ABSTRACT

HIGH, JUDAH STERLING. Computational Investigations of the Ground and Excited State
Properties of PorphyriBased LightHarvesting Arays. (Under the direction of Professor
Elena Jakubikova).

Tetrapyrroles have found immeasurable utility in nature as 4puipose pigments
within intricate macromolecular ligitarvesting assemblies that produce chemical potential
from solarenergy input. The mechanism of solar energy comwers these assemblies in part
relies on quantum mechanical properties of tetrapyrroles and the interactions among them. This
dissertation describes an effort to model the ground and excited state properties, as well as
light-induced processes such astigbsorption and excited state energy transfer, in covalently
or noncovalently bound tetrapyrret®ntaining pigment arrays.

Chapter 1 provides a broad survey of natural and artificial light harvesting, and presents
a short overview of the computationglpaoaches utilized in this work to model the ground
and excited state properties and processes in pigment assemblies.

Chapter 2 describes a Kof@ham density functional theory (KI3FT) and time
dependent DFT (THDFT) study of unique panchromatic absorptexhibited by a series of
strongly coupled peryleragccessorized porphyrin arrays, RIN = 1, 2C, 2T, 3, 4). These
systems are found to exhibit large conformational flexibility, which impacts both their ground
and excited state electronic propertiemnéhromatic absorption by these arrays arises from the
presence of many conformations with vastly different electronic properties and absorption
profiles in solution.

Chapter 3 focuses on the development of a model to simulate the wavepacket dynamics
asso@ted with excited state energy transfer (EET) in a prototypical weaklpled
covalentlylinked zincfreebase porphyrin dyad. A stepwise procedure connecting results from
KS-DFT, TD-DFT, density functional basedight binding molecular dynamics, and
waveacket dynamics simulations witim extended Hickel Hamiltonian was developed to
simulate EET on a piesecond time scale with computational effort far reduced relative to
more rigorous methods.

Chapter 4 highlights efforts to understand and model noneotvaiteractions in a

porphin dimer. Twentnine different exchangeorrelation functionals were tested fibre



calculation of intesporphin interaction energies in a faweface orientation at -8 A
separation distances. The calculated potential energgswere benchmarked against second
order MgllerPlesset perturbation theory (MP2), and spamponent scaled MP2 (SE\MEP2)
calculations. The findings demonstrate the importance and effectiveness of various dispersion
correction schemes for calculatioosnoncovalent interactions in weaklpund tetrapyrrole
arrays.

Chapter 5 summarizes the results obtained from the electronic structure calculations of
various pigment arrays described in Chaptei. Dverall, the work described in this
dissertation demmwstrates the utility oKS-DFT, TD-DFT, and quantum dynamics approaches
based oran extended Huckel Hamiltonian for modeling various challenging aspects of light
harvesting, especially light absorption and EET processes. Moving forward, these methods
shoutl continue to provide useful insights into the complex nature of light harvesting in

tetrapyrrolebased pigment aggregates.
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CHAPTER 1

General Introduction

The mechanism of solar energy conversion in natural-hghtesting systems relies,
in part, on quantum mechanical propertietetfapyrrolepigments and the interactions among
them. The goal of this dissertation is to model the ground and excitefdrsia¢eties and light
induced processes, such as light absorption and excited state energy transfer, in covalently or
noncovalently bountketrapyrrolebased pigmest The noncovalent intgpigment interactions
and lightinduced processes investigated heee@evalent in nearly all natural and artificial
light-harvesting systems comprising lam@angementsf tetrapyrrolebased pigmentsThis
chapter will provide a short overview of ligharvesting in natural and artificial systems, and
introduce the thee projects focused on modeling the light absorption in strongly interacting
porphyrintperylene arrays, excited state energy transfer in a covalently bound porphyrin dimer,

and noncoval ent isntaecrkedt ipom P hiymian di mer .
1.1Nat ur e 0s dighphamwestodh t o

Light-harvesting in nature is a process by which an organism captures solar radiation
for the synthesis of nutrients to sustain fifia nature, light harvesting is brought about by
three fundamental processes that occur in a rapiceedgumanner. The first is broad visible
and near infrared light absorption by a pigment antennae. The light energy absorbed by natural
pigment aggregates then rapidly transfers toward a specific site in a process called excited state
energy transfer (EBT Finally, after the light energy has arrived at the reaction center
comprised of a closely spaced arrangemetetadipyrrolepigments, charge separation occurs.

The charge separation step leads to dark reactions and ultimately towards the synthesis of
chemical fuel for the organism. The pigmgmbtein assemblies that nature relies on to
facilitate light harvesting, such as the FemmahewsOlsen pigmenprotein complex of

green sulfur bacterfar the lightharvesting complexes of purple bacteriiacorporateas little
aseightand as many asundreds of pigments into intricate Rbandedarrangementthat act

as light energy funnels, or antenrfae.



Pigments comprising both open and clossdapyrrols and carotenoids are found in
nature (see Figure 1.1). Chlorophyll pigments (&hb, c, d) exhibit longlived red excited
states leaving green absorption gap. The lowest energy absorption of the Chl pigments is by
Chl a, which exhibits intense low energyléand excitations. Sevenaatural systems contain
the bacteriochlorophyll pigmenBChl a, b, c, d, e, gfor use in low light environments; these
pigments exhibit strong absorption at wavelengthsstefied relative to the Chl pigments.
(B)Chl pigment and tail modifications leé#o differences in the pigment absorption profile and
absorption strength. These modifications help to tailor an excited state energy cascade suitable
for EET funneling, mainly from Bhlb, c, d, eand Chlb, c, dpigments towards (B)Cla. The
energeticdifferences among the electronic structure of (B)Chl pigments are such that initial

photcabsorption precedes downhill EET towards (B)&hligments.

HyC. CHa CHs CH; CH;
NN AN

o WOH ) ) CH3 CH3 CHj;
rhodopin glucoside
HO
T OH

OH
Figure 1.1. Common open (phycocyanobilin) and closed (B&hlnd Chla) tetrapyrrole
pigments and a carotenoid (rhodopsin glucoside) found in naturahbgiesting complexes.

The green absorption gap unmet by the (B)Chl absorption is filled by carofemoitls
phycobiling that strongly absorb in this region. Due to their short excited state lifetimes,

carotenoid and phycobilins are fastened near BChls and Chls to increase the likelihood of



transferring their excited state energy to the (B)CHlhe carotenoid/phycobilinot(B)Chl

EET mechanism maximizes the time necessary for their excited state energy to migrate towards
the reaction center. Carotenoids also play the secondary role in quenchingxydit&a triplet

Chl species to protect the organism from degradation.

The individual properties of natural pigments lead to allowed visible andnfesned
Il i ght absorption, - owe \@aeakgententhf @igmemtsir raturdl e d
antennae lead to key lightirvesting advantages as well through ipigment nteraction. For
example, the BChh pigmentsin the light harvesting apparatus Bhodopsudomonas
acidophild are arranged into rintike nonbonded topologies that promote coherent oscillatory
excitations involving the entire ring systér.oherent excition effects are also observed in
the densely packed pigment complexes of plehts.

Nature has designed highly efficient systems densely packed with pigments whose
collective behavior leads to efficient ligharvesting in dynamic and diverse environments
with differing light energy densit}t The Chls and BChls that are largely responsible for the
the lightharvesting function in natural antennae complexes derive from a diverse family of
planar aromatictetrapyrrole macrocycles? Studying the propertiedyoth individual and
collective, oftetrapyrrolebasedoigments in natural systefisias enabled the construction of
novel artificial tetrapyrroldbased structures that capture and direct solar energy for our own

purposesg+t’
1.2. Artificial light -harveging

Artificial light harvesting entails the design, synthesis and performance of hunade
systems that undergo the pertinent processes, i.e. photoabsorption, EET andejeanaen
(see Scheme 1.1). The aim is to harness the solar energy for tegbalohpplications, such
as dyesensitized solar cells (DSSCE&F? or dyesensitized photoelectrosynthesis cells
(DSPECsY?
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4. Hole Transfer

Scheme 1.1Processes relevant to artificial ligh&rvesting systems. Initial photoexcitation

can be followed by either EET, charge separation, or both. In some systems, the charge

separated state may be further stabilized by a hole transfer process. The hanesgiedam

be either used to generate electricity (DSSCs) or to drive redox reactions (DSPECS).

Inspired by the prevalence tdtrapyrrolepigmentsin nature (see Figure 1.1), many
systems for artificial light harvesting rely on the use of porphyrin pigsnas their building
blocks?*?’ It is now possible to synthesize covalently linked rapdirphyrin arrays finely
tuned for directional EET, charge separation, and optimal light absofptfbihe properties
of porphyrin arrays can be turiédhrough he use of accessory pigmefts® metalatior??
fused ring strategie¥;* linker desigr?®2¢3® inter-porphyrin linking strategié$*! and even
through porphyrin stackint}:*? Progress in mukporphyrin system synthesis has also led to
the creationof massive covalently linked porphyrin arr&# and wique multiporphyrin
system&*4r emi ni scent of natureds structur al
common building blocks for artificial porphyrimased lightharvesting are showim Figure
1.2.

The photo absorption cresgction and transition dipole strength of primary porphyrin

light absorbers can be enhanced through utilization of conjugated linkers that promote

electronic interaction with accessory pigments, like those in theeryi@mily of dyes3

Accessory dyes act to fill in absorption deficiencies in the-visible region of the

electromagnetic spectrum where transition dipole strength is lacking for the primary porphyrin

absorberd!“8 similar to the role of caretonoids amdhycobilins in nature. By covalently

linking dyes with groups that decrease pigragigiment electronic interactiortpico-second

ap



F~ r st érbetwed&nTweakly interacting pigments may be achieved. Zinc metalated

porphyrins have been useful as EET donenen covalently bound to freebase porphyrins,

allowing for directional EET flow in artificial lighharvesting systen®.Furthermore, the rate

of energy transfer and charge separation has been shown to be dependent on the substitution

at certain positionalong the porphyrin donor ring with fluorinated groups in partictfidio

promote coherent nonlocal excitation effects, short conjugated groups like the ethynyl linker

tend to be uset? o r

inkers -that apkiomgtarrangement s

interactiors among the primary light absorbéfs?

Accessory Pigments

Os_N_O

perylene-3,4-
dicarboximide
(PMI)

i
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Primary Light Absorbers Linker Groups
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chlorin
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)
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Figure 1.2 Examples of primary light absorbers, accessory pigments, and linker groups

utilized in artificial lightharvesting systems.

1.3. Computational approaches towards understandinfight-harvesting

Light-harvesting processes are inherently interesting from a quantum mechanical

perspectivé® Excited states can either be local or delocalized across porphyrin pidfhents.

Relevant excited states, like those of thea@d Soreband in porphyrins exhibit mudti

configurational charactéf. The excited energy is capable of migrating over very large



distances (tens to hundreds of Angstrdnas)d in multiple directions, in a riar of pice
seconds to an energy sink to perform chemi@ttyght-harvesting systems can be engineered

to possess effective charge separated states that act to prevent-alegletr@combinatiod>®

The flow of energyfrom absorption to EET to chargeparation can be quite efficiedt
Modeling light harvesting in both natural and artificial systems is a challenging undertaking,
but can reveal interesting information related to broad and allowed visible absorption, efficient
and controlled EET, chargeansfer and notvonded porphyrin structural motifs stabilized
through noncovalent interactions. This section will provide a short overview of the
computational approaches utilized in this work to model various properties of artificial light

harvesting sstems based detrapyrrolearchitectures.
1.3.1. Modeling ground state properties and light absorption

For the grounebtate properties of porphyrlmased systemsKohn-Sham density
functional theory KS-DFT)¢* allows for a correlated treatment of élens appropriate for
large pigment arrays witb(N°) scaling or bette¥?®3The size of even simple pigment arrays
can approach a few hundred atoms, which is a challenge from a computational standpoint and
makes KSDFT an efficient choice. Furthermora,strongly interacting pigment systems, local
and nonrlocal excitations are possible and suitable computational methodologies capable of
properly modeling both excitation types should be employed. Time dependent DFT (TD
DFT)%4%is a viable approach f@momputing excited state properties of various large pigment
arrays.

The use of KDFT and TDDFT for modeling ground state properties and light
absorption in a series of porphyperylene pigments is illustrated in Chapter 2. This chapter
demonstrates #t the potential energy surface (PES) of strongly coupled porphyrin perylene
pigment arrays (PMP; N = 1, 2, 3, 4, see Figure 1.3) permits conformational flexibility
through low barriers of perylene pigment rotation. An analysis of the ground stateretectr
properties of the PMP arrays at various peryleperphyrin plane dihedral angles via KS
DFT reveals that the extent of electronic interaction between the pigments is altered through
conformational flexibility. The conformationally dependent eledtrgtructure also manifests



in the excited state electronic structure of these arrays as confirmed yMETDatural
transition orbital (NTO) analysfS.An average absorption over many conformations of each
dye results in the panchromatic absorption bfl &P arrays. Each PMP array exhibits a
highly-dynamic/sensitive electronic structure dependent on the dihedral angle between the

perylene and porphyrin planes.

PMIycP PMIsP PMI P
Figure 1.3 The fivePMINP (N = 1, 2C, 2T, 3, 4arrays were used in studying panchromatic

absorption.

1.3.2 Excited state energy transfer in porphyrin arrays

Excited state energy transfer is often a critical step that follows the initial excitation in
light harvestinggee Scheme 1.1). Given that EET in porphyased arrays is a naiabaic
process that operates in the pgaond time regime, modeling it poses several challenges that
include treatment of both nuclear and electronic degrees of fre€démlon-adiabatic
molecular dynamics (NAD) approaches are often employed to captime appropriate
electronic and nuclear degrees of freedom in the excited’$@itece ab initio approaches to
NA-MD are very demanding for systems with several hundred atoms, approaches where the
electron dynamics are computed over-poenputed nucleardjectories have been developed

for these system$:"* These sequential quantum mechanical and molecular mechanics



(QM/MM) approaches are much faster, but rely on the notion that an excited state PES is
relatively unchanged from the ground state PES air tte timescale by which the excited
state PES changes upon vertical excitation is much longer relative to thecttaeof the
electronic process of intere¥tisible excitations do not produce substantial structural changes
in porphyrinsand thus seantial QM/MM techniques can be rationalized for use on porphyrin
arrays.The quanturdynamics methodology developed by Batiatadl Regé* is one such
QM/MM method that has been previously used to study interfacial electron transfer iato TiO
and the cruciainfluence of nuclear motion othis proces$®’® This particular QM/MM
approach which relies on an extended Hu¢kel) Hamiltonian for the QM level has also been
applied to prototypical porphyrin lightarvesters to study and simulate BE&nd charge
separatioft events.

Chapter 3 describes the first use of the quantum dynamics approach developed by
Batista and Regfor the simulation of EET in mesemeso gphenylene linked zinéfreebase
porphyrin dyad (see Figure 1.4) througltomputationally inexgnsive sequential QM/MM

methodology. Out work represents the first use of this approach for the EET modeling.

Figure 1.4 Themesemeso pphenylene linked zinE r e ebase porphyrin dya

in studying and simulating EET.

The computational mettdology relies on K®FT to obtain and analyze the ground
state electronic structure, which was used to tune EH parameters. Excited state properties were
obtained with TBDFT along with information to construct tirdependent electrehole
wavepackets thamodel the donating Zporphyrin localized Gband excited state. Tight

binding DFT MD was used to obtain ptemputed nuclear trajectories over which initial



wavepackets were propagated in time using a parametrized EH Hamiltonian. The methodology
succeededn the simulation of EET in a weakly coupled covalently linked porphyrin array

with semiquantitative accuracy in the rate constant of EET relative to experiment.
1.3.3. Noncovalent porphyrin interactions in nonbonded lightharvesting topologies

Pigments n natur al systems are-ofsttar kardr agregand
and held in place through pigmguigment and pigmestrotein interactiond. The
noncovalent pigmempigment interactions likely involve significant attractive forces in the
form of dispersio¥? Natural systems also tend to vary pigment density,-piggnent spacing
and orientation, which tunes the broad absorption by a gigenguit topology away from the
individual pigment absorptioh.Modeling noncovalent interactions, such as dispersion,
requires a correlated treatment of electrons, which can become quite expensive for systems
beyond tens of atoms with available post Harffeek (HF) method&8* Fortunately, KS
DFT has potential to provide cheaper means to calculate properties that include a description
of electron correlation.

Despite the great progress of & T in recent decadé&8,describing noncovalent
interactions inporphyrin pigment assemblies still remains a challéfgehich is especially
true for van der Waals (vdW) or London dispersion fofé8&° Many density functionals,
including local as well as hybrid functionals like B3LYPfail to describe longange
correlation corresponding to thH® decay of dispersion forces between spadar and non
overlapping fragment&°2 It is also common for local functionals to underestimate attractive
mediumrange noncovalent interactiofisThe main problem is that mg current exchange
correlation functionals are nesighted to longange correlation whilst providing a
sufficiently good description of short and mediamge electron correlatidti.

Perhaps one of the most widely successful attempts to accountgersité related
forces in appr oxi ma-b methbdofiginallg intrGdudednim2064dn DF T

thismethod attractive atomipairwise potential terms are added to a given density functional's
electronic energy expressih®®Gr i mme 6 son sthemgievohe§] /R terms where

n =6, 8, 10°>%and is inherently a functional of the geometry and not of the #Sitam



electron densit§® Nonetheless, with modest additional computational effort oveDKS,

one may obtain dispersion corrected ereggvith an improved description of noncovalent
interactions over the base functiodagnd in some cases with accuracy approaching results
computed with second order MgHBtesset perturbation theory (MP2pr coupledcluster

with iterative inclusion ofsingle and double excitations and perturbative triple excitations
(CCSD(T))%*7 On the other hand, non DAY functionals like those in the M06 sefi&s
have been optimized with respectrioncovalent interactiobenchmark data, such as the
NCIE53 set!®®112 to petter capture electron correlation responsible for dispersion forces
without adding a correction tertt®**4Another technique is to forego optimizing RDFT-D
functionals or adding dispersion corrections altogether and instead build anduatigcal
density functional approximatidike the vdWDF-04 functionaft'>11’

Chapter 4 focuses on benchmarking a set of 29 exckaurgadation functionals for
calculations of noncovalent interactionsinafae¢ ac'e st acked poFRgpdai n dir
1.5). Theresults presented in this chapter not only demonstrate the difficulty in modeling
noncovalent interactions in porphyrin arrays in general, but also provide density functional
recommendations for use in the investigation of weak and digparsirlocal interactions in

-~ stacked porphyrin systems.

Figure 1.5 The porphin sandwich was used to investigaiacovalent interactions non

bondédstacked topol ogies of pigments relevan

Finally, Chapter 5 concludes thisdissertation with a discussion on how the
computational studies herein arrived at conclusions related to the electronic and structural
features that play a role in the phatisorption, EET, and noncovalent interactions prevalent

in porphyrin based ligharvesting assemblies.
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CHAPTER 2

This chapter was previously published: High, J. S.; Virgil, K. A.; Jakubikovd, Bhys.
Chem. A2015 119 (38) 98799888.

Electronic Structure and Absorption Properties of Strongly

Coupled Porphyrini Perylene Arrays

Abstract

Porphyriri perylene arrays are ideal candidates for Hggmvesting systems capable of
panchromatic absorption. In this work, we employ density functional theory (DFT) and time
dependent DFT to investigate the uniqueilig absorption properties exhibited by a series
of ethynyHinked porphyrifiperylene arrays that were previously synthesized and
characterized spectroscopicalyifem. Commur2014,50, 145125]. We find that the ethynyl
linker is responsible for strongesitronic coupling of porphyrin and perylene subunits in these
systems. Additionally, these arrays exhibit a low barrier to rotation around the ethynyl linker
(<1.4 kcal/mol per one perylene substituent), which results in a wide range of molecular
conformatons characterized by different porphynoerylene dihedral angles being accessible

at room temperature. The best match between the calculated and experiméntaldp¥ctra

is obtained by averaging the calculated iWM spectra over the range of confotioas
defined by porphyrinperylene dihedral angle. Finally, our calculations suggest that the
transitions in the lower energy region (5360 nm) can be assigned to the excitations
originating from the porphyrin subunit; the rmeghergy region transition@50' 550 nm) are
assigned to the perylementered excitations, while the highergy transitions (35@50 nm)

involve contributions from both porphyrin and perylene subunits.
2.1 Introduction

Rational design of artificial light harvesting molecular @&exttures entails building

systems that not only absorb strongly in the visible region, but also funnel excited state energy
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to a particular site for useful chemistty.Many natural light harvesting systems such as the
Fenna Mathews Olson protéifiand photosystem Il in plarft&incorporate bacteriochlorins
(BChls) and chlorophylls (Chls) as their light absorbing building blocks. Constructi&@rof
or Chl based artificial light harvesting systems is, however, very challefiging.

Porphyrins are more easily synthesized than BChls oCintsl also absorb light in
the UV vis region of the electromagnetic spectrum. In contrast to BChls, porphyrins lack
absorbance in the red or near infrared (NIR) regtoiitie spectral coverage of porphyrins can
be enhanced by accessory pigm&htésuch as rylene dyé$2°that exhibit strong visible light
absorptiort! Peryleneimides possess lodiyed excited staté§ and good fluorescence
quantum yield$22® rendering them ideal candidates for accessory pigments in porphyrin
systems that undergo efficit excited state energy transfer (EEF§ and charge
separatiorf>?’

Photophysical processes in porphyparyleneimide systems, in which the porphyrin
and perylengémide ae fused® or covalently linked via various linker grouffs?>?®have been
investigated experimentally. Among the porphyperyleneimide systems studied are a series
of ethynyl (e) linked freebase porphyrin (Fb) perylemenoimide (PMI) molecular arrays,
labeled as PMIP (N = 1, 2T, 2C, 3, and 4, see Figure 243 The fivemeseethynylporphyrin
PMI structures shown in Figure 2.1 exhibit panchromatic absorption in the visible region,
which substantially differs from the superimposed electronic absorption spectra of the Fb and
PMI subunits®® The urique features of the UWis spectra of thesmeseethynylporphyrin
PMI systems are related to strong electronic coupling between Fb and PMI subunits, which is
me di at e dsystem of théa ethynyl linke:282°

Density functional theory (DFj and timedependent DFT (TEDFT)3! calculations
are employed ére to investigate the ground and excited state properties @fPRivilays. The
aim of this work is to explain the panchromatic absorption of these systems through

computational analysis of calculated excited states at key nuclear conformations.
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Figure 2.1.PMINP arraysil = 1, 2T, 2C, 3, and 4) investigated in this work.

2.2 Computational Methodology

All PMINP arrays were optimized in vacuum employing the B3LYP functiéitaind
6-31G* basis set*3® Note that 4tert-butylphenol moieties attached atahd 12 positions of
PMI in the experimentally studiesystem® were not included in our calculations for
simplicity as they do not significantly affect the electronic structure of these systems.
Calculation and analysis of the normal modes and their frequencies emsurte toptimized
structures correspond to the energy minima on the potential energy surface (PES). Relaxed
PES scans were performed for each fVHystem by constraining a single porphiyperylene
dihedral angle defined by atoms C1, C2, C3 and C4 (sped-2.2) during optimization. The
dihedral angle was constrained in 15° increments starting at 0°, covering the entire 360° range
of PMI rotation. Potential energy surface scans related to synchronous rotation of all PMIs
were also obtained in which albgoyhrini perylene dihedral angles (see Figure 2.2) were
constrained to values between 0° and 360° with an increment of 15°, starting from the

conformation in which all porphyriperylene dihedral angles are set to 0°. Sipglet energy
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calculations utizing CAM-B3LYP/6-31G* level of theory at the B3LYP/81G* constrained
optimized structures were employed to obtain PESs with the-BAMYP functional.

Electronic absorption spectra were calculated for all optimized and constained
optimized structures uiding the timedependent DFT (TEDFT) approack#° at the
B3LYP/6-31G* and CAMB3LYP/6-31G* levels of theory in a vacuum. Excitation energies
were calculated up to 350 nm. Electronic absorption spectra weesaged by convoluting
stick spectra with Lorentzian functions centered at each excitation wavelength, with a half
width at halfmaximum (hwhm) of 0.04 eV. An average UXs absorption spectrum was
calculated for each molecule by computing the arithmesiamof UV vis absorption spectra
calculated at various conformations along the PES. Comparisons were made between the
calculated average and experimentalivig spectrum for all PMP systems studied. All
calculated excitations were analyzed in terms ofuN# Transition Orbitals (NTOSY).
Although no solvent model was employed in these calculations, we confirmed that employing
the polarizable continuum mod&f* (PCM) with a variety of solvents does not substantially
affect the calculated excitation characteristics or the shapes of the frontier molecular orbitals
(MOs) of each porphyrirperylene system (see Apmbix A.6., Figure A.19 and Appendix
A.8. Figures A28A39). This is the case regardless of whether one utilizes the B3LYP or CAM

B3LYP functional. All calculations were performed with Gaussian 09 software patkage.

t-Bu

Figure 2.2. Strucure of PMLIP array with atoms GC4 defining constrained porphysin
perylene dihedral angle.

24



2.3. Results and Discussion
2.3.1 Ground State Structure of PMINP Arrays

The ground state structures of all RMIarrays were obtained in a vacuum at the
B3LYP/6-31G* level of theory. The optimized structures can be found in the Appendix
(Appendix A.1., Figure A.1). Table 2.1 summarizes the optimized dihedral angles between the
Fb and PMI subunits for all arrays. The calculated porppenylene dihedral angles ése
Figure 2.2) fall between 22° and 30°, indicating strong electronic interactions between Fb and
PMI subunits mediated by the ethynyl linker. The porphtsinenyl dihedral angles in all
PMINP systemgange from 66° to 71°. Note that the CABBLYP optimized structures are
nearly indistinguishable from the B3LYP optimized structures (see Appendix A.1., Figure A2
and Table Al).

Table 2.1.Porphyriii perylene dihedral angles for B3LYP optimized RMharrag?

Porphvriri Fbi PMI1 Fbi PMI2 Fbi PMIs Fbi PMl4
peryISngArray dihedral angle dihedral angle dihedral angle dihedral angle
(deg) (deg) (deg) (deg)
PMI:P 27.8
PMIxtP 23.6 23.9
PMIxcP 23.7 24.6
PMIsP 22.4 25.3 23.8
PMI4P 24.1 29.9 24.7 25.2

Multiple porphyriri perylene dihedral angles exist for PM?, PMbcP, PMEP and PMIP

and are differentiated from one another by the subscript following the PMI subunit.

Potential energy surface scans with respect to the dihedral angle between i and P
subunits defined in Figure 2.2 were performed in order to assess conformational flexibility of
each PM\P array. Two types of PES scans were performed: one in which a single PMI subunit
was rotated around the ethynyl linker and the second one in whiBtMa subunits were

rotated synchronously. The maxima of the PES scans provide the upper bounds to the energies
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required to rotate PMI subunits around the ethynyl linker. As can be seen in Figure 2.3, the
upper bound to the barrier to rotation of a sirig\@l subunit is 0.70.9 kcal/mol at the CAM
B3LYP level and 1.21.4 kcal/mol at the B3LYP level (see Appendix A.3., Figufg.A

1.0 H
0 PMI.P
Fb-PMI, @
0.6 0.8
kcal/mol
0.2
10 T T T T
PMI,.P igitvibe
0.6 0.9
kcal/mol
0.2 1
=1.0+' : l " FopMI
g PMI,.P Fb-PMI;:
= - 0.9
8 06 kcal/mol
25,
e
<
| T T T T
e R VI
cal/mol 3 Fb-PMI. o
0.6 - Fb-PMI, e
Fb-PMI, -o-
0.2 1
104 o T T T T
joatimatl T MlgE Fo-p, o
0.6 Fb-PMI. o
Fb-PMI. -
0.2 1
I I I I I
0 90 180 270 360

Dihedral Angle [degrees]

Figure 2.3.CAM-B3LYP potential energy surfaces related to individual rotation of each PMI

substituent for PMIP arrays. Thelr gest o@E rel ative to the | owe

are boldface.
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The barrier to synchronous rotation of all PMI subunits depends on the number of PMI
substituents and ranges from 0.9 kcal/mol for BMb 2.9 kcal/mol for PMP array at the
CAM-B3LYP level and 1.44.3 kcal/mol at the B3LYP level (see Appendix A.2., Figure A3).
The PES scans result in small upper bounds for PMI rotation with a maximum upper bound
for PMI4P of 4.3 kcal/mol at the B3LYP level and 2.9 kcal/mol at the CB3LYP level (see
Appendix A.2., Figure A3). It has been demonstrated that one can expect an uncertainty of 3
4 kcal/mol in DFT calculated activation barrié?4’ The barriers we report do not result from
transition state searches; however, it is assumed thatwéth the uncertainty in the calculated
upper bounds to PMI rotation, PMR conformations with the entire range of dihedral angles

(0°1 360°) are thermally accessible at the room temperature.
2.3.2. Ground State Electronic Structure of PMLP Arrays

Molecuar orbital energy levels in the frontier energy region of the optimizeel &ild
PMI-e monomers as well as all P\ arrays are shown in Figure 2.4. The HOMO and LUMO
of Fb-e exhibit electron density on the ethynyl linker as does the HOMO and LUMO of PMI
e. Mixing between the four MOs of Fb (HOMDto LUMO+1) and two frontier MOs of PMI
via the ethynyl linker leads to six characteristic MOs in the dyad picture offPMhese six
characteristic MOs of PMP consist of two nominally nebonding, Fb localizé MOs
(HOMO-1 and LUMO+2) and four delocalized MOs. Only the MOs of the porphyrin and
perylene subunits that display electron density on the meso carbon proximal to the ethynyl
linker mix to form delocalized MOs in the PMR systems studied here. The delaed
character of the frontier MOs of PNR is the same at the B3LYP level as it is for the GAM
B3LYP level (see Appendix A.4., Figure A6). The MO energy gaps in the frontier region are
also similar with the exception of the HOMDOUMO gap, which is largewith the CAM
B3LYP functional (see Appendix A.4., Figure AB).

The MOs of PMiP, PMbcP, PMEP and PMIP in the frontier energy region are
similar to that of PMIP, with the exception of small differences that arise from additional
degenerate PMI MOs pent in each system. Each consecutive PMI accessory pigment adds
two MOs to the frontier MO region of the array. The frontier MOs of the larger arrays are

27



delocalized across the central porphyrin and PMI accessory pigments. This delocalization
originates fom extensive MO mixing between the HOMOs and LUMOs of Fb and the PMI

subunits via the ethynyl | inkeros ecP,bi t al s
PMI2tP, PMBP and PMUP are shown in Appendix A.5., Figures-A81 respectively.
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Figure 24. The HOMO, LUMO and frontier CAMB3LYP MO energy levels of B3LYP
optimized Fbe, PMte, PMLP, PMbcP, PMbtP, PMEP and PMIP. The red horizontal lines
indicate the HOMO and LUMO energy levels of each system.

Although the MOs of all molecular arrayseasimilar in shape, the HOMQUMO
(HL) gaps systematically decrease with number of fMubstituents (see Figure 2.5).
Interestingly, the HL gaps of PP andPMI>tP differ only by 0.08 eV at the B3LYP level
and 0.12 eV at the CANB3LYP level. This indiates that the resulting HL gap is not very
sensitive to the substitution position of the PdMbroup on the Fb macrocycle, although
multiple conformations are only possible with two PMI substituents. The reduction in the HL
gap with increasing number of RMubstituents is related to the extensive mixing among the
simil ar

porphyrin and perylenpor bi t als as observed in

conjugatiorf’® Orbital energies obtained from rangerrected hybrid functionals correlate
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better to experimental ionization potentialssjiRnd electron affinities (EAs) than those from
the B3LYP functionaf®° For this reason, it is important to examine the HL gaps of each
B3LYP optimized array at both B3LYP and CABBLYP levels of theory. While the CAM
B3LYP functional results in larger HL gaps than the B3LYP functional, both functionals

display the same trend of decreasing HL gap as a function of the number of PMI sntsstitu

45
CAM-B3LYP —@—
B3LYP —@—
o .\‘\0\._\.
E 3.5 -
&30~
0}
-l | -
=l 25
2.0 1 .\0—0\‘_\.
1.5 4

PMILP PMI.P PMI,P PMIP PMIP

Figure 2.5.Plot of the B3LYP and CAMB3LYP HL gap as a function of the number of RMI
e substituents bound to the central Fb at the meso positions. The B3LYP optimized structures

were used here.

2.3.3. Conformational Flexibility and Electronic Structure of PMInNP Arrays

According to the constrained PES scans shown in Figure 2.3 and in Figures A3 and A4
of the Appendix A.2., conformations with any set offdI dihedral angles between 0° and
360° are likely thermally accessible at room temperat8iece the extent of the MO
delocalization is strongly affected by the dihedral angle between the Fb and PMI subunits, the
electronic structure of all PMIP arrays was examined at conformations in which all PMI
substituents are either orthogonal or coplan#ine Fb macrocycle. The conformation in which
PMINP  di hedr al angle is wequal to 90A is refe
conformation with OA dihedral angle is refer
The six frontier orbitals of PMP with a pophyrini perylene dihedral angle of 0°, 27.8°
(ground state optimized structure) and 90° obtained at the-BBM/'P level of theory are
shown in Figure 2.6. The frontiers MOs of RMIin the orthogonal case resemble those of the
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isolated Fbe and PMle subuits (see Figure 2.4). As the porphyrin and perylene planes in
PMI1P approach planarity, their MOs become delocalized over the entire molecule. This is in
contrast to the MOs in the orthogonal case, in which they are entirelyr M I-localized.

The MO errgies also change as a result of the MO mixing between Fb and PMI. For example,
the PMLP HL gap at the CAMB3LYP level decreases from 4.09 eV in the orthogonal case to
3.75 eV in the coplanar case. While only the impact ePFi dihedral angles withirhe first
guadrant of PMI rotation (0° and 90°) on the electronic structure ofifP&te discussed here,

the effects arising from PMbtation in the second (90280°), third (180f270°) and fourth
guadrants (270360°) are the same. The CABBLYP calculate frontier MOs of the B3LYP
optimized PMIP structures in Figure 2.6 have nearly identical shapes as those calculated at
the B3LYP level (see Appendix A.5., Figure A7).
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Figure 2.6. CAM-B3LYP frontier MOs of B3LYP optimized PMP and PMIP optimized
with porphyriri perylene dihedral angle constrained to 0° and 90°

The effects of PMI rotation on the electronic structure of #\ire transferable to the
larger PMAP systems. In the orthogonal case of the larger arrays, there are four Fb localized
MOs in thefrontier energy region and 2, 3, or 4 degenerate sets of PMI localized MOs,

depending on the number of PMI substituents (see Appendix A.5, FiguréaP8)2 In the
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coplanar case, most of the MOs of RMlarrays in the frontier energy region become
delocalzed, and the degeneracy of the PMI localized MOs breaks through extensive MO
mixing.

The HL gaps of PMIP arrays decrease as the Fb and PMI subunits approach
coplanarity, as demonstrated by the B3LYP and CGBBLYP HL gap energies for coplanar
and orthogonaconformations summarized in Table 2.2. The magnitude of the change in the
HL gap upon PMI rotation depends on the number of-BMubstituents. The frontier MO
energies of PMEP and PP are very similar and appear to be unaffected by the substitution
site of the PMie groups. For example, the energy difference between the HOMO e§PMI
and PMbrP is 0.00 eV at the B3LYP level (see Appendix A.5., Figures A8 and A9 for the
B3LYP MO energies of PMtP andPMI>tP) and 0.01 eV at the CAMB3LYP level. This
observation extends to the change in the HL gap upon PMI rotagitin gap). For PMicP
andPMI>tP,qHL gap differs by roughly 0.06 eV at the B3LYP level and @04t the CAM
B3LYP level.

Overall, the HL gaps and other electronic structure propertigsswaoothly with the
change in the RPMI dihedral angles between the two extremes given by the coplanar and
orthogonal conformation. The increasegiHL gap of PMKP as a function of the number of
PMI substituents is independent of whether the CBBLYP o B3LYP function was utilized.

Note that while we have chosen to focus in this work on studying the implications of PMI
rotation on the electronic structure of R bending motion of the ethynyl linker, which has
been experimentally observed in relatedgbhyrin systems equipped with diphenylethyne and
diphenylbutadiyne linkers could also have an impact on the electronic properties of these

systems.
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Table 2.2.Change in the B3LYP calculated HOMOUMO gap @HL Gap)at the extremes

where all PMI substituents are orthogonal to or coplanar with the central Fb pofphyrin.

orthogonal coplanar
system gHL gap (eV)
HL gap (eV) HL gap (eV)
PMI.P 2.20 (4.09) 2.00 (3.75) 0.20 (0.34)
PMI2rP 2.29 (4.112) 1.79 (3.44) 0.50 (0.67)
PMIocP 2.30 (4.19) 1.86 (3.56) 0.44 (0.63)
PMIsP 2.38 (4.10) 1.73 (3.37) 0.65 (0.73)
PMIsP 2.36 (4.05) 1.64 (3.25) 0.72 (0.80)

The CAM-B3LYP data is shown in parenthesis. The B3LYP optimized structures were

utilized here.

2.3.4. Absorption Spectrumof PMI 1P

The utility of the B3LYP and CAMB3LYP functionals in calculations of the
absorption spectra of PP arrays was examined first. It is important to note that the ground
state electronic structure of PMH arrays obtained with the two functionass virtually
identical. The shapes of the MOs in the frontier energy region as well as their energetic
ordering obtained at the optimized, coplanar, and orthogonal conformations are nearly identical
for all PMINP systemssee Appendix A.6 Figures A16A21). However, the utilization of the
CAM-B3LYP functional results in significantly larger HL gaps for all systems investigated.
For example, the HL gap of optimized PMlincreases from 2.04 eV with B3LYP to 3.82 eV
with CAM-B3LYP. The increase in the HL gapith the CAM-B3LYP functional can be
attributed the inclusion of 65 % Hartréeck (HF) exchange in the CAR3LYP functional
at longrange distance®.

The UV-vis spectra of the Fb and PMle monomers calculated at the B3LYP and
CAM-B3LYP levels of theory are shown in Figure 2.7. The profile of the calculated absorption
spectra is similar for both functionals. The spectrum calculated with the -B3IMP

functional displays a blue shift of the porphyrin Soaeid Qband excitations as well as the

32



to p* perylene excitations. Such blue shifts in CABLYP calculated excitation energies

relative to the B3LYP calculations are commibn.
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Figure 2.7. Simulated UV vis spectra of He, PMIte and PMIP where vertical sticks are
calculated excitations with height equal to calculated oscillator strength yreghs). The
solid and dashed lines correspond to the W¥ spectra calculated at the B3LYP aDédM-
B3LYP levels of theory, respectively.

The UV vis spectra of PMP calculated at both levels of theory do not resemble the
superimposed spectra of the-€land PMie subunits (see Figure 2.7). This is a consequence
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of strong electronic coupling betwetre Fb and PMI subunits mediated by the ethynyl linker.
The strong electronic coupling in PMIis in part manifested by delocalization of the MOs in
the frontier energy region over the entire molecule (see Figure 2.4). In the limit of weak
electronic coujing, little to no MO mixing would occur between the Fb and PMI subunits of
the PMLP dyad, and the UWis spectrum would resemble the superposition of the &bd
PMI-e spectra.
There are clear differences in the B3LYP and GBBLYP calculated UVvis spetra
of PMI1P. The absorption spectrum calculated with the B3LYP functional contains 23
excitations in the visible regior-& 350 nm), while the CAMB3LYP calculated spectrum
contains only six excitations. The CABBLYP absorption spectrum also appearbddlue
shifted relative to the B3LYP spectrum, and various peaks display different relative intensities.
The NTOs for the most intense excitations of the f\Vdrray (excited state$ 3, 5,
and 12) calculated with the B3LYP functional are shown in Ei@u8. Only NTO pairs whose
percent contributions to the electronic transition sum are greater than 90% were analyzed. All
excitations were examined in thel@nd region&> 500 nm). In the Soret regiop-€ 500
nm), only excitations with high oscillat@trength { > 0.5) were analyzed. The NTOs as
calculated at the B3LYP level are generally delocalized over the entire system, with the
exception of the excitations at 685.80 nm and 606.16 nm that exhibit a partial charge transfer
(CT) character. It shoulde noted that in the orthogonal case of BMNTO analysis reveals
that the lowest energy B3LYP excitation at 660.80 nm is a CT state in which the particle is
localized on the PMI subunit, and the hole islédalized (see Appendix .B., Figure A26).
The B3LYP functional is well known to underestimate excitation energies for CT states in
related bacteriochlorin syster$>® Calculated CAMB3LYP excitation energies for PMR
are more reliable, as CAM3LYP wasdeveloped specifically to address the underestimation
of CT excitation energie¥:>6:57
The NTOs calculated at the CABBLYP level of theory for the most intense
excitatiors of PMLP (excited statesiB’, 5' and 6') are also shown in Figure 2.8. In general,
there is no orndo-one correspondence between the excitations calculated at theB3BANP

and B3LYP levels of theory (compare the left and right columns of FigureTh8)lowest
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energy excitation calculated with CABBLYP functional corresponds to a Fb localized

transition, in contrast to the Fb to PMI chatggnsfer excitation obtaideat the B3LYP level

of theory.
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Figure 2.8.Frontier NTOs for the most intense s excitations of PMP calculated with
the B3LYP (left) and CAMB3LYP (right) functional.

Although the majority of conclusions drawn here are for calculations in vacuum, it
should be noted that there is also no-tmene correspondence between excitaicalculated
at the CAMB3LYP and B3LYP level of theory when employing the PCM with a variety of
solvents (see Appendix A.9Figures A28A39). However, there does appear to be atone

one correspondence between excitations calculated with the samerfahdiut with different
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solvents. For example, the lowest energy excited state calculated fdt Bithe B3LYP level
of theory retains its Fb to PMI CT character as described by NTOs regardless of the polarity
of the solvent (see leftmost columnAgipendix A.9., Figures A28A33).

2.3.5. Average Absorption Spectrum of PMIP

Since the electronic structure of PMI is significantly influenced by relative
orientation of Fb and PMI subunits (see Figure 2.6), it is expected that the electronic absorption
spectrum is also sensitive to the AMI dihedral angle. Moreover, the estimated upper bound
to PMI rotation in PMIP is low (< 0.9 kcal/mol at CAMB3LYP level and < 1.4 at B3LYP
level; see Figure 2.3 and Appendix A.3., Figure A4), suggesting that confanmatith a
variety of porphyriiiperylene dihedral angles should be accessible at room temperature.

Electronic absorption spectra of PiRI calculated at conformations with dihedral
angles between 0° to 90° as well as the averaged spectrum are shownréenZ=guhe
calculated absorption spectrum of RRIchanges significantly depending orrfHilI dihedral
angle. Moreover, the average absorption spectrum is more consistent with the experimental
spectrum than any single calculated absorption spectiuetaur features of the experimental
spectrum of PMP are reproduced by the calculated CASGLYP average where each peak
is blueshifted from the experimental peaks by no more than 0.4 eV. The agreement between
the lowest energy peak calculated with the B3LfRctional and the lowest energy peak
obtained from experimental measurements is coincidental, as this peak corresponds to a CT
state (see Appendix.8, Figure A27) whose excitation energy is likely underestimated by the
B3LYP functional. Overallthe CAM-B3LYP functional reproduces the experimental data
better than the B3LYP functional. Thus, the CA38LYP functional is employed in

calculations of absorption spectra for all RMlarrays.
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Figure 2.9.Simulated UV vis of the optimized PMP, and relaxeBMI:P conformations with
various Fid PMI; dihedral angles denoted Hyalculated with B3LYP (top) and CANB3LYP
(middle). The average of all the individual simulated spectra is also shown for each functional.

The experimental room temperature A5 of PMLP in toluene is also shown (bottoff).

While Figure 2.9 only shows the calculated absorption spectra for conformations with
Fb and PMI dihedral angles betweeradd 90, absorption spectra were also calculated for a
range of dihedral angles from 9@ 360. Multiple conformations of PMP dyad display
nearly identical absorption spectra. For example, two absorption spectra calculated for
conformations with a porphyriperylene dihedral angle of 0° and 180° exhibituatty
identical features. Therefore, the features of the calculated average spectrum are independent
of whether the average is calculated for conformations in which the dihedral angle varies from

0 and 90 or from 0 and 360 (see Appendix A.7 Figures 83-S25).
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Note that the calculated spectral features of #PM$moothly change in their
wavelength and intensity as the perylene plane is rotated away from the porphyrin plane and
as the electronic structure of the system changes to resemble that ofatiek Flil subunits.
Furthermore, the PMIP spectrum obtained by averaging calculated ;PMipectra at key
conformations with porphyrirperylene dihedral angles of 0°, 30°, 45°, 60° and 90° exhibits
features and peak intensities consistent with a more cangletrage (see Appendix A
Figure A25). Calculated spectra at a few key conformations are therefore sufficient to obtain
an average PMP spectrum in a good agreement with the experimental spectrum.

2.3.6. Absorption Spectra of PMAP

TD-DFT calculations on larger arrays are very resoimeensive. Therefore, their
absorption spectra were calculated only at five key conformations in which all poiphyrin
perylene dihedral angles were constrained to 0°, 30°, 45°, 60° and 90°. The simulated CAM
B3LYP UVivis spectra for PMEP, PMI>TP, PMEP, and PMJP are shown in Figure 2.10.
Just like in the case of the PRI spectrum, their spectral features change smoothly in
wavelength and intensity as the dihedral angle between the PMI and Fb subunits @loamge
0° to 90°.

NTOs were used to characterize the calculated transitions darther arrays (see
Appendix A.10, Figures A46A46). Based on the NTO analysis, the calculated absorption
spectra can be divided into three regions according to the ofithe excitations: Excitations
in the 600700 nm range correspond to the-lBbalized transitions, while excitations in the
500 nm range are PMdcalized. The higltenergy excitations in the Soret region exhibit mixed
Fb-PMI character. The highnergy mixed states include contributions from-FElealized,
PMl-localized, delocalized and CT NTO pairs rendering them difficult to assign by NTO
analysis alone. Furthermore, it should be noted that the NTOs for allPP@&kitations at
conformations other than therthogonal case resemble the NTOs for excitations in the
orthogonal case with the difference of being slightly more delocalized. At the-B2AMP
level, the higkenergy intense mixed excitations of RMlarrays are the only excitations that
exhibit CT tansfer character. The most predominant NTO pairs that exhibit CT character for
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high-energy mixed excitations show charge moving from the porphyrin to perylene(s), from

perylene(s) to the porphyrin, or from perylene(s) to perylene(s).

12+

Figure 2.10. Simulaed CAM-B3LYP UVivis spectrum of PMtEP, PMbtP, PMEP, and
PMI4P with various FEPMI dihedral angles. The vertical dashed lines separate regions in
which excitation character changes. The gray labels denote the character of excitations in each

region.

The average spectra displayed in Figure 2.11 were obtained by averaging over the
simulated spectra for each R array shown in Figure 2.10. The peaks in the calculated
spectra are systematically btghifted in comparison to the experimental spectrum.riiaia
gualitative features of the experimental spectra, such as the broadening of the absorption bands
with increasing system size, are also reproduced by the calculated spectra. The peak near 400

nm also appears to lose relative intensity with increasimgoer of PMI accessory pigments,
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which is consistent with the relative attenuation of the apparent Soret peak in the experimental

spectra®
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Figure 2.11. Calculated average CAMB3LYP spectra of PMtP, PMbrP, PMEP, and
PMIsP. The experimental spectrum at room temperature in toluene is overlaid for each
porphyriri perylene array® All spectra were normalized to the maximum peak in the

spectrum.
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The assignment of the calculateedaks shown in Figure 2.11 was done based on the
NTO analysis of the individual transitions obtained at various conformations included in the

averaged spectra.
2.4. Conclusions

The ground and excited state electronic structure okPMirays was investitgd by
DFT and TDDFT calculations. Analysis of the ground state electronic structure of each array
suggests that Fb is strongly coupled to the PMI substituents via the ethynyl linkers. Potential
energy surface scans reveal a very low barrier to rotafiéid subunits around the ethynyl
linkers (<1.4 kcal/mol at the B3LYP level and <0.9 at the GBBLYP level for a single PMI
subunit), with conformations of HBMI dihedral angles at 90° and 270° being the least stable.
The extent of electronic coupling taeeen the Fb and PMI subunits strongly depends on the
Fbi PMI dihedral angle. The frontier MOs are completely delocalized over the entire array
when the Fb and PMI subunits are coplanar, while they becomer RMI-localized when
their ring planes are ortigonal.

The CAM-B3LYP functional is well suited for calculating electronic excitations of
strongly coupled RPMI systems, as it provides a better qualitative agreement with the
experimental absorption spectrum than the B3LYP functional and does notatimiaie CT
excitation energies.

Calculated absorption spectra of all RMIlarrays display a strong dependence on the
dihedral angle between the PMI and Fb subunits. Therefore, it is necessary to average
absorption spectra over a range of different conftiona to obtain a good agreement between
the calculated and experimental spectra of various arrays. The results of the NTO analysis
suggest midand lowenergy excitations are localized on PMI and Fb subunits, respectively,
while the highenergy excitatiog are more complex and involve contributions from both Fb

and PMI subunits.
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CHAPTER 3

This chapter was previously publishétigh, J. S.; Rego, L. G. C.; Jakubikova, JEPhys.
Chem. A2016 120 (41) 80758084.

Quantum Dynamics Simulations of Excited State Energy

Transfer in a Zinc - Free-BasePorphyrin Dyad

Abstract

Rational design of artificial lighharvesting molecular architectures entails building
systems that absorb strongly in the visible and-fRRaegion of theelectromagnetispectrum
and also funnel excited state energy to a sisigge Ability to model nonadiabatic processes,
such as excited state energy transfer (EET), that occur in such systems on picosecond time
scale can aid in the develment of novel artificial lighharvesting arrays. A combination of
density functional thaery (DFT), timedependent DFT, tigkhtinding molecular dynamics, and
guantum dynamics is employed here to simul a:
light-harvesting array that undergoes EET with an experimentally measured rate constant of
(3.5 ps) upon excitation at 550 nm in toluengang et al.,J. Phys. Chem. B998 102
9424 9434. We find that in order to successfully simulate the EET process, it is important to
(1) include coupling between nuclear and electronic degrees of freedom iD tienQation,
(2) account for Coulomizoupling between thelectron and hole wavepacketmd (3)
parameterize the extended Huckel model Hamiltonian employed in the QD simulations with
respect to the DFT.

3.1 Introduction

Photosynthetic organisms emplight harvesting systenis to transform light energy
into chemical energy. Natural photosynthesis relies heavily on excitation energy tPal¥sfer
(EET) andupon photeabsorption, excited state energy is funneled toward a reaction center to

ultimately be used in chemical reactidfd€! In nature, bacteriochlorophylls (BChl) and
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chlorophylls (Chl) are arranged into large macrostructures, which undergo EEhedt
perfect quantum efficiencd.

Substantial effort has been dedicated to designing artificial systems that mimic the
light-absorption, energy transfer and charge separation capabilities of pigment assemblies in
plants and bacter& 2° In particular,studies of porphyrin dyads connected through various
linkers have shown that EET ratesinsuchdrti ci al sy st e axseptraliptanced on
as well as orientatioff 2° steric hindrance of the linké?, linker-attachment sité! array
topology®*¥*2 and the presence of electron donating or withdrawing grétiaang and
Kim have summarized important factors that affect EET rates in multiporphyrin arrays that
includet he ext ent o fdipoeineiadiansaindtextensiyeonjugation

Porphyrin dyads, such as theesd® mesophenylendinked zincfree-base porphyrin
( Z n FBigure 3.}, represent simple model systems for studies of EET in multiporphyrin
arrays. The ZnFbua dyad undergoes r a&@pbase EET |
porphyrin (Fb), keer = (3.5 ps)') upon photoexcitation at 550 nthExperimental studies
comparing absorption and redox properties of
monomers confirmed relatively weak electronic coupling between the monomers in t{é dyad.
However, it was noted that the electronic couplingimZb it i s stronger t ha
dyads with longer linkers and slower EET rateBue to the abundance of experimental data,

ZnFbF represents an ideal model system for the testing and development of new computational
approaches to simulations of EET pesses.

Computational studies play an important role in elucidating the underlaying mechanism
of charge and excited state energy transfer in molecular arsayelhas dyenanoparticle
assemblies. Approaches based on the reduced density matrix, shetRasltield theory, are
often used to model quantum dynamics in lightvesting system$.For example, Redfield
theory has been successfully employed in modeling energy transfer within the reaction center
of photosystem I¥¢ and a modified Redfield thep was used to model energy transfer and
trapping kinetics in Photosystem®0.A number of other quantum dynamiq€D)
methodologies, both fully quantum mechanical and mixed quaotassical (MQCY’*8have

been developed and applied to simulate photaied dynamics in molecular and condensed
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matter systems. Fully quantum mechanical methodologies include the time dependent hartree
(TDH) methods” 44 Some of the predominant MQC methods inculde the Ehreftfistest
switches surface hoppirf§;*d°! dersity matrix propagatior?°3 quantum Liouvillg*® and
Bohmian mechanics methodologiés®

Figure 3.1. Molecular structure ainesdmesop-p heny | e n e freebase&kperghyrmi nc i
dyad (ZnFlf).

In this work, we investigate the EET in a model Zaktyad (Figure 3.} utilizing a
mixed timedependent quantutlassical dynamics method that propagates wavepackets by
solving the timedependent Schrdodinger equation using an extended Huckel (EH)
Hamiltonian®’ This approach has been previously employaHérsimulations of excitestate
char ge separation i rfullexenecsygsterd®idymamics ad metato-tigankd y r i n 1
charge transfer excited states in solvated-biggridine ruthenium(ll) complexe$, and
interfacial electron transfer in senséd TiQ anatasé” ®°

Compared to conventional (grousthte) molecular dynamics, nonadiabatic molecular
dynamics (NAMD) is a much more demanding computational method, owing to the fact that
it is carried out in the excited state and also becausenigestieps of simulation must be
considerably smaller than in common grotstdte MD. The most common NMD methods
separate the electron and nuclear dynamics propagation, by treegimgiclei by classical
mechanics in mixed quantiiciassical approacheso®e high level ofab initio NA-MD
methods are NewteK,%® Molpro,®” CPMD 8 Octopu$§® and JADE’® Essentially, the theory
used to calculate the potential energy surfaces determines the computational cod¥iDf NA

methods. Therefore, the large number ofrdeg of freedom hinders the use of first principle
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methods, especially if there is the necessity to describe exstégldynamics. The demand

for computationally feasible NAVMID methods promoted the use of semiempirical methods for
mixed quanturiclassicaldynamics based on the extended Huckel method, such as the one
used in this work.

Another approach to accelerate the simulation consists of calculating the electron
dynamics upon a previously calculated nuclear trajectory. This is known as sequential MM
QM approachk®®°or, equivalently, the classical path approximation (CPA) implemented
in the PYXAID packagé? It is based on the assumption that the excited potential energy
surface does not change remarkably from ground to excited state, or when it changes more
slowly than the process studied. Because the Ené#yad studied in this work does not
undergo large siictural changes upon excitation (i.e., isomerization, dissociation, etc., see ref.
33), this first approximation to nucleatectron coupling should provide a good qualitative
description of the process investigated. The sequentiaiMapproach is fastdrom the
computational viewpoint than the direct coupling between the electronic and nuclear degrees
of freedom and provides a semiquantitative description of dynamic phenomena in the excited
state. Thus, it allows us to model the quantum dynamics aerteansfer in a molecular
system composed of almost 200 atoms within the atomistic framework on a picosecond time
scale, using only moderate computing resources.

In addition to the simulations of EET in Znlrldyad, a new approach for construction
of initial wavepacket based on the results of toeeendent density functional theory
calculations is also presented. This work represents the first time this particular QD approach
has been used to simulate EET in a molecular system withigsmtitative acaacy and

thus opens up its applicationdavider class chemical systems.
3.2 Computational Methodology

3.2.1.Electronic Structure Calculations

Structure optimization of ZnFbcetorelatsn per f o
functional’®”® The 631G* basis séf’’ was employed for C, Hand N atoms, wherase

LANLO8 "8 "®effective core potential and associated basis set were used for zinc. A frequency
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calculation verified that the optimized structure lies at a minimum of its potential energy
surface The Gaussian 09 software packdgeas employed for all DFT calculations.

All UVivis spectra were calculated using tiependent DFT (TEDFT)8Y8 as
implemented in Gaussian 89at the B3LYP/LANLO8(Zn),631G*(C,H,N) level of theory.
Natural transitia orbitals (NTOs) were employed to characte@l excitations (Figures €2
C11 in Appendix ¢.8°

3.2.2Molecular Dynamics Simulations

Withtheopt i mi zed ZnFbo as the initial struct
ZnFba wer e per f ohndiegdensitgfunctignal thboey (DFTBYyrhethodology
employing the DFTB+ software packatfé®°? The MD simulations consisted of a 20 ps
equilibration period VT ensemble) at 298 K, followed by a production simulation of 10 ps
in theNVE ensemble. Nuclear configurations used in quantum dynamics were those obtained
in theNVEensemble. A fiveechain NoséHoovef® °” thermostat with a coupling frequency of
3600 cm! was employed during the 20 ps equilibration period. All simulations wergithin
a 0.1 fs time step. Due to computational limitations, no solvent model was used during the MD

simulations.
3.2.3.Extended Huckel Parametrization

The EH Hamiltonian was reparametrized witheespt t o t he optii mi zed
Sham Molecular Orbital (8 MO) shapes, energetic ordering, and energy gaps.
Reparametrization involved first tuning atomic orbital (AO) ionizaatentials (IP). The
Wolfsberg HelmholtZ2% 101 parameterp, was set to 2.053§etaur = 1.75) (see Table C1 in
Appendix Q to asistin reproducing the KS HOMQLUMO gap as well as vans MO energy
gaps from the HOMDB to LUMO+3. All other IPs were left default as prescribed by
Alvarez1%2 The manuady tunedEH parameters were than optimized further using the genetic
algorithm employedh DynEMol >’ The optimized EH parameters were utilized during all QD

simulations.
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3.2.4. ExcitedState Energy Transfer Simulations

The quantum dynamics methodology developed by Rego and BAtfial031%4vas
utilized to model EET in ZnFba. | n |[Rgf0))s mode

and |FHI (0)}, are constructed as linear combinations of the EH MOs of the donor zinc

trimesitylporphyrin subunitThe EH molecular orbital®f Zn selected to construct eth
wavepackets correspond to KOs describing @band excitations as calculated by the-TD
DFT 8284105108 The selected excitations correspond with the excitation (550 nm) employed in

experimental investigation of the EET rate in BaF3199.110

The donorKS MOs and weights used in the constructior{fof, (0)) and |, (0))
were calculated from the transition density eigenvectors of the Casida edilatibfes
selected excitations dhe Zn subunit The EH MOs that best represent the KS MOs were
determined before comraction of the initial linear combinations of EH MOs. The
mathematical details for wavagket construction are given in Appendix B

Ten quantum dynamics simulations of EET were done through time propagation of

electron and hole wavepacket; 4 (t)) and |F,(t)), by sdving the timedependent
Schrodinger equation with the B#42122 Hamiltonian®® The wavepackets were propagated
for 10 ps,with a 0.1 fs time step, on memputed trajectories tdined from MDsimulations.

Electrostatic Coulomb coupling betwe[ﬂ.lelEI (t)> and|F " (t)> was calculated at each step of

the QD simulation. At each step in the tisiee propagation procedud&, - (t)> and|F " (t)>

were projected onto the atomic basis of Zphenylene, and Fb to obtain survival probabilities
P(t), i.., partial occupations ¢ff - (t)) and|F , (t)) on the Znp-phenylene, or Fb subunit?.
Becausehe wavepacket at= 0 is constructetb be fully localized on the Zporphyrin donor,
P(t=0) is always one for the ZAubunit and zero for the acceptor (Fb) or briggpl{enylene).

To describe EET in Zn b (P(t) for the electron and hole wavepackets on theuwrunitmust

decrease to zero, while simultaneously increasing to unity for tiselftnit

54



3.3. Results and Discussion

3.3.1. Groundstate structure

The optimized structure of ZnFbdO is such
coplanar while th@-phenylene bridge plane lies at an anglalmdut60° from the planes of
each tetrapyrrole. The incorporation of phenylene linkers in multiporphyrigsaigahought
to preserve the electronic characteristics of the porphyrin suSéiitss is supported by the
shapes and energiektbe frontier MG oft he opti mi zed ZnBbio system
The eight frontier KMOsof ZnFbd spanni n3golLUM®teare he HO
localized on either the Zn or Fb subunits. These localized MOs resemble the Zn and Fb subunit
frontier MOs as shown ifrigure 3.2 Furthermore, there is little splitting of the frontier KS
MO energy levels in going from a situation in whiclke tthromophores are isolated to the

situation in which they are covalently linked via fiphenylene bridge (Figure 3.2
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Previous experimental work showed that the-eleetron redox potentials of the
ZnFbld system remain uncha-+lgecaah redor poterdiadspoh r i s or
isolated Zn and Fb chromophof@sST a ki ng Koopmano6s thewommtem as ¢
ground state redox potentidfs;'>*the grounés t at e el ectronic structu
here is consistent with the experimental observations. This is reflected in the small changes to
the HOMO and LUMO energies going from the isolated Zznfatld s ubuni t s to ZnF

BecauseEET simulations are done at the extended Huckel level of theory, the EH
Hamil tonian was reparametrized to reproduce
A comparison of the DFT and reparametrized EH MOs is shoWwigure 3.3

| | !
8y K Gt

3.01 —§

S h Pt ot
1] LumO | LUMO L
25 52T e v o g it
8% }'v. ba',\
|

n
o
1
|
-
o

1

(9]
1
i
X
3
f

o o -
o o o
1 1 1
1
A i |
N4 by ' g
#‘f"‘ < Av."".A < — ¢ o
—{ P P
i |
L
O
=
w K}K \\H(
T
(@]
=
i i i i
e A A
ﬂz 4, «(;y\ 44('
0 < §
- Lo
P e s
i { 1

Relative Molecular Orbital Energy [eV]

‘

-0.54 /f" ‘!‘A "r" T

T T
B3LYP/6-31G*,LANLO8 Parametrized EH

Figure 3.3 Compari son of the MOs of ZnFbld obtainedc

calculated using optimal parameters at the EH level of theory (right).

The optimized EH parameters used in all EET $tnons are shown in the Table C1 o
Appendix C Note that the EH MOs are in very close agreement with the DFT KS MOs. As

both the EH MO energies and shapes are used during the wavepacket propagation procedure

56



in DynEMol >7159:65.103.104t js critical that the EH Hamiltonian reproducessh properties with

respect to results obtained at higher level of theory, DFT in this case.
3.3.2. Absorption properties and initial state construction

Previous experimental investigatio o f ZnFbd r evieiadbsomgtiont h at [
spectrum can be apprd mat el y descri bed as the superpos
absorption spectra, suggesting that the excitation at 550 nmimadXexcitation localized on
Zn subunit®® The excitation at 550 nm was also utilized as the initial excitation for
expeimental EET studie® The cal cul ated electronic absor p

constituent monomers shownhigure 3.4reprodice these experimental findings.
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Figure 3.4 B3LYP calculated electronic absorption spectrum of the Zn and Fb subunits as
wel | as the ZnFbu dyad. The subunits exhibit

resembles the superposition of the subunit spectra.
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The <calculated absorpti on s pdegenermate #Zn o f
localized excitations at 542.25 nmadaB40.35 nm, which were confirmed to be nearly
indistinguishable from the Qand excitations of the isolated Zn subunit at 531.60 nm and
531.49 nm by the NTO analysis (d&gure 3.5. The initial electron and hole wavepackets for
the EET simulations wertherefore constructed based on the results 6DHDI calculations
ontheZm ubunit of tAppendiZB).Fbd dyad (

ZnFb® Excitation 2 2 Zn Excitation 1
(542.25 nm; f = 0.0638) (531.60 nm; f = 0.0014)
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Figure 3.5 Comparison of NTOs for the second and third lowest energy calculated excitations
of ZnFbd adegegnerath @andexdmtions of the isolated Zn subunit.

BecaussEET i n ZnFbua o-secand regimérelectronie coypling to
nuclear degrees of freedom is likely to play an important role in the EET process. Ten MD
simul ations of ZnFb0 amiedouttb obtain rautleardrajectorie209e8 K
which the electron and hole wavepackets propagate in time. The electronic absorption spectra
for each of the initial structures of Zn subunit, taken from the 10 MD simulations (MDSIM1
10), are shown ifrigure3.6.

All absorption spectra of Zn subunits showrFigure 3.6exhibit a Soretand a Q
band with exciteestate energiethat are within 0.18 eV of the esation energiesof the

optimized Zn subunit. The-Qand excitations found near 550 nm for eaclsdlounitinvolve
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two contributions from onelectron transitions between the HOMO, HOMOand the
LUMO, LUMO+1 of each Zn structure.
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Figure 3.6 B3LYP calculated UVvis spectra of Zn subunit structure after 20 ps of

equilibration at .Z2l%s@ctrHexbibdit S&anrid QQbandvekcadatioD

The contributions from the oredectron transitions to the-Qand excitations are used
directly in the wavepacket construction procedure summarized in AppBndiktimately,
weighting coefficients arealculated for EH MOs, which are used in forming the electron and
hole wavepackets as a linear combination of EH MOs. Care is taken during the wavepacket
construction procedure to identify the EH MOs that match the KS MOs contributing to the
excitation, wich were calculated for théhermalized Zn subunit structureBigure 3.7
illustrates the result of the wavepacket construction procedure by showing the Zn EH MOs
contributing to the electron and hole wavepacket along with their weighting coefficients. The
electron and hole wavepacket densities resulting from the linear combination of EH MOs are

also shown irFigure 3.7
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Figure 3.7. Initial EH electron and hole wavepacket densities for a representative QD
simulation. Wavepackets were constructed as afdinembination of the EH MOs that best
resemble the geometry optimized KS MOs involved with a given excitation as prescribed by

TD-DFT. The coefficients are calculated using the procedure outlined in Apdgndix

3.33. Excited-State Energy Transfer Smulations

Wavepacket dynamics was employed to perform EET simulations irFZd¥#d, with
the initial hole and electron excitations setanpthe basis of TEDFT calculations othe Zn
subunit. The survival probabilitieB(t), for the electron and holeavepackets on the Zp;
phenyleneand Fb subunits of t hgureZBeroaseriesyyfaQD ar e
simulations utilizing computational models of increasing complexity. Case A corresponds to
the simplest surmise, in which QD simulations werdqueed uponthe static optimized
ZnFhi structure, with Coulomb coupling between the electron and hole wavepackets
neglected. Both electron and hole wavepackets remain mainly localized on the Zn subunit
throughout the simulation. Neither the addition oflear motion (model B) nor the addition
of Coul omb coupling (model C) into the model
ps time scale. The complete EET transfer is only observed when both nuclear motion and
Coulomb coupling are included in the nebdmodel D).

Reparametrization of EH Hamiltonian is equally important for the success of the EET
simulations. Utilization of the defaullvarez parameters in the QD simulations leads to

incorrect description of the electron and hole wavepacket dynaetiosven if nuclear motion
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and Coulomb coupling are included in the model (et@g. It is clear thato describe EET in
ZnFbluo system, one must i nkt)huleaemotioh,€2)deotion owi n g
holeCoulombcoupling, and (3) EH Hamiltoan parametrized with respect to the DFT results.
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Figure 3.8 Survival probabilities for the Ziftop row) p-phenylene(middle row)and Fb
(bottom row) subunits during QDSIMZIesulting from the QD simulations with different
combinations ohuclearmotion, Coulombicoupling and opimal EH parameters included in

the model

Figure 3.9displays survival probabilities of electron and hole wavepacketsearn
subunit from ten independent QD simulations of EET in ZnFBll simulations utilize
parametzed extended Hickel Hamiltonian and include nuclear motion as well as Coulomb
coupling between electron and hole wavepackets. The survival probability for both electron
and hole wavepackets on Zn subunit becomes negligible within 1.5 ps upon initiatiexcit
of Zn subunit suggesting a complete excitsthte energy transfer. Complete EET can be
confirmed by inspecting survival probabilities on Fb gmghenykene subunits, shown in
Figures C15 and C16 in Appendix C

To further evaluate the importancemifclear motion for simulating EET in molecular

systems, ten additional QD simulations were performed on ten different static structures. The
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static structures were chosen to be the same as the initial structures of the ten MD production
runs. The QD simalions utilized optimized EH ggameters and included electrbole
Coulomb coupling in the model. Interestingly, two of the ten QD simulations displayed
complete EET transfer ithhe time frame of 1.5 ps, wherglas wavepacket remained localized

on the Znsubunit in the restf the simulations (see Figure C17 in Append)x This suggests

that certain conformations of ZnFhkdyad will facilitate the EET even at the frozen geometry.

The structures resulting in EET are only accessible through the explorpibase space and

it may prove difficult to consistently predict which static structures will result in EET a priori.

A reliable simulation of the EET in this system thus requires the inclusinnabéar motion

into the model.
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Figure 3.9, Survival prolability for the electron and hole ontden subunit of Zn
QDSIM1i 10. All simulations show EET by means of the survival probabilities decaying to

Zero.

Examination of the electron and hole wavepacket densities for each EET simulation,

as shown inFigure 3.10for one of the QD simulations, reveals how electronic excitation
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energy is transferred from the Zn to the Fb. It is evident fragure 3.10that by 1.0 fs,
wavepacket density has begun to delocalize ontopthbenylene bridge and by 10 fs,
wavepacket density has delocalized across the entire dyad. By 1.0 ps, EET has been achieved

and the wavepacket density is completely localized on the Fb subunit.

Time Per (F L) Pt (7,1)
4

|

0.1 fs =

1.0fs

10 fs

0.1 ps

P ]
¥ i F

Figure 3.1Q Snapshots of the electron and hole wavepacket density of QDSIM1 at various

1.0 ps

times. Nde that by 1.0 ps the wavepacket densities are fully localized on the Fb subunit.

Becaust he transi ent absorption experiments

measure the average response of a collectio

survival probabilities from all 10 QD simulations were averaged ksgere 3.1}, with the
goal of obtaining an average EET rate to be compared to that determined from experiment
(3.5 ps)).®

Survival probabilities for the electroand hole wavepackets on theiZand Fh

porphyrin were fit to Bxponential decay functions to obtain rate constants and characteristic

63



ti mes f or EE Triguren3.1Y Nd-fittilg s¢hemee evas applied to the survival
probability of thep-phenyleneoridge as it stays close to zero throughout the simulation. The
calculated average characteristic time for the EET framZiinonto the Fb subunit is 0.p%.

This characteristic time is one order of magnitude faster than the experimentally determined
chamcteristic time of 3.5 ps, suggesting that while our model correctly describes the qualitative
behavior of this system, it does not possess quantitative accuracy. We attribute this lack of
guantitative accuracy to the neglect of the solvent effects imodel. Solvation dynamics

have been previously shown to play an important role in obtainingotinect description of

excitedstate dynamics in molecular systetfs.
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Figure 3.11 Average survival probabilities of the electron and hode/epackets averade
over QDSIM1 10. The average survivgrobabilities were fitted to bkponentials with

characteristic time6 No fit was applied to thp-phenylene electron and hdbt).
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34. Conclusions

We have presented successful simulation of nonadiabatic ext#tate energy
transfer in a prototypicahesemesgphenylene linked ziridreeb as e por phyri n dya
utilizing a mixed timedependent quantum mechanics/molecular mechanics computational
method>”*%10A procedure was also developed for constructiveginitial wavepackets as a
linear combination of extended Hickel MOs whose weighting coefficients were determined
through excitation analysis of the donor Zn subunit viaO®BY. This was necessary because
porphyrin excitations cannot be approximatediagle oneelectron MQOto-MO transitions.

The inclusion of nuclear motion, Coulomb coupling between electron and hole
wawvepackets, and a reparametrizeteaded Huckel Hamiltonian was critical for achieving Zn
to Fb excitation energy migration in the quant dynamics simulations. Our simulations
yielded EET with a time constant of 0.43s, which is about an order of magnitustealler
than the EET characteristictime of 3.5 ps determined from transient absorption
measurements. We attribute this discrepancy to the neglect of solvation dynamics in our
computational model. Overall, we have shown that a mixed-diependent quantum
mechanics/molecular dynamics computational approach can be usSetitateEET in rigid

molecular sgtems with a semuantitative accuracy.
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CHAPTER 4
The Porphin Dimer Interaction Energy: A Comparison of DFT,

MP2 and SCSMP2

Abstract

Natural and artificial lightharvesting architectures often incorporate tetrapyakeed
pigments 4intsa alckregle t opol ogi es. These-arrang
harvesting features such as broad visible absorption andastraxcitedstate energy transfer

towards, in the case of natural systems, an energy sink where charge separation occurs. The
tetrapyrroles in these systems can be subject to noncovalent interactions, such as dispersion,
that can be challenging to model by approximdgasity functional theory. In this study
twenty-nine exchange correlation density functionals are tested for their ability to predict the
interaction energy of a porphin dimer in a faodace orientation. Density functional results

are benchmarked againinteraction energies computed at the sgimponent scaled MP2
(SCSMP2) level of theory. The calculated interaction energies as a function of porphin
separation are highly variable across functionals. All standard functionals predict repulsion
exceptt he SV WN, MO6 series, ¥B97 and ¥B97X func
All dispersion corrected functionals bind the porphins. Functionals incorporating Grimme's D3

and D3(BJ) dispersion corrections along with APFD are capable of describing gienpor
interactions in qualitative agreement with the binding behavior at theMB®23evel of theory.

In particular, the BP8®3(BJ), a GGA+Dfunctional performs remarkably well against SCS

MP2 porphin sandwich interaction energies.
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41. Introduction

Light-harvesting is the broad term referring to the mechanism by which solar energy
is captured by naturaand artificiaf’ light-harvesting systems, which utilize a diverse set of
pigment§1®to carry out the pertinent ligitarvesting processes. Some of the most ubiquitous
pigments found in natural systems, suchchlrins and bacteriochlorins, are tetrapyrrole
based (see Figure 4.5)2° Therefore, porphyrins are often utilized as visiliggt-absorbing
and energy transducing pigmeft€ in synthetically constructed topologies for artificial light
harvesting?>2#3! Porphyrins are not only useful as light absorbing pigments in covalently
linked molecular array$;3? but also as dyes fgpotential use in dysensitized solar cells
(DSSCsY? and even as muipurpose chromophores in metal organic frameworks (MEfFs).
Natural systems such as LH1 and-RE2 of purple bacterid® and synthetic porphyrin based
structure$>3134 often placetens to hundreds of nonbonded tetrapyrroles at orientations and
di st ance's swhaecrkei Ng i nteractions may be relev
theoretical description of the noncovalent interactions in weakly bound porphyrin arrays is
therebre important for modeling both artificial and natural light harvesting arrays.

Figure 4.1 The structure of the porphin, or freebgmephyrin, is shown here. This pigment
is the porphyrin by which the vast diversity of natural and artificial porpipigments

derive3®

The modeling of the weak and di spéraskvedqgil
geometries in planar ring systems has been the subject of extensive investiattamter
and Sanders devel ope’d satgmekdcgaoh mdinty éhtougle lwgall ai n s
el ectrostatic i n-taerdmacéwork of the droenatiovsyseftt’ Sharid G
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and coworkers demonstrated that electrostatic effects domioadevalent interactioris the
benzene dimer, control its aded geometry (parallalisplaced, Tshaped or sandwich), but
al so -thsatacking interaction is enhanced reg
donating nature of a ring substituéfit?Wh eel er expanded on |ocal s
stacks orthe basis of local interacting dipoles and multip8f&s.Noncovalent interaction
itself has been subject of substantial theoretical benchmarking investig&tidosused on
the accuracy of density functioA®nd wavefunctiot?®® method performarecin generaf-%®
L and when applied to systems in nbemark databases exhibiting noncovalent
interactions™’2”® that include the benzene dimer among other molecules and molecular
clusters’t 7576

For systems much larger than typical benchmark madscuibr example porphyrin
dimers, highevel reference data is not currently availabland may be laborious to compute
considering théD(N®) and higher scaling of post HarteBeck (HF) method€® Hobza and
coworkers reported that some of the largestesys where CCSD) was rigorously applied
weredi mers, trimers a@ancacketddr amenpd eaxfe s"andi ke t h
DNA base pair trimers and tetramé?<®’° Although methods that use densiiying or
resolutionof-the-identity technique®®® and domain based local pair natural orb¥isare
allowing for the investigation of larger systems with correlated wavefunction (WFT) based
methods, Koh#Shani®®2 density functional theof (KS-DFT) remains an attractive
alternative to correlated WFT based methods for the quantum chemical investigations of large
systems323The scaling of KDFT is usually more feasible than po4f methodsQ(N®) or
better®*% Despite its success in chemistry, biology, and physit&’quite a few challenges
remain to be addressed by approximate Bficluding a proper description of noncovalent
interactions, van der Waals or London dispersion forces in partfdfér.

Progress has been made in impro¥irig?1% density functional approximations
(DFAs) that fail to describe London dispersion forces due to the nearsightedness of electron
correlation®11%4Attractive additive atomigairwise potentiaf$:1911°suchas those proposed
by Grimmeé?° and Jureck&' (DFT-D methods) have been largalyccessful in correcting

given DFAO&6s performance in dispers-siosatdokmeda
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porphyrin systems prevalent in natural ligi@rvestingsystems and in artificial porphyrin

topologies’6-60.61.636412rhe DFT-D methods, containing optimized scaling parameters for a

given DFA!#1243 scaled damping functidft12212512§nd in the case of the D3 and D3(BJ)

scheme, € coefficients dened from first principles, have also been shown to provide

improved interaction energies over theseexchange correlation functional and in agreement

with correlated WFT method&€:1?’In their study of the application of DFID to the interaction

energyof various nonbonded porphin dimer, Mékichtenfeld and Grimme suggested the

porphin di mer as Athe successor of the benze

calculations of binding energies due to the noncovalent interactions. Their reasasititav

the l-argeacked porphin system results in hic

relative to the benzene dim&?:'?° Following on their work, we further investigate the

capabilities of DFT i n c o mpntetactiongenetghe nonbond
In this study, 29 density functionals were evaluated for the computation of the total

interaction energy between two porphin pigments in afadace stacking arrangement at a

variety of interporphyrin separations. When availaldéspersion corrections were added to

the functional at either the D3 or D3(BJ) level. Several Pople and Dunning basis sets were

employed with and without diffuse basis functions. The Boys and Bernardi counterpoise

correction scheme was used to estimate lihsis set superposition error (BSSE). Lastly,

benchmark data computed at the MP2 and -$1P2 levels of theory allow for a reliable

ranking of the DFAs in describing the weak and dispersive interactions between porphin

pigments. The conclusions drawn fréis study can be used to guide chemists in their choice

of the most appropriate density functional for calculations of weladiynd tetrapyrrokdased

pigment arrays, where more expensive methodologies may be computationally inaccessible

due to the largsize of the system$:**Results obtained in this work corroborate many of the

conclusions obtained from benchmarking studies on smaller systems, the sandwich-benzene

dimer in particular, and also supply new and useful data with respect to noncovalent

int eractions sthapkednasyst ems.
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4.2. Computational Methodology
4.2.1. Structure optimization and porphindimer construction

The porphinmolecule (see Figure 4.1) was optimized in its singlet ground state under
the Don Symmetry constrairft! utilizing the B3LYP3%13functional and 631G(d)*?*! basis
set. This level of theory was previously shown to be sufficient to obtain rejjablaetiesfor
similar complexes$?? The calculated structure agrees well with the published crystal stuctu
datal*344displaying the roemean square deviation (RMSD) from the crystal structure of
0.01A (not including hydrogendpr bondlengths and 1.24° for borahgles Gaussian 09,
revision D.01 was employed for the structure optimizatfén.

A seriesof porphyrin dimers in a faem-face orientation (see Figure 4.2) were
constructed by placing the optimized porphin molecule in a xy plane, and trangsitingge
along the zaxis by3.01 8.0 A. An increment of 0.1 A was chosen in the intermediate
separation range d3.0A - 6.0A in order to better capture the behavior near the minimum of
the potential energy surfaé®. Two additional points at 7.0 A and 8.0 A were calculated to
capture the behavior at longer distances.

- . y
.It H I;I '.l' .E
lr 41lrr x
{ i
Vo
A A

Figure 4.2 Shown is gorphin dimer (porphin sandwich) consisting of monomers with a face
to-face separation (R) 3.6 A. The porphin monomer from which this sandwich was constructed
was Dr-optimized at the B3LYP/31G(d) level.
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4.2.2. Interaction energy calculation

The total nteraction energy of the porphin dimer at different separation distances was
obtained from a series of single point energy calculatibhs.electronic interaction energy,

LCE, between the two identical pigments at a distdheas defined as

DE(R) = Ex(R)- 2E, €N

where Eaa(R) is the electronic energy of the dimer with the identical monomers
separated by an intpigment distancdk. The Boys and Benardi counterpoise correction
schemé&*’18was also employed to acquire BS&#usted interaction energies.

The counterpoise corrected and uncorrected interaction energies for all porphin dimers
were computed with 29 exchangerrelation functionals as well as at the HF, MP2nd SCS

MP2'“°levels of theorygee Table 4.1).

Table 4.1 Density functionals employed in this study sorted in alphabetical order.

Method Type® X3 Ref Method Type X2 Ref
APFD H-GGA+D 23 150 MO06-2X H-mGGA 54 151
B3LYP H-GGA 20 131152154 MO06-2X-D3 H-mGGA+D 54 151
B3LYP-D3 H-GGA+D 20 131152154 MO6-L mMGGA 0 155
B3LYP-D3(BJ) H-GGA+D 20 131152154 MO06 H-mGGA 27 151
B3P86 H-GGA 20 156 PBEO H-GGA 25 157
B97-1 (HCTH) GGA 21 158 PBE GGA 0 159,160
B97-D3(BJ) GGA+D 0 125,16 PBED3(BJ) GGA+D 0 159,160
B98 H-GGA 22 162 RI-MP2 WFT 100 59
BLYP GGA 0 153,154,163 RI-SCSMP2 WFT 100 59,149
BLYP-D3(BJ) GG+D 0 153,154,163 SVWN LSDA 0 58,164,165
BP86 GGA 0 156,163 TPSSh H-mGGA 10 166
BP86D3(BJ) GGA+D 0 156,163 TPSS mMGGA 0 166
CAM-B3LYP RSHGGA 1965 167 TPSSD3(BJ) mGGA+D 0 166
CAM-B3LYP-D3(BJ) RSH-GGA+D 1965 167 ¥YB97 RSHGGA 0-100 168
HF WFT 100 169 ¥*B97X RSHGGA 16-100 168
HSEQO6h RSHGGA 250 170-175 ¥ B9 DX RSH-GGA+D 22-100 176

4Denotes the percentage of exagthange used itme functional

®H - hybrid functionals, D- dispersion corrected, GGAgeneralized gradient approximation,
RSH- range separated hybrid, WFWavefunction theory, Hn - metahybrid, LSDA- local
spin density approximation, mnGGAmetaGGA.

The set of functionals chosen forbenehmk i ng refl ect s alt”l rung

except the random phase approximation (RPA). Gaussian 09, revisioft®™ag employed
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for DFT calculations, while ORCA v4'&'® was utilized for HF, and (SCS)JP2
calculations.

All single pointcalculations with various exchangerrelation functionals employed a
superfine integration grid, utilizing 110 radial shells and 974 angular points per shell. Since
the choice of the integration grid has significant impact on the accuracy of the ealculat
interaction energie¥* kinetic energy density dependent functionals in partic§ar1% a
high resolution is necessary to obtain reliable results. More information on the choice of the
integration grid can be found in Appendix Bigure D31

A series of doubleand triplezeta Pople and Dunning basis sets with and without
diffuse and polarization functions have been used in these calculations, as summaebés in
4.2.All basis sets were tested for DFT calculations, while onip\¥¢€Z and 6311++G(d,p)
basis setwereutilized for MP2 and SGMP?2 calculations due to the computational expense.

Table 4.2.Basis sets employed in the benchmarking. "x" denotes whether the basis set was

used at a particular level of theory.

Basis set DFT HF MP2 SCSMP2 Refs
6-31G(d) X X 132-141,1%
6-31+G(d) X X 132-141,1%
6-311G(d) X X 185-187
6-311+G(d) X X 185-187
6-311++G(d,p) x X X X 185-187
ccpvDZ X X 188-193
ccpVvVTZ X X X X 188-193

Shownin Figure 4.3 are the potential enexyvesat the B3LYRD3(BJ) level obtained with

all basis sets summarized in Table 4.2. Botip¥®Z and 631G(d) exhibit deeper minima
relative to the other basis sets. Diffuse functions tend to result in more shallow decay of the
interaction energy between 4afid 6 A Theresults for other functionals are similar to the
findings for B3LYRD3(BJ) in Figure 4.3The remainder of thishapterwill focus on ce

pVTZ results obtained with all methodologies listed in Table 4.2. Resitlisall other basis

sets and thir performance relative to (SCB)P2/ccpVTZ areshown in Appendix DFigures
D1-D14.
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Figure 4.3.Inter-porphin interaction energies a function of inteporphin distance calculated
at the BALYRD3(BJ) with all basis sets tested here.

4 3. Resultsand Discussion
4.3.1. Potential energy curves

The BSSEcorrected potential energy curves (PECs) computed with all functionals
using cepVTZ basis seireshown in Figure 4.4 alongside the (S@#P2/ccpVTZ results
(see Appendix D, Figures BE214 for cunes obtained with other basis sets). The functionals
utilized fall into two distinct groups(1) those unable to describe the attraction between the
two porphins, reproducing the PEC obtained at HF level of theory(2andose capable of
capturing at leassome of the interaction in the dimer. Inabilifyseveral standard functionals
(such as B3LYP) to describe dispersion is well documented in the litet&timeerestingly,
several functionals (WB97, WB97X, M06, M6 and M062X) are able to capture keast
some of the interaction energy (=18 kcal/mol) at 34 A, but display incorrect lorgange

behavior, predicting a slightly repulsive interaction.
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Figure 4.4. Counterpoise corrected interaction energies as a function cpiotghin distance.

Table 4.3 summarizes the calculated interaction energies at the minima of the PECs

(Emin) at each level of theory, along with the porphin separation distance at miniRasn (

The calculated energies and distances are compared against thP2Cataas SCSMP2

was found to yield accurate interaction energies relative to CCSD(T) reference values at the

complete basis set limi$* MP2

is, on theotherhand k n o wn

t o

sever-ely

stacking interaction energies, as previously demonstrated for the benzen&dihért*®and

this overstabilization is likely occurring for porphin dimer as well (also see Figure 4.4). It is

also worth noting thathe SCSMP2/cecpVTZ binding energies reported here are within 1

kcal/mol of previously reported binding energies obtained for a porphin dimer optimized at the

B97-D/TZVPP level of theory?®

Most nondispersion corrected functionals fail to produce ®iszang minimum as

indicated by the dashes in Table 4.3. On the other hand;2MP®§06, and MOéL ,
¥YBoeedict attractive behavior, likely as a resoitthe procedure by which these

and

¥B9 7,

functionals were extensively developed against benchnedsk & number of which contain
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systems with noncovalent interactsdi!*®1%82® Most dispersion corrected methods with D3

or D3(BJ) corrections result in binding curves with minima approaching the MI2S
benchmark Emin <-10 kcal/mol). The outliersitheEmin at-9.5 kcal/molobtained at the M0O6
2X-D3 level. Even in this case, application of the D3 dispersion correction results in the
improvement of the noedispersion corrected MEBX functional. The D3(BJ) correction
scheme results in the largestdiing energy, with the deepest minimum occurring at the BP86
D3(BJ) level of theory. The best performing functional is BIE&§BJ), which displays the
closest agreement with the S&82 data withthe deviations in the minimum interaction
enegy and distane of only 0.33 kcal/mol and 0.05 A, respectively. The APFD functional is
close behind, with the deviations of 0.7 kcal/mol and 0.01 A in the minimum interaction energy
and distance, respectively. In general, the BB8@BJ) and APFD outperform all other
functionals.

The BLYP-D3(BJ) and B91D3 display 35 kcal/mol errors against the SG8°2
reference, and are the next best performers after APFD andBR83) functionals. The
remaining DFFD methods result in deviations betweefv Kcal/mol from SCSVP2.
Counterpoise corrected Ma6<-D3 outperforms MO&X by ~3.0 kcal/mol for all basis sets
except 631G(d). M062X, M06-L andMO06 deviate from the reference interaction energies by
~9-12 kcal/mol. Based on the results in Table 4.3, the following recommensidtio the
choice of functional is made in the order of decreasing agreamt#mthe reference SCS
MP2/cepVTZ results: BP83(BJ) ~> APFD > B9D3 ~ BLYP-D3(BJ) > B3LYRD3(BJ)
~ B3LYP-D3 ~ CAM-B3LYP(D3) ~TPSED3 ( BJ) -D. ¥B9 7 X

Finally, it is worth notng that all density functionals that predict attractive interaction
between the porphyrin monomers, also predict the-pagphyrin separation within 0.3 A of
the porphyrin separation distance obtained at the @3 level.
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Table 4.3 BSSEcorrected iteraction energies at minima of the PEEs:if) and the inter

porphyrin distance at the minimurR) for all methodologies tested. Interaction energies

(DEmin) and minima DRmin  felative to the SC8MP2 results are also reported.

DEA Emin Rmin DEmin m"nin
[kcal/mol] Al [kcal/mol] [A]
SCSMP2 7.1 3.65 0.0 0.0
HF - - - -
MP2 -27.7 3.50 10.6 0.15
APFD -16.4 3.64 -0.7 0.01
B3LYP - - - -
B3LYP-D3 -11.2 3.74 -3.9 -0.09
B3LYP-D3(BJ) -13.1 3.70 -4.0 -0.05
B3P86 - - - -
B97-1 (HCTH) - - - -
B97-D3(BJ) -15.0 3.70 2.1 -0.05
B98 - - - -
BLYP - - - -
BLYP-D3(BJ) -14.7 3.65 -2.4 0.00
BP86 - - - -
BP86D3(BJ) -17.4 3.60 0.33 0.05
CAM-B3LYP - - - -
CAM-B3LYP-D3(BJ) -11.9 3.79 -5.2 -0.14
HSEO6h - - - -
MO06-2X -5.4 3.66 -11.7 -0.01
MO06-2X-D3 -9.5 3.66 -7.6 -0.01
MO6-L -7.6 3.77 -9.5 -0.12
MO06 -4.9 3.73 -12.2 -0.08
PBEO - - - -
PBE - - - -
PBED3(BJ) 11.0 3.80 6.1 0.15
SVWN -5.5 3.67 -11.6 -0.02
TPSSh - - - -
TPSS - - - -
TPSSD3(BJ) 12.9 3.80 4.2 0.15
¥B97 -5.3 3.73 -11.8 -0.08
¥B97X -4.0 3.87 -13.1 -0.22
¥ B9 DX -13.3 3.69 -3.8 -0.04

4.3.2. Classifications of DFA behavior for interporphin interaction energy.

An

on the ladder does not necessarily correspond to specific behavior in the computed PEC of the

attempt

t o

group
functionals (see Figuré.5) clealy demonstrates that a given density functional's placement

al

computed

PECs
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porphin dimer. Standard functionals, with the exception of SVWN, M06 seri8s9 7 , and
¥ B XK7overall fail to properly describe noncovalent interactions in porphin dimer. This result

is in agreement with previous observations that standard exchanmgéation functionals are

unable to account for dispersidit:?222 The outliers among theastdard functionals (left
column of Figure 4.5) are those that have, at least in part, been parametrized against weak and
dispersive interactions. This includes all Minnes®tseries functionals as Wes Chai and
HeadGor dono6s wBP77X afnunlTbet abilitynod these functionals to at least
partially capture attractive dispersion effects is not related to their placement on the particular
rung of the Jacob's ladder, but a result of a thoughtful fitting procéthirel® The last outlier

is theSVWN LSDA functional, which surprisingly exhibits binding behavior.
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Figure A5 PECs f or porphin di mer grouped by the
DFAs. Left: nondispersion corrected functionals (or those with implicit corrections), Right:

wavefunction methods and functionals with Grimme's dispersion corrections.
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All functionals utilizing either D3, D3(BJ) or another dispersion correction scheme,
approach SC®1P2 results fight column of Figure 4.5). This demonstrates the usefulness of
the arrent dispersion corrections schemes in capturing nonlocal attractive dispersion
qualitatively. Nonetheless, among the eleven dispeisiorected functionals in Figure 4.5,
only BP86D3(BJ) and APFD agree with SEN#P2 quantitatively (see Table 4.3).

4 4. Conclusions

Accurate descriptions of noncovalent interactions have long been a challenge for
approximate DFT. Over the past few decades, substantial advancements have been made in the
exchangecorrelation functional development leading to DFAs capallelescribing p-p
stacked systems, such as the benzene or porphin dimer, with accuracy approaching that of the
hightlevel benchmark methods. In this work, twentge density functionals were tested
against MP2 and SCBP2 methods for the computation of theeraction energy of the
porphin dimer in the fact-face conformation as a function of the porphin separation.

Nearlyallnondi sper si on corrected functional s, €
¥YB97X, are not abl e t o dnaletparphia dimeo ke PEGs| e nt
calculated with all dispersion corrected functionals qualitatively reproduce thevB@S
potential energy curve. The BR8&3(BJ) and APFD functionals achieve quantitative accuracy
with respect to the SCBIP2 data. The functimals recommended for use in calculations of
weakly-bound porphyrin arrays, in order of decreasing agreement with théViBRSesults,
are BP8eD3(BJ) ~> APFD > B97D3 ~ BLYP-D3(BJ) > B3LYRD3(BJ) ~ B3LYRD3 ~
CAM-B3LYP(D3)~TPSSD 3 ( BJ ) -D. WhBe9véds not expect the major conclusions
of this work to change based on the dimer conformation -ffat&ce, parallel displaced,-T
shaped), the detailed ordering of the functionals may change as the relative importance of the
exchange, electrostatic, indugticand dispersion contributions to the noncovalent interaction
may change depending on the conformatio@verall, the results presented here provide a
broad survey of the performance of a number of standard and dispersion corrected functionals

applied tocalculations of systems exhibiting dispersive interaction thrguglstacking, and
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can guide the appropriate choice of an exchamgeelation functional for calculations of
artificial and natural systems containing a large number of tetrapyrasied gments.
Acknowledgments

This work was supported by the Department of Chemistry at North Carolina State University
(NCSU) and the High Performance Computing (HPC) services at NCSU.

89



4.5 References

(2) Scholes, G. D.; Fleming, G. R.; Olagastro, A.; van Grondelle, R. LessdAa®m
NatureAboutSolar Light Harvesting Nat. Chem2011 3, 763.

(2) Croce, R.; Amerongen, H. v. Natur@rategies foiPhotosynthetid_ight Harvesting
Nat. Chem. Biol2014 10, 492.

(3) Kim, D.; Osuka, A. DirectlyLinked Porphyrin Arrays with Tunable Excitonic.
InteractionsAcc. Chem. Re2004 37, 735.

4) Gust, D.; Moore, T. A.; Moore, A. L. Moleculdimicry of PhotosyntheticEnergy
andElectronTransfer Acc. Chem. Re4993 26, 198.

(5) Aratani, N.; Osuka, A. Monodisperse Giant Porphyrin Arrd#acromol. Rapid
Comm.2001, 22, 725.

(6) Frischmann, P. D.; Mahata, K.; Wurthner, F. Powering Fh&ure of Molecular
Artificial  Photosynthesis with Light-Harvesting Metallosupamolecular Dye
AssembliesChem. Soc. Re2013 42, 1847.

(7 Chergui, M.; Maiuri, M.; Snellenburg, J. J.; van Stokkum, I. H. M.; Pillai, S.; Gust, D.;
Moore, T. A.; Moore, A. L.; van Grondelle, R.; Cerullo, @t;al. Ultrafast Energy
Transfer in an Artificial Photosynthetic AntenrizgPJ Web. Con2013 41, 08010.

(8) Kirmaier, C.; Song, He.; Yang, E.; Schwartz, J. K.; Hindin, E.; Diers, J. R.; Loewe,
R. S.; Tomizaki, Ky.; Chevalier, F.; Ramos, Let al. ExcitedState Photodynamics
of Peryl enel Por phyr-Hawesbng Erdscterishics vialPerplenen g L |
Substituents, Connection Motif, and Tree me nsi onal J.Rhys Bhem.ect ur
B 201Q 114, 14249.

(9)  Alexy, E. J.; Yuen, J. M.; Chandrashaker, Diers, J. R.; Kirmaier, C.; Bocian, D. F.;
Holten, D.; Lindsey, J. S. Panchromafibsorbers foSolar Light-Harvesting Chem.
Comm.2014 50, 14512.

(10) Yang, S. |.; Prathapan, S.; Miller, M. A.; Seth, J.; Bocian, D. F.; Lindsey, J. S.; Holten,
D. Syntesis and Excite®tate Photodynamics in PeryleRerphyrin Dyads 2. Effects
of Porphyrin Metalation State on the Eneiffwnsfer, Chargdransfer, and
Deactivation Channeld. Phys. ChenB 2001, 105, 8249.

(11) Ik Yang, S.; Lammi, R. K.; Prathapan, Sliller, M. A.; Seth, J.; Diers, J. R.; Bocian,
D. F.; Lindsey, J. S.; Holten, D. Synthesis dbxkcitedState Photodynamics of
Perylené Porphyrin Dyads Part 3. Effects d?erylene,Linker, andConnectivity on
UltrafastEnergyTransfer J. Mat. Chem2001, 11, 2420.

9C



(12) Kirmaier, C.; Yang, S. |.; Prathapan, S.; Miller, M. A.; Diers, J. R.; Bocian, D. F.;
Lindsey, J. S.; Holten, D. Synthesis aBxicited-State Photodynamics oferylene
PorphyrinDyads. 4. UltrafasChargeSeparation an€ChargeRecombinatiorBetween
Tightly CoupledUnits in Polar Media Res. Chenintermediat 2002 28, 719.

(13) Prathapan, S.; Yang, S. I.; Seth, J.; Miller, M. A.; Bocian, D. F.; Holten, D.; Lindsey,
J. S. Synthesis and Excit&dlt at e Phot odynamics of . Peryl
Parallel Energy and Charge Transfer via a Diphenylethyne Lidké&thys. ChenB
2001, 105 8237.

(14) Albinsson, B.; Martensson, J. LofitangeElectron andexcitation EnergyTransfer in
Donoii Bridge AcceptorSystemsJ. Photochem. Photobidl: PhotochemRev2008
9, 138.

(15) Rego, L. G. C.; Hames, B. C.; Mazon, K. T.; Joswig)Jintramolecular Polarization
Induces ElectroiHole Charge Separation in Lightarvesting Molecular Triads).
Phys. ChemC 2014 118 126.

(16) Weill, T.; Vosch T.; Hofkens, J.; Peneva, K.; Mullen, K. TRgleneColorantFamilyi
Tailored Nanoemitters folPhotonicsResearch anépplications Angew. Chem. Int.
Ed. Engl.201Q 49, 9068.

(17) Kadish, K.; Guilard, R.; Smith, K. MChe Porphyrin HandbogkAcademic Pres San
Diego, California, 2003.

(18) Gouterman, M. Spectra of Porphyrids Mol. Spectroscl961, 6, 138.

a9 Sstr¢gmpfer, J.; kener, M.; Schulten, K. Ho
Light-HarvestingJ. Phys. Chem. Let2012 3, 536.

(20) Scholes, G. D.; Fleming, G. R.; Olagastro, A.; Grondelle, R. v. Lessons frdlature
AboutSolar Light HarvestingNat. Chem2011, 3, 763.

(21) Tanaka, T.; Osuka, A. Conjugatdebrphyrin Arrays: Synthesis, Properties and
Applications forFunctionalMaterials. Chem. Soc. Re2015 44, 943.

(22) McHale, J. L. Hierarchal LighitHarvesting Aggregates and Their Potential for Solar
Energy ApplicationsJ. Phys. Chem. Let2012 3, 587.

(23) Lia, L.-L.; Diau, E. W:G. PorphyrirSensitizedSolar Cells. Chem. So. Rev2013 42,
291.

(24) Huh, S.; Kim, SJ.; Kim, Y. PorphyrinicMetal Organic Frameworks fromCustom
DesignedPorphyrins Cryst. Eng. Comn2016 18, 345.

91



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)
(36)

(37)

Auwarter, W.; Ecija, D.; Klappenberger, F.; Barth, J. V. PorphyrinstatfacesNat.
Chem 2015 7, 105.

Bi esaga, M. ; Pyrzy Eska, KAnglyticdl Chemisaryn A w i
review. Talanta200Q 51, 209.

High, J. S.; Rego, L. GC.; Jakubikova, E. Quantum Dynamics Simulations of Excited
State Energy Transfer in arnéFreeBase Porphyrin Dyad. Phys. Chem. 2016

Yoon, D. H.; Lee, S. B.; Yoo, K. H.; Kim, J.; Lim, J. K.; Aratani, N.; Tsuda, A.; Osuka,
A.; Kim, D. ElectricalConductionThroughLinearPorphyrin Arrays J. Am. Chem.
S0c.2003 125, 11062.

Yamada, Y.; Mihara, N.; Shibano, S.; Sugimoto, K.; Tanaka, K. Trgwcked
HeterogeneouArray of Porphyrins andPhthalocyaninel hroughStepwiseFormation
of aFourfold Rotaxane and alonic Complex J. Am. Chem. So2013 135 11505.

Kang, Y. K.; Rubtsov, I. V.; lovine, P. M.; Chen, J.; Therien, M. J. Distance
Dependence of El ectron Tr ans f e4Stacked
Porphyrini Bri dgelilA@udhemo $0200251924s8276.m s

Sengupta, A.; Datta, S.; Su, C.; HerngST,.Ding, J.; Vittal, J. J.; Loh, K. P. Tunable
Electrical Conductivity and Magnetic Property of the Two Dimensional Metal Organic
Framework [Cu(TPyP)CGO2CCHs)4]. ACS ApplMater. Inter.2016 8, 16154.

High, J. S.; Virgil, K. A.; Jakubikova, E. &ttronic Structure and Absorption
Properties of Strongly Coupled Porphyferylene ArraysJ. Phys. Chem. AR2015
119 9879.

Shrestha, K.; Jakubikova, E. Grou8thte Electronic Structure of RIGH1 and LH2
Pigment Assemblies of Purple Bacteria \ne EBFMO Method J. Phys. Chem. A.
2015 119 8934.

Dong, R.; Bo, Y.; Tong, G.; Zhou, Y.; Zhu, X.; Lu, Y. Sé&lssembly andDptical
Properties of @orphyrinnBasedAmphiphile Nanoscale2014 6, 4544.

Dolphin, D.The PorphyrinsAcademic Presdnc.: New York, NY, 1978.

Riley, K. E.; Pitonak, M.; Jurecka, P.; Hobza, P. Stabilization &trdcture
Calculations forNoncovalentinteractions irExtendedMolecularSystemsBased on
WaveFunction andensityFunctionalTheories Chem. Rev201Q 110, 5023.

Grimme, S. DdSpecialNoncovalent -* Stacking InteractionsReally Exist? Angew.
Chem. Int. Ed. EngR008 47, 3430.

92

cz,

Ri gi



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

Cockroft, S. L.; Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, C. J. Electrostatic
Control of AromaticStackingInteractionsJ. Am. Chem. So2005 127, 8594.

Hill, J. G.; Platts, J. A. Spi&omponent Scaling Methods for Weak and Stacking
InteractionsJ. Chem. Theory Comp@007, 3, 80.

Hunter, c. A.; Sanders, J. K. TiNature of.pi.-.pi. InteractionsJ. Am. Chem. Soc.
199Q 112 5525.

Titi, H. M.; Tripuramallu, B. K.; Goldberg, |. PorphyrBasedAssemblieDirected
by Non-CovalentinteractionsHighlights ofRecentinvestigationsCryst. Eng. Comm.
2016 18, 3318.

Urbanova, M.; Setnicka, V.; Kral, V.; Volka, K. Noncovalénteractions oPeptides
with Porphyrins inAqueousSolution: ConformationaStudy Using Vibrational CD
SpectroscopyBiopolymers2001, 60, 307.

Paulo, P. M. R.; Costa, S. M. B. N@ovalentDendrimef PorphyrininteractionsThe
Intermediacy of HAggregatesPhotochem. Photobiol. S@003 2, 597.

Holten, D.; Bocian, D. F.; Lindsey, J. S. Probing Electronic Communication in
Covalently Linked Multiporphyrin Arrays. A Guide to the Ratioraesign of
Molecular Photonic Device&cc. Chem. Re002 35, 57.

Taniguchi, M.; Lindsey, J. S. Synthetic Chlorins, Possible Surrogates for Chlorophylls,
Prepared by Derivatization of Porphyri@hem. Rev2017, 117, 344.

Hunter, C. A.; Leiglon, P.; Sanders, J. K. M. Allosteric LigaBihding to Cofacial
Metalloporphyrin Dimers the Mechanism of Porphyrin DisaggregatidrChem Soc
Perk T.11989 547.

Merchan, M.; Orti, E.; Roos, B. GGround State Free Base Porphin: Gy or D2zn
Symmetry? ATheoreticalContribution Chem. Phys. Letll994 221, 136.

Sinnokrot, M. O.; Sherrill, C. D. Unexpected Substituent Effects in-Eafea c e
Stacking Interactions). Phys. Chem. 2003 107, 8377.

Sinnokrot, M. O.; Sherrill, C. D.#bstituentEffects in"-" InteractionsSandwich and
T-ShapedConfigurations J. Am. Chem. So2004 126, 7690.

Arnstein, S. A.; Sherrill, C. D. Substitueriffects in ParalletDi s p | ac e d
InteractionsPhys. Chem. Chem. Phy€108 10, 2646.

Sinnokrot, M. O.; Sherrill, C. D. HiglhccuracyQuantumMechanicalStudies of” -’
Interactions irBenzenedimers J. Phys. Chem. 2006 110 10656.

93



(52) Ringer, A. L.; Sinnokrot, M. O.; Lively, R. P.; Sherrill, C. D. The Effect of Multiple
Substituents v Sandwich and -Bhaped'i " Interactions Chem. Eur. J200§ 12,
3821.

(53) Wheeler, S. E. LocaNature ofSubstituentEffects in Stacking InteractionsJ. Am.
Chem. So2011 133 10262.

(54) Bloom, J. W.; Wheeler, S. E. Taking t@egomaticity out of Aromatic Interactions
Angew. Chem. Int. Ed. En@011, 50, 7847.

(55) Wheeler, S. E. Understandin§ubstituent Effects in Noncovalent Interactions
Involving AromaticRings. Acc. Chem. Re2013 46, 1029.

(56) Mardirossian, N.; Heatordon, M. How Accura Are the Minnesota Density
Functionals for Noncovalent Interactions, Isomerization Energies, Thermochemistry,
and Barrier Heights Involving Molecules Composed of Mamoup Elements?d.
Chem. Theory Compu016 12, 4303.

57 fez8§l, J.; eyure&l. ke, ;P.LcerRill, J.; Valdes,
fezg8l, T.; PitoR8k, M.; Vondr8gek, J.;
Energy and Geometry Database for Molecular Clusters and Complex Molecular
Systems Ifttp://www.begdb.com)A Users Manubaand ExamplesCzech. Chem.
Commun2008 73, 1261.

(58) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Blags. Rev1964 136, B864.

(59) Mdller, C.; Plesset, M. S. Note on &pproximationTreatment forMany-Electron
SystemsPhys. Rev1934 46, 0618.

(60) Lorenz, M.; Civalleri, B.; Maschio, L.; Sgroi, M.; Pullini, D. BenchmarkDigpersion
and Geometrical Counterpoise Corrections for CostEffective LargeScale DFT
Calculations ofWaterAdsorption orGrapheneJ. Comput. Chen2014 35, 1789.

(61) Burns, L. A.; VazqueMayagoitia, A.; Sumpter, B. G.; Sherrill, C. D. Density
Functional Approaches tdNoncovalentinteractions:A Comparison ofDispersion
Corrections (DFID), ExchangeHole Dipole Moment (XDM) Theory, and
Specializedrunctionals J. Chem. Phys2011, 134, 084107.

(62) Ryde, U.; Mata, R. A.; Grimme, S. Does DPBTEstimateAccurateEnergies for the
Binding ofLigands taVietal Complexes™Dalton Trans2011, 40, 11176.

(63) Mollenhauer, D.; Brieger, C.; Voloshina, E.; Paulus, B. Perfoomaf Dispersion

Corrected DFT for the Weak Interaction between Aromatic Molecules and Extended
CarbonBased Systemd. Phys. Chem. €015 119 1898.

94



(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

RamosBerdullas, N.; Pereduste, I.; Van Alsenoy, C.; Mandado, M. Theoret&taty
of the Adsorpton of Aromatic Units on Carbon Allotropes Including Explicit
(Empirical) DFT Dispersion Corrections and Implicitly DispersionCorrected
Functionals:The Pyridine Case Phys. Chem. Chem. Phy€15 17, 575.

Scuseria, G. E.; Janssen, C.&chaeferH. F. lll. An Efficient Reformulation of the
ClosediShell Coupled Cluster Single andDouble Excitation (CCSD)Equations J.
Chem. Phys1988 89, 7382.

Purvis,G. D, lll.; Bartlett, R. J. AFull CoupledlusterSingles andDoublesModel:
Thelnclusion ofDisconnectedriples. J. Chem. Phy<d982 76, 1910.

Scuseria, G. E.; Schaefer, H, Hl. Is Coupled Cluster Singles and Doubl€CSD
More Computationally Intensive Than Quadratic Configuratidaraction QCISD).
J. Chem. Phyd1989 90, 3700.

L 2 § e On theJUse of the Cluster Expansion and the Technique of Diagrams in
Calculations of Correlation Effects in Atoms and Molecule®dvances in Chemical
Physics Correlation Effects in Atoms and Molecule3ohn Wiley & SonsInc.:
Hoboken, NJ2007 Vol. 14, ch2.

Hohenstein, E. G.; Chill, S. T.; Sherrill, C. D. Assessment of the Performance of the
M05-2X and M062X ExchangeCorrelation Functionals for Noncovalent Interactions
in Biomolecules). Chem. Theory Comp@008 4, 1996.

Santra, B.; Michaelides, A.; Scheffler, M. On tAecuracy ofDensityFunctional
Theory ExchangeCorrelation Functionals for HBonds in Small Water Clusters:
BenchmarksApproaching theCompleteBasisSet Limit. J. Chem. Phys2007, 127,
184104.

Santra, B.; Michaelides, A.; Fuchs, M.; Tkatchenko, A.; Filippi, C.; Scheffler, M. On
the Accuracy ofDensityFunctional Theory ExchangeCorrelationFunctionals for H
Bonds in Small Water Clusters. Il. TheWater Hexamer andVan Der Waals
InteractionsJ. Chem. Phy2008 129, 194111.

Grafova, L.; Pitonak, M.; Rezac, J.; Hobza, P. Comparative Study of Selected Wave
Function and Density Functional Methods for Noncovalent Interaction Energy
Calculations Using the Extended S22 Data. 3eChem. Theory Compu201Q 6,

2365.

Jurecka, P.; Sponer, J.; Cerny, J.; Hobza, P. BenchDetdbase oAccurate (MP2
and CCSD(T)Complete Basis Set limit) Interaction Energies of Small Model
Complexes, DNABasePairs, andAmino Acid Pairs Phys.Chem. Chem. Phy2006

8, 1985.

95



(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

Zhao, Y.; Truhlar, D. G. Benchmark Databases for Nonbonded Interactions and Their

Use To Test Density Functional TheodyChem Theory Comput2005 1, 415.

Sinnokrot, M. O.; Sherrill, C. D. HighlYAccurateCouped Cluster Potential Energy
Curves for the Benzene Dimer: Sandwich, TShaped, andParalletDisplaced
ConfigurationsJ. Plys ChemA 2004 108 10200.

Sherrill, C. D.; Takatani, T.; Hohenstein, E. G. Assessment dfheoreticaMethods
for Nonbondéd InteractionsComparison taCompleteBasisSet Limit CoupledCluster
Potential Energy Curves for theBenzeneDimer, the MethaneDimer, Benzene
Methane, an@enzeneH:S. J. Phys. Chem. 2009 113 10146.

Janowski, T.; Ford, A. R.; Pulay, P. Accura@orrelated Calculation of the
IntermoleculaiPotentialSurface in theCoroneneDimer. Mol. Phys.2009 108, 249.

PitoR8&8k, M. ; Neo g r-&dFpurBoByNonadditivities mNucler .
Acid TetramersA CCSD(T)Study. Phys. Chem. Chem. Phy€1Q 12, 1369.

Thr e

Janowski, T.; Pulay, P. Efficient Parallel Implementation of the CCSD External

Exchange Operator and the Perturbative Triples (T) Energy Calculdtiddhem.
Theory Comput2008 4, 1585.

Dunlap, B. I; Connolly, J. W. D.; Sabin, J. R. CBome Approximations in
Appl i cat iTheangJ. @Ghém. Rhiysl979 71, 3396.

Feyereisen, M.; Fitzgerald, G. UseAypproximatelntegrals inAb Initio Theory. An
Application in MP2EnergyCalculations Chem. Phys. Letl993 208 359.

Vahtras, O.; Almlof, J. Integradpproximations for LCAGSCF Calculations Chem.
Phys. Lett1993 213 514.

Weigend, F.; Haser, M. RMP2: First Derivatives andslobal ConsistencyTheoret.
Chem.Acc.1997 97, 331.

Weigend, F.; Haser, M.; Patzelt, H.; Ahlrichs, R-NRP2: OptimizedAuxiliary Basis
Sets andDemonstration oEfficiency. Chem. Phys. Letl.998 294, 143.

Whitten, J. L. Coulombidotential Energy Integrals andApproximationsJ. Chem.
Phys.1973 58, 4496.

Riplinger, C.; Neese, F. AEfficient and Near Linear Scaling Pair Natural Orbital
BasedLocal CoupledClusterMethod J. Chem. Phy=2013 138 034106.

96



(87) Liakos, D. G.; Sparta, M.; Kesharwani, M. K.; Martin, J. Meese, F. Exploring the
Accuracy Limits of Local Pair Natural Orbital Coupi€iuster TheoryJ. Chem.
Theory Comput2015 11, 1525.

(88) Riplinger, C.; Pinski, P.; Becker, U.; Valeev, E. F.; Neese, F. Spdmas-A
Systematidnfrastructure foReducedScalingElectronicStructureMethods. IlI. Linear
Scaling Domain BasedPair Natural Orbital CoupledCluster Theory J. Chem. Phys.
2016 144, 0241009.

(89) Kohn, W.; Becke, A. D.; Parr, R. G. DensiynctionalTheory ofElectronicStructure
J. Phys. Cheni996 100, 12974.

(90) Jones, R. O. DensityunctionalTheory: ItsOrigins, Rise toProminence, andruture
Rev. Mod. Phy015 87, 897.

(91) Burke, K. Perspective obensity Functional Theory J. Chem. Phys2012 136
150901.

(92) Becke, A. D. Perspective: Fiftyears ofDensityFunctional Theory in Chemical
Physics J. Chem. Phy=2014 140, 18A301.

(93) Shrestha, K.; Gonzald2elgado, J. M.; Blew, J. H.; Jakubikova, E. Electronic Structure
of Covalently Linked Zinc BacteriochloriMolecular Arrays: Insights into Molecular
Design for NIR Light Harvestingl. Phys. Chem. 2014 118 9901.

(94) Hine, N. D. M.; Haynes, P. D.; Mostofi, A. A.; Skylaris,-K.,; Payne, M. C. Linear
Scaling DensityFunctionalTheory withTens ofThousands oAtoms: Expanding the
Scope andscale ofCalculations with ONETERComp. Phys. Comr@009 180, 1041.

(95) Bowler, D. R.; Miyazaki, TO(N) Methods inElectronic StructureCalculations Rep
Prog. Phys 2012 75, 036503.

(96) van Mourik, T.; Buhl, M.; Gaigeot, M. P. Densitljunctional Theory Across
Chemistry,Physics andiology. Philos. T. R. Soc.-82014 372 20120488.

(97) Cui, Q. Perspective: QuantultechanicaMethods inBiochemistry andBiophysics
J. Chem. Phy=2016 145, 140901.

(98) Cohen, A. J.; MoriSanchez, P.; Yang, W. Challenges BamsityFunctionalTheory
ChemRev 2012 112 289.

(99) Corminboeuf, C. Minimizing Density Functional Failures for Non-Covalent
InteractiondBeyondVanDer WaalsComplexesAcc. them. Res2014 47, 3217.

97



(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

Kryachko, E. S. Density Functional Theory and Molecular Interactions: Dispersion
Interactions Struct. Bond2013 150, 65.

Kristyan, S.; Pulay, P. Carsémi)Local Density Functional Theory Account for the
LondonDispersionForceshem. Phys. Letl.994 229, 175.

Klimes, J.; Michaelides, A. Perspective: AdvancesGinallenges irTreatingVanDer
Waals DispersionForces inDensity Functional Theory J. Chem. Phys2012 137,
120901.

Lein, M.; Dobson, JF.; Gross, E. K. U. Toward tHeescription ofVan Der Waals
InteractiondVithin DensityFunctionalTheory J. Comput. Cheni999 20, 12.

Shibasaki, K.; Fujii, A.; Mikami, N.; Tsuzuki, S. Magnitude of the CHiteraction in
theGasPhaseExperimental and heoreticaDetermination of thé ccuratenteraction
Energy inBenzeneMethaneJ. Phys. Chem. 2006 110 4397.

Gianturcq F. A.; Paesani F.; Laranjeira M. F.; vassilenko V.; Cunha M. A,
ShashkoyA. G.; Zolotoukhing A. F. Computed and/easuredransporiCoefficients
for CO-He Mixtures: Testing aDensity Functional Approach Mol. Phys.1998 94,
605.

Zimmerli, U.; Parrinello, M.; Koumoutsakos, P. Dispersidarrections toDensity
Functionals folWaterAromaticlnteractons J. Chem. Phy004 120 2693.

Zhechkov, L.; Heine, T.; Patchkovskii, S.; Seifert, G.; Duarte, H. A. An Efficient a
Posteriori Treatment for Dispersion Interaction in DenrBityctionalBased Tight
Binding. J. Chem. Theory Comp005 1, 841.

Wu, Q.; Yang, W. T. EmpiricaCorrection toDensityFunctionalTheory forVanDer
WaalsinteractionsJ. Chem. Phy2002 116, 515.

Elstner, M.; Hobza, P.; Frauenheim, T.; Suhai, S.; Kaxiras, E. Hyd®geding and
Stackinglnteractions oNucleicAcid BasePairs: ADensityFunctionalTheoryBased
TreatmentJ. Chem. Phy2001, 114, 5149.

Gianturco, F. A.; Paesani, F.; Laranjeira, M. F.; Vassilenko, V.; Cunha, M. A.
Intermoleculaforces fromDensityFunctionalTheory. Ill. A MultipropertyAnalysis
for the Ar(1S)C O ( lrEeractionJ. Chem. Physl999 110 7832.

Hobza, P.; Sandorfy, C. Nonempiric@lculations orAll the 29Possible DNABase
Pairs J. Am. Chem. So&987 109, 1302.

Hobza, P.; Mulder, F.; Sandorf¢. QuantunChemical andtatisticalThermodynamic
Investigations ofAnesthetic Activity. 1. The Interaction Between Chloroform,

98



(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

Fluoroform, Cyclopropane and an-81é O HydrogenBond J. Am. Chem. Sot981],
103 1360.

Hobza, P.; Mulder, F.; Sandorfy, C. QuantGhemical andtatisticalThermodynamic
Investigations ofAnesthetic Activity. 2. The Interaction Between Chloroform,
Fluoroform, and an NH...O:E@ydrogenBond J. Am. Chem. Sot982 104, 925.

Hobza, P.; 8ndorfy, C. Quantum Chemical and Statistical Thermodynamic
Investigations oAnesthetidctivity. 3. ThelnteractiorBetween CH, CHsCl, CHCl>,
CHCl3, CCh,and an © H é O HydrogenBond Can. J. Cheml984 62, 606.

Elstner, M.; Porezag, DJungnickel, G.; Elsner, J.; Haugk, M.; Frauenheim, T.; Suhai,
S.; Seifert, G. Sel€ConsistentChargeDensityFunctional Tight-Binding Method for
Simulations ofComplexMaterialsProperties Phys. RevB 1998 58, 7260.

Hepburn, J.; Scoles, G. Aimple but Reliable Method for thePrediction of
IntermoleculaiPotentials Chem. Phys. LetlL975 36, 451.

Tang, K. T.; Toennies, J. P. 8imple TheoreticalModel for theVan Der Waals
Potential atintermediateDistances. |. Sphericallpymmetric Potentials J. Chem.
Phys.1977, 66, 1496.

Tang, K. T.; Toennies, J. P. 8imple TheoreticalModel for theVan Der Waals
Potential atintermediatéDistances. Il. Anisotropi€otentials of HéH, and Né& Ho. J.
Chem. Phys1978 68, 5501.

Wu, X.; Vargas, M. C.; Nayak, S.; Lotrich, V.; Scoles, G. Towdtgtending the
Applicability of DensityFunctionalTheory toWeaklyBoundSystemsJ. Chem. Phys.
2001, 115 8748.

Grimme, S. AccuratBescription ofVanDer WaalsComplexes byensityFunctional
TheoryIncludingEmpirical Corrections J. Comput. Chen2004 25, 1463.

Jurecka, P.; Cerny, J.; Hobza, P.; Salahub, D. R. DdnsitgtionalTheoryAugmented
with an Empirical Dispersion Term. InteractionEnergies andGeometries of 80
NoncovalentComplexesCompared withAb Initio QuantumMechanicgCalculations
J. Comput. Chen2007, 28, 555.

Peverati, R.; Truhlar, D. G. Quest foaiversalDensityFunctional: theAccuracy of
DensityFunctionalsAcross aéBroadSpectrum ofDatabass inChemistry andPhysics
Philos. T. R. Soc.-82014 372 20120476.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. @onsistent andd\ccurateAb Initio

Parametrization ofDensity Functional DispersionCorrection (DFTFD) for the 94
Elements HPu J. Chem. Phy201Q 132 154104.

99



(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

Ehrlich, S.; Moellmann, J.; Reckien, W.; Bredow, T.; Grimme, S. Syflependent
Dispersion Coefficients for the DFD3 Treatment of Adsorption Processes on lonic
SurfacesChem. Phys. Cherd011], 12, 3414.

Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of t&mpingFunction inDispersion
CorrectedDensityFunctionalTheory J. Comput. Chen2011, 32, 1456.

Smith, D. G.; Burns, L. A.; Patkowski, K.; Sherrill, C. D. Revised Damping Parameters
for the D3 Disgrsion Correction to Density Functional ThealyPhys. Chem. Lett.
2016 7, 2197.

Grimme, S. DensityrunctionalTheory with LondorDispersionCorrections WIRES:
Comput. Mol. Scie011 1, 211.

Senge, M. O.; Davis, M. PorphyriRdrphine)- A NeglectedParentCompound with
Potential J. Porphyr.Phthalocya201Q 14, 557.

Muck-Lichtenfeld, C.; Grimme, S. Structure aBihding Energies of thePorphine
Dimer. Mol. Phys.2007, 105 2793.

Stephens, P. J.; Devlin, E; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional
Force FieldsJ. Phys. Chenl994 98, 11623.

Becke, A. D. DensityrunctionalThermochemistry. Ill. Th&®ole of Exact Exchange
J. Chem. Phy<1993 98, 5648.

Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T.43165* BasisSet forAtoms
K Through ZnJ. Chem. Phy<99§ 109 1223.

Rassoloy V. A.; Ratner M. A.; Pople J. A.;Redfern P.C.; Curtiss L. A. 6-:31G*
Basis Set for ThirdRow Atoms J. Comp. Chen2001, 22, 976.

Hariharan, P. C.; Pople, J. A. Accuracy of ABquilibrium Geometries bySingle
DeterminanMolecularOrbital Theory Mol. Phys.1974 27, 209.

R.C. Binning, J.; Curtiss, L. A. CompacbntractedBasisSets forThird-Row Atoms:
Ga Kr. J. Comp. Cheni99Q 11, 1206.

Blaudeau, JP.; McGrath, M. P.; Curtiss, L. A.; Radom, L. Extension of Gaus3ian
(G2) Theory toMoleculesContaining Third-Row Atoms K and CaJ. Chem. Phys.
1997 107, 5016.

Hariharan, P. C.; Pople, J. A. Thafluence ofPolarization Functions onMolecular
Orbital HydrogenatiorEnergies Theoret. Chim. Acta973 28, 213.

10C



(138)
(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

Gordon, M. S. Thésomers ofSilacyclopropaneChem. Phys. Letl.98Q 76, 163.

Ditchfield, R.; Hehre, W. J.; Pople, J. A. S€@lbnsistent Molecular Orbital Methods.
IX. Extended Gaussiafype Basis for MolecularOrbital Studies of Organic
MoleculesJ. Chem. Phydl971, 54, 724.

Ditchfield, R.; Hehre, W. J.; Pople, J. A. Sel€onsistent Molecular Orbital Methods.
XIl. Further Extensions of Gauss@mmype Basis Sets for Use in Molecular Orbital
Studies of Organic Molecule3. Chem. Physl972 56, 2257.

Francl, M. M.;Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; al., e. Self
ConsistentMolecularOrbital Methods. XXIII. APolarizationtypeBasisSet for Second
Row ElementsJ. Chem. Physl982 77, 3654.

Riley, K. E.; Op't Holt, B. T.; Merz, K. MJr. Critical Assessment of the Performance
of Density Functional Methods for Several Atomic and Molecular Propelti€hem.
Theory Comput2007, 3, 407.

Chen, B. M. L.; Tulinsky, A. Redetermination of tBgucture ofPorphine J. Am.
Chem. Socl972 94, 4144.

Tulinsky, A. TheStructure ofFreeBasePorphine:An Average ofThreelndependent
StructuresAnn N. Y. Acad Sci 1973 206, 47.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Schmani, G.; Barone, V.; Mennucci, B.; Petersson, G Gassian 09, revision
D.01, Gaussian, Inc.: Willingford CT, 2009.

Zhao, Y.; Truhlar, D. G. Density Functionals with Broad Applicability in Chemistry
Acc. Chem. Re2007 41, 157.

Boys, S. F.; Bernardi, F. Th€alculation of Small Molecular Interactions by the
Differences ofSeparateTlotal Energies. Som@&rocedures wittReducedErrors Mol.
Phys.197Q 19, 553.

Simon, S.; Duran, M.; Dannenberg, J. J. HDaes Basis Set Superpaition Error
Change thdPotential Surfaces forHydrogerBondedDimers? J. Chem. Phys. 1996,
105, 11024.

Grimme, S. ImprovedecondOrder Maller-PlessePerturbationTheory bySeparate

Scaling of Parallel and AntiparalletSpin Pair CorrelationEnergies J. Chem. Phys.
2003 118 9095.

101



(150)

(151)

(152)

(133)

(1)

(1%5)

(136)

(157)

(1)

(159)

(160)

(161)

(162)

Austin, A.; Petersson, G. A.; Frisch, M. J.; Dobek, F. J.; Scalmani, G.; Throssell, K. A
Density Functional with Spherical Atom Dispersion Terth<Chem. Theory Comput.
2012 8, 4989.

Zhao, Y.; Truhlar,D. G. The MO06Suite of Density Functionals forMain Group
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited
States, andransitionElementsTwo New Functionals an@®ystematicTesting ofFour
MO6-ClassFunctionals and 1®therFunctionals Theor. Chem. Ac00§ 120, 215.

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional
Force FieldsJ. Phys. Chenl994 1994 11623.

Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the C8#bsetti Correlation
Energy Formula into a Functional of the Electidansity Phys. RevB 1988 37, 785.

Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results Ol#dinvith the Correlation
Energy Density Functionals of Becke and Lee, Yang and €aem. Phys. Letl.989
157, 200.

Zhao, Y.; Truhlar, D. G. ANew Local Density Functional for Main-Group
Thermochemistry, Transition Metal Bonding, Thermochemical Kinetics, and
NoncovalentnteractionsJ. Chem. Phy2006 125 194101.

Perdew, J. P. DensHyunctional Approximation for the Correlatidinergy of the
Inhomogeneous Electre@as Phys. RevB 1986 33, 8822.

Ernzerhof, M.; Perdew, J. P. Geakzed GradientApproximation to theAngle- and
SystemAveragedexchangeHole. J. Chem. Physl998 109, 3313.

Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, N. C. Development and
Assessment oNew ExchangeCorrelation Functionals J. Chem.Phys.1998 109,
6264.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Errata: Generalized Gradient Approximation
Made Simple [Phys. Rev. Lett. 77, 3865 (1998))s. Rev. Letil997, 78, 1396.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradpproximation Made
Simple Phys Rev Lett 1996 77, 3865.

Grimme, S. Semiempirical GGAype Density FunctionalConstructed with dong
RangeDispersionCorrection J. Comput. Chen2006 27, 1787.

Schmider, H. L.; Becke, A. D. Optimizdaensity Functionals from thé&xtended G2
TestSet J. Chem. Physl998 108 9624.

10z



(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

173)

(174)

Becke, A. D. Densityrunctional ExchangeEnergy Approximation with Correct
AsymptoticBehavior Phys Rev A Gen Phys 1988 38, 3098.

Kohn, W.; Sham, L. JSelf-Consistent Equations Including Exchange and Correlation
Effects Phys. Rev. Letl965 140 A1133.

Vosko, S. H.; Wilk, L.; Nusair, M. Accurate Spidependent Electron Liquid
Correlation Energies for Local Spidensity Calculationsa CriticalAnalysis Can J.
Phys 1980 58, 1200.

Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Climbind¢hsity
Functional Ladder: Nonempirical MetaGeneralized Gradient Approximation
Designed foMolecules andolids. Phys Rev Lett 2003 91, 146401.

Yanai, T.; Tew, D. P.; Handy, N. C. Mew Hybrid ExchangeCorrelationFunctional
Using theCoulomb-Attenuatingiethod (CAMB3LYP). Chem. Phys. Let2004 393
51.

Chai, J. D.; Headsordon, M. Systemati©ptimization of Long-Range Corrected
Hybrid DensityFunctionals J. Chem. Phy=2008 128 084106.

Roothaan, C. C. J. New Developments in Molecular Orbital Thé&w®y. Mod. Phys.
1951 23, 69.

Heyd, J.; Scuseria, G. E. Assessment ¥atidation of aScreened Coulombiybrid
DensityFunctional J. Chem. Phy2004 120, 7274.

Henderson, T. M.; Izmaylov, A. F.; Scalmani, G.; Scuseria, G. E.Shan-Range
Hybrids Describe LongRangeDependentProperties?J. Chem. Phys2009 131,
044108.

lzmaylov, A. F.; Scuseria, G. E.; Frisch, M. J. Effici&valuation ofShortRange
HartreeFock Exchange inLarge Molecules andPeriodic Systems J. Chem. Phys.
2006 125 1041083.

Heyd, J.; Scuseria, G. E. EfficieRtybrid Density FunctionalCalculaions in Solids:
Assessment of the HeycuseriaErnzerhofScreened Coulomblybrid Functional J.
Chem. Phys2004 121, 1187.

Heyd, J.; Peralta, J. E.; Scuseria, G. E.; Martin, R. L. EnBegy Gaps and_attice
Parameter&valuated with the Hey&cuseriaErnzerhofScreenedybrid Functional
J. Chem. Phy=2005 123 174101.

10¢



(175)

(176)

(a77)

(178)
(179

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E. Influence of the
ExchangeScreeningParameter on thBerformance oScreenedybrid Functionals J.
Chem. Phys2006 125, 224106.

Chai, J. D.; Headsordon, M. LongRangeCorrectedHybrid DensityFunctionals with
DampedAtom-Atom DispersionCorrections Phys. Chem. Chem. Phy200§ 10,
6615.

Perdew, J. P.; Schmidt, KaX o badder ofDensity Functional Approximations for
the ExchangeCorrelationEnergy. AIP Conf. Proc2001, 577, 1.

Neese, F. The ORCRrogramSystem WIRES:Comput. Mol. Sciz012 2, 73.

CorrelatedAb Initio Spin Densities for Largdavliolecules: OrbitalOptimized Spin
ComponentScaled MP2 Methadl. Phys. Chem. 201Q 114, 11768.

Neese, F.; Schwabe, T.; Kossmann, S.; Schirmer, B.; Grimmss8ssment of Orbital
Optimized, SpirComponent Scaled Second Order Many Body Pertanbdtheory for
Thermochemistry and Kinetic§. Chem. Theory Comp@009 5, 3060.

Wennmohs, F.; Neese, F. Comparative Study of Single Reference Correlation Methods
of the CoupleePair Type Chem. Phys2008 343 217.

Neese, F.; Wennmohs, FHansen, A.; Grimme, S. Accurate Theoretical Chemistry
with Coupled Electron Pair Model&cc. Chem. Reg009 42, 641.

PavA sceRv; Neese, F.; Valeev, E. F. GemiSalnningOrbitals Make Explicitly
CorrelatedReducedScaling CoupledCluster MethodsRobust J. Chem. Phys2014
141, 054106.

Papas, B. N.; Schaefer, H., Rll. Concerning thePrecision of StandardDensity
Functional Programs: Gaussian, Molpro, NWChem;G@em, and Games3. Mol.
Struc. THEOCHEM2006 768 175.

Frisch,M. J.; Pople, J. A.; Binkley, J. S. S&bnsistentMolecularOrbital Methods
25. Supplementariyunctions for GaussiaBasisSets J. Chem. Physl984 80, 3265.

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. AZSeifsistenMolecularOrbital
Methods. XX. ABasisSet for CorrelatedWave Functions J. Chem. Physl98Q 72,
650.

McLean, A. D.; Chandler, G. S. Contracted Gausdasis Sets for Molecular
Calculations. I. SeconBow Atoms, Z=1118. J. Chem. Physl98Q 72, 5639.

104



(188)

(189)

(190)

(191)

(192)

(1%)

(194)

(1%5)

(19)

(197)

(198)

(199

Wilson, A. K.; Mourik, T. v.;Dunning, T. H., Jr. GaussianBasis Sets forUse in
CorrelatedMolecularCalculations. VI. SextuplgetaCorrelationConsistenBasisSets
for BoronThroughNeon J. Mol. StrucTHEOCHEM1996 388 339.

Woon, D. E.;.Dunning, T. H., Jr. GaussiaBasisSets forUse inCorrelatedMolecular
Calculations. Ill. TheAtoms Aluminum ThroughArgon J. Chem. Phys1993 98,
1358.

Dunning T. H,, Jr.GaussiarBasisSets forUse inCorrelatedMolecularCalculations.
I. The AtomsBoron ThroughNeon andHydrogen J. Chem. Phys1989 90, 1007.

Kendall, R. A.;Dunning T. H,, Jr; Harrison, R. J. ElectroAffinities of theFirst&Row
AtomsRevisited. SystematiBasisSets andVaveFunctions J. Chem. Phys. 1992, 96,
6796.

Davi dson, E . R. C o mme n t ComelatiofCBnsistantBasis on D
Se t.€Rem. Phys. Letl.996 260 514.

Peterson, K. A.; Woon, D. EDunning T. H, Jr. BenchmarkCalculations with
Correlated Molecular Wave Functions. V. TheClassica Barrier Height of the
H+H>Y H>+H Reaction J. Chem. Phy<1994 100, 7410.

Antony, J.; Grimme, S. Is Spi@omponent Scaled Seco@r d e r MBI | erT1 Pl
Perturbation Theory an Appropriate Method for the Study of Noncovalent Interactions
in Molecules?. Phys. Chem. 2007, 111, 4862.

Sinnokrot, M. 0. ; Val eev, E. F.: Sherrill
Il nteractions: .J Amh €heB.eSp2d a24d 1d387me r

Hobza, P.; Selzle, H. L.; Schlag, E. W. Potenkalergy Surface for the Benzene
Dimer. Results ofAb Initio CCSD(T) Calculations Show Two Nearly Isoenergetic
St r u c t-Shapedsand Parali@lisplaced J. Phys. Chen1996 100 18790.

Jaffe, R. L.; Smith, G. D. RQuantumChemistryStudy of Benzer Dimer. J. Chem.
Phys.1996 105, 2780.

Tsuzuki, S.; Luthi, H. P. Interactidinergies olVanDer Waals anéHydrogenBonded
SystemsCalculatedUsing DensityFunctionalTheory: Assessing the PW®4odel J.
Chem. Phys2001, 114, 3949.

Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe, K. Effects of the
Higher Electron CorrelationCorrection on theCalculatedintermolecularnteraction
Energies of Benzene and\aphthaleneDimers: Comparison Between MP2 and
CCSD(T)Calculations Chem. Phys. Let200Q 319, 547.

10¢



(200)

(201)

(202)

Zhao, Y.; Truhlar, D. G. Hybrid Meta Density Functional Theory Methods for
Thermochemistry, Thermochemical Kinetics, and Noncovalent Interactions: The
MPW1B95 and MPWB1K Models and Comparative Assessments for Hsdrog
Bonding andvanDer Waals Interactiond. Phys. Chem. 2004 108 6908.

Hobza, P.; poner, J.; Reschel, T. DenBiinctionalTheory andMolecularClusters J.
Comput. Cheml995 16, 1315.

PérezJorda, J.; Becke, A. D. BensityFunctionalStudy of Van Der WaalsForces:
RareGasDiatomics Chem. Phys. Letl.995 233 134.

10¢



CHAPTER 5

5.1. Concluding remarks

Light harvesting in natural and artificial porphyiyased arrays is inherently difficult
to model due to the large size thfese systemgheir nonperiodicity, the prevalence of
noncovalent interactions between pigments, the rmahfigurational character of porphyrin
pigment excited states, and the nonadiabatic characteristics ofnliyited excited state
processe$? The preceding body of work in this dissertation demonstrates how different
properties of lightharvesting porphyrin arrays may be modeled through the utilization of
guantum mechanical approaches. The computational goals met by the projects herein focused
on explaining panchromatic absorption in strongly coupled porphyrin pigrients,lating
excited state energy transfer (EEi )wveakly coupled porphyrin pigments and benchmarking
density functional methods fardescription of noncovalent interactions ip@phyrin dimer.

In Chapter 2, it was shown that a combination of conformational flexibility determined
from the flatness of computed ground state fMpotential energy surfaces and structurally
sensitive excited state character, i.e. local,-legal a charge transfer, result in porphyrin
arrays that exhibit panchromatic absorption in the visible region. {&blam density
functional theory (KSDFT)® was instrumental in computing the ground state electronic
properties and potential energy surfaces eséharrays while lineaesponse timelependent
DFT (TD-DFT)® was relied on for excited state calculations, whose characterization was
carried out via natural transition orbitals (NTOs).

In Chapter 3, EET® was simulated in the previously synthesized sindied keet =
(3.5 ps)) mesemeso pphenylene linked zink r eebase porphyrin dyad (
the EET process in this and related porphyrin bagsttmsccurs on a picgecond time scale
where nuclear dynamics begito exert its influencea sequential quantum mechanics
molecular mechanics (QM/MM methodology was selected as a viable approach to the
simulation of nonadiabatic processeghis challenging system. This was the first time that
the computational approach originally developgoBatista and Redbfor modeling charge

separation in dy@anoparticle assemblies was utilized for the description of EET in a
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molecular array. It was determined that for a successful simulation of complete EET in the
porphyrin dimer, the model presentedjuired (1) the parameterization of the semiemprirical
Hamiltonian used for quantum dynamics simulations, (2) the inclusion of nuclear motion into
the model, and (3) the addition of an electhmbe Coulombic coupling term in the
Hamiltonian.The EET moel achieved sermjuantitative accuracy in the EET rate constant
averaged over ten independent EET simulatiériBhe results obtained suggest that this
particular QM/MM method is a viable strategy to simulations of excited state energy transfer
in this andsimilar molecular systems.

In Chapter 4, the noncovalent interactioh¥wer e i nvesti gsattaak eidn
porphyrin dimer. Twengnine exchangeorrelation functionals spanning the lowest four
rungs on Ja c osiydusctidna appreximatres tverecbenchmarked against the
MP2 and SC8VIP2 interporphin interaction energies as a function of monomer separation. It
was demonstrated that most of the standard exckhaorgelation functionals fail to capture
binding interaction in the fae-faceporphin dimer. On the other hand, functionals developed
against noncovalent interaction benchmar&tad and dispersion correcteftinctionals
gualitatively reproduced the interaction energy curve obtained at theMBPR&cpVTZ
level® In particular, two dispersion corrected functionals, BP&§BJ)*?° and APF3!
achieved quantitative agreement with the 92 benchmark datalhe recommended
functionals should allow for reliable application of & T to norbonded multiporphyrin
structuresoften found in natural and artificial ligitarvesting systems.

This dissertation has demonstrated the utility of DFTO0BY, and QM/MM methods
based oma semiempirical Hamiltonian for modeling various challenging aspects of light
harvesting, esmaally light absorption and EET processes. Moving forward, these methods
should continue to provide useful insights into the complex nature of light harvesting in

tetrapyrrolebased pigment aggregates.
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APPENDIX A

A.1. Optimized structure of porphyrin-perylene arrays at the BSLYP and CAM
B3LYP levels of theory.
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Figure A1. B3LYP optimized structures of (a) PN#, (b) PMp1P, (c) PMbcP, (d) PMP and
(e) PMLP in vacuum.
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Figure A2. CAM-B3LYP optimized structures of (a) PN#, (b) PMbrP, (c) PMbcP, (d)
PMIsP and (e) PMP in vacuum
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Table Al. Porphyrinperylene dihedral angles for CABBLYP optimized structures of
PMINP.

Porohvrin Fb-PMI1 Fb-PMI; Fb-PMI3 Fb-PMls

er IepngArra dihedral angle dihedral angle dihedral angle dihedral angle
pery y (degrees) (degrees) (degrees) (degrees)
PMI.P 30.2 - - -
PMIzrP 28.4 28.2 - -
PMIlzcP 26.9 29.3 - -
PMIsP 27.2 30.6 27.3 -
PMIsP 27.1 30.4 27.9 30.0
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A.2. Energy changes that occur in porphyrinperylene systems as a result of

synchronous rotation about all ethynyl linkers.

PMI,P—— PMI_P PMI,P = PMI,P—e— PMIP
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Figure A3. Potential energy surfaces related to synchronous rotation of all PMI substituents
shown for PMAP . The | ines are drawn at the average
each constrained PES. The energy difference between the-B3AMP optimized and

orthogamal structures is in parenthesis.
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A.3. Potential energy surface related to rotation of a single perylene about the

ethynyl linker in PMI nP.
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Figure A4. B3LYP potential energy surfaces related to individual rotation of each PMI

substituent for PMIP arrag .
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A.4. Frontier MO mixing between Fb and PMI via the frontier MOs of an
ethynyl linker result in the frontier MOs of PMI 1P.
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Figure A5. The left box contains the fraet MO shapes and energies of optimized freebase
porphyrin with ethynyl linker (F&) (a) and PMI with ethynyl linker {EMI) (b). The right
box contains the frontier MO shapes of RRIat the B3LYP optimized structure (c).
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A.5. Frontier electronic structure of PMI 2tP, PMI2cP, PMIsP and PMI4P at their

optimized and orthogonal conformations calculated at the B3LYP level of

theory.
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Figure A6. The HOMO, LUMO and frontier B3LYP MO energy levels of B3LYP optimized
Fb-e, PMte, PMLP, PMbcP, PMbtP, PMEP and PMLP. The red horizontal lines indicate the
HOMO and LUMO energy levels of each system.
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A.6. Dependencies of the electronic structure of PMIP on functional and solvent
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Figure A16. Effects of functional orthefrontier MOs of B3LYP optimized PMP.
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Figure A17.Effects of functional on the shapes and ordering of frontier MOs of B3LYP optimize¢PPMI

















































































































































































