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ABSTRACT

Solar thermal fuels utilize molecules that undergo reversible photo-isomerization to convert solar
energy into stored thermal energy.' Because solar thermal fuels produce no emissions and can
store and convert energy within one material, they are an attractive option for a renewable energy
source. However, it has remained a challenge to identify a suitable solar thermal fuel material
that exhibits high energy density, high energy conversion efficiency, long energy storage lifetime,
and can be produced at low cost. A recent proposal is a nanotemplate-photoisomer hybrid system,
e.g. functionalized azobenzene, a well-known photoisomer molecule, attached to carbon
nanostructure templates such as carbon nanotubes, graphene, pentacene or alkene chains. Such
structures have been suggested and tested as candidate solar thermal fuel materials with high
energy density and long storage time2 In this thesis work, we further investigated optical
properties of functionalized azobenzene and geometry-modified azobenzene. We found the best
structure that yields maximum optical isomerization rate for trans-azobenzene and minimum
optical isomerization rate for cis-azobenzene, calculating the reaction rate based on overlap
between the solar spectrum and optical spectra calculated using time-dependent density
functional theory (TDDFT). We showed that energy-charged-state molecule (cis-isomer) content
at the photostationary state can be improved from 73 percent for pure azobenzene to 83 percent
and to 97 percent by functionalizing azobenzene and a designing different geometry for
azobenzene, respectively. From this, a desired structure for nanotemplates-photoisomer hybrid
system can be estimated and same calculation technique may be employed to calculate and
optimize photostationary state of the nanotemplates-photoisomer hybrid system.

Thesis Supervisor: Jeffrey C. Grossman
Title: Professor of Materials Science and Engineering
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Chapter 1

Introduction

Solar energy has drawn wide attention as the alternative energy source that can overcome

the depletion and the global warming side effect of traditional fossil fuels. Especially, the

abundance of solar energy is attractive since 40,000 TWy of solar energy arrives on earth every

year while the world energy consumption is 18.5TWy as of 2015. However challenges remain

in converting solar energy into usable energy and storing it.

Figure 1.1 shows four prevalent ways developed for harvesting solar energy, namely

photovoltaics, artificial photosynthesis, concentrated solar thermal power, and solar thermal fuels.

Photovoltaics (PVs), or solar cells convert optical energy directly into electrical energy. So far,

6PVs are the most utilized method to collect solar energy. They can collect both direct light and

diffuse light. PVs can be used as a stand-alone device or connected to grid or electrical energy

storage system (ESS). Since solar cells can only produce electricity when the Sun is present, grid

system or ESS manages the distribution of energy. Concentrated Solar Power (CSP), or solar
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thermal technology, uses mirrors to concentrate solar energy to a tower as shown in Figure 1.1(b).

The concentrated solar energy heats up a phase change material on top of the tower. The phase

change material thus converts solar energy into thermal energy and then to chemical energy. The

phase change material then releases its heat to produce electricity on the lower part of the tower,

converting the chemical energy into electrical energy. Since the heated phase change material

can be stored for some time (- a few days), it can be utilized to produce energy when there is no

Sun. Therefore, CSP can produce electricity in more stable manner. Overall energy production

cost is also cheaper for CSP plant than for PV when installed in large areas in low lattitude, but

CSP requires cleaning the mirrors and managing the angles which requires additional

manpower. 6 Figure 1.1(c) shows artificial photosynthesis that mimics botanical photosynthesis

that synthesizes carbohydrates or produce hydrogen gas using solar energy. Again, the solar

energy is converted into chemical energy. The carbohydrates can then release energy either

though hydrolysis or direct combustion. Here, the storage and transport of the produced fuels can

be challenges for wide use. Figure 1.1(d) shows an example mechanism of a solar thermal fuel,

in this case carbon nanotube templated-azobenzene. Solar thermal fuel materials undergo

photoisomerization under sunlight, thus converting solar energy into chemical energy. It can

store energy within the material itself and can be transferred to where it is needed. When

triggered, the solar thermal fuel releases heat energy as the material isomerizes back to ground

state.
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discharging

HimEAT

Figure 1.1 Four methods developed to harvest solar energy: (a) photovoltaics, (b) solar thermal

collectors, (c) artificial photosynthesis and (d) solar thermal fuel. Figure taken from Dong, L., et

al. Chem. Soc. Rev. 47, 7339-68 (2018).

1.1 Solar Thermal Fuels

Weigart first suggested the idea of a solar thermal fuel (STF), collecting solar energy in

sterically strained chemical bonds in 1909 after observing the photoconversion of anthracene

crystals under sunlight.9 Solar thermal fuels have many potential advantages as solar energy

harvesting and storing system. As Figure 1.2 shows, solar thermal fuels use closed cycle

reactions and hence produce no emission. Also, since STFs convert and store energy within one

material, they can be used in transportable small-scale devices. Moreover, by tuning the

activation energy barrier of the backward reaction, the storage lifetime can be elongated to

achieve long-term energy storage.'

11



2. molecules
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1. molecules 3. energy AH per
absorb sunlight molecule stored in

chemical bonds

24
hv (3)

(1) (s/6) (4)

stable state 5m/eta)stable
state

6. molecules reve
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rt

5. stored
AH releas
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heat, catalyst, light)

solar energy
ed as heat

Figure 1.2| Schematic of solar thermal fuel energy cycle with azobenzene molecule as an
example. When a molecule absorb sunlight, the molecule is excited to the excited state and
changes shape (photoisomerization) along the excited state energy surface. Eventually the
molecule comes back to ground state energy surface, but with different geometry, i.e. metastable
state which corresponds to the local minima of energy surface. When a "trigger" that is enough
to overcome the activation energy barrier E is applied, the molecule reverts back to the ground

state and the stored energy, i.e. enthalpy difference A//is released.

The requirements for a solar thermal fuel system to be a practical energy technology have

been analyzed with the following key objectives.10- 3 For STF's ground state structure A and

metastable structure B,

1) The absorption spectra of substance A and B should line up with the solar spectrum

such that A absorbs strongly in the 300-700 nm region (in which more than 50 percent of solar

energy reaches the Earth) while B absorbs only slightly in this region;

12
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2) AH, the amount of heat released per molecule in the back reaction B 4 A should be

large so that the volumetric and gravimetric energy densities of the system are competitive with

other commercial energy storage systems.

3) The activation energy Ea of the thermal back reaction B 4 A must be large enough so

that the lifetime of the metastable state B ensures prolonged duration of storage.

4) There should be a trigger, which may be catalytic, thermal, electrical, or optical, that

accelerates the heat release reaction B 4 A near room temperature; preferably not higher than

50-100 degrees Celsius;

5) The internal quantum efficiency of the forward reaction A - B, i.e., the probability

that an absorbed photon leads to the photochemical reaction, should be high and both A and B

should not have luminescence. Therefore, intramolecular reactions are preferred to

intermolecular reactions, which in general have low quantum yield;

6) There should be an absence of side-reactions that produce by-products in either

forward or reverse reactions;

7) Safety of the system should be ensured and substance A and B should be inexpensive.

1.2 Previous Solar Thermal Fuel Efforts

Over the years, researchers have tested various photoisomers as solar thermal fuels.

Figure 1.3 shows six prominent photoisomerization reactions among those. Anthracene

photodimerizes through cycloaddition under UV light around 400nm wavelength. 9"' The energy

stored through this reaction, AH , is 65.2 kJ/mol or 0.676 eV for pure anthracene.9 By
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functionalizing the anthracene molecule with electron donating groups (EDGs) and electron

withdrawing groups (EWGs), the storage enthalpy could be increased to 83.6 kJ/mol or 0.866 eV.

However, the quantum efficiency of the photodimerization depends on the concentration of

anthracene molecules and also the upper limit of the quantum efficiency was calculated to be 0.2

to 0.3 by extrapolation of experimental results.14"5

R NR bi K
hv R' T-NBD-QC

..........~ anthracee A or catalyst

R' N

i -K DHA.VHF
a or catalyst

by \UA.A.CN *-tras

RU-RUCN

ocl to A or calyst FvRm,(CO) N=N

Figure 1.3 1 Photoisomerization reactions studied for solar thermal fuel applications. Figure

taken from Dong, L., et al. Chem. Soc. Rev. 47, 7339-68 (2018).

Stilbene photoisomerizes between trans- and cis-structure under visible light ranging

from 300 nm to 700 nm. The simple inversion and rotation mechanism of the

photoisomerization leads to the stability against side reactions.' 7 Also, stilbene can be

synthesized in low cost and has low molecular weight. However, the storage enthalpy is about 5

kJ/mol (0.052 eV) and hence limited for solar thermal fuel usage.16 Functionalizing the phenyl

ring of stilbene with functional groups such as methylstyryl group and naphthyl group could

increase the storage enthalpy to 1.07 eV. 16,18,19

Tetracarbonyl (fulvalene) diruthenium (FvRu2 (CO) 4 )is also a thoroughly studied

material for solar thermal fuels. The organometallic complex photoisomerizes under visible light
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(350nm to 470nm) and the storage enthalpy is 125 kJ/mol (1.29 eV).2 0 -24 The high molecular

weight of ~442 g/mol and the high cost of Ru metal as the raw material, however, undermines

the potential of fulvalene diruthenium for solar thermal fuel applications. Therefore, different

metals such as iron (Fe), osmium (Os) and molybdenum (Mo) were tested to replace Ru, but Fe

and Mo analogues failed to photoisomerize and the Os analogue could photoisomerize but not

reversibly.2 s 27

Norbornadiene (NBD) and quadricyclane (QC) photoisomerization pair have been

studied the most due to: (1) its engineering flexibility because of the liquid forms of both

compounds at room temperature, (2) low cost synthesis through Diels-Alder reactions, (3) high

energy density (1190 J/g) with AH=1.0eV, (4) readiness of triggering the back-reaction using

transition-metal complex catalysts and (5) negligible quantum efficiency of the photochemical

back-reaction.28-33 The major drawback of this system as a solar thermal fuel is that

norbornadiene absorbs at short wavelengths about 300nm and hence has a small overlap with

solar spectrum. 3 ' To red-shift the absorption spectrum of norbomadiene, functionalized

norbornadiene and mixtures with sensitizers have been tested and showed red shift up to ~365

nm and ~546 nm, respectively. 30 ,3 3 Another drawback of NBD-QC system is the cyclability:

NBD is prone to polymerize and form explosive peroxides in the presence of air and light.3 2

Dihydroazulene (DHA) photoisomerizes to vinylheptafulvene (VHF) through a ring-

opening reaction under -350 nm UV light.34 -4 'The stored enthalpy is 27.7 kJ/mol (0.287 eV)

which leads to an energy density of 0.11 MJ/kg. 36 -39 The energy density can be increased to 0.36

MJ/kg by replacing the benzene ring of DHA to a naphthalene ring.40

Trans-azobenzene (trans-Azo) absorbs UV light around 365 nm and photoisomerizes

into cis-azobenzene (cis-Azo). 4
-44 The stored enthalpy and the half-life of cis-Azo were reported
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to be 49 kJ/mol (0.51 eV) and 4.2 days, respectively. Cis-Azo can either thermally or

photochemically revert back to trans-Azo and the backward and forward reaction can be repeated

with almost no degradation. 4 3,4 5 Similar to stilbene which also undergoes a trans-cis

isomerization, azobenzene also has the advantage for its low-cost synthesis. However, the small

storage enthalpy and thus low energy storage capacity as well as the high quantum efficiency of

the back photochemical reaction (i.e. from cis-isomer to trans-isomer) have hindered the

practical use of azobenzene for solar thermal fuels. Moreover, anlonger lifetime of the

metastable charged state (on the order of >weeks) is desired for most applications.

1.3 Recent Advances in Azobenzene-Based Solar Thermal

Fuels

Kolpak et al. recently suggested photoisomer and nano-template hybrid structures as a

novel approach to design solar thermal fuel as shown in Figure 1.4.23Calculations were

performed for functionalized azobenzene molecules covalently attached to nanotemplates such as

carbon nanotube (CNTs), graphene, alkene chains, pentacene, fullerene and 3-carotene as

shown in Figure 1.5. The advantage of introducing the nano scale templates is that volumetric

energy density increases since the photoswitches are packed in small volume and a systematic

manipulation of the inter- and intramolecular interactions of the photoisomerization centers is

enabled in a new ordered phase. Using density functional theory, AH and Ea were computed for

various combinations of photoisomers and templates and it was shown that AH and Ea could be
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as high as 1.8eV and 1.6eV, respectively. These values correspond to the heat release

temperature of 750K, energy density of 0.803 MJ/kg and storage lifetime of 108 days. These

theoretical works showed promising characteristics for new azobenzene-based molecular designs

for solar thermal fuels.

(b)-

0
0

0e
.G

(a)

exched statAhcals

E,. 1.2 eV

Gas phase azobenzene:

E. = 0.99 eV

(er azobenzene> 
k

ground state =H0.59 V
PES

Figure 1.4 1 CNT-templated Azo (a) Schematic diagram shows the solar thermal fuel

mechanism on potential energy surfaces. On left,2,2',5'-tridroxy diazobenzene molecules are

templated on a carbon nanotube (CNT) is at the ground state. The templated-Azo in trans-

structure absorbs photon and becomes excited state. The molecule gets relaxed on the excited

state potential energy surface (PES) and finally reaches the metastable state, i.e. cis-structure.

The enthalpy difference AH =1.55 eV is stored in the metastable state solar thermal fuel. To

release this energy, activation energy barrier Ea = 1.2 eV should be overcome by triggering heat

or light. Compare to the gas phase azobenzene, the energy stored per azobenzene increased by

2.6 times and the activation energy increased by 1.2 times, leading to higher energy density and

longer storage lifetime, respectively. (b) Side view of CNT templated only on one row with

azobenzene derivatives, 2,2'-dihydroxy-diazobenzene. Azobenzene derivatives are attached to

CNT via amide linker groups at the para-position of azobenzene. Dotted lines indicate hydrogen

bonding within the structure. Figure taken from Kolpak, A. M. & Grossman, J. C. Nano Lett. 11,

3156-3162(2011).2
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- pt-carotene

00

60 CNT

8
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AE = 1.77 AE=1.79 AE = 1.60 AE = 1.40 AE= 1.04
E, = 1.09 E= 1.11 E, = 1.25 E, = 1.24 E = 1.08

.. = 9.0 q.= 10.9 mx = 29.6 qm. = 25.5 max = 7.6

Figure 1.5 Upper left corner lists nanotemplates materials and the upper right corner shows

various functionalized azobenzene molecules. White, dark gray, blue, red, and orange balls

represent H, C, N, 0, and F atoms, respectively. The bottom part shows trans/cis configuration of

templated-Azo system and its properties such as energy difference AE between trans/cis

configuration, activation energy barrier E, and maximum external efficiency r.. . Figure taken

from Kolpak, A. M. & Grossman, J. C. J. Chem. Phys. 138, 034303 (2013).3
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Inspired by such theoretical works, many azobenzene-based molecular designs were

synthesized and tested for solar thermal fuel applications. Kucharski et al. synthesized single-

wall carbon nanotube (SWCNT) and tested photochemical and thermal isomerization cycles.4

As shown in Figure 1.6, both optical cycling and thermal cycling showed no degradation over

2000 cycles. Using differential scanning calorimetry (DSC), the bulk gravimetric energy density

of the SWCNT-azobenzene material was measured to be 0.20 MJ/kg (56 Wh/kg) in the solid

state. This gravimetric energy density decreased to 0.16 MJ/kg (44 Wh/kg) when diluted

suggesting the formation of inter-template interactions as shown in Figure 1.7(a). Theoretical

studies using density functional theory on the inter-template interactions showed a large impact

on AHcisf for less than 2.4 nm of CNT-CNT distance as shown in Figure 1.7(b).

(a) h(5fl j
0 ~hv (350 rn) X

(b) (c) 07

064 04

0 50100 150 200 250 300 350 400 450 500 0 0 10 20 30 40 50 60 70

c Time (h) Time (h)

08068 0. U - .6 - -

086 086 0.8 0. 0.6 0.5

04040.4 0.04 0.4

0206 - 08 - - -W-3

0.0 0.0 0.0 0.2

100 101 102 300 301 302 500 501 502 10 11 12 30 31 32 67 68 69

Time (h) Time (h)

Figure 1.6 (a) Schematic illustration of SWCNT-azobenzene covalently bonded with amide

group linker. For charging (i.e. isomerization from trans- to cis-isomer), 350 nm light was shined

and for discharging, a 450 nm light was shined for optical cycles (b) and the sample was held at

75 °C. Figure was taken from Kucharski, T. J. et al. Nat. Chem. 6, 441-447 (2014).
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Figure 1.7IIllustration of (a) diluted SWCNT-Azo in asuspension and (b) solid-state SWCNT-

Azo with significant interaction between template-Azo units. (c) The effect of template-template

distance don the enthalpy difference between cis- andtrans-isomers AHis. ,,ans.Figure was

taken from Kucharski, T. J.et alNat. Chem. 6, 441-447 (2014).

Feng and co-workers extensively studied graphene and reduced graphene oxide (RGO) as

the nanotemplates for azobenzene isomers as listed in Figure 1.8.46-50 Graphene and RGO

templated-Azo STF also showed increased energy density and half-life as shown in Table 1.1.

The maximum energy density 497 J/g (0.497 MJ/kg) was achieved with structure Figure 1.8(e)

and the maximum half-life 5408 h was achieved with structure 1.7(a). The inter-template

interaction was also observed in graphene-templated Azo.
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Figure 1.8 | List of graphene/RGO templated Azo STFs tested. The properties of these materials
8

are listed in Table 1.1. Figure taken from Dong, L., et al. Chem. Soc. Rev. 47, 7339-68 (2018).

Table 1.1| Energy density, half-life, phase change and grafting density of graphene/RGO

templated-Azo STFs. Grafting density indicates the ratio of attached azobenzene molecule per

carbon atoms on the template. Table taken from Dong, L., et al. Chem. Soc. Rev. 47, 7339-68

(2018).'

Energy density

Nanocarbon-templated Azo-STFs (kJ mol-') 0 g-') (W h kg-') tr a(h) State Grafting density Ref.

60"
1030
118
192
265
3180
412a
572

h-
h

151
270
245
403
497
288
346
472

42
75
68

112
138
80
96

131

5408
116

2
792

1248
1320
1120
900

Liquid
Liquid
Liquid
Liquid
Liquid
Liquid
Solid
Solid

- solid
solid
solid

o- solid
solid

. solid

1/10
1/10
1/19
1/16
1/17
1/50
1/59
1/46

44
44
45
46
47
48
48

a The mole-energy density (ki mol-')is calculated through multiplying M. (g mol') and mass-energy density 0 g~'), where M, is the molecular
weight of azobenzene compounds.

More molecular designs synthesized and tested for azobenzene-based STFs include

polymer-templated Azo, 5 1 5 2 liquid crystal structure,5 1 5 3 and phase-change material (PCM)

doping.5 4
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Chapter 2

Motivation

Recent developments in azobenzene-based solar thermal fuels enhanced bulk gravimetric

energy density and storage lifetime considerably while still maintaining the cyclability. However,

there is room for development in the photochemistry of Azo-based STFs, namely,

photostationary state, to enhance energy density and charging rate of solar thermal fuels.

2.1 Photostationary State

Table 2.1 shows the molar fractions and reaction rates of STFs at ideal discharge state,

ideal storage state, photostationary state and real storage state. Molar fractions are defined by

Number of i Molecules

Total Number of Molecules

and the reaction rates are defined by

22



Vforward = -kftard[ground state,vbaC,ard = -/backardmetastable state] (2.2)

where korwrs and kbakard are the reaction rate constants of forward and backward reactions,

respectively. In the ideal discharge state of the STF, all molecules are at the ground state (xgs=1

) and there should be no isomerization reaction (vfo,ad =0 ,rd,=0). The discharged STF

can then be charged under light through the forward reaction, i.e., photoisomerization reaction

from ground state to metastable state. When charging is done, the STF in an ideal storage state

should only have metastable state molecules (i.e. xetastable =1). Since the charging is complete,

there should be no more isomerization reaction (vfor(= 0 ,9 vac,, = 0 ).

However, such an ideal performance is not achieved in realistic STF materials. Since

metastable state molecules can also absorb photons and photoisomerize back into ground state

molecules, forward and backward reactions compete against each other such that the charging

rate decreases from vfoard to VfO,ard - Vbacard Then, when the two rates are equal, es.ba,,, no

longer changes.

This state is called the photostationary state (PSS). When the STF is charged from a complete

discharge state to the PSS, the molar fraction of metastablemolecules x,",,,bje asymptotically

reaches its maximum value xss , which is less than 1. Among all STF molecules, only

metastable state molecules can store energy and hence the harvested energy in PSS is 1-xess

less than the ideal state. The real storage state in the fourth column of Table 2.1 indicates STF

that is no longer charged and stored in a dark place before energy usage. Depending on the half-

life of metastable state molecule, the backward reaction occurs slowly, decreasing theXesb x .
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Table 2.11 Molar fractions and reaction rates at ideal discharge state, ideal storage state,

photostationary state and real storage state. xg, stands for ground state molar fraction, meastable

stands for metastable state molar fraction, vfa,,d stands for reaction rate from ground state to

metastable state and vbaca,,d stands for reaction rate from metastable state to ground state.

Ideal Discharge IdealStorageState Photostationary RealStorageState
SaeIelSoaeState State

Xgs 1 0 1- xss1 -Xmetastable

xme0astable 1 XPS Xmetastable (<PSs

Vforward 0 0 Vforward Vforward

Vbackward backward forward backward (Vforward)

From the above discussion, we can find two major impacts of the PSS on STF

performance: (i) energy stored in STF is decreased by the ratio 1- xss and (ii) the charging rate

is decreased to vfoaward -backward Kucharski et al. reported that in their optical cycling of

SWCNT-Azo STF which is shown in Figure 1.5(b), the charged state had about x,, = 0.8. Also,

it took about 60 hours until the sample reached stable span where the maximum and minimum

values of xe,, become constant due to the short irradiation cycle that allowed little time to

establish a full photostationary state.4 Such experimental observations demonstrate the

importance of PSS on energy storage density and cycling of STF.
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2.2 Formulating Photostationary State

Let us formulate an expression for the photostationary state molar fraction xss in terms

of the solar spectrum and material properties. Let the number of ground state molecules be N,

and metastable molecules to be N,astabl. Then, equation (2.2) can be re-written as

NgkN -k,, x,, (2.3)

Vforward- fowd V 'r wdv gs

Vbacward = -kbackward ( Nmnetstabe) kbcwrN Xmetastable (2.4)N N

where N is the total number of molecules and V is the total volume of STF. The charging rate is

then,

charging rate =vforward - Vbaa r=( )(korwardXgs,+kbackwardXnetasable) (2.5)

At the photostationary state, the charging rate is zero. Therefore, by rearranging the equation

(2.5) and plugging in xgs +meratable =1, we obtain

etastable,PSS = -kfrward
kforward +kbacIk.ard

The reaction rate constants kforward and kb,,c,ard can be obtained from the overlap integrals of the

solar spectrum and absorption spectra of the ground state and metastable state photoisomers.

That is,

k- I(A)as(A)Il, (A) d Akfoward f hc (2.7)

7k
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kb ' - pI(A)a,,,, , (),,n,,astable( d Abackward= ~ hc (2.8)
A

where I(A) is solar spectrum, a(A) is absorption spectrum of material in state i and i,(A) is

internal quantum efficiency (i.e. probability that isomerization reaction occurs per absorbed

photon). Therefore, elaslablePSS can be obtained if we know absorption spectra and internal

quantum efficiencies of ground state and metastable state molecule using equations (2.6), (2.7)

and (2.8).

2.3 Strategies for Photostationary State Engineering

Equation (2.6) indicates that the higher the forward reaction rate, the larger the molar

fraction xmetastabie'Pss at the photostationary state; and the lower the backward reaction rate, the

larger theX. eastae,PS Therefore, the strategy of PSS engineering is to maximize forward

reaction rate krOard and to minimize backward reaction rate kbackard. To maximize kfoard , the

overlap integral of the solar spectrum and ground state molecule absorption spectrum needs to be

increased and the quantum efficiency should be enhanced. Since pure trans-azobenzene has its

absorption maximum at 365 nm UV light, a red-shift of the absorption peak of the trans-Azo-

based isomer (i.e. ground state isomer) toward the visible regime and peak intensity increase is

desired to increase the overlap integral and hence the k,ard. To minimize kba,,ardIthe opposite

strategy is used: the overlap integral of the solar spectrum and metastable state molecule
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absorption spectrum should be reduced and the quantum efficiency should be quenched.

Therefore, for the metastable state molecule, a reduced absorption peak intensity and blue-shift

of the peak position is desired.
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Chapter 3

Azobenzene Functionalization

3.1 Motivation for Functionalized Azobenzene

A functional group is a group of atoms in molecules that exhibit characteristic properties.

A functional group is covalently bonded to the rest of the molecule. It can be a reaction center

itself; or it can affect the electronic structure of the molecule when it substitutes a hydrogen atom

linked to carbon on the "parent" molecule. Functional groups can be distinguished into electron

donating groups (EDGs) and electron withdrawing groups (EWGs) depending on their effect on

the molecule compared to a hydrogen atom. The combination of inductive and resonance effects

collectively determine whether a functional group is an EDG or an EWG. An inductive effect

polarizes the covalent a -bond due to the difference in electronegativity of the atoms involved in

the bond.5 5 Nitrogen, oxygen, sulfur and halogens exhibit an electron-withdrawing inductive

effect due to their high electronegativity.56-58 Resonance effects are due to the delocalization of

. -electrons along conjugated . -bonding between the functional group and the rest of the

molecule. 5 9When attached to a sp2 -conjugation system such as in the case of a benzene ring,
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functional groups with lone pair electrons such as -OH, -NH 2, and halogens exhibit an electron-

donating resonance effect. The total electron-donating or electron-withdrawing character is the

combination of these two effects.

Functionalization (i.e. attaching functional groups on basic STF molecules) has been

widely employed to improve STF performance. Anthracene functionalization with EDGs and

EWGs increased the storage enthalpy from 65.2 kJ/mol to 83.6 kJ/mol." Stilbene storage

enthalpy also increased from -5 kJ/mol to 104 kJ/mol by introducing the 1-naphthyl group

instead of phenyl group.' 8 " 9 Functionalizing stilbene with methyl groups also showed a -30 nm

red-shift in the spectra and significant absorption peak intensity change.16 Introducing EWGs on

norbornadiene (NBD) red-shifted the absorption peak to -460 nm of NBD as well. 60 Azobenzene

derivatives were also studied to achieve high energy density and more overlap with the solar

spectrum (i.e. red-shift of absorption spectra).61,62 For templated-Azo systems, an amide group

was used as a linker between azobenzene molecule and templates as shown in Figure 1.4, Figure

1.5, and Figure 1.6. Further functionalization on the azobenzene molecule shown in Figure 1.5

and Figure 1.7 enhanced energy density and half-life of STFs by inter-molecular interactions

such as hydrogen bonding between the functional groups. 4 '4 6 50

The history in functionalized STFs motivated my theoretical study on functionalizing

azobenzene molecules. Functionalization affects absorption spectra of various STF molecules

and hence their photostationary state. Since functionalization also affects important STF figure

of merits such as the storage enthalpy and the lifetime, a systematic theoretical study on the

effect of the functionalization on the photostationary state is desired to optimize STF design. The

theoretical study may be validated with previous experimental studies on functionalized

azobenzene absorption spectra.
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3.2 Theoretical Approaches to the Photostationary State of

Functionalized Azobenzene

3.2.1 Geometry Optimization of Functionalized Azobenzene

Figure 3.1 shows all azobenzene derivatives that are theoretically studied by calculating

optical spectra andx,netataInePss . Not only functional groups, but also the functionalization

positions, i.e., ortho-, meta-, and para-functionalization are also known to affect chemical

properties due to the different corresponding resonance effects. Therefore, all three

functionalization positions are tested for each functional group.

The functional groups are chosen such that (1) the amide group which was an important

linker group in CNT-Azo systems must be included,4 (2) hydroxyl group (-OH) must be

included since it induces inter-molecular hydrogen bonding, and (3) the set of functional groups

cover a wide range of electron-donating character to electron-withdrawing character.

Before calculating the absorption spectra of azobenzene derivatives, each molecular

structure must be relaxed to the ground state. First-principles calculation using density functional

theory (DFT) was employed in the geometry optimization.
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Figure 3.1 Schematic diagram of azobenzene functionalization with all
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studied functional

Density functional theory is an ab initio method that can quantum mechanically obtain

electronic structures of atoms, molecules and crystal structures and thus determine material

properties. The derivation of DFT starts with the time-independent N-electron Schrdinger's

equation

AeN _ h 2 V N 2
HT = - V +V(6)+2 -EW

2m j. 4x=0 l r; - rI
(3.1)

where V(i) is the potential energy by the interaction between electron i and nuclei. Here, the

Born-Oppenheimer approximation is applied such that nuclei with substantially larger mass than

electrons can be treated as stationary objects.63 The Hohenberg-Kohn theorem further simplifies
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this many-body problem in terms of the ground state electron density n(F). The first part of

Hohenberg-Kohn theorem states that for an external potential v,(), the ground state electron

density n(F) is uniquely defined. The second part of Hohenberg-Kohn theorem states that the

global minimum energy E[n] can be determined by the ground state electron density n(J).14

The Kohn-Sham equation finally introduces a fictitious system of Nnon-interacting

electrons that have the same electron density n(F).65 Since it is a non-interacting system, the

Schr6dinger equation can be written as a single-particle equation i.e. the Kohn-Sham equation.

This single-particle equation is called Kohn-Sham equation:

(V2+V[n()]<p,( )= ((3.2)
2m

where V[n()] is the effective single-particle potential which is

V[n(F)]=V(i)+fe" 'Id 3r'+V »<?) (3.3)

Here, Vxc[n(i)] is the exchange-correlation potential that includes all the many-particle

interactions. The exchange energy arises due to Pauli's exclusion principle that indistinguishable

fermions need to have exchange symmetry and the correlation energy is defined to be the

difference between the true single-particle potential and the sum of external potential, Coulomb

interaction and exchange potential. 66,67 Approximations on the exchange-correlation potentials

are the key to the accuracy of density functional theory. Most commonly used exchange-

correlation potential approximations are Local Density Approximation (LDA) and Generalized

Gradient Approximation (GGA).66 68 72

By solving Equation (3.2), the ground state electron density n(i) can be obtained
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N

n(F) = ip,(F') 12 (3.4)

Since the single-particle potential VJn()] in Equation (3.2) is dependent on the ground state

electron density n(F), the equation has to be solved "self-consistently" such that the solution of

Equation (3.2) satisfies Equation (3.4). Therefore, this method is called a self-consistent field

(SCF) method. 73 The minimum energy of the system is obtained by summing the single-particle

energies

N

E[n(r)]= , (3.5)

Minimizing the DFT-calculated energy of the system as a function of atom positions

using numerical optimization algorithms such as steepest descent algorithm and conjugate

gradient algorithm leads to geometry optimization of atom positions, i.e. ionic relaxation.74'75

Projected Augmented Wave method (PAW) was used to calculate pseudopotential '6'

and GGA exchange correlation functional was used to solve SCF equations and conjugated

gradient algorithm was used to optimize the atomic structures of azobenzene derivatives. In this

thesis, plane-wave basis Vienna Ab initio Simulation Package (VASP) was used to perform DFT

calculations. 718
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3.2.2 Theoretical Calculation of Optical Spectra of Azobenzene Derivatives

Time-Dependent Density Functional Theory

Optical absorption involves electron-photon interaction that leads to excitation of the

valence electron to excited state. Since the Hohenberg-Kohn theorem, the core of density

functional theory (DFT), assumes the ground state of the system, i.e. all electrons are in the

valence band, DFT cannot properly describe optical processes. 64 Instead, time-dependent density

functional theory (TDDFT) can be used to calculate optical properties of materials.

Instead of solving the time-independent Schr6dinger's equation as in DFT, TDDFT

solves the time-dependent Schrdinger's equation for the many-electron wavefunction '(t):

$(t )W(t)=i ,$t)(t)= T +Ye+Y.,(t ) (3.6)

at

for a given initial wavefunction T(0). The kinetic energy operator T and electron-electron

repulsion are8 2

N N

T- 1 V2 and Y = (3.7)
2 2 1sjIr - r I

The external potential V,,(t)represents the electronic potential of photons in optical absorption

calculations. Runge and Gross extended the Hohenberg-Kohn theorem to time-dependent

systems showing that all observable properties of a many-electron system with initial state T(0)

may be extracted from the one-body time-dependent density n(i,t) alone.83 Then, a Kohn-Sham

(KS) system as in DFT can be formed: an auxiliary system of non-interacting electrons in a one-

body potential can be built such that the density of the non-interacting electrons is equal to the
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density of the original interacting many-electron system. That is, the density n(7,t) of the

interacting system can be obtained from

N

n(i,t)= I qp(F, t) 2 (3.8)
j=1

with KS orbitals rpq(r,t) that satisfy the time-dependent KS equation

a V2
i-<p(Ft)= -- +vKS[n;Do](t) cp.(r,t) (3.9)
at 2

The KS energy functional can be decomposed into three terms as in DFT:

VKS [; 0 (t) =ext[n;'o (t)+fdrf t+v, [n;'IF,TD,](Ft) (3.10)

where vet[n;o](F,t) is the external time-dependent field. The second term corresponds to the

electron-electron repulsion and the third term corresponds to the exchange-correlation (xc)

potential that has to be approximated with appropriate functionals. 'Po corresponds to the initial

state of the interacting system and <Do corresponds to the initial state of the non-interacting (KS)

system.

Almost all functionals in use today have no memory-dependence on n(t); such

functionals are called adiabatic. An adiabatic xc functional can be written as

v'[n](it)= v' [n](F) (3.11)

If the external time-dependence is very slow, this approximation holds true. The adiabatic local

density approximation (ALDA) then gives

v$"D[n(i,t) = vx7'n(Fjt)) (3.12)

82
that the xc potential of homogenous electron gas is used as the xc potential of the KS system.
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Time-Propagation Method

The time-propagation method calculates the time propagation of TDKS orbitals 9(,t)

following the time-dependent Kohn-Sham equations

ickVrt) =IKs I n JV tPk VI t) (3.13)

at

from initial conditionq k(I,t =0)= T° (F). The dependence of HKS[n](F,t) only on the

instantaneous density n(7,) instead of the whole history shows the adiabatic approximation. 84

If no perturbation is applied, the time-evolution of the KS wavefunctions is

k (0) -ie (0)(t)

Otherwise, if we apply a weak delta pulse of a dipole electric field k,

ve (i,t)=-eK- k(t)=-e- -k fdwexp(imt) (3.15)

The KS wavefunctions at t =0* becomes

99~=O+)=exp fdt[H(0(t)-eiFk(t)]cpk(,t=0-)
h 0(3.16)

=exp(iei-k/h)99k(',t=0

Equation (3.16) propagate the free oscillations in time following the TDKS equations. Then,

from the time-dependent dipole moment

p(t)= -ef d 3n(,t)i (3.17)

and Fourier-transform, the dynamic polarizability tensor a(w) can be obtained.

a0(w)= K- e-" +(K) (3.18)
K6 0
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The imaginary part of the diagonal component of the polarizability tensora(w), i.e. Imja,(w)I,

is proportional to the absorption spectrum.

Higher order responses are included in the time-propagation calculation; however, if the

field K is chosen weak enough, the higher order responses are negligible and hence linear-

response is obtained.

In this thesis, real-space ab initio TDDFT package, Octopus code was used to calculate

time-propagation of KS orbitals and hence the optical spectra of materials.8 5

Comparison between experimental and theoretically calculated absorption spectra of trans- and

cis-Azobenzene

Figure 3.2 shows the comparison between experimentally measured and theoretically calculated

absorption spectra of trans- and cis-azobenzene. The TDDFT-calculated spectra were red-shifted

possibly due to the underestimation of HOMO-LUMO gap, which is a weakness of density

functional theory. However, when the peaks are scissor-shifted to the correct band gap, the peak

intensities matched well with the experimental data.
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Figure 3.2 | Comparison between experimentally measured and theoretically calculated spectra

of (a) trans-azobenzene and (b) cis-azobenzene. Solid lines represent spectra calculated by

TDDFT; Dash-dot lines represent spectra calculated by TDDFT and then shifted to match the

band gap; and ted lines represent experimentally measured absorption spectra of azobenzene."
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Hammett Constant

The Hammett constant in organic chemistry is obtained from the change in the

equilibrium constant of benzoic acid ionization (Figure 3.3) with respect to functionalization of

the benzene ring of a benzoic acid molecule. 89'90 The Hammett equation is written as

K
log--= up (3.19)

KO

where K is the ionization equilibrium constant for substituted benzoic acid, KO is the ionization

equilibrium constant for pure benzoic acid, a is the Hammett constant and p is the reaction

constant which is 1 for benzoic acid ionization. Large negative a value means a high electron-

donating character of the substitution and large positive a value means high electron-

withdrawingcharacter.

.- 0 - 0

R \ / + H20 25C R \/R+ H30+
OH O'

Figure 3.3 | Ionization of benzoic acid with substituents R and R' on para- and meta-position,

respectively.
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Absorption Spectra of Azobenzene with NH functionalization on vara-osition

Among all azobenzene derivatives studied in this thesis, NH2 functionalization on the

para-position has the strongest electron-donating character with Hammett constant o-= -0.66.91

Therefore, as an exemple, the absorption spectra of azobenzene with para-NH 2 functionalization

calculated using TDDFT time-propagation is shown in Figure 3.4. A strong red-shift of the

functionalized trans-azobenzene peak compared to pure azobenzene, from 378 nm to 417 nm,

was observed as well as -30 percent peak intensity increase. Such features in NH 2 functionalized

trans-azobenzene spectra indicate that this case would possess a high forward reaction rate from

the trans-isomer to cis-isomer. NH2 functionalized cis-azobenzene spectra also shows a red-shift

in peak position and peak intensity increase. Therefore, the backward reaction rate is also higher

than pure cis-azobenzene. The photostationary state cis-isomer molar fraction xis then

determined by the competing effect of trans- and cis-isomer absorption spectra.
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Figure 3.4 | Absorption spectra of trans-(black) and cis-azobenzene (red) with -NH2 substitution

at para-position. Dotted lines shows the absorption spectra of trans-(black) and cis-azobenzene

(red) for comparison.

Absorption Spectra of Azobenzene with NO 2 functionalization on para-position

Among all azobenzene derivatives studied in this thesis, NO 2 functionalization on the

para-position has the strongest electron-withdrawing character with a Hammett constant

o =0.78.91 The absorption spectra of azobenzene with para-N2 functionalization calculated

using TDDFT is shown in Figure 3.5. The trans-azobenzene absorption peak at 375 nm is red-

shifted to 410 nm; however, the peak intensity is decreased compare to the pure-Azo. The

absorption peaks of cis-azobenzene are red-shifted and their peak intensities increased after

functionalization. As in para-NH2 functionalized azobenzene, both forward reaction rate and

backward reaction rate are increased compare to pure-azobenzene due to the red-shift of peak
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positions and peak intensity increases; however, para- NO 2 functionalized azobenzene may

exhibit less forward reaction rate than para-NH 2 functionalized azobenzene.
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Figure 3.5I Absorption spectra of trans-(black) and cis-azobenzene (red) with -NO 2 substitution

at para-position. Dotted lines shows the absorption spectra of trans- (black) and cis-azobenzene

(red) for comparison.
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3.3 Photostationary State of Functionalized Azobenzene

Revisit discussion in Chapter 2 to calculate the molar fraction of metastable state

molecule xeasab,PSS :

XmetastablePSS- forward (2.6)
frward kbackward

The reaction rate constants krward and kbakward are obtained from the overlap integrals of the

solar spectrum and absorption spectra of ground state and metastable state photoisomer. That is,

kfrward- f I(A)ags(A),(A)dA (2.7)k - hc

kb r) - I())ae,,,,,b,( metastableQ,, ) d A (2.8)
backwad ~ Jhc

where I(A) is solar spectrum, a,(A) is absorption spectrum of material in state i and i,(A) is

internal quantum efficiency. In this thesis work, NREL AM 1.5 solar spectrum data was used for

I(A) to model STF operation on ground.92- 96 a,(A) are calculated using TDDFT time-

propagation method. For i,(A), values shown in Table 3.1 are used. 97 Kasha's rule states that the

excited molecule is thermally relaxed before being quenched to the ground state and hence an

appreciable yield of quenching only occurs at the lowest excited state energy level.98 However,

the azobenzene photoisomerization reaction goes through different local minima on the excited

state potential energy surface so that the internal quantum efficiency varies for different

symmetries of excitation peaks.
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Table 3.1| Internal quantum efficiency of photoisomerization for trans- and cis-azobenzene. The

values are taken from Bortolus et al., J. Phys. Chem. 1979, 83, 6, 648-652

peaks trans-azobenzene cis-azobenzene

n -+ r* (~439 nm) 0.25 0.56

r-c (317 nm) 0.11 0.27

Photostationary State Molar Fraction x, with Respect to the Storage Enthalpy AH

Figure 3.6 shows the correlation between photostationary state molar fraction of cis

isomer xa, and the storage enthalpy AH for all azobenzene derivatives listed in Figure 3.1. No

evident correlation was found between xa and AH indicating that the two values may be

optimized separately without affecting each other.
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Figure 3.6I Photostationary state molar fraction xj,, with respect to the storage enthalpy AH

Photostationary State Molar Fraction xa,, with Respect to the Hammett Constant o

Figure 3.7 shows the correlation between photostationary state molar fraction of cis

isomer x,,, and Hammett constant o of functionalization. A general trend is discovered that the

higher the electron-donating character of the functionalization, the higher the x,, in

photostationary state.
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Figure 3.7 | Photostationary state molar fraction x,,, with respect to the Hammett constant a.

Each black dot corresponds to functionalized azobenzene shown in Figure 3.1. The red dot

indicates the pure azobenzene photostationary state x,, =0.73

Theoretical Eauivalent of Hammett Constant

Hammett constant a is a useful parameter to represent electron-donating and electron-

withdrawing character of functionalization. However, a is obtained experimentally; therefore, a

theoretical alternative is desired for chemistries with no experimental data, to quantify the

electron-donating and electron-withdrawing character.
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The extra number of electrons around the N=N double bond ANN-N is chosen for this

study to be such a parameter. The electron density of substituted azobenzene subtracted by the

electron density of pure azobenzene was integrated over the two spheres within a Wigner-Seitz

radius around the N atoms.99 Figure 3.8 shows the schematic diagram of the integrated volume.

Figure 3.8| Integrated volume around N=N double bond. Two spheres with Wigner-Seitz radius

around N centers consists the integrated volume.

Figure 3.9 shows the correlation between the extra number of electrons around N=N

double bond ANN-N and the Hammett constants a. For both trans- and cis-azobenzene

derivatives, ANN-N and a showed quite strong negative correlation. Therefore, ANNNinstead

of Hammett constant can be used to describe electron-donating and electron-withdrawing

characters.
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Figure 3.9 Correlation between extra number of electrons in N=N bond AN andthe

Hammett constants o

Figure 3.10 plots photostationary state cis-isomer molar fraction x, in function of # of

extra N=N electrons ANN-N; which is equivalent to Figure 3.7 using ANN-N instead of Hammett

constant as the x-axis. Hammett constant is only defined for meta- and para-functionalization;

but ANN-Ncan be defined for ortho-functionalization as well. The black dots in Figure 3.10 show

ortho-position functionalized azobenzene derivatives, while the blue dots show meta- and para-

position functionalized azobenzene derivatives. Meta- and para-position functionalized

azobenzene derivatives show stronger dependence compared to ortho-position functionalized

azobenzene derivatives. Such result may be attributed to the bond angle distortion by large

functional groups attached to the ortho-position.
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Figure 3.10 1 Photostationary state cis-isomer molar fraction x,, in function of # of extra N=N

electrons ANN-N .The blue dots indicate meta- and para-functionalized azobenzene. Unmarked

black dots indicate ortho-functionalized azobenzene. The blue dots showed stronger correlation

between xe,, and ANN-N, suggesting that steric hindrance in ortho-functionalization led to such

irregular correlation between x, and ANN-N •
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Chapter 4

Geometry Modification of Azobenzene

4.1 Motivation for Geometry Modification of Azobenzene

The azobenzene geometry is modified as a result of various chemical treatments such as

ortho-functionalization, synthesis of template-Azo structure followed by inter-molecular

interaction between packed azobenzene molecules, polymerization and ring structure

formation. -4,
5 2,61,100 In Chapter 3, functionalizing azobenzene at ortho-position showed less

dependence on the electron-donating or electron-withdrawing character compared to

functionalizing azobenzene on meta-position or para-position. This result suggests the

breakdown of symmetry of azobenzene molecular structure leads to significant change in optical

spectra.

So far, the geometry of azobenzene cannot be synthesized in exact desired angles nor be

synthesized without chemical effects of supporting structures such as nano-templates and
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functional groups. One unique advantage of theory and simulation is that we can explore limits

and use that to gain fundamental understanding, which in turn can be used to guide future

experiments. In this study, the angles of azobenzene molecules were tailored to focus on the role

of geometry on optical spectra and photoisomerization rates of azobenzene-based STFs. The

insights gained from this study may be applied to design better azobenzene-based STFs.

4.2 Rotational Degrees of Freedom

Figure 4.1 shows the rotational degrees of freedom of trans-azobenzene and cis-

azobenzene. Point symmetry with respect to the center of N=N double bond is assumed for both

trans- and cis-azobenzene. Trans-azobenzene has one bending rotational degree of freedom for

angle 123=LCNN and one twisting rotational degree of freedom for angle L2345= LNVCC.

Cis-azobenzene has two bending rotational degrees of freedom for angle LI23= LCNN and

angle L346 = LNCC (benzene ring) as well as two twisting rotational degrees of freedom for

angle Ll234= LCNNC and angle L2345= LNNCC. However, four rotational degrees of

freedom yield too many test case combinations. Therefore, in this study, bending angles are fixed

at L346 = LNCC (benzene ring)= 0 and L123= LCNN = 120deg. This assumption is

reasonable since for cis-azobenzene, twist angles are relaxed readily so that the bending angles

Ll23= LCNN and £346 = LNCC (benzene ring) are kept within 5 degrees around the angles

defined by the hybridization in relaxed structures of functionalized azobenzene and templated-

Azo.
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Figure 4.11 Rotational degrees of freedom of trans-azobenzene and cis-azobenzene

4.3 Storage Enthalpy and Absorption Spectra of Geometry-

Modified Azobenzene

Figure 4.2 shows the ground-state potential energy surface (PES) as a function of the

rotational degrees of freedom. The relaxed structures of trans- and cis-azobenzene are marked

with red-cross points. For trans-azobenzene, the smaller the bending angle Z234= LNNC is, the

higher the ground-state energy is. Also, the smaller the twisting angle L2345= LNNCC, the

more stable the energy of trans-azobenzene. Since trans-isomer is desired to have low energy

level, larger bending angle 4234= LNNC and smaller twisting angle L2345= LNNCC are

preferred in terms of ground state energy. On the other hand, high ground-state energy is

52

2 3
4

5
6



preferred for the cis-isomer in order to maintain a large energy storage capacity. Therefore, the

smaller the twisting angle L2345= LNNCC and the other twist angle L1234= LCNNC near 30

degrees may lead to high storage enthalpy.

Trans 1

30 60
Angle 2345

Cis 1

30 60
Angle 2345

Figure 4.2 1 Ground-state energy surface of (a) trans- and (b) cis-azobenzene in function of

geometry. The red-cross point shows the relaxed structure of trans- and cis-azobenzene.

Naturally, the relaxed structures are at the global minima. The scale of energy is normalized to

the maximum energy in trans-azobenzene potential energy surface in eV.

Figure 4.3 shows absorption spectra of trans-azobenzene with different bending angles

calculated by TDDFT as explained in Chapter 3. For planar structures (i.e. L2345= LNNCC=0
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), the n - .r* excitation is symmetry forbidden. Hence, for all three structures peak 2 intensities

are negligible. Peak 1 which corresponds to rc -> .r*is red-shifted but weakened for small

bending angles.

40000

30000

*cC

o 20000

0

X 10000
(U

0

+ peakl1

trans_100_0

trans_110_0

trans_120_0

PE ak 2

300 400 500 600 700 800
Wavelength (nm)

Figure 4.3| Absorption Spectra of trans-azobenzene with different bending angles calculated by

TDDFT time propagation method. The twist angle L2345= LNNCC of trans-azobenzene is set

to zero for all three examples shown here. Peaks marked with number 1 and 2 correspond to the

peak numbering in Figure 4.5 and Figure 4.6. Peak I corresponds to r -> j* excitation and peak

2 corresponds to n -+ 7* excitation.

Figure 4.4 shows absorption spectra of cis-azobenzene with twist angle

L2345= LNNCC fixed to 30 degrees and the other twist angle L234= L CNNC is modified
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from 0 to 150 degrees with 30 degrees interval. The r - excitation shows the strongest peak

intensity at L1234= LCNNC=150 degrees, which is a similar structure to trans-azobenzene.

500
Wavelength (nm)

-cis_0_30

-cis_30_30

-cis_60_30

cis_120_30

-cis_150_30

cis 9030

40000

30000

C

0 20000
U
C

0

x 10000
'U

0

700

Figure 4.4I Absorption Spectra of cis-azobenzene with different twisting angles

L1234= LCNNC calculated by TDDFT time propagation method. The other twist angle

L2345= LNNCC is fixed at 30 degrees. Peaks marked with number 1 and 2 correspond to the

peak numbering in Figure 4.5 and Figure 4.6. Peak 1 corresponds to r -- r* excitation and peak

2 corresponds to n -+ x* excitation.

Figure 4.5 and Figure 4.6 show the spectral features of trans- and cis-azobenzene in a

more systematic way by separately depicting peak position and peak intensity for geometry

variations of azobenzene.
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Figure 4.5| Peak positions of geometry-modified trans- and cis-azobenzene in color map. For

each color map, the right bar indicates the peak position in nm. The angles of relaxed trans- and

cis-azobenzene are marked in red-cross, and the geometry that gives the best overlap (maximum

overlap for trans-azobenzene and minimum overlap for cis-azobenzene) between solar spectrum

and absorption spectrum are marked in black-cross.

Figure 4.5 shows that the best structure for trans-azobenzene absorption peak

optimization is L234= LNNC =1000 since the longer the absorption peak wavelength is, the

more the absorption spectra overlaps with the visible range of solar spectrum and hence solar

thermal fuel can harvest more optical energy. For cis-azobenzene, it is desired that cis-

azobenzene does not absorb light to photoisomerize. Therefore, blue-shift of absorption spectra

is prefered; however, the black-cross, which marks the geometry of cis-azobenzene with least

overlap between absorption spectra and solar spectrum, shows longer peak wavelength than

other structures (Figure 4.5(c) and (d)). This result indicates the peak intensity determined the

overlap of cis-azobenzene absorption and solar spectrum.
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Figure 4.6 Peak intensity comparison of geometry-modified trans- and cis-azobenzene in color

map. The angles of relaxed trans- and cis-azobenzene are marked in red-cross, and the geometry

that gives the most overlap between solar spectrum and absorption spectrum are marked in

black-cross.

Figure 4.6 shows the peak intensities for different peaks of geometry modified cis- and

trans-azobenzene absorption spectra. Figure 4.6(a) and (b) shows that although absorption peak

intensities were higher for larger angle L234= LNNC but the effect of peak shift in Figure 4.5

dominated the overlap between the trans-azobenzene absorption spectra and solar spectra.

Meanwhile, for cis-azobenzene, the peak intensity dominated the overlap between cis-

azobenzene absorption spectra and solar spectra. For cis-azobenzene, L2345= LNVNCC= 90

and L1234= LCNIVC =0 gives the least overlap between absorption spectrum and solar

spectrum. This can be attributed to the broken - -bond conjugation between N=N double bond.
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Figure 4.7 Isomerization rate of geometry-modified (a) trans-azobenzene and (b) cis-
azobenzene. The black solid line indicates the gas phase ground state (a) trans- and (b) cis-
azobenzene isomerization rate

The combined effect of peak position and peak intensity is shown in Figure 4.7. The

isomerization rates are calculated using Equations (2.7) and (2.8). For trans-azobenzene, the best

geometry that yields the highest isomerization rate is L234= LANC =1000 and

L2345= LACC=00; with this geometry, the isomerization rate is 1.8 times higher the ground

state gas phase trans-azobenzene. For cis-azobenzene, the best geometry that yields the lowest

isomerization rate is £1234= L CC =00 and L2345= LNCC= 900, which shows 1/7

reduction of isomerization rate. Combining the best combinations of geometry modified trans-

and cis-azobenzene, we get x, =0.97 from Equation (2.6).

Figure 4.8 and Figure 4.9 show the extra number of N=N electrons in function of twist or

bending angles and their correlation to isomerization rates. Figure 4.8(a) shows that the smaller

the bending angle £234= LNNC, the more the extra number of N=N electrons; and the smaller

the twist angle £2345= LNACC , the more the extra number of N=N electrons. Figure 4.8(b)

shows the correlation between optical isomerization rate and extra number of N=N electrons. As
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in Chapter 3, positive correlation between optical isomerization rates and extra number of N=N

electrons was observed.
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Figure 4.8 1 (a) Extra number of electrons on N=N double bond of trans-azobenzene. (b) Optical
isomerization rate of trans-azobenzene in function of extra number of N=N electrons.

Figure 4.9(a) shows that for cis-azobenzene, extra number of N=N electrons has complex

relationship with the twist angles as seen in Figure 4.5(c), (d) and Figure 4.6(c), (d). However,

when optical isomerization plotted against extra number of N=N electrons, positive correlation

was observed again.
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Figure 4.9 | (a) Extra number of electrons on N=N double bond of cis-azobenzene. (b) Optical
isomerization rate of cis-azobenzene in function of extra number of N=N electrons.
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Chapter 5

Conclusion

Using TDDFT and propagation method, we calculated optical spectra of two molecular

designs - functionalization and geometry modification - to study how to optimize

photostationary state of azobenzene, a promising candidate material for solar thermal fuels. For

both designs, storage enthalpy per molecule ( AH ) and photostationary state cis-azobenzene

mole fraction (xc,, ) showed no correlation and hence needed to be optimized separately as

expected, since AH is ground state characteristic while xc,, on the other hand is determined by

optical isomerization characteristic associated with both excited state and ground state potential

energy surface.
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Testing functional groups with various Hammett constant showed negative correlation

between the Hammett constant (i.e. the higher the electron withdrawing character) and xi.

Among this study, 4-aminoazobenzene yielded the highest x, improvement from

from 0.73 (pure azobenzene) to 0.82 (4-aminoazobenzene).

Geometry modification significantly affected optical spectra of trans- and cis-azobenzene

and hence their isomerization rates. For trans-azobenzene, within the range of our geometry

modification, with optical trans-azobenzene structure, optical isomerization rate was improved

by 1.8 than the original gas phase ground state trans-azobenzene. For cis-azobenzene, with

optical structure, optical isomerization rate was reduced by 7 times. Combining the two optical

isomerization rates of trans- and cis-azobenzene x =0.97 was obtained. For both

functionalization and geometry modification showed that the more the extra N=N electrons, the

higher the optical isomerization rates were achieved.

This work showed that x, of azobenzene can be tuned using functionalization and

geometry modification and suggested a few optimal designs. Expanding these ideas, templated-

functionalized azobenzene system, which exhibits inherent steric hindrance, may be explored as

future work. Such system may tune AH and x, separately, also achieving high energy density

by packing many azobenzene molecules in high density as well as by tuning the geometry of

trans- and cis-azobenzene on the template due to steric effects.
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