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Abstract

Electron transfer is an essential process for life to exist and is the working
principle of electronics. Fundamental knowledge of electron transfer is crucial for
understanding biological processes and developing future devices. Here, we present our
theoretical and experimental efforts to design, synthesize and characterize the electronic
properties of charge-transfer complexes and approaches to control their charge flow.

Computational methods , including wave function -based methods, density
functional theo ry, quantum mechanics/molecular mechanics, and molecular dynamics,
were combined with synthesis, ultrafast spectroscopy and conductance measurements to
design and characterize engineered chemical systems for efficient charge and energy
transfer.

Compelling foundational questions explored in this dissertation include: 1) Can
we control the photoinduced electron transfer rate of molecules with chemically
innocent vibrational excitations? 2) Can we create, sustain, and exploitchemical
coherences to harvest and transmit energy and information? 3) What chemical
modifications lead to enhancing intrinsic charge transport properties of molecular
devices?

First, we discuss the photophysics of highly conjugated organic and

organometallic systems consisting of electron donor and acceptor units. Electronic



structure calculations combined with ultrafast spectroscopy elucidated the excited -state
dynamics of molecular candidates for controlling charge transfer with infrared pulses

and directing energy transfer through nont hermal routes. Second, we introduce
strategies to fabricate efficient DNA -based molecular wires and obtain abundant
semiconducting carbon nanotubes. Molecular dynamics simulations and kinetic
modeling revealed the chemical interactions relevant for engineering charge transport in
nanostructures. The synergy between our theoretical calculations and experimental
measurements provides guidelines to tailor the electronic properties of chemical systems
and control charge flow in optically active charge -transfer complexes and

nanostructures.
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1l ntroducti on

This chapter contains an introductory description of the theory involved in the
following chapters . The background described in this section is based on the content
from abook in preparation co-authored by Jesus Valdiviezo, Jonathon Yuly, Peng

Zhang, and David Beratan.

1.1 Electron transfer rate theory

Electron transfer (ET) can be seen as the spatial relocation of an electrorfirom a
donor (D) to an acceptor(A) moiety, and it is considered the simplest chemical reaction
(O 0° 0 0 ).ltis essential for life to exist and is the working principle of many
modern technologies.

A proper description of the electron transfer rate ('Q ) is crucial for the
understanding of biological processes and for the development of electronic devices.We
can associate the electron transfer ratawith the reaction free energy barrier, described by

the Arrhenius equation in the classical transition state theory:

. O
Q OADD— 1
2D =, 1)
where O is the activation energy, Q is the Boltzmann constant, “Yis the temperature and
0 is a pre-exponential factor. The activation energy O 3@ _ Ti_andis

expressed in terms of the Gibbs free energy3'Q, and the reorganization energy _

Therefore, the rate of an electron transfer reaction equals



ya _
1_Q°Y

Q 0AgbD 2

The relationship between Y"Gand _ determines the type of electron transfer
reaction:
! Normal: ya n
{1 Barrierless: YQ
1 Inverted: ya m
The reorganization energy can be separated in two terms, the innersphere
reorganization energy _ and the outer-sphere reorganization energy _ :
- - - ©)
The inner-sphere reorganization energy is the free-energy change associated with

changes in the bond lengths and angles of the reactant and is described as follows

QQ  Q (4)

Vallxo)

Here, € is the number of bonds involved in the reaction, "Qis the force constant of a
particular bond "QQ is the product equilibrium bond and is the reactant equilibrium
bond.

The outer-sphere reorganization energy describes the response of the solvento

the electron distribution of the product :

P P (5)

.Q p
1 “ T c‘l



where ‘Qis the elementary charge,i is the vacuum permittivity, i is the donor radius, i
is the acceptor radius,Yis the donor-acceptor distance,] is the solvent optical

constant and7 is the solvent dielectric constant. Commonly _ L _ . Therefore, _

1.1.1 Adiabatic and non-adiabatic electron transfer

The pre-exponential factor in the electron transfer rate depends on the donor-
acceptor electronic coupling strength w . This coupling can be interpreted as the
interaction of the donor and acceptor orbitals that changed their electron occupancy
during the electron transfer process In the strong coupling regime, the electron transfer

is described by the adiabatic expression

Yy'a
Q ' AgD -

(6)

where’ is a nuclear frequency prefactor, typically on the scale of103s?, In the weak
coupling regime, where electron transfer in chemical systemstypically occur s, the
prefactor is described in terms of the reduced Planck constant 9, the donor-acceptor
electronic coupling @ , the reorganization energy and the temperature. The expression
is known as the non-adiabatic Marcus theory expression:

0 ) Agb ya — 7
5 T o oY @

In situations where weak coupling exists between donor and acceptor vibronic

energy levels, the electron transfer is described as
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Here,”Y _ ¥Q and 0 represents a vibrational mode.

1.1.2 Charge transfer mechanisms

The donor and acceptor moieties are typically connected through one or several
bridge units (B) that determine the donor -acceptor distance. In the nonadiabatic regime,
the donor wavefunction can tunnel through the bridge if there exist sufficient overlap
with the acceptor wavefunction and the energy levels of D and A moieties match. This
mechanism is known as coherent superexchangeand is dominant at short donor -
acceptor distances. e effective electronic coupling is expressed as follows.

W W

@ o o, (9)

For a system with N bridge units, the effective coupling @ takes the form:

o Lo _© 10
This superexchange coupling follows an exponential decay with the donor -
acceptor distance (i.e. molecular length L). Therefore, the electron transfer rate is
approximated as:
Q Aopr, (11)
)

where G &i I O Oy and depends on the distance between nearest neighbor

bridge units @



At long donor-acceptor distances the superexchangemechanism is disfavored
and the electron transfer proceeds mainly through incoherent hopping. In this
mechanism, thermal fluctuation s bring the bridge energy levels closer to resonance with
the donor/acceptor site and the chargecan populate the bridge sites. The electron

transfer rate expression becomesapproximately :

. AoD70 4y
o P p 0 p (12)
(O NN o) o)

Note that Q@ Q and¢ phchof8 i) p. When the number of bridge sites

N, increases, the electron transfer ratehas a weak dependence on molecular length

(Q x pX0).
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This chapter is excerpted from:

Bazinger, S. D.; Li, X.;Valdiviezo, J.; Zeller, M.; Zhang, P.; Beratan, D. N.;
Rubtsov, I. V.; Ren, T., Unsymmetrical BisAlkynyl Complexes Based on Co(lll)(cyclam):
Synthesis, Ultrafast Charge Separation and Analysis. Inorg. Chem2019 58 (22), 15487
15497

Li, X.; Valdiviezo, J.; Bazinger, S. D.; Zhang, P.; Ren, T.; Beratan, D. N.; Rubtsov,
I. V., Symmetry Controlled Photoselection and Charge Separation in Butadiyne -Bridged
Donor-Bridge-Acceptor Compounds . Phys. Chem. Chem. Phy&)20, 22 (17),96649676

Part of this research has been generously supported by the National Science

Foundation (grant no. CHE-1955138.

2.1 Significance of the study

The efficiency of opto-electronic devices strongly depends on the photoinduced
charge separation and charge recombination rates. Current strategies to control electron
transfer kinetics have reported to be chemically invasive or irreversible. The possibility
to use infrared excitations to control electron transfer is of substantial interest, since it is
a nondestructive method (the energy absorbed ranges between 2.58.5 kcal/mol),
spatially selective (specific bonds can be excited) and infrared active functional groups

can be easily incorporated into molecular architectures. In recent years, UV-IR-Vis-3-



pulse experiments showed that IR perturbations of a specific molecular vibrational

mode could influence photoinduced electron transfer rates in donor -bridge acceptor (D-
B-A) assemblies. We combined synthesis, computational methods, and ultrafast
spectroscopy techniques to investigate the excited state dynamics of organic and
organometallic D -B-A complexes. With strong donors, the optical excitation of the
acceptor leads to theultrafast formation of charge -separated states. These fast dynamics
make them excellent candidates for electron transfer rate modulation by infrared

excitation without rare -earth metals.

2.2 Introduction

Molecular donor -bridge -acceptor (D-B-A) structures have received intense
interest as electronttransfer (ET) model systems?-2 A topic of recent notice is the
modulation of ET dynamics through vibrational excitation. Studies of this kind require
ultrafast ET that proceeds more rapidly than intramolecular vibr ational energy
redistribution. As such, strongly coupled D-B-A structures with infra -red (IR) active
bridge modes are a key synthetic target.

Rubtsov, Beratan, Sessler and coworkers demonstrated CS rate retardation by
mid -IR excitation in a D-B-A ensemble formed by nucleobase pairing (GC),2 and charge
recombination (CR) rate acceleration upon mid-IR excitation.* They related the rate
modulations to the changes in the density of states in the Marcus curve-crossing region.?

Rubtsov, Schmehl, Beratan and coworkers also reported a ca.30% enhancement of



intramolecular ligand-to-ligand charge transfer rate in a Re(l) compound via selective
excitation of the acceptor ligand 4,4-(dicarboxyethyl) -2,2-bipyridine at 1540 cmt
(2(bpy)) .5 Weinstein and coworkers studied a series of D-B-A compounds with a trans
Pt(Il) -bis-alkynyl bridge and found that the photoinduced electron transfer (PET)
between phenothiazine (D) and naphthalimide ( A) can be attenuated by vibrational
excitation of the P-E OUOE w" ¥ "wEOOEUS

Here, in collaboration with experimental groups, we study the excited state
dynamics of oganometallic and organic D-B-A structures using ultrafast spectroscopy
technigues and electron transfer methods. The fast dynamics and presence of IRactive
functional groups makes them promising candidates for electron transfer modulation

with 3-pulse spectroscopy.

2.3 Ultrafast charge separation in unsymmetrical bis-alkynyl
complexes based on CO(ll)(cyclam)

Transition metal alkynyl compounds are appealing targets from the standpoints
of synthetic and structural chemistry, as well as materials applications, and could
provide access to species with rapid intramolecular ET rates that may be susceptible to
IR-induced rate modulation. 1013 Materials applications of transition metal alkyny!l
compounds include molecular wires, 417 molecular memory devices,!® ?and high
performance opto-electronic materials.2%23 Recently, metal alkynyl compounds based on
3d metal cyclams have been investigated by Ren and coworkers?*25The Co(lll)(cyclam)

motif is especially attractive because of the feasibility of stepwise alkynylation under
8



mild reaction conditions. This was first demons trated by Shores and coworkers through

the preparation of [Co(cyclam)(C 2Ph)CI]*26 and was explored by the Ren group to attain

the dicobalt complexes bridged by oligoyn -diyls (* -Czm).2- 26 The general preparations of

the unsymmetric trans-[Co(cyclam)(C2Ar)(C 2Ar")] * compounds were developed either

through an intermediate trans[Co(cyclam)(C2Ar)(NCCH 3)]*22° 300r via lithiation to

install the second alkynes3t Such Co(lll) bis-alkynyls are attractive alternatives to the

aforementioned Pt species since the Co species also provide a rigid framework forD-B-A

dyads and the structures possess vibrationally active Co-" ¥ " WEOOEUWEEUI EwOOwWEC
abundant metal.

The transient absorption studies of Co(lll) -containing complexes are scarce, and
studies of cobalamin species focused on the effects CaC bonds are noteworthy. 32 33
Transient absorption studies of electronically excited Co complexes show complexity in
the dynamics, with characteristi ¢ times ranging from a few picoseconds to a few
nanoseconds3* 35The ligand-field (LF) excited states in octahedral Co(lll) complexes
were found to occur at energies below 12,000 cmt.34 Nevertheless, the lifetime of the
lowest electronic excited state (ES) in some species, such as [Co(ef)CIO 4)s (en =
ethylenediamine), [Co(tpen)](CIO 4)z(tpen = tetrakis(2pyridylmethyl)ethylenediamine),
[Co(tppn)](CIO 4)3(tppn = tetrakis(2-pyridylmethyl) -1,2-propylenediamine),

[Co(NH 3)sCl] 2+, and [Co(en)(NO 2)2Cl] 2, were found to be rather short, not exceeding 500

ps_34, 36



Here, we report the spectroscopc and electronic structure properties of trans-
[Co(cyclam)(C2D)(C2A)]* complexes, whereD and A are GsH4-4-Y (Y = H, NMez or N(4-
MeOPh)2) and N-isopropy! -1,8napthalimide (NAP 1), respectively, (Figure 1). The
excited-state dynamics of compounds 1, 2aand 2d were examined using femtosecond
transient absorption spectroscopy with 400 nm excitation and detection both in the
visible and mid -IR spectral regions. The dynamics reveal the ultrafast formation of
charge separated states (CS state) in compound2aand 2d, and their fast conversion to a
Co(lll) centered triplet state (3T1). Our study also finds that the MN15 density
functional, a functio nal optimized using databases that included transition metals,
describes the excited state properties of Co(lll) complexes especially the charge transfer

excitation energies, a task that is challenging for most functionals.

a1y

H
\ /

/\ HC,NAPIP" N\N\ LiC,Ar N\/N\ '
Cl-{-- )c1 —>> Cl“[“Co ) NAPFP—- Ar—= [9? = NAP™
MeOH-THF THF, -78°C N N

HUH Et;N HUH HJH 2

Ar = C6H4NM62 (23),

NAPT (2b); Ph (2¢) and
O N‘< <:> CgH4N(4-MeOPh), (2d)
Anilino (R Me

NAP‘"r or 4-MeOPh)

Figure 1: Co" (cyclam) based D-B-A systems studied and synthetic approach .
2.3.1 Experimental details

Experimental details can be found elsewhere 3 Major experimental results are

presented here to facilitate the interpretation of the computational results.

10



2.3.2 Computational details

DFT and TD-DFT calculations for the cations in 1, 2a, and 2d were performed
using the MN15 functional 38 and the Def2-SVP basis se® for all atoms as implemented
in Gaussian 1640 The Polarizable Continuum Model (PCM) 4was used to simulate the
solvent effects of acetonitrile in the ground -state and excited-state calculations. The
B3LYP 2 CAM -B3LYP 2 wB97X-D,4 M06, and M 06-2X45 functionals were also tested by
comparing the character of the excited states and the vertical excitation energies with
experiments. A better agreement with the experimental vibrational fre quencies and
electronic spectra was found with the MN15 functional. Coordinates of the optimized

geometries in the ground state are listed in Appendix A.

2.3.3 UV-Vis spectroscopic analysis

Absorption spectra for complexes 1 and 2a- 2d are shown in Figure 2. For all the
complexes, the visible window is dominated by a broad and intense peak at ca.400 nm.
The free ligand MesSiC2NAP Pr displays an intense peak atca.370 nm, which is assigned
as auft w dransition localized on NAP . The strong resemblance of the speatal shapes
and extinction coeffcients for complexes 1 and 2 and MesSiC:NAP Pr suggests that the
transition at 400 nm is primarily a wtw dransition localized on NAP Pr, This assignment
is supported by TD -DFT analysis (vide infrg. The 30 nm red shift of the transition from
MesSiC:NAP P to the values in complexes 1 and 2 is apparently due to the replacement

of MesSi with a Co(lll) center. The broad nature of the 400 nm peak obscures the

11



expectedd-d (*A1Y 1Ta) transition, except in the case of1, where a weak shoulder peak is

observed around 480 nm, consistent with values reported for other Co(cyclam)

bisalkynyls. 46 The D-B-A species,2aand 2d, display UV bands attributed to the donor

ligands. Compound 2aEDUx OEa UwWEwWUT EUx wxl EOQWE U w!l NYudGOwb i DE
transition localized on C ¢H +-4-NMe 2, and compound 2d has a broad band centered at

b+ Y wOOwE U U B dau UAUUEMDO uiFeuig) TPA (FQWeE2E This is consistent with

the absorption spectrum of the free donor ligands, which exhibit a strong absorption ca.

300 nm. It should be noted that no such peak is present for2b or 2c, due to the absense

of an N-donor aryl substituent.
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Figure 2: UV -Vis absorption spectra in CH 2Clz vs. normalized emission spectra
in CH 2Cl, taken at room temperature, for 1 and 2a-2d.
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To understand the nature of the transition with high oscillator strength at ca. 400
nm, TD-DFT calculations of compounds 1, 2a, 2d compounds were performed. The
analysis indicates that the bright state involves only NAP P orbitals in 1 (Figure 3), but
that the states are partially polarized in 2aand 2d, involving ca.8.4% contribution of the
orbitals responsible for CS (i.e., theHOMO of the donor ( D(HOMO)) and the LUMO of
the acceptor A(LUMO) as shown in Figure 4 and Figure 5). The percentages reflect the
normalized squared excitation coefficients. To evaluate the amount of CT character in
the transition, the dipole moments were evaluated for both the ground and excited
states. The ground states are found to be polarized, with the NAPPr acceptor having a
slight negative charge (Table 1). The dipole moments are further increased in the excited
states byca.5.6, 25.2 and 10.5 D fod, 2a, and 2d, respectively.

Table 1: Dipole moments (in Debyes) computed for compounds 1, 2a, and 2d
in different electronic states in CH sCN.

M (GS) U (ES) M (CSS) H ("Co(cyclam))
1d 19.0 24.6 - 15.5
2a 17.6 42.8 55.4 17.3
2d 4.9 15.4 68.2 4.8

13



Bright State: 3.47 eV (358 nm) f=0.69
HOMO - LUMO 97.9%

- P

Figure 3: TD -DFT results showing the dominant orbital contribution to the
bright state for compound 1. The transition energy, wavelength, and oscillator
strength (f) are shown.

Bright State: 3.42 eV (363 nm) f=0.71
HOMO-1 - LUMO 89.2%

Rb —

HOMO - LUMO 8.4%

Wit o wb

CSS:3.25eV (381 nm) f=0.13
HOMO-1 - LUMO 8.4%

b — b

HOMO - LUMO 90.8%

s et T

Figure 4: TD -DFT analysis showing orbital transitions that co ntribute to the
bright excited state prepared with a 400 nm pump (bright state) and the CS state for
2a.A mixing between the HOMO -1Y LUMO and HOMO Y LUMO transition is
present in both states. The high oscillator -strength transition is mainlya wtwd
transiti on localized on NAP *r(89.2%) and the CS state is mostly
D(HOMO) Y A(LUMO) (90.8%). The transition energies and wavelengths of these
states are blue-shifted with respect to the experimental values (ca. 30 nm), which is
generally found in TD -DFT analysis. Th e oscillator strength ( f) values, which indicate
the probability of absorbing a photon, are also indicated.
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Bright State: 3.40 eV (364.19 nm) f=0.93

HOMO-2 - LUMO 8.4%
HOMO-1 - LUMO 86.5%

it —

CSS: 3.16 eV (393 nm) f=0.05

HOMO-1 - LUMO 2.3%
HOMO - LUMO 97.2%

—>

Figure 5: TD -DFT results showing the dominant orbital contributions to the
CSS and the bright state for 2d. The transition energy, wavelength, and oscillator

strength (f) are shown.

2.3.4 Fourier transform IR (FTIR) spectroscopy

The IR absorption spectra of 1, 2aand 2d are dominated by the antisymmetric

(nc=0.a9 and symmetric (nc=o,s9 C=0 stretching modes of NAP Pr at 1658 and 1698 cniin 1

and 1656 and 1697 cnmin 2aand 2d (Figure 6).3 1 1 w" © "

wUOUI UET Rdahdwi Ul gUI

2d (2092 cm?) are significantly red -shifted compared to compound 1 (2110 cm?),

indicating the influence of the donor moieties.

15



DFT-based norma-OOET wEOEOaUPUwi POEVUwWUT ECwUT T wUPOw"
ground states of 2aand 2d are coupled weakly with an interaction energy of a few
wavenumbers, while the frequencies of the normal modes are separated by ca. 18 cnt
with the low -frequency peak originating predominantly from the donor acetylide and
the high-frequency peak from the acceptor acetylide. Essentially, a single peak is
observed experimentally with a weak tail on the high -frequency side, in approximate
agreement with the DFT analysis, which predicts that the lower -frequency peak carries
ca. 4fold larger IR intensity (Table 2). The extinctionE O1 | | PEDI OOV wOi wOi 1 w" 4.
modes in the three compounds are similar but grow with increasing donor strength,
with ec-oss0f 1230, 1360, and 1475 Mcm-t for 1, 2a, and 2d, respectively. The transition
EDx OO0 UwoOi wOi | w" 4. weOEw"? " wOOETI Uwl UOPWEOOEOLODU
is apparent from the essentially unchanged extinction coefficient ratio of nc-ossand n-+ -

of ca. 24 (Figure 6).
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Figure 6: IR absorption spectra of 1, 2a, and 2d in CH sCN.

Table 2: Experimental and TDDFT computed vibrational frequencies and
computed IR intensities ( 1) for 1, 2a, and 2d in different electronic states in CH sCN.

Nc=0,as / cM1! Nc=oss / cM?! Ncicas/ cMt Ncicss/ cm-t
(I / km/mol) (I / km/mol) (I / km/mol) (I / km/mol)
1
GS DFT 1657.0 1698.7 2110.7 -
(916) (577) (190)
GS exper. 1657.5 1697.5 2110 -
2a
GS DFT 1655.3 1696.7 2091.5 2097.2
(919) (609) (254) (50)
GS exper. 1656.3 1696.5 2092
SCSS DFT 1593.1 1675.0 2026.6 2112.9
(11020) (35741) (435) (180353)
SCSS exper. 1580 1625 2035
2d
GS DFT 1655.8 1697.3 2092.0 2099.9
(919) (609) (287) (7)
GS exper. 1656 1696.5 2092
SCSS DFT 1576.0 1641.7 2053.0 2070.4
(1648) (10916) (875) (51988)
SCSS exper. 1570 1610 2060
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2.3.5 Time-resolved spectroscopy in the visible and infrared regions

TD-DFT analysis indicates that the CS state in2d (Figure 5) is essentially a pure
charge transfer transition, involving 97.2% D(HOMO) - A(LUMO) orbitals, while in 2a
(Figure 4) itis only 91% charge transfer in character with 8.4% NAP-based transition (the
same transition that dominates the NAP -based bright state). The stronger mixing in 2ais
due to a closer energy match between the pure NAP-based bright state and the pure CS
UUEUT ww3i 1 Ul WEEOEUOEUDPOOU wd) 2 I E WK ELOERUBI UY E
peaks are much stronger in 2d than in 2a(Table 2) The larger extent of CS state
formation in 2d comparedto2al B x OEDOU wUT 1 wOE Ui -Battl(Rigur& U T BT Owdi

31 Tcw(RAPY) peaks of 2d are also more red-shifted than those of 2a(Figure 7a).

| FTIR
3, - i

1ps

20ps
Sps 0.5 n: '0-5"’—“.3
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Figure 7: Transient absorption spectra for 1, 2a and 2d in CH sCN in the (a) 1500
¢ 1740 cm! and (b) 19004 2130 cm! mid -IR regions. The time delays are indicated as
insets.
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The spectral dynamics are different Barand2d. For2d, formation of the CS state
is time resolved in the visible and IR regions, manifesting as rising components with
different spectral shapes compared to those of the bright excited state prepasedQfith
nm pump. The risingomponents are most pronounced in the visible redgi@ure 8b)
and for the 1570 crhpeak Figure 9b). The decayassociated spectral (DAS) analysis
allows identification of the principle decay components common for kinetics at all
wavelengtH” ¥ The DAS analysis of the eartime dynamics for2d resulted in three
sizable principal components, one rising and two decayigre 8b). The DAS spectrum
of the rising (0.25 0.05 ps) and first decaying (0.830.1 ps) components are similar,
suggesting rapid formation of a new state with dominating absorbance followed by its
decay. The DAS spectrum of the sloweralecomponent (3.6 0.4 ps) is broad, resulting
in a red shift of the spectrum. The two decay times are similar to the decay times of the
C=0 bleach peak decays and are associated with formation of a HitySe( 9c),
suggesting that no other electronic excited states are formed.

In 2athe visible decayassociated spectra for eatlyne dynamics resulted in two
principal decg componentsKigure 8a); the two component8,68 and 7.7 ps, with similar
DAS spectra indicate that both belong to the same species, while the st@adyis not
single exponential. It is conceivable, that the formation of the CS staseoiccurs faster
than the instrumental time resolution (<100 fs). This hypothesis is supported-ByTD
analysis that shows mixing of the CS state and pure bitigtessin2a, which is expected

to facilitate the electronic transitioRigure 4).
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Figure 8: Decay associated spectra for 2a (a) and 2d(b) constructed for the
spectral dynamics within 60 ps window.

The vibronic dynamics in the midR region is masked by a broad featureless
absorbance across the fingerprint region, observed in all toegounds Kigure 7
bottom). Such broad absorbance, reported previously foiskRikynyl-NAP compounds,
was attributed to transitions between closely spaced electronic’8tétes1 and2a, the
broad absorption decays rapidly (@2 ps, Fig. S8), not preventing the assignment of the
vibrational peaks. bwever, in2d the broad absorption (BA), in addition to a fast
component of ca. 0.2 ps, features a relatively slow componesa. df.0 psKigure 9b),
which significantly masks the dynamics on this same time scale (0.8 ané&idups,8b).

The broad featureless spectrum has a uniform amplitude ab®sk680i 2120 cmt
region, which permits its subtraction from the signals at frequencies of characteristic

vibrational transitions (C=0 GSB, 1670 gpand at 2002100 cm!, Figure 9b). A global

fit of the resulting kinetics produces the 0.29.1 ps rise, 0.9 0.2 ps and 4.2 0.2 ps
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decay timeconstantsKigure 9b), which are similar to those obtained in the DAS analysis
in the visible regionKigure 8b).

The spectl dynamics for2a in the midIR is much simpler than that faz2d
featuring only a broad ultrafast component with an 8 ps dédqyré 9a). Becausef the
time constant separation, no broad background subtraction was necesgary for

The C C peaks of the CS state2a and2d are extremely broad likely because of
the wide digribution of dihedral angles between the donor and acceptor plgnesthe
ground electronic state, which affects v coupling strength and the extent of mixing.
It is expected that the coupling is stronger for more pl&rarconformations (smalk
angle), resulting in a larger dipole moment for the CS state. The decay tin2els(¥ath
dominant components between 0.9 and 4 ps, Figs. 9b, 10b) are attributed to the process
leading to a noipolarized bridgé a charge recombination (CR) processslapparent
that the CR process is faster in the more plamrformations Kigure 7b), but the
difference is not large. Note that the spectral diffusion associated witratigde change
in the CS state is not expected to contribute at the time window of 52ukdue to he
relatively larger size of its donor moiety.

The CC peak in the CS state @k decays slower than that f@d with the
dominant component of ca. 8 ps, which matches its C=0 GSB recoveryFigoe (9a).

The C C peak shifts to slightly lower frequencies with tinkg(re 7b). Theshift can be
associated with the solvation dynamics further stabilizing the CS state. The red shift may
also be influenced by differences in the CR rates at differangles, such thidhe decay
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is slower for conformations with smalleyr angles having redhifted peaks, but the
contributions of different relaxation processes are difficult to specify.

As noted earlier, the antisymmetrié C stretching mode dominates the spectrum
in the GS, as the twethynylarms are exposed to a similar charge environment with the
unit positive charge at the Co center and close to zero charges at the donor and acceptor
moieties. However, in the CS state, #thynylmode at the acceptor side dominattes
spectrum as the mixing of the two CC modes is reduced. Our population DFT analysis
indicates that the Co center still carries about a unit charge in the CS state, while the
electron is transferred from the donor to the acceptor moieties making thgleffoup at
the acceptor side polarized much stronger than that at the donor side and resulting in its

dominant contribution to thel® IR intensity Table 2).
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Figure 9: Transient kinetics for 2a (a) and 2d (b) at indicated frequencies (in
cm), normalized in (a) to show a match in characteristic decay times. The decay times
of characteristic components are indicated on the graphs. Global fit results are shown
in panel b with red lines. (c) Normalized transient nc-o.askinetics for 1, 2a, and 2d at
indicated frequencies (thick lines) and their fits with two  -exponential functions (thin
lines of matching colors). Mean decay times are shown as inset while the fit
parameters are: 1: 3.6 1.5 ps (40%) and 10.92.4 ps (60%); 2a: 7.80.5 ps; 2d: 0.90.2 ps
(17%) 4.1° 0.2 ps (83%).
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Solvation, vibrational relaxation, and structural relaxation each complicate the
dynamics, producing variations in kinetics at individual wavelengiigure 10 is

consstent with all major spectroscopic observations.

400 nm

1: GS — INAP —> 3Co(cyclam)
400 nm <0.1 ps
2a: GS — lNAP‘S‘<T> lCSS—) 3Co(cyclam)
400 0.25
2d: GS 3 INAPS —— 1css > 3Co(cyclam)

Figure 10: Summary of the excited -state dynamics in 1, 2a, and 2d. :NAP &
denotes the NAP bright state with partial D(HOMO) - A(LUMO) contribution.

The longlived state can be agsied to*Co(cyclam) or®NAP. TD-DFT analysis
shows that the Gbased triplet state is lower in energy than¥HAP state Eigure 10).
The vibrational frequencies of the NAP carbonyl modes were computed in both states. In
the 3Co(cyclam) state these frequencies differ from those in the GS by only a few
wavenumbers, as obsed experimentally. The C=0 frequencies iAN&AP state were
assessed in a fully organic compound;HNAP, showing formation of theNAP state.
The C=0 frequencies in tRBAP state are found to be ca. 50 tiower than the respective
GS frequencieCharacteristic C=0 frequencies for ftNAP state were reported at 1590,
1640 and 1950 criby Weinstein and cavorkers® 4° 55 5€The absence of significant peaks
at these frequencies in the transient IR absorption spe@aanfd2d (Fig. 7) eliminates
the possibility of the’NAP state being the LLS and corroborates the assignment of
3Co(cyclam). The presence of low lying ®ased triplet and quintet states were found

previously’?> The Cobased quintet °T1) state in [Co(lll)(eng](ClO4)s (en =
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ethylenediamine) was reported at energies below 908*nrherefore, the LLS was
assigned as thi€o(cyclam) state.

TNAP: 2.18 eV (570 nm)
HOMO > LUMO  86.6%

TCo(cyclam): 0.25 eV (4914 nm)
HOMO-15 - LUMO+1 20.7%

Figure 11: TD -DFT results showing the dominant orbital contribution to the
TNAP and TCo(cyclam) state for compound 1. The transition energy and wavelength
are shown.

2.3.6 Summary

Through stepwise addition of alkynyls, dissymmetric Co(lll) D-B-A complexes
were obtained in respectable yields, enabling the probe of excited-state CS dynamics.
Despite the presence of Cebased triplet states at lower energies, efficient CS occurs in
compounds 2aand 2d. The fast CS is enabled by strong communication ketween the
donor and acceptor mediated by the Co(cyclam) bis-alkynyl bridge. The low -lying Co-
based states eventually serve as energy sinks, resulting in CR. The Cacentered excited
state is very long-lived, relaxing to the GS with a characteristic time of 2-4 ns. The CS to

CR rate ratios are 16 fold for2d (0.25 ps / 4 ps) and 80 fold for 2a (0.1 ps / 8 ps).. Further
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CS studies involving more complex donors and/or acceptors are ongoing. If the CS in
such systems remains efficient, the overall ET yield will remain high.

The D-B-A structures synthesized and studied here are appealing for future
studies of IR induced rate modulation. When the ET reaction is slower than the lifetime
of the vibrational mode targeted for ET rate modulation, the relaxation of the vibrational
mode during the ET reaction makes it difficult to ascertain the origin of the ET
modulation, to either the excited vibrational mode or the daughter modes of its
relaxation. When the ET reaction is fast, limited vibrational relaxation occ urs during the
ET reaction. The CS rate in2d is expected to be faster than the vibrational relaxation,
making 2d an attractive target for the ET modulation studies. The CR reaction, although
slower than the vibrational relaxation, is still fast enough to include only a few daughter
modes into analysis. The alkyne bridges offer substantial interactions among the D, B
and A moieties, suggesting that IR excitation of the bridge modes could strongly
influence interactions among the subunits and thus perturb th e ET kinetics. This

hypothesis will be explored in future studies.

2.4 Symmetry controlled photo-selection and charge separation
in butadiyne-bridged donor-bridge-acceptor compounds

Compounds featuring conjugated bridging motifs attract strong interest be cause
these bridges enable significant coupling of the localized electronic states. Compounds

of this kind enjoy applications as light harvesting chromophores, -5 nonlinear absorbers
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and optical limiters, 5262 as well as generators of application for photoinduced charge
separation (CS)gs3. 64

A range of conjugated bridge structures appears in donor-bridge -acceptor (DBA)
compounds, including alkenes, 6570 phenylenes,’*73 stilbenes,# and alkynes,’> as well as
motifs with more extended or mixed p structures.!. 8186 Alkyne bridges are particularly
attractive as they offer compact, linear structures that supports conjugation. While ra ther
rigid with respect to bending, alkyne bridges feature small barriers to torsional rotation
of the D and A moieties, producing a wide distribution of dihedral angles in the ground
state (GS)?”

Compounds with butadiyne bridges that link weakly reducing donor and
weakly oxidizing acceptor moieties were developed as chromophores and broad -band
white -light fluorophores. 8 The large emission frequency width in these compounds
originates from contributions of locally excited and partially charge -separated statesis%
The high emission quantum yields in these systems suggests that their extent of charge
separation is low.

Here, we explored the excited state and electron transfer properties of
compounds where D and A are linked by a butadiyne (C4) bridge. A strong electron
acceptor (NAP) was used with donors of various oxidation potentials, including a rather

strongly reducing electron donor. Compounds of this kind have the potential to serve as
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transfer (ET) rates may be modulated by external stimuli.

The torsion angle distribution in butadiyne bridged com pounds is expected to
depend on the nature of the bridging moieties. The Albinsson and Anderson groups
measured and computed the rotation free energy barriers in butadiyne bridged metal
porphyrins, &7 9ifinding the rotational barriers to be less than keT and that the planar
conformations are favored. They also found that porphyrin -to-porphyrin coupling
produces excited states that are fully delocalized on the porphyrins in the planar
geometries, while orthogonal conformations of the porphyrins are electro nically
decoupled.?®293The noted sensitivity of the electronic coupling to the torsion angle
influences the absorption spectra, allowing selective excitation of either planar or
orthogonal conformation in the Q or Soret band of the porphyrin (P). 92 %Planarization in
P-C4-P chromophores was achieved by axial ligation with a specially designed ligand
that chelates both porphyrins. This butadiyne linked porphyrin dimer was also used as a
bridge linking a ferrocene donor with a C s acceptor?2Both CS and charge
recombination (CR) rates were found to be significantly slower in the structures with
orthogonal porphyrins. 92

A large number of studies has examined the dihedral angle dependence of the
electronic couplings in poly -phenylene bridged DBA structures. %% For example,

studies of Harriman and coworkers % used an elegant tethered strap approach to study
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how the torsion angle between two phenyl moieties in C 2-Ph-Ph-C: bridges influences
electronic couplings. Connecting a Ru'(tpy) 2/ Os'(tpy) - donor-acceptor pair with this
bridge, they found a dramatic decrease in the electronic coupling for the species with a
9( torsion angle between the two phenyl rings.

The ET rate between adonor and acceptor is influenced by the electronic
coupling (in the non -adiabatic or weak coupling regime), the reorganization energy, and
the reaction free energy 1% The bridge electronic structure and DA separation distance
determine the electronic coupling. 10+103 The torsion angle between the D and A has a
particularly strong influence on the bridge -mediated DA coupling, and extensive
theoretical and experimental studies have characterized the bridge-mediated coupling. %
104106

A particularly useful feature of the alkyne bridges is that they can support DBA
conformations with a symmetry plane (C s) for the D and A moieties being either
coplanar and orthogonal. As a result, the interactions among the D and A localized
frontier orbitals may be tuned, and the nature of the optical excitation, charge
separation, and recombination can be controlled. Here, we demonstrate a unique
feature of the alkyne bridged DBA compounds where symmetry defines the excited
state and ET properties, making this class of DBA species attractive targets for ET rate

modulation through conformational control via external stimuli. 4 5 107,108
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Alkyne bridges can support strong bridge -mediated coupling of D and A
electronic states. If the CS state in these species is coupled strongly to a Por A-localized
state, the coupling produces eigenstates, that are an equal mixture of the two diabatic
state wavefunctions.%® This mixing can reduce dramatically the CS character of the two
eigenstates, limiting it to only 50% (Figure 12a). To increase the CS state character with a
fixed coupling strength, the energy gap between the diabatic CS and D- or A-localized
state(s) has to be increased to become larger than the coupling energy, thus eliminating
the strong coupling condition ( Figure 12b). This can be achieved, for example, by using a
more strongly reducing electron donor, thus lowering the diabat ic CS state energy
(Figure 12b), or by selecting a more polar solvent which will stabilize the radical cation /
radical anion charge separatedstate. The dihedral angle between D and A, q, is a key

determinant of the electron coupling strength and the non -adiabatic ET rate.

a b
) Coupled  °) Coupled
Diabatic  states |
states A & B _A o o —
R A
A V gap T~V2/gap
Iv e v
e 8 -V v Bl
V>> gap V<< gap

Figure 12: Coupled states for strong (a) and weak (b) coupling regimes , defined
by the relation between the diabatic state (A, B) interaction energy, V, and their
energy gap.1°
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The novel butadiyne (C4) bridged DBA structures studied here have an N-
isopropyl -1,8-napthalimide (NAP) acceptor and various donors ( Figure 13).
Femtosecondnanosecond transient absorption measurements in the visible and mid-IR
regions following 400 nm excitation were performed for Si -C4-NAP, Ph-C4-NAP and D -
C4-NAP in dichloromethane (DCM) and toluene solvents. Transient mid -IR spectra of
the C C bridge stretching modes were found to be critical for understanding the excited
state electronic dynamics. Formation of a highly polarized state, namely the charge
separated state (CSS), wa observed in D-C4-NAP. Vibronic relaxation, charge
separation, dihedral angle (qg) equilibration, charge recombination, and triplet state
formation were tracked in the excited electronic states. TD-DFT analysis of the excited
electronic states and normal mode analysis enabled the assignment of the observed
dynamics to specific electronic transitions. We have shown that the torsional barrier to
rotation in the ground state is less than ksT, providing access to a wide range of dihedral
D-A angles. Excited state dynamics, including CS, is strongly influenced by the dihedral
angle. The observations are rationalized, as well, based on frontier orbital symmetry.
Interestingly, the torsional motion, and the associated spectroscopic changes, allows

interrogation o f the ET dynamics associated with molecular sub-populations.
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Figure 13: Structures of the butadiyne -bridged compounds studied .

2.4.1Experimental details

Experimental details can be found elsewhere 11 Major experimental results are

included to facilitate the interpretation of the computational results.

2.42 Computational details

DFT and TD-DFT calculations for Si-C4-NAP, Ph-C4-NAP and D -C4-NAP were
performed using the MN15 functional 38 and the Def2-SVP basis se® as implemented in
Gaussian 164 The MN15 functional was chosen based on its close agreement with the
experimental vibrational frequencies and electronic spectra. The CAM -B3LYP
functional 4 was also tested and showed similar results. The polarizable continuum
model (PCM)4 was used to simulate the solvent effects of toluene and dichloromethane
in the DFT and TD-DFT analysis. Torsion angles of 0, 15, 30, 60, 75, and 90° between D

and A moieties were fixed to evaluate the influence of torsion angle on the vibrational
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spectra and electronic couplings. For cases where torsional conformations do not
correspond to energy minima, projected frequencies were calculated.12
Electronic couplings between the S and S states (O ) were calculated using the

generalized Mulliken -Hush (GMH) method :113

o (13)

Here,* s the transition dipole moment between the S: and & state, YO is the
energy difference between the S and S states,” is the S dipole moment, and * is the
S dipole moment. The transition dipole moments between excited states were computed
in Dalton 2018'*4using quadratic response theory with the CAM -B3LYP functional, and
the same basis set was used as in the TEDFT analysis. Dipole moments and energy

differences were obtained from TD -DFT calculations with the MN15 functional.

2.43 Steady-state absorption and emission spectra

The absorption and normalized emission spectra of the three compounds studied
are shown in Figure 14. A clear mirror image of the emission spectra with preserved
vibrational structure is found for the Si -C4-NAP and Ph-C4-NAP emission and
absorption spectra in both toluene and DCM solutions . The Stokes shift is small (~1000
cm) and essentially solvent independent for Si-C4-NAP (Fig. 2a), indicating that both
the ground and relaxed excited states are only weakly polarized. For Ph-C4-NAP, the
absorption spectrum changes weakly with solvent polarity, indicating small polarization

of the ground state. However, both the emission spectrum and the Stokes shift for Ph-
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C4-NAP depend strongly on the solvent polarity ( Figure 14b), indicating significant
solvent reorganization to accommodate a polarized excited state. With an increase of the
donor strength in D -C4-NAP, a new absorption peak appears at lower frequencies, red-
shifted by ca. 5000 cmt. The absorption peak width is sensitive to the solvent polarity,
indicating a larger polarization of the Frank -Condon excited state, compared to that for
Ph-C4-NAP. The Stokes shift for D-C4-NAP is extremely large and solvent dependent,
reaching 7000 cmtin DCM. This shift indicates very high polarization of the excited

state (Figure 14c) and suggests thatthe charge-separated state is observed directly in the
linear absorption and emission spectra. The TD-DFT calculations confirm that the CSS in
D-C4-NAP is indeed a bright state, deriving its oscillator strength from a higher -energy
electronic state, S. Interestingly, this electronic state (Ss) is similar to the lowest energy

NAP -based excited state observed for SIC4-NAP (Figure 15and Figure 16).
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Figure 14: Absorption (bright lines) and emission (light lines, | exc= 340 nm)
spectra of (a) Si-C4-NAP, (b) Ph-C4-NAP, and (c) D-C4-NAP in toluene (red lines) and
DCM (blue lines).

Singlet-1 3.3630 eV 368.68 nm f=0.8557 u=9.9 D
95 —> 96 96% W — W

Figure 15: TD -DFT results showing the dominant orbital co ntribution to the S 1
state for Si-C4-NAP in DCM. The transition energy, wavelength, oscillator strength ( f)
and dipole moment are shown.
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Singlet-1 2.7564 eV 449.81 nm f=1.3418 u=33.1D

106 ->108 6% M }{}n&‘*
‘D 8 ﬂ ot

Singlet-3 3.7432 eV 331.23 nm f=0.0662 u=21.4 D

104 ->108 6% M — M
106 ->108 87% M"‘ —_— M
107 ->108 5% W — M

Figure 16: TD -DFT results showing the dominant orbital contribution to the S
and Ss state for D-C4-NAP in DCM. The transition energy, wavelength, oscillator
strength (f) and dipole moment are shown.

The vibrational absorption spectra (FTIR) of the three compounds studied here
feature several strong vibrational transitions ( Figure 17), including symmetric and
asymmetric carbonyl stretching modes of NAP ( ns{C=0), na(C=0), seelabels in Figure

17c) and two strong phenyl (donor) and naphthyl (NAP) ring deformati on modes

1

around 1600 cm?, involving CC stretching and CH in -plane bending at the two moieties.

The lower frequency peak of the two (~1589 cm?) belongs mostly to NAP and is present
for all three compounds. The higher frequency peak (1604 cm?) is mostly located at the
donor moiety and is strong only in D -C4-NAP. Despite large distance between the

phenyl and naphthyl moieties of ¢ a. 6.7 A, the DFT calculations revealed a partial (10-
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20%) mixing of the donor and acceptor vibrational modes, suggesting that their

conjugation -facilitated coupling is ca. 3 cm.
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Figure 17: Solvent subtracted FTIR absorption spectra of the three compounds

amplitude normalized at the C=0 as mode. Strong toluene absorption at ca. 1605 cm-!

prevented accurate measurements in this region.

The butadiyne (C4) bridge features two strongly delocaliz ed hc:c stretching

normal modes ¢ symmetric (nc:css) and antisymmetric (nc.c.a). However, a single

vibrational absorption peak dominates the spectrum for each compound, typically

arising from a symmetric stretching mode. For example, for D -C4-NAP, the peak at 2198

cm- arises from ncic,ss, While the nc:c.as peak is seen at 2136 cm (computed at ~2254cm-!

wihout a scaling factor) with ca. 20-fold weaker IR intensity ( Figure 17c, thin blue line,

Table 3 for DFT).
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Table 3: TD -DFT computed vibrational frequencies and IR intensities (1) for
D-C4-NAP in toluene and DCM in the ground and excited states at q = 0.

States Nc=0as / cM'1 Nc=oss / cM't Ncicas/ cmMt Ncicss/ cmt
(I / km/mol) (I / km/mol) (I / km/mol) (I / km/mol)
In toluene
S 1793.6 1831.5 2257.7 2328.4
(594) (571) (45) (1602)
In DCM
S 1781.2 1823.5 2254.1 2322.3
(812) (693) (201) (2152)

For the Ph-C4-NAP species, the peak at ca. 2212 crharises from a symmetric
stretching mode; it is much weaker than the corresponding mode for the D -C4-NAP
species Figure 17b). A similarly weak single nc.c peak is found for Si-C4-NAP at ~2100
cm?; it arises from an antisymmetric stretching mode ( Figure 17a). The IR intensity of
Nc:cssfor Ph-C4-NAP and D -C4-NAP derives from light -induced polarization of the
molecule across the bridge in the GS. This polarization is indicated from the shift in the
C1 C peak frequency for D-C4-NAP in the more polar DCM solvent (Figure 17c).
Transient absorption spectroscopy in the mid-IR and visible spectral regions, and DFT
calculations, were employed to understand the charge distributions in these compounds

and the excited state dynamics.

2.44 Transient absorption spectroscopy in the mid -IR and visible
spectral regions

Figure 18 shows transient absorption spectra of the three compounds in the

visible (left) and mid -IR spectral regions (middle) at selected delay times (see insets)
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following excitation at 400 nm. The spectral changes are measured over a time window
ranging from sub -picoseconds to ca. 3.5 ns. The spectral changes in the visible range are
large in all compounds. Except for D-C4-NAP in DCM, these transient features do not
decay to zero at large pump - probe delay times, revealing the formation of a long -lived
state and the absence of the GS recovery. This londived state is assigned to a NAP
localized triplet state (TNAP), based on the similarity of the transient features in all three
compounds, including the Si-C4-NAP species that lacks a donor group, the long lifetime
of the state that exceeds 10 ns, and the characteristic changes of the NAP C=0
frequencies that both experience a ca. 50 cmred shift compared to the GS frequencies.
These observations are consistent with the DFFcomputed nc-o changes for the TNAP

state (Table 4).
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Figure 18 Transient spectra in the visible (left panel) and mid -IR (middle
panel) regions for Si -C4-NAP (a), Ph-C4-NAP (b, c), and D -C4-NAP (d, €) compounds
in toluene and DCM (indicated) measured at indicated time delays following 400 nm
excitation. The mid -IR transient spectra also show scaled linear absorption spectra
(FTIR, grey line). Right panels show sele cted characteristic kinetics and the results of
a global fitting with multi  -exponential function (thin lines of matching colors); the
resulting time constants are shown as insets.
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Table 4: TD -DFT computed vibrational frequencies an d IR intensities ( I) for
Si-C4-NAP in toluene and DCM in the ground and excited states at q=0.

States Nc=oas / cmM1 Nc=oss / cm-? Ncicas/ cm't Ncicss/ cm?
(I / km/mol) (I / km/mol) (I / km/mol) (I / km/mol)
In toluene
S 1795.7 1834.0 2224.3 2344.0
(591) (456) (113) 2)
S(TD-DFT) 1745.2 1783.4 2104.2 2126.4
(729) (960) (57) (0.5)
T (variational) 1731.5 1790.0 1997.7 2152.1
(497) (596) (363) (15)
In DCM
S 1783.3 1826.0 2221.9 2343.1
(805) (566) (114) (2)
Si(TD-DFT) 1728.5 1771.9 2107.9 2128.8
(1056) (1422) (184) (4)
T (variational) 1722.3 1780.7 1997.4 2150.7
(723) (817) (519) (7

The extent of the GS recovery in these compounds can be judged from the
ground state bleaching (GSB) signals of the C=0 stretching modes oNAP. Except for D -
C4-NAP in DCM, where the GS recovery is complete within a nanosecond, only a partial
GS recovery is observed for other compounds, apparent from the presence of the GSB
peaks at ca. 1705 and 1665 crnat large delay times of 1-3 ns. Therebre, the large
changes inthe transient visible spectra (Fig. 4ad) in the ns time scale are associated with
the formation of the TNAP state.

The observed transient spectral dynamics for Ph-C4-NAP and D -C4-NAP are
consistent with the involvement of two si nglet excited states featuring different

polarization extents: for D -C4-NAP in both solvents the polarization extent in the S 1 state
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is much larger than that in the Sz state suggesting that the S state is essentially the CS
state (Figure 19b,c); thesituation is reversed for Ph-C4-NAP in toluene whereas for Ph-

C4-NAP in DCM the polarization exte nts of S and S are similar.

Figure 19: Three characteristic energy diagrams involving the states relevant
for transient absorption with 400 nm excitation. Diagram a) is describes behavior of
Si-C4-NAP in both toluene and DCM  solvents involving a single singlet excited state,
S1. Diagram b) is characteristic for Ph -C4-NAP in both solvents and for D -C4-NAP in
toluene, although the polarization extent for the states S 2and Sa varies for different
systems. 400 nm radiation excites Sz and vibrationally hot S 1 states. The triplet state is
the lowest energy excited state for a) and b) panels. Diagram c) describes D -C4-NAP
in DCM where the S 1 state, which is essentially the CSS, is the lowest energy state.
The charge separation, kcs = (5.5 ps)t occurs much faster than charge recombination,
kcr = (0.38 ns); accumulation of the TNAP state is not observed.

2.45 Torsion angle distribution

DFT and TD-DFT computations were performed to characterize the excited
states. The computations showed that in the GS, the planar conformation is the most
energetically favorable, but the energy barrier to achieve 90° conformation is only ca. 25
meV (~200 cmt) for D-C4-NAP (Figure 20a); asimilar barrier of ca. 170 cmt was recently
measured for torsional motion of butadiyne -linked porphyrin dimers. 115 The low barrier
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results in a broad distribution of g conformations in the GS. Excited state computations
showed that the oscillator strength for both S: and S states depends strongly ong and
that the two dependences are complementary: for small g angles the GS S transition is
bright while the GS- S transition is dark; opposite is observed for large g angles: the
GS S transition is dark while the GS - S transition is bright ( Figure 20b). As a result,
the 400 nm pulses excite an Sstate in compounds with small g angles, producing a hot
S state with ca. 5000 cntt excess of vibrational energy, and an S state in compounds
with large g angles. Note that 400 nm excitation wavelength is at the tail of the S
absorption peak, centered at 460 nm Figure 14), so the S state excitation at400 nm is
more efficient than the Si excitation. Normal modes were computed for the S:and &
states as a function ofq (Figure 20c). In the highly polar S state, the frequencies of both
C! C modes decrease with an increase of the dihedral angle: thencc,sschanges by ca. 150
cm? (Figure 20c), in agreement with the experimental observations. Very high IR
intensities, exceeding 20000 km/mol, were found for the nccssin the St state, shown in
Figure 20c with circles having diameters proportional to the IR intensity. The IR
intensities of ncc.asin S1and of both ncessand necasin Sz are about ten-fold smaller

(Figure 20c, Table 5).
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Figure 20: Analysis of D -C4-NAP at different dihedral angles. Energies (a) of
the ground state (GS) and S: and S:z singlet excited states and the S1, S oscillator
strengths (b) as a function of the dihedral angle, q, for D-C4-NAP in DCM. (c)
Dihedral angle dependence of the ncc.esand nccss frequencies for the S 1 (green and
blue) and S:states (red and grey). The symbol sizes are proportional to the IR
intensity of the mode (the IR intensities for the  nccssmode in the S1 state were scaled
by 1/3 factor not to overwhelm the graph. (d) Modeling of the absorption spec  trum for
the ncc modes at zero time (blue line) and at 100 ps (red line). The black line shows
the contribution due to the S > Sirelaxation. The experimental transient absorption
spectra at indicated time delays are also shown. (e) Dipole moment of D -C4-NAP in
DCM computed for the S 1and S: states vs. the dihedral angle.
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Table 5: TD -DFT computed vibrational frequencies and IR intensities (1) for
D-C4-NAP with different dihedral angles in DCM in the ground and excited states.

Dihedral angle | nczoas/cm= | Nczoss / cM™* | Ncicas/ €M | Neicss/ cmt

/ degrees (I/km/mol) | (I/km/mol) | (I/km/moal) | (I /km/mol)

Ground state

0 1781.2 1823.5 2254.1 2322.3
(812) (693) (101) (2152)

90 1782.4 1825.0 2255.6 2339.7
(806) (597) (105) (854)

Excited state S

0 1731.2 1771.0 2136.1 2188.3
(21309) (3690) (1744) (16317)

15 1731.5 1771.2 2132.1 2177.1
(1322) (3706) (1865) (15966)

30 1732.2 1771.8 2119.8 2145.3
(1385) (3711) (2650) (15044)

45 1733.1 1772.5 2105.1 2094.9
(1500) (3702) (4275) (14620)

60 1734.3 1773.4 2081.7 2060.8
(1609) (3667) (803) (21051)

75 1735.2 1773.8 2068.0 2044.3
(1654) (3617) (1850) (22509)

90 1735.3 1773.9 2063.9 2040.0
(1671) (3573) (2661) (22483)

Excited state S

0 1768.7 1794.2 1814.9 2130.3
(962) (944) (869) (1557)

15 1765.0 1797.0 1822.4 2119.5
(1041) (1986) (179) (2379)

30 1747.0 1784.6 1935.0 1984.0
(1140) (2694) (463) (1749)

45 1732.2 1772.4 2081.8 1963.4
(1089) (2212) 3) (1041)

60 1727.2 1769.7 2146.0 2056.0
(1085) (1744) (178) (136)

75 1725.2 1769.1 2180.9 2109.2
(1104) (1432) (2065) (430)

90 1724.2 1768.8 2191.4 2124.2
(1110) (1327) (4112) (1051)
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The Ct C absorption spectrum in the excited states was modeled at zero time and
at 10 psfollowing excitation using the computed C * C frequencies in the S and S states
and their IR intensities, angular Boltzmann ( g) distribution of the ground -state
conformations, and oscillator strengths of the Sz and S transitions. The relative
population of the S: and S states after 400 nm excitation was the only free parameter in
the modelling ( Figure 20d, solid li nes). The modelling predicts double -peak shapes for
both early time and 10 ps spectra with the red-shifted peak growing with time. The
overall peak shifts are larger than those observed in the experiment, but the overall
similarity between of the observed and simulated transients is impressive. While simple
analysis of the experimental transient Ct C spectra may suggest that the two observed
peaks originate from different excited states, mostly Sz for the high frequency peak and
mostly S: for the low frequen cy peak, the modeling indicates that both peaks originate

predominantly from the S 1 state, just from different g conformations.

2.46 Modeling of the spectral dynamics in m -IR

The initial C1 C peak found at small delays predominantly at 2090 cm-* is mostly
due to directly excited S: states, thus representing compounds with small g angles. The
nccssfrequency in Safor g = 0% 300 is centered at ca. 2160 cr (Figure 20c). The
compounds featuring g > 50 are excited to the S state; their relaxation occurs with a
characteristic time of ca. 5.5 ps and results in formation of the S states with the sameq

angles. The redshifted nccsspeak that appears at later time delays arises mostly from the
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Ncc,ssmode in the S state for g > 50 it is centered at ca. 2055 cm (Figure 20c). The
calculations confirm that the observed C* C peak alternation is caused by S- S
relaxation. There is a significant contribution to the blue C * C peak from the ncc.asin the
S state with g ~ 9@ (Figure 20c, gray line and circles). S- S relaxation for such
conformations produces a slight decrease in the high-frequency C! C peak amplitude, as
observed in the experiment.

To evaluate the extent of charge s@aration in the S: state, the dipole moment of
the compound in the S: state was computed for various g angles (Figure 20e). The dipole
moment increases asq approaches ca. 39 D, which corresponds to a separation distance
of 8.1 A for a full electron charge. Note that the bridge length is about 6.7 A, indicating
that the S state for D-C4-NAP manifests complete charge separaion. Figure 20e
confirms that, for the CS state, the G C frequencies report the extent of charge
separation: larger g angles feature smaller nccssfrequencies and larger charge separation
(Figure 21). Note however, that such correlation is not observed for acceptor-localized
excited states featuring a small charge sep@ration extent, as apparent for the S state
where strongly varying C * C mode frequencies correspond to essentially the same dipole

moment of the molecule (Figure 20, Table 6).
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Figure 21: Analysis of nccssand ncc.as mode frequencies . (Top) The frequency
difference between nccssand nccas as a function of the dipole moment of the D -C4-
NAP compound in S 1 state, DFT computed in DCM. ( Bottom) A correlation of the
Nce,ss and Necc,ss mode frequencies with the dipole moment of the compound.

Table 6: TD -DFT computed energy, dipole moment and oscillator strength at
different dihedral angles for D -C4-NAP in DCM in the ground and excited states.

Dihedral angle / degrees Energy / eV Hwyuw f

Ground state

0 0.000 11.6 -

90 0.025 10.7 -
Excited state S

0 2.444 32.0 1.79
15 2.446 32.4 1.70
30 2.450 33.6 1.42
45 2.451 35.3 0.97
60 2.449 37.1 0.47
75 2.443 38.3 0.12
90 2.439 38.7 0.00
Excited state S

0 3.212 16.6 0.00
15 3.216 16.7 0.10
30 3.209 18.3 0.36
45 3.159 18.9 0.63
60 3.105 18.0 0.92
75 3.068 17.0 1.15
90 3.055 16.6 1.24
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2.47 Symmetry origin of the S1 -S2 oscillator strength variations with g

To explore the reasons that the Sand S oscillator strength alternates as a
function of g, we performed natural transition orbitals analysis. 16 The natural orbitals
for So- Stand S- Stransitions at g = @ (left) and q = 90 (right) are shown in Figure 22.
The symmetry of the natural orbitals with respect to the plane perpendicular to the
acceptor plane passing through the C4 bridge is indicated for each orbital. For g = @, the
S- Sitransition is symmetry allowed involving symmetric orbitals, whereas the S o S
transition is symmetry forbidden, involving antisymmetric - symmetric and
symmetric- antisymmetric orbitals ( Figure 22) The principle is illustrated schematically
in Figure 23. At =90 the S- S transition is forbidden (antisymmetric - symmetric),
while the So- S transition is allowed (symmetric - symmetric, Fig. 21). This analysis
points to symmetry as the main reason behind the alternation of the oscillator strength

in the S1 and S states Figure 22).

: 2.7564 eV 449.81 nm f=1.34 S1: 2.7566 eV 449.78 nm f=0.00
L eibeelbll. =5 . 5% et ‘e 3 AL .-
Symm Symm Antisymm Symm
$2: 3.6030 eV 344.11 nm f=0.00 §2: 3.3674 eV 368.19 nm f=1.11
Antisymm Symm Symm Symm
Symm Antisymm

Figure 22: Leading natural transition orbitals for S o S:iand Se- Setransitions
of D -C4-NAP with their contributions in % above the arrow. The transition energy (in
eV), transition wavelength, and the oscillator strength () values are shown. The
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symmetry of the orbitals with respect to the plane shown with dots is indicated. Note
that the acceptor as a whole is not symmetric with respect to the plane; therefore, only
the symmetry of the acceptor motif attached to the bridge is considered.

0 =00 0 = 90°
C, pa— e
T + = :h'":/
S,5S, S, 58,
Cs Ce
7/ =
S8, $,%s,

Figure 23: Cartoon illustrating how symmetry affects the electronic coupling
betw een the ground and S1, S excited states.

Interestingly, the Sz energy surface has a minimum at 90, which is sufficiently
deep (~&eT) to significantly alter the torsion angle distribution that existed in the GS
(Fig. 7a). If the S lifetime is comparable or longer than the internal rotational time,
dynamic population of DBA conformations with larger g angle will occur. Such
orthogonalization may change the relaxation rate to Si1, depending on the angular
dependence of the S - S coupling strength. The calculations, using the GMH
approach,3revealed that the S - S coupling is the largest at q ~ 30 and decreases
monotonically towards both 0 ° and 9( (Figure 24). Therefore, the dynamic
orthogonalization is capable of dramatically reducing kcs for the D-C4-NAP compound.
Under the conditions studied, however, the mean S:lifetime is shorter than the g

rotational time, preventing a clear observation of this effect.
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Figure 24: The TD -DFT computed S 2-S1 coupling strength as a function of the
dihedral angle , q (blue circles and red line for eye guidance) for D -C4-NAP and the
product of fiand fz, the oscillator strengths of the S 1 and S: states, respectively (green).

2.48 S2-S1 electronic coupling varies with g

The computed electronic St S coupling is small at 0 and 90°, peaking at ca. 30
(Figure 24). The dependence of the coupling strength on g originates with the orbital
overlap between the donor and acceptor fragments as a function of angle. The small
coupling strength at 0 and 90° can be understood in the context of the symmetries
associated with the S - S and S- Stransitions. At both 0 and 90°, S and S states
feature opposite symmetries (Figure 20b), which result in near zero St S couplings at
these angles. The maximal coupling is realized at ca. 30, where the symmetry is low and
both transitions from the ground state are allowed. As a result, the S2-S coupling g-
dependence tracks the product of the f1 and f2 oscillator strengths (Figure 24, green,

normalized).
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Large values of the coupling strength at g = 1560 suggest thatthe S and S
states are mixed to a significant extent at these angles. A signature of this mixing is seen
in the increase of the dipole moment of the & state (Figure 20e). Adiabatic ET likely
takes place at angles in this range. The ET process at smaller coupling strengthd < 10
and >79) is likely nonadiabatic. The Marcus theory ET rate with G° =-0.5 eV andl o =1
eV, (kcs)* was computed at 4.6 ps for a coupling strength of 100 cm?, which corresponds
to the angle of ca. 88. It is surprising to see that the experimentally measured CS rates
correspond to such a narrow window of torsion angles (>83°).

To test the extent thebutadiyne bridge can bend we performed DFT energy
calculations at different bend angles for two torsion angles, 0° and 6 (Fig. S10). We
found that the range of bend angles thermally accessible at room temperature is rather
narrow (165 ¢ 180°). Moreover, the state energies and transition dipole moments are
found to be weakly dependent on the bend angle (Figure 25). The results suggest that
the analysis performed with the linear bridge structures is robust with respect to the

bend angle deviations.
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Figure 25: Bend angle analysis of D -C4-NAP. (Top) Ground state energies as a
function of the bend angle a at two torsion angles g of 0° (left) and 60° (right) for D -
C4-NAP in DCM. ( Bottom) The energies and oscillator strengths for S 1 - Sa singlet
excited states for two bend angles: a = 16% and a = 180-.

2.49 Summary

In summary, we characterized the excited state dynamics for a set of novel DBA
compounds featuring a butadiyne bridge using transient absorption spectroscopy in the
visible and mid -IR regions and electronic structure calculations. While the bridge, in
general, enables strong state coupling and conjugation, we found that it is the symmetry
of the frontier orbitals that plays the major role in identifying the coupling pattern
among the electronic states. This symmetry is affected greaty by the dihedral angle.
For the D-C4-NAP species, the symmetry dictates that the S state is bright only for
conformations with small dihedral angles, while the S 2 state is bright for conformations
-selection

with large dihedral angles. This finding offers the opportunity to utilize photo
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upon excitation, such that while both S: and S states became excited at specific
excitation wavelength, the dihedral angles in t he S and S states are very different. For
example, with 400 nm excitation of D-C4-NAP the S: state will possess small dihedral
angles, while S electronic excited states will possess large dihedral angles close to 99
Note that this photoselection is di fferent from an ability of selecting particular
geometries by exciting at different frequencies. We have shown that the S state in D-C4-
NAP is predominantly the CSS, characterized by a g-dependent dipole moment of 32 ¢
39 D, with the largest value at g =90°. Moreover, the frontier orbital symmetry affects
greatly the coupling of the Sz and & states; the coupling atg = 9¢ was computed to be
ca. 500fold smaller than that at g =30. The S- S relaxation, which constitutes a CS
reaction, occurs with diff erent rates for different dihedral angles. An indication of the
rate distribution was observed in variations of the CS rates obtained from fitting of
kinetics at different observation wavelengths. The mean values for kcs were measured at
ca. 5.5and 11.4 p for D-C4-NAP in DCM and toluene, respectively. An additional
component of 504 180 ps was observed from the global fit of the transient data. This
time component is assigned to the rotational motion resulting in the changes of the
dihedral angle, g. Becaise of at least an order of magnitude difference betweenkes and
krot, the influence of the rotation onto the CS process has not been observed clearly. The
decay process of CSSKcr or kisc) is at least several fold slower than kt. Therefore, the

rotatio nal process may affect the recombination in a significant way, but the current
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measurements did not permit a clear separation of such processes. We found that the
polarization of the charge separated state correlates with the frequency of the C C
stretching modes of the bridge, supported by the TD-DFT modeling.

Interestingly, the S1 (CS) state for D-C4-NAP in DCM became lower in energy
than the NAP -localized triplet state, preventing formation of the latter and resulting in a
ca. 0.4 ns lifetime for the charge separated state. For the PHC4-NAP species, the diabatic
CS state occurs at higher energies where a larger number of D and A-localized diabatic
states are found; stronger mixing of these states produces a much lower extent of
polarization in the eig enstates. The DC4-NAP compound offers exciting opportunities
for ET-rate modulation by exciting vibrational modes on the bridge, 4 5 108 117119which will

be reported elsewhere.

2.5 Concluding remarks

Through a collaborative effort between experiment and theory, we combined
synthesis, computational methods, and ultrafast spectroscopy methods to investigate the
evolution of excited states in organic and organometallic D-B-A complexes. Under the
presence of strong donors, the optical excitation of the acceptor leads to ultrafast
formation of charge separated states (CSS)These fast dynamics makes them excellent
candidates for electron transfer rate modulation by infra -red excitation in compounds

without rare -earth metals.
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3.1 Significance of the study

The wave-like properties of matter at the nanoscale allows electronic and
vibrational states to remain quantum coherent when a fixed phase and amplitude is
present between different states. However, random fluctuation of the environment
causes coherence tde short-lived. Sustaining coherence could enhance function in
chemical systems, allowing them to harvest and transmit energy and information. Here,
| discuss the collaborative efforts of the NSF Center for Synthesizing Quantum
Coherence (CSQC) to constrict covalently linked, strongly coupled light -harvesting
complexes based on porphyrin arrays that exhibit efficient energy transfer assisted by

coherent, non-thermal processes.

3.2 Introduction

Coherence phenomena pervade modern science, including the fields of optics,

non-linear classical dynamics, quantum computing and quantum information science,
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signal processing and communications, metrology, and applied mathematics and
mathematical optimization. Coherence phenomena permeate chemistry. The Heitler
Lond on theory of the valence bond, the Woodward -Hoffmann rules of electrocyclic
reactions, and the tunneling mechanisms that underpin molecular bioenergetics are all
manifestations of coherent quantum phenomena. Broadly speaking, coherence refers to
fixed temp oral and/or spatial correlations between signals or parameters of a system,
especially correlations resulting from interference patterns. More specifically, the fixed
correlations often refer to specific phase relationships between values of periodic or
quasi-periodic signals or physical parameters.

Understanding the coherences intrinsic to strongly coupled electronic,
vibrational, and spin states in molecular and nanoscale structures, promises to enable
chemists to direct the flow of electronic excitation energy, charge, and spin in profound
new ways. First, the fundamental knowledge gained in these studies will provide access
to a new kind of chemical reactivity that does not rely on thermalized populations. The
experimental tools needed to probe coherentelectronic states (excitons, polarons, and
trions, in particular), and the theoretical tools to simulate them, have only emerged over
the last decade. Second, the development of fundamental principles underpinning
coherent molecular phenomena will enable innovation in wide ranging areas of

chemistry that span energy conversion to molecular sensing to quantum computing
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arising from the coherent flow of energy, charges, and spin at the molecular and
nanoscale.

This chapter presents our collaborative efforts to study coherence phenomena
presentin electron and energy transfer processes in donokbridge -acceptor systems.
First, we introduce the exploration of a quantum ratchet 2°that produces efficient
electron transfer assisted by a nonthermal energy transfer process. Second, weanalyze
the exciton dynamics of cofacial porphyrin structures reported by Fletcher and
Therien.*21 A combination of ultrafast spectroscopy techniques and TD-DFT analysis

reveals the excited state dynamics of thestrongly coupled light -harvesting complexes.

3.3 Quantum ratcheted photophysics of multi-chromophoric
systems

We designed light-harvesting artificial complex es with the aim of producing
efficient electron transfer assisted by a nonthermal energy transfer process known as
guantum ratcheted energy transport. The complex consists ofmeso-to-meso ethyne-
bridged (porphinato)zinc(ll) oligomers (D1 or Diz &t©ngly coupled to a
(porphinato)zi nc(ll) monomer (D 2), which is covalently bonded to a naphthalenediimide
acceptor (A) (Figure 26a). Light excitation of D 1generates a hot exciton. Vibranic
coherence enables exciton transfer from D* to D2*, followed by an ultrafast electron
transfer step that defeats vibrational relaxation (Figure 26b). The electronic structure and
photophysical properties of the compound swere studied using time -dependent density

functional theory (TD -DFT). Contrary to the ratchet mechanisms presented in Chapter 5,
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which are based on incoherent hopping, the quantum ratchet presented hereexploits
coherence effects such as electronic and vibronic coherences. Directionality is

determined by the intrinsic energy landscape of the molecular system.

D,D,A
Light excitation

Quantum ratcheted

@
@ energy transfer
®

Ultrafast Electron transfer

Figure 26: a) Structures of the light -harvesting complex es studied. b) Schematic
depicting quantum ratcheted energy and electron transport dynamics
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3.3.1 Experimental details

The procedure followed for obtaining the spectra will be provided elsewhere. We

present experimental results in Section 3.3.4to accompany the theoretical calculations.

3.3.2 Computational details

DFT and TD-DFT calculations for D1-D2-A (PZns-Ph-PZn-NDI) , D1zD2-A (TIPS
PZn2-Ph-PZn-NDI) and subsystems Di1-A, DiSA, D2-A, D1-D2 and DizD2) were
performed in Gaussian 16% at the MN15/def2-SVP level of theory.38 39 Aliphatic chains
where truncated to methyl groups to reduce the computational cost. The CC2 method!22
with the same basis set as implemented in Turbomole'23 124was used to benchmark the
DFT functional chosen. Solvation effects of toluene and dichloromethane were simulated
in TD-DFT calculations using the polarizable continuum model (PCM). 4t Coordinates of

the optimized structures in both solvents can be foundin Appendix C.

3.3.3 Design considerations

This system leverages resonant energy transfer (EnT) to produce D*, and
ultrafast D2 A electron transfer to irreversibly generate a charge-separated state. This
ratcheted ET process requires charge separation (CS) to occur on a timescale much faster
than that for thermalization; CS trapping on A through a Marcus inverted behavior
should be on a similar time scale or faster than the Di*/D2* Rabi oscillation that would

eventually drive relaxation of the coherent excited state to D 1*.
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3.3.4 Photophysics of D1-D2-A and D16D2-A compounds

The electronic structure and photophysical properties of the compound were
studied using time -dependent density functional theory (TD -DFT). Calculated
absorption spectra of Di1-D2-A and DizD2-A (Figure 27) demonstrate qualitative
agreement between calculations and experiments.

Computed TD -DFT analysis of the locally excited (D1"D2A and D1Dz'A) and
charge-transfer (D1Dz*A-) excited states of the two compounds in implicit
dichloromethane solvent are shown in Figure 27. The energetics of the states present the
proper energy level ordering required for quantum ratcheting ( Figure 26). Both
compounds present similar predicted energetics for the DiD2’A and DiD2*A-states but
diffe rent D1'D2A state energetics as expected from the conjugation reduction when
substituting D1 for Diz 0

Emission measurements of D1-D2-A and D1zD2-A were carried out to examine
any fluorescence quenching that could suggest the existence of an energy transfer or
charge transfer process. The two compounds presentedmarked differences in their
emission spectra No fluorescence quenching was observed for Di-D2-A when compared
to D1 alone (Figure 29A). The steady-state emissian of DigD2-A compound show
excitation energy dependent emission quenching relative to the Disbenchmark (Figure
29A). The presence of emission quenching relative to the D benchmark (as shown), and

the Di-D2 reference species, strongly suggest the occurrence of charge transfer.
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Figure 27: Theoretical and experimental absorption spectra of (a) D 1-D2-A and
Dis #A in dichloromethane
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Figure 28 Energetics and orbital transitions of (a) D 1-D2-A and (b) D 1zD2-A
calculated in implicit dichloromethane with TD  -DFT at the MN15/def2 -SVP level of
theory . The oscillator strength(f) values, which indicate the probability of absorbing a
photon are also included.
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Figure 29: Emission spectra of (a) D1-D2-A and (b) D 1zD2-A and their
corresponding benchmark structure.

To conclusively identify the mechanism through which charge transfer reactions
occur, excitation energy dependent transient absorption spectroscopic experiments in a
range of solvents areneeded. 2DEV experiments to interrogate the vibrational modes

that control coherence and drive energy ratcheting would also be incisive.
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3.3.5 Summary

We have studied the photophysics of two multichromophoric systems
engineered for ratcheted energy transfer. The systems consist of two different donors
separated by a decoupling bridge unit and an acceptor covalently attached to one of the
donors. TD-DFT analysis supported by steady-state emission measurements suggest the

presence of ratcheted electron and energy transfer.

3.4 Engineering and sustaining excited-state coherences in
cofacial porphyrin arrays

Covalently linked chromophores offer the possibility of producing strong
chemical interactions that may generate coherent electronic or vibronic dynamics
(Figure 30). We examine how symmetry in these multi -chromophoric structures may
influence electronic and vibronic coherences using experiment and theory. This study

aims to unmask the origins of the coherent dynamics in cofacial porphyrin structures.
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Figure 30: Cofacial structures studied in this work . The numbers correspond to
the label used by Fletcher and Therien. 121 The optimized structures of Dimer 1 (meso -
meso bridged) and Dimer 3 (meso -¢ bridged) at the CAM -B3LYP-D3BJ/def2-SVP
level of theory are also sh own. 3.4.1 Experimental details

Details of the experimental measurements will be provided elsewhere. In
sections 3.4.3 and 3.4.4 w presentexperimental results that are supported by theoretical

calculations.

3.4.2 Computational details

Geometry optimizations , frequency calculations and vertical excitations in the
ground and excited state geometries performed using the CAM -B3LYP-D3BJ/def2SVPee.
43, 125|evel of theory as implemented in Gaussian 16. “° Similar results were found with
the MN15 functional. 3 PCM was used to simulate the solvent effects Tetrahydrofuran

(THF) was chosen as the solventsince it hasa similar dielectric constant as the 3:1

64



mixture of diethyl -ether and ethanol used in experiments. The coordinates of the
optimized structures can be found in Appendix D.

Electronic couplings between the S1, S2, S3 and S4 states where calculatéd Q-
Chem 5.3.226using the Edmiston -Ruedenberg localization scheme?” and the Fragment-
Excitation Difference (FED) method*?¢in the presence of animplicit solvent (THF). The
electronic couplings calculated with the Edmiston -Ruedenberg localization scheme are

shown in Appendix D.

3.4.3 Linear absorption spectra and TD-DFT analysis

Figure 31 shows the linear absorption spectra of the two monomers and two
dimers. The peaksless than 17000 cnt are treated as vibronic replicas of the Q-bands.12
Interestingly, the absorption spectra of Dimer 1 presents two peaks which might

correspond to the higher exciton and lower exciton manifolds.

Dimer 1 ‘
Monomer 8 ! > 17889 |\ 13084
308 R %08
Pl S r{’ﬁ’j S
g Los =¥ 2051 16693 16978
=" R £ 04 </ - €04
Ph 5 LSy 5
So2; W3 202
R
0 0 |
1.5 186 7 18 19 2 1.5 16 1.7 1.8 1.9 2
Frequency (cm™) x10* Frequency (cm™) 10*
Monomer 9 ‘ Dimer 3

17841

16722

1.6 1.7 1.8 1.9 2
o 4
Frequency (cm 1) %10

1.7 1.8
Frequency (cm")

Figure 31. Linear absorption spectra of monomer 8 and 9, and Dimers 1 and 3
measured in 3:1 mixture of diethyl -ether and ethanol at 95K.
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TD-DFT analysis of the four compounds is summarized in Figure 32 In Dimer 1

orbital distribution is highly delocalized whereas in Dimer 3 the electron density is

localized on one of the two porphyrin motifs. The S1 and S2 states are mainly localized

on the phenyl-substituted unit . S3 and S4 are localized on the complementary unit.

The absorption frequency of the monomers and Dimer 3 is overestimated (c.a.

400 cm?). Interestingly, for Dimer 1 the low frequency and the high frequency

absorption peaks are underestimated and overestimated, respectively, with DFT.

However, the excitonic gap predicted with the CAM -B3LYP functional is consistent with

the MN15 functional and the CC2 approach (Table 7).
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Figure 32 TD-DFT analysis of the four porphyrin

-based structures analyzed.

Energies, oscillator strengths (f) and natural transition orbitals are shown.
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Table 7: Vertical excitation values of Dimer 1 with different levels of theory
The def2-SVP basis set was used for all methods. The DFT values were calculated in
implicit THF solvent.

State CAM -B3LYP-B3DJ / cmt? MN15/cm-t CC2/cmt?
S1 17319 16967 18631
S2 17448 17143 18760
S3 18322 18293 19769
S4 18357 18363 19793

3.4.4 Excited state dynamics

Two-dimensional electronic spectroscopy (2DES) measurements provided
evidence of inter-excitonic population transfer in Dimers 1 and 3 (not shown). Figure 33
shows the pump-probe study conducted to detect the inter-exciton relaxation time.
There is no sub-ps decay for Monomer 8. Dimer 1 has an order of magnitude
acceleration when compared to Dimer 3. Additionally, both compounds exhibit rapid
ground state recovery, which competes with the inter -excitonic relaxation. The kinetics
of both dimers was shown to be temperature-dependent, suggesting the presence of a

thermally activated process.
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Figure 33: Kinetic decay trace of Monomer 8, Dimer 1 and Dimer 3 at 95K and
140K. Insets indicate the inter -exciton relaxation time (t dec).

The faster relaxation time in Dimer 1 and high orbital delocalization was
attributed to a higher electronic coupling between the porphyrin units. Electronic
coupling calculations using the fragment excitation difference method 128 (Table 8)
indicated that Dimer 1 has an electronic coupling at leastthree times stronger (0.064 eV)
than Dimer 3 (0.022 eV) The Dimer 1 highest electronic coupling value is close to a beat
map at 0.042 eV found in experimental measurements.

To probe if the increase in coupling was due to topology ( meso-mesovs mesac¢)
or symmetry (homo vs hetero-dimer) effects, we calculated the electronic couplings of
the meso-¢ bridged homaodimer (Dimer 1 meso-¢, Table 8). This change in connectivity

led to similar electronic couplings as in Dimer 3 . Therefore, the increase in coupling was
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attributed to topology effects , presumably due to a stronger ujstacking between
porphyrin units ( Figure 30).
Table 8: Electronic couplings of cofac ial porphyrin systems calculated using

the Fragment-Excitation Difference (FED) method . The geometry used corresponds to
the ground state minimum .

States Dimer 3 Dimer 1 Dimer 1 mesod
coupling/eV coupling/eV coupling/eV
1 2 0.001 0.008 0.006
1 3 0.022 0.049 0.027
1 4 0.006 0.064 0.012
2 2 0.005 0.054 0.007
2 3 0.016 0.047 0.026
3 4 0.000 0.002 0.003

To analyze if the electronic interaction proceeds through-bond or through -space,
we calculated the dimer structures without the bridge subunits (dangling bonds were
capped with hydrogens). The similar electronic couplings reported in Table 8 and Table
9 indicate that the interaction occurs mainly through -space.

Table 9: Electronic couplings of cofacial porphyrin systems without the bridge

unit calculated using the Fragment -Excitation Difference (FED) method . The
geometry used corresponds to the ground state minimum

States Dimer 3 Dimer 1 Dimer 1 mesof

coupling/eV coupling/eV coupling/eV
1 2 0.001 0.015 0.004
1 3 0.030 0.012 0.037
1 4 0.008 0.093 0.032
2 2 0.010 0.077 0.025
2 3 0.029 0.015 0.038
3 4 0.001 0.002 0.001
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Figure 34 shows a proposed scheme that reflects the competition between the fast
ground state recovery and the inter-excitonic relaxation channels. The ground state
recovery is attributed to a conformat ional relaxation that leads to a conical intersection
(CI). Computational calculations such as minimum -energy crossing point (MECP)130
could test the hypothesized dynamics by finding conform ations closer to the conical
intersection.

Fast conformational relaxation leads
to the Cl between S, and S,

Higher exciton Z0———

Inter excitonic
relaxation

4
Lower exciton

Figure 34: Proposed excited state dynamics of Dimers . After absorbing light,
the inter -excitonic relaxation pathway competes with a conformational relaxation that
leads to a conical intersecion (Cl).

3.4.5 Summary

We have studied coupled chromophore arrays to examine how symmetry
breaking impacts the nature and persistence of vibronic coherence. The differences in
connectivity between Dimer 1 (meso-meso) and Dimer 3 (meso-¢) lead to significantly

different excited state dynamics. The inter-exciton relaxation measured with pump -
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probe spectroscopy is about anorder of magnitude faster in Dimer 1 (0.28 +0.05 ps}han
in Dimer 3 (2.1 +0.3 ps) TD-DFT analysis found that the frontier orbitals are highly
localized on one of the two porphyrin units in Dimer 3, while they are delocalized in
Dimer 1. The differences in inter -exciton relaxation and electron density distribution
between the dimers is qualitatively consistent with the calculated electronic couplings.
The results indicate that upon excitation, there exists a competition between fast ground
state recovely, attributed to the presence of a conical intersection, andinter-excitonic
relaxation. This study points toward a strategy for the synthetic control of the electronic
coupling in cofacial porphyrin dimer structures, and points to schemes to influence their

coherent dynamics.

3.5 Concluding remarks

We have combined ultrafast spectroscopy with TD -DFT calculations to elucidate
the excited state dynamics of covalently linked, strongly coupled light -harvesting
complexes. Current experiments suggests that vibronic coherence plays a role in the
energy transport processin quantum ratchets and cofacial porphyrins . Additional
experimental and theoretical analysis would be valuable to unmask the normal modes

relevant for the coherent energy transfer processes.
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4 Del ocal-azatsberd transport throt

acids in molecular junctions

This chapter is excerpted from:

Valdiviezo, J.; Clever, C.; Beall, E.; Pearse, A.; Bae, Y.; Zhang, P.; Achim, C.;
Beratan, D. N.; Waldeck, D. H., Delocalization -Assisted Transport through Nucleic
Acids in Molecular Junctions. Biochemistry2021,60(17), 13681378.

Part of this research has been generously supported by the National Science

Foundation (grant no. CHE-1925690.

4.1 Significance of the study

DNA duplexes are promising structures to build functional nanodevices given
their ability to transport current over long distances efficiently. In these systems,
coherent tunneling dominates over short distances, and incoherent charge hopping is
mainly present over long distances. Recent works reported the existence of an
intermediate coherent-incoherent regime in DNA sequences with stacked guanine-
cytosine (GC) base pairs supported by charge delocalization over several base pairs. We
have studied the single-molecule conductance of peptide nucleic acid (PNA) duplexes
with stacked GC base pairs and compared our values with previous studies on DNA.

Our results show that PNA has higher conductance than DNA and incoherent transport

is the dominant mechanism. Theoretical simulations suggest that the peptide backbone
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enhances the electrodemolecule coupling and the base pair coupling, reducing the

coherent contribution to the total conductance.

4.2 Introduction

Charge transport through nucleic acids 102 13141 can proceed by tunneling, resonant,
near-resonant, or incoherent pathways that are sensitive to the macromolecular structure
and its environment. 142145 Until recently, charge transport through nucleic acids was
believed to proceed by coherent tunneling at shorter distances and incoherent (multi -step)
hopping at longer distances.!4% 146148 However, recent studies found that neither the
coherent nor the incoherent pictures are adequate to describe the transport at short to
intermediate distances.14*151 For example, the single-molecule conductances measured for
deoxyribonucleic acid (DNA) duplexes with alternating cytosine (C) and guanine (G)
bases, namely-(GC)»- with & ranging from 3 to 8, were compared to those for duplexes of
the same length with the G and C bases separated into blocks, i.e.,-GnCr-.1% The -(GC)n-
duplex conductance decreases linearly with &€, while the -GnCn- (G-block) duplex
conductance oscillates with €. The linear decrease of the conductance in-GnCn- is
consistent with an incoherent charge-transport mechanism. The G-block conductance
oscillations suggest extended carrier delocalization (coherence) over strongly-coupled,
adjacent G-blocks.152

The strong sequence dependence conductace found for DNA 137 and charge

transferts3157indicate sequencedependent delocalization characteristics. Indeed, the more
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rapid exponential decrease of electrical conductance in AT duplexes compared to GC
duplexes is well documented.*%® Less well understood is the influence of cross-strand
couplings on the strength and mechanism of nucleic acid charge transfer and transport.15°
For example, positioning the molecule -electrode linker groups andthe G-EOOE OU wOOwUT 1 o
termini of the DNA duplexes causes an order of magnitude increase in the single molecule
conductance compared to duplexes with the electrode-molecule linkers and G-blocks on
011 woRGBE W31 PUwWI O E-&nEhbréd Ghlbek Auiplexésiwhsuekpiined by
the larger cross-strand G-to-G coupling between G-blocks accessed in the middle of the
} ¢ 7 U U U @dmpdded to eucorresponding cross-strand coupling inthe k-k z WEE D O U 6
Because the Gblocks mediate the charge 1ow, 153the cross-strand block -to-block coupling
is critical. %% Indeed, the G-to-G cross-strand coupling is estimated to be two to three times
OEUT | Uu®Ei0b Uiué mE Ux O1 Randbondd bpedies®Thersthpliude ofzhe
even-OEEWEOOEUEUEOE | w O thicBo@® 6-0@iOydiemdabauldiger] as & 7
percentage of the total conductance, because the crosstrand coupling is weaker.

Comparing the molecular conductance through aminoethylglycine peptide
nucleic acid (PNA) and DNA duplexes with the same base sequences can help to reveal
the structural origins of the molecular conductances. 162165 PNA and DNA duplexes that
have the same number of bases and the same sequence, but a different backbone structure,

can display conductances that differ by 10- to 20-fold. 15 These conductance differences

were explained as arising from differe nces in the populations of strongly coupled
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nucleobases, as well as by differences of energy level broadenings. Indeed, energy level
broadening can produce mechanisms that are neither purely coherent nor incoherent. The
si OPEOI UDPOT wUI U &ekeddnh hegasing éonfdniaBonsi@ough molecular
fluctuations that can support coherent transport during the persistence time of the quasi -
degenerate energy configurations. The studies reported here describe the singlemolecule
conductance of G-block PNA duplexes for five different lengths ( € ot x), and compare
the conductances to those measured in Gblock DNA duplexes reported previously. 15°
This study explores how changes in backbone chemistry influence the conductance values
and the relative contributions of coherent and incoher ent transport mechanisms.

The structure of N -linked PNA is shown in Figure 35. An amine-modified thymine
nucleobase is positioned at the N-terminus of the self-complementary G-block PNA
oligomer; Watson-Crick hybridization of the PNA oligomer leads to a PNA duplex that
has a palindromic sequence with amine-modified thymines on both ends of the duplex.
Electronic coupling occurs between the electrode and the amine-modified thymine at the
N-terminus of one strand of the duplex; the modified thymine at the N -terminus of the
complementary strand interacts with the STM break junction tip (N -to-N transport). The
N-UIT UOPOUUWOI w/ - wbUwE OE YA &Thkwdhduaianteimedsgea Ul UOD O
for the G-block PNA duplexes is as much as 20 times larger than is measured for the
analogous G-block DNA duplexes, and the even-odd conductance oscillations are found

to be less pronounced in PNA.
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Figure 35: PNA molecular junction and sequence. The opposing termini
orientations are shown for the N -linked PNA for n =5 (top). The sequence shown is
TGsCsA and each color represents a different nucleotide. The duplexes are anchored
to gold electrodes via amine modifications on the terminal thymine nucleobase. The
arrows indicate the nucleobases considered for the GC -GC intra -strand (79, GC-GC
cross-strand (1), and terminal AT -GC () electronic coupling calculations. One -
dimensional model used in this work (bottom). [, is the Fermi level of the gold
electrode, A and A are the molecule-lead electronic couplings, and -H-I:-H-Fand T are
the nucleobase electronic couplings described above.

The enhanced conductance of PNA duplexes, found in earlier comparisons
between DNA and PNA homoduplexes, was attributed to the gre ater backbone structural
flexibility in PNA. 165 The current study shows that the conductance of G-block PNA is
larger than in G-block DNA, however the G -block duplexes of DNA and PNA appear to
have similar structural flexibility ( vide infra). Nevertheless, the theoretical analysis
suggests that the structural changes associated with the different nucleic acid backbones
affect the electronic couplings through the urstack and the nucleic acid-electrode

interactions, producing stronger electrode -molecule coupling for PNA compared to DNA.
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That is, the electronic coupling interactions near the chain ends ¢ ,I , and w , indicated
in the bottom panel of Figure 35), are much larger for PNA duplexes than for DNA
duplexes. The measured conductance value trends for the three duplex types, and the
magnitude of the even-odd conductance oscillations are rationalized using an orbital

model to describe the mediating state (vide infra).

4.3 Methods
4.3.1 Conductance measurements

Information about the conductance measurements can be found elsewhere 168

4.3.2 Computational details
4.3.2.1Molecular dynamics

The nucleic acid duplexes were solvated in a TIP3P water box'®° that extended at
least 15.0 A from each atom. DNA duplexes were neutralized with Na * ions.
CHARMM3G6 force field 17° parameters for DNA "*and PNA'2were used. The scaling
factor for 1-4 electrostatic interactions was set to 1.00. A distance of 12 A was selected for
truncating van der Waals interactions. The maximum non -bonded interaction distance
for the periodic calculation of the interaction energy was set to 14 A. The Particle Mesh
Ewald method 13 with a grid spacing of 1 A was used to compute the electrostatic
interactions. Full electrostatic interaction energies were evaluated every 2 time steps.

The lengths of all chemical bonds between hydrogens and heavy atoms were
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The NAMD 2.11 software "#was used to run the MD simulations. First the
duplexes were optimized with 8x10 4 energy minimization steps. The minimization was
followed by 225 ps of solvent equilibration (fixed nucleic acid duplex) at 300 K to allow
water molecul es and ions to adjust. Next, the constraints were removed, and a Langevin
thermostat and piston 175 176were used to equilibrate the systems at constant temperature
and pressure for 1.5 ns (temperature = 300 K, pressure = 1 bar, barostat period = 1086,f
characteristic damping time = 50 fs, damping coefficient = 2.0 pst). The final MD
production run lasted 100 ns. Snapshots were saved for each system every 33 ps (3000

coordinate frames in total).

4.3.22 Electronic coupling and site energy analysis

For each MD snapshot, the nucleobase HOMO energies and nearesheighbor
cross-strand (w ), intra-strand (w), and terminal AT -GC (w ) couplings (Figure 1) were
computed from the Fock matrix using the block diagonalization method; 177 the Fock
matrix was obtained at the INDO/S level 178 from the CNDO program. 17 The INDO/S
method gives a good description of charge transfer parameters in organic “ -stacks at a
reasonable computational time. 18 Electronic couplings were computed in the two -state
approximation. Only the nucleobases were included in the com putation of orbital

energies and electronic couplings, denoted asin vacuo(solvent and backbone atoms were
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removed, and dangling bonds were capped with hydrogens). The explicit treatment of
backbone and solvent as classical point charges (QM/MM scheme) ha been reported to
have a small influence on the HOMO energy mean values,'®1and in sequences with longer
bridges, as in this study, the rate constant for hole transfer calculated using a QM/MM
formalism and in vacuoapproaches are similar.82 It has also been shown that QM/MM
calculated electronic couplings are similar to the in vacuoresults,!8 18250 we used thein
vacuo results in the analysis described here. The methods used here were shown to
provide reliable estimates of the electronic couplings in DNA. 161,162

A cross-strand coupling via the superexchange guanine-cytosine-guanine
pathway was also calculated for snapshots taken every 5 ns, using only the four
nucleobases in the crossstrand region. A density functional theory approach was selected
to describe the hydrogen bonding interactions between nucleobases!&which are relevant
for the superexchange pathway. The Kohn-Sham matrix obtained with the M11
functional 8¢ and the ma-def2-TZVPP basis set® as implemented in Gaussian 16° was

used to compute the associated electronic couplings.

4.4 Theoretical analysis of DNA and PNA structure and
electronic properties

Molecular dynamics simulations of PNA and DNA duplexes ¢(GsCs) ¢ were run
for 100 ns. This time range allows sampling of the inter-nucleobase fluctuations and a
subset of duplex conformational changes.t62 Analysis of these structural data indicates that

the root-mean square deviations (RMSD) for the dructural fluctuations of PNA duplexes
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are comparable to those of the DNA duplexes. The duplex RMSD value from its average
structure calculated with VMD %s 1.3+ 0.3 A for N-linked PNA, 1.4 D wY 6 K wl@ked OU wt 7
DNA, and 1.5 p wY 8 K w-tmket BNAuihe small difference in RMSD values suggests
that the PNA duplexes are slightly more rigid than the corresponding DNA structures
(Figure 51 and Figure 52). This result is the opposite of results that were found earlier for
PNA and DNA duplexes with a mixednucleobases sequence. (For mixed sequences, the
PNA duplexes were found to be more flexible than the DNA duplexes. %9 This finding
indicates that the relative structural flexibility of the nucleic acids is sequence dependent.
The larger overlap between nucleobases in the PNA GEOOEOUw Ol EEUVU uywOw U U U«
interactions and decreased flexibility as compared to the earlier mixed nucle obase
sequence studies of PNA duplexesié’
MD snapshots were used to calculate HOMO energy fluctuations for each base
pair in the d uplexes (at the INDO/S level). The HOMO energy fluctuations and standard
deviations of each base pair are shown inTable 10forthe ¢ v length, which is illustrated
in Figure 35, for the case of PNA. The similar HOMO energies, and their standard
deviations suggest that the energy fluctuations are similar for PNA and DNA duplexes.
These HOMO energies, calculatedin vacuq are 1.5 eV to 2 eV below the Au work function.
However, the influence of a metal electrode on the electronic state energies of adsorbed

species can be substantial (circa 1 e¥9), and we expect the energy offset between the
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Fermi level and the effective HOMO orbital energies to be significantly less than 1.5 ¢ 2

ev.

Table 10: HOMO energies (eV) and their standard deviations for the GC base
pairs examined in the cross-strand, intra -strand, and terminal ele ctronic coupling

calculations. These values are computed for = chains.
#- wkz #-  wt z PNA N -end
Eromo b Eromo b Eromo b
Cross -6.51 0.22 -6.55 0.21 -6.97 0.19
Intra -6.41 0.22 -6.37 0.21 -6.47 0.19
Term -6.68 0.21 -6.71 0.22 -6.56 0.18

We calculated the nearestneighbor root mean square electronic couplings

W between base pairs (INDO/S, block diagonalization method, capped bases)iét

where @ wO pft B w,w @ , ,, isthe standard deviation of o,

and n is the number of MD shapshots used for averaging. Table 11 shows the calculated
@ values. Table 11 reports the calculated electronic couplings of the terminal AT base
pairs with their nearest GC pair (@ ) for each of the three duplex types. These calculations
indicate a nearly three-fold increase in w for N-terminal PNA compared to the
corresponding couplings in the DNA duplexes. Table 11also shows that the N-linker PNA
duplex intra -strand couplings (w) are larger than the values found for the DNA
counterpart. The increase in the couplings, @ and w , for PNA versus DNA are consistent
with the larger molecular conductances that are observed experimentally. The cross-

strand coupling (w ) also affects the conductance and earlier work!*® showed that it affects
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the even-odd oscillations and they are discussed next. A description of how these
computed electronic coupling values are linked to the conductance measurements follows
this subsection.

Table 11: Vrus values of GC -GC cross-strand (Vc), GC-GC intra -strand (V1) and

terminal AT -GC coupling ( V1) in eV. The cross-strand GC-GC couplings for the
superexchange pathway (-ﬂL I} are also shown.

#- wk #- wt PNAN-
end
w 0.011 0.017 0.047
W 0.087 0.071 0.120
w 0.006 0.012 0.002
w 0.001 0.005 0.017

The direct cross-strand couplings @ of the N-OD OO1 E w/ -linkedEDDIE awek 7
both small compared to the other couplings, presumably because of the small overlaps
between the G-bases on the two strands Figure53). Thus, we examined how these values
compared with coupling obtained from a superexchange pathway involving three
nucleobases,w (Table 11). MD simulations show that the geometrical parameters of
PNA produce larger G -C w overlaps in the cross-strand region and, as a consequence,
UOUOBT 1 U wsyorfpérébixaitiz Gdse in DNA Figure 5446 w31 1 wlOOUOOT wwwdd
between the stacked GC nucleobases in PNA provides a superexchange pathway for
charge transfer. The caoss-strand coupling, @ for the guanine-cytosine-guanine

superexchange pathway was calculated for selected snapshots taken every 5 ns with

density functional theory to describe hydrogen bonding interactions (M11/ ma-def2-
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TZVPP, block diagonalization, capped bases)3. 189 ¢y YO where the

subscripts indicate the nucleobase and the position inthe¢ v duplex (see Appendix E).
and YOis the energy difference between guanine and cytosine localized states, which is
close to 0.7 eVt 191y | which are the RMS couplings, are included in Table 11 @ is
larger than the RMS w values only for PNA, suggesting that the superexchange
contribution to the cross-strand coupling is more relevant to the transport mechanism in
PNA than in DNA, and we will address the implications for the charge transport below.

In addition to differences in coupling pathways for PNA and DNA , the MD
simulations reveal structural differences among the duplexes that can affect the electrode-
molecule electronic couplings (I and[ ). Recall thatw as wellas] and[ determine the
electronic coupling interactions near the chain ends. The orientation of the terminal AT
base pair, which contains the amine groups that bind to the Au electrodes, with respect to
the first GC base pair of the G-block (Figure 35) appears to be different in the PNA
junctions than in the DNA duplexes. In particular, the D NA terminal base pairs exhibit
OEUT 1l UWUUUUEUUUEOwI OUEUUEUDOOUWUT EOQwPOwW/ - Owhki
absence of the distance constraint described aboveln addition, the increased rigidity of

the PNA nucleobases, which correlates with eOT EQEWEHWWEE OPOT wbOUI UEEUD

contributes to establishing strong contacts with the leads and increasing the conductance.
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4.5 PNA vs DNA conductance

The average experimentally measured single-molecule length-dependent
conductance for the high-conductance mode of each duplex is shown in Figure 4. For the
N-to-N linked PNA, the average conductance of the highest conductance mode is ~
o p 1 O (where Gois the quantum of conductance). The average conductances for
the PNA duplexes are an order of magnitude larger (or more) than for DNA duplexes of
the same length. Figure 4b shows the mean conductance value obtained from the PNA
conductance histograms, which are 3-5 times larger than the literature conductance values
Ul xOUUIT E wi OU wtlorg toutte- PNA aarfd@rtarteés B2 conductances for the first
few (¢ ofrhand vK wE @ E-linkeg G -block DNA duplexes were measured in this study
and are plotted as filled symbols in Figure 36. The measurements performed here are in
good agreement with those reported by Tao and coworkers (unfilled symbols) and also
display the even-odd oscillation. 1*Note that the increased conductance in PNA compared
to DNA is consistent with earlier findings for mixed PNA sequences, 1% 165g|though the

details of the mechanism for the large PNA conductance may be different.
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Figure 36: Conductance measurements. Panel A shows the results for the N
OPOOI Uw/ - wepEOUI wUoUEdl Ui#ub Dwip kG EDE wineérmdiz Ol U K
DNA (red circles); the open symbols are from a previous study >°and the filled
symbols are from this study. Error bars are shown for the duplexes studied here
representing a single standard deviation of the fitted Gaussian function for the
I DT T 1T UUWOEUI UYEEOI wOOET 6 w31 1 wOil 1 E Qrmer iDME OOx 001 O
. data point has been excluded for clarity. The lines in the plot connect the best
fit conductances found using the Buttiker double barrier model (see Supporting
Information). Panel B shows an alternate analysis in which the PNA conductance
value s were assigned to the mean conductance value of the histogram, in order to

show the increased PNA conduction in a model -independent manner.

The G-block PNA molecules show a significantly higher conductance (2 to 4
percent of Go) than is typically found fo r molecules of comparable length, ~ 3 to 5 nm?92
For example, molecules that display conductanceson the order of a few percent of Go are
typically the size of a single aromatic ring, e.g., benzenedithiol and benzenediamine. Two
key factors influencing the molecular conductance in a junction are the electrode-molecule
OPOOI Uwl UOU x wE Oécwodit struntdrd. Ohe Enldleddrauptan have an order(s)
of magnitude effects on the measured conductancel®2 193The amine linkers for the PNA

and DNA duplexes used in this study couple the aromatic stack of the duplex more
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strongly to the electrodethan do the backbone-basedthiol linkers usedin earlier studies.*%*
The electronic structure of the mediating molecule, e.g., saturated versus unsaturated, is
known to have a large influence on the molecular conductance as well.5¢ However,

molecules with highly conjugated electronic structures, such as oligo(phenylene-
vinylenes) and oligophenylethynylenes, show conductances in the range of 102 Go or

lower if they are a few nanometers in length. 192 195The length dependence of the molecular
conductance through a homologous series of molecules is often characterized using an
exponential decay as a function of length 0; i.e.,Q @Rt 0.1% Conjugated molecules show
a much weaker decay with distance (smallerf value) than do saturated systems. Both the
shallow dependence of the PNA conductances on length and the high conductance values

EUI wEOOUDUUI O

(e}

The observation that the molecular conductance of G-block PNA du plexes are 10
UOwl YwUBOI Uwi BT TT Uwl# EOwB U x QiE ®IU Gsteiok@diiker i1 wi 7
consistent with previous observations. Bruot et al.1%compared the molecular conductance
through k z1 6B"1&& wqpp § DNA duplexes consisting of thiol linker groups
connecting to the nucleic acid backbone with duplexes of the identical nucleobase
sequence that have amine linkers bondeddirectly to the base stack. They found that the
conductance was 101 Y wUD O1 Uw i b Fstadk Unker 1©dd the batkoone linker for

otherwise identical DNA duplexes. In earlier studies, we compared the molecular

conductance of PNA duplexes to DNA duplex es with thiol linker groups on the nucleic
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acid backbone. In those cases, the PNA displayed a molecular conductance that was about
20 times higher than that of the DNA. 1%8.165The high conductances measured for the PNA
duplexes in this study is consistent with these earlier findings. The combined effects of
the amine/thymine -based linker group and the high electronic coupling through the G -

block stack are responsible for the high conductances reported here (vide infra).

4.6 Molecular orbital interpretation of conductance oscillations

The N-to-N linked PNA duplexes show a one - to two -order of magnitude increase

POwUT 1 wOOOI EUOEVUWEOOEUEUEOQE] WEOOXxEUI -inkedd Ow 0T 1 w
DNAs. This increase in conductance is consistent with the findings for mixed sequence
DNA and PNA duplexes reported earlier. 158 1865 Conductance oscillations observed
x Ul YPOUU O DO iub lidkdd BWA systems are barely evident for the PNA
duplexes. The decreased amplitude of the evenodd oscillation s with G-block length is
explained by the larger cross-strand coupling and electrode -molecule couplings in PNA.
We first discuss the crossstrand coupling effect and then examine the influence of the
electrode-molecule coupling on the conductance oscillations.
In earlier studies, conductance oscillations as a function of length in G-block DNA
duplexes (Figure 36) were explained by an electronic energy effect that arisesin finite
length periodic structures. 5% 197. 19%80dd -length G-E OOE OUwx OUUT UUWE w? OPE WEE
orbital with an energy near the Fermi level of the gold electrode, approximately equal to

the energy of a G monomer1*° This length-independent near degeneracy was proposed to
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strengthen coherent charge transport for odd-length chains by providing a flickering
resonance coupling pathway across the entire duplex.’® In contrast, the orbital energies
for even length G-EOOEOUWEUIT woOIl 1 a8 BXQuEl» WudOgimeUa) b
unlikely to form flickering resonance coupling pathways across the structures. This
picture accounts for the conductance oscillations with length, as shown in Figure 36.

Odd sequence

§ EF __________ —— — L EF
(5]
G Au - . Au

| . . J

| |
G-Block G-Block
Even sequence

S0 Er —_— — . Er
(] —— —
T Au —_— —_— Au

\ J | - )
Y T
G-Block  G-Block

Figure 37: Molecular orbital energy picture of nucleic acid duplexes under a
weak cross-strand coupling . Top: Flickering resonance energy level alignment for
odd-length sequences. Each Gblock possess a mid-band orbital in resonance with the
Fermi level of the electrodes. Bottom: Energy level alignment for even sequences. A
mid -band state in resonance with the Fermi level of the electrodes is absent.



Figure 36 shows that the conductance oscillations diminish in amplitude through
the three duplex types as the overall conductance of the duplex increases. For example,
the conductance oscillations are substantially less pronounced when the molecular linkers
EUIl wxOUPUPOOT EWEUWUT T wt zwUI UOPOPWOI w#- OwEUL
EOQUUI UxOOEDOT wOOOI EUOEUWEOOEUEUEOET woOl wUT T wt z
decrease in the amplitude of the conductance oscillations, and the overall increase in the
conductance in DNA, was attributed to geometric differences of the base pairs at the cross
stand position in the two cases (Figure 53 and Figure 54), which causes a change in the
cross-strand coupling. 150 Intriguingly, a large cross -strand GC-GC coupling at the
OOOI1 EUOIr retdueek thélilddliihood of forming a fully delocalized (resonant) state
across the Gblocks and the electrodes (vide infra).19°
As a rule of thumb, the number of G bases over which the hole can delocalize at
room temperature is up to about five. 159 200\When the cross-strand coupling is weak, as in
#- wkzOwUl 1 WEOODOEOUwWxOUDPUD OO wWE ¢uaninesithatdoli OOEE OD
each of the separate Gblocks, forming two domains. Thermal fluctuations can bring these
two domains into resonance, i.e., flickering resonance, and form a fully delocalized state
across the entire duplext® (Figure 38). Because the odd length Gblocks have resonant
states near the Fermi level, and the even length Gblocks do not, a strong modulation of

the conductance with the G-block length is predicted to manifest. As the cross-strand

coupling increases, delocalization can occur among G nucleobases of the two blocks, and
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this leads to a lower statistical weight for configurations that have the hole delocalized
over each of the Gblocks. The growth in the number of configurations with delocalized
domains leads to a higher overall conductance. The decreased statistical importance of the
configuration with the extended G-block delocalization manifests as a decrease in the
amplitude of the even-odd length conductance oscillations. Overall, the conductance is
limited by the squared coupling between these domains and by the molecule -lead

interaction strengths. The observatiO Ow Ul EQwUT 1 wEOOEUEUEOQETI whbOEUI |
# - w-tagduincreases further as the backbone is switched to PNA- is consistent with
growth in the number and size of the cross-strand delocalization domains and their

importance for the charge transport pUPBDUET POT wi UOOwk 7 wCsand 7z wbD OE U
coupling 3-4 fold, and switching to PNA increases the coupling by almost another 2 fold).

Figure 38 illustrates this mechanistic explanation for the change in conductance
and in the even-OEEw | | | 1-BNAuand(PNMAu RKhe bottom panel illustrates the
Ol EIl EOPUUPEwWxPEUUUI wEl UEUDPET EwbOwOUU winked OU WE OE
DNA conductance. 15°In this structure, the weaker cross-strand coupl® OT wb OwUT T wk z wU U
PEOOXxEUI EwOOwt z AwOl EEVUWUOWET OOEEOPAEUDPOOWOI wodU
Formation of a transient structure with extended delocalization only requires bringing
these two blocks into resonance with each other and with the electrodes. The figure

illustrates the case of odd length (¢ o) and even length (¢ 1) chains to underscore

how the energy of the G-block states are offset from the Fermi level of the electrodes. The
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dependence of the energy mismatch on whether¢ is even or ¢ is odd, and the promotion
of delocalization across each Gblock by the weak cross-strand coupling, leads to a strong

even-odd conductance effect.
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Figure 38 Model describing the delocalized islands across two G -blocks, each
wit h = . The maximum number of Gs over which the hole can delocalize is up to
five (each color represents a delocalized block of orbitals). 15%200Top: Regime with a
strong cross-strand coupling. The strong cross -strand coupling allows the five base
pair delocalization to occur anywhere across the enti re ten-base sequence of the G-
blocks (e.g., the green block can be delocalized across the two strands). Therefore, the
carrier position in PNA is less constrained than in DNA.  For the sake of illustration,
three possible configurations that support delocal ization are shown (many others are
possible). Bottom: Regime where the coherent channel with the hole delocalized over
each G-block contributes significantly to the conductance. This coherent channel is
absent in even-length sequences (see Figure 5)15% 197The weak cross-strand coupling
pins the carrier delocalization on one of the G -blocks. The odd length G -block
sequences are near resonant with the Fermi level of the leads and create a delocalized

state for coherent transport.

The top panel in Figure 38 explains the mechanistic picture for the case where the

cross-strand coupling is large (comparable to the intra -strand GC-GC couplings). In this
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case, many possible delocalized islands of abou five or fewer Gs may form in the
structure. Indeed, in this regime, the likelihood of forming a delocalized state spread over
the entire length of each G-block is diminished because of the increase in the overall
number of other possible configurations t hat support delocalization, as illustrated by the
additional two configurations shown in the top panel of Figure 38. Although this effect
creates delocalized islands with more than one energy mismatch (so that multiple level
matchings are required to delocalize over the entire molecule), many more configurations
which display these delocalized islands manifest and provide many more flickering
resonance conductance pathways in PNA, which leads to an overall increase in its
conductance.

Our theoretical analysis (Table 11 and discussion) suggests that the electrode
molecule couplingsfor UT T w/ - wWEUxOI B1 UWEUI-0B 00O Elinkdd & Wk EOwE
DNA. This feature is not included in the diagrams of Figure 38for simplicity. A stronger
electrode-molecule coupling is expected to produce a stronger mixing between the gold
and the G-blocks of PNA compared to DNA . The stronger molecule-lead coupling
expected to further enhance the conductance of PNA. This prediction is consistent with
the observed higher conductance in PNA and softer even-odd effect compared to DNA.

G-block, and will shift the energy of the mid -band state that appears for odd-length

chains. The effect of the strong molecule-lead coupling can break the degeneracy between
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delocalized hole states in each Gblock and dampen the conductance oscillations in PNA
FOO0Ox EUI E wU O wbNAI ThissEdddriovm®daxiored in detail by Segal et al., who

showed that strong molecule-lead hybridization can indeed cause the even-odd effects to

vanish.17

4.7 Summary and conclusions

Charge transport through nucleic acids can access coherent, incoherent, and

flickering resonance mechanisms. The experimental and theoretical studies reported here
find that structural differences in the duplex backbone with the same base sequences can
produce order-of-magnitude changes in molecular conductances and can strongly
influence how coherence manifests for single-molecule PNA and DNA junctions. For
PNA duplexes, a conductance value of 0.03Go was found with fourteen base pairs (D50

) PNA also has a highhrmode conductance that is up to 30 times larger than that of DNA,
and the conductance decreases monotonically with duplex length. The corresponding
DNA structures show a striking conductance oscillation. The nearly monotonic and weak
(¢ -fold for distances from ~ 2 to 5 nm) change in conductance with duplex length that
is found in PNA indicates an extremely low molecular resistance, in strong contrast with
Ul EQwi OBOOI IEwktz WEUxOI BT Udw3iT 1 wOYI UEOOWEOOEUEU
two-fold between the ¢ o and &€ | G-block pairs. The even-odd conductance
0sciOOEUD OO U w b O w flpaki kength wak Bellp uo Sour-fold, and the average
EOOEUEUEOE] wbPOwkzw#- wbUwOOT wUOOwUPOWOUET UUwWOI
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these dramatic differences in the experimental conductances and their length
dependences, the flickering resonance transport mechanism provides a consistent
explanation for the observed behavior.

Theoretical analysis finds that the PNA and DNA G -block structures studied here
have similar structural flexibility, base -energy fluctuations, and base-to-base electronic
interactions. The main differences between the PNA and DNA duplexes appear to be
rooted in 1) differences in the molecule-electrode interaction strength and 2) differences
in the baseto-base interactions in the crossstrand region, which arises from geometry
differences between duplex PNA and DNA. The stronger cross-strand and molecule-lead
couplings in PNA lead to higher conductance than in DNA. As such, the characteristics of
crossstrand, intra-strand, and molecule-lead couplings collectively influence the
contribution of competing coupling pathways to the conductance. The mechanistic origin
of the even-odd conductance effect found in the DNA is consistent with that reported
earlier,5® which found that cross -strand interactions in the center of the duplex tips the
balance among mechanisms. In contrast to earlier studies, the findings reported here
indicate that the conductance mechanism is also influenced by the strength of the nucleic
acid-electrode interactions. Growing the electrode-molecule or the block-to-block
couplings is expected to reduce the statistical importance of delocalized states spread
across just one Gblock, leads to a decrease in the everodd length conductance

oscillations with length, and produce an overall increase in the molecular conductance.
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Future work should explore effects of the molecule-lead coupling strength on
conductance; for example, one can vary the aliphatic chain length of the amine linkers or

modify UT 1 wi O1 EVUOET Z Uw%l UOPwWOI YI OwPOwWOUET UwlOwUI E

to assess the moleculdead interactions2°t would also be incisive.
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5.1 Significance of the study

Electron ratchets rectify electric current over long distances using energy sources
different from a net applied bias along the transport direction. Experimental
demonstrations have been reported using solid-state electronics, such as 2D electron gas
and organic field transistors, inviting the exploration of ratcheting in chemical systems.
We have examined ratcheting mechanisms to establish a directional charge flowin
organic polymers. We propose experimental setups to build DNA -based electron ratchet

devices.

5.2 Introduction

Molecular walkers, motors, and transporters all exploit ratcheting mechanisms in
their function. 202206 Bjological ratcheting is accomplished by repeatedly switching free
energy landscapes20721t js remarkable (and notable from the standpoint of very long
range charge transport) that ratcheting accomplishes directional motion without the

application of chemical or electrochemical biases across the entire structure from the
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electron source to the electron drain. This intriguing feature of ratcheting could be of
particular utility if it could be used to control and drive the flow of electrons through
soft matter, as moving charge over micrometer and longer distance via multi -step
hopping through bioinspired structures has proven to be challenging to realize.?%°
21 EEUI UDE OwOE OO0 p bhemé&Jmroteissebablé midddneté Sc@ledharge
transport, presumably by unbiased diffusion to an irreversible electron sink. 21t
Ratcheting processes dissipate free energy on the nanoscale to produce transport on the
micrometer scale. Ratcheted systems offer the posdiility of manipulating the direction
and the kinetics of charge flow through molecular networks with novel connectivity.
Directional charge transport over long distances (a 30 nm) has been achieved in
single molecule molecular wires, 212215 byt the structures require a source-drain voltage
bias of 1-5 V, and the electrical currents typically amount to 1 -5 nanoamperes. For
distances beyond ~ 100 nm, the current is predicted to be essentially zero asimilar
source-drain voltage. 2*5 Realizing higher currents on the micrometer and larger length
scales remains challenging because of molecular breakdown induced by high source
drain voltages. Electron transport ratchets (referred to here as ratchets) may be able to
increase the functional length scale of prior charge transport devices2'¢ Thus, our aim
here is to simulate long range directional transport using the kinds of ratcheting

mechanisms shown in Figure 39.

97



(a) Tilting (b) Flashing

b 0 NN VO

b D— V=0 D V=0

EH V<0 t, \\ /\_ID { V>0

Net transport Net transport

Figure 39: The energy landscapes for two kinds of electron-transfer ratchets are
shown. (a) Tilting ratchet. The potential profile remains constant, but the entire
profile is tilted up and down over time. The sawtooth structure biases the overall
directionality of the transport. (b) Flashing ratchet. The  potential energy landscape
switches between flat and saw -toothed shape over time. When the potential is flat,
electrons diffuse in both directions. When the sawtooth potential is turned on, the
electrons drift preferentially to the right.

Electron ratcheting has been demonstrated in solid-state electronics. Ratcheting
can produce charge rectification?'” and reduce the voltage bias required for device
operation.2%228 However, ratcheting is less well explored in the context of bioinspired,
self-assembling molecules. For example, one would like to direct current flow through
redox species appended to selfassembled structures, including DNA origami or brick
motifs. 229 20Many DNA structures that convey charge (typically holes) suffer from slow
transport over nanometer scales, because the charge transfer dynamics is limited by

I OxxDOl wWEOOOT wUx1 EPI PEw#- wOUEOI OEEUI UwOUwWOUEO
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hole transport).23% 232Achieving ratcheted charge transport in nucleic acids or other
macromolecules may create novel opportunities to realize molecule-based circuitry in
self-assembling matter.233. 234|n contrast to prior studies, which focused mainly on solid -
state electronics, the ratchets explored here are baed on a bottom-up approach based on
self-assembling soft matter. We use nucleic acid structures to illustrate our design
principles, and we explore their ratcheting performance at the micro - and nanoscales.
We will describe two different ratcheting mecha nisms in Sections 5.3 and 5.4
Section5.3describes ratcheting in molecular assemblies based on an electric Stark effect.
Ratcheting transport efficiency is simulated and evaluated using kinetic models, and we
propose experimental designs to test the directional charge flow . Section5.4analyzes
electrochemically driven ratcheting that targets mesoscale structures in solutions, and
we propose an architecture that would enable productive ratcheting over multiple
micrometers. These theoretical studies aim tomotivate future experimental realizations

and tests of these molecular designs and predictions.

5.3 Electron ratcheting in nanostructures

In this section, we describe ratcheting mechanism based on a Stark effect that is
induced orthogonal to the electron t ransport direction. This mechanism is aimed to
realize transport at the nanoscale through polymers. The transport exploits the position -
dependent orientation of electric dipole moments for the constituent monomers in a

helical polymer.

99



5.3.1 A ratchet based on charge hopping

The ratcheting mechanisms described here are illustrated through simulations on
double-stranded DNA structures with Watson -Crick base pairing. The base pairs have
molecular dipole moments in the base pair (xy) plane (Figure 40(a)), and these dipoles
form a helix along the molecular (z) axis (the pitch angle in DNA is about 34° per base
pair). 235 An external electric field that rotates in the x -y plane will thus shift the
molecular base pair electronic energies by approximately ‘ot @ This dependence of this
electronic energy on the applied field may be used to generate a ratcheting potential and
to drive current along the helical (z) axis. Thus, the time -varying electric field in the xy
plane will produce a flashing ratchet for hole transport. In a homopolym er of DNA, our
simulations indicate that a hole can be driven unidirectionally through the structure,
due to the helical orientation of the base pair dipoles in the double helix, 23¢if the time
scale for the electric field rotation is synchronized with the hole hopping rates.
A rotating electric field orthogonal to the DNA helix (z) axis is illustrated i n
Figure 406 w' OO1 Uw? 1 OOEU>» wOOwWOPOPOPA&T wUOT T PUwIl UTT wl Ol
directionally along the helix axis ( Figure 40). We refer to this ratcheting mechanism as
20001 POT 02 wUPOET wWEwWI 001 wbUwxUlI EPEUI EwOOwi 6O600O6P

localization will move linearly along the helix a xis as a function of time.
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Figure 40: (a) The proposed flashing ratchet mechanism for vectorial charge
transport is shown schematically. A rotating external field normal to the helix axis,
Mechanism. The applied electric field produces a ratcheting potential that drives
carries along the helix axis. As the electric field rotates, the orbital energy maximum
(energy minimum for a hole) is displaced in a unidirectional manner along the z axis.
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5.3.2 Simulation of charge carrier surfing

Charge surfing transport is now described in the context of a multi -step charge
hopping model. 237 238241242243 244 AJthough charge carriers are somewhat delocalized
among neighboring bases in nucleic acids2% long-distance transport through DNA is
believed to occur through multi -step hopping. 245

The charge transfer rate is approximated by:100. 246

. 30
Q ’ _ = 14
Aob — (14)

temperature 3O is the standard Gibbs free energy of the electron or hole transfer
reaction, and’ is a prefactor with frequency units. The prefactor depends on the
adiabaticity of the reaction. For an adiabatic electron transfer mechanism,’ is a nuclear
frequency factor, typically on the scale of 10'3s1. For nonadiabatic electron transfer,’
depends on both electron tunneling and nuclear frequency factors.247

In the ratcheting mechanism described above, the time-varying external field
modifies the free energy landscape by shifting the energies of the charge localizing sites.
Linear response theory, which underpins Equation 14, describes the reorganization
energy as being largely unaffected by the external field,24¢ and no explicit molecular
deformations are included in the model. Therefore, the influence of the field is to
introduce a time -dependent energy shift, 3 RO, the electron hopping free energy. As
such, the field dependent hopping rate is:
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- 3’0 3RO
. i _ 1
Q o Aob O (19

The 3 RO term is approximated by: 24
3 RO ot @ 6 (16)

where ‘pis the dipole moment for each redox species and@ 0 is the rotating
applied field, @6 'O W1 O H E 10 The value of 3 RO needs to be larger than
thermal energies (Q Y to induce directional charge ratcheting (e.g., 3 rialues of D10
"Q"Ywill suffice). Electric fields of the order 10° V/m and typical molecular dipole
moments (5-15 D) will induce the required energy shifts. 250251 Electron transfer
reorganization energies (_ values) of 1.1 eV were assumed. This value is typical of

estimated DNA reorganization energies. 252

5.3.3 Kinetic modeling

A scheme that describes multi-step charge hopping kinetics among redox
multiple redox active species,® , isindicated in Equation 17. ®represents a hole on site
n in the helical structure. The time -dependent hole hopping rates is given by Equation

15when a slowly rotating electric field is applied.

0 o 0
(I)Nz (I)Nz (I)ENZ A a7
Q Q Q

The kinetics equations are:
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These equations were solved usingMathematical2?53using the Gear implicit
backward differentiation strategy (BDF method) 254 2%5to describe the motion of a hole

that is located initially on site 1.

5.3.4 Ratcheting in DNA

We studied a guanine-cytosine (GC) DNA structure. 212. 2125 Hole hopping in
DNA is believed to occur between purine bases. Lewis and co-workers found that hole
transfer rates between neighboring GC base pairs are of 4.3 XL0° s\.257 Assuming th at _
=11 eV28a prefactor of ' equal to 1.9 x 104 sM produces the experimental rate at 3O
TL These values are consistent with values inthe broader literature. 150 231,259, 260The kinetic
modeling of hole flow through a 15 -mer G-block induced by a rotating electric field is
shown in Fig. 3(c). We chose a Gblock structure to illustrate our mechanism, sinc e G-

rich sequences are predicted to be excellent hopping conductorst42
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Figure 41: Kinetics r esults and DFT analysis . (a) Kinetics of GC15 with no
applied electric field. (b) Kinetics of GC15 when an electric field of 1 x 10  8V/m is
applied with a rotation frequency of 1 ns Nt(c) Kinetics of GC15 when an electric field
of 1 x 1® V/m is applied with a rotation frequency of 1 ns Ntv(d) Kinetics of AT15 with
an electric field of 1 x 10 ° V/m and a rotation frequency of 1 ns Nt(e) Maximum
population transfer to the terminal GC site as a function of the field frequency. (f)
HOMOs of a GC homopolymer obtained at the M06 -2X/6-311+G(d,p) level of theory 45
261,262in the presence of a 1.54 x 10 V/m field orthogonal to the helix axis (bases only
in the analysis). The geometry used is based on a canonical B -DNA structure. 263 Water
solvent effects were included using the PCM model. #

We computed the ratcheting efficiency in our kinetic model for a guanine (G)
dipole moment of 7.2 D and a 34° pitch angle between nearestneighbor basesin the
GC15 DNA. 264 265Charge transfer will not have time to respond to the rotating applie d
field if the field rotation frequency is much larger than the hoping rate. In the opposite
regime of slow field rotation, particles would diffuse along the entire chain (with peaks
and dips as indicated in Figure 40), equally favoring forward and reverse transport. The
electric field rotation therefore needs to match approximately the scale of the hole

transfer rates to realize efficient charge ratcheting.
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The applied field strength is also critical. When a rotating electric field of 1 x 108
V/m was modeled (Figure 41(b)) with a rotation frequency of 1 ns“, no significant
ratcheting was predicted from the kinetic analysis. However, when the magnitude of the
electric field strength was increased to 1 x 10 V/m with a rotation frequency of 1 ns N,
productive charge surfing was found in the kinetic modeling ( Figure 41(c)). With a 1 x
1 V/m field and 1 ns™ rotation frequency (on the same scale as the electron hopping
frequency (Figure 41 (e)), nearly 100% of the initial population is transferred over 15
sites when a hole is released on the first guanine att = 0. Extending the number of GC
units to 100, we computed a transport efficiency in GC100 near 100% after 34 ns. This
simulation corresponds to hole transfer over 34 nm, thus showing that surfing -based
transport may be used to advance charge over long distances if appropriate transverse
fields can be generated?:2Varying the electronic coupling and reorganization energy
influences the hole transfer time scale, but the high efficiency ratcheting persists, since it
is defined by 3 REQ. (3)) and the time scale matching condition described above.
Decreasing the monomer dipole moment to 3 D, which would correspond to that of
adenine (A),?%5reduces the ratcheting efficiency to 58% Figure 41 (d)). However, the
ratcheting yield would increase if a stronger electric field were applied. Since large fields
may ionize the molecular structures, monomers with large dipole moments are

preferred candidates for realizing ratcheting.
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A rotating electric field lowers the molecular symmetry and produces spatially
localized HOMOs. We analyzed the frontier molecular orbitals in a system with twelve
GC base pairs(without explicitly including the sugar phosphate backbone) in a rotating
applied field of 1.54 x 10° V/m orthogonal to the helical axis. At zero field, the DNA
HOMO is delocalized (this is an overestimate of the expected delocalization, as thermal
and vibronic relaxation around the hole were not included). With the field on, the DNA
HOMO becomes spatially localized, and further localization is expected as noted. The
location of the HOMO depends on the orientation of the applied field at a given time.
Single point density functional analysis of the electronic structure for a GC12 sequence
was performed using Gaussian 16* at the M06-2X/6-311+G(d,p) level4s 261, 262The
polarizable continuum model (PCM) “twas used to simulate the effects of water on the
electronic structure. We used the Avogadro DNA buil ding tool 25¢to construct canonical
GC12 BDNA structure. 263 The phosphate badkbone atoms were removed in the
electronic structure analysis, and the dangling bonds were capped with hydrogens. A
field of 1.54 x 1@ V/m was applied normal to the helix axis. The results shown in Figure
41 (f), which correspond to adiabatic states,!%indicate that the orientation of the electric
field determines the spatial localization of the HOMO. These results show that the
HOMO localization in a particular region of the DNA strand depends on the orientation
of the applied field. Orbital localization in DNA base pairs persists in simulations w ith

an explicit phosphate backbone2°( OEIT | EOwUT | wEEEOEOOI zUwOI T EUDYI
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to have a minor effect on the structure of the HOMOSs, since their charge is screened by
the counterions and water molecules that surround the DNA duplex. 18

Although the ratcheting fields required are large, molecules in the biological
milieu are exposed to strong fields. 267 268E|ectric fields of 3 x 1 V/m can cause DNA
damage 2°but DNA is predicted to preserve its structure in the presence of weaker
fields. Computational results indicate that some DNA assemblies, such as G-
guadruplexes, are particularly stable. 270 Therefore, supramolecular architectures based
on DNA (e.g., DNA origami and brick structures) or foldamer structures may be
suffici ently stable to support ratcheting transport mechanisms.

A recent study found that B -DNA with 102 nucleotides (~ 30 nm) and fullerene
anchoring groups, subjected to a 1 V sourcedrain bias, produces currents in the
nanoampere range?5 The predicted conductance for one base pair is close to 5®S. In
the hopping regime, the conductance decays with a rate of ~ 0.5 nS/nm. Assuming ohmic
behavior, the conductance at 100 nm would decay essentially to zero. The ratcheting
mechanism described above would reduce the distance dependence of the conductarte,
increasing the length scales over which selfassembled soft matter structures could
transport charge in the absence of a sourcedrain bias. Analyzing hopping transport
using a steady-state flux approach,?t. 2.2the conductance is found to depend linearly on
the charge transfer rate. Ratdeting increases the forward hole hopping rate by at least

two -fold (Equation 15). Therefore, the conductance decay would be reduced by about a
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half. If the decay of conductance with distance in a ratcheted mechanism is 0.25 nS/nm, a

1V bias would produce nanoampere currents at 100 nm.

5.3.5 Proposed experimental tests of the ratcheting mechanism

The field-induced ratcheting mechanism described above is not limited to DNA
structures and may be applied to other chiral structures, such as those shown in Figure
42(a). PNA, helical peptides, DNA -wrapped carbon nanotubes and Janus nanopatrticles
with chiral linkers are chiral structures that seem suitable to realize ratcheted charge
transfer over long distances.165 273275 T further explore electron -transfer ratcheting, we
propose three designs. The first uses four electrodes to produce a rotating electric field
(i.e., a 90° advancing phase, as is used in electrorotationfigure 42 (b)).2¢ The relative
phase of the four electrodes would create a rotating electric field.2’” The fabrication of
nanoscale electrodes might represent a major fabrication challenge, but the existence of
technologies such as solidstate nanopore-based DNA sequencing encourage this kind of
design.2’8 29The second scheme describes the attachmentfochromophores to DNA that
would generate transient fields upon photoexcitation ( Figure 42 (c)), through changes in
the charge state or dipole orientation of the excited states. The time varying electric
fields are expected to shift the orbital energies of the base pairs near the chromophores,
creating a ratcheted potential that would favor directional hole transfer. The architecture
in Figure 42 (c) uses the substitution of several DNA bases with redox active species,

such as anthraguinone, which can be reversibly oxidized electrochemically with a gate
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voltage?® (Figure 42 (d)). Ratcheting in this structure would be driven by transient

oxidation/reduction of the redox groups, caused by electrochemical gating.
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Figure 42: Proposed structures and experimental setups for ratcheting at the
nanoscale. (a) Candidate architectures to support charge ratcheting. (b) Experimental
designs to test the ratchet mechanism. Top left: Schematic representation of a
molecule suspended in a rotating elect ric field that is generated by four electrodes
with 90° advancing phase. Top right: Rotating electric field generated by four
electrodes with frequency 6. Bottom: Schematic representation of the experimental
setup with two electrodes removed for visualizat ion. (c) Sequential photoexcitation of
light absorbing groups. (d) Replacement of DNA base with other redox active species,
such as anthraquinones. The locations of the redox groups are indicated in red.
Electrochemical gating switches the redox group betw een the oxidized and reduced
states.

5.4 Electron ratcheting in larger structures

In this section, we describe a ratcheting mechanism on length scales beyond
nanometers. In contrast to the mechanismin Section 5.3, the mechanisms described here

donotrequbUl wUxEUPEQWEOOUUOOWOT wEwWUDOT Ol wOOHOOI Uz U
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5.4.1 Ratcheting driven by solution electrochemistry

Figure 43illustrates charge ratcheting driving by a polarized electrode near the
#- OGwW&EUI wli Ol EVUUOET wxOOEUPAEUPOOwWPUwWI Rx1 EUI EwUC
HOMOs in DNA, creating a potenti al with a maximum in the area near the polarized
electrode that stabilizes DNA holes. Molecular polarization induced by the electrodes is
expected to produce a corresponding shift in the location of the potential energy
minimum for a hole in the molecular chain. Since holes float to the HOMO, current will
be driven unidirectionally along the chain as the electrode potential is modulated with
time. Experimental architectures similar to those shown in Figure 43were used to shift
molecular frontier orbital energies. 281 282|n contrast to the rotating field -induced
ratcheting described in Figure 40, which considers the interaction of an external field
with the dipole moment of each monomer, the mechanism described here uses
electrochemical gating of the electrostatic interaction that is weakly dependent on the
dipole orientation of specific monomers: the effect depends primarily on th e potential
generated by the electrode. With this mechanism, the external electric field translates in
time, retaining its orientation. An ionic solution for the DNA will interact with the hole.
The potential generated with the polarized electrode has a peak that is not periodic

along the helix axis (in contrast to the prior example).
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Figure 43: Ratcheting mechanism based on electrochemical perturbation . Left:
An electrode is polarized in a specific region. The electrostatic interaction induces
localization of a hole along the molecular chain (figure not to scale). Right: When the
electrode polarization shifts to a different position, the hole follows it, producing
unidirectional charge transport.

5.4.2 Design considerations

For DNA to retain its structural integrity, it is believed to be essential that DNA
extend more than 2 nm above the electrode surface. Experiments have placed DNA 2.4
2.6 nm above electrode surfaces using chemical linkers?s We consider DNA self -
assembled monolayers (SAMs) where the orientation of DNA duplexes can be
controlled by electrochemical methods. 283 We now estimate the potential experienced by
DNA using Debye -Htickel theory, which has been used to describe highly charged

surfaces, including cell membranes 284 285and provides a qualitative description for
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metallic electrode surfaces?28¢ Charges at the electrode surface are screened by the ions
present in solution. The Debye screening length of the electrolyte must be longer than

the distance between the gate electrodes and the DNAfor the electrode potential to

influence the DNA energetics. For water at room temperature, the Debye length, _ , is:287
L, T T T
- 80 — (19
(03]

where “Qs the ionic strength in molar units. For a monovalent electrolyte
concentration of 0.001 M, such as NaCl_ &10 nm, which is larger than the electrode-
DNA separation considered in our example (2.4 2.6 nm). This distance would allow
DNA bases to resp)O E w0 OwUT T wi Ol EUUOET zUwxOUI OUPEOwWUOwWx U
concentration of 0.001 M considered here would produce a longer Debye length than
typical DNA ionic strength values (~ 0.1M), and the DNA duplex is predicted to be
stable at room temperature.288 The presence of transition metal ions might further
stabilize DNA structures 289 but we do not consider these effects in our model.
Debye-Hiickel theory 284 estimates the potential, ® @ , that DNA nucleobases

would experience near the charged electrode as:

W ® T—” =Q 7 (20)
» is the charge per unit area of the electrode; is the dielectric constant of the solvent,

T is the vacuum permittivity, and is the distance from the electrode surface. The

parameter ,, 0 (bij’ where C is the electrode capaitance, V is the voltage and A is the
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area. Considering an electrode with , = 0.4 C/n#,2%.201_ =10 nm;j =80 = 9x10%2
F/m and w= 2.4 nm, the potential at the DNA is 4.4 V. An alternative to using aqueous
electrolyte solutions is to use mesitylene solvent { = 2.3), as in recent break junction
experiments on DNA, in order to increase the potential that the DNA would
experience 165

The electric field (the gradient of the potential in Equation 20) that the base pairs
would experience from this potential at a 2.4 nm separation distance is 4x1C¢ V/m, and a
localized charge on the DNA at 2.4 nm from the electrode would experience an energy
shift two orders of magnitude larger than k sT. This shift woul d produce a strong
ratcheting potential. Indeed, our description assumes that the gate electrodes can
generate a charged surface with a strong electric field as illustrated in Figure 43. This
analysis assumes electrodes with welldefined geometries and DNA SAMs with linear
DNA strands, and a density of molecules that can range from 10%°to 103
molecules/cm?.283

If the gate electrode width and the separation between each gate electrode is one
micrometer, there would be about 3,000 DNA base pairs (or more) with an energy shift
EIl Ul UODPOI EwEa w0l 1 wi 01 EVUOET w31 PUwl O UT awUli BI U
than the energy difference among the four DNA bases (A,T,C,G), so holes in the DNA
would be driven to reach the segment that is near a negatively charged (low potenti al)

electrode, assuming that all of the other electrodes are uncharged?2 The diffusion
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constant for holes to move through DNA is given approximately by the hopping rate

(this depends on sequence) between nearest bases and the intelbase separation
distance. Assuming a hopping rate of ~1(° s\, the carrier diffusion coefficient, ‘O, for
holes in DNA is ~10%° A2/s. Using a one-dimensional random walk diffusion model,

& O ¢Odas a lower limit, we estimate that a hold time for the electrode potential of 10
ms would be needed for the carriers to diffuse to the adjacent electrode region a
distance,’Q of 1 um, which corresponds to the distance separation between gate
electrodes. This simple diffusion model does not consider the bias that would be present

due to the potential generated in regions close to the adjacent electrode.

5.4.3 Current estimates

30ms is required for a hole to diffuse 3 um, as described above. Since the
ratcheting potentials favor directional charge flow (left to right), reverse hole -transfer
(right to left) would be very slow (k back A W}y and may be negleded.

The current will depend on the DNA length and on the number of DNA strands
along the transport direction. In one DNA molecule of 3 um, there are about 10,000 base
pairs. Assuming a lower limit of one hole per 100 base pairs, we have 100 holes per
strand. Since it takes 30ms for a hole to diffuse the entire length of the DNA, the current
will equal ca. 0.1 pA for a DNA SAM with at least 100 duplexes, a value considered to be
high for DNA assemblies at the micrometer scale. In fact, the current predicted to result

from the proposed ratcheting mechanism is comparable to values observed in G-
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guadruplex DNA molecules shorter than 100 nm with a source -drain voltage less than 5
V,23and this current would be at least an order or magnitude larger than was measured
in DNA double -crossover junctions (up to 20 nm).2°Importantly, these currents could

be induced over micrometer distances. The mechanism proposed is expected to produce
picoampere currents over distances longer than nanometers at gate electrode voltages
less than 5 V. We emphasize that the reduced conductance decay realized in the
proposed ratcheting mechanism is achieved by gate electrode enabled biased hole
diffusion. The resistance is determined largely by the electrode width and the distance
separation between adjacent gate electrodes; the resistance does not grow linearly with
the overall polymer length (as would be found in simpler source -drain biased

configurations).

5.4.4 Proposed experimental design

The proposed electrochemical ratcheting in DNA requires the use of gates near
the nucleobases. An array of gate electrodes can control the spatial distribution of
nearby ions. To realize electron ratcheting at the mesoscale, ve propose the architecture
described in Figure 44. The gate electrodes will have widths and separations on the
order of micrometers and will be polarized sequentially t o displace negative ions from
the region. A source electrode will inject holes initially, and the drain electrode will
detect the net current of the ratcheting device. No source-drain bias is required. The

proposed experimental architecture is similar to t hat of the electron ratchet devices
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reported recently by Weiss et al.225> The structures considered here utilize self-assembled
soft matter, rather than amorphous organic films and symmetric electrodes. As well,
peptide nucleic acids can be used in place of DNA to eliminate the counter-ions and thus

minimize electrostatic screening.162 168
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Figure 44: Proposed architecture for electrochemical ratcheting at the
mesoscale The width (W) and separation (S) of the gate electrodes are on the scale of
pm. A positively polarized gate electrode will increase the concentrations of anions,
attracting the holes present in the DNA strands. Polarization of sequential gate
electrodes along the transport direction generates a net current that can be detected by
the drain electrode.

5.5 Conclusions

We have described and simulated two charge ratcheting schemes at the nane and
mesoscales, and we described molecular architectureghat promise to realize each
mechanism. The schemes exploit electric fields to tune the free energies of hopping

electron transfer steps. In Section 5.3 we described a ratcheting mechanism for
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nanoscale structures. It requires electric fields that rotate in a plane that is orthogonal to
the transport direction. The corresponding kinetic models predict that an end -to-end
population transfer above 50% will occur with molecular motifs having dipole moments
around 3 D with driving fields of ~ 10 °V/m. Larger molecular dipole moments are
predicted to increase the ratcheting efficiency to nearly 100%.

In Section 5.4, we introduced a second mechanism for transport length scales beyond
nanometers. The required ratcheting potentials may be produced electrochemically and
are expected to generate unidirectional charge transport through DNA at the
micrometer scale, increasing the maximum distance over which current may be

driven. 213.215The results described here offer the promise of using selfassembled soft
matter to fabricate electron ratchets, with ratcheting function programmed into the
molecular building blocks. Ratcheting was demonstrated previously in organic field
effect transistors.225 In contrast, the ratcheting mechanism proposed here is derived from
the intrinsic structure and properties programmed into the molecular building blocks. In
a similar spirit, fully quantum ratcheting was proposed to direct excitation energy
transfer in molecules.120.293The theoretical designs described in this study aim to
motivate the exploration of soft matter charge ratcheting assemblies that may function
over many length scales. If successful, one can imagine exploiting these charge transport

structures to enable the function of self-assembled supramolecuar machines.
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6 Enanti omer i c s e pcaornadtuicotn nogf
nanotubes

This chapter is excerpted from:

Mastrocinque, F.; Valdiviezo, J.; Meikle, H.; Bullard, G.; Nayak, A.; Zhang, P.;
Beratan, D. N.; Therien, M.J., Enantiomeric Separation ofSingle-Chirality, Single -Walled
Carbon Nanotubes Using Axially Chiral, Molecular Surfactants. Manuscript in

preparation

6.1 Significance of the study

Applications of chiral carbon nanotubes in spintronics have b een limited due to
the absence of scalable handednesseparation methods. Here, we report the
enantiomeric separation of semiconducting carbon nanotubes using binaphtylene -based
surfactants. This study provides a costeffective strategy to produce enantioenriched
carbon nanotube samples Theoretical analysis reveals design guidelines for selective

chiral dispersants.

6.2 Introduction

A major factor that has impeded the broad utilization of single -walled carbon
nanotubes (SWCNTS) in electro-optic, spintronic, and nonlinear optic applications has
been the inability to obtain SWCNT samples having structural, morphological, and

electronic structural homogeneity. Commercially -available SWCNT samples contain
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heterogeneous distributions of SWCNT chiralities and lengths, along with impurities
that include multi -walled tubes and amorphous carbon.294

Each SWCNT structure is indexed by two integers ( n, m) that define the diameter
EOQEwl I OPE D Ua wdp vwedior dh @ grdpheld sheetuwhiiz@) and (, n)
SWNTs, commonly referred as zigzag and armchair structures, are achiral, all the other
SWNTSs possess chemical chirality, meaning that they exist as nonsuperimposable

mirror images; such enantiomers lattice structures having opposite helical handedness

(Figure 45a).
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Figure 45: Structures of (a) chiral CNTs and (b) surfactants studied.

Current post-synthetic protocols for the separation of carbon nanotubes have
enabled the isolation of individualized, single -diameter SWCNTs, and include gel
chromatography, 2% density gradient ultracentrifugation (DGU), 2% 297polymer -facilitated

selective dispersion 29 299gnd aqueous two-phase (ATP) separation3° Modified SW CNT
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sorting procedures have been demonstrated to achieve simultaneous chirality and
handedness control, but only for a small number of SWCNT chiralities with limited
degree of enantioenrichment. Here, ATP has been successflly employed to isolate
chirality -enriched SWCNTS, providing a rapid, facile, low -cost, and scalable method for
isolating chirality -enriched SWCNT samples, and a route to obtain specific SWCNT
chiralities that were previously inaccessible.2%4

We aimed to realize a scalable technique that povides diameter-sorted SWNTs
of a single helical handedness; towards this goal, we have developed a simple, robust,
two -step, enantioselective ATP-like protocol that has allowed the isolation of single -
diameter SWCNT enantiomers. This process utilizes a chiral, binaphthylene -based
surfactant (Figure 45 b) that discriminates SWCNT helical handedness by selectively
dispersing one nanotube enantiomer into an aqueous solution. The resulting
supernatant and sediment can be separately subjected to ATP protocols to obtain
enantioenriched, single-diameter SWCNTSs.

We have been able to isolate (6,5) and (5,6)SWNTs (Figure 46) using this two -
step technique and interpreted the observations in terms of solvation free energy
differences using molecular dynamics . The ability to isolate these and other single-
diameter SWNT enantiomers will open entire ly new opportunities to generate and
propagate spin currents in polymer -wrapped/SW CNT assemblies®! that take advantage

of the chirality -induced spin selectivity (CISS) effect.302
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Figure 46. CD spectra of enanti oenriched (+)(6,5)SWCNTs and (-)(6,5) SWCNTs
using chiral surfactants.

6.3 Methods

6.3.1 Experimental methods

Detailed experimental methods will be provided elsewhere. A summary of the

procedure is shown in Figure 47.
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Figure 47: Procedure to obtain single -chirality, enantioenriched SWCNT
samples.
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6.3.2 Computational methods
6.3.2.1Molecular dynamics system preparation

Single unit cells of the (+) (6,5) and €) (6,5) singlewalled carbon nanotubes (364
atoms) were built using the nanotube builder tool in Avogadro 1.2.0. 266 |nitial geometries
of the anionic surfactants in the R and S configuration correspond to optimized
structures at the wB97-XD*4/def2-SVP* level of theory under a polarizable continuum
model for water, 4t as implemented in Gaussian 164°

Four simulation boxes corresponding to each carbon nanotube with different
chiral surfactants were built in PACKMOL. 303.304Fgr each box, the carbon nanotube was
positioned at the center of the box and aligned to the z-axis. The tube was solvated with
30 surfactant molecules, 3000 water molecules and 60 sodium ions. The unit cell vector
forthez-ERPDUwWPEUWUI OwUOwUT | wOEOOUUET woi O1 U1 wepaewK d h
periodic image. The remaining vectors were set to 5.2 nm.

6.3.2.2 Molecular dynamics simulation details

The GROMACS codes312yersion 2019.1 was used to run the molecular dynamics (MD)
simulations and predict the solvation free energy of the carbon nanotubes. We used the
CHARMM3G6 force field parameterst’®and the SPC/E modelfor water. 313 Carbon
nanotubes and surfactant topologies were constructed using CHARMM -GUI.314The

carbon atoms were treated as aromatic sp carbons with no partial charges. 315
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We followed an approach similar to Hinkle and Phelan Jr 3¢for the MD
simulations. All the systems were energy minimized, thermalized (200 ps), and
equilibrated (200 ps) at standard conditions ('Y o Ttk and 0 p bar) using the leap-
frog stochastic dynamics integrator, 317 a semkisotropic Parrinello -Rahman barostag!é
(the system compressibility for the z -axis was set to 0), PME electrostatics/3and
periodic boundary conditions. The cutoff distance for truncating van der Waals and
Coulomb interactions was 12 A. Hydrogen bonds were constrained by the LINCS
algorithm. 319 The final MD production in the NPT ensemble covered 3 ns, with a time

step of 2 fs. Analysis of trajectories was made in VMD (version 1.9.4a)18¢

6.3.2.3Solvation Free Energy calculations
The solvation free energy YO PEUwi UUDOEUTI EwYPEwWOT T w! 1 601 U
Ratio method 320 321ysing the GROMACS tool gmx bar. This free energy perturbati on
approach couples the solute-solvent interactions to a parameter _.322325\We used an
solvent wan der Walls interactions (_ 1) to a final state with normal solute -solvent van

der Waals interactions (_ p).

6.3.24 Entropic and Enthalpic contributions to solvation

The change in entropy Y'Y  as estimated using a finite difference

approximation 326 as follows:
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The value of ¥"Ywas set to 20 K.entropy YO and Y'Y  were used to calculate

the enthalpic contribution:
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6.4 Results

The selective dispersion of (+)/(-)(6,5) SWNTs facilitated by the chiral surfactants

was rationalized in terms of Solvation Free Energies. Molecular dynamics simulations

for a given (+) or (-) (6,5) SWCNT. The chirality combination of the CNT and the

surfactant determines their interaction strength . ¥YY0 7 o » 15.7 kcal/mol and
YWO 7o 7 15.5 kcal/mol. The differences in Solvation Free energies between R
and S iscaused bythe surfactant geometry on the CNT. Figure 48 shows that the surface
coverage ishigher for the (+)(6,5) SWCNT with the S surfactant and the (-)(6,5) SWCNT

with the R surfactant.
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(+) (6,5) CNT & R surfactant (-) (6,5) CNT & S surfactant
i ROk

AAG[(+)/R]_,[(+)/S] =-15.7 kcal/mol AAG[(_)/S]_,[(_)/R] =-15.5 kcal/mol

Figure 48: Final snapshots of solvated carbon nanotubes simulated for 3 ns
using the CHARMMS36 force field . Three periodic cells are shown. The value s of W—n
correspond to one unit cell.

The breakdown of solvation free energies into enthalpic and entropic
Contributions for CNTs are reported in Table 12 The enthalpic contributions to the
solvation free energy from the strong surfactant -CNT interaction overwhelms the
entropic penalty . The selective dispersion is attributed to the stronger van der Waals
interactions between the (+)6,5) CNT/(-)(6,5) CNT and the S/R surfactants facilitated by

the chiral geometries.
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Table 12 Enthalpic and Entropic contributions to the Solvation Free energies .

SWCNT SUR YO (kJ/mol) YO (kJ/mol) WY (kJ/mol)
(+) (6,5) R -444.1 + 7.7 -1166.8 + & 722.7 +8.7
(+) (6,5) S -510.1 +3.2 -1614.3 + 1104.2 + 6.3
(-) (6,5) R -508.5+ 6.2 -1619.1+ 76 1110.6 + 7.6
(-) (6,5) S -443.3 +5.2 -11690 + 64 725.7+6.4

6.5 Conclusions

We report a facile aqueous two-pase separation protocol for obtaining single -
chirality, enantioenriched SWCNTs from commercially -available nanotube samples
using chiral binol -based surfactants. The enantioselectivity is attributed to the tubes and
surfactant geometries that enable high surface coverage thanks to the strong attractive
Van der Waals forces. This enthalpic contribution overcomes the entropic penalty for
dispersing the nanotubes. The findings of this work promise to open new opportunities

for CNTs in spintronics.
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7 Concl usi ons

This work presents collaborative theoretical and experimental efforts to design,
synthesize and characterize the electronic properties of chemical systemdor charge and
energy transport applications . The studies presented in Chapters 26 have contributed
towards fundamental insights required for developing more efficient electronic devices

at the nano- and larger scales. Below we summarize major findings.

7.1 Chapter 2: Excited-state dynamics of molecular targets for
IR-perturbed electron transfer

I employed density functional theory and time -dependent density functional
theory to investigate the excited state dynamics of acetylene-bridged organic and
organometallic D-B-A complexes. The computational studies supported the conclusions
derived from transient absorption spectroscopy in the UV and mid-IR region. 3-pulse
experiments could reveal electron transfer modulation thanks to the fast formation of
charge separation states.

The utilization of IR pulses to activate symmetry-forbidden charge separation
and charge recombination processes in highly conjugated double-slit style molecules is
another exciting venue to explore. The asymmetric stretching of the bridge vibrational
modes caused by IR pulses can remove the symmetry constraints and substantially

increase the Donor-Acceptor electronic coupling and overall electron transfer rate.
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7.2 Chapter 3: Exploiting molecular coherences for directed
energy flow

We studied covalently linked, strongly coupled light -harvesting complexes
based on porphyrin arrays to demonstrate quantum-ratcheted energy transfer and
unmask the impact of symmetry -breaking on coherent energy transfer processes in
cofacial porphiryn motif s.

The quantum ratchet design would benefit from 2DES and 2DEV studies to show
the formation of charge separation states and quantum simulations to compute spectra.
Since topology plays the predominant role on forming strong electronic interaction
between porphyrin units, new designs should focus on structural connectivities that
ensure strong wroverlap between monomers to sustain coherence in this family of

compounds.

7.3 Chapter 4: Delocalization-assisted transport through nucleic
acids in molecular junctions

Conductance measurements and molecular dynamics was combined to study
nucleic acid-based molecular wires for biocompatible electronics. We examined the
single-molecule conductance of peptide nucleic acid (PNA) duplexes, molecules
analogous to DNA with a peptide backbone, and compared the results with DNA
duplexes with a similar base-pair sequence. We analyzed the relative contributions of
coherent and incoherent transport on the conductance of these compounds.We

provided PNA sequences of several nanometers in length with conductance values
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comparable to highly -conductive small molecules. In addition, we emphasize the
importance of forming strong molecule -lead interactions to construct efficient nucleic

acid-based molecular wires.

7.4 Chapter 5: Electron ratcheting in self-assembled soft matter

The content of this chapter presents two mechanisms for ratcheting employing
external electric fields. We analyzed how nucleic acids could be used for electron ratchet
devices. These devices rectifyelectric current over long distances using energy sources
different from a net applied bias along the transport direction. We proposed
experimental designsto build DNA -based electron ratchet devicesto motivate the

utilization of organic polymers for cha rge transport over several micrometers.

7.5 Chapter 6: Enantiomeric separation of semiconducting
nanotubes

Cost-efficient synthesis and scalable separation methods of chemical systems are
a major step toward future electronics. In this chapter, we used molecular dynamics
simulations to understand the action mechanism of small -molecule surfactants to
separate chiral semiconductive nanotubes. Structural changes that could enhance the
enthalpic contribution to the solvation free energy of the carbon nanotubescould allow

separation of other nanotubes of different diameters.
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Figure 49: TD -DFT results showing all sizable contributions for the lowest
energy triplet state of compound 1.

Table 13: Coordinates of ground state optimized structure of 1 in CH sCN.

Atom X Y Z
Co -3.40265 -0.03545 0.04988
N -3.51322 -0.33856 1.99578
H -4.51582 -0.15387 2.14735
N -3.51306 -2.00454 -0.14308
H -2.52933 -2.28113 -0.26160
N -3.30809 0.28289 -1.90406
H -2.31338 0.13236 -2.11908
N -3.31150 1.92518 0.25428
H -4.31185 2.13496 0.38762
C -3.26545 -1.77055 2.23304
H -3.60042 -2.06743 3.23843
H -2.17790 -1.93475 2.16861
C -3.98524 -2.53070 1.14978
H -3.81471 -3.61547 1.22100
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-5.06894
-4.28761
-5.33976
-4.21013
-3.81126
-2.73242
-4.32411
-4.10809
-5.16637
-3.90502
-3.61174
-4.70098
-3.31950
-2.89169
-3.10466
-1.80182
-2.54853
-2.64712
-1.48765
-3.01690
-4.09489
-2.50101
-2.72681
-1.66310
-2.95117
-1.54567
-0.32938
1.08958
1.98138
1.62103
1.52314
3.38334
3.01118
0.94105
241324
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-2.34263
-2.56407
-2.28844
-3.66264
-2.04493
-2.24252
-2.60833
-0.57187
-0.36419
-0.26803
1.70913
1.82949
2.03089
2.48364
3.56185
2.34410
2.50444
3.60120
2.25482
1.98218
2.18156
2.54433
0.50758
0.29598
0.20414
-0.18019
-0.35293
-0.55190
0.55598
-1.82073
1.87922
0.32036
-2.03520
-2.65912
2.91636

1.20314
-1.26483
-1.10001
-1.22417
-2.60604
-2.73564
-3.39810
-2.79945
-2.58243
-3.83916
-2.11421
-2.00824
-3.12517
-1.04156
-1.09598
-1.12787

1.37148

1.32930

1.21182

2.71440

2.84679

3.50518

2.90777

2.71744

3.94318

0.09280

0.07460

0.08214
-0.12850

0.30025
-0.35857
-0.10530

0.31969

0.45980
-0.55407
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Table 14: Coordinates of ground state optimized structure of 2a

Q)
o

I 2T ZIT 2ZIZ

0.44638
4.28245
3.88688
3.42015
3.80359
2.04329
4.52044
5.74883
5.34754
6.53516
5.79756
6.19347
7.66073
8.06648
8.15204
9.25175
7.80228
7.80745
8.11598
7.77950
7.73306
9.21473
-5.68960

1.52821
1.71700
2.73149
1.49339
0.48800
1.35148
0.33968
1.57629
2.58629
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2.06097
1.39586
-0.98287
-3.03237
2.67447
3.92777
3.48309
1.16576
-1.23439
2.08218
-2.35175
-0.14359
-0.36442
0.63498
-0.81090
-0.80441
-0.12236
-1.82520
-1.28078
-2.31297
-0.92643
-1.27479
0.15515

-0.21350
-1.87372
-1.90125
-1.38813
-1.46974
1.45093
1.50009
0.95685
1.01841

-0.37989
-0.30854
0.12087
0.49222
-0.52906
-0.72959
-0.68226
-0.28839
0.14853
-0.46257
0.34707
-0.06164
-0.04274
-0.23620
1.33032
1.33925
2.11343
1.56812
-1.17386
-1.01425
-2.14211
-1.22117
0.03148

0.02942
-1.03638
-1.20506
1.62804
1.82770
1.09458
1.27096
-1.56879
-1.75509

in CH sCN.
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1.36744
1.71348
0.26843
1.98091
1.73412
3.07752
2.17562
3.25092
2.02936
1.67377
0.57933
2.11087
2.05278
3.13188
1.82121
1.71650
2.81571
1.38207
1.10557
1.36563
0.00695
0.89684
1.04811
-0.18050
1.39739
2.49169
0.95984
1.02138
-0.05957
1.26121
-0.38830
-1.61591
-3.04069
-3.88885
-3.62623
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-2.99475
-3.95329
-3.02609
-2.70823
-3.48418
-2.64208
-0.93639
-0.88397
-1.69812
0.41303
0.38608
0.62030
1.54086
1.51083
2.51702
2.56549
2.58034
3.52968
2.28376
3.05500
2.23534
0.50964
1.27158
0.46170
-0.84017
-0.81201
-1.04740
-1.96922
-1.94878
-2.94391
-0.33375
-0.43189
-0.56969
0.59195
-1.83381

-0.14952
-0.56589
-0.07368
1.19653
1.93724
1.11340
2.85142
2.62169
3.63468
3.32363
3.47054
4.31049
2.38534
2.16986
2.84207
0.20514
0.13162
0.61783
-1.14297
-1.88405
-1.06818
-2.79477
-3.57684
-2.57146
-3.26737
-3.41452
-4.25399
-2.32919
-2.12040
-2.78478
-0.04981
-0.01438
0.00472
-0.02773
0.05243
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-3.37602
-5.29940
-5.02332
-2.98083
-4.22234
-2.29228
-6.15300
-5.85652
-5.47279
-5.62131
-3.81094
-6.30417
-7.62721
-7.32496
-8.37574
-7.82264
-8.12527
-9.60028
-9.96434
-10.11043
-11.20894
-9.73250
-9.80852
-10.09198
-90.79163
-9.69927
-11.18997
3.43950
4.66840
6.10333
6.76650
6.90907
8.15264
6.17364
8.29629
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1.91412
0.41358
-1.99143
-2.71368
3.00487
2.05061
1.54374
-0.88664
-2.98551
2.81986
4.01481
3.67102
1.37431
-1.07887
2.33778
-2.19333
0.06556
-0.09453
0.93859
-0.80977
-0.76015
-0.32370
-1.86474
-0.72292
-1.77572
-0.17747
-0.66923
-0.10306
-0.04341
0.03460
1.26003
-1.10912
1.34531
2.16950
-1.04027

-0.07814
-0.00922
0.06960
0.07646
-0.10790
-0.09376
-0.04026
0.03970
0.10667
-0.08861
-0.14653
-0.11156
-0.02185
0.05879
-0.04777
0.10125
0.02623
0.04264
0.01005
-1.20418
-1.22403
-2.11557
-1.21229
1.34254
141711
2.21318
1.37589
0.10108
0.04374
-0.00153
-0.20457
0.15691
-0.24846
-0.33099
0.11548
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Table 15; Coordinates of ground state optimized structure of 2d

Co

OIITOITITOITTOIZTITZITZ2TITZZ

6.42958
8.96300
8.61053
8.86845
10.33453
10.97891
10.73248
12.06616
10.69381
11.12775
10.91271
12.19096
10.95632

1.181
1.01721
0.00604
1.20821
2.21263
1.33418
2.34432
1.14113
0.13422
1.36157
1.02388
2.45979
0.73336
0.97871

-0.36284
0.51318
-0.56095
0.65983
1.00044

136

-2.07810
0.19347
2.32144
-1.95905
0.26962
1.54664
2.27093
1.40717
2.00387
-0.92731
-1.67889
-0.66893
-1.40755

-0.22395
-2.07231
-2.14736
-1.03554
-1.06418
1.62875
1.7271

0.58171
0.58726
-2.97955
-4.00612
-2.98789
-2.42098
-3.02092
-2.38374
-0.34373
-0.35097
-0.92371
1.07947

0.31710
-0.08967
-0.40865
0.24470
-0.13266
-0.34065
0.45538
-0.34338
-1.30430
0.03273
-0.74689
-0.03355
1.01201

-0.1299
0.56617
0.7396
-1.93902
-2.15742
-0.82196
-0.98754
1.67975
1.89007
-0.54055
-0.33157
-0.63125
-1.79086
-2.68055
-1.68735
-3.03646
-2.79553
-3.96241
-3.21891

in CH sCN.
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2.09315
0.55049
0.62313
-0.45433
0.84572
0.9622
-0.13649
1.28184
1.58824
1.3257
2.68628
1.84684
1.7002
2.92073
1.36987
0.27937
1.83275
1.73463
2.81172
1.50716
3.09793
4.32542
5.75157
6.58706
6.35107
6.05957
7.99945
7.74998
5.71596
6.89363
4.97442
8.84038
8.5709
8.21046
8.29458
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1.09505
1.48539
1.98179
1.90059
3.03395
2.52629
251111
3.55989
1.97612
2.56955
1.96261
-0.10279
0.47662
-0.08646
-1.52898
-1.54892
-1.93305
-2.43108
-2.35866
-3.48198
-0.3411
-0.418

-0.52589
0.52626
-1.65227
1.70363
0.38558
-1.77598
-2.44994
2.69314
1.80866
1.41136
-0.77371
-2.66242
2.54777

-3.37902
-4.13584
-2.06153
-1.85093
-2.30371
0.2839
0.36434
0.08139
1.5387
2.42769
1.44675
2.77468
3.70097
2.53053
2.96179
3.13545
3.87305
1.80007
1.58347
2.04316
-0.09657
-0.16781
-0.2334
0.28122
-0.79442
0.87191
0.19757
-0.86594
-1.18356
1.35366
0.93775
0.69486
-0.37914
-1.3062
1.26407
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6.47115
8.96815
10.31644
10.04147
11.05391
10.55131
10.82905
12.30564
12.65827
12.82745
13.9253
12.44565
12.53845
12.80068
12.51352
12.39803
13.89778
-0.73139
-1.96104
-3.39736
-4.08612
-4.1696
-5.47512
-3.51427
-5.55888
-3.66368
-6.24174
-5.98064
-6.13054
-7.64434
-8.34212
-9.3988
-10.11297
-9.75964
-8.69408
-8.00402
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3.59211
3.32065
1.28138
-0.92731
2.15817
-1.92338
0.1132
-0.00961
0.92624
-1.16196
-1.11143
-1.09115
-2.13327
-0.05354
-0.99065
0.79165
0.02336
-0.11999
-0.0947
-0.0572
1.07092
-1.14614
1.10908
1.92838
-1.10947
-2.03216
0.01937
1.99268
-1.96385
0.05679
1.28921
1.59297
2.78804
3.71583
3.41819
2.21875

1.80544
1.63863
0.61116
-0.46675
1.03131
-0.9559
0.03172
-0.04553
0.40256
0.80652
0.84776
1.83557
0.38567
-1.4875
-1.98104
-2.06479
-1.49399
-0.16605
-0.10822
-0.06645
0.42001
-0.51562
0.46174
0.78232
-0.48713
-0.90625
0.00556
0.85648
-0.85503
0.0408
-0.0752
0.78813
0.66678
-0.32172
-1.18753
-1.07357
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-9.67301
-10.93412
-8.43452
-7.18574
-8.39953
-9.51201
-10.28077
-9.92797
-8.80699
-8.06165
-0.78648
-11.14428
-8.54806
-7.19957
-10.3838
-11.4545
-11.81469
-12.28181
-11.13727
-10.60303
-11.7296
-12.12465
-12.5134
-11.46705
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0.87652
2.98669
4.14568
1.99179
-1.13721
-1.38469
-2.54084
-3.48638
-3.24537
-2.08361
-0.65443
-2.69599
-3.98596
-1.9001
4.90062
5.24243
6.22842
451725
5.29847
-4.63715
-4.92249
-5.88873
-4.15549
-4.99402

1.56628
1.35617
-1.95923
-1.76127
0.19365
-0.61587
-0.45695
0.51478
1.32653
1.17612
-1.38099
-1.10449
2.08588
1.822
-0.50991
0.3347
0.0192
0.2546
1.38963
0.73558
-0.05563
0.27866
0.06307
-1.12455
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Table 16: TD -DFT computed vibrational frequencies and IR intensities ( |) for
Ph-C4-NAP in toluene and DCM in the ground and excited states at q=0.

States Nc=o.as / cm-? Nc=oss / cm? Ncicas/ cmMt Ncicss/ cmt
(I / km/mol) (1 / km/mol) (I / km/mol) (I / km/mol)

In toluene

S 1795.2 1833.7 2266.0 2349.2
(592) (507) ()] (189)

S(TD-DFT) 1736.9 1773.7 2147.5 2313.0
(787) (2787) (295) (31540)

Si(TD-DFT) 1752.3 1791.6 2120.5 2144.8
(735) (2063) (447) (957)

Ti(variational) 1732.6 1794.7 1970.2 2157.8
(513) (812) (525) (369)

In DCM

S 1782.8 1825.5 2264.4 2347.6
(807) (622) Q) (244)

S(TD-DFT) 1720.8 1761.7 2148.3 2321.9
(1234) (3335) (149) (33594)

S(TD-DFT) 1735.7 1778.3 2119.1 2144.7
(2067) (2921) (788) (375)

Ti(variational) 1723.7 1783.4 1971.7 2155.4
(736) (1156) (825) (681)
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Table 17: TD -DFT computed vibrational frequencies and IR intensities (  |) for
D-C4-NAP in toluene and DCM in the ground and excited states at q = 0.
States Nc=0,as / cM-t Nc=oss / cM*t Ncicas/ cmM? Ncicss/ cm-t
(I / km/mol) (I'/ km/mol) (I'/ km/mol) (I / km/mol)
In toluene
S 1793.6 1831.5 2257.7 2328.4
(594) (571) (45) (1602)
S(TD-DFT) 1740.5 1780.1 2129.8 2197.5
(776) (878) (514) (3077)
Si(TD-DFT) 1750.1 1784.5 2139.2 2187.7
(825) (2941) (2387) (29729)
T (variational) 1738.9 1789.3 2020.5 2129.1
(671) (1257) (108) (3361)
In DCM
S 1781.2 1823.5 2254.1 2322.3
(812) (693) (101) (2152)
S(TD-DFT) 1724.2 1768.8 2124.3 2191.4
(1110) (1326) (1051) (4112)
Si(TD-DFT) 1731.2 1771.0 2136.1 2188.3
(1309) (3690) (1744) (16318)
Ta (variational) 1728.1 1776.2 2065.0 2119.2
(1114) (2524) (3209) (6840)
0.8
E ~— S;-Sy
~ 0.6
I\—|
o 04
S
UI)H 0.2 — ] H21
? 0.0

0 15 30 45 60 75 90

Dihedral angle

Figure 50: Computed S2-S1 energy gap and the Hoa (H12) coupling
dependences on torsional angle q.
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Table 18: Coordinates of the D 1-D2-A optimized structure at the MN15/def 2-
SVP level of theory in toluene.

17.26240 2.78837 -1.77268
16.23820 2.04202 -1.27101
16.84096 0.97369 -0.50686
18.19744 1.07209 -0.55749
18.49057 2.16860 -1.32628
16.10723 -0.02146 0.18421
16.80574 -2.91282 2.23719
15.90768 -2.07270 1.64950
16.67691 -1.07589 0.93997
18.00737 -1.30712 1.10851
18.12301 -2.42316 1.89633
19.32084 -3.02085 2.32209
21.84196 -3.16204 2.44952
22.86116 -2.42110 1.92658
22.25077 -1.35973 1.16035
20.89046 -1.46679 1.22112
20.60968 -2.55367 1.99669
22.95830 -0.37209 0.46883
22.29853 2.51182 -1.58074
23.19047 1.67057 -0.98248
22.41431 0.68135 -0.27180
21.08157 0.92962 -0.43909
20.97756 2.03722 -1.22911
19.77439 2.63597 -1.65294
19.22394 -4.23662 3.18160
19.87456 3.84778 -2.51773
14.68234 0.03448 0.10876

6.11723 3.62912 -0.53121

5.13937 2.67937 -0.49274

5.80691 1.40475 -0.37043

7.15651 1.58489 -0.34305

7.37974 2.93228 -0.44045

OZ00000000Z200000Z200000Z2000002Z2000
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5.13537
6.01995
5.06830
5.77121
7.11498
7.30094
8.53852
11.05425
12.03196
11.36438
10.01529
9.79244
12.03594
11.15342
12.10327
11.40062
10.05759
9.87224
8.63497
8.52083
8.65367
13.46159
-4.92169
-5.88676
-5.20734
-3.85603
-3.65348
-5.85410
-4.89878
-5.87099
-5.19750
-3.84338
-3.63263
-2.38033
0.13767
1.09843
0.40743
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0.16023
-3.33396
-2.36083
-1.10079
-1.31225
-2.66551
-3.32680
-3.38710
-2.43706
-1.16074
-1.34160
-2.69046

0.08526

3.57421

2.60458

1.34464

1.55435

2.90579

3.56662
-4.81658

5.05334

0.06578

3.11087

2.26397

1.20376

1.41366

2.56692

0.11417
-2.84515
-2.02862
-0.95360
-1.12566
-2.27033
-2.82807
-2.85514
-2.01203
-0.91147

-0.29699
-0.04544
-0.12853
-0.19128
-0.13468
-0.04239
0.04955
0.16173
0.13141
0.02678
-0.01374
0.06426
-0.02994
-0.35029
-0.21952
-0.15486
-0.23373
-0.35109
-0.45159
0.13551
-0.58050
0.04237
1.49686
1.03767
0.32429
0.37117
1.07341
-0.29430
-2.13393
-1.63632
-0.93985
-1.03266
-1.74648
-2.07765
-2.08500
-1.61299
-0.97976



O0O0000000000000000000000000000Z2Z2000002Z2

-0.93833
-1.13884
1.05789
0.11085
1.07894
0.39765
-0.94963
-1.16041
-2.40650
-2.37889
-2.41681
3.70821
2.48559
18.80485
18.71088
19.04362
19.46447
19.55173
20.29173
20.39113
20.06748
19.65124
19.55808
8.09966
8.08026
8.48980
8.91475
8.92700
8.98415
9.00251
8.68312
8.34889
8.33711
-2.75897
-2.76397
-2.38209
-1.99856
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-1.08736
-2.26482
0.18355
3.22289
2.38867
1.27467
1.43364
2.61198
3.15404
-4.11224
4.44151
0.17630
0.18329
-4.13492
-5.27805
-6.51862
-6.65001
-5.50260
5.07696
6.21965
6.12069
4.91675
3.77773
-5.45938
-6.86024
-7.60799
-6.99879
-5.59755
5.86325
7.26139
7.83848
7.06161
5.66411
-5.31162
-6.52245
-6.52182
-5.35012

-1.07544
-1.74794
-0.36141
1.34593
0.87334
0.25323
0.35780
1.02560
1.37262
-2.83742
2.12667
-0.33066
-0.35056
4.52080
5.32963
4.78852
3.46624
2.66288
-1.97539
-2.78396
-4.13608
-4.70161
-3.88692
1.31370
1.39621
0.29352
-0.88591
-0.96194
0.52114
0.40071
-0.82714
-1.93509
-1.80767
-2.20757
-2.91684
-4.25738
-4.90744



OO0O00000000000000000000000000D0D0CO0OODOOOODO

-2.00030
-2.01579
-2.02552
-2.44375
-2.84945
-2.83278
19.94489
18.50732
9.31923
7.72615
-1.64899
-3.10792
20.58174
19.16918
9.27427
8.02886
-1.63230
-3.20329
20.30294
18.04854
21.02046
18.80560
9.76931
7.26486
9.63567
7.67038
-1.23039
-3.51921
-1.18627
-3.64789
-7.34537
-8.10604
-9.49935
-10.17625
-9.41574
-8.02282
-17.78513
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-4.14254
4.48565
5.69650
6.85717
6.84369
5.62971

-5.52779

-2.89201

-4.91615

-4.64979

-2.95784

-5.21113
5.07224
2.56845
5.21247
4.82801
3.31062
5.51534

-6.75176

-2.71434
6.25668
2.42700

-5.62430

-5.21615
5.95116
5.36281

-2.91217

-6.36064
3.28015
6.65325
0.08435
1.07357
1.04670
0.03197

-0.95907

-0.93429

-0.49373

-4.19222
3.47459
4.18420
3.53573
2.20227
1.49855
1.37147
4.95489

-2.05911
2.32703

-4.73537

-0.90724

-0.65680

-4.34339
1.66749

-2.82155
4.01692
0.20538
0.78621
6.26917

-0.04571

-5.69141

-3.18399
3.52529
2.80463

-4.06850

-6.07402

-0.21561
5.34713

-0.48483

-0.25495

-0.89640

-0.84919

-0.15578
0.48303
0.43256

-3.29153
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-18.70540
-17.95869
-16.62179
-16.47905
-18.53297
-17.49632
-18.49656
-17.85548
-16.50238
-16.24745
-14.97947
-12.46481
-11.53768
-12.26624
-13.60859
-13.75931
-11.66714
-12.74850
-11.74200
-12.36826
-13.72851
-13.98926
-15.26412
-14.91527
-15.32150
-15.29975
-15.23961
-14.78857
-14.39893
-14.46539
-14.97547
-15.02296
-15.42093
-15.76987
-15.71661
-14.11321
-15.71828
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-0.38926
-0.23600
-0.25081
-0.40970
-0.08983
0.34791
0.21099
0.07594
0.13185
0.30074
0.41689
0.53275
0.42155
0.17120
0.14581
0.35767
0.00996
-0.53281
-0.39631
-0.16846
-0.18134
-0.39535
-0.48704
0.62683
-0.68691
1.85723
2.05766
1.02009
-0.20862
-0.40233
0.36017
0.17706
-1.05932
-2.11483
-1.92471
-1.55544
2.80132

-2.29264
-1.06306
-1.32065
-2.67176
0.20552
3.62424
2.70972
1.41968
1.55991
2.89300
3.48145
3.39176
2.39844
1.17281
1.43589
2.77637
-0.09356
-3.49826
-2.58879
-1.30374
-1.44917
-2.77210
-3.36879
4.95697
-4.84616
5.52113
6.90894
7.72304
7.19270
5.80438
-5.72013
-7.11068
-7.61643
-6.77573
-5.38618
5.19756
4.65196
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-14.60518
-16.03103
-13.63559
-16.14103
-14.22885
-16.45638
17.20338
15.16751
16.60483
14.82090
21.90487
23.93401
24.04852
22.50302
24.27868
6.00418
4.06084
5.87708
3.98568
11.16763
13.11082
11.29702
13.18418
-5.04790
-6.96225
-5.01939
-6.94845
-2.39839
0.26964
2.18002
0.23442
2.15979
18.38752
18.97263
19.71506
20.71145
20.14207

147

1.51920
-2.88644
-2.62236

4.04720

2.60532
-4.14159

3.67916

2.18512
-3.78763
-2.10647
-4.04116
-2.56667
-0.42933

3.37741

1.70321

4.70814

2.81406
-4.41108
-2.47130
-4.46666
-2.57522

4.64956

2.71814

4.01799

2.33831
-3.75201
-2.13181

0.15933
-3.79460
-2.10739

4.16840

2.49942
-5.20535
-7.40994
-7.63324

7.17469

7.00855

-5.13586
-4.49282
5.97398
5.14008
-5.94083
-4.95411
-2.39504
-1.40377
2.85250
1.69314
3.08817
2.04563
0.51194
-2.20809
-1.01597
-0.61587
-0.55013
0.01418
-0.14094
0.23812
0.16420
-0.43481
-0.16306
2.08466
1.18168
-2.72331
-1.74386
-0.34574
-2.61814
-1.68792
1.87031
0.93755
6.36755
5.41610
3.06925
-2.36865
-4.76815
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19.40796
7.75594
8.47752
9.22703
9.25713
8.69495
8.10604

-3.05603

-2.38324

-1.70753

-1.71692

-2.45389

-3.16893

20.59254

19.46001

21.15617

18.80107

17.11417

17.85436

20.26079

21.95741

21.20233

18.51241

19.64657

17.95300

10.04908
8.98066

10.65125
8.03991
6.36739
7.00641
8.82418

10.54432
9.83698
7.44967
8.49051
6.77384
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4.86846
-7.36393
-8.69858
-7.60890

7.89387

8.92656

7.54023
-7.45450
-7.46288
-5.37952

5.73670

7.80071

7.76733
-6.54041
-7.46354
-7.21748
-3.03452
-3.27180
-1.64353

7.05400

6.62405

6.02554

1.38096

2.66040

3.07679
-4.88187
-6.27601
-6.24338
-5.83618
-5.83653
-4.38710

6.62598

6.55104

5.23034

4.51690

5.95579

6.00128

-5.76255
2.30631
0.35524

-1.73289
1.25056

-0.92345

-2.88327

-2.43398

-4.81212

-5.95700
5.22837
4.08615
1.72061

-0.24965
0.78363
1.30809
7.00967
6.45148
6.39982

-0.11141

-0.49784
1.01023

-5.83719

-6.36632

-5.95197

-3.94028

-3.59685

-2.94739
4.00694
3.36170
4.19406
3.12601
2.62699
3.60546

-4.72965

-4.50771

-3.99341
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-0.98110
-2.02705
-0.33648
-2.72051
-4.41525
-3.76183
-1.97547
-0.30177
-0.91190
-3.90226
-2.86429
-4.54420
-7.59192
-10.07944
-9.92996
-7.44270
-17.96191
-19.79083
-17.58291
-19.57046
-12.29689
-10.45737
-12.66762
-10.67055
-15.53417
-14.73903
-14.05304
-14.75814
-15.45992
-16.07336
-13.40407
-14.39141
-12.71919
-15.32918
-17.00102
-16.44525
-13.96365

149

-1.86840
-3.24466
-3.53669
-7.12080
-6.81190
-6.05075
3.60037
3.92308
2.24268
6.33340
7.42795
7.09022
1.87271
1.82401
-1.75594
-1.71250
-0.61465
-0.40983
0.46772
0.19815
0.73067
0.51679
-0.72398
-0.45994
3.00879
1.17375
-1.00271
0.98495
-1.20474
-3.07168
-3.44288
-2.96735
-2.34662
457282
3.94477
4.64531
3.42814

-6.29727
-6.76100
-6.24116
-0.17890
-0.67455
0.80744
6.04839
5.49322
5.57030
-1.50194
-0.53915
-0.01278
-1.43657
-1.35322
1.02648
0.93516
-4.35855
-2.37609
4.70245
2.88889
4.44860
2.48108
-4.56655
-2.76490
7.35138
8.80345
7.85372
-7.79209
-8.69841
-7.19946
5.28506
6.69977
6.52288
5.67087
5.82355
4.27342
-5.26695
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-15.05463
-13.35531
-16.66653
-15.67778
-17.37472
8.58606
19.54732
-15.11452
-19.97294
-20.63116
-22.11722
-22.78740
-22.07242
-20.58582
-22.83548
-24.24477
-24.91742
-24.20127
-24.87448
-24.15729
-22.74807
-19.92812
-20.01029
-26.40163
-27.01743
-26.36066
-26.97237
-27.07014
-28.47447
-22.28689
-24.82762
-24.70584
-22.16634
-28.88855
-28.79658
-28.82437

150

2.93148
2.36167
-4.75449
-4.63836
-4.06134
0.12143
-0.19348
-0.04145
-0.10944
1.12496
1.09037
-0.14316
-1.35992
-1.35905
2.26789
2.25050
1.05534
-0.15988
-1.39082
-2.56912
-2.55349
-2.37272
2.15431
1.04363
-0.19490
-1.42328
-2.46093
2.05479
-0.16978
3.20085
3.16958
-3.50174
-3.47326
0.24425
0.47162
-1.19469

-6.59563
-6.56906
-4.07002
-5.55749
-5.56026
-0.18023
0.33298
0.05693
0.26965
0.15144
0.22679
0.41262
0.52743
0.45317
0.11676
0.18898
0.37124
0.48620
0.67399
0.78373
0.70979
0.54615
-0.00219
0.44823
0.63576
0.75537
0.91706
0.35524
0.70837
-0.02551
0.10418
0.92796
0.79456
-0.22037
1.53917
0.85898



Table 19: Coordinates of the D 1-D2-A optimized structure at the MN15/def2 -
SVP level of theory in toluene.

-17.25437 2.81760 1.77867
-16.23341 2.06399 1.28011
-16.84148 0.98560 0.53296
-18.19677 1.08600 0.59186
-18.48615 2.19246 1.34770
-16.11291 -0.01905 -0.15246
-16.82553 -2.93384 -2.17253
-15.92286 -2.08684 -1.60090
-16.68689 -1.08327 -0.89360
-18.01744 -1.31827 -1.04858
-18.14072 -2.44194 -1.82401
-19.34295 -3.04429 -2.23325
-21.86740 -3.18953 -2.33729
-22.88295 -2.44322 -1.81371
-22.26608 -1.37181 -1.06542
-20.90665 -1.47956 -1.13740
-20.63097 -2.57453 -1.90245
-22.96848 -0.37510 -0.37970
-22.29582 2.53919 1.62552
-23.19227 1.68870 1.04634
-22.42029 0.68960 0.34327
-21.08703 0.94190 0.49719
-20.97657 2.05989 1.27025
-19.76866 2.66479 1.67610
-19.25257 -4.26889 -3.08136
-19.86346 3.89097 2.52146
-14.68741 0.03780 -0.08787

-6.11445 3.63289 0.49834

-5.13665 2.68340 0.44297

-5.80556 1.40874 0.31835

-7.15466 1.58964 0.30670

-7.37822 2.93574 0.41587

-5.13513 0.16350 0.22855

-6.01939 -3.33092 -0.05485

-5.06715 -2.35821 0.03321
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-5.77031 -1.09824 0.11319
-7.11341 -1.31037 0.06194
-7.30097 -2.66208 -0.04183
-8.54052 -3.32242 -0.12756
-11.05883 -3.38355 -0.20774
-12.03664 -2.43398 -0.15615
-11.36822 -1.15749 -0.04882
-10.01940 -1.33887 -0.02788
-9.79579 -2.68636 -0.12091
-12.03932 0.08917 0.02770
-11.15550 3.57865 0.36745
-12.10654 2.60941 0.23811
-11.40407 1.34931 0.15867
-10.06136 1.55964 0.22867
-9.87385 2.90968 0.35299
-8.63437 3.56987 0.44480
-8.52322 -4.81138 -0.22713
-8.65206 5.05614 0.58056
-13.46570 0.06947 -0.03168
4.93826 3.08344 -1.57083
5.90014 2.24073 -1.09629
5.21515 1.18798 -0.37587
3.86493 1.39905 -0.43399
3.66653 2.54441 -1.14901
5.85677 0.10379 0.25927
4.88994 -2.83879 2.12326
5.86570 -2.02754 1.62282
5.19639 -0.95802 0.91266
3.84225 -1.12889 1.00062
3.62581 -2.26591 1.72374
2.36973 -2.82024 2.05203
-0.14982 -2.84714 2.04421
-1.10754 -2.00731 1.55918
-0.41177 -0.91121 0.92133
0.93232 -1.08778 1.02700
1.12957 -2.25964 1.70992
-1.05681 0.18176 0.29123

152
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-0.09848
-1.07019
-0.39300
0.95403
1.17095
2.42031
2.36356
2.43656
-3.70761
-2.48470
-18.85110
-18.76478
-19.08699
-19.49012
-19.57014
-20.28278
-20.37930
-20.05072
-19.63238
-19.54205
-8.12062
-8.10053
-8.48978
-8.89526
-8.90893
-8.98792
-9.00628
-8.68190
-8.34222
-8.32991
2.74205
2.74330
2.35973
1.97814
1.98320
2.04372
2.06006
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3.20759
2.38018
1.26819
1.42311
2.59514
3.13091
-4.09855
4.41243
0.17903
0.18450
-4.17883
-5.32962
-6.56570
-6.68553
-5.53060
5.11125
6.26681
6.18956
4.99500
3.84281
-5.44238
-6.84231
-7.60009
-7.00242
-5.60205
5.86986
7.26736
7.83928
7.05844
5.66155
-5.30339
-6.50868
-6.49643
-5.31898
-4.11691
4.44630
5.65168

-1.43874
-0.96050
-0.33028
-0.43409
-1.11070
-1.45890
2.82183
-2.22320
0.25731
0.27678
-4.42716
-5.22573
-4.66741
-3.33822
-2.54509
1.95973
2.74995
4.10260
4.68695
3.89083
-1.41848
-1.51359
-0.40997
0.78254
0.87118
-0.51713
-0.39093
0.83840
1.94230
1.80931
2.20066
2.91911
4.25945
4.90093
4.17669
-3.57420
-4.29278
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2.47630
2.87405
2.85117
-19.94524
-18.56353
-9.28179
-7.76598
1.63513
3.09209
-20.57658
-19.15289
-9.28177
-8.01720
1.66274
3.21311
-20.29697
-18.12807
-21.02172
-18.79076
-9.70306
-7.32375
-9.64743
-7.65760
1.21987
3.50268
1.23081
3.65757
7.34851
8.10364
9.49734
10.17887
9.42383
8.03049
17.77331
18.69955
17.95874
16.62079
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6.81656
6.81308
5.60466
-5.54470
-2.93903
-4.93097
-4.62294
-2.92669
-5.21376
5.08606
2.64047
5.22353
4.82150
3.26730
5.49999
-6.76696
-2.77519
6.26334
2.52245
-5.65448
-5.18177
5.97063
5.35533
-2.87179
-6.37302
3.22932
6.64588
0.07383
1.06818
1.04139
0.02277
-0.97300
-0.94941
-0.49926
-0.39445
-0.23818
-0.25278

-3.64992
-2.31367
-1.60084
-1.24778
-4.87824
1.98204
-2.43133
4.71110
0.89944
0.64180
4.36663
-1.66559
2.81916
-4.11099
-0.30402
-0.64844
-6.20511
0.01519
5.72012
3.11182
-3.64354
-2.79936
4.06936
6.05333
0.21795
-5.44853
0.37883
0.23031
0.87056
0.83361
0.15037
-0.48772
-0.44589
3.33078
2.33668
1.10303
1.35411
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16.46984
18.53977
17.52321
18.51893
17.86962
16.51754
16.26937
15.00331
12.48598
11.55326
12.27591
13.61919
13.77808
11.67041
12.73154
11.73001
12.36400
13.72281
13.97708
15.24994
14.94719
15.29903
15.32717
15.27493
14.83674
14.45222
14.51055
14.95064
14.98912
15.38094
15.73252
15.68807
14.16410
15.73257
14.58848
16.00440
13.69941
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-0.41343
-0.08769
0.35944
0.22312
0.08225
0.13526
0.30646
0.42057
0.52947
0.41421
0.16557
0.14457
0.35800
0.00229
-0.53788
-0.40180
-0.17569
-0.18893
-0.40163
-0.49173
0.63010
-0.68935
1.86335
2.06248
1.02080
-0.21087
-0.40346
0.36113
0.18050
-1.05636
-2.11485
-1.92755
-1.56004
2.81197
1.52118
-2.89312
-2.63144

2.70399
-0.16300
-3.58847
-2.66803
-1.38186
-1.53090
-2.86476
-3.46019
-3.38534
-2.39719
-1.16691
-1.42317
-2.76213

0.09710

3.51052

2.59492

1.31256

1.46674

2.79067

3.39434
-4.93630

4.87247
-5.49814
-6.88637
-7.70272
-7.17473
-5.78598

5.74210

7.13315

7.64332

6.80699

5.41683
-5.18137
-4.62679

5.15364

452742
-5.96443
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16.15141
14.20787
16.42605
-17.18966
-15.16228
-16.62795
-14.83664
-21.93664
-23.95667
-24.05893
-22.49734
-24.28019
-5.99960
-4.05776
-5.87561
-3.98463
-11.17394
-13.11543
-11.29966
-13.18767
5.07005
6.97658
5.00795
6.94241
2.40041
-0.28668
-2.18947
-0.21946
-2.15042
-18.45520
-19.02185
-19.73285
-20.70141
-20.12321
-19.38549
-7.79098
-8.47671

156

4.06127
2.60969
-4.14902
3.71585
2.21065
-3.81359
-2.12199
-4.07691
-2.59151
-0.43411
3.41415
1.72175
471124
2.82042
-4.40723
-2.47096
-4.46248
-2.57478
4.65343
2.72552
3.98502
2.31500
-3.74110
-2.13271
0.15208
-3.78185
-2.10455
4.14882
2.49668
-5.26699
-7.46299
-7.66553
7.21499
7.08759
4.96475
-7.33797
-8.69000

-5.11743
5.95816
4.99836
2.38979
1.40526

-2.78201

-1.65563

-2.96390

-1.92095

-0.41337
2.24090
1.08769
0.58990
0.48799

-0.12729
0.03951

-0.29107

-0.17600
0.45901
0.19194

-2.16602

-1.23356
2.72022
1.73623
0.29077
2.58461
1.62782

-1.97157

-1.02670

-6.26846

-5.28695

-2.92870
2.32071
4.72024
5.74769

-2.43312

-0.48143
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-9.19167
-9.26488
-8.69393
-8.09540
3.03385
2.35809
1.68593
1.75802
2.49137
3.19221
-20.57437
-19.45374
-21.15567
-18.89263
-17.19537
-17.94102
-20.26322
-21.95682
-21.20779
-18.50014
-19.63248
-17.93777
-9.96711
-8.90199
-10.58748
-8.10622
-6.42306
-7.07885
-8.83689
-10.55530
-9.85037
-7.43559
-8.47836
-6.76245
0.97569
2.01758
0.32458

157

-7.62101
7.90355
8.92689
7.53399

-7.44520

-7.43320

-5.34053
5.68519
7.75581
7.73998

-6.54817

-7.47750

-7.23511

-3.10749

-3.33141

-1.70535
7.06207
6.63361
6.01712
1.47869
2.76979
3.17542

-4.92148

-6.30681

-6.27393

-5.79974

-5.80103

-4.34800
6.64710
6.56837
5.25478
4.50844
5.94595
5.99467

-1.82588

-3.20372

-3.49202

1.62900
-1.23673
0.93915
2.89095
2.44414
4.82128
5.95032
-5.33907
-4.20740
-1.83756
0.38906
-0.65109
-1.15779
-6.92686
-6.39617
-6.35210
0.06683
0.46734
-1.03645
5.88516
6.38816
5.96891
3.88261
3.49736
2.88850
-4.11438
-3.49826
-4.31131
-3.11769
-2.61419
-3.60403
4.72858
4.50912
3.99349
6.27153
6.73843
6.22535
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2.70215
4.39671
3.74694
2.02815
0.34854
0.95938
3.90521
2.87527
455703
7.58685
10.07217
9.94071
7.45567
17.94584
19.78453
17.61766
19.59393
12.32233
10.47308
12.64326
10.65764
15.56599
14.79359
14.11673
14.72230
15.41307
16.03139
13.46972
14.46328
12.78529
15.33981
17.01659
16.44484
13.94909
15.02987
13.32998
16.63927

158

-7.13075
-6.82047
-6.07342
3.54586
3.87148
2.19064
6.33543
7.42189
7.07477
1.87130
1.82272
-1.77320
-1.73207
-0.62311
-0.41698
0.48385
0.21524
0.72600
0.50450
-0.72612
-0.46322
3.01503
1.17351
-1.00741
0.99004
-1.19977
-3.07120
-3.45485
-2.96811
-2.36091
4.57836
3.96075
4.66473
3.43329
2.93284
2.36618
-4.76701

0.18832
0.68309
-0.80761
-6.14130
-5.60691
-5.66906
1.40035
0.42034
-0.09327
1.40213
1.33737
-1.02362
-0.94759
4.39826
2.42639
-4.66560
-2.84149
-4.44320
-2.48764
4.57883
2.76665
-7.32795
-8.78347
-7.83807
7.81175
8.72572
7.23497
-5.27856
-6.68486
-6.51855
-5.65574
-5.79365
-4.25091
5.28296
6.61829
6.57934
4.11873



H 15.64329
H 17.34092
Zn -8.58721
Zn -19.55579
Zn 15.11893
19.97967
20.63927
22.12342
22.79159
22.07610
20.59136
22.84327
24.25240
24.92303
24.20522
24.87769
24.16008
22.75096
19.92723
20.01392
26.40690
27.02210
26.36367
26.97483
27.07681
28.47946
22.29978
24.83327
24.70470
22.17225
28.89338
28.80227
28.82981

IITIIIITIITOOOOHZOOOOOOOOOOOOOO0OO0ZZ

159

-4.64018
-4.06584
0.12523
-0.19330
-0.04483
-0.10783
1.12058
1.08771
-0.14097
-1.35345
-1.35178
2.26041
2.24326
1.05305
-0.15713
-1.38239
-2.55643
-2.54172
-2.35974
2.14366
1.04094
-0.19061
-1.41274
-2.44684
2.04930
-0.16446
3.19141
3.16028
-3.48645
-3.46002
0.22082
0.49814
-1.18425

5.59995

5.60830

0.14129
-0.27345
-0.03411
-0.21939
-0.05978
-0.13432
-0.35669
-0.50895
-0.43803

0.01167
-0.06063
-0.27830
-0.42958
-0.65321
-0.79857
-0.72592
-0.56311

0.12677
-0.35572
-0.57904
-0.73440
-0.92607
-0.23314
-0.65033

0.18181

0.05219
-0.96995
-0.83954

0.29062
-1.46387
-0.82971



Table 20: Coordinates of the D 1zD2-A optimized structure at the MN15/def2 -
SVP level of theory in toluene.

H 23.02704 0.30014 -2.04984
H 22.59867 -0.83899 -3.33886
H 22.56279 2.33947 -1.04652
H 23.02365 1.36205 0.36534
H 22.66697 -1.39097 -1.65115
C 22.37259 -0.55000 -2.29881
H 22.68947 3.09956 0.54986
C 22.36906 2.18288 0.02775
H 21.09579 1.83273 -2.94482
H 20.62372 0.62510 -4.15513
H 22.13674 -1.11577 0.76123
C 20.89286 -0.18651 -2.14160
C 20.48296 0.93004 -3.10500
C 20.88592 1.89143 0.27651
H 20.98633 -2.75828 -0.75364
H 20.29259 -1.08327 -2.38820
H 20.08706 3.15227 -1.32825
C 21.03155 -1.17860 0.78222
H 20.28470 3.98927 0.22279
Si 20.38545 0.18163 -0.35809
H 20.72896 1.81827 1.36916
H 19.42583 1.21701 -2.97716
H 20.95784 -3.36151 0.91969
C 19.99759 3.02872 -0.23704
C 20.60366 -2.55346 0.25837
H 20.90318 -0.03639 2.66032
H 20.90367 -1.80057 2.87373
C 20.55166 -0.98314 2.22277
H 18.93536 2.85006 -0.00956
H 19.50264 -2.62254 0.21219
H 19.44857 -0.97749 2.26621
C 18.54815 0.09725 -0.29370
C 17.32376 0.06124 -0.24127
H 17.10609 -2.12256 1.27533
H 16.92271 2.23852 -1.72079

160



16.02036 -2.05030 1.23537
15.84586 2.12835 -1.60200
15.89470 0.03534 -0.18545
15.28830 -1.01691 0.53861
15.20211 1.06871 -0.85842
15.25641 -3.75198 241770
14.93944 3.80593 -2.71618
15.09052 -2.86659 1.80708
14.84909 2.91384 -2.09949
14.32523 6.96611 -0.86312
14.63332 -6.92201 0.59032
13.94915 -1.20996 0.68848
13.85005 1.21723 -0.90733
13.74492 6.27737 0.68322
13.91580 -6.25209 -0.90587
13.79290 -2.33407 1.45483
13.59980 2.33647 -1.65552
13.45781 6.52202 -0.34594
13.71393 -6.51103 0.13989
13.05058 5.32517 -0.95521
13.30549 -5.33306 0.78408
12.89009 7.47367 -2.60635
13.34655 -7.49150 2.42917
13.05496 -6.53959 2.87188
13.00302 -5.36933 2.09913
12.64225 7.26460 -0.32294
12.65299 5.34205 -2.24508
12.60391 6.50872 -3.02356
12.92857 -7.28519 0.17152
12.75949 -7.38179 4.82746
12.72143 -6.47230 4.22356
12.62350 -4.14449 2.67777
12.57109 -2.90247 1.85228

OO0O0O0OITITOOITOOITIITO0OO0OOOOOITIIZZIITOOITIITOOOOO

Zn 12.45092 -0.02013 -0.05349
C 12.33298 2.86153 -1.96033
C 12.27953 4.10040 -2.79053
C 12.17568 6.42064 -4.34706

161
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12.13493
12.39850
12.34087
12.29501
11.85362
11.79814
11.80739
12.08882
11.94268
11.47032
11.51177
11.57190
11.30111
11.04515
11.31300
11.10902
11.05081
10.95174
10.81388
10.69551
10.13040
10.05301
9.81453
9.96205
9.64929
9.69728
9.61189
9.00216
9.05557
8.88304
7.97963
7.79830
7.57559
6.35378
6.05797
6.02177
4.97590

162

7.32726
-3.06861
-5.27337
-4.10677

4.04199

5.20461

2.99312
-5.25034
-2.89950

5.16572

2.81940
-2.78651
-2.38647

2.68432
-1.73595

2.30381
-1.25769

1.17060

1.62372
-3.41450

3.27738
-2.98466

2.85973
-3.89408

3.76261
-1.11613

0.98719
-0.07347
-2.19090

2.03759
-2.30663

2.11862
-0.08944
-0.09259

2.55682
-2.74337

2.44005

-4.95510
6.55802
4.82394
4.04526

-4.13007

-4.91402

-6.64034
5.88368
4.53517

-5.95236

-4.58830
5.88408
1.53163

-5.90504
6.05926

-1.54463
0.80001

-0.79370

-6.05678
6.11771

-6.07386
1.94630

-1.86399
2.53696

-2.44851
0.74174

-0.63041
0.08303
1.46121

-1.30124
1.57832

-1.33729
0.14139
0.18630
0.29394
0.14825
0.30355
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4.94143
4.92659
4.28057
4.26354
4.15414
4.09139
4.01861
3.97084
3.49875
3.65866
2.87818
2.93611
2.91600
3.03418
2.61300
2.74008
2.70112
2.76692
2.18726
2.09358
2.30739
2.25363
1.81507
1.81661
1.80003
1.92558
1.93216
1.98792
1.50147
1.50792
1.45246
1.47187
1.43549
1.51322
1.51564
1.39388
1.37834

163

-2.61322
-0.08626
1.17272
-1.33684
4.48763
-4.65072
3.40827
-3.56939
-6.12261
5.92850
-4.67106
1.37643
-1.52337
447731
-5.48389
2.73216
-2.87674
5.30126
-4.88919
-7.59999
4.72577
7.43820
-6.09264
-5.67436
-7.07630
5.52743
6.92870
5.91675
3.38660
4.87649
-3.51463
-0.06391
-5.00514
7.66944
8.76027
-7.79917
-8.89045

0.17513
0.22812
0.27710
0.21351
0.38454
0.14882
0.35502
0.17025
-3.15305
3.73375
-3.99552
0.31633
0.22500
4.57392
-3.30967
0.36837
0.19289
3.90230
-2.11199
-2.05116
2.70771
2.67701
-3.76778
-1.07859
-1.14190
1.69117
1.76915
4.38341
0.43505
0.51566
0.16532
0.28922
0.09909
0.66537
0.72381
-0.02161
-0.06865



OO0OO0OIITOIITOOOOOIITIOOIIIZZITOOOOOITIOoOIITOOOOn™DX

1.03292
1.09173
1.09113
1.03019
1.00657
1.01730
0.77152
0.70415
0.69573
0.67596
0.24951
0.24716
0.20715
0.23507
-0.02255
0.03075
0.00948
-0.00978
-0.63801
-0.66617
-1.06475
-1.01482
-1.19552
-1.13027
-1.32332
-1.34217
-1.98464
-2.02708
-1.99057
-3.10436
-3.06608
-3.47638
-3.59920
-3.69794
-4.16841
-4.22332
-5.56180

164

6.32315
5.65118
7.05264
-5.76203
-7.16398
-6.40537
7.65741
4.96351
-7.75511
-5.05713
5.66541
2.74128
-2.85191
-5.74031
4.91920
1.39700
-1.50435
-4.98225
6.27756
-6.34148
-3.52685
3.43273
-4.60258
4.50939
1.20444
-1.29308
-0.03924
-2.56123
2.48088
-2.69109
2.62431
-0.02584
1.02966
-1.07586
0.56885
-0.61015
0.57198

-3.21798
-0.58273
-0.51113
1.21385
1.15707
3.85667
-1.35920
-1.67796
2.01793
2.30942
-2.80471
0.43609
0.18161
3.45302
-3.56016
0.33700
0.27477
4.20597
-2.57077
3.24449
0.08037
0.54932
-0.01953
0.65771
0.36873
0.24432
0.30289
0.11377
0.50895
0.03958
0.58507
0.28022
-1.59741
2.15208
-0.78600
1.31433
-0.82107
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-5.61744
-6.08744
-6.18646
-6.30878
-6.61374
-6.78172
-7.69280
-7.80026
-7.85458
-8.47028
-8.41016
-8.49123
-8.62856
-8.85906
-8.76386
-8.85360
-9.52042
-9.43215
-9.76829
-9.75422
-9.91712
-9.85033
-10.22275
-10.25892
-10.10037
-10.04623
-10.52206
-10.57640
-10.30941
-10.63171
-10.94707
-10.98762
-10.69550
-11.09143
-10.82927
-11.14301
-11.06244
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-0.60380
1.03389
-1.06416
-0.01625
-1.65914
1.60120
-1.52749
-0.02240
1.46878
-2.73395
-0.73894
0.68723
-2.07322
-0.94074
2.65849
2.00532
0.60924
0.82850
-0.43078
-0.82554
-1.62448
0.77004
-2.72005
-1.02059
1.56016
-0.71212
-0.44061
-3.12170
0.32675
-2.31774
-5.07890
-4.45078
0.93045
-2.84253
2.61037
-1.98463
2.22939

1.28112
-1.66075
2.09295
0.21088
-1.90295
2.32505
-1.86782
0.16222
2.20451
-3.54568
-0.88831
1.16565
-2.69556
-6.78080
3.82726
2.96145
-6.17816
7.01098
-6.41980
-1.12753
-2.22280
1.29921
-7.35998
-5.24480
2.38430
6.33834
-7.22529
-6.41091
6.56848
-5.26204
-7.21905
-6.32621
5.36191
-4.04003
7.48889
-2.82059
5.36031
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-11.24901
-11.44896
-11.09975
-11.12915
-11.49745
-11.56394
-11.37031
-11.41604
-11.76059
-11.49539
-11.52665
-11.92394
-11.77318
-11.80849
-11.85177
-12.36565
-12.13080
-12.15331
-12.40570
-12.67197
-12.64963
-12.55514
-12.59124
-12.74566
-12.77286
-13.22854
-13.66004
-13.46900
-13.75548
-14.00080
-13.89211
-14.08422
-14.06027
-14.65210
-14.66811
-14.82052
-15.72689
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-0.02247
-4.99820
3.02268
0.33254
-4.18879
-6.67577
1.91985
2.76760
-6.04156
4.35492
497477
-4.62949
6.61440
4.11681
4.91577
-5.95509
4.57070
5.96140
-1.59829
-6.09075
-0.84267
5.89943
1.54726
0.79926
6.04594
-6.16150
-1.95065
6.10369
-2.54269
-0.70792
1.91570
0.68882
2.50400
-1.39907
-0.00208
1.38698
-1.45057

0.02508
-5.13037
6.51734
7.30676
-3.98487
-2.88706
2.88233
4.10918
-5.09309
6.41100
7.30997
-2.78247
2.95668
4.03282
5.18586
-2.65251
2.80321
5.13236
-2.34688
-1.60888
-1.23334
2.64942
2.30022
1.16564
1.58521
-3.30825
-2.97892
3.23280
-3.88710
-1.13438
2.81909
0.94277
3.71910
-2.22581
-0.12599
1.97403
-2.39204
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-15.90497
-15.99471
-16.10746
-16.21288
-16.68309
-16.80245
-18.16949
-18.28762
-18.19918
-18.52115
-18.80906
-18.92090
-19.04166
-20.21798
-20.33443
-20.45058
-20.73877
-21.06137
-20.97069
-21.08729
-22.45615
-22.57135
-23.03648
-23.15014
-23.27003
-24.60825
-24.96416
-24.92777
-25.02024

167

1.45694
1.89115
0.02362
-1.84612
1.06208
-0.98930
1.07992
-0.94429
2.82714
-2.68620
2.07414
0.08267
-1.90919
2.10372
0.11287
-1.87896
2.88089
-2.63199
1.13823
-0.88342
1.18284
-0.85695
2.04832
0.17487
-1.68616
0.17122
-0.76685
1.02565
0.24236

2.04182
-1.50508
-0.20115

1.10033
-0.95043

0.47822
-1.02028

0.38849
-2.24172

1.59560
-1.73914
-0.35294

1.03266
-1.81359
-0.42872

0.95639
-2.37593

1.45787
-1.16860

0.23697
-1.25657

0.16023
-1.88206
-0.58058

0.71003
-0.63432
-1.08015
-1.23713

0.38084



Table 21: Coordinates of the D 1zD2-A optimized structure at the MN15/def2 -
SVP level of theory in dichloromethane.

H 23.06631 0.24552 -1.82850
H 22.64215 -0.76761 -3.22045
H 22.63194 2.20024 -0.64822
H 23.02844 1.10849 0.69844
H 22.67184 -1.46798 -1.58750
C 22.40311 -0.56789 -2.16258
H 22.71669 2.83276 1.00580
C 22.39970 1.96522 0.40392
H 21.17961 1.87964 -2.63011
H 20.70156 0.78484 -3.94131
H 22.11853 -1.37375 0.82883
C 20.92670 -0.19352 -1.99827
C 20.55156 1.00615 -2.87177
C 20.90435 1.68341 0.58193
H 20.94774 -2.87184 -0.81568
H 20.31727 -1.05696 -2.32756
H 20.19146 3.09211 -0.93780
C 21.01246 -1.41846 0.83917
H 20.33075 3.78635 0.68788
Si 20.40157 0.03642 -0.19746
H 20.71074 1.52702 1.65992
H 19.49857 1.30446 -2.73444
H 20.90535 -3.60362 0.80526
C 20.05253 2.87468 0.13312
C 20.56508 -2.74126 0.20857
H 20.89552 -0.42224 2.79900
H 20.86031 -2.19737 2.87525
C 20.52786 -1.32519 2.28834
H 18.97890 2.69429 0.29818
H 19.46318 -2.79005 0.15613
H 19.42462 -1.30247 2.32788
C 18.55911 -0.02912 -0.16703
C 17.33326 -0.04897 -0.14150
H 17.04533 -2.31229 1.25066
H 17.00321 2.21643 -1.50725
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15.96223
15.92224
15.90275
15.26318
15.24355
15.14412
15.07094
15.00577
14.95009
14.43514
14.46601
13.91863
13.89619
13.79396
13.78425
13.72517
13.68084
13.54557
13.56326
13.14353
13.17514
13.06719
13.14449
12.86875
12.85490
12.73872
12.78923
12.78127
12.75833
12.52599
12.51760
12.49565
12.48359
12.45529
12.42880
12.41684
12.39492
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000N

169

-2.21563
2.11485
-0.05347
-1.13297
1.02693
-3.96286
3.86346
-3.04325
2.94110
6.92172
-7.03285
-1.30961
1.20001
6.15601
-6.27435
-2.46784
2.35959
6.46284
-6.57853
5.30622
-5.42093
7.55010
-7.66003
-6.72471
-5.51610
7.21346
5.40470
6.61560
-7.33200
-7.65670
-6.71726
-4.31349
-3.03093
-0.05753
2.91815
4.20313
6.61152

1.19163
-1.42177
-0.11861

0.53530
-0.75230

2.26615
-2.46776

1.70077
-1.90286
-0.43513

0.25672

0.64726
-0.82837

1.04974
-1.21371

1.35084
-1.52321

0.02735
-0.18426
-0.66393

0.51330
-2.19057

2.04853

2.53456

1.82166

0.06478
-1.96323
-2.67227
-0.19852

4.44105

3.88378

2.45791

1.69490
-0.07208
-1.83501
-2.59389
-4.01187
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12.38632
12.24896
12.15612
12.14820
12.03333
12.01926
12.06630
11.88911
11.81671
11.72447
11.69038
11.43537
11.22929
11.27207
11.20052
11.18505
11.01273
10.99010
11.03340
10.54250
10.37286
9.96233
9.90728
9.84168
9.76938
9.66430
9.64469
9.00153
8.98924
8.94924
7.90997
7.86746
7.57406
6.35133
6.07317
5.99867
4.99088
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7.55276
-3.43220
-5.54152
-4.33627

4.22941

5.43695

3.33373
-5.56697
-3.14691

5.46504

3.04091
-3.09511
-2.47568

2.99261
-2.04911

2.35801
-1.31223

1.19307

1.94681
-3.71285

3.60890
-3.06597

2.94733
-3.99670

3.87809
-1.14077

1.02225
-0.05796
-2.23180

2.11317
-2.33205

2.21309
-0.05083
-0.03983

2.62026
-2.69283

2.50825

-4.56611
6.38378
4.54003
3.82130

-3.94746

-4.66223

-6.51492
5.59602
4.36774

-5.71074

-4.48866
5.72026
1.37456

-5.83035
5.94794

-1.48342
0.68808

-0.79268

-6.05496
5.91252

-5.99584
1.74271

-1.81317
2.29360

-2.35994
0.61161

-0.67303

-0.01834
1.27542

-1.31556
1.37255

-1.37969
0.01461
0.04968
0.09460
0.03388
0.11582
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4.92094
4.92438
4.28744
4.25272
4.18391
4.05860
4.04005
3.94430
3.31414
3.69606
2.66989
2.94566
2.90555
3.06203
2.42912
2.75709
2.67987
2.80121
2.06509
1.95681
2.34095
2.30534
1.60416
1.72971
1.70134
1.96353
1.97923
2.02379
1.52271
1.53989
1.42622
1.46880
1.39803
1.56387
1.57361
1.33389
1.30979

171

-2.55156
-0.02138
1.24437
-1.26898
4.56271
-4.58345
3.48395
-3.50116
-6.15182
6.10179
-4.71944
1.45845
-1.44674
4.67978
-5.50828
2.81595
-2.79867
5.48485
-4.87204
-7.57987
4.87557
7.58740
-6.12057
-5.62462
-7.02758
5.65151
7.05428
6.11772
3.47991
4.97166
-3.42814
0.02576
-4.91988
7.76638
8.85831
-7.71471
-8.80668

0.08851
0.09574
0.12403
0.11707
0.15767
0.12876
0.15319
0.13074
-3.12954
3.49086
-3.98698
0.17116
0.16538
4.37288
-3.26525
0.19430
0.17267
3.67649
-2.06536
-1.92132
2.49581
2.38854
-3.66584
-0.99554
-1.01756
1.45719
1.49606
4.13580
0.26096
0.30009
0.19981
0.22362
0.17669
0.37182
0.39984
0.13845
0.12359
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1.07577
1.12720
1.13624
1.02993
0.99575
1.12332
0.81947
0.73442
0.71395
0.72199
0.28621
0.26290
0.18419
0.32689
0.01014
0.03537
-0.00491
0.11817
-0.59652
-0.58459
-1.09368
-0.99300
-1.23385
-1.10110
-1.31852
-1.35502
-1.98825
-2.04982
-1.97546
-3.12873
-3.04838
-3.48009
-3.61923
-3.68892
-4.18032
-4.21892
-5.57374

172

6.31840
5.71744
7.12027
-5.64083
-7.04356
-6.21011
7.70377
5.00160
-7.60799
-4.90196
5.67831
2.84383
-2.75732
-5.55261
4.91457
1.49925
-1.40719
-4.77306
6.30242
-6.15367
-3.42764
3.54795
-4.50496
4.62849
1.31596
-1.18718
0.07385
-2.45514
2.60159
-2.58279
2.75653
0.09426
1.10757
-0.91143
0.66402
-0.46671
0.65979

-3.47091
-0.81967
-0.78721
1.32796
1.31272
3.98416
-1.65104
-1.89528
2.20101
2.41560
-3.04340
0.30182
0.23153
3.59776
-3.77940
0.25120
0.29152
4.33932
-2.82628
3.44355
0.17723
0.41273
0.11267
0.48490
0.31424
0.27908
0.30498
0.20019
0.42207
0.15044
0.51153
0.29974
-1.60150
2.19884
-0.77504
1.35273
-0.80283
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-5.61324
-6.10405
-6.17408
-6.31276
-6.58810
-6.81656
-7.66854
-7.80396
-7.88647
-8.42262
-8.39979
-8.50794
-8.59413
-8.82489
-8.81753
-8.89603
-9.51074
-9.47685
-9.74267
-9.74077
-9.89057
-9.86788
-10.16206
-10.23339
-10.13464
-10.06782
-10.49148
-10.51322
-10.34547
-10.58539
-10.85083
-10.90440
-10.73680
-11.04209
-10.89969
-11.11049
-11.11917
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-0.46830
1.09993
-0.91473
0.08835
-1.58604
1.72059
-1.46508
0.06061
1.56739
-2.69559
-0.67467
0.76676
-2.02962
-0.92286
2.75054
2.09110
0.62423
0.91253
-0.42129
-0.78010
-1.59069
0.82676
-2.72273
-1.00752
1.61950
-0.64122
-0.44998
-3.12242
0.39542
-2.31110
-5.09110
-4.45728
0.98699
-2.83474
2.67506
-1.96870
2.28197

1.32630
-1.65113
2.15143
0.24458
-1.85223
2.35041
-1.82153
0.19501
2.22792
-3.49223
-0.85251
1.19340
-2.64869
-6.74575
3.84288
2.98062
-6.16358
7.04113
-6.39652
-1.09823
-2.18631
1.32626
-7.31836
-5.21646
2.40496
6.37829
-7.20544
-6.36759
6.60070
-5.22497
-7.16228
-6.27424
5.38663
-4.00087
7.50544
-2.78781
5.37745
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-11.25297
-11.36179
-11.17154
-11.16762
-11.42724
-11.45403
-11.41282
-11.47469
-11.65728
-11.58436
-11.62759
-11.84937
-11.87577
-11.88441
-11.94296
-12.26903
-12.20596
-12.25817
-12.38143
-12.57497
-12.64086
-12.64733
-12.62796
-12.76925
-12.86127
-13.12620
-13.62913
-13.56607
-13.71468
-13.99385
-13.93646
-14.10491
-14.11757
-14.63219
-14.67442
-14.85522
-15.70545
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0.00501
-5.00373
3.07938
0.39580
-4.18714
-6.66885
1.95910
2.81129
-6.05150
4.40611
5.02898
-4.62739
6.65096
4.15528
4.95799
-5.96251
4.60137
5.99927
-1.59448
-6.09905
-0.83734
5.92699
1.56355
0.80916
6.06972
-6.18555
-1.96700
6.11887
-2.56507
-0.72194
1.91305
0.67599
2.50317
-1.42661
-0.02567
1.36590
-1.49534

0.05059
-5.07610
6.53097
7.33554
-3.93664
-2.82662
2.89932
4.12264
-5.03302
6.41717
7.31348
-2.73192
2.95828
4.03862
5.18828
-2.59688
2.80542
5.13000
-2.32336
-1.55339
-1.21468
2.64778
2.31746
1.18571
1.58243
-3.25372
-2.95858
3.22659
-3.86391
-1.11921
2.83241
0.95956
3.72883
-2.21084
-0.11148
1.98752
-2.38144
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-15.94079
-16.03424
-16.11356
-16.17418
-16.71057
-16.78717
-18.19504
-18.27099
-18.26556
-18.47252
-18.85556
-18.92475
-19.00504
-20.26461
-20.33829
-20.41409
-20.79850
-21.00609
-20.99622
-21.07062
-22.48205
-22.55456
-23.08077
-23.15523
-23.23641
-24.61317
-24.94862
-24.95140
-25.02726
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1.42018
1.87073
-0.02721
-1.93063
1.01582
-1.07146
1.00526
-1.05626
2.78288
-2.83393
2.00314
-0.02423
-2.05237
2.00448
-0.02194
-2.04935
2.78538
-2.82841
1.00745
-1.04964
1.02175
-1.05121
1.89078
-0.01580
-1.90834
-0.04926
-0.98565
0.80829
-0.00247

2.05377
-1.44590
-0.18788

1.06300
-0.91255

0.46406
-0.98326

0.37540
-2.16254

1.53947
-1.67779
-0.34101

0.99481
-1.75248
-0.41710

0.91834
-2.29659

1.40175
-1.13193

0.22316
-1.21942

0.14558
-1.82436
-0.57016

0.67567
-0.62512
-1.08958
-1.21256

0.39049



Appendi x D

Table 22: Electronic couplings of cofacial porphyrin systems calculated using
the Edmiston -Ruedenbeg localization scheme. The geometry used corresponds to the
ground state minimum.

States Dimer 3 Dimer 171 & Dimer 1 mesod

coupling/eV coupling/eV coupling/eV
1 2 0.000 0.066 0.004
1 3 0.021 0.002 0.029
1 4 0.010 0.026 0.007
2 2 0.004 0.026 0.010
2 3 0.020 0.002 0.030
3 4 0.004 0.056 0.001

Table 23 Electronic couplings of cofacial porphyrin systems without the
bridge unit calculated using the Edmiston -Ruedenbeg localization scheme . The
geometry used corresponds to the ground state minimum.

States Dimer 3 Dimer 11 & Dimer 1 mesof
coupling/eV coupling/eV coupling/eV
1 2 0.001 0.097 0.003
1 3 0.017 0.011 0.017
1 4 0.029 0.023 0.040
2 2 0.029 0.023 0.038
2 3 0.016 0.011 0.015
3 4 0.003 0.080 0.002

Table 24: Ground -state optimized geometry of monomer 8 at the CAM -B3LYP-
D3BJ/def2-SVP level of theory in THF.

0.44889 4.05057 0.83670
0.01901 3.37285 -0.32318
0.55205 5.44867 0.81423
-0.31246 4.10306 -1.47080
0.22458 6.16020 -0.33066
0.88314 5.97111 1.71482
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-0.21139
-0.63469
0.19184
1.22217
-0.29281
0.23384
-0.66499
1.10364
-0.52489
-0.19793
-1.61622
-0.04756
1.16997
-1.31738
1.33067
2.46646
-1.58019
-2.56087
2.67253
3.39428
2.63834
-2.93544
-3.56000
-2.65169
3.28374
4.47529
-3.63633
-4.62772
2.59046
-3.03018
1.23554
3.21020
-1.68599
-3.74380
0.96994
2.20618
427772

177

5.48700
3.56540
7.75220
7.75096
8.67133
7.65002
8.10575
8.15529
6.47077
6.12909
6.62778
1.87809
1.18366
1.28351
-0.17184
1.81835
-0.05645
2.01822
-0.42561
0.82671
2.88970
-0.20614
1.09894
3.10095
-1.68976
0.92840
-1.42224
1.28394
-2.90230
-2.68519
-3.04061
-4.21257
-2.92592
-3.94556
-4.37396
-5.12043
-4.40433

-1.47526
-2.36560
-2.10756
-2.49663
-2.46462
-0.57056
-0.11933
-0.12576
-2.57565
-3.56865
-2.63576
-0.36018
-0.39710
-0.31626
-0.34649
-0.47740
-0.28570
-0.24675
-0.37617
-0.46029
-0.53376
-0.20325
-0.18052
-0.23850
-0.30397
-0.49159
-0.10945
-0.10400
-0.16742
-0.02420
-0.07701
-0.12389
-0.00034

0.04036

0.02240
-0.00018
-0.18954
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-1.51787
-2.80644
-4.82441
-0.29670
2.28280
-2.96212
-0.33775
-0.17466
4.77413
5.53047
5.45899
6.91399
5.01886
6.85097
4.89270
7.58841
7.50418
7.34447
-5.12717
-5.84513
-5.85206
-7.23812
-5.30450
-7.23615
-5.31463
-7.94356
-7.75800
-7.80109
8.93627
-9.28933
10.05504
11.10676
-9.82387
-9.89712
9.67033
9.49598
10.72987

178

-4.27653
-4.92722
-4.05705
-4.94616
-6.20476
-6.00312
-6.03446
-1.54774
-1.74506
-2.11737
-1.42602
-2.16624
-2.36645
-1.47057
-1.13708
-1.84256
-2.45049
-1.21693
-1.36292
-0.93875
-1.73067
-0.87883
-0.65087
-1.67570
-2.05998
-1.24957
-0.54649
-1.95670
-1.91601
-1.22844
-0.80939
-0.87021

0.23071
-1.46085
-1.59513
-0.55320
-1.71760

0.08120
0.11302
0.02250
0.10484
0.06025
0.17168
0.17526
-0.16932
-0.36696
0.75358
-1.53923
0.70090
1.68553
-1.60988
-2.42709
-0.48327
1.57359
-2.54695
-0.08866
-1.20695
1.05422
-1.20444
-2.11096
1.07430
1.94583
-0.05709
-2.10175
1.96454
-0.44502
0.04966
-1.05421
-0.75005
-1.33844
-1.92983
-1.60186
-1.91826
-1.34742



9.42344 -2.26748 -2.44032
0.82408 3.31883 2.07889
2.07681 3.53092 2.66528
2.44972 2.84989 3.82119
1.57164 1.94634 4.41401
0.31606 1.73618 3.84687
-0.05469 2.41684 2.69135
2.77629 4.22524 2.19481
3.43651 3.02150 4.25655
1.86379 1.40765 5.31788
-0.38414 1.03735 4.30973
-1.04272 2.25152 2.26070
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Table 25: Ground -state optimized geometry of monomer 9 at the CAM -B3LYP-
D3BJ/def2-SVP level of theory in THF.

2.75986 -0.87771 -0.27435
1.60779 0.01225 -0.42800
2.26061 -2.14502 -0.29755
0.46267 -0.74037 -0.43688
1.64419 1.40641 -0.61580
0.82673 -2.05272 -0.38556
2.83118 -3.06176 -0.17703
0.50884 2.24011 -0.65317
-0.02855 -3.16763 -0.37517
-0.78558 1.86624 -0.42768
0.55024 3.66196 -0.92691
-1.42707 -3.11030 -0.30155
-1.55742 2.99123 -0.50447
-0.72171 4.12562 -0.82288
1.43799 4.23271 -1.17928
-2.17910 -1.97515 -0.19615
-2.29806 -4.26574 -0.31455
-2.94866 3.06189 -0.32621
-1.07011 5.14396 -0.97017
-3.48711 -2.36057 -0.11303
-3.56899 -3.80311 -0.19357
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-1.97397
-3.79162
-4.59581
-4.48746
-3.41162
-5.21443
-4.53400
-5.67291
-5.78425
-6.69081

2.95524

3.70409

3.43755

4.91296

3.33234

4.64719

2.85952

5.39158

5.48627

5.01300

6.34296
-5.93898
-6.25895
-6.90171
-7.51023
-5.51627
-8.15289
-6.66077
-8.46094
-7.74461
-8.89109
-9.44229
-3.57655
-4.45136
-3.30055
-5.03569
-4.66922
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-5.29789
1.95544
-1.51104
-4.38300
0.64438
2.03811
-0.10867
0.76309
2.95747
0.43632
2.07256
1.73528
3.07794
2.36832
0.96067
3.71143
3.35384
3.35592
2.08599
4.48586
3.85011
-2.14529
-2.85736
-2.04049
-3.44938
-2.94166
-2.63340
-1.49106
-3.33937
-3.99814
-2.54545
-3.80409
4.41673
4.79330
5.33599
6.05699
4.08599

-0.41321
-0.14528
0.01780
-0.17380
-0.18125
0.10448
0.00839
0.19979
0.20577
0.39310
-0.87409
-2.00551
-0.02973
-2.27550
-2.67874
-0.29517
0.85203
-1.41791
-3.16096
0.38259
-1.62578
0.17467
1.33580
-0.83511
1.48466
2.13179
-0.68853
-1.74742
0.47234
2.39929
-1.48847
0.58808
-0.33658
-1.36159
0.68170
-1.36886
-2.16433



C -3.88593 6.59905 0.67710
H -2.62220 5.05084 1.48837
C -4.75522 6.96343 -0.34880
H -5.71267 6.33603 -2.17905
H -3.66320 7.30227 1.48238
H -5.21408 7.95431 -0.35346
C 0.61123 -4.51640 -0.42652
C 1.28855 -4.93767 -1.57599
C 0.55623 -5.37846 0.67404
C 1.89392 -6.19032 -1.62556
H 1.33630 -4.27280 -2.44082
C 1.16281 -6.63081 0.62680
H 0.03675 -5.05667 1.57892
C 1.83301 -7.04066 -0.52371
H 2.41525 -6.50468 -2.53220
H 1.11450 -7.28924 1.49669
H 2.30886 -8.02278 -0.56130
Zn -1.47587 -0.05351 -0.30200
C 4.18670 -0.58234 -0.00274
C 4.61314 0.04142 1.19055
C 5.13545 -0.99304 -0.94806
C 5.98405 0.27739 1.37675
C 6.48373 -0.74593 -0.74832
H 4.78845 -1.47463 -1.86497
C 6.90811 -0.10012 0.41534
H 6.32014 0.75287 2.30064
C 8.76731 -0.14705 -1.07552
H 8.71658 0.82396 -1.59308
H 9.77979 -0.54727 -1.22431
C 7.66413 -1.06892 -1.63042
H 7.94161 -2.13148 -1.51497
H 7.46176 -0.90697 -2.69946
C 8.40896 0.05715 0.40929
H 8.74409 1.02682 0.80589
H 8.87230 -0.72320 1.03838
C 3.66823 0.46567 2.26126
C 2.62073 -0.35631 2.69959
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2.48770 -1.34225 2.25714
1.75161 0.06361 3.70178
0.94223 -0.59579 4.02277
1.91348 1.31257 4.29698
1.22733 1.64400 5.07917
2.96419 2.13086 3.88987
3.10725 3.11037 4.35142
3.83151 1.70900 2.88658
4.63867 2.36682 2.56233

T OIOIOIOT™IT

Table 26: Ground -state optimized geometry of dimer 1 at the CAM -B3LYP-
D3BJ/def2-SVP level of theory in THF.

-1.93195 2.22420 1.64956
-0.55437 1.79767 1.58565
-2.68126 1.11711 1.88682
-0.48572 0.45149 1.80202
0.52061 2.65421 1.30337
-1.76638 -0.00338 1.96967
-3.76220 1.05844 1.96631
1.87478 2.30073 1.40356
-2.15515 -1.34665 2.12130
2.35810 1.04863 1.64976
2.98154 3.21471 1.21646
-1.26742 -2.43876 2.07875
3.72253 1.12114 1.60484
4.12076 2.49037 1.35676
2.89277 4.27496 0.99838
0.08742 -2.35858 1.92570
-1.64764 -3.83009 2.22522
4.61886 0.04666 1.71052
5.14574 2.84096 1.27444
0.57851 -3.63138 1.97008
-0.50728 -4.56532 2.13789
-2.65708 -4.19535 2.38733
4.23661 -1.29992 1.82909
1.92384 -3.98931 1.94888
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-0.39757
2.95467
5.15172
3.01732
4.39603
6.23374
4.73239
6.07881
6.80896
6.75810
8.17474
6.29888
8.11600
6.21099
8.83828
8.70053
8.65006

10.15702

-3.60485

-4.30654

-4.31610

-5.67180

-3.77662

-5.66849

-3.80127

-6.36541

-6.17904

-6.21993

-7.69453
1.23068
2.14477

10.93292

-8.44969

11.95897

10.57987

10.92863

-9.48684

183

-5.64613
-1.76841
-2.41356
-3.12799
-3.54425
-2.33180
-4.57505

0.34592
-0.04504

1.02000

0.20634
-0.56581

1.28278

1.33724

0.87599
-0.13142

1.80222

1.16861
-1.62951
-1.08238
-2.44298
-1.30430
-0.45928
-2.68622
-2.87494
-2.10223
-0.84726
-3.30072
-2.34457
-0.66199
-5.05620

0.77777
-1.77356

1.10849

1.25039
-0.31684
-2.09701

2.20760
1.81553
1.96800
1.91689
2.01226
2.02291
2.10957
1.62519
0.50362
2.64877
0.39087
-0.30587
2.55147
3.53911
1.42186
-0.50123
3.34881
1.41434
2.32307
3.39920
1.43005
3.57583
4.12203
1.59912
0.57334
2.66312
4.42417
0.88643
2.71576
1.74750
2.01049
0.30755
3.75744
0.50826
-0.62423
0.17378
3.60893
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-8.40989
-8.10497
-2.27605
0.21086
-0.22945
0.40065
-0.44207
0.16858
0.72900
-0.24224
-0.77522
-0.46741
-0.08796
-1.51856
0.32022
-0.04552
1.38757
-0.39343
0.49301
-1.26963
-0.53038
0.55100
-1.88193
0.49319
1.92518
-2.35552
-2.99574
1.77777
2.68346
2.26120
-3.72030
-4.12921
-2.91558
2.17872
3.76505
-4.60772
-5.15657
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-0.67183
-2.11864
3.24590
3.97462
3.98163
5.18580
5.20030
6.38906
5.17239
6.39643
5.19848
8.62871
9.65392
8.69946
7.80107
7.93083
8.08387
7.81436
8.09870
7.95565
2.66528
1.81723
2.30114
0.46956
2.25415
1.04541
3.20505
0.02336
1.15176
3.27899
1.10598
2.47129
4.26524
-1.31910
1.10092
0.02310
2.81311

3.73009
4.74616
1.51918
0.66430
-0.68307
1.33522
-1.33346
0.68039
2.37704
-0.65517
-2.37382
0.15685
0.04700
0.47786
1.19071
2.21982
1.19381
-1.14914
-1.74292
-1.79867
-1.33470
-1.61882
-1.43331
-1.82943
-1.68291
-1.68080
-1.23957
-1.98877
-1.91380
-1.55566
-1.62969
-1.37729
-1.01805
-2.11673
-1.98989
-1.72945
-1.28866
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1.30153
-4.21335
-0.05329

1.69244
-2.92761
-5.11786
-0.53464

0.55831

2.70387
-2.97802
-4.35228
-6.20012
-1.87744

0.45698
-4.67924
-2.08933
-1.21309

3.62902

4.35487

4.31682

5.70732

3.85162

5.68184

3.77546

6.38984

6.26999

6.17750
-6.06954
-6.79210
-6.75855
-8.15888
-6.27454
-8.11776
-6.21816
-8.83185
-8.67757
-8.65927
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-2.41844
-1.32090
-2.34717
-3.80871
-1.77815
-2.44383
-3.62419
-4.55173
-4.16852
-3.13932
-3.56830
-2.37234
-3.99216
-5.63416
-4.60292
-5.06151
-0.65673
-1.59146
-2.39269
-1.04710
-2.62740
-2.82173
-1.26029
-0.43373
-2.04671
-3.23257
-0.80613

0.30873
-0.10743

0.99603

0.13223
-0.63830

1.24748

1.33297

0.81582
-0.22517

1.77727

-2.04631
-1.84009
-1.88651
-2.17375
-1.81590
-1.97454
-1.91698
-2.07283
-2.33520
-1.90037
-2.00255
-2.03770
-1.90508
-2.12852
-2.09094
-1.95470
-1.76886
-2.32619
-1.43373
-3.41283
-1.61400
-0.56882
-3.60083
-4.13549
-2.68915
-0.90208
-4.45753
-1.63612
-0.51845
-2.64441
-0.39471

0.27960
-2.53598
-3.53159
-1.41035

0.49391
-3.32140
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7.71976
-10.15236
-10.91997
-11.94904
-10.90838
-10.56477

8.46086

8.41292

9.50178

8.10962

-2.28088
1.09952
0.68470
1.01260

-0.41203
1.14313

-1.71078

-0.60923

-2.02540

-2.06463

-2.75368
-1.39116
-0.28729
-0.47680
-0.17269

0.65075
-3.80593
-3.78520
-3.66512
-4.78924

Table 27. Ground -state optimized geometry of dimer 3 at the
D3BJ/def2-SVP level of theory in THF.
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1.11970
-0.30898
1.76230
-0.46633
-1.36314
0.77039
2.83720
-2.69427
1.08664
-3.18985
-3.76216
0.18666
-4.51816
-4.88203
-3.66584
-1.12494
0.51296
-5.42608
-5.87704
-1.64089
-0.61136
1.47529
-5.11837

186

2.73796
2.41342
1.60768
1.08845
3.30438
0.57695
1.45683
2.92565
-0.75992
1.65359
3.85883
-1.83588
1.73690
3.12416
4.93976
-1.75444
-3.21164
0.67189
3.48626
-3.02004
-3.94262
-3.57200
-0.66404

-1.54348
-1.55617
-1.94660
-1.86026
-1.28779
-2.12586
-1.98556
-1.05301
-2.41929
-1.03338
-0.75653
-2.32675
-0.72230
-0.53641
-0.72723
-1.95296
-2.63360
-0.64918
-0.29352
-2.00113
-2.42083
-2.98261
-0.94855

CAM -B3LYP-
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-2.97138
-0.74197
-3.89754
-6.04715
-4.00806
-5.36106
-7.08672
-5.73054
-1.10150
-0.89419
-1.13070
-0.70670
-0.88318
-0.92456
-1.32043
-0.71304
-0.55039
-0.93531
-0.55812
-3.31140
-2.82163
-4.12309
-3.13719
-2.19169
-4.43811
-4.50639
-3.94646
-2.74974
-5.07000
-4.19403
-6.81118
-7.91231
-7.02815
-9.19992
-7.75394
-8.31480
-6.17515

187

-3.38902
-5.01208
-1.13963
-1.76484
-2.49765
-2.89786
-1.68092
-3.91927
4.77710
5.40219
5.56794
6.77914
4.79523
6.94195
5.10472
7.55273
7.24945
7.54055
8.63210
-4.84145
-5.73662
-5.33190
-7.09080
-5.35764
-6.68644
-4.64157
-7.56998
-7.77580
-7.05430
-8.63217
0.97487
0.85077
1.37280
1.11343
0.54666
1.63062
1.46582

-1.75352
-2.55817
-1.33280
-0.82349
-1.44233
-1.12589
-0.52015
-1.11838
-1.31724
-2.55079
-0.16501
-2.63105
-3.45851
-0.23926

0.80349
-1.47326
-3.60420

0.67393
-1.53198
-1.83357
-0.87724
-2.86174
-0.94553
-0.07171
-2.93194
-3.61597
-1.97337
-0.18818
-3.74313
-2.02790
-0.18113
-1.03466

1.14271
-0.57403
-2.07136

1.60592

1.81610



C -9.40510 1.50120 0.74856
H -10.04896 1.01487 -1.25378
H -8.46561 1.92852 2.64551
H -10.41551 1.70247 1.11059
C 2.48519 -1.05491 -2.84497
C 3.28716 -1.95003 -2.12947
C 3.01982 -0.44533 -3.98706
C 4.57754 -2.24522 -2.55626
H 2.90433 -2.41132 -1.22028
C 4.31672 -0.72861 -4.40562
H 2.40397 0.25312 -4.55686
C 5.09956 -1.63541 -3.69397
H 5.17279 -2.96128 -1.98813
H 4.71467 -0.24434 -5.29986
H 6.11449 -1.86493 -4.02530
Zn -2.16930 -0.03656 -1.55700

1.77979 3.84854 -0.80563
2.04762 5.10009 -1.36278
2.58992 6.10812 -0.57883
1.80062 5.28383 -2.40776
3.01397 8.23119 0.41313
2.00965 8.59507 0.68245
3.69144 9.09635 0.41809
2.93789 7.52701 -0.95412
3.91577 7.55176 -1.46656
2.20480 7.98138 -1.63541
2.69113 4.61490 1.31687
2.88132 5.87706 0.76799
2.96862 4.40782 2.35312
3.43113 7.12943 1.40655
3.05169 7.29783 2.42517
4.53071 7.06184 1.48275
2.15822 3.58755 0.53363
2.10670 2.17272 1.03182
0.87674 1.63182 1.43122
3.30505 1.44976 0.93548
0.60131 0.30981 1.63883

Z0000ITITOITOOIITOITITOITOOO
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-0.31307
3.45528
4.58622

-0.71829

-1.29986

-0.37084
4.77555
5.49761
4.76188

-1.43151

-2.33827
5.36103
6.56323

-0.89862
4.63436
0.38034

-1.60935
3.27388
5.20639
0.50756

-0.74517

-2.63444
2.96119
4.16959
6.26782
1.68350

-0.91971
4.20962
1.60451
1.92378

-2.82990

-3.91450

-3.10247

-5.20814

-3.74020

-4.40068

-2.27765

189

2.40967
0.10722
2.02669
0.21322
1.53982
3.48824
-0.18941
1.01905
3.07161
-0.98007
1.77066
-1.46788
1.07739
-2.26878
-2.66333
-2.55394
-3.51142
-2.76156
-3.99429
-3.91098
-4.52294
-3.59863
-4.08958
-4.87339
-4.21998
-4.62004
-5.59510
-5.96123
-5.70843
-1.22754
-0.85494
-1.43532
-0.14482
-1.30326
-1.98237
0.00742
0.30392

1.66508
1.14565
0.59262
1.97882
2.00561
1.57197
0.96848
0.63541
0.35335
2.21872
2.22208
1.01942
0.43183
2.03605
1.11058
1.64277
2.26736
1.20973
1.07236
1.61509
1.98574
2.61398
1.22237
1.12094
1.01634
1.37569
2.05808
1.10933
1.37976
1.40137
2.71881
2.04517
3.89096
2.51917
1.12019
4.37531
4.44745
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-5.46669
-6.04883
-4.56358
6.85132
7.61745
7.53149
9.01078
7.11300
8.91573
6.96325
9.67026
9.56664
9.44370
-6.76255
11.01232
11.82365
12.86349
11.66507
11.64052
-7.09329
-6.77311
-8.18534
-6.64268

190

-0.57189
-1.73978

0.57340
-1.53790
-1.03639
-2.08467
-1.07505
-0.60396
-2.12985
-2.46742
-1.62607
-0.67570
-2.54932
-0.46868
-1.71082
-1.21269
-1.37922
-0.13281
-1.74142

0.31443

1.36203

0.28425
-0.08357

3.68323
1.98072
5.29136
0.95856
2.01187
-0.13850
1.99137
2.87846
-0.17664
-0.98581
0.89003
2.83837
-1.03446
4.05058
0.76919
1.80560
1.50004
1.96301
2.75579
5.17108
5.04217
5.26579
6.09542



AppenBi x
Analysis of MD structural ensembles
Figure 51 shows the root-mean-square deviation (RMSD) maps for the nucleic
acid duplexes generated using MDAnNalysis. 327.328Egch frame is compared and color
coded according to the RMSD. Both DNA structures have somewhat higher RMSD
values than PNA, in contrast to previous studies. 162Figure 52 includes the percent
change in flexibility, ¥, , of helical parameters related to nucleic acid flexibility (rise, roll,
shift, slide, tilt, twist). ¥, ” " Jp mmwhere, is the standard deviation of the
Ul 11T Ul OET wmp#is thaskgEAWEQEWL YPEUDOOwWO! wUi 1 wOUEOI PEU
or PNA N -end). Negative values show a decrease in flexibility.

DNA 5' DNA 3 PNA N-end

3000 3000 3000
2500 2500 2500
2000 2000 2000
g 1500 1500 % 1500
1000 1000 1000
500 500

0 o

0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

nMsD (A)
nmsn (A)
RMSD (A)

Figure 51: RMSD maps for the MD production simulations of the nucleic acid
duplexes.
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Figure 52: Comparisons between the standard deviations of several parameters

between duplexes pUUD OT wk z w# - wWEUwWUOT T wUT 11 Ul OET Adw OOwE
Structural parameters are defined and calculated with the 3DNA software packag e.253

HOMO energies
Table 28 shows the HOMO energies and standard deviation s of all of the base
pairs of the & L duplexes.

Table 28 HOMO energies and standard deviations (bh) in eV for each base pair
of the n = 5duplexes.

#- wkz #-  wt z PNA N -end

Base pair| Enomo h Enomo h Enomo b
Al-T1 7.45 0.21 7.57 0.23 7.39 0.19
G1-C1 6.61 0.23 6.73 0.22 6.56 0.18
G2-C1 6.45 0.22 6.43 0.21 6.45 0.19
G3-C1 6.31 0.19 6.34 0.19 6.49 0.17
G4-C1 6.31 0.20 6.38 0.21 6.70 0.18
G5-C1 6.56 0.22 6.52 0.20 6.99 0.19
G6-C1 6.55 0.23 6.56 0.21 6.97 0.19
G7-C1 6.34 0.22 6.52 0.21 6.70 0.19
G8-C1 6.40 0.20 6.41 0.22 6.51 0.18
G9-C1 6.48 0.21 6.47 0.21 6.43 0.17
G10-C10 6.68 0.21 6.62 0.22 6.51 0.18
A2-T2 7.54 0.20 7.44 0.22 7.31 0.17
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Average structures

The average structuresover the 3000 coordinate snapshots for each duplex were
obtained from VMD. 8¢ Figure 53 shows the average structures of the duplexes and
Figure 54 shows the four nucleotides at the crossstrand section. The RMSDs of thefour
nucleobases at the crossstrand section are in Figure 55and the calculated electronic
couplings for the average structures are in Table 29. The base pair electronic couplings

are consistent with previous results. 258

PNA N-end

XN b 15 intra
~ o S
gk ¢
£ =N S
) +
- % V:,.,y e T

A
m

cross X cross j‘:;;_; 2 cross
./Mﬂ.\»\ ,,\'a.

Figur e 53: Average structures from the 3000 MD snapshots. The intra -strand
and cross-strand G -G overlaps are shown for each duplex.

b

b Tt

DNA 5’ DNA 3’ PNA N-end

&A ﬂg}‘«

Figure 54: Average structures from the 3000 MD snapshots for the four
nucleobases at the crossstrand section.

193



12 T T T T T
DNA S ——

RMSD (A)

o 1
0 500 1000 1500 2000 2500 3000
Frame

Figure 55: RMSDs (excluding H atoms) from its average structure along the
MD production runs for the four nucleobases at the cross -strand section.

Ccé G6

G5 C5

Figure 56: Nucleobase labeling for the calculation of the superexchange
contribution to the coupling -ﬂL T

Table 29: Vrus values of the electronic couplings in eV of the four nucleotides
at the cross-strand section (Figure 56) calculated at the M11/ma-def2TZVPP level of
theory 184 185ysing single snapshots taken every 5 ns. The superexchange cross-strand

coupling, -"-“F rhoFrh Fy Y pis approx. 0.7 eVie. 191The -"-“F fvalue calculated
with the alternative pathway (1, ¢ , 9ives similarresults. (ie. 1, -
Trq @dTe ¢ T of)

#- wkz #-  wt zuw PNA N -end
G5C6 G6C6 G5-C6 G6-C6 G5C6 G6C6
0.015 0.052 0.001| 0.069 0.046 0.005| 0.250 0.040 0.014
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Double -Barrier Model
The DNA conductance data were fit using a double -barrier transmission
model that includes coherent and incoherent transport, 352where the conductance (G) and

the effective resistance {Y ) are given by

p . : Q G p
= Y Y — — 23
O QY p ¢Q Al ®ct p 23

This model was used earlier to describe the measured resistance in Gblock DNA
duplexes.150.329.330°Y g the effedive resistance of the molecule-electrode contacts, and it
includes the resistance between the electrodes and the AT base pairs. The second term on
the right side of Equation 23 describes mixed coherent and incoherent transport from the
AT base pair through the G-blocks; it includes a coherent transport correction that
produces conductance oscillations. Tes is the probability of incoherent transmission
through the wrstack. The double barrier model includes coherence effects through a
sEOUUI EUPOOzw Ul UOOwW EUB énéd mEThe pavarkeiUd W %L‘HEC‘)‘I Ui uu
describes the decrease in the coherent mechanism with distance, where) is the inter-
base pair distance,U is the velocity of the charge carrier, and T is the scattering time. The
C parameter represents the change in phase of the charge carrier for coherent transport,
¢ Mca O

and 0 5 where & is the effective mass of the charge carrier andOis its energy.

Fits of the experimental data using Equation 23 are shown in Figure 36 and the fitted

parameters appear in Table 30. The presence of oscillations has been interpreted as a
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signature that reflects a coherentresonant (ballistic) mechanism,!59. 197 198gnd the smaller
amplitude of oscillations for PNA indicates a smaller relative contribution from the fully
delocalized G-blocks to the overall conductance.

The data were fit by this model in a two -step process. In the first step, we estimated
the contact resistance (between the molecule and the electrode), the PNA data were fit by
a sequential hopping model based on the steady-state flux method.?7* 272The model is
given by
Qa7 (24)

p . ‘
0O v v Q" 0

where Y is the effective resistance of the moleculeelectrode contact, Qis the
electron charge,” ‘O s the density of states at the Fermi level, Qis the hole transfer rate
constant between hopping sites, O is the activation energy, Q PUw! OOU&a O0E OO 7 UwWE O¢
and T is the temperature. In the secondstep we used the contact resistanceRo from step 1
as an initial guess for Ro and we assumed similar carrier energies for PNA and DNA (i.e.,
similar C values) to constrain the fit by Equation 23. The fitting parameters are shown in
Table 30.

Table 30: Best fit parameters for the data in Figure 36 using Equation 23.

# - wk . #- wt . PNAN -end
Roy , | 1.26 0.65 0.15
B 0.11 0.19 0.32
C 1.38 1.40 1.40
Tec 0.03 0.19 1.23
200x1 7 - - 0.02
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The parameters found in the fitting indicate that the contact resistance Rois larger
for DNA than for N -OBDOOI Ew/ - Jdwwkzw#- wli EUVWEWOEUT I UwUI
decrease in moleculelead coupling for DNA compared to PNA is attributed to the
structural fluctuations of the duplex ends that manifested in the MD simulations.

The single barrier transmission factor Tecis determined by the cross-strand, intra -
strand, and AT-GC couplings (Table 29). Given the similar HOMO energies and intra -
stranEw EOUx OD & -U uw BEX0BNAktize small Teec YEOUT wi OUmMNAUsT OUw k 2
EIl OPI YI EwUOOWEUDUI wi UGGrari touplin®.(FglreBs hénd htabiuk z wE U O
plots that indicate the correlation among the fitting parameters. The parameters used in
Table30T UEUEOQUI | wEwl OOE wi P U wE U wAlhaLghtie BRb dhdilecd wUT 1 wx
parameters in Equation 23 are coupled in the fitting, the uncertainty in the best fit
parameters is small enough that it does not change the above interpretations. The large
Tec value for PNA arises from the strong coupling among G base pairs and between AT
and GC pairs.

The effects of coherent transport through the cross-strand junction (i.e., the even-
odd effect) manifest in the B and C parameters of Equation 23. The B parameter reflects
the strength of the dephasing as a function of distance and affects the magnitude of this
coherent correction to the transmission. The small value of Bi OUwk z w# - wWHDOEDPEEUI |
duplex has a larger coherent contribution to the overall cond uctance, which accounts for

the larger amplitude of the even-odd effect that is seen experimentally. As the value of B
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increases, the coherent contribution becomes less important and Tec dominates, which

leads to a dampening of the conductance OUE B OO E U D-OXN) dheu colizkenn + z
contribution decreases and seems to arise from the increase in the crosstrand coupling,

PT DET wbUwUI 1 wdOOawuUbl OPi PEE OUhloEkEDNASI ¥ TRET wEIT UPbI
x EUEOI Ul Uwb b U Qb Bid indicates that the hole energi es are

not too different among the species. For N-linked PNA, the strong cross-strand coupling

and the molecule-lead coupling reduces the relative importance of the coherent

correction, resulting in the largest B value among the structures.159 197. 198

DNA 3' DNA §'

PNA N-end

Figure 57: Contour plots of fitting parameters R ocand Tes. B and C are fixed at
the values given in Table 30.
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Table 31: XYZ coordinates of the anionic surfactant in R configuration
optimized in water at the wB97 -XD/def2-SVP level of theory.

5.08432 -1.77372 -0.16251
5.42378 -1.20511 1.16280
6.10823 -1.49297 -1.19784
4.69530 -3.20314 -0.10118
3.60616 -0.89428 -0.69730
3.86805 0.17505 -0.70594
2.84977 -1.04950 0.08543
3.10726 -1.36376 -2.05471
3.89591 -1.20829 -2.80695
2.91146 -2.44678 -2.01338
1.85603 -0.64345 -2.51410
1.57565 -0.97368 -3.53013
2.03052 0.44662 -2.54748
0.80644 -0.92609 -1.59772
-0.27024 -0.09380 -1.62868
-1.18059 -0.15242 -2.71507
-0.98472 -0.85349 -3.52884
-2.29849 0.64095 -2.72015
-3.01160 0.58215 -3.54564
-2.55990 1.53357 -1.64497
-3.73673 2.33033 -1.60674
-4.44595 2.25801 -2.43496
-3.98832 3.16545 -0.54510
-4.89902 3.76757 -0.52271
-3.06171 3.25145 0.52289
-3.26213 3.92457 1.35929
-1.91521 2.49331 0.51366
-1.20527 2.56303 1.34043
-1.63774 1.60228 -0.56071
-0.48084 0.76431 -0.56793
0.48089 0.76438 0.56786
1.63779 1.60235 0.56058

OO0OO0O0O0OITOITOIOIOOIOIOO0OIITIOIIOIIO0OOOOOOWm
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1.91529
1.20536
3.06180
3.26224
3.98839
4.89910
3.73677
4.44597
2.55992
2.29848
3.01158
1.18057
0.98467
0.27025
-0.80644
-1.85607
-2.03057
-1.57572
-3.10727
-2.91143
-3.89593
-3.60619
-2.84982
-3.86809
-5.08436
-4.69537
-6.10829
-5.42380

200

2.49326
2.56290
3.25138
3.92440
3.16548
3.76759
2.33050
2.25826
1.53376
0.64128
0.58256
-0.15207
-0.85304
-0.09358
-0.92585
-0.64311
0.44696
-0.97325
-1.36351
-2.44652
-1.20800
-0.89416
-1.04943
0.17517
-1.77366
-3.20310
-1.49273
-1.20528

-0.51388
-1.34068
-0.52319
-1.35966
0.54483
0.52238
1.60656
2.43480
1.64486
2.72015
3.54565
2.71514
3.52900
1.62871
1.59782
2.51413
2.54740
3.53020
2.05477
2.01354
2.80699
0.69732
-0.08542
0.70587
0.16265
0.10157
1.19792
-1.16276



Table 32 XYZ coordinates of the anionic surfactant in S configuration
optimized in water at the wB97 -XD/def2-SVP level of theory.

-5.08485 -1.77316 -0.16247
-4.69635 -3.20273 -0.10131
-6.10874 -1.49198 -1.19770
-5.42404 -1.20457 1.16292
-3.60640 -0.89420 -0.69726
-3.86803 0.17520 -0.70618
-2.85016 -1.04944 0.08561
-3.10743 -1.36412 -2.05450
-3.89604 -1.20888 -2.80682
-2.91166 -2.44713 -2.01280
-1.85616 -0.64397 -2.51406
-1.57563 -0.97472 -3.52989
-2.03066 0.44608 -2.54803
-0.80671 -0.92613 -1.59739
0.27006 -0.09400 -1.62859
1.18023 -0.15268 -2.71513
0.98421 -0.85372 -3.52888
2.29820 0.64060 -2.72036
3.01119 0.58174 -3.54595
2.55983 1.53321 -1.64523
3.73673 2.32988 -1.60718
4.44583 2.25747 -2.43549
3.98852 3.16502 -0.54560
4.89927 3.76708 -0.52335
3.06205 3.25113 0.52250
3.26262 3.92428 1.35885
1.91550 2.49306 0.51345
1.20567 2.56287 1.34031
1.63784 1.60199 -0.56083
0.48090 0.76408 -0.56786
-0.48072 0.76422 0.56801
-1.63769 1.60210 0.56064
-1.91527 2.49287 -0.51392
-1.20536 2.56246 -1.34073
-3.06184 3.25090 -0.52329
201
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-3.26234
-3.98840
-4.89916
-3.73670
-4.44588
-2.55980
-2.29828
-3.01136
-1.18032
-0.98435
-0.27002
0.80671
1.85644
2.03082
1.57626
3.10768
2.91197
3.89643
3.60635
2.84992
3.86802
5.08465
5.42368
6.10867
4.69601

202

3.92381
3.16507
3.76710
2.33024
2.25803
1.53358
0.64123
0.58258
-0.15206
-0.85293
-0.09363
-0.92586
-0.64282
0.44728
-0.97275
-1.36316
-2.44621
-1.20739
-0.89406
-1.04972
0.17534
-1.77337
-1.20539
-1.49178
-3.20294

-1.35984
0.54475
0.52225
1.60658
2.43484
1.64496
2.72033
3.54586
2.71539
3.52931
1.62893
1.59813
2.51423
2.54724
3.53041
2.05487
2.01390
2.80694
0.69725

-0.08536
0.70548
0.16264

-1.16305
1.19762
0.10217
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