Landauer formula, G is of dimension NcxNc. Because of the
block-zero form of I't and I'r, only the upper right N XNg corner of G matrix contributes

to T(E).

This form is essential for eliminating numerical noise in the final T(E) result. Suppose the
right bottom corner of I'y is not exactly zero, but its elements are at the magnitude of
~107, then it will result in additional contributions to T(E) in Landauer formula. If the
dimension of central region is ~10°, then the additional contribution is ~10 and is
usually negligible for systems with T(E) > 107Gy, but is very important for regions and

systems where T(E) < 10™* such as the metal-porphyrins in this work.

We also note in passing that in our DFT+X approach, we actually modify the Hyo block

in He, where:

H Vi Vi
HC = Vl-l- Hmol V;"
Vl-|1: VT-I_ Hr



We shift the eigenvalues according to the procedure discussed in the main text and then
“undiagonalize" it, i.e., Humo=>SCEC™, where S is the overlap matrix, and column
vectors of C are eigenvectors of Hmol. E = diag(e; + Aj), a diagonal matrix with &; the
eigenvalues of Hy,o and A; the shift calculated from DFT+ZX in the main text. This

modification of Hy, is done at every k-parallel point.

Experiment
1) Materials and general methods:

Chemicals were purchased from Sigma-Aldrich and used as received, unless otherwise
noted. All reactions were performed in oven-dried round bottom flasks, unless otherwise
noted. The flasks were fitted with rubber septa and reactions were conducted under a
positive pressure of argon, unless otherwise noted. Anhydrous solvents were obtained
from a Schlenk manifold with purification columns packed with activated alumina and
supported copper catalyst (Glass Contour, Irvine, CA). Stainless steel syringes or
cannulae were used to transfer air- and moisture-sensitive liquids. Flash column
chromatography was performed employing 32-63 um silica gel (Dynamic Adsorbents
Inc). Thin- layer chromatography (TLC) was performed on silica gel 60 F2s4 plates
(EMD). 'H and "C nuclear magnetic resonance spectra were recorded at 300 K (unless
otherwise noted) on Bruker DRX300 (300MHz) or Bruker DRX400 (400MHz) FT NMR
spectrometers. High-resolution mass spectra were recorded on a JMS-HX110 HF mass
spectrometer (ionization mode: FAB+). Uv-vis absorption spectra were taken on a

Shimadzu UV-1800 spectrophotometer.

2) UV-Vis spectrum
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Figure S3: a) UV-vis spectrum of all porphyrins considered in this work, highlighting the B-band for all
compounds. b) Q-band region of the UV-vis spectrum.



3) Synthetic procedures

C1oH210 O OC1oHa1

DCM, TFA, RT;
H N CioH210 OCigHzy  Chloranil, 2h;
EtsN

CioH210 OC1oH21

NBS,CHCly Bpin
Br —_—
—_— Bi
' PdCl,(PPhs),

K,COs

THF/H,0
75°C

CyoH210 OCgHy
Br-FP FP

Scheme S1: Synthetic procedures for FP molecule.

1: Synthesized by following the literature procedure: Nature Chemistry, 2010, 2, 503-508.

2: Synthesized by following the literature procedure: J. Am. Chem. Soc, 2006, 128,
16083-16091.

3: To a mixture solution of 2(11.44 g, 27.3 mmol) and 1(4.0 g, 27.3 mmol) in CH,Cl,
(1.5 L) and TFA(1 mL, 13.1 mmol) was added and stirred for 12 h at 25°C. Then, p-
chloranil(10.1 g, 40.95 mmol) was added and the reaction mixture was further stirred for
4 h. The reaction mixture was concentrated to a volume of 300 mL and then flash
chromatographed in silica gel with CH,Cl,. The reaction mixture was purified by column
chromatography with 70% hexane/CH,Cl, and evaporated to dryness to give 3, a reddish
purple solid (6.4 g, 43%)

'H NMR (400MHz, CDCls, ppm): & 10.30(s, 2H), 9.38-9.37(d, J = 4.4Hz, 4H), 9.20-
9.18(d, J = 4.4Hz, 4H), 7.43(s, 4H), 6.91(s, 2H), 4.17-4.14(t, J = 6.4Hz, 8H) 1.91-1.87(t,
J = 7.2Hz, 8H), 1.55-1.48(m, 8H), 1.38-1.26(m, 48H), 0.87-0.84(t, J = 6.4Hz, 12H), -
3.15(s, 2H).

10



Br-FP : N-bromosuccinimide (NBS; 2.15 g, 12.1 mmol) was added to a solution of 3 (6.4
g, 5.9 mmol) in CHCI; (400 mL) at 0°C and then stirred for 7 h at 25°C. The reaction
mixture was quenched with acetone (20mL) and evaporated. The reaction mixture was
purified by column chromatography with 50% hexane/CH,Cl,, where the first fraction
was collected and evaporated to dryness. The residue was recrystallized from
CH,Cly/hexane to give Br-FP, a purple solid (5.4 g, 74%)

'H NMR (400MHz, CDCl3, ppm): § 9.60-9.59 (d, J = 4.8Hz, 4H), 8.96-9.95(d, J = 4.8Hz,
4H), 7.32(s 4H), 6.90(s, 2H), 4.14-4.11(t, J = 6.4Hz, 8H), 1.91-1.84(m, 8H), 1.54-1.51(m,
8H), 1.35-1.17(m, 48H), 0.86(t, J = 6.4Hz, 12H), -2.74(s, 2H).

Scheme S2: Structure of FP molecule.
FP: Br-FP(600mg, 0.5mmol), thiochroman pinacol ester (440mg, 1.4mmol),
Pd(PPh;3),Cl, (20mg, 0.025mmol) and K,CO; (200mg, 1.4mmol) were charged in a
100mL 2-neck round bottom flask with a condenser under argon, and then 50mL of
degassed THF/H,O (4/1) was added via a syringe. The reaction was heated at 70°C
overnight under dark and then cooled down to room temperature. Water (50mL) was
added, the resulting blue solution was extracted with DCM (50mL x 3). The combined
organic solvents were washed with brine and dried over Mg,SO,. After removing
solvents, the residue was purified by flash chromatography (hexane/dichloromethane=3/2)
to give a blue solid (450mg, 65%).
'H NMR (400MHz, CDCls, ppm): § 8.96(d, J = 4.8Hz, 4H), 8.88(d, J = 4.8Hz, 4H), 8.21
(s, 2H), 7.88(t, J = 7.2Hz, 2H), 7.46(d, J = 8.0Hz, 2H), 7.37(s, 4H), 6.88(t, J = 2.4Hz,
2H), 4.11(t, J = 6.4Hz, 8H), 3.28-3.25(m, 4H), 2.23-2.20(m, 4H), 1.87-1.84(m, 8H), 1.54-
1.50(m, 20H), 1.35-1.17(m, 48H), 0.84(t, J = 6.8Hz, 12H).
HR-MS (FAB) m/z caled for CosH26N404S;: 1440.19, found: 1440.30.
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Uv-Vis (CH,Cly): 425nm, Q bands( 521nm, 556nm, 600nm, 658nm).

Reflux

FP MP
M = Co/Ni/Cu

Scheme S3: Synthesis of MP (M=Co/Ni/Cu) molecules from FP molecule.

MP: insertion of different metal cations into the FP porphyrin core was carried out by

following literature procedures'> ' 1°.

CoP

Scheme S4: Structure of CoP molecule.
CoP: 60mg of FP and 200 mg Co(II) Diacetylcarbonate were refluxed overnight in
8mLTHF. The completion of the reaction was monitored by TLC. After cooled down to
room temperature, the solution was partitioned between 40mL CHCI; and 20mL H»O.
The organic layer was further washed with H,O and brine, dried over Na,SO4. After
removal of solvents, the residue was purified by preparative TLC
(hexane/dichloromethane=1/1, with 5% v/v Et;N) to give CoP. The yield was >90%.
Uv-Vis (CH,Cly): 415nm, Q bands( 529nm, 565nm).
HR-MS (FAB) m/z calcd for CosH;24N404S,Co: 1497.10, found: 1497.20.

NiP, CuP:

12



60mg of FP was first dissolved in SmL CHCIls. To the above solution, SmL saturated
methanol solution of Ni(OAc), or Cu(OAc), or Zn(OAc), was added. The mixture was
further refluxed overnight in dark. The completion of the reaction was monitored by
TLC. After cooled down to room temperature, the solution was partitioned between
30mL CHCI; and 30mL H,O. The organic layer was further washed with H,O and brine,
dried over Na,SO,. After removal of solvent, the residue was purified by preparative

TLC (hexane/dichloromethane=3/2, with 5% v/v Et;N). The yield was >90%.

NiP
Scheme S5: Structure of NiP molecule.

NiP: '"H NMR (400MHz, CDCls, ppm): 6 8.87(d, J = 6.4Hz, 4H), 8.80(d, J = 6.4Hz, 4H),

8.11(s, 2H), 7.80(s, 2H), 7.19(d, J = 2.8Hz, 4H), 6.82(d, J = 2.8Hz, 2H), 4.08(t, J = 8.4Hz,

8H), 2.20(m, 4H), 1.87-1.80(m, 8H), 1.52-1.10(m, 68H), 0.87(t, J = 6.8Hz, 12H).

HR-MS (FAB) m/z caled for CosH24N404S,:Ni: 1496.86, found: 1496.39.

Uv-Vis (CH,Cly): 421nm, Q bands( 529nm, 560nm).

CuP

Scheme S6: Structure of CuP molecule.
CuP: Uv-Vis (CH,Cl,): 421nm, Q bands( 541nm, 579nm)
HR-MS (FAB) m/z calcd for CosH24N404S,Cu: 1501.72, found: 1501.21.
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Scheme S7: NMR spectrum for Br-FP molecule.
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