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Abstract

Quantum chemical computations provide convenient and effective ways for
molecular design using computers. In this dissertation, the molecular designs of optimal
nonlinear optical (NLO) materials were investigated through three aspects. First, an
inverse molecular design method was developed using a linear combination of atomic
potential approach based on a Hiickel-like tight-binding framework, and the
optimizations of NLO properties were shown to be both efficient and effective. Second,
for molecules with large first-hyperpolarizabilities, a new donor-carbon-nanotube
paradigm was proposed and analyzed. Third, frequency-dependent first-
hyperpolarizabilities were predicted and interpreted based on experimental linear
absorption spectra and Thomas-Kuhn sum rules. Finally, molecular interferometers
were designed to control charge-transfer using vibrational excitation. In particular, an ab
initio vibronic pathway analysis was developed to describe inelastic electron tunneling,

and the mechanism of vibronic pathway interferences was explored.
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1. Prologue

1.1 Overview

Molecular design!-1® seeks molecules or structures with tailored physical
properties. Molecular design is often carried out by trial and error, relying on intuition.
Computational molecular design could provide a convenient and effective way to
optimized chemical properties. Especially, with the aid of quantum chemical
computations,®'° the calculations of chemical properties could require less parameter for
chemical groups compared to empirical group contribution methods." 12 In this
dissertation, computational methods based on quantum chemistry are developed and
applied to design optimal nonlinear optical materials and to control charge-transfer in
molecular interferometers. Specifically, an inverse molecular design method is
developed based on the linear combination of atomic potential (LCAP) approach for
optimizing linear and nonlinear optical properties, a novel donor-nanotube paradigm is
proposed for nanostructures with large first-hyperpolarizabilities, an analytical method
is developed to predict frequency-dependent first-hyperpolarizabilities, and a vibronic
pathway framework is developed to establish the control of charge-transfer in molecular

interferometers using inelastic electron tunneling.
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1.2 An inverse molecular design method using the linear
combination of atomic potential approach

The number of accessible drug-like molecules is estimated to be larger than 10%;
only approximately 10% of these structures have been synthesized'>!4. The estimated cost
of high-throughput screening to assess the viability for drug activity of known
structures is in the tens of billions of dollars!. Collecting this significant body of data
would only begin to mine the vastness of “molecular space”, one goal of molecular
design'”. Strategies of combinatorial chemistry provide additional means to explore the
richness of molecular structure in real and virtual libraries'>?. A very large number of
solid-state materials can be imagined as targets of optimization as well?'. An open
theoretical challenge is to establish strategies to explore molecular space effectively, in
order to discover molecular structures and materials with the most useful properties.
Current strategies to discover promising structure are of two basic kinds: those that
examine molecules “one by one” and those that employ continuous optimization
strategies.

Strategies using discrete structures are often based on Monte Carlo sampling??
and data mining®?. In designing solid-state materials, Monte Carlo sampling of binary
alloys has been combined with electronic structure calculation to optimize band gaps?.
The cost of the calculations was decreased by constructing model Hamiltonians (using a
genetic algorithm) that describe the electronic structure??. Data mining of quantum

chemical data using principal component analysis on large datasets has also been used

18



to assist new materials discovery?. Effective Hamiltonian?* and data mining methods are
similar in spirit to using QSARs (quantitative structure activity relations)® in molecular
optimization problems.

We have recently developed a novel approach for molecular/material design by
introducing molecular potential functions that interpolate between discrete chemical
structures, namely the linear combination of atomic potentials (LCAP) approach?. A key
feature of this new method is its ability to link directly to realizable chemical structures,
using the feature of continuous variation. This characteristic distinguishes the approach
from an earlier strategy?”. The LCAP approach provides a continuous interpolation
between discrete molecular structures and thus defines the molecular property as a
continuous function of possible molecular structures. Such a continuous property
surface allows property gradients to be defined and evaluated, leading to efficient
structure optimization. Optimization on the continuous LCAP surface can then be
carried out in several ways: (1) One can use continuous optimization with property
gradients calculated at every continuous search steps on the LCAP surface as reported
initially?. This strategy can be effective when the molecular property surface is not
particularly rugged; (2) One can make discrete jumps between real molecules on the
property surface, following the LCAP gradient analysis’; (3) One can introduce
stochastic jumps to exit local minima, as in finite temperature Monte Carlo sampling.

This is known as in the gradient directed Monte Carlo (GDMC) approach’.
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LCAP continuous optimization was conducted earlier using density functional
electronic structure theory and the property was optimized using quasi-Newton
methods?. This approach was implemented by continuously varying the external
potential among atoms or chemical groups. The method proved effective for smaller
molecules with a fixed number of valence electrons?. The LCAP jump approach used
local property gradient information to direct a discrete molecular structure search on the
LCAP surface®?. Property information is only required in the neighborhood of real
chemical structures in the jump strategy. The jump search was employed in an SCF
semiempirical framework among members of more extensive and diverse libraries®. The
stochastic jump approach of LCAP used the local property gradient information
together with a stochastic element to overcome trapping in local optima. Specifically, an
implementation of gradient directed Monte Carlo (GDMC) optimization was developed
within the density functional framework®. These three LCAP methods were applied to
the design of nonlinear optical chromophores, to engineer frontier orbital energies for
organic light emitting diode materials, and to developing redox activated drug
candidates®?.

In this dissertation, we applied the LCAP method based on a simple tight-
binding method to effectively and efficiently optimize linear and nonlinear optical

properties in large chemical libraries (up to 10'® molecules).
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1.3 Molecular design for optimal nonlinear optical properties

1.3.1 Nonlinear optical materials

When photons interact with NLO materials, the frequencies, phases and other
properties can alter. Because of their abilities to manipulate photonic signals, NLO
materials are highly demanded in technologies such as optical communication, optical
computing, and dynamic image processing.?**> For molecular design, materials with
large NLO responses, such as the first hyperpolarizability,*** are desired to improve the

efficiency of manipulating photonic signals, such as changing photon frequencies.

1.3.2 Nonlinear optical materials based on carbon nanotubes

Carbon nanotubes (CNTs) have been studied extensively since they were first
observed by Jjima in 1991.% Their unique chemical, mechanical, electronic, and optical
properties have prompted studies of possible applications in virtually every scientific
discipline.?-* The usual description of CNTs as rolled-up graphene sheets explains the
wide range of properties that CNTs exhibit, because of the many ways in which a two-
dimensional sheet can be rolled into a nanotube. Each of these geometries is uniquely
identified by the chiral vector (n,m) that describes which two points on graphene’s
hexagonal lattice are brought together to form the nanotube. For example, nanotubes
with n-m equal to a multiple of 3 are metallic, while the rest are semiconducting or

insulating.’” As with electronic properties, the optical response of nanotubes, including
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their polarizability (& ) and second hyper-polarizability (7 ), has been shown to depend
on the chiral vector (n,m).*#* The abundance of rt-electrons in CNTs could yield
structures with large f if the centrosymmetry is broken. Here, we show that end-
substituted, non-centrosymmetric nanotube segments can show large first-
hyperpolarizabilities, and we explore strategies to modulate /.

The push-pull chromophore framework (donor-conjugated bridge-acceptor) has
been a successful motif for organic NLO materials design.3-32445 CNTs are remarkable
conjugated structures with abundant mt-electrons, hence they are natural candidates for
conjugated bridges. Politzer et al. observed that end-substituted (6,0) carbon nanotubes
are predicted to show a remarkable gradation of the molecular electrostatic potential
(MEP) from one end to the other,* in contrast to the weakly positive and very uniform
potential profile displayed by unsubstituted nanotubes.##* The average ionization
potential® (AIP) on the molecular surface also displayed significant predicted changes
along the tube. Those observations suggested that “push-pull” nanotube framework
could lead to large S value, and a three-unit-cell NHz>-nanotube-NO: system showed a
computed S value 9 times larger than that of para-nitroaniline,* to the best of our
knowledge there have not been further studies of related structures. Indeed, short
substituted nanotubes are likely challenging to access experimentally. Experimental

reports of short nanotube segments with well characterized structure®°' and dissymetric
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functionalization,* as well as the general richness of known nanotube chemistry,5
could pave the way for developments in NLO nanotube materials.

In terms of molecular design, we will show here that structures with large first-
hyperpolarizabilities can be designed within a framework of substituent effects that will
be described here. In chapter 3, we examine [3 values of end-substituted SWNTs,
considering three specific structural aspects: (i) the influence of placing electron
withdrawing or donating substituents at the nanotube ends, (ii) the influence of the
substituents’ orientation with respect to the tube, and (iii) the influence of CNT length.
We find that CNTs act as both conjugated couplers and as acceptors, making the donor-
CNT motif an effective framework to establish large NLO chromophores. This motif is
unusual from the perspective of the traditional push-pull “donor-bridge-acceptor”
organic NLO paradigm. Interestingly, we also find that optimal 3 values appear at a
non-zero angle (0) between a substituent’s mt-electron plane and the tube’s tangential
plane surface. This effect arises from the tube’s curvature at its end. “Clamping” two
substituents using aliphatic chains to modulate the 0-angle, we show that the first-
hyperpolarizability increase as the optimal 0-value is approached. The
hyperpolarizability values are predicted to increase with lengths for lengths shorter than

20 A. Static first-hyperlarizability values of at least 10,662x10™" esu are predicted to be

accessible by employing this donor-CNT framework with optimal substituent

orientation.
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1.3.3 Predicting frequency-dependent nonlinear optical properties

Interests in organic optoelectronic materials and devices have motivated
experimental and theoretical studies?$33235-57 of molecular structures with enhanced
hyperpolarizabilities. Molecules with electronic asymmetry, or “push-pull” donor-
bridge-acceptor electronic framework, have been demonstrated to have large first
hyperpolarizabilities ( £ ).5*7° Recently, a series of porphyrin-based “push-pull”
molecules with extensive delocalization***717> have been successfully designed and
synthesized. These porphyrin derivatives show exceptionally large frequency-

dependent first hyperpolarizabilities ( £, ). Designing chromophores with large £, is

the challenging for the next generation of nonlinear linear optical (NLO) materials due
to two reasons: (i) no NLO chromophores are operated under the excitation of infinitely
long wavelength where the hyperpolarizabilities are characterized by static £ values,
and (ii) the static hyperpolarizabilities do not necessarily provide a direct link to
measurements now being performed on chromophore structures with strongly coupled
charge-transfer (CT) oscillators.

Quantitative prediction of frequency dependent first-hyperpolarizabilities is the

key for the design of NLO chromophores with large £, values, and numerous efforts

have been investigated from theoretical and experimental aspects. In theory, the
quantum chemical analysis, from semi-empirical® to time-dependent density functional

theory”®84, has been applied to interpret NLO properties and to assist in molecular
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design. However, developing reliable theoretical methods for quantitative prediction of

a dynamic f spectrum (5, values vs. a range of radiation wavelengths) is still

challenging®. The bottleneck is how to obtain the accurate description of electronic
excited states from quantum mechanical computations. In experiments, efforts’273%¢ have

been made to interpret and predict £, through the linear absorption spectra since they

are readily measured.

Linear absorption spectra provide optical transition information on transition
energies and oscillator strengths, which are relevant but incomplete for describing the
first hyperpolarizability. With the aid of the electroabsorption spectroscopy, Therein et

al.”? have elucidated the state-specific contributions to £, from the observed electronic

and vibronic transitions for D-PZn-A chromophore. For the NLO chromophores of
metal-mediated porphyrin derivatives, Therein et al.”? found that the NLO frequency
dispersion is driven by the presence of extensive mixing of excited states. They

attempted to qualitatively explain the unusual oscillatory S, dispersion using the

classical frequency-dependent SOS expression including only two-level contributions,
due to the lack of direct formula for describing couplings between excited state
oscillators, which can be represented as the excited-excited state transition dipoles in
three-level contributions of the SOS expression.

If theory could use information available from the linear absorption spectra to

quantitatively predict nonlinear response properties, especially the three-level
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contributions to £, , the process of molecular design could be rapidly accelerated. We

focus on achieving this goal in this paper.

In Chapter 4, we use the generalized Thomas-Kuhn sum (TKS) rules to
determine the unknown x  terms from experimental linear absorption spectra, and
thereby estimate frequency dependent £ values. The TKS rules, linking the integrated
oscillator strength in a molecule to its total number of electrons, are derived by
examining the diagonal matrix elements of Hamiltonian and position commutator
identities?” Generalized TKS rules are generated by computing off-diagonal matrix
elements of the commutator identities. These generalized TKS rules were explored to
great advantage recently by Kuzyk.®% Importantly, the generalized TKS rules relate
transition dipoles between excited states to the transition energies and transition dipoles
between the ground and excited states. Here, we use transition dipoles and transition
energies obtained from linear absorption spectra to predict frequency dependent first

hyperpolarizabilities including two- and three-level £, contributions.

We first describe a method to calculate the transition dipoles between excited
states using the generalized TKS rules from the linear absorption spectra. We further

rationalize two parameters: a transition energy shift factor (S, ) and an absorption band

half-width parameter (I'), for adjusting the extracted transition energies and transition
dipoles. By referring to one (for a case of two absorption bands) or two (for a case of

three absorption bands) measured [, values, the entire [, spectra are obtained,
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showing that the predicted [, values are consistent with other measured f, values.
Analyses have been conducted to the S, spectra of D-PZn-A, Ru-PZn and Os-PZn,
particularly on the two-level and three-level /3, contributions in different wavelength
regions to understand the [, frequency dispersion. The effects of the parameters S,
and I' to B3, are also discussed. The nature of the approximations associated with this

strategy, and the resulting limitations, are discussed in the conclusion section.

1.4 Controlling charge-transfer via inelastic electron tunneling

Controlling charge flow through molecules demands manipulating the wave
nature of the electron. Indeed, on a larger length scale, mesoscale devices manipulate
and control the quantum interference of electronic amplitude.”** Recently, a two-
pathway electron-transfer (ET) model indicated the possibility to control charge-flow
through molecules using inelastic tunnelings to switch pathway interference on or
off.%5% Here, by introducing the concept of vibronic tunneling pathways, we show how,
in realistic molecules, charge transfer can be turned “on” and “off” in a specially
designed molecule that mimic the characteristic of a double-slit interferometer.

Controlled electron transmission is of central interest in mesoscale physics,
electron transfer chemistry, and molecular biophysics.””% Charge flow through
mesoscale devices may be controlled by magnetic fluxes (pathway phase control)*'% or

by nearby current carrying elements (decoherence control).”? Coherence among
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electronic tunneling pathways in molecules can be dephased by nuclear wave packet
motion, %1% by inelastic tunneling, and by elastic collision (pure dephasing).!® In
inelastic electron tunneling, an electron can either lose or gain energy while on the
bridge, and thus the electronic wave function can be dephased.

Inelastic tunneling through molecules has received recent attention in the context
of single-molecule junctions, 110113 scanning tunneling microscopy,'*!'> and biological
ET."¢ Inelastic tunneling may help to elucidate the structure of molecule-electrode
contacts.!” Inelastic tunneling is also being studied in molecular films.10%8118-121 The cross-
sections for inelastic tunneling have been computed recently by Troisi, Ratner and
Nitzan,22123 Ness and Fisher,2¢ Domcke and coworkers!? and Mukamel, Ho and
coworkers'? for molecules with delocalized vibrational modes.

Electronic coupling pathway analysis has been used widely to elucidate bridge-
mediated electron tunneling mechanisms in molecules.?127-13 Skourtis, Waldeck and
Beratan showed that in a model ET structure with interfering electron coupling
pathways, inelastic tunneling coupled to localized vibrations labels the active coupling
pathway(s) and thus changes multi-pathway interferences and the coupling matrix
element. Indeed, if the inelastic interacting sites are spatially localized, the inelastic
tunneling can be used to deduce the active electronic coupling pathways. Recently,
Troisi and Ratner et al. used the signatures in inelastic tunneling spectra to trace

electronic coupling pathways using a classical description of the vibrational degree of
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freedom." Here, we develop the framework of vibronic tunneling pathways to
understand and to design inelastic donor-acceptor interactions.

We establish a fully quantum framework for analyzing vibronic pathway and we
study specific molecules that are designed to contain well-localized vibrational normal
modes. Experimentally, the vibrational modes can be excited, and if elastic and inelastic
ET rates fall in appropriate windows, coupling pathway control via IET should be
experimentally measurable. The theory, computational results, and proposed
experiment are described in Chapter 4.

First, the inelastic tunneling is described in a fully quantum framework for the
nuclear motion and a Hartree-Fock description of the electronic structure in a natural
bond orbital (NBO) basis.!*> This framework enables formulation of the donor-acceptor
interaction in terms of vibronic pathways. Second, we show that inelastic electron
transfer rate can be reduced by a factor of 2 by coupling to a spatially localized normal
mode (on one of two parallel coupling routes) compared to the inelastic rate in the
corresponding two-pathway (symmetric) system. Third, we show that this effect could
be more dramatic for orbitally forbidden ET'331% with destructively interfering elastic
pathways. Finally, we propose a possible three-pulse visible/mid-IR/visible transient

experiment to measure inelastic ET rate in these specific “molecular interferometers”.
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2. A TB-LCAP inverse method for molecular design

2.1 Overview

The number of chemical species of modest molecular weight that can be accessed
with known synthetic methods is astronomical. An open challenge is to explore this
space in a manner that will enable the discovery of molecular species and materials with
optimized properties. Recently, an inverse molecular design strategy, the linear
combination of atomic potentials (LCAP) approach [J. Am. Chem. Soc. 128, 3228, (2006)]
was developed to optimize electronic polarizabilities and first hyperpolarizabilities.
Here, using a simple tight-binding (TB) approach, we show that continuous
optimization can be carried out on the LCAP surface successfully to explore vast
chemical libraries of 102 to 10 extended aromatic compounds. We show that the TB-
LCAP optimization is not only effective in locating globally optimal structures based on
their electronic polarizabilities and first hyperpolarizabilities, but also is
straightforwardly extended to optimize transition dipole moments and HOMO-LUMO
energy gaps. This approach finds optimal structures among 10* candidates with about 40
individual molecular property calculations. As such, for structurally similar molecular
candidates, the TB-LCAP approach may provide an effective means to identify

structures with optimal properties.
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2.2 Introduction

Recent studies of von Lilienfeld, Lins and Rothlisberger applied molecular
optimization to tailor ligand-protein interaction energies'®. Backbone atom nuclear
charges were varied by plus or minus one in a tripeptide ligand. Zunger and coworkers
have found that the LCAP approach is effective for optimizing the atomic configurations
of alloys'¥.

The aim of this paper is to implement the continuous LCAP approach within a
simple tight-binding framework. For proof-of-principle calculations, we choose to
optimize the m-electron molecular polarizability (a) and hyperpolarizability (8). These
two properties are important for exploring linear and nonlinear optical materials. In
addition, we optimize two other molecular properties: the squared transition dipole

moment (4, ) and energy gap (E, ) between the highest occupied molecular orbital

gap
(HOMO) and the lowest unoccupied molecular orbital (LUMO). Optimizing energy
gaps in alloys has been performed by Zunger and coworkers'®'%, and tuning the
HOMO energy has been investigation by Marcon et al.”

We optimize these properties in vast molecular libraries by judiciously
constraining the diversity of the libraries to m-conjugated molecular frameworks. Atom
types on finite hexagonal lattices are optimized among a set of atoms or atom pairs. The
possible atoms or atom pairs are linked to the property surfaces by an electronic

structure calculation for the specific LCAP coefficients. As such, the property surface
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remains nearly convex, so that the LCAP optimization is extremely effective. Our results
suggests that sorting candidate structures into subgroups, optimizing within these
groups, and comparing lead structures among groups could provide a useful approach

for molecular optimization in larger and richer molecular spaces.

2.3 The LCAP approach

The linear combination of atomic potentials (LCAP) approach writes the

combination of electron-nuclear attraction potentials',
R R
v(r)=>bHAr). 2.1)
RA

Here, Vi (r) is the external potential of atom or group type A at position R. Specifically, if

R
A

[r—R|

where Z} is the atomic number of atom A.

A represents an atom type, v} (r)=—

The optimization coefficients b% define the weighting of a particular atom or group type,
and are varied during the optimization. For real molecules, one b} value must be equal

to one and all others must be zero for the site R. That is, no more than one chemical unit

may exist at any position R. The constraints on b} during the optimization are

be =1 and 0<% <1. The potential v(r) and the number of electrons completely
A4

specify the input for the ground-state electronic structure and its properties. The

external potential establishes a space on which optimization/search is conducted to
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design molecules. When the optimum is reached, in a continuous optimization, the b%

values are rounded “to the nearest molecule,” zero or one. Earlier optimization of

electronic nonlinear polarizabilities support the viability of this rounding approach?.

2.4 The TB-LCAP strategy

Here, we implement the LCAP continuous optimization in a tight-binding
framework using a Hiickel Hamiltonian'4’, denoted TB-LCAP. The tight-binding
strategy defines an effective independent-particle Hamiltonian (matrix) to represent the
electronic structure. The b coefficients are parameterized in the tight-binding
Hamiltonian matrix. Since molecular electronic properties are determined by the
Hamiltonian matrix, optimizing the property is achieved by optimizing the 5"
coefficients.

In the tight-binding framework, the LCAP principle is implemented using a
linear combination of Hamiltonian matrix elements. In the Hiickel approximation, only
ri-electrons are included, basis states are assumed orthonormal, and only nearest

neighbor sites interact. The Hiickel Hamiltonian matrix is'®

H.

g

H=| : H, . : (2.2)

12

nn
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where i and j are indices of atomic sites, and n equals the total number of atomic sites in
the molecule. For these n sites, we search for the optimal atom (or group) type for some

(or all) of these sites for the target property. For each variable site, there are N, , atom

or group choices. Hiickel theory is a t-electron theory, so only one p_ basis function

appears per site.

The H matrix element indices (i or j) are associated with atoms and the atomic
position R. The coefficients b in eq 2.1 may be expanded to include the b, coefficients

for each site. The site energy Hii is determined by the available atoms for a site, so the
LCAP value of this matrix element is

N

1
npe

Hi™ = 3 bl (2.3)
A=1

where h\" is the energy of atom type A at site i, b/, is the LCAP weighting coefficient

for atom type A on site i, and N, fype is the total number of atom types possible at site i. For

chemically fixed sites, the site energy equals the energy of the atom type at that site:

Hff“ed) = hE/.A) and N/ =1.

type
The interaction between sites i and j is:

i J
N lype N type

Hy=2 2 bibih" 24)
A=1 A=l

where hl.J(.A’A') is the interaction strength between atom type A (at site i) and A’ (at site j).

This approach differs from the earlier approach of Kuhn and Beratan? by restricting the
34



Hamiltonian matrix elements to interpolate between values arising from several atomic
possibilities. The Hiickel parameters!*! employed here are shown in Table 2.1. The
chemical library includes C, N, and P atoms.

Table 2.1: Hiickel site energies (hv) and nearest neighbor interaction energies
(h(aAr)14

h® h@a) (eV)

(eV) C N P
0.00 1.00

051  1.02 1.09

019 077 078 063

gz 0O

We are examining the viability of property optimization using the TB-LCAP
approach for proof-of-principle calculation; if successful, the strategy may be expanded
to all valence orbital tight-binding methods, such as the density functional based tight-
binding (DFTB) method'#2143. To test the viability of the Hiickel approach, we explore ten
sp? molecular frameworks, shown in Figure 2.1. Framework 1 is a linear conjugated
lattice. Frameworks 2-10 are lattices with ring structures, and are listed in the order of
ascending number of chemical structures that can be built using each framework (the
number of possible chemical structures is given in Table 2.2). We optimize the molecular
properties in the TB-LCAP framework for each lattice. Atom pairs (bonds) shown as
ovals in Figure 2.1 include carbon, nitrogen, and phosphorus'#. We chose the library of
atom pairs so that the possible optimal structures represent synthetically plausible

molecules based on known heterocyclic chemistry#.
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Figure 2.1: sp> molecular frameworks. Ovals with question marks (two varying sites)
are CC, NN, CN, NC, CP, PC, NP or PN bonds. Here, the bonds are differentiated by
the order of the atoms filled in the ovals, for example, CN denotes C at the left site
and N at the right site of one oval, while NC denotes N at the left site and C at the
right site. C, N and P atoms are candidates at the circled sites.

2.5 TB-LCAP optimization of property functions

Optimized property functions. The response of the electronic energy to an

electric field F is

E=EQ)- Z/uiF:' - ZayEFj - Zﬂzj/cEF}Fk - zyijle:'F}F}rF} e (2.5)

i ijk ijkl
where indices i, j and k represent the Cartesian directions. The molecular polarizability a

0’E R
OFOF,

components are defined as second derivatives of E with respect to F, a; =— nd

the first hyperpolarizability f components are defined as the third derivatives of E with

O’E

respect to F, S, =  OFOFOF,
itk
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We optimize several quantities, including the molecular polarizability function'4®

(o)™ = %(% ta, +ay,). 2.6)

Here, the polarizability components (,,, @, and «_ ) are computed using the finite-

field methods:
2E(0)—|E(F)+ E(-F,
o, - HEO-[EE)+ ECE)] -
F,
The first molecular hyperpolarizability is'4
. 1 1/2
=SB BB (2.8)
where 8, = Z ( B+ B+ B ) and the subscript a represents x, y, or z. The
J
hyperpolarizability components are computed using the finite-field methods:
[E(F)~ E(-F)]+05[EQF) - E(-2F)]
B = 3 (2.9)
F,
and
[05E(-F,.~F))- E(F,.F))+ E(-F,,F,)~ E(F,,~F,) |+[E(F,) - E(-F))]
By = ' - ' . (210)
RF,

The electronic energies £(0)and E(F;) (with field) are calculated from the trace

of the Hamiltonian and the density matrices. The Hamiltonian matrix in the presence of

the field is

Hy,(F)=Hy+<k[r|l>F, (2.11)
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Here, k and [ are indices for the p-orbital basis functions. In the Hiickel approach,
the transition dipole integral is approximated <k |r |1 > ~ Rl.ké‘kl 146 where Rl.k is the ith-
direction Cartesian coordinate of the k-th atom. In the finite-field method, the numerical
value of the field F is taken to be 0.01 V/A. The stability of the property values is verified
by comparing the results to sum-over-state (SOS) calculations (see supporting
material'¥’).

Two additional molecular properties — the HOMO-LUMO transition dipole
moment squared and the energy gap — are also optimized separately. These terms
contribute to the first hyperpolarizability in the two-state approximation?14514°, The

squared transition moment is

. 2 2
pin =[wu |Flw,)| =|CxC, +ClyC, | . (2.12)
Here, C is the eigenvector of the HOMO (H) or LUMO (L), and x (or y) is a

diagonal matrix containing the x- (or y-) coordinate of each atom. The HOMO-LUMO

energy gap (£ ap ) is

Egap =E im0 ~ Enomo - (2.13)
Optimization. We optimize <a>(”), ,B/(/n) , iy, and E 2p USING a continuous

searching LCAP approach with the quasi-Newton method!*!*, The gradients are

calculated numerically using the finite-difference:
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o _ L/ (+éb)-f (-6b)) ] ‘ (2.14)
ob’ 256

Here, the function f represents any of the four property functions, and &b/,

represents variation of ', . At the end of the optimization, 5, values are rounded to 0 or

Statistics of optimal properties. In these molecular frameworks (Figure 2.1), the
bond lengths are fixed to 1.40 A. To sample the molecular space, we chose 100 random
initial seed structures for each lattice type (frameworks 1-9) to launch the optimization.
Only 10 random initial optimizations were performed on framework 10 because of its

large number of chemical structures (10'). Histograms of the resulting optimized values
of <a>(”) and ﬂ/(/n) are shown in the supporting material'¥’. In the histograms, the
number of counts indicates the number of times the final structure was found beginning
with 100 random seeds. The histograms of optimized <0{>(") and ﬂ/(/”) values for

molecular framework 8 are shown in Figure 2.2. The bin size (or width) to construct the
histogram is indicated in the caption. The searches find a small number of optimized
structures, suggesting a smooth property surface. The probability of discovering the
largest possible property value is relatively high. In each case, the largest value found,
beginning with the 100 seeds, was confirmed to match the absolute largest property

value by exhaustive enumeration and analysis of structures for frameworks 1-9.
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Figure 2.2: Optimization result statistics. (a) <a>(ﬂ) optimizations for
framework 8. The largest optimized <a>(n) is the value at the far right and has 13 hits
for 100 random seeds. (b) " optimizations for molecular framework 8. The largest

optimized ﬂ/(/n) value is the values at the far right and has 5 hits for 100 random seeds.

The bin size for the property values is 102 in (a) and (b).

Optimal <a>(n) and ,6’/(/“) structures. Table 2.2 shows the largest <a>(”) and
ﬂ/(/”) values for each molecular framework. The optimization begins with 100 random
seed structures. From these optimizations, we find that most of the results converge to
the 0 or 1 for the 4/, variables. Rounding the other coefficients to 0 or 1 does not
dramatically change the property values (see supporting material'¥’ for 5’ coefficients

and property values before and after round-off). This suggests that the property

hypersurfaces are relatively smooth. We have also found that only a few different

40



optimal structures (see Table 2.2 for the number of found optimal ﬂ/(/”) ) arise from the
100 randomly seeded searches.
In Table 2.2, the maximal <a>(”) (or ,B/(/n) ) value for framework 1 (the linear

conjugated chains) is larger than those of framework 2-9 (smaller aromatic frameworks),
and smaller than that of framework 10 (large multi-ring aromatic framework). This
feature is explained in terms of molecular size. Frameworks 1 and 10 have the largest
linear dimension. We expect polarizability or hyperpolarizability to increase with
molecular sizes!!-15

Table 2.2: Continuous optimization results for molecular frameworks 1 to 10.

. . (7)
The convergence precision was set to 10- for the continuous research. <a>n; are the

(7)

maximal polarizability values. f, [ are the maximal hyperpolarizability values.

Molecular 1 2 3 4 5 6 7 8 9 10
frameworks
No.of
possible ~105  ~102 ~10¢ ~10¢ ~10¢ ~10°5 ~105 ~105> ~106  ~10%
structures
<a>](:;( 36.0 1.08 6.91 4.56 5.13 9.56 5.39 7.97 5.38 53.1

//,iri;)x 477 0.14 6.69 2.83 2.48 5.07 5.72 5.69 3.38 721
No. of found

7 3 1 2 4 9 6 3 5 1 3

optimal ﬂ/(/ )i
* s 52 34 50 38 43 70 51 58 55 138

 The bin size for the ﬂ/(/n) values is 10-2. The number of found optimal <a>(n) values are
provided in the supporting material'¥.
* ns is the average number of continuous search steps in the ,6’/(/”) optimization per

random seed.
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** The unit of polarizability is (e:A)>(eV)" (= 80.1012 atomic unit, au), and the unit of
hyperpolarizability is (e-A)(eV)2 (=4.99686 x103au), where ¢ is the electron charge.

The global <a>(") and ﬁ/(/n) optimal structures are shown in Figs. 3 and 4. As

expected, ﬂ/(/n) optimized structures are of lower symmetry than <a>(n) optimized

structures?2830,32,69,149,152

Figure 2.3: The chemical structures with maximal <a>(") for frameworks 1-10.
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Figure 2.4: The chemical structures with maximal ,6’/(,“) for frameworks 1-10.

Distribution of property values and smoothness of property surfaces. We

computed <a>(n) and ﬂ/(/”) for all possible structures in frameworks 1-9 (Figure 2.1).

(

Histograms of <a> n) and ,3/(/”) values for all molecules with framework 8 are shown in

Figure 2.5. For framework 10, the property space is too large to be enumerated

exhaustively. For the other frameworks, exhaustive enumeration confirms that the most

(

favorable structures in the <a> " and ,B/(/n) TB-LCAP optimization match the global

optimal structures. This indicates that the TB-LCAP search is not only efficient (finding
optima in 50 steps for frameworks 1-9, and 138 steps for framework 10), but is also

successful in locating the true optimal structures where direct validation is possible.
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Figure 2.5: Normalized histograms (with area normalized) of (a) polarizability
and (b) first hyperpolarizability computed by enumerating all possible chemical
structures for framework 8. p is the occurrence probability density. The bin size in the

plots is 8.0x107 in (a) and 6.0x107 in (b).

Polarizability and first hyperpolarizability surfaces are shown (Figs. 6 and 7) as a
function of the mixing parameters for two sites in molecular framework 8. The property

values change relatively smoothly with variation of group chemistry at the two sites.

44



2 4 6 _ 8 2 4 _6_8
3N 5N7 5N 7
18 18 10
TENAINTON® SN1SF 14N
17 15 13 11 17 16 13 11
1

(o] »

© ©

S & 7.8
< 0.8 ©

o 75 o

206 QL 7.6
n n

% 0.4 7 ®© 74
(& o

Z 0.2 z 7.2
e 6.5 2

& 0 02040608 1 Z 0 02040608 1

NN to NP at Sites 8 and 9 N to P at Site 15
(@) (b)

Figure 2.6: <a>(n) surfaces. In the optimal <a>(n) structure of framework 8, (a)

bond 1-2 changes from PN to NC, and bond 8-9 changes from NN to NP; (b) bond 8-9
changes from NN to NP, and site 15 changes from N to P. The optimal structures arise
at the lower right of (a) and upper left of (b).
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Figure 2.7: ﬂ/(/") surfaces. In the optimal ﬂ/(/“) structure of framework 8, (a) bond 1-2

changes from NC to NN, and bond 10-11 changes from PC to NP; (b) bond 8-9 changes
from PN to CP, and site 15 changes from N to C. The optimal structures arise at the
lower right of (a) and upper left of (b).

2.6 Optimization of transition moment and energy gap

In some circumstances, it is necessary to optimize a secondary variable in order
to maximize overall device performance. We explore the optimizations of the squared
transition moment and the energy gap as examples of secondary molecular property
optimization.

Transition moments. The TB-LCAP determined structures that optimize the
transition dipole moment squared for each molecular framework are shown in Figure
2.8. We verified that the found optimal structures match the truly most favorable

structures by exhaustive enumeration, except for frameworks 3, 7, 8 and 9. This suggests
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that the property surfaces of transition dipole moments are somewhat more rugged for
those frameworks. Indeed, the property histograms for these frameworks show less
smooth distributions. The optimized values and histograms of transition moments for

frameworks 1-9 are shown in the supporting material'¥’.

1
NS ’."'PIN\IN:?
he? Nep SN SNeP

5
FI,,'NIN\IN\IN:F:
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Figure 2.8: The chemical structures with maximal z;, for frameworks 1 to 10.

HOMO-LUMO energy gaps. The HOMO-LUMO gap was minimized for the
ten frameworks with the same set of variable atoms and bonds. Chemical structures
with minimized energy gaps are shown in Figure 2.9. These optimal structures are
verified by exhaustive enumeration. The optimized energy gap values and histograms
appear in the supporting material'¥. From a purely qualitative analysis, one expects that
most polarizable molecules should have the smallest HOMO-LUMO energy gaps.
Figure 2.9 shows that the minimum energy gap structures favors N and P atoms or N-P

atom pairs at the variable sites. In a simple diatomic mt-framework'>, the minimal energy
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gap favors small site energy differences and weak nearest-neighbor interactions. In these
ni-frameworks, smaller energy gaps (Figure 2.9) arise from systems with relatively weak
nearest-neighbor interactions (P and N compared to C, see Table 2.1). Additionally, the
oval sites do not converge to all P atoms here because the P-P atom pair is not an
allowed library choice.

Energy-gap optimization has been the focus of many prior studies. For example,
Zunger and workers'®1% used a simulated-annealing algorithm to predict the minimum
and maximum energy gap structures of alloys. Using the grand-canonical ensemble
density functional theory, Marcon ef al. tuned the HOMO energy of six atom ring

structure by replacing carbon atoms with B or N”.
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Figure 2.9: The chemical structures of with minimal £, for frameworks 1-10.
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The TB-LCAP method effectively locates the minimum HOMO-LUMO gap
structures and maximizes the squared transition moment. The structures that optimize
these properties are not the same structures that optimize the hyperpolarizability, as the

hyperpolarizability requires a compromise among the three factors in a simple two-state

2
model, S~ 'uHL—Z’uHL, where Ay, is the orbital dipole moment difference?$%14°. From

gap
the ten frameworks, we found that the maximal g, structures have higher symmetry

.. . . . 2
than the minimal £ «p Structures. For instance, in framework 5, the maximum g,

ap
structure has D2n symmetry (Figure 2.8). However, the symmetry is broken in

framework 5 (Figure 2.9) for the minimal £, structure. Similar trends are found in

molecular frameworks 2, 3, 7, and 10. In contrast, other molecular frameworks (1, 4, 5, 6,

8 and 9) do not show dramatic symmetry differences in structures between those that

maximize u;, and those that minimize E wp - HHOWever, the optimal ,6’/(/”) structures

(Figure 2.4) are all of low symmetry.
To further explore the relationship of structure to hyperpolarizability, we

performed frontier orbital analysis on the maximal g, , minimal E, , and maximal

gap’
ﬂ/(/n) values for framework 10. The orbital coefficients are provided in the supporting

material'¥’. We choose this framework because of its size (the largest framework) and its
possibility of supporting spatially separated donor, bridge and acceptor units. The

energy gap, the squared HOMO-LUMO transition moment, and the dipole difference
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for the optimal ﬂ/(/n) structure in framework 10 appear in Table 2.3, as do data from the
structures in which 4;, and E 2p are optimized. The ,B/(/n) -optimized structure has u;,
~10% below the maximum possible value and 110% of the minimum possible £, value.

Table 2.3: Frontier orbitals and property optima for framework 10 from the TB-LCAP

.« . . 2 . 2 .« .
optimization. 4, . are the maximal y;;, values. £ are the minimal £

gap,min
values .
Property- Frontier orbitals” P i ®)
o . . d gap HHL ﬂ”
ptimize A 5 Ao .

En EL Hur eV) (e>A?) (e-A)(eV)?)
structures 0

(eV) (eV) (e A)
Jipom 078  -020 |280 0.58 214 721
,U;Z;L,max -1.15 -0.21 13.9 0.94 224 15.7
Egap,min -0.70 -1.19 25.1 0.51 212 274

* For the frontier orbitals (see orbital coefficients in supporting material'¥’), Eu is the
HOMO energy; Eris the LUMO energy; and Ay, = u, — p, is the dipole moment

difference. The properties shown in bold face are the optima.

Table 2.3 shows that optimizing only one of the contributions to  does not

optimize the first hyperpolarizability, as expected. The largest value of the first
hyperpolarizability ( ,B/(/ﬂax ) is 721 (e-A)*(eV)2 However, the structure with largest p;,
has ,8/(/“) =15.7 (e:A)(eV)2. The structure with smallest E o DS ﬂ/(/“)= 274 (e-AY-(eV)2.

As expected from prior studies, the first hyperpolarizability is enhanced by some

degree of asymmetry®. The Hiickel parameters (Table 2.1) indicate that electron-

withdrawing character increases in the series C <P <N. The ﬂ/(/f[n)‘lax structure in
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framework 10 (see Figure 2.4) has electron-withdrawing (acceptor-like) atoms (N) on
one side and less electronegative (C) atoms (donor-like) on the other side. Frontier
orbital analysis indicates that the electron density is primarily localized on the carbon-
rich side in the HOMO and on the nitrogen-rich side in the LUMO, leading to a large

dipole moment difference (A, , Table 2.3) between HOMO and LUMO, enhancing the

tirst hyperpolarizability.

2.7 Efficiency of TB-LCAP optimization

To evaluate the efficiency of our search, we compare the optimization time with

the time required for exhaustive enumeration (see supporting material'¥’). For example,
the exhaustive enumeration time for ﬂ/(/") is 0.8 seconds for framework 2 (with 512

possible structures), and ~9 hours for framework 9 (2,359,296 possible structures).

The efficiency metric is defined as the ratio of the exhaustive enumeration time to
the average time for one random seed optimization (17). We find that 1 depends on the
size of the chemical space (N) and the numerical precision for convergence in the
continuous search. Setting the continuous convergence precision to 102 and using the
average time based on 100 random seed molecules, we construct a log-log plot of n vs. N
in Figure 2.10 for the four molecular properties examined here. We find that ) increases

as N increases. The search efficiency is 77/ M where M is the number of random initial

seeds. For the four molecular properties, the TB-LCAP optimization generally shows
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high efficiency (~10%) when the chemical space size reaches ~10°. This suggests that the
TB-LCAP search can be very efficient for chemical spaces containing millions of
structures, if using 100 random seeds. The optimizations of different properties show

different efficiencies. Figure 2.10 shows that optimizing E,  is more efficient than

optimizing 8.

104 T T T T T E
10°F
oLl
10'f
10 5~
107 10

Figure 2.10: Log-log plot of the search efficiency 7 (ratio of the exhaustive
enumeration time to the average time for optimization based on one random seed)
versus the chemical space size N. The efficiencies are evaluated, respectively, for

(@)™, B, 15, and E,,.

The tight-binding LCAP implementation described here provides an
approximate framework that can be used to discover optimal structures in extremely
large molecular libraries. The number of extrema found is small for the sp? frameworks,
and the search locates the globally optimal structures. This continuous search of

chemical space is effective and efficient!?. The number of molecular property
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computations required to find the optimal structure (ns of Table 2.2) is a small fraction of
the overall library size, suggesting the potential utility for this approach for designing
structures in large molecular spaces. LCAP optimization may become more costly as
geometry optimization and solvent effects are introduced. Nonetheless, geometry
optimization has been imbedded in the LCAP framework®.

The large library optimizations suggest that large linear polarizabilities favor
symmetric structures, and large first-hyperpolarizabilities favor less symmetric
structures, as expected. The energy gap optimization suggests that the minimal energy
gap m-conjugated structures favor chemical elements with weaker nearest-neighbor

interactions.
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3. A donor-carbon nanotube paradigm for nonlinear
optical materials

3.1 Overview

Studies of the nonlinear electronic response of donor/acceptor substituted
nanotubes suggest a behavior that is both surprising and qualitatively distinct from that
in conventional conjugated organic species. We find that the carbon nanotubes serve as
both electronic bridge and acceptor, leading to a donor-nanotube paradigm for the
effective design of large first hyperpolarizabilities. We also find that tuning the donor
orientation relative to the nanotube can significantly enhance the first

hyperpolarizability.

3.2 Introduction

The electronic energy ¢ of a molecule in an external electric field is

e=6(0)-> pE - a,EE - B EEE - yuEEEE+-. (31)
i ij

ijk ikl
Here, i, j, and k represent Cartesian directions. The dipole moment y, polarizability
and hyperpolarizabilities ( 5, 7,...) are defined as the corresponding energy derivatives

with respect to the field (E). These derivatives can be calculated analytically using the

coupled-perturbed Hartree-Fock (CPHF) method!®*'%” that is summarized below.
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The time-dependence of the molecular electronic wavefunction y follows the
time-dependent Schrodinger equation

A L Oy
Hy =ih—— 3.2
v py (3.2)

Assuming a single determinant for wavefunction, the time-dependent Hartree-

Fock equation is
., 0
(F —lhaj SC=SCe. (3.3)

F is the Fock matrix, S is the overlap matrix, C is the atomic orbital coefficient matrix

and ¢ is the eigenstate energy matrix. In a dynamic perturbation field

A= Z E, (" +e™™), (34)
J

the Fock matrix is

F=F,+FE +Q2)"'F'EE +3)'F*E'E'E' +.. (3.5

Matrixes C and € are also expanded in terms of A. The expanded F, C and € are then
substituted into eq (3.3). Collecting terms with the same frequency dependence leads to
a set of coupled equations

FS,C,=S,Cke, (3.6)

F'(0)C, +F'C'(w)+aoS,C'(w)=S,C (w)g, +S,C,&' (w) (3.7)

F/(®,,0,)C,+F' (0,)C’ (w,) +F (0)C (»,) +F,C" (v, ,) + (0, + ®,)S,C' (w)

’ . . . . ’ (3-8)
=S,C"(w,w,)g, +S,C'(w)e’ (@,)+S,C’ (@,)€' (@) +S,C,e" (o, @,)
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Equations 6-8 can be solved for C°,C’,C’ and C? #1571 From them, the density matrix

D, and higher-order perturbed density matrices D’ and D’ are calculated:
D,=C,nnC!, (3.9

D'(w) =C'(w)nC} +CInC} (-w), (3.10)

and

DY ((01 5 a)z) =C’ (a)l > (0, )nC(’] +C (0)1 )IlC'/T (_a)2) (3.11)
+C/(w,)nC" (~»)) +CnC"" (~w,,-w,). |

Here, n is a matrix of occupation numbers.

The polarizability («) and first-hyperlarizability () are calculated from the traces:
a,(-0,0)=Tr(w'D’), (3.12)
B (—0,;0,0,)=Tr(W'D™). (3.13)
p' is the i-component dipole moment matrix. When the electric field frequency is zero,

the static a or 3 values can be evaluated. Here, we evaluate the static first

hyperpolarizability along the molecular dipole moment direction,

Zﬂk:uk
ﬂﬂzﬁ'”z i , (3.14)
N
where

ﬂk = Z (,Bkzl + ﬂlkl + ﬂllk) (3.15)
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and y, is the dipole moment in the k-th direction. For simplicity of notation, f8 is used in
the following discussion in place of £, . All S values are given in 10 esu units.

The calculations were carried out for fully optimized geometries as well as for
partially optimized geometries (where only the appended substituents and the capping
hydrogens were allowed to relax). All of the calculations were performed using the
Gaussian 03 program.'® The geometry optimization was performed at the BBLYP/STO-

3G level; the hyperpolarizabilities were computed using the HF/6-31G* method.

3.3 Results and discussion

3.3.1 Effect of the donor/acceptor ability of the substituents

The push-pull paradigm has been a successful guiding principle for organic
dipolar molecular NLO chromophore design. However, our tests on finite length end-
substituted SWNTs diverge from this paradigm, as the nanotube serves as both
polarizable bridge and acceptor.

We consider a 3 unit cell (6,0) carbon nanotube (72 carbon atoms) substituted
with various combinations of donor and acceptor groups at opposite ends. We find
(Table 2.1) that when the nanotube is substituted with donor and acceptor groups at
opposite ends (one NH2 and one NO), it displays a first hyperpolarizability of
approximately the same magnitude (~300x 107" esu) as when it is substituted with just
an acceptor (one NO: group). However, when the nanotube is substituted with jsut a
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donor (one NH: group), the hyperpolarizability increases by a factor of 4. This trend is
found for both partially and fully optimized geometries. This counter-intuitive result
suggests that an end-substituted “metallic” carbon nanotube functions as both an
acceptor and a bridge.

Ru (II) bis(terpyridine) ([Ru(tpy):]*") substituted nanotubes shows a large £,

value of 1206x107 esu (Table 3.1:). The [Ru(tpy):]>* substituent is studied here because
the [Ru(tpy):2]** porphynato-zinc (II) derivatives are reported to have large nonlinear
optical responses. ¢!

Table 3.1: Hyperpolarizability values of covalently modified CNTs with different
substituents for partially optimized geometries.

Structures B, (10 esu)
NO>-NT(6,0) 299
NO>-NT(6,0)-NH: 330
NT(6,0)-NH: 1137
NT(6,0)-(NH:) 485

NT(6,0)-[Ru(tpy)e]r* 1206

To interpret these results, we performed frontier orbital analysis on NT(6,0)-NH-,
NO2-NT(6,0), and NO2-NT(6,0)-NHo2. Their highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) are shown in Figure 3.1. An
electron-donor is usually associated with a spatially localized HOMO, while an electron-
acceptor is associated with a spatially localized LUMO. For NT(6,0)-NH:, we find that
the HOMO is localized near the NH: group, while the LUMO is localized at the opposite
end of the tube.
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(¢) NO,- NT(6,0)- NH,

Figure 3.1: HOMO and LUMO plots of covalently modified carbon nanotubes:
(a) NT(6,0)-NHz, (b) NO2-NT(6,0), and (c) NO2-NT(6,0)-NH-.

Figure 3.1 shows that the LUMO of NO2-NT(6,0) is localized at the unsubstituted
nanotube end, while the HOMO is localized on the NO: group. Surprisingly, the NO2
group has polarized electron density from the tube so that the NO2 is a donor and the
tube itself is an acceptor. We also find that the HOMO of NO2-NT(6,0)-NHz: is localized
near the NO: as well. The LUMO is localized at the opposite molecular end near the NHo.
The NH: group does not alter the localization much compared to the NO>-NT(6,0)
structure. The LUMO is still localized on the terminal carbon atoms of the nanotube; the
NH: plays little role.

Recent studies of the interactions between unsaturated molecules and carbon

nanotubes have reported charge-transfer from the covalently bonded or adsorbed mt-
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conjugated system to the carbon nanotubes. Indeed this charge transfer indicates that
carbon nanotubes can be effective electron-transfer partners.'®21¢3 For example,
photoexcited electron transfer is observed from covalently bound phthalocyanines to the

nanotube framework.164165

3.3.2 Effect of the substituent tilt angle: maximizing the NLO
response

The curvature of the nanotube’s surface, which arises from the finite tube
diameter, forces the six-membered rings into a boat-like configuration, as shown in
Figure 3.2. We define the tilt angle formed between the tube and the substituent as the
angle between the C-R bond and the tube tangential axis. This tilt angle (0) can have a
large effect on the orbital overlap between the tube and the terminal substituent. The
optimized geometries of end-substituted tubes, whether the whole system or only the
appended substituents were geometrically optimized, showed that both donors and
acceptors bond to the tube at an angle of approximately 10°. As this angle influences -
7t interactions and delocalization, we conjecture that this tilt angle may strongly

influence the first hyperpolarizability.
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(@)

(b)

Figure 3.2: Illustration of the tilt angle 0. (a), (b), and (c) are the projected
views of the end-substituted nanotube (on the top right) from the top, left and front
viewpoints, respectively.

We now evaluate the influence of the tilt angle on the hyperpolarizability of a
nanotube substituted with two amino groups at the same end (NT(6,0)-(NHz)2). This
structure enables comparison with later covalently constrained donor groups (vida
infra). We choose the di-substituted system because the tilt angle can be controlled with
aliphatic tethers, examined in detail below. Here, we arbitrarily adjust the angle to
explore its effect on the nonlinear response. First, we note that the addition of a second
donor group decreases the hyperpolarizability, compared to that of the mono-

substituted NT(6,0)-NHz (Table 3.1). In the optimized geometry NT(6,0)-(NH2)., the

angle is ~10 degrees. The 3, (9) values appear in Table 3.2, and the data is plotted in
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Figure 3.3. 8, peaks at ~24°, and is approximately 20 times larger at this angle than in

the optimized geometry.

Table 3.2: Calculated hyperpolarizability values vs. 0 angle

Angle (0) B, (10% esu)

10 401

15 1,226
22 9,641
25 10,662
28 5,290
30 2,745
35 751

45 152

14000

12000

2000 f

0 5 10 15 20 25 30 35 40 45 50
o angle

Figure 3.3: Computed hyperpolarizability dependence on 0, the angle between
the substitutional group plane and the tangential axis of the nanotube. The solid line
is fitted by a Lorentzian function.
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The angle between m-electron units is well known to tune the group
interactions.’® The conjugation between moieties, in turn, increases the electron
transition dipolar strength, decreases energy gaps, and enhances the first
hyperpolarizability provided asymmetry is not eliminated.* In related analysis of
conjugated species, the Marks and Ratner groups'®-1¢ suggested that NLO responses
might be enhanced by minimizing the dihedral twist between adjacent m-conjugated
moieties. Without considering the deformation of a terminal six-member rings, one
expects that the hyperpolarizability would be largest when the linked mt-plane is aligned
with the nanotube’s surface (€ = 0°). However, we find that the maximal
hyperpolarizability appears for @ = 24" . This effect is a consequence of the nanotube’s
curvature. For =25, the N-C bond is nearly coplanar with the two closest C atoms. This
leads to enhanced second-order NLO response because this angle strengthens the

coupling.

3.3.3 Frontier orbital analysis and two-state model analysis

We have performed frontier orbital analysis for a series of NT(6,0)-(NH-z)2
structures to probe the angle effect further. The first hyperpolarizability can be linked to

a frontier orbital analysis via the two-state approximation,

B o (s — 1, Vo (3.16)
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where g indicates the ground state, ¢ indicates the charge-transfer excited state,

( e — My g) is the dipole moment difference, g, is the transition dipole moment, and

E, is the transition energy. A simple approximation is to represent the ground and the

excited states by the HOMO (H) and LUMO (L), respectively.

The dependence of the frontier orbitals for NT(6,0)-(NHz)2 on € is shown in
Figure 3.4 and Figure 3.5. The LUMO charge distribution shows little O dependence.
This agrees with our expectation because the LUMO is localized at the opposite end of
the tube from where the geometry change occurs. The HOMO, however, is strongly O
dependent. At15°, the HOMO is localized at the tube’s end near the NH. As the angle
increases from 15° to 25°, the HOMO spreads out uniformly along the nanotube. For
larger angles (45°), the density remains delocalized across the tube, but it contracts

somewhat toward the substituted end.

(c) 25° (d) 45°

Figure 3.4: The LUMO vs. the 0: (a) 15°, (b) 22°, (c) 25°, and (d) 45° between the
C-N axis and the tangential surface of the carbon nanotube.
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(c) 25° (d) 45°

Figure 3.5: The HOMO vs. the 0: (a) 15°, (b) 22°, (c) 25°, and (d) 45" between the C-N
axis and the tangential surface of the carbon nanotube.

Table 3.3 shows u,,, Ay, = ( e ~ Hgg ), and E, as functions of 6, and the first
hyperpolarizabilities in the two-state model ( 3, ). The delocalization of the HOMO (15°

<0 <25%) as a function of 0 changes the magnitude of the transition dipole from 0.47 au
to 1.86 au. Larger angles reduce the transition dipole due to contraction of the HOMO.

The dipole difference A,uge , in contrast, peaks earlier (~ 22°) than the transition dipole,

and decreases because delocalization reduces dipole moment difference.® Finally, the

transition energy E,, increases from 6.33x 107 au to 8.51x107* au as O increases from

15° to 25°, and then drops to 8.46x 1072 au as 6 increases to 45°.

With the increase in 6 from 15" to 45°, we find that x,,, Ay, and E_, are all

peaked functions. This behavior produces peaked 0 dependence for S, (Figure 3.6).
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Table 3.3: Dependence of #,., A,Uge, and £ ¢« between the HOMO and LUMO
for NT(6,0)-(NH2)2

o) ‘/uge " (au) ‘A/uge “(au)  Ee (au) P (1070 esu)
15  0.47 0.47 6.33x1072 0.26x10?
22 0.75 1.94 7.37x102 2.01x10?
25 1.86 0.89 8.51x102 4.25x102
45 1.33 0.77 8.46x1072 1.90x102

*The magnitudes (the absolute values) of these values are taken to evaluate f,,.
2.8 Using aliphatic chains to control 6

We now show how chemical structure can be used to control 6 and optimize (3.
We connect two amino groups with aliphatic tethers of 3 to 6 methylene (CHz) groups,
as shown in Figure 3.6. Table 3.4 shows the first hyperpolarizabilities of these structures
after partial geometry optimization (with nanotube carbons positions fixed). In each
structure, the angles of the amino groups are not identical (we report their average).

0 increases as the number of CH: groups increasing from 3 to 6 (Table 3.3). The
two structures with a small angle ((a) and (b) of Figure 3.6) have very small first
hyperpolarizabilities (1.4 and 516 x10™* esu), while the two structures with the C-N
bond better aligned with the two adjacent C atoms in the tube display a ~30 times larger
second order NLO response (18,075x107* esu for the structure in Figure 3.6d).

Because longer aliphatic chains may have multiple structural minima, we

calculated the first hyperpolarizability of 6 different conformers of the structure in
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Figure 3.5d (optimized after randomly choosing initial conformations). These

conformers all showed very large 3, values (>10* x 107 esu).

BEEY B

(a) 3 CH, groups (b) 4 CH, groups

(c) 5 CH, groups | (d) 6 CH, groups

Figure 3.6: The dependence of average O on the number of CH: groups: (a) 3 CH:
groups, (b) 4 CH: groups, (c) 5 CH: groups, and (d) 6 CH: groups.

Table 3.4: S, values for CNTs substituted by aliphatic di-amines with different

numbers (n) of linking CH: groups. The structures are partially geometry optimized
with the nanotube carbon geometry frozen.

n average 0(°) B, (10% esu)
3 6 1.4

4 9 516

5 17 8752

6 34 18075

To evaluate the effect of frozen nanotubes carbon geometry on the

hyperpolarizabilities, S, values were calculated for the structures in Table 3.5 after full

geometry optimizations. The results are listed in Table 3.5. The average 0-angle
increases from 6° to 15° as the number of CH: group increases from 3 to 6, and the S,
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values increase from 479x107* esu to 1,290x10™ esu. The increasing trend of /3 . VS.

0-angle is consistent with the results for the partially optimized geometries. However,
the 0-angle in the fully optimized geomety (7 = 6)is 15°, much smaller than that (34")

in the partially optimized geometry. So, the S, value (for the di-substited NT(6,0)

u
clamped by a 6-CH: tether) is 10 times smaller for the fully optimized geometry
compared to the partially optimized geometry. The reduction of the angle is caused by
the distortion of the nantube geometry. After full geometry optimization, the tube
diameter along the two NHz groups is 0.2 A longer than the tube diameters along other
directions.

Table 3.5: S, values for CNTs substituted by aliphatic di-amines with different

numbers (n) of CH: groups. The structures including nanotube carbons are fully
geometry optimized.

n average 0(°) B, (10% esu)
3 6 479

4 10 553

5 15 (13/16) * 1047

6 15 (12/17) * 1290

* values in parenthesis are the different 0 angles formed by the two bridged amines.
3.3.4 Effects of nanotube length

Jensen et al.'7'172 used a point-dipole interaction model to study the influence of
length on the first and third order electronic response. They concluded that the
polarizability (a) and second hyperpolarizability (y) per unit cell of zig-zag and

armchair nanotubes saturates at ~50 unit cells. This means that: (i) a and y in nanotubes
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with more than 50 unit cells (12 nm and 14 nm for armchair and zig-zag tubes,
respectively) scale linearly with length, and (ii) before reaching the saturation point, the
response should grow more rapidly than linearly. Very recently, Fagan et al.’”* found
that the optical absorption intensity grows linearly for nanotubes ranging from 10 to 700
nm, while the transition energy varies little with nanotube length, thereby verifying
Jensen et al.’s analysis of polarizability beyond the saturation point.

From the preliminary studies (Table 3.6), we find that the first
hyperpolarizability of end-substituted SWNTs shows increase trend vs. nanotube length,

when the length is less than 20 A. The ,, values increase for nanotubes length increases

from 2 to 5 unit cells (20 A) for di-NH: substituted CNTs, and then the values decreases
for nanotubes with 6 and 7 unit cells. However, due to the computational cost, we were
not able to explore trends for longer nanotubes. Since the polarizability and second
hyperpolarizability are proportional to the molecular transition dipoles, they increase
with the nanotube length. However, the first hyperpolarizability arises from a balance
between dipole moment difference and transition moment (see eq. (3.16)). The latter can
decrease with increasing of nanotube length. We expect that the saturation length for 3
can be reached much earlier than for a or .

Table 3.6: 5, values of NT(6,0)-NH: with different nanotube lengths. The structures

are fully geometry optimized.

Nanotube  cell
units of NT(6,0)- 2units 3units 5units 6 units 7 units
NH:
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Nanotube
length (A)
B, (10 esu) 1854 1061 3065 73 713

8.2 12.1 20.3 24.1 28.4

3.4 Conclusions

Electronic structure analysis predicts that large static first-hyperpolarizability
values can be achieved in finite length end-substituted SWNTs. We find that the
nanotube acts as both bridge and electron acceptor, suggesting that a donor-nanotube
framework can be used to maximize the static NLO response of short-length nanotube-

derived materials. For example, NT(6,0)-NH2 shows a large static £, value of

L137x107 esu.

Our analysis indicates that the large static first-hyperpolarizabilities appear at
non-zero tilt angle (0) of the substituent with respect to the nanotube axis because of the
curvature of terminal rings. Adjusting the 0-angle allows enhancing the static first-

=30

hyperpolarizability up to 10,662x10™" esu. The 6-angle can be manipulated using
chemical modifications, such as linking two substituents by aliphatic chains. The

hyperpolarizability is expected to increase with increasing length for nanotube less than

20 A in length.
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4. Predicting frequency—-dependent first
hyperpolarizability from |inear absorption
spectrum

4.1 Overview

We employ the generalized Thomas-Kuhn sum (TKS) rules to compute the
transition dipoles between excited states, allowing us to predict the frequency dispersion
of first hyperpolarizabilities using the experimental linear absorption spectra. We

calibrate the frequency dependent first hyperpolarizabilities ( £, ) using two parameters:

a shifting factor for transition energies and an absorption band half-width parameter.
The predicted [, dispersions show quantitative agreements with several experimental
B, datasets. The predicted S, dispersions include -contributions from both “two-
level” transitions and “three-level” transitions, enabling us to quantitatively explain the
unusual oscillatory frequency dependence of £ in metal-mediated porphyrin
derivatives. We show that structurally related porphyrin derivatives with similar linear
absorption spectra can have dramatically different dynamic hyperpolarizabilities
because of strongly coupled charge transfer (CT) transitions as suggested in earlier
experimental studies. Our approach provides a quantitative strategy to link measured

linear optical absorption spectrum to the prediction of nonlinear optical properties.
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4.2 Theoretical background

4.2.1 Two- and three level B-contributions

Current understanding of nonlinear optical properties is built on the time-
dependent perturbation theory and derived as the sum-on-state (SOS) expression?. In
the SOS equation, the first hyperpolarizability is related to transition dipoles and

transition energies,

5y (0,:0,0,) zz{ Ok m)m} )l £]0) )} 41

=\ (E, —E,—ha,)(E, - E, - ho,

where subscripts i, j and k denote the index of x, y or z coordinate directions, and
operator j = j — <O| J | 0>, E is the energy of excited state m, £ is the energy of
ground state 0, £, — E, is the transition energy between ground to excited state, <O| i | m>
is the transition dipole between the ground state 0 and excited state m, <m | i | n> is the
transition dipole between excited states m and n, ®, and @, are incident photon
frequencies, and @, is the output photon frequency. P represents permutations of the
pairs {i, -, } , { J> 0, }, {k, , } ; the sum over permutations produces six terms.

Ratner et al. separated the above SOS expression into two-level and three-level

contributions, 148

l/k Z ﬁnn + z Z ﬂnm (42)

n=l m#n
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where f

nn

and S

nm

represent, respectively, the state-specific two-level and three-level
contribution terms to the SOS expression for £, . As shown in transition diagrams of
Figure 4.1, S, is called two-level contribution because it results from a sequence of

transitions (0 = n — n — 0) that involve two electronic states (levels): the ground state

and the excited state n. Evaluation of /5, needs the quantities of the transition dipole
between the ground state and the excite state ( x,, or x,,), and the dipole moment
difference x,, = x, —Xx,, where x, is the dipole moment of excited state n, and x,,is
the dipole moment of ground state 0. In contrast, 3, (n # m) is called three-level

contribution because it results from a sequence of transitions (0 - n — m — 0) that
involve three electronic states (levels): the ground state and excited states n and m.

Evaluation of £

nn

needs the quantities of the transition dipoles between the ground state
to the excite states (x,, and x, ), and the transition dipole between excited states n and
m (x,, ). Excited-to-excited state transition dipoles such as x,, can be used to evaluate

interactions between excited states or the couplings of CT oscillators, and they are not

present in two-level 3-contribution terms, but in three-level $-contribution terms.
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m
— xnm
xnn = xnn - xOO
n n
me
xOn xn 0 xOn

Two-level terms Three-level terms

(@0 —>n—>n—0 transitions. (b) 0 > n—> m — 0 transitions.

Figure 4.1: Transition diagrams of (a) two-level terms (a sequence of
0 - n — n — 0 transitions) and (b) three-level terms (a sequence of
0 — n — m — 0O transitions) in the SOS expression. Index 0 represents the ground
electronic state, and index n and m represent the excited electronic states. The

transition dipoles are defined by x, = < p|fc| q> (p # q), where x denotes the

coordinate operator in x-direction, and index p and g represent electronic states 0, n or
m. Dipole moment difference is defined by x,, = x, —x,,, where x, is the dipole

moment of excited state n, and x, is the dipole moment of ground state 0. The family

of transitions symbolized on the left (right) is known as intra(inter)-band transitions.

The two-level approximation (first sum in eq. (4.2) ) of  can be written as’73,

(‘xOn )2 Xy (EOn )2

6
(EOn )2 N (2Einc )2j|[(E0n )2 N Eincz:|

(4.3)

ﬂzzn:ﬂ,m :;[

where E, = E - Eis the transition energy, and E, =hw, = ho,is the energy of

incident photons. Using this two-level approximation, Therien and Laba et al. explained

state-specific contributions to £, for various porphyrin derivatives*>774 When only
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one excited sate is considered at zero frequency, the two-level approximation is

simplified to the popular two-state model'7+17>,

2

X,
—Xp ) —2— (44
B o (x,, = )(EU_EO) (4.4)

which is used widely to qualitatively interpret NLO data®. The two-level approximation
provides useful guidance, and it is particularly valuable when f is dominated by one or
a few strong CT transitions.

Although Ratner et al.®1% showed that the three-level contributions to f are not
negligible, there is no chemically-oriented strategy to estimate the three-level
contributions to £ because the transition dipoles between excited states are not
available for most chemical systems.

For large-f3 molecules based on donor-bridge-acceptor (DBA) motifs (dipolar

molecules), the f tensor component (S, ) in the donor-acceptor direction (x-direction)

often dominates the NLO response and this is the case for the structures being examined

here.”? We therefore use S

' . to evaluate the first-hyperpolarizability of dipolar
molecules. Unless otherwise noted, the dipole and transition dipole moments in this

paper are all in the x-direction. In eq. (4.2), the two-level 3-contribution term is,

ﬂnn = _'X.On‘f X Dnn (a)l’ 0)2) (45)

nn"'n0

and the three-level 3-contribution term is,

ﬂmn = _Z ‘xOmxmnanDnm (a)l’ a)Z) (46)

m#n

75



where D, (a)1 , a)z) is function of the incident frequencies @, and ®,, and

1

D, = ﬁ[dnm (0,0,)+d,, (0,0 )] (4.7)
where,
1 1
d o,0,)= T
( 1 2) (wno_a’l_a)z)(a)mO_wl) (a)”0+a)2)(a)m0 a))
| (4.8)
+

(a):o + o, )(a)mo +o, + a)z)

The damping constants (y,,,) are added to the transition energies (@, ):
w,, =0, —iy,,, where ho', = E, =E, —E,. The damping constants are associated
with the lifetimes of the excited states. Calculating f, requires transition dipole

moments ( x,,, ) with the ground state, the corresponding transition energies ( £, ), and

transition dipole moments among excited states (x,,, ).

4.2.2 Transition energies and transition dipoles from linear
absorption spectra

In linear absorption spectra, transition dipole moments and transition energies
define the oscillator strengths!7¢:

£, =4.702x107 Eou|x,, | = 6.784x107° % T (4.9)

xOn
where f, is the oscillator strength between the ground state and excited state 7, Eou is

the transition energy in wave numbers, and &, is the extinction coefficient in
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1

dm’mol”'cm™ at the maximum absorption. I is the width of the absorption band at

0 . . . . . .
& /2 and a Gaussian line shape is assumed. With this expression, x0n| can be

computed from measured spectra. We assume the transition dipole is dominated by the

component along the donor-acceptor axis (x-axis), and we assume that x,, is positive.

Experimentally measured transition bands may be peaked at energies above the

electronic origin because of the shape of the Franck-Condon envelope.'” We adjust £,
by the factor S, to compensate (.S, <1):

E =S E, (4.10)
The above transition dipoles and energies associated with the ground state
provide two key ingredients for computing £ . The missing ingredients in the SOS

expression are the transition dipole elements among excited states, which can be

computed from the generalized TKS rules.

4.2.3 Generalized TKS rules and their truncated expressions

The generalized TKS rule is

- W'N
Z(zEn —E, _El)xknxnl =—0y (4.11)

n=0 e
where k, I, n represent the index of electronic states, 7 is the reduced Planck constant, N

is the total number of electrons, m, is the electron mass, and 0 is the Kronecker delta
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function. When k =/ =0, the standard TKS rule results; when k # [, the generalized

sum rule results. The generalized sum rule truncated to a finite number (M) of states is:

N n’N
Z(ZEn - Ek - EI )xknxnl - _51{1 (412)

-0 m,

=

The truncated diagonal sum rule (k =17)

M 2
2> (E,—E,)x, = wN (4.13)
n=0 me

contains a paradox.'”” If k = M , the left side of eq. (4.13) is negative due to £, — E,, <0,

but the right side is positive. This inconsistency is caused by truncating the summation.
The truncation problem does not arise if k is the ground state, since all excited state
energies are above the ground state energy. When k # [, the truncated off-diagonal
sum rules are not strictly obeyed, but they have been demonstrated to be approximately
valid in dipole-free SOS formulas®®#:178 .

The off-diagonal sum rule (k # /)

M
Z(zEn - Ek - EI )‘xkn‘x

nl
=0

=0 (4.14)

=

links the transition dipole x,, between excited states m and n to the transition dipoles
X,, between the ground and excited states 1, and to the corresponding excitation

energies, E, . The last two terms can be computed from quantum mechanics or derived

n
from experimental linear absorption spectra. We focus on using the experimental spectra

to assist in prediction of the measured frequency-dependent first hyperpolarizability.
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This approach avoids the uncertainties associated with performing quantum chemical

analysis of large complex structures in the condensed phase.

4.2.4 Number of possible solutions from TKS rules.

In our implementation, the truncated off-diagonal sum rule (k # /) of eq. (4.14)

produces M (M + l) /2 quadratic equations that link transition-dipole elements to each

other and to transition energies (k = 0,1,---,M ; [ =0,---,k —1):

M=

(2E,—E,—E,)x,x,,=0, k=11=0

3
(=]

M=

(2E, —E, —E,)x,,x,, =0, k=2,1=0

S
(=]

M=

(2E,—E, - E,)x,,x,, =0, k=2,1=1 (4.15)

(=]

n=!

M
2E ~E,—E, =0, k=M,l=M-1
z Koy n(aa1) =

The number of transition dipole elements c in these equations that are
undetermined by the linear absorption spectra is M (M + 1) /2. The quadratic relation
among transition dipoles produces multiple solutions for these elements. The maximum
number of solutions for these elements, excluding the sign difference, is M2 e
found that most of solutions are not real numbers. In particular, for spectra with two key

absorption bands (M = 2), there is one unique solution. For spectra with two key

absorption bands, there are four possible solutions of x, elements. However, there are
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only two real solutions for Ru-PZn and Os-PZn chromophores as illustrated in the
discussion section. For systems with more than one solution, we can use a few (e.g. one
or two) experimental /3, values to determine the right (physically relevant) solution and
then to quantitatively predict the entire /8, spectrum.

The generalized sum rules provide a strategy to collect the missing x,,, elements,
thus allowing computation of B based entirely on experimental linear absorption data.
The two key assumptions underlying this approach are (1) the features of the linear
absorption spectra of dipolar chromophores arise from transitions predominantly
polarized along the charge transfer axis and (2) electronic transitions in the UV/vis/NIR
window are the dominant contributors to the sum on states identities and, as such,

truncating the summations is a reasonable approximation.

4.3 Results and discussion

4.3.1 Extracting transition energies and transition dipoles from linear
absorption spectra.

In a measured spectrum, one absorption band (a single peak) usually does not
contain only one electronic or vibronic transition. For example, for the D-PZn-A
molecule, two intense peak areas consist of seven electronic and vibronic excited states
as elucidated through Stark-effect spectroscopy by Therein et al.”>. However, it is

impossible to identify the entire electronic and vibronic transitions only from
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experimental linear absorption spectra. From one single measured peak, Kuzyk and
Clays et al.'”” extracted the dressed transition dipole moment to determine the
contribution to f.

Here, we apply similar strategy to extract the transition at the maximal
absorption coefficient within each peak because that transition has the primary
contribution to the absorption peak area. In our strategy, the transition energy and
dipole moment are computed from the maximal absorption coefficient of each band
using eq. (4.13) and eq (4.14). In nature, even though the extracted “transition” within
each band could include extensive mixing of different electronic and vibronic transitions,
one of the electronic transitions (regardless of the vibrational freedoms) could be
predominated. For example, for the two intense peaks of D-PZn-A, the one with lower

transition-energy is predominated by transitions derived from Q-state: O, (0,0) and
0. (1, O); and another one with higher transition-energy is predominated by transitions

derived from B-state: B, (0, 0) , B, (1, O) , and By (O, O). Therefore, the extracted

transitions can be applied to describe the optical behavior of their related excited states,
such as Q- and B-states.

The transition dipole moment can be computed approximately as the x-polarized
dipole moment because the electronic transitions are polarized predominantly along the

charge-transfer axis (i.e., x axis) in the dipolar molecules. Hence, the largest
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component B will be discussed for the experimental and calculated dynamics

hyperpolarizabilities.
In our implementation, for the two parameters used to scale the transition

dipoles and transition energies, the scaling factor S, (eq. (4.10)) is taken as 0.80-1.00; I",

the absorption band half-width parameter, is 0.04 - 0.1 eV. These two parameters are
scanned in the above ranges to optimally reproduce one (for a case of two-absorption

bands) or (for a case of three-absorption bands) available values of measured [, values.
The step size of scanning is 0.01 for S, and 0.001 eV for I". Specifically, three
experimental £, values are available at 800 nm, 1064 nm and 1300 nm for D-PZn-A, Ru-
PZn and Os-PZn, respectively; the measured f, value at 800 nm for D-PZn-A was used
to determine the two parameters, while the measured £, values at 800 nm and 1300 nm
were used for Ru-PZn and Os-PZn; the predicted [, spectra are examined by the rest

measured first hyperpolarizabilities. The transferability of these two parameters
depends on the similarity of the molecular structures. The damping constant is taken to

be 0.1 eV, typical for an excited state lifetime of 4.1 psec.

4.3.2 Applying TKS rules to a spectrum with two absorption bands.
Although the frequency dependence of S, for D-PZn-A was studied earlier

using semiempirical methods* and state-specific £, contributions were examined for
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the seven electronic and vibronic states from the two-level approximation?? it is
necessary to describe £, with not only the state-specific contributions but also the three-
level contributions to explore the interaction between B- and Q- states.

The structure and experimental absorption spectrum of D-PZn-A appear in

Figure 4.2. The spectrum has just two key absorption bands, which are comprised of
seven electronic and vibronic transitions”, O, (O, O), Qy (O, 0) , O, (1, O), B, (0, O) ,
B, (1, O) , B, (O, O), and B, (1,0). From the seven transitions, two electronic transitions

related to Q- and B-sates are extracted.
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Figure 4.2: Structure and experimental absorption spectrum of D-PZn-A in CHCl:.
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4.3.2.1 Solutions from the TKS rules on the case of two absorption bands
The TKS rules (eq. (4.15)) for the two-band case are,

(El _Eo)fnxlo +(2Ez -k _Eo)xlzxzo =0
(2E, —E, —Ey ) x,, %, +(E, — Ey ) XX, = 0 (4.16)
(2E0 _Ez _El)xzoxm +(E2 _El)(‘YZZ _)?ll)XZI =0

One unique solution of eq. (4.16) is found for X, X,,, and x,, (x21 ) shown in

Table 4.1. x;, and X,,, which are dipole moment differences of Q- and B-states

respectively, have the same sign since both the x-polarized porphyrin Q- and B-states
posses identical charge-transfer (CT) character. This finding is consistent with Therien’s
previous observations*7172,

Table 4.1: Transition energies (£, and £, in eV), transition dipole moments
(x,,,X,, and x, in au), and dipole moment differences (X, and X,, in au) obtained

from the linear absorption spectrum of D-PZn-A in CHCls. The transition moments
(au) are computed by solving the generalized TKS equation for D-PZn-A with the
scaling factor S, = 0.93 and the half-width parameter ' =0.063 eV, which reproduce

experlmental ﬂSOOnm and predICt ﬂ1064nm and ﬂ1300nm *

E,, Ey, Xo1 Xo2 X1 Xy X2

D-PZn-A | 1.68 2.48 2.18 2.74 9.27 1.06 -3.78

4.3.2.2 Predicted dynamic first-hyperpolarizability spectrum of D-PZn-A

The predicted dynamic first-hyperpolarizability spectrum (Figure 4.3) shows

agreements on f3, values at 800 nm, 1064 nm, and 1300 nm with those measured in

experiments. By scanning the parameters S, (from 0.8 to 1.0) and I (from 0.04 eV to 0.1
84



eV), §,=0.93 and I' =0.063 eV are found to optimally reproduce the experimental
value of B, at 800 nm. As shown in Table 2, the predicted values of £, at 1064 nm and

1300 nm agree with the measured ones very well.

2000}

1000:

1030 esu

-1000}

-2000

Wavelength (nm)

Figure 4.3: Computed S__ (/1) and its components S (/1) of D-PZn-A with the

scaling factor S, = 0.93 and the half-width parameter ' =0.063 ¢/ . The open squares
are measured [ (l) values at 800 nm, 1064 nm, 1300 nm in CH2Cl..

Table 4.2: Calculated and measured 3, (10°° esu) for D-PZn-A in CH2Cl..1

D-PZn-A ﬂSOOnm ﬂl 064nm ﬂl 300nm
Calc. 479 1489 1326
Exp. 580 1500 1330
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4.3.2.3 Two-level and three-level contributions in different wavelength regions.

The frequency-dependent two-level and three level contributions are plotted for

D-PZn-A in Figure 4.3, where 3, is the two-level contribution from Q-derived
transitions; f3,, is the two-level contribution from B-derived transitions; £, and f,, are

the three-level contributions from the coupling of Q- and B-derived transitions. The

frequency dispersion of £, is a combination of all the terms of two-level and three-level

contributions.

For each B, contribution term, we found two resonant effects: a one-photon
resonance and a two-photon resonance, which can be understood by the behavior of

D,, function in eq (4.7). The frequency-dependency of 3, (/1) is determined by D, .

Due to the presence of image part of damping constant in the denominators, the

D, function changes its sign at the points of resonant frequencies. The two resonant
effects appear in each D function. The two-photon resonance appears at

(a)no -0 -, ) = 0 where the summing frequency of two incident photons equal to the
transition energy @,, of excited state n. The one-photon resonance appears at

(a)mo -, ) =0 where the frequency of one incident photon equal to the transition
energy ®,, of excited state m. Each resonant effect produces two peaks near to itself:

one positive and one negative on either side of resonance.
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Figure 4.4: Frequency (wavelength) dependence of D functions defined in eq. (4.7) .

Although D, determines the shape of £, function, the magnitude of £, is

controlled by the product of x,,x, x,, for two-level contribution terms and by

XX, X, for three-level contribution terms. Numerous prior studies used the two-level

mn”"n0
approximation””? to evaluate first-hyperpolarizability when the excited state transition
dipoles are assumed to be small. In the following analysis, we show that the three-level
contribution can be important to quantitatively describe the frequency-dependency of

hyperpolarizability for D-PZn-A.
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Near 800 nm (Figure 4.2), the three-level terms: f,, (contributed by transitions
0—>0—>B—0)and B, (contributed by transitions 0 - Q — B — 0), have opposite
signs comparing to the two-level terms: f, (contributed by transitions
0—>0—>0—>0)and p,, (contributed by transitions 0 - B — B — 0). Because those
cancellations are effectively complete at 800 nm, [, becomes small. At 1064 nm, the
three-level contribution £, dominates, which means that the excited state transition
dipole moment (x,, ) enhances £ at 1064 nm. At 1300 nm, f is dominated by the Q-state
contribution due to the large dipole moment difference of Q-state (Xx;, =9.27), which
means [ at 1300 nm is enhanced mainly from the two-level contribution f,, derived

from Q-state.

For this two-band case, we found that three-level £, contributions are important
to obtain the complete cancellation of components £, at 800 nm and enhance g, at

1064 nm.

4.3.2.4 Effects of parameters S, and I' to dynamic /5, .

In order to understand the effect of two parameters (scaling factor and half-

width parameter) to S, spectra, different values of the two parameters are used to
calculate the f, spectra. As shown in Figure 4.5 and Figure 4.6, the basic shapes of £,

conserve when the two parameters are changed. In particular, the scaling factor, which
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relates to the transition energies of excited states without the vibrational contributions,
shifts the whole curve along the x-axis (Figure 4.5); the half-width parameter, which
relates to the transition dipole moments for each excited state, changes the magnitudes
of B, values (Figure 4.6).

We find that, for different sets of S, and I parameters within the particular
ranges (e.g. 0.7-1.0 for S, and 0.04 — 0.1 ¢V for I of D-PZn-A), the feature of £ frequency
dispersion is consistent, suggesting the frequency dispersion trend (not necessarily the
exact 3, values) of our predicted dynamic first-hyperpolarizability is reliable even if

considering various potential errors of transition energies and transition dipoles caused
by sources such as experimental measurements and our approximation limitations.

Comparing to I', S, is more sensitive in effecting S frequency dispersion since S, tends

to shift the spectra along the axis of frequency (wavelength).
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Figure 4.5: S __ (ﬁ,) spectra of D-PZn-A with different scaling factors. The half-width
parameter is fixed at 0.063 eV.
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Figure 4.6: f__ (/1) spectra of D-PZn-A with different half-width parameters. The

scaling factor is fixed at 0.93.

4.3.3 Applying TKS rules to a spectrum with three absorption bands

Therien et al. reported a new family of nonlinear optical chromophores with
transition metal terpyridyl complexes linked through to a meso-substituted porphyrin
with ethynyl linkers”, where the metal-mediated cross-coupling has been employed to
design the chromophore structures with high hyperpolarizability. They were the first to
report the unusual oscillatory dependence of hyperpolarizability with the irradiation
wavelength for the Ru-PZn and Os-PZn chromophores. They show different and

dramatic variation of f, values, although with very similar linear absorption spectra.
The structures and the measured linear absorption spectra of Ru-PZn and Os-
PZn are shown in Figure 4.7. Clays, Persoons, and Therien” explained that the feature
substantial £, values at telecommunication-relevant wavelengths arise from opposite
sign of B— and Q —state dipole moment difference (X, ) values, which is caused by the
coupling of multiple CT oscillators. In their explanation, the important new effect of
multi-CT coupling of Q, B, and CT electronic sates was qualitatively analyzed in classical

two-level approximation.
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Figure 4.7: Structures and linear absorption spectra of Ru-PZn and Os-PZn.
Reproduced with permission from J. Am. Chem. Soc..

We show in the following discussions that the multiple-CT coupling can be
quantitatively described using the computed three-level contribution terms.

Subsequently, the entire f, spectra of Ru-PZn and Os-PZn are predicted and analyzed

to understand the unusual frequency dispersion.

4.3.3.1 Solutions from the TKS rules for the case of three absorption bands.

In these molecules, there are three key absorption bands in the experimental
spectra. Hence, three electronic transitions are extracted from those absorption bands: in
the ascending order of transition energies, the first one is related to Q-states; the second
one is related to MLCT-states; and the third one is related B-states.

The equations of the TKS rules for the 3-band case are,
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(4.17)

We computed all of the associated excited state transition dipoles using eq (4.17)
and the experimental absorption spectra. Two sets of real solutions out of four possible
solutions were obtained as we have two excited states for the TKS rules. Referring to

measured values [, values at 800 nm and 1300 nm, the solutions are determined and

listed in Table 4.3 for Ru-PZn and Os-PZn chromophores. We found that B- and Q-state

dipole moment different x,, values indeed have opposite signs for RuPZn: X, is 5.53 au,
and X, is -12.58 au. For OsPZn, we found that the B- and Q-state x,, values are in the
same sign: X;; =2.41 au and Xx;; =7.25 au, which are smaller than those of RuPZn.
However, these x,, values of B- and Q-states are in the opposite sign to the transition
dipoles between B- and Q-states x,;=-4.12 au and between MCLT- and Q-states x,, = -

3.17 au. As we will see the in following discussions, these sign changes of OsPZn will

play important roles in its oscillatory dependence of S, .

93



Table 4.3: Three transition energies (£, £, and £;in eV), transition moments
(X, Xgp s X037 X,5 , X3 and X, in au), and dipole moment differences (X, X,,, X;; and in
au) obtained from the linear absorption spectra measured in CHsCN, and dipole
moments (au) determined using the TKS equations for Ru-PZn and Os-PZn. S, is the

scaling factor. I" is the half-width parameter.

Ru-PZn=* Os-PZn®
Ey, 1.59 1.52
E,, 2.01 2.07
Ey, 2.37 2.42
X, 2.66 1.62
X0z 2.48 1.91
Xo3 3.16 2.49
X, -12.58 7.25
Xy, 17.05 4.26
X35 5.53 2.41
X, 4.63 3.24
X3 2.54 -4.12
X5 11.50 -3.17

a: S, =0.82, 7=0.099 eV;b: §, =0.83, ' =0.06 eV.

4.3.3.2 Predicted dynamic first-hyperpolarizability spectra of Ru-PZn and Os-PZn.
Figure 4.8 and Figure 4.9 show the predicted dynamic p-spectra of Ru-PZn and

Os-PZn, respectively, together with the displayed £, functions. From the dynamic 3

spectra, the calculated S, values shown in Table 4.4 agree with the experimental data.

Due to the large variation of £, and B, from Ru-PZn to Os-PZn,

experimental ;. and [y, values were used to fit the scaling factor and half-width

parameter and choose the right solution for eq (4.17). The predicted B,,,, values show
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agreement on the experimental f,,,,, values (with error less than 26%). In addition, the

fitted scaling factors for Ru-PZn and Os-PZn are very close (0.83 and 0.82 respectively),

suggesting that the molecules with similar geometries have similar scaling factors.

6000

5000

4000

3000

2000

-1000

-2000

-3000

-4000

Wavelength (nm)

Figure 4.8: Computed £ (1) and its components £3, (1) of Ru-PZn with the scaling
factor S =0.82 and the half-width parameter I' =0.099 eV. The open squares are
measured [ (/1) values at 800 nm, 1064 nm, 1300 nm in CH3CN.
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Figure 4.9: Computed £ (A1) and its components £, (1)of Os-PZn with the scaling
factor S, =0.83 and the half-width parameter I"=0.06 eV. The open squares are
measured [ (/1) values at 800 nm, 1064 nm, 1300 nm in CH3CN.

Table 4.4: Comparisons of the calculated and the measured first
hyperpolarizabilities (10 esu) at three wavelengths (nm) for Ru-PZn and Os-PZn in
CH:CN. The scaling factor is S, .The half-width parameter is I". The £, and B

are used to fit S and I'. The fS,,,,, is predicted.

Broomn Procanm Br300mm
Ru-PZn = Calc. 222 1542 3796
Exp. <50 2100 5100
Os-PZn® Calc. 54 2074 260
Exp. <50 2600 <50

a: S, =0.82, ['=0.099 eV;b: § =0.83, [ =0.06 eV.
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4.3.3.3 Two-level and three-level contributions in different wavelength regions.

To explain the unusual oscillatory dependence of £ at 800 nm, 1064 nm, and
1300 nm, we compare Ru-PZn and Os-PZn for their f-spectra and their nine
components of S (Figures Figure 4.8 and Figure 4.9) as a function of wavelength
(frequency): f,, is the two-level S, contribution from 0 - Q — Q — 0 transitions; f,,
is the two-level g, contribution from 0 — MLCT — MLCT — 0 transitions; f; is the
two-level f, contribution from 0 - B — B — 0 transitions; £, is the three-level
B, contribution from 0 - Q - MLCT — 0 transitions; f3,, is the three-level
B, contribution from 0 — MLCT — Q — 0 transitions; £, is the three-level
B, contribution from 0 - Q — B — 0 transitions; £, is the three-level S, contribution
from0 — B — Q — 0 transitions; f3,; is the three-level f, contribution from
0 > MLCT — B — 0 transitions; f3,, is the three-level S, contribution from
0 - B - MLCT — 0 transitions. Since D, for each S, has similar wavelength

dependence in the two-band (D-PZn-A) and these three-band cases, we did not plot D,

for the three-band model.

Similar to the D-PZn-A, for each f, function, we found that a one-photon and a

o
two-photon resonances appear at @, =@, =@, (or4 =4, =4 ) and o, = @, = —2

(or 4, =4, =24,,), respectively. Referring to these two resonances, the irradiation
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wavelengths can be divided into three regions to analyze the two-level and three-level

p, -contributions.

The first region includes wavelengths longer than the two-photon resonant
wavelength of the Q-state transition (with the lowest transition energy), where two-level

contributions dominate. In particular, at wavelengths much longer than 2000 nm, S, is
dominated by f,, (the two-level contribution derived from Q-state) because the term of
D,, is dominant over all other terms of D, as the incident frequencies @, and @, both

approach zero (in eq. 9). This suggests that the TKS-SOS formulation can be interpreted
by the two-state model when the wavelength is sufficiently long.?8174175

The second region ranges from the two-photon resonant wavelength of the Q-
state (with the lowest transition energy) transition to the one-photon resonant
wavelength of the B-sate transition (with the highest transition energy), where the two-

level and three-level contributions ( £, ) are of importance. Generally, the B can be

dominant when @, is close to o

m0

(one-photon resonant effect), or @, + @, is close tow,,
(two-photon resonant effect). In particular, when m # n, both ®,, — ®, — ®, and

®,, — o, can be small, which causes the contributions from three-level effects ( 5, ,

n > m) to be significant in £, . As shown in Figure 4.8 and Figure 4.9, three-level

contributions are crucial between 1200 nm and 400 nm for Ru-PZn and Os-PZn.
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The third region includes the wavelengths shorter than one photon-wavelength
of the B-state transition (with the highest transition energy), where all of the two-level
and three-level contributions are small. Each contribution approaches zero quickly

because the denominators of f

mn

expression are very large when the incident irradiation

wavelength is far away from the one- and two-photon resonances, e.g. <700 nm.
According to the frequency dispersion features of these three regions, we have

explored the unusual oscillatory dependence of f for the metal-mediated porphyrin
chromophores at 800 nm, 1064 nm and 1300 nm.

At 800 nm, which is around the second region, the f, values of Ru-PZn and Os-
PZn are very low for two reasons: first, the magnitude of each £, at 800 nm is small
(the denominators in eq. (4.8) are large); second, components £, of S, have different
signs. For example, for Ru-PZn, the two-level contribution ( £, ) cancels with the other
two-level contributions f,, and f;. This cancellation of B and Q-states is consistent

with Therien’s qualitative analysis’. We also found that the primary three-level

contributions, f,; and f,,, cancel effectively with £, and £, .

At 1064 nm, which is in the second region, the 3, values are generally large for
Ru-PZn and Os-PZn because most of the f, components, including the two-level and
three-level contributions, are large in magnitude. For Os-PZn, its S, values are

exceptionally large compared to the other components because the transition dipole
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moment x,, between Q- and B-states is dominant among excited states. Therefore, the
Bioean, Values of Os-PZn increase dramatically from 800 nm to values of 2,600x 107> esu
(in experiment). In contrast, for Ru-PZn, the transition dipole moment ( x,, ) between

MLCT- and B-states is the largest among excited states, which makes the three-level

contributions ( £;, and f,;) large in magnitude. Meanwhile, the two-level contributions
(B,,and B,,) are large caused by the large dipole moment differences: X,, =—12.58 au
and X,, =17.05 au. Therefore, the combining effect of these large f components for Ru-
PZn causes a large 3, (2,100x107 esu in experiment) value at 1064 nm, where f3,, and
B, make positive contributions; and f,, and f,; make negative contributions.

At 1300 nm, which is in the first region, the dramatic £, value differences of Ru-
PZn and Os-PZn are primarily caused by their two-level S, contributions. For Ru-PZn,
Bisoown (3,100x107° esu) is very large. Its large value arises from the two-level
contributions f,, and f,,, that result from large charge-transfer dipole moment
differences X;; =—12.58 au and X,, =17.05 au. In addition, 3, and f,, have the same

sign. The three-level contributions of Ru-PZn at 1300 nm are neglectable. In contrast, for
Os-PZn, all the two-level contributions derived from B- and Q-state are small due to the

small x,;, X,, and Xj,. £, is cancelled by f,, and f,,. Meanwhile, the three-level

contributions f,, and f,; are cancelled by the other three-level S, values.
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For Ru-PZn and Os-PZn, the unusual frequency dependent first
hyperpolarizabilities cannot be explained quantitatively without accounting for the
three-level contributions that result from the transition dipoles among Q-, MLCT-, and
B-states. The similarity of the linear absorption spectra between Ru-PZn and Os-PZn
does not guarantee similar transition dipoles between the excited states. The unusually

large x,; of Ru-PZn suggests a strong interaction between MLCT- and B-states. In

contrast, for Os-PZn, the interaction between MLCT- and B-states is much weaker. We
speculate that the MLCT of Os(tpy): is lower in energy than that for Ru complex; hence,

less mixing with the B-state will occur for the Os(tpy)2 chromophore unit.

4.4 Conclusions

Using TKS-SOS approach and the experimental linear absorption data, the
transition moments among key excited states were computed. The solution of excited-
excited state transition dipoles is unique when there are two key absorption bands in the
spectrum. For more than two absorption bands (e.g. M bands), the number of possible

(M-1)/2-1

solutions is 2" , and the right solution can be determined by fitting to a few (e.g.

2 for M =3) experimental S, values. The computed S, values can be further adjusted
by two parameters: the transition energy scaling factor (S, ) and absorption-band half-
width (T'), leading to the quantitative prediction of the entire frequency dependent f

spectra, including both the two- and three-level contributions.
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For examples, experimental 3, value at 800 nm for D-PZn-A was fitted to
quantitatively predict the entire /3, spectrum that shows agreements on experimental
B, values at 1064 nm and 1300 nm. Experimental S, values at 800 nm and 1300 nm were
fitted for Ru-PZn (or Os-PZn) to quantitatively predict the £, spectrum that shows
agreement on the experimental #, value at 1064 nm.

In this study, we have made several approximations. First, the transition
moments between the ground state and the excited states are taken to be predominantly
in the direction of the donor-acceptor axis for dipolar molecules. Second, the lifetime
constant of excite states to is taken to be 0.1 eV. In addition, two fitting parameters §,
and I' are employed to adjust the transition energies and ground-excited state transition
dipoles, respectively, from linear absorption spectra. For similar structures, the scaling
factors and half-width parameters are expected to be similar. We find that the changes of
ground-excited state transition energies and transition dipoles due to the two
parameters do not qualitatively change the feature of S, spectra, suggesting our strategy
can predict reliable S, dispersion trend (not necessarily the exact f, values) despite of
the possible errors from measurements or our approximation limitations. By fitting S,

and I' parameters to a few experimental £, values, we have thereby made quantitative

calibration of the predicted /5, spectrum.
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The frequency dependence of £, is determined by the function

D, (—a)g ;0,, 0, ) The magnitude of 5, depends on the product of x,,x, x,, for two-

nn""n0

level terms and x,,x,,x,, for three-level terms. When the incident wavelength is longer

than the two-photon resonant wavelength of the lowest energy transition, our model can
be approximated by the two-level contributions. However, for incident radiation
wavelengths between one-photon resonance of the highest energy transition and two-
photon resonance of the lowest energy transition, the three-level contributions can be
significant arising from the couplings of multiple CT oscillators.

For Ru-PZn and Os-PZn, the unusual frequency dependent first
hyperpolarizabilities arise mainly from the couplings of excited states (Q-, MLCT- and
B-states). The excited-excited state interactions vary with the chemical modifications of
the porphyrin motif. Ru-PZn has the strongest MLCT-state/B-state interaction. In
contrast, Os-PZn has much weaker MLCT-state/B-state interactions.

According to the one- and two- photon resonances, the computed
frequency dependent £ of Ru-PZn and Os-PZn are divided into three regions: the first
region at wavelengths longer than the two-photon resonant wavelength of the Q-state
transition (with the lowest transition energy) where the two-level contributions
dominate; the second region at the wavelengths ranging from the two-photon resonant
wavelength of the Q-state transition to the one-photon resonant wavelength of the B-sate

transition (with the highest transition energy) where the two-level and three-level
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contributions (£, ) are both of importance; the third region at the wavelengths shorter

than one photon-wavelength of the B-state transition where all of the two-level and
three-level contribution terms are small.

In summary, we have developed a strategy that includes three-level
contributions to interpret and make quantitative predictions of the frequency-dependent
hyperpolarizabilities based on linear absorption spectra. This approach can assist in the

tailoring and interpretation of molecular NLO properties.
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5. Controlling charge-transfer in molecular
interferometers

5.1 Overview

Electron transfer kinetics is predicted to be sensitive to vibronic interactions on
the bridge between donor and acceptor because inelastic processes change the
interferences among coupling pathways. Here, we show that charge transfer can be
controlled and even completely turned on and off in a molecular interferometer where
ET is symmetry forbidden. We formulate the vibronic donor-acceptor coupling and
vibronic pathway coupling by describing both the nuclear and electron motion in
quantum mechanics. The drastic change in vibronic donor-acceptor couplings is linked
to the manipulation of pathway interference from complete decoherence to coherence,

caused by pathway phase inversion and single-route pathway elimination.

5.2 Theoretical background and development

The theory that describes elastic electron tunneling is usually implemented in the
Born-Oppenheimer and Frank-Condon frameworks.**!? Inelastic electron tunneling

arises from the interactions between electrons and nuclei. Therefore, vibronic
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wavefunctions are required as a starting point. If we treat the nuclear motion as

harmonic, the molecular vibronic Hamiltonian is

Iy A

H=H ®IAW,) +IAE®I—AIW,, +

e

A

(5.1)

e—vib
where H . is the electronic Hamiltonian operator, ® denotes the direct product, I Ly 1s the
vibrational identity operator, I . is the electronic identity operator, H iy 1s the vibrational

Hamiltonian, and A ., is the electron-vibration interaction Hamiltonian.

5.2.1 Elastic and inelastic tunnelings in a two-pathway model

The two pathway model*> is depicted in Figure 5.1. The electron tunnels from
the donor (D), through the two bridging groups (B: and B:), to the acceptor (A). Each
bridge unit is vibronically coupled to an oscillator. The electron may exchange
vibrational quanta with the bridge oscillators: (inelastic electronic tunneling) or not

(elastic electronic tunneling) in this model.

Figure 5.1: Model donor (D)-bridge (B: and B2)-acceptor (A) system. The
donor(acceptor)-bridge interaction elements are V), and V,,, (V}, , and V}, ,). The

local oscillators (B: and B:) are linearly coupled to the bridge orbitals.
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Since there are four electronic basis states, D, A, B: and B, the electronic

Hamiltonian A . (eq (5.1)) is the sum of the donor and acceptor electronic Hamiltonian

(I:I ;DA) ), the bridge electronic Hamiltonian (I:[ ;B) ), and the electronic interaction

~

Hamiltonian coupling bridge to donor and acceptor, V,:

A= 0L (4 ) 52)
and this H . isapplied to the vibronic Hamiltonian of eq (5.1) for deriving the vibronic

couplings.®%

The elastic tunneling matrix element (7, o) is:

< D;0(»,),0(3,) | T| 4;0(»,),0(y,) >=

3 <00 [7'(y) >’
D,B," By,4 _ ' _ 2 2
~E,, ~[U, +(n'+1/2)he, - (F | 2M,0}) +(1/ 2)h,)]

+7, > [<0(,) | m'(yy) >
PO, — U, + (U Dl +(m'+ 1/ Dho, —(F 1 2M,0)]

(5.3)
Here, 0(y,) and 0(y,) are the ground vibrational states. The initial vibrational state is
assumed to be the ground vibrational state (low temperature or large %@ limit). The
inelastic tunneling matrix element (7, ,., ) for the vibronic transition from initial state
|D; 1(»,),0(», )> to the final state |A; 0(»,),0(y, )>, where the vibronic coupling is on site

B,, and the vibrational quantum number changes from 1 to 0 for the oscillator with

normal coordinate ;.
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< D;1(3,),000,) | T 4;0(3,),0(p,) >=

5 <1(y) | n'(y) ><n'(»)|0(y) > (5.4)
DA A By —[Uy +(n'+1/ 20w, —(F 1 2M,0}) + (1/ 2)ho,]

Eq (5.4) shows that the inelastic tunneling matrix element has contributions from only
bridge unit B: if the electron exchanges energy with bridge unit B:. The inelastic

coupling contribution of B, is zero. This observation will be explored in more realistic

systems that do not assume purely localized normal modes.

5.2.2 Vibronic Hamiltonian matrix in the Hartree-Fock approach

For the vibronic Hamiltonian of eq 1, Hartree-Fock analysis can be used to

generate effective electronic Hamiltonian:

N,

orb

H, =) F|4)(4)] (5.5)

N/2

where F; is a Fock matrix element,'”* F, = <¢, |h+ Z[2ja -kl ¢/> . Here, / is the core

y

electronic Hamiltonian operator, and ju and Ku are the coulomb and exchange

operators, respectively.

The vibrational Hamiltonian is

(5.6)

R 3N, 6 o
Hy= Y, 2 0, +12h0, |z, )7, ()
q

n, =0

where the vibrational states |y, (¥ . )> are the molecular normal modes.
q
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The electronic-vibration coupling Hamiltonian is

H, = Z{Z Zf 4)(0,]© 23, | 2, 0)) (2, 02) J 57)

q i,j

Here, n ’ is the quantum number of the g-th normal mode, y . is the normal coordinate

operator and ‘ X, (0, )> i = A, (see below for details)

oy ’

is the electron-vibration coupling of the matrix element between electronic orbitals i and

j.
The total vibronic Hamiltonian operator is thus,
Ny 3N, ~6 o
A=Y Flg)g |+ > Zm +1/20h0, | 2,(3)){2,(3,)]
inj q

j (5.8)

Here, in the second and third terms, the sums on g include the contributions from all

+NZ[Z L14)(g, \@qu 20, ) 2, )

normal modes (3N, —6 modes for nonlinear molecules) with frequencies @, .

Electron-Vibration Coupling in The NBO Basis. The electron-vibration
coupling matrix elements of a normal mode (normal coordinate y) are!261%

PRSI < B R

= — 5.9
oy &% 2Mka)qk8Rk 5:9)
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Here [, is the mass-weighted dimensionless displacement of the k-th vibrational degree
of freedom. R, is the Cartesian coordinate of the k-th vibrational degree of freedom, and
OF; / OR, is the first derivative of the Fock matrix element with respect to R, (calculated

analytically using coupled-perturbed Hartree-Fock (CPHF) analysis).!2618

The vibronic coupling matrix in the NBO basis is

6FNBO _MT 6FAO

M (5.10)
oy oy

Here, M is the AO-NBO transformation matrix.

5.2.3 One Vibronically Coupled Normal Mode

If one normal mode g is vibronically coupled, the second and third terms in eq
(5.8) are accounted for one mode only, and the “one-mode” vibronic Hamiltonian

operator is,

H= NZFJ 14)(9, ‘+i(n+1/2)ha)q |n(y)){(n(r,)|

+NZ ij |¢,~><¢j ‘ ®iﬁq ny, )><n(yq)\ (5.11)

The Born-Oppenheimer vibronic basis states are |¢l e, )> (the products of the

electronic wavefunctions and vibrational wavefunctions). The vibronic Hamiltonian

matrix elements are
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b1 B 16.0°0)) = (6,1 E16) (00|10 +(8]6,) 1+ Dm0, <n(r,) | n'(3,) >
2

+4, (n)1 P, In'()) (512

The Hamiltonian matrix elements are simplified to,

H, ..=F0, +S, (n+—)ha)5

in,jn' ij “nn' q~ nn'

+2’ijynn' (513)

where O is the Kronecker delta function, S i is the orbital overlap between basis orbitals

iand j, and

Vo = o (8, ¥ 146, ) (5.14)

2Ma)q

h is Planck’s constant divided by 27, and M is the reduced mass of the normal mode.
NBO analysis enables coupling pathway analysis.!8152 Since the NBO basis is

orthonormal, the vibronic Hamiltonian in the NBO basis is

in,jn

HY = [F;;VBO +(n+ %)hwqé}, J O+ A Vo (5.15)

where FijNBO is the Fock matrix in the NBO basis.

5.2.4 Two vibronically coupled normal modes
Consider a normal mode (normal coordinate y,) is vibronically coupled to

bridge B: and a normal mode (normal coordinate y, ) is vibronically coupled to bridge

111



B>, the vibronic Hamiltonian are (with two modes accounted for the second and third

terms of eq (5.8))

No

orb

H= PN 14)(4, \+i(n+1/2)ha)l |n(y1)><n(yl)|+i(m+l/2)ha)2|m(y2)><m(y2)|

L,

rbh

”|¢ <¢\®Zyl n(y))(n(y,)|+ Z 1P (6|®3 3 [mr))m(v)|  G.16)

i,j 2 m=0

+Z

The Hamiltonian matrix elements are,

1
Hinm,jn'm E] 5"" 5’"”’ (ﬂ + _)h q "" mm Sif (m * E)hwqé‘nn 5mm
2Ot + A5 VO ((5.17))

In the NBO basis, the vibronic Hamiltonian elements are,

nn' mm'

szr\rlliajn m' [E']’NBO + 51/ (I’I + %)ha)l + 51/ (m + %)hwz ]5 5 o+ ﬂ’(l)ynn‘§mm‘ + //i“iE'Z)ymm'é‘nn' (518)

Donor-Acceptor Vibronic Coupling. We partition the vibronic Hamiltonian'® to
calculate the effective donor-acceptor interaction. For the vibronic Hamiltonian matrix
with one normal mode (eq (5.13)), we define the donor and acceptor vibronic

Hamiltonian H,,, the bridge subspace Hamiltonian H ,,, and their coupling subspace

Hamiltonians H,, and H,. The Green’s function matrix in the Q subspace is

tun

G =(E,I-H, ) (5.19)

E,  is the vibronic tunneling energy and I is the identity matrix.

tun

The donor-acceptor coupling is,*>
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— (©0)
TDp,Aq - Z z VDp,[m G[m,jn I/jn,Aq (520)

im(i=D,A) jn(j#D,A)
Subscripts D and A represent the donor and acceptor electronic states, respectively; p
and g are the vibrational quantum numbers for the initial and final states, respectively.
Indexes i and j denote NBO's other than D or A; and index m (1) denotes the vibrational

quantum numbers other than p (q). The notation (i # D, 4) means i # D and i # 4.V}, ,,

and V.

n.dg ATE€ the vibronic Hamiltonian matrix elements.

T,

.4, 1S the coupling of the donor vibronic state |D, p>, via the “bridge” vibronic

states, to the acceptor vibronic state |A, q> . For example, T}, ,, is the inelastic coupling

of the donor in the n = 1vibrational state to the acceptor in the ground vibrational state.
For two vibronically coupled normal modes (as described by eq (5.18)), the T

matrix element is

— (00)
TDpp',Aqq' - Z z VDpp',[mm'Gimm ',jnn'V_vjnn ' Aqq' (521)

i,m,m'(i#D,A) j,n,n'(j£D,A)
The three indexes (imm' or jnn') in the Green’s function element G'%2

imm', jnn'

correspond to the NBO, the vibrational quantum number of the first mode, and the

-1
vibrational quantum number of the second mode, respectively. G'*? = (E I- HQQ) ,

tun
and H 00 is the Hamiltonian sub-matrix with two vibrational indexes.

Vibronic Tunneling Pathways. The donor-acceptor vibronic coupling

interaction (e.g., eq (5.20)) arises from coupling contributions mediated by multiple
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tunneling pathways. For one tunneling pathway composed by N sequential bridge

vibronic states, the vibronic pathway coupling is

N-1 N,
T(N) _ VD’qD;Bl 2B VA"IA By .4py . VBi 453814198, 522
D.apid.q, — E —E (( . ))
tun By,qp =1 ¢=0 (Etun _EBM)‘IB,-H )

Subscripts D, B, and A are the donor, i-th bridge unit, and acceptor NBO indexes,
respectively. Subscripts q,, q, and g, are the corresponding vibrational indexes. E,

is the vibronic tunneling energy, £,

i 9B

is the energy of vibronic state | B,,q, >.

54,54, 15 the Hamiltonian matrix element between vibronic states | B;,q, > and
i>9b; > Zi+l 4 Bjy) i

| By 9p,, ~-

The coupling interaction (7, [(,Aq'; 44,) 18 @ product of vibronic coupling

matrix elements and vibronic energy denominators. We use t to denote elastic coupling
elements (the vibrational index g is fixed) and use t to denote the inelastic elements
between different vibration states. The discussion below explores t and t values

mediated by the bonding NBOs.

5.3 A benzoic acid dimer and vibrational modes

We explore m — 7 elastic and inelastic tunneling interactions in a benzoic acid
dimer bridge with or without an isotopically labeled pathway (the chemical structures in
Figure 5.2). The n-bonds (of the phenyl rings) closest to the C=O groups, are treated as

the electron donor and acceptor units. Without isotope-labeling (here, of one carboxylate
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hydrogen), the vibrational motion of the two OH groups are mixed. The symmetric

stretch of the OH bonds is computed to occur at 3627 cm™ (mode v, , Figure 5.2a). In
mode Vv, oy » 98% of the Cartesian displacements are localized on the OH groups, and
0.5% of the displacements on C=O group in mode v, -

Replacing one OH with OD, the OH and OD modes are decoupled: the OH
stretch occurs at 3736 cm™ (mode v, o), Figure 5.2b), and the OD stretch occurs at 2721
cm™ (mode V), o) )- In mode vy, o), 97% of the Cartesian displacements are localized

on the OH group, and 0.3% of the Cartesian displacements localized on the OD group.
The vibrational amplitude is 18-fold larger on the OH bond than on the OD bond, while

the OD bond is nearly stationary.

____H_
O 0
C
//
No—p----&
(a) vor(op)
0----H—0
(O )
//
Yot
(b) VorsoH

Figure 5.2: Vibrational normal modes: (a) v, p,, Where the vibration is

localized on one OH group, and (b) v, , Where the vibration is delocalized on two

OH groups.
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Vibronic Tunneling in Localized vs. Delocalized Modes. The modes of vy, o,
and v, are chosen for comparison in vibronic couplings because normal mode
Vor(op) 18 localized on only one OH group, while mode v, is delocalized on the two
OH groups. We use the Hamiltonian of eq (5.15) to study the vibronic (elastic and
inelastic) coupling strengths and vibronic transfer rates for the localized (v, op,) vs. the
delocalized (v, ., ) vibrational modes. The vibronic tunneling interactions are

calculated as the number of vibrational levels (N, corresponding to a upper limit of

N, —1 vibrational level for index 7 in the second and third terms of eq (5.11)) are taken

to be 2, 3, and 4, respectively.

The donor-acceptor vibronic couplings for modes v, op, and v, ., are shown
in Table 5.1. The elastic donor-acceptor couplings 7}, ,, for Figure 5.2a-b are nearly

equal (T}, 4, = 6.47 % 10 eV). The elastic (Tp0 40) and inelastic (7}, ,,) donor-acceptor

couplings change little when higher lying vibrational levels are added to the sum (eq
(5.11)), suggesting that higher-order inelastic and elastic (0 — 2 or 0 — 3) vibronic
channels are unimportant to the lower-order (0 — 1) vibronic couplings. The inelastic

donor-acceptor coupling (7}, 4) fOr Vo op, 1s about 0.65 of the inelastic coupling for

Vouon Structure. Since the state-to-state rates are expected to be proportional to the
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square of the coupling, the inelastic electron transfer rate in the v, ,,, vibrational is
expected to be about half (0.42) of the inelastic rate in the v, ,, vibrational mode.
The T}, 4 ratio of Vo op) VS Vou,on Supports the view that coupling to one arm

of a two-arm system decreases the coupling interactions, provided that the coupling is
symmetry allowed. We will next describe the inelastic coupling matrix elements and
inelastic tunneling pathways.

Table 5.1: Computed vibronic donor-acceptor coupling and electron transfer rate in
the hydrogen-bonding bridged benzoic acid dimer.

Mode vy, op) Mode v, 0n T, 4o Ratio | kp, 4o Ratio
Nvib v v
Thi 40 Tho.40 Ty 40 Tho.40 (—702) (=)
' ' ' ' Vou jou Vou jon
2 1.83x10+ 6.47x103 2.81x104 6.47x103 0.65 0.42
3 1.84x104 6.47x1073 2.82x104 6.47x1073 0.65 0.42
4 1.84x104 6.47x103 2.82x104 6.47x103 0.65 0.42

5.4 Vibronic coupling matrix elements in the benzoic acid dimer

For large molecules, there could exist multiple inelastic coupling pathways
analogous to the presence of multiple elastic coupling pathways. As shown by Jordan
and Paddon-Row,'®! the elastic pathways with large couplings can be composed by a
few strong elastic coupling elements. Following the definition of vibronic pathways by

eq (5.22), an inelastic pathway should consist of a sequence of elastic and inelastic
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vibronic coupling elements. Therefore, we show the typical inelastic pathways (those
with large inelastic coupling strengths) where both the elastic and inelastic vibronic
elements are large.

The contact map'® (see Figure 5.3) of elastic coupling elements (the Hamiltonian
matrix of eq (5.15) as n=n', without displaying the diagonal matrix) in the benzoic acid
dimer shows that the elastic coupling elements are strong among bonding NBO orbitals
with short-distance interactions (e.g. first or second nearest-neighbored interactions).
These strong elastic elements have coupling strengths in a typical range of 1-10 eV.

The contact map of the absolute values of the inelastic matrix elements (the
Hamiltonian matrix of eq (5.15) as n=1 and n'=0) is shown in Figure 5.4 for the

Vouop Normal mode in the benzoic acid dimer. The inelastic coupling contact map

shows that the large inelastic elements concentrate on a few NBO'’s where the structure
shows large vibrational amplitudes. The strong inelastic coupling elements have a
typical value of 0-1 eV in strength. The typical strengths of inelastic coupling elements
are about ~10 times weaker than those of elastic coupling elements. As expected, we find
the inelastic couplings of donor or acceptor (the 19 or 234 NBO in Figure 5.4) to any
bridge vibronic states are weak (<10~ ¢V), as well as the donor-acceptor direct inelastic
coupling (~107" eV). Therefore, for this non-adiabatic vibronic transition, a strong
inelastic pathway should initialize from an elastic element coupled to the donor vibronic

state and end by an elastic element coupled to the acceptor vibronic state. In the benzoic
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dimer, we found the donor and acceptor vibronic states couple most strongly to the mtc-o
(t1in Figure 5.5a) and “p-orbital-like” lone-pairs (ts in Figure 5.5a) of the oxygen atoms
(of OH or OD group). Of the two lone-pair on the oxygen, one is composed of 61% s
character and 39% p character (LP1), and the other is 100% p-character (LP2) (the p-

orbital-like lone-pair). The elastic coupling strengths (t1, t2 and t3) are shown in Table 2.

100~ F TR R RRRRR b R :
oot vl Loy S0l o
80p: 2 Il NP Lt SN ¥ Ay
Tra 3ig 8% 2 % | Mo
[7)] 60 """ 7 & PR N = e
Q » e
2 IS R B e BT,
40f--- e S R TR IR e ]
20 oot ]| 20
-30

20 40 60 80 100
NBOs

Figure 5.3: Contact map of the elastic Hamiltonian matrix elements (the Hamiltonian

of eq (5.15) as n =n', without displaying the diagonal elements) in the benzoic acid

dimer. The NBO’s are numbered in the order of the bonding orbitals (1-38), core and
lone-pair orbitals (39-64), and non-bonding orbitals (65-102).
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Figure 5.4: Contact map of the absolute values of the inelastic coupling elements (the
Hamiltonian matrix of eq (5.15) as as n =1 and n'=0) for the v, ,,, normal mode in

the benzoic acid dimer. The numbering of NBO’s is the same as in Figure 5.3.

The inelastic coupling elements in these strong pathways should happen among
the bridge vibronic states since the direct donor (acceptor)-bridge inelastic coupling
elements are weak. Therefore, we illustrate the top seven inelastic elements among all
bridge units in the descending order from 1to 7in Figure 5.5b, and their coupling

strengths are shown in Table 5.2. These top inelastic coupling elements are 7, (-2.27 eV),
the coupling between co-n(v=0) and con(v=1), and 7, (-1.07 eV), the coupling between
co-H(v=0) and LP2c-o(v=1), 7, (0.70 eV), the coupling between co-n(v=0) and LP1c-o(v=1),
7, (0.61 eV), the coupling between co-1(v=0) and LP1o-n(v=1), The coupling 7, (0.41 eV)

between LP2c-0o(v=0) and LP2c-o(v=1), and the coupling 7, (0.33 eV) between LP1o-
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#(v=0)and LPlo-x(v=1) are the weakest among these dominant interactions but stronger

than the unlabeled inelastic coupling elements.

Figure 5.5: (a) Large pathway-relevant elastic, ¢, and (b) top inelastic, 7, vibronic
coupling matrix elements in the benzoic acid dimmer (mode v, ). The black/white
lobes represent the m-bonding p-orbitals. The green lobes represent the p-orbital-like

oxygen lone pairs, and the cyan lobes represent the other oxygen lone pairs (with
characteristic of mixed s and p orbitals).

Table 5.2: Elastic (t) and inelastic (t) vibronic coupling matrix elements depicted in

Figure 5.5.
Elastic Inelastic
t (eV) T evV)y | (eV)
ti -2.70 T1 -2.27 | T4 -0.61
t2 -0.93 T2 -1.07 | e 0.41
t3 -0.21 T3 070 | 17 0.33
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5.5 Eliminating one set of inelastic coupling elements in mode
Vo (op)

We find the inelastic coupling element strength is closely correlated to the
vibrational modes. In mode v, , the large inelastic coupling elements (ti- ts) are

distributed on both hydrogen bonded pathways of the molecules. That is, two sets (one
set associated with each OH group) of inelastic interactions are present, as shown in

Figure 5.5. However, for mode v, ,p,, one set of large inelastic coupling elements is

removed due to the absence of vibrational motion on one side of the molecule (see

Figure 5.6). As a result, only the set of inelastic interactions on the vibrationally active
pathway (Figure 5.6b) contribute to the coupling. This elimination of inelastic coupling

elements can be found in the inelastic coupling contact maps of mode v ., and
Vouon - In contrast, the large elastic coupling elements remain the same for different

vibrational normal modes (Figure 5.6a).
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Figure 5.6: Dominant inelastic tunneling interactions coupled to mode v, ,,,, where

only one set of the dominant inelastic vibronic elements are present. The orbital
representations are the same as in Figure 5.5.

5.6 Inelastic tunneling pathways in the benzoic acid dimer

The large elastic coupling elements (t1-£3) link the donor orbital to the acceptor
orbital through bridge m-orbital and p-orbital-derived lone pairs. However, the top
inelastic coupling (T1-16) elements are not linked to these elastic vibronic elements.
Therefore, the typical inelastic coupling pathways must visit some weaker bridge
inelastic coupling elements to generate inelastic tunneling routes. Two of these weaker

inelastic coupling elements (17-1s) appear in Figure 5.7 (colored in red), leading to two

typical inelastic pathways (Figures 4a and 4b).
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The coupling contributions of individual inelastic pathways are calculated using

eq (5.22), and their values are compared to the total 7, ,, =1.83x 107 eV. The coupling
contributions are —6.98x10 eV (-38% of the total T}, ,,) for pathway 4a (Figure 5.7a)
and 1.97x10 eV (108% of the total 7}, ,,) for the pathway 4b (Figure 5.7b). Pathway 4b

T}, 4 is the same order of magnitude as the total inelastic 7},, (1.83x10+¢V). So,

pathway 4b could be one dominant inelastic pathway. Our typical inelastic pathways
analysis suggests that the inelastic tunneling happens most likely on the actively
vibrating bridge orbitals. For instances, in pathways 4a and 4b, the electron exchanges
energy with the C=O m-orbital (via the 17 coupling element) and the oxygen p-orbital-

derived lone pair (via the s coupling element), respectively.

Figure 5.7: Tytical inelastic tunneling pathways, composed by (a) t1 & t7 —> t2— t;, with
the pathway coupling —6.98x1075 eV; (b) t1 — t2 & 17— t;, with pathway coupling

124



1.97x10* eV, where t7="7.07x102 eV and ts= -9.26x10-2 eV. Pathway (b) is the dominant
inelatic pathway. The elastic vibronic elements are shown in blue; the inelastic
vibronic elements are shown in red color. The orbital representations are as in Figure
5.5. The sum over all paths produces 7}, ,, =1.83x 107 eV.

5.7 Inelastic tunneling through two bridge-paths in parallel

To verify that the inelastic tunneling is associated with the two hydrogen-

bonding paths in a parallel way, we examine the 7}, ,, associated with the v, ,p,

normal mode, by setting the key inelastic vibronic elements to zeros. First, we turn off

the inelastic coupling elements crossing the two bridge paths. We find the 7}, ,, shows

little change (from 1.83x10+ to 1.80x10 V), indicating the cross-path inelastic
interactions are negligible.
We then turn off the inelastic coupling associated with the mc-o hydrogen-

bonded to OH interaction. The 7}, ,, drops 18 fold to 1.07x10* V. The T, ,, value

changes little (from 1.83x10+ to 1.98x10* eV) when setting the inelastic vibronic elements
associated with the other mc-o to zero. Thus, the inelastic coupling arises primarily from
the bridge path along the OH rather than from other paths (e.g. OD). The inelastic
coupling does not change when the inelastic coupling elements associated to oot is

turned off, suggesting that the inelastic pathways utilizing the oo orbital are weak.
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5.8 Inelastic tunneling vs. molecular conformational change

5.8.1 Switching on the Inelastic coupling pathways to bridge o-

orbitals

For the benzoic acid dimer, the inelastic tunneling (7}, ,,) is a small fraction of
the elastic coupling (~3% of the elastic 7}, ,, value, Table 5.1). In fact, the top inelastic

vibronic elements t1-T in the benzoic acid dimmer do not contribute to the inelastic
coupling. Can the inelastic tunneling be increased by utilizing the largest inelastic
coupling element (1) among the inelastic tunneling pathways? We rotate the two phenyl
rings by 90 relative to the hydrogen-bonding carboxylic acid dimer plane so that the
donor (acceptor) m-orbital can couple to the bridge o bonding orbitals. After rotation,
both the elastic and inelastic coupling elements change. The top inelastic vibronic
elements (ti- t6) change by about 0.01 eV, and the ordering of the coupling strengths
remain the same. The pathway-relevant elastic coupling elements do change with angle
(see elastic coupling contact map), the coupling changes of the elastic elements (see

Figure 5.8) are shown in Table 5.3.
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Figure 5.8: Pathway relevant elastic vibronic elements and top inelastic vibronic
elements in the twisted benzoic acid dimer where the two coplanar phenyl rings are
rotated by 90 relative to the hydrogen-bonding carboxylic acid dimer plane. The
elastic vibronic elements are shown in blue, and the inelastic vibronic elements are
indicated in red.

The elastic and inelastic coupling elements (f and ) are angle dependent. First,
the donor (acceptor) m-orbital coupling to the bridge m-orbital or p-orbital-like LP
decrease as the ring are twisted: the coupling of the 7tc-c to tc-o (ts) decreases from —1.31
eV to —0.86 eV. The coupling of mc=c to LP2o.c (t5) decreases from -0.21 eV to —0.04 eV. The
couplings of the mc-c orbital to the bridge o orbitals increase. For examples, the mc-c to
oco coupling (ts) increases from nearly zero to —0.97 eV. The mc-c coupling to the LP2o-c
(t7) increases to 0.27 eV from 0.00 eV. Most of the vibronic couplings among the bridge
orbitals remain little changed except that the couplings enter the inelastic pathways
because of the coupling between the donor m-orbital and the bridge o orbitals. For

example, the oco to con coupling (ts) has a strong elastic interaction —-5.76 eV ( -5.75 eV
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before rotation), and gou to LP2o-c (t) coupling is strong with —2.50 eV (-2.49 eV before
rotation). Additionally, the vibronic coupling elements in the bridge changes. For
example, the oo to mc-o orbital coupling (tw) changes from 0.00 eV to —0.16 eV , while

the oo-n to oc-o coupling (ti1) decreases from 0.15 eV to zero.

Table 5.3: Elastic coupling matrix elements in the twisted benzoic acid dimmer after
rotated by 90° (Figure 5.8). Values in parentheses are the elastic interactions in the
initial geometry (Figure 5.5).

t (eV) t (eV)

t -086(-131) |ts  -5.76(-5.75)
s -0.04(-021) |to  -2.50 (-2.49)
te  -0.97(0.00) |tw  -0.16(0.00)

t7  0.27 (0.00) tn 0.0 (0.15)

5.8.2 Inelastic coupling pathways after rotation

The inelastic pathways now include essential inelastic vibronic coupling
elements (Figure 5.9). For example, t1in Figure 5.9a and T2 in Figure 5.9b dominate the
inelastic elements. As a consequence, the typical pathways change on rotation. For
example, pathway 8b (Figure 5.9b) in the initial geometry has a coupling strength of

1.30x107 eV (7% of the total 7}, ,,). With more such pathways (like pathways 8a and 8b)

including large inelastic elements (on bridge) contribute to the inelastic interactions after
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rotation (Figure 5.5), the total inelastic donor-acceptor coupling shows a value of

1.80x102 eV for mode v p, (Table 5.4).
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Figure 5.9: Typical inelastic tunneling pathways in the twisted benzoic acid
dimer after rotated by 90°, (a) t+ - tio ->711 — ts > te, with pathway coupling 2.07x10%eV;
(b) t7— T2— ts > ts, with pathway coupling 1.30x10- eV. The sum over all possible

pathways produces 7;, ,, =1.80x 107 eV. The elastic vibronic elements are shown in

blue, and the inelastic vibronic elements are shown in red. The orbital
representations are as in Figure 5.5.

5.8.3 Donor-acceptor vibronic couplings after rotation

The values of the total donor-acceptor elastic and inelastic couplings in the
twisted system are shown in Table 5.4. The strong coupling of the donor (acceptor) -
orbital to the bridge o orbitals (ts=-0.97 eV) increases the donor-acceptor elastic

interaction (7, ,,) from 6.47x103¢V to 8.44x102 eV when rotating the rings by 90°.
However, the inelastic tunneling (7}, ,,) increase much more significantly, from 1.83x10-

1eV to 1.80x102 V. As a result, the ratio of inelastic to elastic rates increases from 3% to
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21% upon rotation. Therefore, the inelastic to elastic coupling ratio can be increased
considerably by assessing appropriate geometries. The inelastic tunneling rate remains

0.45 for the v, op, mode vs. the v, mode.

Table 5.4: The elastic and inelastic donor-acceptor coupling interactions in the twisted
benzoic acid dimer where the two phenyl rings are rotated by 90 relative to the
hydrogen-bonding plane.

Mode Vo om Mode Vv, 0n Ty, 4 Ratio | kp, 4, Ratio
Nvib
v v
1.0 Tho.40 Thi.10 Tp0.40 S e
' v()H /OH VOH /OH
1.80x102  8.44x102 | 2.69x102 8.32x102 0.67 0.45

5.9 Considering two vibronically coupled modes

So far, we have shown that inelastic tunneling can be influenced by the bridge
vibrational modes using the vibronic Hamiltonian with one vibronically coupled mode
(eq (5.15)). We use the Hamiltonian of eq (5.18) to explore systems where bridge orbitals
couple simultaneously to two vibrational normal modes.

We choose the mode v, ), for the upper bridge (B1) path in the normal benzoic
acid dimer (with one OD group substitution on the lower bridge), and choose the other

mode V), oy, for the lower bridge (B2) where the normal mode is dominated by the OD

stretch. The elastic donor-acceptor coupling is 7,y ,, the initial state | D,0,0> where

v(B1)=0 and v(B2)=0, and the final state is | A,0,0> where v(B1)=0 and v(B2)=0. There are
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multiple possible inelastic ET processes that depend on the initial and final states.
T}10.400 describes inelastic coupling between the initial state | D,1,0> where v(B1)=1 and
v(B2)=0 and to the final state |A,0,0>. T}, ,,, is the inelastic coupling from the initial

state | D,0,1> where v(B1)=0 and v(B2)=1 to the same final state | A,0,0> .

The vy op) and the v, modes are similar vibrational modes that are

localized on the OH and OD stretch, respectively. We expect the inelastic coupling
pathways through the upper bridge (B:) and lower bridge (B2) to have approximately

equal inelastic interactions. The computed inelastic (7}, 4o and 7}, 440 ) and the elastic
(Tho0.400) interaction appear in Table 5.5.

Table 5.5: Elastic (7}, ,,) and inelastic (7}, ,,, and T}, ,,) donor-acceptor

interactions for one normal mode localized on each of two bridge pathways.

T 500,400 T 10,400 01,400
(V) (V) (V)
6.14x10°3 3.34x10+* 2.76x10+*

The elastic coupling (7}, 44 =6-14x107¢V) is approximately the same as the
calculations using the Hamiltonian with one vibronically coupled mode (7}, ,,=6.47x10-

eV in Table 5.1). There is a small difference in the inelastic donor-acceptor coupling

(Th10.400 =3-34x10 eV) when comparing to the calculation with the “one-mode”

Hamiltonian (7}, ,,= 1.83x10* eV for mode Vv, op,)- This may be caused by the limited
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vibronic basis. However, the inelastic couplings (by the both methods) are the same
order of magnitude. Therefore, the calculation including two vibronically coupled
normal modes (eq (5.18)), one on each side of the bridge, the inelastic tunneling is
consistent with the calculation based on just one vibronically coupled normal mode (eq

(5.15)).

The inelastic donor-acceptor couplings 7}, 4o, (3.34x10* eV) and T}, o, (2.76x10+

eV) are very close in magnitude, suggesting that inelastic tunneling essentially
propagates independently through parallel bridge paths rather than involving cross-

pathway inelastic interactions.

5.10 Alternative molecular structures

We now explore structures with inelastic vibronic coupling adjacent to the
shortest elastic coupling pathway. We consider a diamide-bridge and a norbornyl-dione
bridge (Table 5.6). In the diamide molecule, the mc-c bonds nearest to the C=O groups on
the two phenyl rings are taken to be the donor and the acceptor groups, respectively. For
the diene molecule, the left and right nc-c orbitals are taken as the donor and the
acceptor, respectively. The inelastic tunneling interactions associated with the two
localized modes are shown in Table 5.6.

For the diamide, the mode denoted v, 010" the two symmetric C=1°O vibration

are coupled to N-H wagging. For mode v, (%, s ONe C=1°0 vibration is coupled to NH
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wagging, while the C=%0 is nearly stationary. As shown in Table 5.6, T}, ,, for mode

Viso(50) is 0.58 the strength of that for mode v, 0/ for |l> — |0> . The inelastic ET rate

ratio is predicted to be 0.58> = 0.33 . The elastic donor-acceptor coupling changes little

for these two normal modes on isotopic substitution.

Table 5.6: Inelastic donor-acceptor coupling and electron transfer rate in alternative
molecular structures.

TDI,AO le,AO
T, 40 TDO 10 Ratio Ratio
No. Normal Modes ’ ’
vl() 18 vl() 18
e e 0(*0) 0(*0)
(eV) (eV) ) )
vl()o/léo vl()o/léo
/
QC—N\C@ Viegsoy | 247x10° | 4.12x102
/o
1 0.58 0.33
to
QC_N\ va/mO 4.28x103 | 4.12x10-2
i
o}
@@im Vigisgy | 851x104 | 1.80x102
18
(o]
2 0.75 0.56
ot
Wm Vléo/léo 1.14><10'3 180><102
oy

For the norbornyldione bridged diene, the C='°0 in mode v, ( vibrates while

180)
the C="%0 is nearly stationary. In mode v, 050" the two C=160 bond oscillate

symmetrically. 7}, ,, of vy, (50 18075 Ty 40 fOr Vi) 16, - The predicted inelastic rate

180)
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ratio is 0.75° =0.56. In all of these systems, we predict an inelastic rate for coupling to a
one-pathway normal mode to be roughly half the value when the normal mode is

delocalized among the two pathways.

5.11 A molecular interferometer where ET is orbitally forbidden

Figure 5.10 shows a polynorbonyl bridged diene with at the molecule ends in
spiro-cylcopropene rings. The elastic ET is symmetrically forbidden in this diene. The mt-
bonds on the two alkene groups are treated as the electron donor and acceptor units as
in earlier studies. Four localized modes are examined. With two carbonyl '°O oxygens,
the vibrations of the two C=0 groups are degenerated, producing a symmetric stretch

(Vi o160 Figure 5.10a) at 2173 cm, and an anti-symmetric stretch (vf’fo 116, Figure 5.10b)

at 2168 cm'. When replacing one '°O by "*0, the two C=0 vibrations are decoupled,

with C="°0 stretch (Vi o ,Figure 5.10c) at 2171 cm, and C="20 stretch

180)

(Vs (100, FigUTE 5.10d) at 2130 cm™. In the two decoupled modes, 92% of the Cartesian

displacements are localized on one C=0, and 0.2% of the Cartesian displacements

localized on the other C=0. The normal mode amplitude differ by a factor of ~21.
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Figure 5.10: Vibrational normal modes: (a) v; 01507 (b) vi¥
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The donor-acceptor vibronic couplings for elastic and inelastic channels were
computed for the above four structures (Table 5.7). The computed elastic and inelastic
coupling strengths show little dependence on the maximal number of included
vibrational levels (Nviv=2,3,4,5) . This indicates that higher-order vibronic channels (e.g.
0—2 and 1 — 2) influence elastic and inelastic (0 -1 or 1— 0) channe. Thus, including
two vibrational levels is sufficient to examine the elastic (7, ,,) and one quantum
inelastic (7}, 4 ) couplings.

The vibronic couplings depend strongly on isotope composition and vibrational
mode symmetry. The charge transfer is predominately inelastic coupling because of the

near orthogonal of the donor and acceptor states. The elastic donor-acceptor coupling is

8.96x107° eV in the diene, without excitation of any normal modes. After excitation to

the n=1 vibrational state of Vi, i, Tp; (the sum of Tp, 40 and 7j, 4 ) is —5.43x 10%eV. In
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Visg1ig7 Visgsgy OF Visgieg, (two vibronically equivalent modes), 77 is ~ 10° times larger
than that of v, 00" This significant difference in 7};; means that state without IR-

excitation or vi, 16, Can be used as the “off” states of charger-transfer, while exciting

modes vf‘fo j1507 Visog and v, o can be used to turn “on” charge transfer.

180) 160)

Table 5.7: Computed elastic (7}, ,,) and inelastic (7}, ,,) donor-acceptor couplings for

the four normal modes in Figure 5.10.

Normal mode  Tj, 4 (V) Tp1.40 (€V) Tpy (V)

Vi) 16 -9.70x107°  4.26x107° ~5.43x107°
0/°0

Vieg, 16 —8.67x10°  546x107°  -5.47x107
0/°0

Viso (o) 5.19x107 -3.75x10°  -3.70x107°

Viso sy -5.55x107"  —4.10x107  -4.16x10”

We now examine explicit vibronic pathways to dissect the interferences that
cause the drastic coupling change. Elastic and inelastic pathways are constructed by
enumerating the sequences of couplings (Figure 5.11) that lead from donor to acceptor.
The coupling strengths are shown in Table 5.8 and Table 5.9. Due to the multitude of
possible combinations, we show examples of typical elastic (Figure 5.12a) and inelastic
(Figure 5.12b-d) pathways, together with their pathway coupling interactions. The
strongest inelastic pathways involve the oxygen lone pairs (Figure 5.12c). Despite the
multitude of pathways, two equivalent (of the composed NBO's) pathways are always

found through the diene molecule along the upper and lower branches (see Figure 5.12).
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Figure 5.11: Pathway-relevant strong elastic and inelastic coupling elements: (a) elastic
coupling elements between nearest neighbor 0-0 and second-nearest-neighbor o-m,
(b) elastic coupling elements associated with carbonyl groups, (c) elastic coupling
elements between second nearest neighbor 0-0, (d) strong inelastic coupling elements.
Here, the elastic elements are drawn in blue, and the inelastic elements in red. A t/t'
or t/ T' pair represents two equivalent elements on opposite sides of the diene
molecule. The orientation of p-orbitals on the alkene groups are illustrated as well as
the two lone pairs of the two oxygen lone pairs.

Table 5.8: Elastic elements shown in Figure 5.11.

Elastic coupling elements (eV)?

n(t'h)  -1.96(1.96) (') 1.37(1.37) ts(t's)  0.70(0.70)
h(t)  -3.10(-3.10) 4(t'9)  3.22(3.22) te(t's)  0.91(0.91)
6(t'3)  -2.79(-2.79)  4o(t')  3.22(3.22) h7(t'7)  0.92(0.92)
1,('y)  -3.03(-3.03) #:(t")  0.54(0.54) ts(t's)  0.83(0.83)
t5(t's)  -2.90(-2.90) 42(t')  0.54(0.54) to(t'e)  0.84(0.84)
t6(t's) -3.60(-3.60) 43(r'3) -2.52(-2.52)

,(t';)  -2.88(-2.88) 44(t'4) 2.53(2.53)

aThe elastic elements are the same for the four normal modes.

Table 5.9: Inelastic couplings shown in Figure 5.11.

Inelastic coupling elements (eV)?
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V?GO/‘ﬁo Vf?oﬂﬁo Viso(so) Visp160)
n(r')  0.38(0.38) -0.38(0.38) 0.02(0.53) -0.52(0.02)
7,(z";) -0.16(-0.16)  0.15(-0.15) -0.22(-0.22)  0.22(0.00)
73(r'3)  -0.15(-0.15)  0.15(-0.15) -0.02(-0.21)  0.22(0.00)
7,(z'y)  0.09(0.09) -0.10(0.10) 0.00(0.14) -0.14(0.01)
z5(7's)  0.20(0.20) -0.20(0.20) 0.01(0.29) -0.27(0.01)
76(7's) -0.20(-0.20)  0.20(-0.20) -0.01(-0.28)  0.27(-0.01)

a The inelastic elements, especially the magnitudes and signs in a t/t" or 1/ ©" pair, are
shown here with dependence on the specific normal modes.

Figure 5.12: Typical vibronic pathways in the diene composed by the strong vibronic
coupling elements in Figure 5.11. (a) typical elastic pathways, and (b)-(d) typical
inelastic pathways. For instances, based on the coupling elements of vy ., the

respective couplings of the upper and lower pathways are -5.93x107° eV and 5.93x107
eVin (a), -1.94x107° eV and 1.94x107° eV in (b), -3.60x10™° eV and 3.60x10™° eV in (c),
and 8.95x107" eV and -8.95x10” eV in (d).

To test the dominance of vibronic pathways that pass through the parallel upper

and lower bridge routes, we set all “cross-talk”” inelastic couplings to zero. T}, ,, drops

by less than 1% in the asymmetric modes (v, 1, Visgsp, @A Visy 4, ) and remains
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very weak in the symmetric mode v’ 01 (107° eV), indicating that the cross-talk

pathway couplings contribute little to the total inelastic tunneling. Similarly, we turned

off all the inelastic couplings on one of the bridge routes. As a consequence, Tj, 4
increases from 107° to 107 eV for v, 0507 (destructive interference is destroyed) ; 7}, 4

drops by nearly a half (52%) for v,“ﬁso Jog) forv, o and v, o Tp1.40 drops 3% when

50) Y
the route with less C=O vibrational amplitude is turned off, and drops 92% if the route
where C=0 stretches is turned off. Hence, the dominant vibronic pathways indeed pass
through the two parallel bridge routes in the molecule, analogous to the two parallel
optical routes in Young's double-slit experiment.s>

The on/off charge-transfer states are linked to the interference of the vibronic

pathways along the two parallel routes. The correlation of the inelastic pathway

interference to the signs and magnitudes of individual coupling elements (¢,,,, 7, and
t,) is depicted in Figure 5.13. For v} 0/ (Figure 5.13a), all + and r elements have the
same signs, expect for ¢, and ¢', (4, =-1.96 eV and ', =-1.96 eV, Figure 5.13a). The two
vibronic pathways are of opposite signs, and the charge transfer is turned off by the
complete destructive interference. This is a typical symmetry-forbidden charge-transfer.
For vi¢, ., (Figure 5.13b), 7, and ¢'; are of opposite signs, but 4, and ¢', are also of
opposite signs, (75 =-0.20 eV and 7's =0.20 eV, Figure 5.13c). The two pathways are in

the same signs, and the total pathway vibronic coupling is the double the single
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(Figure 5.13¢,d), 7, =0 or 7', =0 (e.g.

pathway interaction. For v, o or Vi, (

180) 160)
75=0.29 eV and 7's =0.00 eV in Figure 5.13c). The pathway along one route is
eliminated by the inelastic interaction. The net 7, ,, is equal to the single pathway value;

cancellation is eliminated. This result agrees precisely with the qualitative prediction by

the empirical two-bridge ET model.®>*

-.tb.-o.ﬂ:-o ¢ ta o-.tb.-o.q.’-o t
® © e@jo R © " Oa
© ® 09 © 06 @

' ====0-=-0t v, 0====0---0"t
td t'b T'b a td t.b % a
(a) (b)

-.tb.- . t ta o--tb--oTb~0 y
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(c) (d)

Figure 5.13: Representation of vibronic pathway interference correlated to the

as

coupling element magnitudes and signs in (a) Vi, i, , (b) Vi, s, (c) Viso(to) and (d)

Visg(e0) * 1(¢") represents the elastic coupling element, and z(z") represents inelastic

coupling element. For the upper or lower pathway, the pathway coupling is
proportional to ¢,, #,, 7, and ¢,, whereas |7|<7'|in (a)-(d) and |z |5 z'| in (a)-(b).
Ab initio molecular dynamics simulation (~ 2 ps) on the diene shows that charge
transfer is affected by thermal fluctuations. At 300 K and 10 K, the two C=0O stretches
amplitudes for all of the four normal modes are asymmetric: one C=0O stretches in a

large displacement, while the other C=O stretches in a relatively small displacement. At

300 K, the thermal fluctuation raises the average T), 4, to 10~ eV, while the thermally

average Tp, 4 is on the order of 10 eV for the four normal modes. Comparing to the
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elastic donor-acceptor coupling (7), 4, ) of the diene itself, the changes of total vibronic
couplings (7}y; ) diminish when activating the normal modes at 300 K. However, at 10 K,
Tpo._10 Shows fluctuation with a weak coupling of ~2x10™ eV, while 7, ,, maintains a

small thermal fluctuation around a strong average coupling of ~10 eV. In terms of
influence of dynamics coupling disorder,'® the elastic coupling is controlled by
dynamical disorder, while the inelastic coupling is dominated by the average coupling.
The inelastic vibronic coupling causes 10-fold change in 7}, corresponding to a 100-fold
difference in the charge-transfer rate. Therefore, the control mechanism for this specific
molecular interferometer should be viable at low temperatures (e.g. 10 K) for turning the

total charge-transfer off (without vibrational excitation) and on (by exciting any of the

four bridge-localized normal modes).

5.12 Prospects for detection of IR controlled kinetics

The inelastic electron transfer rate is expected to be measurable by the following
three-pulse visible/mid-IR/visible transient absorption experiment. The inelastic transfer
rate will be determined by monitoring the transient absorption signal of the excited state
(D*-B-A) and the charge-separated (CS) state (D*-B-A") as shown in Figure 5.14. The D-B-
A molecule is excited to D*-B-A by a UV-Visible pulse. After time delay T, the
vibrational excited state (v=1) can be prepared on the bridge by mid-IR laser excitation.

This opens vibrational routes for inelastic tunneling. The decay rate of the excited state
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(D*-B-A) will follow the solid line after the vibration excitation, and the CS state (D*-B-A")
will follow the solid line. The vibrational state typically lives a few picoseconds. A UV-
Vis probe pulse can be used to detect the excited states and CS states. The transient
absorption signal AD is measured to estimate the rate of inelastic electronic tunneling,

where AD =log({,,/1,,),and I, and I, are the signals measured by the detector

when mid-IR pulses are off and on.

D*-B-A
Electronic Vlb.l'OIl‘lc
oo e excitation Probe
excitation
D*-B-A"
A >
Time

Figure 5.14: Time diagram of the proposed experiment of three-pulse visible/mid-
IR/visible transient spectroscopy. D*-B-A represents the electronically excited state
using visible light laser. D*-B-A- represents the charge-separated state.

The relationship of AD and inelastic electron transfer rate k, is
AD(7)=0,0,(c,A¢ Dk,7, (5.23)
where @, and 0, are the fractions of molecules excited by the visible and mid-IR pulses,
respectively. ¢, is the initial concentration of the D-B-A molecule. Ag, is the extinction

coefficient difference between the CS state and the excited state. [ is the thickness of the
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sample cell. 7, is the lifetime of the excited vibrational mode. The detection limit for the
inelastic rate constant is 2x10°s™".

We now estimate if our designed structures will have measurable inelastic ET

rates. The inelastic rate k, can be calculated from the donor-acceptor vibronic coupling
(T},_40) using the non-adiabatic rate equation in the high-temperature non-adiabatic
regime:

_(AG'+ )

2 1
k =—(T, R — 5.24
v 7 ( Dl,AO) 47ZﬂkBT xp( 4lkBT ) ( )

where 1 is the reorganization energy. AG" is the reaction free energy, k, is
Boltzman’s constant, and T is the temperature. Assuming—AG’ = 1, at room
temperature (7 = 298K ), the inelastic ET rate is,

k, =1.680x10' (T}, ,,)’s™ (5.25)
with T, D140 in the unit of eV.

Using eq (5.25), the inelastic ET rate of our studied molecules (Figure 5.2 and
Table 5.6) is predicted to be detectable in a three-pulse optical measurement. For

instance, the computed 7, ,, values for v, o and v, 0% in the diene are

180)
1.83x107* eV and 2.81x10+ ¢V, respectively, and the estimated k values (eq (5.25)) are
5.62x108s?! and 1.33x10°s1. These inelastic rate constants are above the detection limit of

2x10°%s7".
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5.13 Conclusions

We have demonstrated the possibility of controlling electron-tunneling kinetics
by establishing inelastic coupling to localized vibrational modes. Coupling to localized
vs. delocalized normal modes is predicted to change the rate constants by approximately
a factor of 2. Vibrational mode localization was established using isotope-labeling of the
oxygen atom in carbonyl groups or the hydrogens on hydrogen bonded paths.

In a polynorbornyl diene containing a spiro cyclopropene, the elastic charge-
transfer is symmetrically forbidden due to pathway interference. By activating spatially

localized modes, such as the asymmetric mode ( vis,) i) or a single-path-localized
normal mode (vie, 15, OF Visy sy, ), Pathway interference can be switched. Analysis of

vibronic pathways reveals that the interference change arises from pathway sign
inversion or single-route pathway elimination as a consequence of using spatially
localized modes.

The demonstrated mechanism for inelastic control of charge-flow should be
experimentally testable in a pulsed laser experiment based on the kinetic analysis
described here. The mechanism is predicted to be most dramatic at low temperatures.
This type of IR-controlled molecular interferometer may be of interest for applications in

nanoelectronics, optoelectronics or molecular sensing.

144



Epilogue

The effective molecular designs of optimal nonlinear optical (NLO) materials
were investigated with three approaches. First, an inverse molecular design method was
developed using a linear combination of atomic potential approach based on a Hiickel-
like tight-binding framework. This TB-LCAP method shows to be both efficient (e.g. 10*
times faster than exhaustive enumerations) and effective (capable of finding the true
optima) for the optimizations of polarizability, first-hyperpolarizability, HOMO-LUMO
energy gap, and HOMO-LUMO transition moments. Second, a donor-carbon paradigm
has been demonstrated for novel NLO materials with large predicted first-
hyperpolarizabilities, and the donor spatial orientation can significantly affect the NLO
property. Third, the frequency-dependent first-hyperpolarizabilities were predicted
using the experimental linear absorption spectra and the Thomas-Kuhn sum rules,
including both two-level and three-level (3-contributions. When the incident wavelength
is longer than the two-photon resonant wavelength of the lowest energy transition, the
first-hyperpolarizabilities can be approximated by the two-level contributions. However,
for incident radiation wavelengths between one-photon resonance of the highest energy
transition and two-photon resonance of the lowest energy transition, the three-level

contributions can be significant arising from the couplings of multiple CT oscillators.
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An ab initio vibronic analysis method based on Hartree-Fock analysis and NBO
basis sets was developed to describe the vibronic coupling of inelastic electron tunneling,
and the charge-transfer in the designed molecular interferometers can be controlled
using the excitation of molecular vibrations. Especially, in an orbitally forbidden ET
molecule (a polynorbornyl diene with spiro-cyclopropene), the charge transfer is
predicted to turn on and off. The interference of vibronic pathways can be manipulated
by specific normal mode vibrations.

The LCAP-TB inverse design method can be expanded to applications other than
NLO materials, such as drug or protein design. Further explorations of NLO materials
can be carried out based on the donor-nanotube paradigm. New generations of
frequency-dependent NLO materials can be designed using our (3(A)-prediction model
and linear absorption spectra. For molecular interferometers, experimental

measurements of inelastic ET rate can be executed based on our vibronic analysis.
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