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ABSTRACT OF THE DISSERTATION

Solid-state Photochemical and Photomechar8oadlies of Nanostructures and
Microstructures of Anthracene Derivatives

by
Lingyan Zhu
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2011
Dr. Christopher Bardeen, Chairperson

Photoactuators are devices made of photoreactive materials, whicigustiape
changes to generate mechanical motions upon irradiation. Reseaqmotmmeactive
materials has attracted much attention; this dissertationlyrfacuses on photoreactive
molecular crystals, which provide us great freedom to modify photoresgbraugh
organic derivatization.

Various anthracene derivatives were synthesized and fabricatediano- and
micro-scale structures; multiple measurements, including Atdroice Microscopy,
solid-state Nuclear Magnetic Resonance, X-ray diffractioreteta, were applied with
three goals: (1) maximize the photoresponse; (2) develop new modes afeghohse;
(3) enhance the reversibility of the photoresponse.

To maximize the photoresponse, we engineered the crystal stauahdgacking
motifs of anthracene esters with diverse-sized substituents. afpest expansion of
nanorods we obtained was 25% by length. We also tried to est#idistelationship

between the macroscopic photoresponse and the molecular-levalrsiratianges, so



that the photoresponse of molecular crystals may be predicted bastir crystal
structures. A detailed study of the photochemistry of 9-tertbutyiracene-carboxylic-
acid-ester (9TBAE) shows that the solid-state photoproductristastable intermediate,
which slowly converts into another stable equilibrium form. This isgemeral
phenomenon among anthracene esters. Thus, the metastable sisi¢heekey for
predicting the macroscopic photoresponse. Further studies are retpicddain the
crystal structure of this crucial intermediate.

Our proposal to develop new modes of photoresponse is through morphology
control. Using the floating drop method, we managed to grow 9-anti@ameboxylic
acid (9AC) into single-crystalline microribbons, which generatersible photo-induced
twisting motions under uniform irradiation. The interfacial stiaétween the unreacted
monomer and the photodimer regions within the ribbon is the driving fancehé
twisting.

To enhance the reversibility of the photoresponse, we tried to usetiiceeffects
to accelerate the dissociation of the photodimer. However, only orod sitderivatives
of 9AC, 10-flouro-9-anthracenecarboxylic-acid, shows the reversibl®aativity yet
with much longer response time. Attempts to self-consisteailyalize observed trends
in terms of excited state lifetimes or steric effece&savonly partly successful. Balancing
factors like electronic relaxation, steric interactions, andstatypacking presents a

challenge for engineering photoactive solid-state materials based eoutaolcrystals.

Vi
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Chapter 1 Introduction

1.1 Background and Motivation
Actuators, in general, are devices capable of converting externaligtimagnetic

field, electronic field, light, temperature, etc.) into action achanical motion. The
development of actuators based on materials that respond to extienoallsas attracted
a lot of interest. Their special properties can be applied iny patential applications,
including artificial muscles, micro-pumps? molecular switching® fluorescence sensing,
* etc. Compared with other materials, photoresponsive materialspat&ularly
appealing because of their unique advantages: 1) they are good medhasform
photon energy directly into mechanical motions, without going througmiediate step
such as transforming photon energy into electricity; 2) theybeanemotely operated
without physical contact, which enables easy fabrication of theakesioce no wires or
connections are necessary; 3) the motions of photoactuators can balatediprecisely
to different points or segments by spatially selective illunivnaf 4) the wavelength of

the light can be tuned for biological applications, and it's ldsdylito perturb delicate

biological structures than most other stimflli.

1.2 Photoreactive Polymer Gels and Films
There have been many types of photo responsive materials developedssli
as polymer gels, films, liquid crystal elastomers, and moleculystals. For

photoresponsive polymer gels and films, their photoresponse usually frome



incorporated photoactive molecules or moieties. The photochromicoreactf the
incorporated photochromophores are usually associated with certaigeshan their
physical and chemical properties. These changes would then lonithg the phase
transition or shape deformation of the polymer matrix. Some tyghatochromic

reactions are shown in the tabl€ 1.

Table 1. 1 Photochromic reactions

Type of

. Example
reaction

Isomerization

Zwitterion
formation

lonic
dissociation

Ring formation
and ring
cleavage

There have been several previous reports concerning photo responsigadyels

films. For example, Irie and co-workers demonstrated that tripmetlyane leuco



derivatives of polyacrylamide gels exhibit a large reversibleordedtion. ® Upon
irradiation with UV light, the weight of the gel increased bymagh as 13 times, and the
swollen gel contracted in the dark and regained its initial weigtitanassiou et al.
prepared poly(ethylmethacrylate-co-methyl acrylate) fibhoped with 5.0 wt %
spiropyran derivatives. Upon exposure to initial UV laser pulsesfalmving green
light pulses, the film bent in the direction of the laser sougceef). The maximum
bending was observed after 40 pulses of green light, and continuing grees led to

the recovery of the film after 160 pulsés.

Initial 40 (green)
10 (UV) 100 (green)
Direction of
irradiation
20 (green) 160 (green)

Figure 1. 1 Bending cycle of a spiropyran-doped polymer filfihe photographs were taken after

irradiation of the film with the number of laserlpes shown®

However, polymer gels and films have several disadvantages: leshense
time is relatively slow because their deformation comes fiteenphotoresponse of the
incorporated molecules, in other words, they response to the illuoninatilirectly. 2)
Most of the polymer gels and films are amorphous, without microscopitacroscopic

order, and thus their deformations are isotroplithey produce weaker mechanical force



compared with materials with anisotropic properties. 3) The incdgmbra
photochromophores are the real force-generating source, but theytaradistributed
randomly in the polymers. In other words, the polymer carriers &liluhe
photochromophores, which also leads to weaker mechanical force compdied w
materials with higher density of photoreactive molecules like molecuystats.

1.3 Photoreactive Liquid crystalline elastomers (LES)

Liquid crystalline elastomers (LCEs) are another widely stiidiass of materials
for photoactuators. Their special properties come from the condmnati flexibility
from polymer networks and ordered alignment from liquid crystal€&d @re usually
lightly cross-linked networks, which consist of several componentsssdinker
(polymerization segment), liquid crystal unit or liquid crystare; and polymer
backbone (flexible side chains). Figure 1.2 demonstrates the anisatoypraction and
elongation of liquid crystal elastomers under external stimuli asdight, temperature,
and electronic field. This is a general scheme to use LGEpotential artificial

musclest!

E,J r_,:g} External Stimulus ,’.'—ﬁ

~~~~~ cross-linker
@ liquid crystal unit
~~~— polymer backbone

Figure 1. 2 Anisotropic contraction and elongation of liquig/stal elastomers

Similar to polymer gels and films, the photoresponsive behavior of LEES

usually induced by the incorporated photoactive molecules, espeaatipenzene



moieties and their variously substituted analogues. Azobenzenesaddriatives are
special molecular cores that they can act both as photochromic andeane& units. The
more stabletrans form of the azobenzene moiety is rod-like and supports the liquid-
crystalline phase; while the photoinduagsiform has a bent shape and is not compatible
with the liquid-crystalline phase. The two forms can intercanverersibly by
photoinduced isomerization as shown in Table 1. In addition to the photoshrpthie
optical properties of azobenzene materials can be changedringtion with polarized

light, depending on the polarization of the pump light.

a
qo—fc%%—o@fw\h S 0Cutt

Molecule 1

/TOJFC H%_OON"N% }HC%‘O@/‘\

b Molecule 2

>540 nm
B S

Figure 1. 3 Directed bending of a polymer film by ligh&) Chemical structures of the liquid-crystal
monomer (molecule 1) and crosslinker (molecule @dufor preparation of the filnh) Photographic

frames of the film bending in different directioimsresponse to irradiation by linearly polarizeghti of



different angles of polarization (white arrows)3®5 nm, and being flattened by visible light longjesn

540 nm. The film scale is 4.5 mm x 3 mm x 7 um; résponse time of the film is about 13%.

The unique characteristics of LCEs make them very useful ialatdor soft
actuators, such as artifical muscle. Light-driven actuation has ade@eved in many
systems; For example, Ikeda and co-workers prepared polymersihown in Figure 1.3
with azobenzene moieties. The film bent toward the direction of 36&radiation, with
the bending occurring parallel to the direction of light paktion. When the bent film
was exposed to visible light with a wavelength longer than 540 nroonitpletely
reverted to its initial flat state.

LCEs are promising materials for the construction of aréifimiuscles driven by
the light; however, many considerations must be taken into accountapipiging them
to biological systems. One concern is that artificial muscégls¢o be able to contract
and stretch, but so far reversibility is a weakness of LCEsekample, the cycling of
azobenzene and their derivatives contained LCEs degrade within abouty@ies.
Another concern is that artificial muscle must undergo the egeahape change with the
least amount of energy. Developing the pathways to transtageralogical signal into a
conformational change in the artificial muscle is perhaps tkatgst problem to be

resolved*

1.4 Photoreactive Molecular Crystals
The research in this dissertation has focused on a differest afigshotoactive

materials, namely, molecular crystals. A molecular cryista crystal whose molecules



are held together by weak physical bonding such as van der waads, fdipole-dipole
bonds, or hydrogen bonding as opposed to chemical bonding like covalent bond, ionic
bond. While polymer gels, fiims and LCEs are for potential applicatmnssoft’
actuators, molecular crystals can be considered as potenfialastuators. Compared
with polymers, molecular crystals have several potential advantayetheir photo
response can be much faster since every single molecule gackithe crystal is
photoreactive; in other words, the photo response time is only limiedhe
photoreaction itself but not to the rearrangement of guest/hosinsy®) They can
generate stronger forces due to the high density of photochromicutesi¢molecular
crystals 100 wt % vs. polymers ~5-10 wt %). Furthermore, thedecoles are highly
ordered, which generates anisotropic deformations of the matandishis also helps to
generate more force; 3) Crystals have higher young’s mothdaimspolymers in general.
1523 The Young's modulus measures the resistance of a materiastic drecoverable)
deformation under load, and reflects the stiffness of a matéridhe applications of
mechanical work, materials with a higher Young's modulus, whicbradefess under a
given load, are preferred.

Organic molecular crystals are of particular interé8tone of their unique
properties is the possibility to tune the structures and propeftibe material by adding
different substituent groups. There are many researchesdcauti®n photo reactions of
organic molecular crystals since 1968<Reversible photomechanical changes were first
observed in charge-transfer crysfaland later workers have exploited photoinduced

charge transfer dynamics to drive rapid mechanical motions inocnystals®’ 2 In



general, there are two types of the photoreactions of organieculat crystals:
intramolecular reactions and intermolecular reactions. For intemmlalr events, there
are cis-trans isomerization, cyclization, and ring formation/rolgavage, etc (as
illustrated in Table 1.1). Irie and coworkers utilized the ringnfatron/ring cleavage
reaction of diarylethene derivatives and demonstrated the photomedhaark of the
single crystal moving a 90-times-heavier gold microparticle8forcycles as shown in
Figure 1.4.2° Koshima and coworkers demonstrated the reversible bending ofcavnar
plate-like azobenzene derivative crystal using the cis-tans iszatien reactiof’. These
are considerable achievements considering that photo-induced reactimasrotcopic

organic crystals typically shatter the crystal and do not lead to usefuameahmotions.

31-32
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Figure 1. 4 High-speed camera images of the rod-like crystal laad push the gold microparticle on
irradition of ultraviolet (365 nm) light. The goldicroparticle is 90 times heavier than the rod-kikgstal
(250 x 5 x 5 um).

However, these crystals fabricated were very limited in rceg@ their
morphology and response; both of their crystals were on the mideo-scathermore,
the structure changes of intramolecular photoreactions arevegjagimall, usually on the

order of 1 A or less* For intermolecular events, there are [2+2] photocycloaddiction,



[4+4] photocycloaddition, and photopolymerization. Since intermolecular photioreact
involves large-scale atomic motions in the crystal structuhes; &are more likely to
produce larger shape deformations if the shattering of the arystalbe avoided? The
previous work of Dr. Rabih O. Al-Kaysi in Bardeen group succdlystolved the
problem of shattering by controlling the nanoscale morphology of orgaaiecular
crystal and demonstrated irreversible (as illustrated in &idgus) and reversible (as
illustrated in Figure 1.6) shape changes in rod-shaped nand&rysteanthracene
derivatives. ** ** The work of Jacob Good in Bardeen group demonstrated the

controllable bending of 9AC nanorods by selective illuminafion.

Figure 1. 5(a) AFM image of a single 200 nm nanorod of 9-terybainthracene ester (9TBAE) before
illumination; (o) 9TBAE nanorod expanded by 15% in length aftemnilination with 365 nm. Scale bar is 6

um. Molecular structure of 9TBAE is shown on thewabright.

Figure 1. 6 The optical microscopy images of the reversibledi@mn of a single 200 nm diameter nanorod

of 9-anthracene carboxylic acid (9AC) (after U\iiftlination = panelb, d, f, h; after dark period = panels



a, ¢, e, § The time required to revert back is around 2 atinoom temperature. The dotted circle shows
the illuminated region (35 um in diameter). Scade b 20.7 um. Molecular structure of 9AC is shown i

the above right.

Figure 1. 7The optical microscopy images of the reversibledele bending of a single 200 nm diameter
nanorod of 9-anthracene carboxylic acid (9AC). Téa circle is where 9AC nanorod was exposed to the

selective illumination (UV 365nm). Scale bar = 18.u

1.5 [4+4] Photocycloaddition Schemes
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Figure 1. 8 [4+4] photocycloaddition schemea)(head-to-head photoreaction of 9A®) (head-to-tail
photoreaction of 9TBAE.

Several studies were carried out on the photoreaction of anthracerteeand
derivatives; with the exception of a few special caes the [4+4] cycloaddition occurs
at the 9 and 10 positions of anthracene. The photodimers could be Hesatitand/or
head-to-tail as shown in Figure 13.In general, the head-to-tail photodimer is less
stable due to the static effect of two adjacent substituent gt positons. This
aspect of the head-to-tail photodimer can contribute to the relergioperty of the
material, for example, 9AC nanorods relax back to the originaleshaihin 5min in

room temperature after shape deformation from irradiation (Figure 1.6).

1.6 Conclusion

Dr. Al-Kaysi has done the pioneering work on harnessing [4+4]
photocycloaddiction reaction to make photoreactive molecular crystabrods of
anthracene derivatives. Yet there are still many questionsgvéd be answered in order
to utilize molecular crystals as potential photoactuators. Fampke, what is the

mechanism of the photoresponse of these nanorods? Can we relatectbhscapac
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expansion of the nanorods with the molecular level photoreaction? Canediet the

final photoresponse of the nanorods by comparing the crystal strucfuegghracene
derivatives and their photodimers? Can we amplify the photoresponbe?elatpossible
maximum photoresponse of these nanorods? Is there any more complicated
photoresponse other than expansion and bending? How can we utilize the pbog®es

of these nanorods to do some mechanical work?

In this dissertation, families of 9-anthracene carboxylid aster derivatives and
9-anthracene carboxylic acid derivatives were synthesized &midated into various
nano- and micro-structures. Multiple instruments and measurememes applied to
study their solid-state photochemistry, photophysics and photomechamatiahs, with
three main goals: (I) maximize the photoresponse; (ll) exptbiferent forms of
photomechanical motions; (Ill) strengthen and fasten the revessibif the
photomechanical motions. This dissertation is composed of three masetprajying to
accomplish these three goals.

The details of the instrumental measurements, experimental me#motiset-ups
for calculations in this dissertation are presented in Chapter &. ifistrumental
measurements include atomic force microscope (AFM), scannintyaglee microscope
(SEM), single crystal and powder X-ray diffraction (XRE}C, *H solid-state and liquid
Nuclear Magnetic Response (NMR), UV-vis absorption spectrgscipady-state and
time-resolved fluorescence spectroscopy. The experimentdlodsetinclude organic
synthesis of anthracene derivative families, single crygtawth, and fabrication of

nano-scale and micro-scale structures. The calculation part givée aetail of our set-

12



ups to calculate the chemical shifts for 9TBAE with its dimansl to optimize the
molecular structures of 9AC and its derivatives.

Concerning the maximization of the photoresponse, we have two hypotagses
the photomechanical properties of organic molecular crystalsl@sely related to their
crystal structures and packing motifs. We may increase the psiptoree through adding
different series of substituents; b) if we can identify the iptesselationship between the
macroscopic photomechanical motions and the changes of molecudtal atyuctures
from the irradiation, we would be able to pre-select moleculds mpotential dramatic
photoresponse based on their structures, and synthesize them forresdasch. To test
our hypotheses, we studies the photochemistry of a family of 9-aatt@e@arboxylic acid
esters, mainly focusing on the photodimerization of 9TBAIE Chapter 3. Among 13
derivatives with various lengthy or bulky substituents, the nanorods of 9-
anthracenecarboxylic 1-methyl-cyclohexyl ester (9MCHAE) undergo the largest
photo-induced expansion: 25% in length (10% more than the published 15% expansion of
9TBAE nanorods); yet the expansion of nanorods varies from rod to rodpdbe t
crystallinity of each rod and the adhesion to the surface. Alettsiudy of the solid-
state photochemistry of 9TBAB shows that the photoproduct has more than one
polymorph. The solid-state photoproduct is a metastable intermestrateture that
slowly converts into the stable equilibrium structure. Thus we capnadict the
macroscopic photoresponse only based on the equilibrium crystal seucitirthe
reactant and product. Further effort was made to obtain the cstst@ture of the

metastable solid-state photoproduct.
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As to the modes of photoresponse, expansion and bending are so far most-known
basic photoresponse; more complicated photo-induced shape changes wouwdebe m
favored for the application of photoactuation. In Chapter 4 we dermatmdtow to
generate a new mode of photoresponse through a new morphology of 9-amthracen
carboxylic acid (9AC). We found that 9AC microribbons within cartdimensions
undergo reversible photo-induced twisting. Unlike the reversible benoin§AC
nanostructures, which has to be carried out under selective iroacli#ite reversible
twisting of the 9AC microstructures only needs uniform irradiatidsing combination
of AFM and optical microscopy measurements, we found that the aaci@rfstrain
between the photodimer and unreacted monomer within the ribbon is the drivingforce f
the twisting.

Regarding fastening the reversibility, in Chapter 5 we disdwesphotochemistry
of a family of 7 9AC derivatives; aimed to discover moleculdh whorter recovery time
than 9AC. 9AC nanorods usually recover their shape deformations andstience
within ~ 5 min at room temperature. The steric repulsion betweetwo head-to-head
carboxylic acid groups of the 9AC photodimer causes the dimer to idisaato the
monomers. According to our preliminary calculations and liteeastudy, the carboxylic
acid group must be at the 9-position of anthracene for the molecysdals to be solid-
state photoreactive. Thus, one possible scheme to have fasteibrktyers to add
different substituent groups at the 10-position of anthracene to secriw steric
repulsion. However, among the 6 derivatives of 9AC, only one moletd#épuro-9-

anthracenecarboxylic acid shows reversible photoreactivity; wit much slower
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response time. 9AC is still the best candidate concerning thesitairyy. Attempts to
self-consistently rationalize observed trends in terms oftexkatate lifetimes or steric
effects were only partly successful. Balancing factdes &lectronic relaxation, steric
interactions, and crystal packing presents a challenge fonemrgig photoactive solid-
state materials based on molecular crystals.
Chapter 6 summerizes our unpublished work on crystalline polymer nanorods.

Chapter 7 is the conclusion and suggestions for future research. Iippeadces, we
have the crystal data, NMR spectra for the molecules syntddsizlis dissertation. The

details of AFM operation and trouble shooting are also included.
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Chapter 2  Experimental details

2.1 Instruments

In this dissertation, Atomic Force Microscopy (AFM), ScanningcEbnic
Microscopy, and optical Microscopy were used to study the dimensiwogphology,
and photomechanical responses of the nano- and micro-scale molegstiarstructures.
The photoresponse of molecular crystals are directly relatédtiaeir crystal structure
and packing motifs; we used powder X-ray diffraction, single dry&tay diffraction,
solid-state Nuclear Magnetic Resonance (ssNMR) to obtain tberiafion of crystal
orientations, crystal structures and conformations. Fluorescdatimmé measurements,
UV-vis absorption spectra, and steady-state emission specteatineemeans for us to
probe the photophysics of each molecule crystal, and thus gain deepestamdieg of
the different photoresponse of each derivative.

In this section, we have the brief introduction of the set-up/parasnetezach

instrument we used, and also sample preparation for each instrument.

2.1.1 Atomic Force Microscopy (AFM)

To examine the topology of the nano- and micro-scale structurestiobeene
derivatives, a Novascan AFM with the model of ESPM 3D mounted on togn of
Olympus IX-70 inverted fluorescence microscope was used. The wdd/calibrated in
X, Yy, and z directions before the measurements. The detailsilmfatiah, operation and
trouble shooting are in the Appendix Al. In a typical experiment, amiiitent contact

mode scan was performed with a scan rate of 1 Hz, scan resat@®® x 400, and
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scan size of 73 x 73 pm. lllumination with 410 nm light from a Hgplamere applied
for the photo responses of the samples. Images (videos) of nanoroaisiiinans before
and after irradiation were taken by DCM300 digital camera.
(a) Organic molecular crystal nanorods sample prepation

For the nano-scale samples, it is preferred to have separai@wads rather than
bundles of nanorods. The reason is that while scanning for the bundi@sasbds, some
of the nanorods would attach to the AFM tip, affect the signal, and result inyamaige.
There are two methods we use to prepare individual nanorods safipl8danize the
coverslip surface to make it hydrophobic: ~5% (w/w) solution of octdtteehlorosilane
in dichloromethane was prepared by adding 2 g of octadecyltricHioresto 40ml
dichloromethane, then several coverslips were immersed into thisoechnd sonicated
for 5 min; after sonication, the surfaces of the coverslipe waped by kimwipe to get
rid of the extra silane solution. Make sure to wipe them realyl wntil they are
transparent and smooth in both sides. The silanized coverslips werlia keglean Petri
dish for further use; ideally they should be stored under vacuum ogeitr Prepare the
sample on a silanized coverslip by adding a drop a diluted agueotisrsaf nanorods
to the silanized coverslip, blow nitrogen on it gently to help sepdh&t nanorods and
also air dry the water. (2) Coat every single nanorod with Sodonecyl Sulphate
(SDS) by pretreating the AAO template with SDS (shown igufe 2.1). The
commercially available concentrated sulfuric acid solution (95~3886)diluted to pH:
1, and a drop of this diluted sulfuric acid solution was then added to B4nlw/w) SDS,

which gave us an acidic SDS solution with pH2. Several alumina templates (also
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known as AAO template) were dipped into this acidic SDS solutiom fmvuple times,
and then were dried for ~18 hours in air. The nanorods were th@m grothese

pretreated AAO template with the regular procedure.

Figure 2. 1Schematic of AAO template being coated with a layfe8DS on the inter walls of the template.

(b)Organic molecular crystal microribbons sample peparation

A concentrated solution of ribbons floating in@was first placed on a glass
slide and then slowly dried. The drying could be accomplished eliieslow
evaporation or by carefully using kimwipe to wick away theegsgovater underneath the

floating ribbons.

2.1.2 X-Ray Diffraction Measurements

Single-crystal X-ray diffraction data were collected on akr APEX2 platform
CCD x-ray diffractometer system (Mo-radiatidn= 0.71073 A, 50KV/40mA power) at
296 K and 100 K. The frames were integrated using the Bruker SAINT softw&agpac
and a narrow-frame integration algorithm. Absorption correctiorse wapplied
(absorption coefficienft = 0.081 mrit. max/min transmission = 0.9839/0.9603) to the

raw intensity data using the SADABS program. The Bruker SHHLXdftware package
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was used for phase determination and structure refinéifieRowder X-ray diffraction
data were collected on a Bruker D8 Advance X-ray powder diffnaeter (CuK
radiation,A = 1.5418 A, 40KV/40mA power) at 296 K.

Note (1): while preparing the powder sample of photodimer of 9-
anthracenecarboxylic acid esters, it's better to grind them tiwel@ two microscope
slides instead of in the mortar. After grinding, the dimer powder doaild little ‘waxy’,
hard to get them off from the mortar and pestle.

Note (2): The height of the sample will affect thev&alue of the peaks. In Prof.
Feng's lab, they have different sample holders for different powa@ples. The most
common one is a plastic piece with a microscope-slide-sizasskhown in Figure 2l2.
For some microscope slides, their size is slightly bigger tmaslit of the sample holder
and couldn’t be fit in. | tried to place the microscope slide diremtl the sample stage
without this sample holder, and turns out that all the diffraction p&@iks~2 degrees. It

would be helpful to test out the microscope slide before making the sample.

Figure 2. 2 Sample holder for Powder X-ray diffraction measueaetma thin layer of powder sample can

be on a piece of microscope slide, and slide cdit bethis sample holder.

2.1.3 Scanning Electron Microscopy (SEM) Measuremés

22



For SEM measurements, a drop of the nanorods/microribbons sanguiliad
water was placed on a piece of microscope coverslip and stuck @geagdiconducting
copper tape which was then fixed on a SEM stub. The wateremiy g@vaporated under
vacuum leaving behind dispersed bundles of nanorods. The SEM stub was placed in
Sputter coater (Cressington 108 Auto) and coated with Pt/Au for 4did®cThe SEM
stub was placed inside a Scanning Electron Microscope (XL30-BBG}he data were
collected.

Note: For the 9-anthracenecarboxylic acid ester nanorods samp@asyportant
to wash away all the 420, from the nanorods after dissolving the template. Otherwise,
the left over acid will not be dried out under vacuum. During the measnt, the

electron beam will hit the wet part of the sample and destroy it.

2.1.4%3C Solid-State Nuclear Magnetic Response (ssNMR) Msarements
Cross-polarization (CP) magic-angle-spinning (MAS) solidestaNMR
experiments were performed at 14.1TH frequency 600 MHz) on a Bruker AVANCE
spectrometer equipped with a double-resonance 2.5 mm MAS probe, spinaiip&
rate of 27 kHz. 83 kHz 1H/2 and decoupling pulses were used along with a 2 ms CP
spin-lock. During CP th&’C nutation rate was set to 40.5 kHz and'tHenutation rate
ramped from 58 kHz — 77 kHz. For each spectrum, 4096 complex data pdimta wi
dwell of 12.5us (spectral width 40 kHz, total acquisition time 51.26 ms) were gattjui

with a recycle delay of 5 s for a total experiment time of 5 hours and 45 minutes.
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2.1.5C, *H Nuclear Magnetic Response (NMR) Measurements

3, 'H NMR spectra were acquired on a Varian Inova 400 two channgisZ a
gradient spectrometer equipped with 5 mm probe, spinning at thefrate kiHz. For
each spectrum, data points were acquired with a recycle dakg o¥ith variations of
total experiment time based on the concentrations of the samplesioBbH spectra,
total experiment time is usually in the range of a few mi(te5 min); forC spectra,

total experiment time is usually in the range of couple hours (7~13 hours).

2.1.6 Optical Absorption and Emission Spectra Measements
UV-vis absorption spectra were collected by Varian Cary 50/Vi$
spectrophotometers from 200 nm to 500 nm at 296 K with background correction
Tetrahydrofuran (THF) was used as the solvent for the solutimples; and the solid
samples were prepared by drop casting from the THF solution on micro$idege s
Steady-state fluorescence spectra were collected by Shexoleg Tau-3
fluorescence spectrophotometer. The same samples for UV-viptdasavere used here.
The solution samples were excited at 380 nm, and the spectraolieced from 390
nm to 700 nm at 296 K; the solid samples were excited at 410 nm,easgdtira were

collected from 420 nm to 700 nm at 296 K.

2.1.7 Fluorescence Lifetime Measurements
Time-resolve fluorescence lifetime data were collectetd wiHammastsu C4334

Streakscope. The crystal samples were kept under vacuum insaSJdt00 cryostat.
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Two sets of data were collected using different excitationcesura 1 kHz Coherent
Libra and a 40 kHz Spectra Physics Spitfire laser sysherboth cases, the 800 nm
output pulse was frequency doubled to 400 nm and residual 800 nm light wasdemove
with dichroic mirrors and Schott glass BG39 filters. The per-pejgatation fluences
used were 50 nJ/chon the 1 kHz system and 0.2 nJ/cm2 on the 40 kHz system. All
fluorescence was detected at a 54.7° polarization angle, relativbe excitation

polarization.

2.1.8 Optical Microscope Measurements

To prepare aqueous samples of 9AC microribbons, a few drops of 3%, H
were added to MillQ H,O containing 9AC ribbons to prevent® evaporation during
the measurements. We usgPK), because our previous work on molecular crystal
nanorods has shown that it is compatible with crystalline 9AC andrdueshange the
hydrogen-bonding of the carboxylic acid groups within the crystae presence of 40
and HPO, does not play any role in the observed twisting, since this malsonoccurs
in ribbons on dry surfaces. A drop of the acidic solution of 9AC ribbosstraasferred
to a microscope slide and then covered with a microscope coverstipnedsure the
dynamic process of 9AC ribbons untwisting, 9AC ribbons were fiatliated by 440nm
light (~20 mW/mnj) for a few seconds and then imaged in transmission using a 40x 0.6
NA objective and visible light. Images were captured by a DCM8Qi@al camera to

record the untwisting.
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2.2 Experimental Methods
2.2.1 Organic Synthesis

In this dissertation, three families of anthracene derivativa® wynthesized: 9-
anthracene carboxylic acid ester derivatives, 9-anthracene chcbagil derivatives,
and di-anthracene ester derivatives. Many of 9-anthracene chchbaosig esters undergo
an irreversible [4+4] photodimerization in the solid-state upon irtiadisand ideally can
give a large expansion. This sections covers the experimentdk detaynthesize the
above three families of anthracene derivatives.

(a) 9-anthracene carboxylic acid esters

R =

1—CH, 7—CH(CH,), 11—<:>

2—CH,CH,  8—C(CH,),

3—(CH,),CH, 9—C(CH,CH,), 12J<:>
4—(CH,),CH; 10—C(CH,CH,CH

3)3
5—(CH,),CH,
6—(CH,),sCH, 13
Figure 2. 39-anthracenecarboxylic acid ester derivatives.

The 9-anthracenecarboxylic acid estets 2, 7-13 were synthesized by the
method of Parish and StotkAs an example, we describe the synthesis of 9-
anthracenecarboxylic acid 1-methyl-cyclohexyl estel2) ( in detail. 9-

anthracenecarboxylic acid (TCI, 97% pure, 1.0 g, 4.5 mmoles) was suspaended
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benzene (30 mL). Note: make sure the benzene is dry, and all thealadeing used is
dry. Trifluoroacetic anhydride (Aldrich, 99% pure, 2.5 mL, 17.8 mmoles) adaled via
syringe to the stirring suspension of 9-anthracenecarboxgtil in benzene;
trifluoroacetic anhydride works as a dehydrating condensing .agbet mixture was
allowed to stir until the carboxylic acid dissolved and the mix@®ame a clear yellow
solution. 1-Methyl-cyclohexanol (TCI, 96% pure, 919.6 mmoles) was dissolved in
benzene (Aldrich, 99.9%, 1.5 ml) and dried by adding activated moleculas Si¢A).

The alcohol/benzene solution was added to the carboxylic acid solutiotireed for 1
hour at room temperature. The progress of reaction was monusied thin layer
chromatography (silica, 50:50 GEl,: Hexane). After the 9AC was consumed, the
organic layer was first washed with 20mL of distilled wagerd then with 15mL of a
K.COs; (w/w 20%) water solution to hydrolyze excess trifluoroacetibydride and
remove the generated trifluoroacetic acid. The organic layertkes washed with
enough distilled water to get rid of excesgK; and dried with anhydrous MgQQOThe
organic solvents were removed under reduced pressure and the crude product
recrystallized using a minimum amount of hot ethanol (20 mL). Tlheluot was
obtained as yellow grey crystals 0.94g (65% yield). Melting paintorrected 124-
125°C. 1H-NMR (400MHz, CDCI3)% 1.58 (m, 8H), 1.90 (s, 3H), 2.38 (d, 2H), 7.49 (m,
4H), 8.00 (d, 2H), 8.12 (d, 2H), 8.47 (s, 1H). The other 9-anthracenecarboxdic aci
esters were synthesized by the same method, but with diffelastiols and reaction

times (30min ~ 2hrs).

27



The 9-anthracenecarboxylic acid este3<6) were synthesized by adding the 9-
anthracenecarboxylic acid to a solution of N, N-dimethylmethasani K;CO; to
produce the anthracene-9-carboxylate anion which is then reactedexgiiss of the
corresponding n-alkyl bromide or iodide. The average product yieldanasd 55%
after recrystallization from ethanol. For example, we dbscithe synthesis of 9-
anthracenecarboxylic acid hexadecyl esdeiir{ detail. 9-anthracenecarboxylic acid (1.0
g) was added to 8 mL of dry N, N-dimethylmethanamide. To thdisnlwas then added
3.0 g of anhydrous potassium carbonate. The mixture was heated to BOrfQ;2 g of
n-hexadecylbromide was added. The mixture was stirred at 50 °C fayu?gd. 100 mL
distilled water was added and the precipitated solid wasotatirawice with 20 mL of
ethyl acetate. The organic layer was dried using anhydrousaesiag sulfate, filtered
and the solvent was removed under reduced pressure. The crude solid was dissolved in 20
mL of boiling ethanol, and 0.5 mL distilled water was added to indwysadiization. 1.7
g of pure plate-like yellowish orange crystals was cadieetfter crystallization in freezer.
Melting point: uncorrected 56.5-57 °C. 1H-NMR (400MHz, CDCI8)0.86 (m, 3H),

1.43 (m, 26H), 1.85 (m, 2H), 4.59 (m, 2H), 7.50 (m, 4H), 8.01 (m, 4H), 8.51 (s, 1H).

(b) Di-anthracene esters
All the di-anthracene esters were synthesized with similacepiure using
different dibromoalkanes. As an example, we describe the syntloésis, 6-

dibromohexane-bis-anthracene ester in detail.
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Figure 2. 4Di-anthracene ester derivatives (n= 2, 3, 4, 6,2)d

9-anthracenecarboxylic acid (TCI, 97% pure, 0.5512 g) was suspended in 4.0m
of dry N, N-DMF (dried by 4 A molecular sieves); then 2.0100 gudiydrous KCO;
was added and the mixture was stirred at 80 C Ibhth (covered with a layer of silicone
oil). 0.40 equivalent of 1, 6-dibromohexane (0.2700 g, ~0.4 ml) was added to the
mixture after being dried over 4 A molecular sieves. Theurextvas stirred at 80 °C for
6 hours. The progress of the reaction was monitored using TLCa(sglihyl acetate:
hexane = 1:3). The mono-substituted compound appears right above the ihksdbst
one. When all mono-substituted compound disappears from the TLC, tt®nmeaas
guenched by adding 10 mL of distilleg® 10 mL ethyl acetate was added to extract the
organic layer. Then the organic layer was washed twice with 1@istiled H,O each
time, and dried by anhydrous Mg$@fter solvent removal under reduced pressure, the
crude product was purified by recrystallization from hot acetonitrile.

Note: the crude product of 1, 12-dibromodudecane-bis-anthracene esteligD12)
‘oil', the key to get crystals of D12 is the concentration. Usiogacetonitrille, if it is

saturated solution, it would turn into creamy suspension within arfiewtes and fail to
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recrystallize; one suggestion is to start with the conceotrdike 1.5mg D12 in 0.5 mL
acetonitrille.
(c) Anthracenecarboxylic acids

9-anthracene carboxylic acid (9AC, 99%), N-Fluorobenzenesulfonimide (97%),
Bromine (99.5%), n-Butyl lithium (2.5 M in hexane), 9,10-Dibromo-anthra¢égeo),
lodomethane (99.5%), 9-Anthracenecarboxaldehyde (97%), Bromobenzeng, (99%
Anthrone (97%), Magnesium ribbon, Potassium tert-butoxide (95%), and Edioride
(97%) were purchased from Sigma-Aldrich and used without further gatrdn. Dry
diethyl ether was distilled over sodium and stored over activategcmial sieves (4 A).
Dry tetrahydrofurane (analytical gradeas prepared by storing over activated molecular

sieves (4 A)

1. 10-fluoro-9-anthracenecarboxylic acid (2)

10F9AC was prepared following a modified literature proceduféhe reaction
sequenca - b was followed.

a) Synthesis of 9-Bromo-10-fluoro-anthracenén a 25 mL oven dried round
bottom flask a solution of 9,10-Dibromoanthracene (1.01 g, 3.0 mmoles) in 15ymL dr
disilled diethyl ether was stirred at’G under argon gas before n-butyl lithium (1.3 mL,
1.1 eq.) was added via syringe. The mixture was stirred for 30 minutes at thatteneper
after which powder N-Fluorobenzenesulfonimide (1.03 g, 3.3 mmoles, 1.1 wg
gradually added. The reaction mixture was stirred overnight & 30The reaction was
guenched by adding 0.5 mL of water, then the solvent was removed underdreduce

pressure. The brown residue was washed with D.I. water to \distu lithium salts
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(ultrasonication was applied to break up the organic aggregatesgrude product was
filtered via suction filtration and recrystallized twice frold mL 1-propanol: water
(90%:10%). The product was further purified using silica gel colwmromatography
with Hexanes as the eluting solvent. The first eluted fractios @wlected and the
solvent removed under reduced pressure to leave behind fine yellow naegiesomo-
10-fluoro-anthracene crystals, 0.29 g.

b) Synthesis of 10-fluoro-9-anthracenecarboxylic g@jd In a 25 mL oven-dried
round bottom flask a solution of 9-bromo-10-fluoro-anthracene (0.29 g, 1.0 mroles)
15 mL dry distilled diethyl ether was stirred at *@5for 10 minutes before adding n-
butyl lithium (0.45 mL, 1.1 eq). After 20 minutes of stirring at°@5dry CQ gas was
bubbled for 15 minutes. The solvent was removed under reduced pressure, and the
residue was dissolved in 50 mL 0.2%CQO; solution. The solution was filtered by
gravity, and 4 mL concentrated HCI solution was added to thedilairecipitated out
as a yellow solid which was collected by suction filtratiowl avashed with D.l. water.
The crude product was recrystallized from 75%:25% ethanol:wateneld yellow
needles of 10F9AC 0.09 g, mp 231-284(Lit, mp 235-237C°). 'H-NMR (d-DMSO0)3
(ppm), 7.6-7.7 (multiplet, 4H), 8.05-8.15 (doublet, 2H), 8.25-8.30 (doublet, 2H), 13.8-
14.2 (broad, 1H). Mass spec.; BB9.0518

2. 10-chloro-9-anthracenecarboxylic acid (3)

3 was prepared following a literature proceduteBriefly, a solution of 9-
anthracene carboxylic acid (0.25 g, 1.0 mmoles) in 8 mL glaciata®t was stirred at

5°C while a saturated solution of Chlorine gas in acetic acid (2000579 Chlorine/ mL
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acetic acid? 1.5 eq) was added dropwise over a period of 10 minutes under dim lighting
conditions. The reaction mixture was stirred for two hours tCl@nder argon gas.
Crude3 was precipitated by adding the acetic acid solution to 100 mkbfater slush,
followed by suction filtration. The residue was dissolved in 50 mMLK2%0O;, followed

by gravity filtration to remove insoluble byproducts. The filtrats acidified with 4 mL
concentrated HCI to reprecipita®avhich was later suction filtered and washed with D.I.
water. The crude product was recrystallized from 15 mL 85%nethand air dried to
yield dark yellow needles, 0.16 g, mp 262.5-26€.5Lit, mp 262-264C *°). 'H-NMR

(d-DMSOQO)6 (ppm) 7.6-7.8 (multiplet, 4H), 8.0-8.1 (doublet, 2 H), 8.4-8.5 (doublet, 2H)
3. 10-bromo-9-anthracenecarboxylic acid (4)

4 was prepared following a modified literature procedfiré* A solution of 9-
anthracene carboxylic acid (0.70 g, 3.0 mmoles) in 15 mL glacitt amd was cooled
to 5°C before slowly adding a solution of bromine in acetic acid (0.18 mlinB2 mL
acetic acid, 1.2 eq) over a period of 10 minutes. The reaction mixaseallowed to
warm to room temperature before stirring for 2 hours at®Gfide4 was precipitated by
adding the acetic acid solution to 100 ml of ice/water slush, followed by suctratidiit
The residue on the filter was dissolved in 50 mL 5%®; , followed by gravity
filtration to remove undissolved side products such as 9,10-dibromoanthradene
filtrate was acidified with concentrated HCl to precipitataide 4, which was

recystallized from 25 mL 1-Propanol to yield 0.39 g of yellow needigs 260-262C
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(Lit, 263-266°C 9. 'H-NMR (d-DMS0)8 (ppm) 7.6-7.8 (mutiplet, 4H), 8.0-8.1 (doublet,

2H), 8.4-8.5 (doublet, 2H)
4. 10-methyl-9-anthracenecarboxylic acid (5)
The reaction sequenee> b was followed

a) Synthesis of 9-bromo-10-methyl-anthracen@ a 50 mL oven-dried round
bottom flask a solution of 9, 10-dibromo-anthracene (0.50 g, 1.5 mMole) in 1@rynL
distilled diethyl ether was stirred atG under a blanket of Argon gas. n-butyl lithium
(0.70 mL, 1.2 eq) was added slowly and the mixture was stirred for 13teni before
iodomethane (0.6 mL, 6.5 eq) was added to the mixture and the reaesostirred at
room temperature for another 30 minutes. The organic solvent and eademethane
were removed under reduced pressure. The residue was sonicatednin \Bater to
dissolve the lithium salts, followed by suction filtration to cdllie undissolved solid.
The crude product was recrystallized from 5 mL 95%:5% aeeatid:water to obtain

yellow plates, 0.26 g, mp 171-1%2*

b) Synthesis 0b: In a 25 mL oven-dried round bottom flask, a solution of 9-
bromo-10-methyl-anthracene (0.26 g, 0.95 mmoles) in 10 mL dry distillelytether
was stirred at @ for 10 minutes before adding n-butyl lithium (0.75 mL, 2 eq). After 20
minutes of stirring at T, dry CQ gas was bubbled for 15 minutes. The solvent was
removed under reduced pressure, and the residue was dissolved in 50 MiCO% K
solution. The solution was then filtered by gravity, after whiail4 concentrated HCI

was added to the filtrat®.precipitated out as a yellow solid and was collected bym®ucti
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filtration and washed with deionized water. The crude product eaystallized from
75% ethanol to give yellow-brown crystals, 0.09 g, mp 210 -29@.8.it, mp 221.5-
222.5°C?) 'H-NMR (d-DMS0) & (ppm) 3.0-3.1 (singlet, 3H), 7.5-7.7 (multiplet, 4H),

7.95-8.05 (doublet, 2H), 8.35-8.45 (doublet, 2H) Mass spec238.0764

5. 10-phenyl-9-anthracenecarboxylic acid (6)
Synthesis of the compound follows the sequengbd—>c

a) Synthesis of 9-phenyl-anthraceriéhis compound was prepared following a
modified literature proceduré® Anthrone (1 g, 5.2 mmoles) was added to a solution of
phenylmagnesium bromide, which was prepared from bromobenzene (2.4 g,0lésinm
and excess Mg (0.55 g, 23 mmoles) in 20 mL dry distilled diettingr. The mixture was
allowed to stir overnight at room temperature, then the solventrerasved under
reduced pressure. The solid residue was hydrolyzed with 30 mL 20% aduidgQbk
and then extracted with 15 mL dichloromethane. The organic layerdvied using
anhydrous CuS©before decanting and removing the solvent under reduced pressure.
The residue was heated to 95 at 100 mbar pressure for 3 hours to remove traces of
biphenyl byproduct. The crude product was recrystallized from lapmpto obtain
white fluorescent needles, 0.70 g, mp (151152). NMR *3

b) Synthesis 0®-Bromo-10-phenyl-anthracendhis compound was prepared
following a modified literature procedur& A solution of 9-phenyl-anthracene (0.4 g,
1.6 mmoles) in 15 mL glacial acetic was warmed t& 6He temperature was held at
65°C while a solution of bromine in acetic acid (0.1 mL bromine in 2 mL aceti} aeis

added drop wisely. The reaction mixture was stirred overnight ah reonperature
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before the solvent was removed under reduced pressure, leaving dstahow brown
powder. Column chromatography (silica gel, 70:30 hexane: ethyl gcetaseused to
purify the product. The first eluted fraction was collected andstieent was removed
under reduced pressure to give an orange yellow powder of 9-Bromo-1{l-phen
anthracene, 0.18 g, mp 147-14%%5"

c) Synthesis of 10-phenyl-9-anthracenecarboxylic &id'his compound was
synthesized following a method similar to that describedbfdBtarting with 0.12 g 9-
Bromo-10-phenyl-anthracene we obtained fluorescent white ne€dlgsg, m.p. 260-
261°C (sublimed) (Lit, 264C ' 'H-NMR (d-DMSO0) & (ppm) 7.35-7.65 (multiplet,

11H), 8.0-8.1 (multiplet, 2H, peri-H)

6. 3-Anthracen-9-yl-acrylic acid (7)

Synthesis of the compound starts with preparing the acylal desvafi 9-
anthracenecarboxaldehyds {ollowed by Perkin condensatioh)(

a) Synthesis of Acetic acid acetoxy-anthracen-9-yhgietster This compound
was synthesized following a modified procedureln a 50 mL round bottom flask a
mixture of 9-anthracenecarboxaldehyde (1.0 g, 4.9 mmoles) and 9.0 td_aade/dride
were stirred over an ice/water bath for 10 minutes. A catadyhount of the Lewis acid
FeCk (75 mg) was added to the mixture. The reaction mixture immédiat@ed blood
red, followed by the formation of a brown precipitate. The mixture stared at room
temperature for 30 minutes and quenched with 10 mL of water. The prodsct w

extracted with 20 mL ethyl acetate and washed with deionizéer {@x10 mL). The
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organic layer was dried using anhydrous Mg3@d the solvent was removed under
reduced pressure to obtain a crude light brown solid. The crude product was
recrystallized from 8 mL ethyl acetate and titratechwwarm hexanes (~ 30 mL) to yield
fluorescent white crystals, 0.96 g, mp 198-201Lit, mp 197°C *¥) NMR *°

b) Synthesis of 3-Anthracen-9-yl-acrylic acithis compound was synthesized
following a modified procedure’ Powder potassium tert-butoxide (0.5 g, 1.8 mmoles)
was slowly added to a solution of acetic acid acetoxy-antrh@&gdmethyl ester (0.4 g,
1.3 moles) in 15 mL dry THF. The mixture was stirred for 2 hours@n temperature
under argon gas. The mixture was added to 50 mL HCI solution (4 M) anpidathect
was extracted with 25 mL ethyl acetate. The organic lawses dried with anhydrous
MgSQO, and the solvent was removed under reduced pressure. The crude product was
recrystallized from ethanol to obtain yellow needles, 0.21g, mp 243.8=2¢@%1blimed)
(mp 244-245°C ) 'H-NMR (d-DMSO) & (ppm) 6.25-6.35 (doublet, 1H), 7.5-7.6

(mutiplet, 4H), 8.1-8.2 (multiplet, 4H), 8.4-8.5 (doublet, 1H), 8.6-8.7 (singlet*1H)

2.2.2 Single Crystal Growth

The crystal structures of 9-anthracenecarboxylic acid estieasithracene esters,
and 10-substituted-9-anthracenecarboxylic acids give importantmafmn of their
solid-state photochemistry. In order to solve their crystal sirest we used multiple
methods to grow single crystals. The first three methods deddoélew are different
set-ups of slow evaporation. The fourth method is sublimation; the hade-set-up is

shown in Figure 2.6. We also tried to sublime 9-anthracenecarb@giticderivatives
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with traditional set-up of sublimation, but the obtained crystals weréarge enough for
single crystal X-ray diffraction. The fifth method described be¥ong-wavelength tail
irradiation; single crystal of the photo product of 9TBAE was obtaiedugh this

method.

(1) 5 mg of the 9-anthracenecarboxylic acid ester was disswiv®d mL THF in
a 2 mL glass vial, which was then placed in a larger glassvitiall mL methanol in the
bottom as shown in Figure 2.5a. The larger glass vial is saatkthe THF diffuses into
the methanol over the course of several days. After alliHfe has partitioned into the
methanol, single crystals of the anthracene esters weretedlgom the bottom of the 2
mL vial.

(2) a Monoclinic 9-anthracenecarboxylic acid crystals: 5.7 mg of 9-
anthracenecarboxylic acid was dissolved in 1.0 mL filtered EAlogtate in an 8 mL
tooled-neck vial, with gentle heating on the hot plate to help dissolveglage vial was
sealed with polyethylene lid, and the sealing lid has a néedje through it as shown in
Figure 2.5b. After all the ethyl acetate has evaporatedghrtine needle over the course
of several days, single crystals of monoclinic 9-anthracenecdiaxid were collected
from the bottom of the glass vidl) Triclinic 9-anthracenecarboxylic acid crystals: 5.5
mg of 9-anthracenecarboxylic acid was dissolved in 2.0 mluddtexylenes in an 8 mL
tooled-neck vial, with gentle heating on the hot plate to help dissolveglage vial was
sealed with polyethylene lid, and the lid has a needle to go througtiter all the

xylenes have evaporated through the needle over the course ofl skerasingle
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crystals of triclinic 9-anthracenecarboxylic acid were exid form the bottom of the
glass vial.

Note: The solvent is the key to get different polymorphs of 9-
anthracenecarboxylic acid. So far xylenes is the only solvdaurid that can grow
triclinic anthrace-9-carboxylic acid single crystals. Whileing the slow evaporation
method under room temperature, many solvents like ethanol, THF, etc.thgve

combination of both monoclinic and triclinic polymorphs.

R °
MOH

ITHF |'C/ — %foi!

v I

- —

;

Figure 2. 5Set-ups for slow solvent evaporation

(3) It is harder to grow nice single crystals of 9-anthracamexylic acid
derivatives because that thern interaction plus the hydrogen bonding makes a ‘messy’
system. After much trail-and-error, the set-up shown in the FRy6reon the right grows
single crystals of some 9-anthracenecarboxylic acid derigat{idote, not all 9-
anthracenecarboxylic acid derivative single crystals can bengusing this set-up):
1.0mg of 10-methyl-9-anthracenecarboxylic acid was dissolv@dlimL DMSO in the

well-plate, and covered by foil. The single crystal of 10hywleanthracene-9-carboxylic
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acid was collected after several days. The advantage opla#dlis its smooth surface of
the well.

(4)Sublimation: compared with set-up (3), this method/set-up is momiging
for 9-anthracenecarboxylic acid derivatives. 2.5mg of 10F-9-antleeadroxylic acid
was added to the central bottom of a glass vial. Three ~1 ametia glass cylinders
were stacked over the powder of 10F-9-anthracenecarboxylic acid, with tderpovhe
center of the glass cylinders. The glass vial was sealigdanglass lid, covered with a
beaker wrapped with aluminum foil, and heated by hot plate whiclsetas 200 °C as

shown in Figure 2.6.

Figure 2. 6Homemade Set-up for crystal sublimation for anterecarboxylic acids

Note: 190~200 °C is the optimum temperature range for most compounds. After
sublimation for about 15 hours, the bottom cylinder contains nice needledsh@p®-
anthracenecarboxylic acid crystals. Single crystals walteoted from the top most part
of the bottom cylinder; the middle cylinder didn’t contain any ctgstand the top

cylinder contains volatile impurities which should be discarded.
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1UV 365nm (Peak Absorption)

Dimer
9TBAE Phase

—_—
Single Crystal Separation  ponomer

lUV 400nm (low Absorption)

9TBAE SCSC, Dimer
Single Crystal Single Crystal

Figure 2. 7 Schematic for long wavelength tail irrdiation

(5) Long wavelength tail irradiatiorin order to photoreact a single crystal of
9TBAE, a monomer single crystal was mounted on to a glass Viiterepoxy resin,
inserted into a hollow copper pin (glued with epoxy) and attachadgtmiometer head.
The goniometer head was placed on a three- dimensional transtdge to center the
single crystal for uniform irradiation using a frequency-double®&@pphire Laser at 400
nm. The laser power (uw) and exposure time (25 min) were codtrmleonvert
monomer single crystal homogeneously into photodimer single trysteout breaking
the crystal.

Most solid-state [4+4], [2+2] photodimerizations proceed heterogeneouslis,tha
at a certain (small) percentage of conversion from monomers tosdiple&ase separation
occurs which leads to the shattering of the crystals. This hanfyther structural
investigation. One possible way to get homogeneous photodimerizatiopstdlg is to
use long wavelength tail irradiatioh The mechanism behind is that if the irradiation is

in the very tail of the absorption so that the absorption is low,i¢ine intensity is
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comparatively even throughout the crystal, and the transformation rimonomer to
dimers may take place homegenously. Instead of phase separatiomribeer and the
dimer co-exist throughout the crystal. In other words, the stategt@rmediate
conversions are substitutional mixed crystals where monomer and dwvlecules
statistically occupy the same lattice sit€s?* Yet examples of single-crystal-to-single-
crystal photoreactions in the literature are réreFor the anthracene derivatives we
studied in this dissertation, it is impossible to get a 100% cadowvergithout
fragmentation; single crystal X-ray diffraction analyssealed 20% conversion in our
best sample. The published conversion percentage of 9-Methyl-Anthiiac24t,?° for

comparison.

2.2.3 Molecular Crystal Nanorods Fabrication

Bulk molecular crystals usually fracture under irradiation due tsgbkaparation.
Making them into nano-scale structures is an effective wagvbid fracture and also
generate photo-induced shape changes. This section describes hovucabefaibolecular
crystal nanorods.

All the nanorods were prepared using similar procediras shown in Figure 2.8.
As an example, we describe the preparation of nanorods composedlexfuim 9-
anthracenecarboxylic acid 1-methyl-cyclohexyl egt&(the structure is shown in Figure
2.3). Approximately 5 mg o012 was dissolved in 0.1 mL of dry spectroscopic grade
tetrahydrofuran (THF). The solution was then deposited on top of ancalizedhum

oxide (AAO) template (Whatman Anodisc-13, 200 nm pore diameter, withage
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membrane thickness of 60 microns, and 13mm diameter). This Al@late, loaded
with the molecule of interest, is then placed on top of a homeifheltlen support ring.
The AAO/cover slip/Teflon holder were placed on a piece of Kpewsaturated with 2
mL of THF) on a piece of thick ground glass (Chemglass, 4 dhaimeter, 0.25 inch
thickness). The whole set up was covered by a 5 0z glass beAjaoom temperature,
the solvent in the bell jar evaporates over the course of 8-24 hbursig this time, the
solid 12 in the AAO dissolves in the solvent vapors and slowly recryzalin the AAO

nanochannels to form single crystalline nanorods. After the solvenéveaporated, the
AAO template surface was polished using 1500 grit sandpaper to remoessl2 from

both faces. Nanorods were released by dissolving the AAO templ&0% aqueous

phosphoric acid, forming an aqueous suspension.

&— —©—
(T

C | Y ([T

[ ]

Figure 2. 8 Set-ups for nanorods fabrication: a) top and sid&ing of AAO template; b) The solution
loaded AAO template was placed on the templatednplidiside of a solvent vapor saturated bell-jar; c
AAO template was polished after solvent annealiigAAO template was dissolved and the nanorods

were released from it.

Note: Compound 9-anthracenecarboxylic acid (1-admantyl) £3fgne structure
is shown in Figure 2.3) has more than one polymorph. To grow the tatkd-s

photoreactive polymorph for nanorods, the procedure is similar to the dprece
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described above; the only change is to add a piece of cover $igtween the AAO
template and the Teflon template holder. In other words, if we follevprocedure
above, we would get solid-staten-photoreactive nanorods f&B; however, if we alter
the procedure by adding a piece of coverslip, we would get saliel-photoreactive

nanorods fod3.

2.2.4 Molecular Crystal Microribbons Growth

Compared with the nano-scale structures discussed in last seutwn;scale
structures are inclined to fracture under irradiation; yet in gbition we demonstrate
how to control the right conditions to grow micro-scale structafésAC that undergo a

new mode of photoresponse instead of shattering under uniform irradiation (Chapter 4).

- 797AC solutfioinr B
Milli Q H,O

Figure 2. 9Set-up for 9AC microribbons fabrication in petrskli the crystallization of 9AC microribbons

was carried out on smooth ‘defect-free’ Milli Q H20

The 9AC microribbons were prepared by floating drop meffiash a smooth
‘defect-free’ Milli Q H,O surface as shown in the Figure 2.9. 1.9 mg of 9AC (TClI, >97%)
was dissolved in 1.0 ml filtered ethyl acetate (Sigma, 99.5+a#@),then this solution
was slowly added to the surface of M@imillipore purified BO in a Petri dish (VWR,

60x15mm). The solubility of ethyl acetate in water is 8.3 g in 100sulwhen the ethyl
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acetate solution was added to the Milwater dropwise, it looked like boiling. The Petri
dish was covered and left in the dark for 48 hrs. During this tirmetha solvent
evaporates, the 9AC slowly crystallized out as ribbons floating owdlber surface. Note:
The concentration of the 9AC solution is the key to grow the phmtoced twisting

microribbons. If it's more concentrated than 1.9 mg 9AC in 1.0 nhll etcetate the

microribbons would grow into bigger needles, and they shatter undematroaliif it's

less concentrated than 1.9 mg 9AC in 1.0 mL ethyl aceftaite few crystals would come

out. Possible reasons: 9AC could be dissolved slightly,@, i/hen the concentration is
too low, then 9AC would just be dissolved in the mixture of Milli @OHand 1.0 mL

ethyl acetate, and not easily crystallize out sing® I4 not as volatile as organic solvents.

2.3 Calculations
2.3.1Chemical Shift Calculations
Ab initio calculations were performed at the density functional (DFV@l lef

931 within the Gaussian 03 software package.

theory using the B3LYfunctiona
Molecules were optimized to their ground state geometries usen@-81G(d,p) basis
and NMR chemical shifts calculated with the 6-311++G(d,p) basislculated'C

chemical shifts were referenced to benzene at 128.0 ppm from TMS.

2.3.2 GaussiarDFT-d Calculation Setup
The Energies of 9-anthracenecarboxylic acid derivates mononrergral their

photodimers were calculated at the density functional (DFT) lefvéheory using the
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B97D functional within the Gaussian 09 software package. For the mormpaingr the
energies were calculated from the solved crystal structiwesheir photodimers, the
structures were first modified from optimized 9AC dimer, and thgtimized to their
ground state by semi-empirical, and finally optimized to th@ugd state geometries by
B97D using the 6-31+G(d) basis set.

Building the molecular structures for calculation:

Monomer pairs: load the cif by Mercury, go@alculation/Packing and Slicing
adjusta, b andc parameters to have only a pair of monomers showing on the screen, and
save it in the format oPDB (*.pdb, *ent). Gaussview can open and recognize the
*.pdb/ent file of crystal data.

Photodimers: load the 9AC monomer pair in *.pdb/ent file by Gaussviwke
two new single bonds in between tw8 €arbons and two f0carbons bymodify bong
and change the corresponding carbons in the middle rings of antlsdoamer bond
into single bond bynodify bond Then go taCalculation/Gaussian Calculation Setuget
the Job Typeto Optimization Method Ground state/Semi-empiricdb optimize the
newly built structure. For the other halogenated 9AC photodimeasgehthe H atom on
the 10" carbons of thesemi-empirical optimized-then DFT-d optimized 9AC
photodimers into halogen atoms, and optimize to the ground state by semi-empirical.

Note (1): while loading the *.pdb/ent files of monomer pairs, the Gawgsvie
program would give a warning sign ‘Invalid space group symbol onatrgsta line
(CRYSTL1...) Crystal data will be ignored’. Ignore the warningdigking OK. The

reason for this warning sign is that Gaussview 5.0.9 can’t redh& nonstandard
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space group P 21/n in the CRYSTL1 line of the ent file. Theretamelaad space group
symbols, also known as ‘Hermann Mauguin space group symbols’. The niiere
between the standard and nonstandard space group symbols coméiféremt choices

of orientations fothesymmetry elements and crystallographic axes. The way to solve the
problem of an unrecognized space group symbol is to transform the ndarstapace
group P 21/n into the standard P 21/c. Mercury probably can do this. Howewern, i
calculation setup it's not necessary to do the transformationubecee are not
calculating molecules in the crystal environment, but a pamalecules in the ‘gas
phase’. In other words, the crystal data would be ignored in the calculation anyway

Note (2): For halogenated photodimers, Gaussview gives an errorsettiteg up
the calculation for DFT-d, the way to solve is as the following:

Load the *.chk file after semi-empirical optimization from 948otodimers, go
to Calculation/Gaussian Calculation Setup, set the Job Type tmi@gtion, Method to
Ground state/Custom, Basis set to 6-31+G(d). Then click Edrbtdt customaries the
DFT-d method, a window would pop up to ask to save the current ing@usdive it as
*.gjf file, then edit the file by adding ‘b97d’ in between ‘opt’ ar@i31+G(d)’, the line
would look like ‘# opt b97d/6-31+g(d) geom=connectivity’. The file isdyeto be sent to
Gaussian to calculate. The calculation would be ended right anéyprathe row oRun

Progressijt says ‘Link died!” and gives a warning box as shown in the Figure 2.10.
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Gaussian 09W E|

@ Severe Error Message # 2070

The processing of the last link ended abnormally.
&l processing has been aborted,

Figure 2. 10Warning information given by Gaussian 09W whilertéhg the calculation.

The reason for this warning is that during the process of genetaijhfjle from
the previously optimized *.chk file, some error happened to the tapefi the halogen
atoms. It shows as blank in the *.gjf file as shown in the followihg {nformation for
hydrogen is shown in the correct format, but the bromine part Engisnd this cause

the problem):

H(PDBName=H7,ResName=UNK,ResNum=1) 4.32309300 -2.65152800 -0.04340500
H(PDBName=H8,ResName=UNK,ResNum=1) 2.39552400 -2.09730400 1.40252500
Br -0.131684 2.21687257 -3.43086216
Br -0.028886 -0.40204025 -4.06523929

The way to fix this is to type in (PDBName=Brl,ResName=UNd§Rum=1) and
(PDBName=Br2,ResName=UNK,ResNum=1), after two Br, withstmae format as the
Hydrogen an other atoms. Save the modified *.gjf file and subtmt@aussian 09W for

optimization.
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Chapter 3 Photochemistry of 9-anthracenecarboxyliacid esters

3.1 Introduction

Organic solid-state photoreactions have long served as a téstheedories about
how spatial constraints influence chemical reactivify.Reactions in the crystal provide
an environment where the positions and orientations of both the reactaptoaludt
molecules can be determined to atomic precision using x-ragatitin (XRD) analysis.
But the study of photochemical reactions in organic crygdiampered by the tendency
of such crystals to shatter under illumination. This fragmentation is betieesult from
the build-up of interfacial strain between reacted and unreacteshseaf the crystal, and
the resulting phase reconstruction leads to fracture and decompositidtiempts to
circumvent this problem using irradiation in the long-wavelength diithe reactant
absorptioA®, or using two-photon absorptigrhave been successful only in a few select
cases. On the whole, observations of single crystal-to-crgbtabtransformations of
macroscopic organic molecular crystals remain relativetg. raBut interest in such
photoreactive systems is increasing because of their poss#lasuphotomechanical
transducefs providing an alternative type of material to complement well-known
polymer based photomechanical materiafé. Our group has taken a different approach,
where we use nanostructured molecular crystals as a gengrabwe&oid the fracture
problem!**® We have previously shown that crystalline nanorods composed of 9-
anthracenecarboxylic acid tert-butyl ester (9TBAE) remaiacinafter undergoing an
expansion of up to 15%/ Under identical irradiation conditions, macroscopic crystals

of 9TBAE quickly fragment and disintegrate. We later showed thaversible [4+4]
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photodimerization reaction in 9-anthracenecarboxylic acid (9Aggtalline nanorods
could lead to reversible bending and that using spatially localized two-photon
excitation could induce controllable motion in these nanoscale structures.

The use of nanostructured molecular crystals provides a generdabwayness
organic solid-state photochemical reactions to generate larggons and perhaps do
useful work on submicron lengthscales. But there are still dematstanding scientific
qguestions in our work. First, how general is this phenomenon — can it érededt
beyond the two molecules (9TBAE and 9AC) studied thus far? Second,isvtiee
mechanism that underlies the observed photomechanical response? &hef rol
molecular alignment within the nanorods, the nature of the crystalystal
transformation, and the molecular-level conformational changes iorooation are all
open questions raised by our previous work. In this Chapter, wepatie@ddress these
guestions in a systematic way. We first show that theretserislarge family of
anthracene ester derivatives, crystallizing in a varietypawfking motifs, that can be
formed into nanorods and that exhibit a significant photomechanicanssp In order
to better understand the molecular level origins of the photomechaegminse, we
study the 9TBAE system in detail. Using XRD and solid-statelear magnetic
resonance (ssNMR), we find that the monomer nanorods consist of osdegledcrystal
domains, and that irradiation leads to a continuous transition t@adserystalline form.
Surprisingly, XRD and ssNMR data show that the crystal fornmechediately after
photoreaction of the monomer solid is not the same as the crysthembtby

crystallization of the photodimer directly from solution. The photdrasical response
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is actually determined by a crystalline intermediate twatverts into the low-energy
polymorph only after a period of months. For 9TBAE, the XRD and $3NMta
suggest that this intermediate structure involves a photodimer védsbse sidegroups
have not yet rotated to their outward-facing equilibrium positiontie @reation of
metastable intermediate crystal structures via the sa@td-photoreaction appears to be a
general feature of the anthracene esters. An important comclusiothat the
photomechanical response of this class of materials cannot be tgdethased on
equilibrium structures of the reactant and product molecular t3ystat instead arises

from nonequilibrium crystal structures whose characterization is quitecgadl.

3.2 Molecular Structures and Crystal Structures of9-Anthracenecarboxylic Acid

Esters

R =

1—CH, 7—CH(CH,), 11—<:>
2—CH,CH,  8—C(CH

)

3/3

3—(CH,),CH, 9—C(CH,CH,), 12J<:>
4—(CH,);,CH; 10—C(CH,CH,CH

3)3
5—(CH,),CH,

6—(CH,),.CH, 13

Figure 3. 1Molecular structures of anthracene ester derivative

Figure 3.1 shows the molecular structures of the compounds studigus in

Chapter. We are interested in the anthracene esters becausertigise a family of
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compounds whose molecular structure and crystal packing can be tunkdrgyng the
ester group attached at the 9-anthracene position. They are lafyllesand, as shown
below, amenable to nanorod growth. This family of compounds was prevsiudigd

in the context of solid-state triboluminesceri&ebut here we are concerned with their
solid-state photochemistry. The ester substituents can be divided intbribaeleclasses:
n-alkyl chains {-6), branched alkyl chains/{10), and cyclohexyl derivativesl{-13).
Using single crystal XRD, we have determined the crystattires for all the molecules
in Figure 3.2. The photoreactive molecules crystallized into orleeofwo basic crystal
classes summarized in Figure 2: herringbone pair (HBP) and layerddPgrirThe other
molecules crystallized into structures where either neighbamntigyacene rings were not
cofacial, for example herringbone packi®) ¢r where the anthracene rings were two far

away from each other to read( 13) as shown in Figure 3.3.

a) ...

& T

‘/xv)\v/\,

Figure 3. 2 Crystal packing motifs of the two classes of phetative anthracene esteey:Layered Pair
(6); b) Herringbone Paifl)
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Figure 3. 3Crystal packing motifs of the unphotoreactive amtkene esters: a) Herringbone (2); b) Offset
Herringbone Pair (13); ¢) Distance Herringbone PED).

Note that the distance limit for photodimerization is estim#idae 4.7A.%* One
sign that a solid would be reactive was a yellow color and yali@en fluorescence,
indicating excimer formation due to interacting anthracesgstems. In one casg3,
the room temperature crystal was unreactive, but the growth dfeaedt polymorph
inside the AAO could be induced by modifying the nanorod growth conditibas13,
this entailed simply placing a microscope coverslip underneath tli tadplate during
the solvent annealing step. This polymorph was found to be photoreastilastrated
in Figure 3.4, but its structure remains unknown since we were uralgew bulk

crystals.
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Figure 3. 4 Optical microscope images of a bundle of photoreaatanorodsl3 before and after UV
irradiation, the nanorods are ~50 um long, andr@Gliameter. Part of the nanorods was not well$edu

due to the limit of our objective.

A second point is that while moleculdsand5 were photoreactive in the solid,
their very low melting points prevented observation of a mecHargsponse. The n-
butyl and n-pentyl groups appear to lead to a high amount of packioigleli, making it

difficult to grow single crystals and impossible to grow nanorods.

3.3 Characterization of Monomer Nanorods
3.3.1 Stability of Nanorods

All the photoreactive molecule-@, 6-12 and the photoreactive polymorphi8)
could be formed into 200 nm diameter nanorods using our solvent annealing niethods

AAO templates. SEM images of some representative examples are showrrén3Zgu

Figure 3. 5SEM images of 200nm nanorods composed of diffeaatitracene estera) 7; b) 11; ¢) 12.
(Scale bar is 5 um)
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In these samples, where the rods are clustered togethentiednthat over the
course of several weeks, individual rods would sometimes mergeneighboring rods
to form larger diameter crystals as shown in Figure 3.6. Thisdtes that the nanorods
are not the equilibrium structure, and that the molecules retaie soobility and the

ability to merge into larger crystals in the absence of the template ¢otsstra

AccV SpotMagn Det WO p—————|
700kV30 5384x SE 82 LZHU

Figure 3. 6 g side view of a bundle of nanorod2 after sitting in water at room temperature foresay
months. It can be seen that part of it still sh@assanorods, but most of them have already merged i
bigger chunksb) top view of a bundle of old nanorotig, different diameters of rods can be seen, some of

them are in the micrometer scale.

3.3.2 Photoresponse of Nanorods

When nanorods composed of photoreactive molecules were exposed to 365 nm
light in a fluorescence microscope, they typically underwent monearel expanded in
length. In bulk crystals, the coexistence of the two differerstalijne phases during the
course of the photodimerization reaction causes the crystal to buihdenpal stress and
shatte* Apparently, the nanorods’ large surface-to-volume ratio allows them

accommodate the volume changes during photodimerization and remain Btectles
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tended to separate under the influence of the light as shown in RBgureThe rods

retained their shape and did not break.

Figure 3. 7 Microscope images of nanoroda) nanorods6 before irradiation;b) nanorods6 after
irradiation; ¢) nanorods7 before irradiation;d) nanorods?7 after irradiation;e) nanorodsl12 before
irradiation; f) nanorodsl?2 after irradiation, (Scale bar is 20m). Different ester nanorods have different
photoresponse, for example, nanord@s under irradiation, the bundle width can be dodids shown
above, but measurement of single ddtlby AFM showed no obvious evidence that the simgte width
changes that much. One possible reason for bundil whange ofi2 may come from rods pushing each

other during irradiation.
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Figure 3. 8(a, b) nanorod 8 expands by 11.5% after irradiatian;dj nanorod8 expands by 10.5% after
irradiation; €, f) nanorodd expands by 9% after irradiation. The expansionasforods varies from rod to

rod which may due to the crystalline of nanorods te degree of surface adhesion.

We found that the amount of length change for a given molecular langstarod
varied within a sample. For example, for nanorods compos&d efpansions ranged
from 7% to 15%. The variation is shown in Figure 3.8 for three @éifterods of8; and
for nanorods composed @P, expansions ranged from 5% to 25%. This variability has
also been observed in rods composed of 9AC that undergo reversitdingoe

Variations in crystallinity or the degree of surface adhesiore Hzeen identified as

59



possible factors that contribute to the observed variability. Nesless, we can say that
the 9-anthracenecarboxylic acid esters form a large fanfilgompounds that can be
solvent annealed into crystalline nanorods manifesting measurablen@uobianical
motions in response to near-UV irradiation. Table 3.1 summarizgsdperties of the
molecules studied in this paper. One surprising aspect of Talslghhti the nanorod

photomechanical response is not specific to a single crystal type.

Table 3. 1 Properties of anthracene esters

Anthracen Crystal Packing Photoreactivity of Crystal Nanor@tewth Photomechanical
Esters Response
1 HBP Shatter Yes Yes
2 HBP No response Not attempted -

3 LP Shatter Yes Yes

4 HBP Melt No -

5 LP Melt No -

6 LP Shatter Yes Yes
7 HBP Shatter Yes Yes
8 HBP Shatter Yes Yes
9 HBP Shatter Yes Yes
10 DP No response Not attempted -
11 HBP Shatter Yes Yes
12 LP Shatter Yes Yes
13 OHBP Shatter* Yes Yes

HB = herringbone, HBP = herringbone pair, LP = tagepair, DP = distant pair where anthracenesaare t
far apart to react, OHBP = offset herringbone pdiere anthracenes are not aligned for reaction.
*photoreactivity and photomechanical response f8rré&ported for polymorph with unknown crystal

structure.

3.4 Photochemistry of 9TBAE 8
With the photomechanical response of the anthracene ester nanoadudis he=d

as a general phenomenon, the next question concerns the physicaf faisisesponse.
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We have concentrated on the case of 9TBAERS a prototypical ester with a sizable
photomechanical response. The photoreaction scheme of 98B&Bhown in Figure

3.9.

Figure 3. 9Photoreaction scheme of 9TBAE under 365 nm UV irradiation, a pair of 9TBAE maomers
go through [4+4] cycloaddition to form photodime&nder 254 nm irradiation, 9TBAE photodimer goes

back to monomers.

The room temperature single crystal XRD structure revetdsional disorder in
the tert-butyl groups that disappears at 100 K as shown in Figure h&Qdetails of the
XRD monomer crystal structure are summarized in Table 3.2. aAiee9TBAE crystal
structure® could not resolve this disorder and had larger standard deviations in the uni

cell dimensions as well as a larger R1 value in comparison ttedtlutyl disordered

model.
I R
1. !
N N S

Figure 3. 10Crystal structures of 9TBAB, a) at 100 K with no disorder; b) at 296 K withtisutyl group

disorder, the grey balls signify carbon atoms ftbetert-butyl group.
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Table 3. 2 Crystal data and structure refinement fo monomer, PRD and SGD

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

b = 17.5205(14) AB= 99.9029(14)°

Gg Hig O, (monomer)
278.33

296(2) K

0.71073 A
Monoclinic

P2(1)/n (#14)

a=9.1313(7) A o= 90°

c=9.7613(8) A y=90°

Volume 1538.4(2) A3

Z 4

Density (calculated) 1.202 Mgfm
Absorption coefficient 0.077 mim

F(000) 592

Crystal size 0.20 x 0.17 x 0.10 m

Theta range
Index ranges

2.32t024.71°
-10<=h<=10,

-20<=k<=20,
-11<=I<=11

Reflections collected
Independent reflections
Completeness to theta = 24.71°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

23942
2630 [R(int) = 0.0352]
100.00%
Semi-empirical from equivaken
20.9925 and 0.9845
F
2630/36 /224
1.038
R1=0.0470, wR2 1044
R1 =0.0688, wR2 = 0.1303
0.361 and -0.274%.A

Gg Hie O, (PRD)
278.33
296(2) K
0.71073 A
Monoclinic
P2(1)/n (#14)

a=9.1419(7) A o=90°
b = 17.5398(14) A= 99.8192(13)°

c=9.7526(8) A y=90°

1540.9(2) A3
4
1.200 Mg/nd
0.077 mnt
592
0.47 x 0.39 x 0.18 min
2.32 10 29.57°
-12<=h<=12,
-24<=k<=24,
-13<=I<=13
22802
4BZMt) = 0.0192]
100.00%
Semi-empirical from equivalents
0.98640.9649
F2
43229 | 260
1.021
R1 =0.0391, wR2 = 0.1062
R1G644, wR2 = 0.1254
0.176 and -0.122 eA

Gg Hze Oy (SGD)
556.67
100(2)K
0.71073 A
Triclinic
P-1
a=9.1605(2) A o=
67.1901(3)°
b =9.6923(2) A p=
85.3952(4)°
¢ =10.2180(3) Ay =
62.2311(3)°
734.34(3) A3
1
1.259 Mg/nt
0.080 mnt
296
0.37 x 0.25 x 0.09 min
2.3Dt6®
-13<=h<=13,
-13<=k<=13,
-14<=l<=14
17538
4448[R(int) = 0.0224]
098.7
Semi-empiricahfi equivalents
20.9926 and 0.9710
F
4448/0/193
1.056
R1 = 0.0415, wR212 10
R1 = 0.0467, wR2 = 0.1155
0.460 and -0.203 eA




Both structures give the same overall picture of the herringbangspeking
motif in the bulk and thus the first question concerns the fornmeointonomer crystal
within the nanorods: is it the same as the bulk monomer crgstdldoes it have a

preferred orientation?

a)

o

b)

Figure 3. 11 Powder X-ray diffraction patterns of 9TBAE monomersa) pattern of 9TBAE monomer
calculated based on the single crystal structbjeexperimental pattern of 9TBAE monomer butk;
orientated 9TBAE monomer nanorod}; orientated 9TBAE monomer nanorods in AAO templatéo

peaks were observed belo@-A0.

The powder XRD data in Figure 3.11 answer both questions in the dffiema
The powder XRD pattern calculated from the bulk single cryBigufe 3.11a) structure
matches up well with that obtained experimentally from the powdsaenple (Figure
3.11b) — all predicted diffraction peaks are observed. If the nanoredefain the
amorphous AAO template, oriented vertically relative to the scanamag beam, only a

single diffraction peak appears, corresponding to the (011) plane aseasfigm the
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calculated XRD pattern (Figure 3.11c). This plane is shown inr&i@.11d. The
oriented, crystalline nature of individual nanorods prepared by the sadwaeialing
method has been previously established by TEM observations on individusd*rdts
data in Figure 3.11 is consistent with previous powder XRD measuremen?aC
nanorod<® and confirms that the preferential crystal orientation is a property of tine ent

sample and does not vary from rod to rod.

3.5 X-ray Diffraction Characterization of Photodimer Crystal Structures

3.5.1 Solution Grown Dimer (SGD)

SGD SSRD

d Y

U Ar| W Ar

— N—

9TBAE
Hexanes

Figure 3. 12 Experimental set-ups for obtaining solid-state redadimer (SSRD) and solution grown
dimer (SGD). For SGD, the photodimerization of 9TB®as carried out in a sealed vial with Argon, with
9TBAE partially dissolved in n-hexanes; For SSRi® photodimerization of 9TBAE was carried out in a
sealed vial with Argon, with 9TBAE in the solid-&a

After exposure to UV light, the monomer photodimerizes and a newaktrys

structure is formed, which we will refer to as the solid-steéeted dimer (SSRD). In an

earlier paper, we characterized the crystal structure afither grown from a solution of
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CH.Cl,, which resulted in solvent molecules being incorporated into theeldtti After
some trial-and-error, we found that slow evaporation of a monomeraolatn-hexane
during UV irradiation could produce large photodimer crystals withalest of
crystallization molecules. This crystal structure, we vafer to as the solution grown
dimer (SGD). The experimental set-ups for solid-state réabteer (SSRD) and solution
grown dimer (SGD) is shown in the Figure 3.12. The crystal steicu6GD is shown

in Figure 3.13a, and its characteristics are summarized in Table 3.2.

Figure 3. 13a) Crystal structure of solution grown dimer (SGD)rfr hexane; Powder X-ray diffraction
patterns:b) calculated pattern of SGI2) experimental pattern of SGE) experimental pattern of dimer
nanorods;e) experimental pattern of SSRD bulR; experimental pattern of dimer nanorods in AAO

templat

In addition to the cyclohexyl bridge structure seen in all antheademers, there
are two other important changes in the SGD structure when cainfgatbe monomer
crystal in Figure 3.11d. First, the ester groups are now rotated sd 8@at the tert-butyl

group on one anthracene points outward, away from the neighboring anthracene. Second,
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the anthracene dimers have rearranged themselves from the td&arstinto a layered
crystal where the anthracene rings are parallel with each otheanAse seen from Table
3.2, the volume per anthracene of the SGD (36ﬁ_3ﬂs significantly smaller than that
of the monomer crystal (384.6&3). At first glance, this result is surprising given our
previous results that indicated a volume increase after irradigtiBut the powder XRD
data make it clear that the crystal structure of the &Glifferent from that of the SSRD
crystal formed immediately after irradiation of the crystal monomer. Figures 3.13b
and 3.13c compare the calculated powder XRD pattern for the SGIB txperimental
data for the powdered SGD. The good agreement between thmatigns shows that
there is no systematic error in our powder XRD measurements. wiBenn the SGD
diffraction pattern is compared to that of the SSRD, obtainterefrom an irradiated
powder (Figure 3.13d) or from the nanorods (Figure 3.13e), there arealiffesences in
peak positions and relative intensities. Figure 3.13f shows the po¥Rier of the
reacted nanorods in the AAO template, which exhibit only a single fp@a the SSRD
powder pattern, providing evidence that the preferential crystttation in the nanorod
is still the property of the entire sample and doesn’t vary froch to rod after

photoreaction.

3.5.2 Single-Crystal-to-Single-Crystal Transformaton from Monomer to SSRD
The transformation from monomer to the SSRD appears to be a siraptader
kinetic process. We can monitor these kinetics using powder XRPgreas. Figure

3.15 shows the transformation of the templated nanorods after exposurerim 3§6t.
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The diffraction peak at 1025lisappears and a new peak grows in at®10/8 series of
powder XRD patterns showing the crystal-to-crystal transfooman this region is
shown in Figures 3.14 a-f.

(011)
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Figure 3. 14Powder X-ray diffraction patterns of single-crystalsingle-crystal transition from orientated
9TBAE monomer nanorods to dime} (011) peak of 9TBAE monomer nanorods before iataoin; b)
after 1 min irradiationg) after 5 min irradiationd) after 10 min irradiatione) after 20 min irradiationf)
after 1 hour irradiationg) exponential fit of the decay of the monomer pesilid line) and the growth of

the dimer peak (dashed line).

Analysis of the peak areas in Figures 3.14 a-f indicates lieateaction is a
simple two-state process, since the exponential decay ofab&mé peak is mirrored by
the growth of the product peak, as shown in Figure 3.14g. The temporal @valuthe
peaks in the ssNMR spectrum (Figure 3.15) can also be monitored theimgurse of

the reaction. Again, no peaks other than the monomer and SSRD aredlzheing the
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evolution of the spectrum. Thus both powder XRD and ssNMR data arsteohsvith

formation of a single product during the reaction.
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Figure 3. 15 Solid-state NMR spectra of the transition from 9TBAonomer bulk to dimer bulla)
9TBAE monomer before irradiationn) after 1 hr irradiationg) after 3.5 hrs irradiationg) after 5 hrs
irradiation; e) after 24 hrs irradiation (SSRD).

3.5.3 SSRD is a Metastable Intermediate
On longer timescales, we have found that the SSRD crystalusgustmetastable.
Over the course of several months, powder XRD and SSNMR measurantioate

that the SSRD slowly converts into the SGD structure, whictaideson this timescale,
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and also partially back to the monomer. The powder X-ray diftna patterns in Figure
3.16 show the transformation of the SSRD powder XRD pattern into amawith both
monomer and SGD crystal peaks. The red pattern shown in Figure 3.li6le is
experimental powder pattern of an old SSRD (couple months old); canpéte the
black pattern of fresh SSRD in Figure 3.16b, the new peak featiodd S8SRD show

peaks from both monomer and SGD.

a)

b)

20

Figure 3. 16 Powder X-ray diffraction patternst) calculated pattern of SGB; b) black-experimental
pattern of fresh SSRB, red-experimental pattern of old SSR¥c) calculated pattern of monomer
After several months, SSR® slowly turn into monome8 (new peaks of SSRB at 10.48°, 11.04° and
12.26° are features of monontrand SGD8 ( new peaks at 9.36°, 11.3° and 12.64° are featnf&GD
8).

We also measured the slow conversion of S8RMo monomeB and SGDB by
solid-state"*CNMR (as shown in Figure 3.17). Survey with other esters showtlthat t

metastable intermediate SSRD is not limited to 9TB3Enly; the powder X-ray
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diffraction patterns in Figure 3.18 illustrate that the SSRDsladnd 12 are different
polymorphs from SGDs ofi and 12. Thus, it's a general phenomenon among the

anthracene ester derivatives that the SSRD is metastable intermedEtaes.

(a)

L ‘1é0| - ‘1(I)OI 50 0
Chemical Shift (ppm)

Figure 3. 17*C solid-state NMR spectra fa) 9TBAE monomer8; b) SGD;c) 2 years old SSRI)
SSRD immediately after irradiation. Note that)rthe peak around 145 ppm shows both SGD and SSRD

peaks, and the region around 85 ppm shows peaksdiidhree species.
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9 10 11 12 13 14

Figure 3. 18 Comparison of solid-state reacted dimer and salugimwn dimer powder XRD patterns for
limited angle range to show differences for othetheacene estersa) solid-state reacted; b) solution
grown 1; c) solid-state reacted2; d) solution grownl2. For both compounds, as f8r the solid-state
reacted dimer crystal is different from that obgairby crystallizing the dimer from solution.

3.5.4 Partially Reacted Dimer (PRD)

In an attempt to determine the structure of the SSRD, we usedonie
wavelength tail irradiation method to photoreact a millimetatesccrystal without
fragmenting it. Many workers have used single crystal XBD@ollow the progress of
solid-state photodimerization reactions, with trans-cinnamic acigadiges comprising
the most commonly studied systéfif°in addition to other molecule®>? After reacting
a 9TBAE crystal under 400 nm illumination for 25min, ~20% of the atystas
converted into the dimer. The conversion was limited to about 20%odeeystal

disintegration, so the reaction could not be followed to completion withgingle

macroscopic crystal, as seen previously for the solid-sta®y photodimerization of 9-
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methylanthracene?*?* The structure was solved assuming a mixture of the known
monomer crystal structure and the unknown dimer, and the crystahqtara are
summarized in Table 3.2.

a)
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Figure 3. 19Three different views of the reactive molecularpaibtained from the crystal structuresapf
monomeric8; b) the PRDg) the SGD.

The resulting dimer structure, which we refer to as the fgrtieacted dimer
(PRD) is shown in Figure 3.19, along with the monomer and SGD moletulatures

for comparison. The main difference between the PRD and SGE&cubat structures is
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that the ester groups are inward-facing for the PRD but lsiged approximately 180
to face outward in the SGD. The question is whether this invemideg ester
conformation is a hallmark of the metastable SSRD species dittarmines the

photomechanical response of the nanorods.

3.6 NMR Chemical Shift Analysis of SSRD Molecular Gnformation

3.6.1 Conformational Differences between SSRD and=®

18
»

176/ 19
Monomer
a) 1 11

SSRD

[ — Y R ———

—

H————_—_—_—————

120 100 80 60 40 20
“C Chemical Shift (ppm)

160 140
Figure 3. 20 inse} carbon numbering for 9TBAE monome}; the °C solid-state NMR spectra for the
monomer 8;b) SSRD;c) SGD. The SSRD chemical shifts for C6 (58.6 pp@}5 (175.8 ppm); C5,
C7,C12 and C14 (144.5/147.5 ppm); C16 (87.6 ppmdi @18 (31.8 ppm) are marked with red dashed

lines in order to facilitate evaluations of chenhishift changes between the three species as per th

discussion in the text.
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In orders to address the conformational structure of the dimer in the SSR&), crys
we turn to ssNMR. First, we compare i€ spectra of the different species. The inset
in Figure 3.20 shows the carbon numbering of the carbadBswhile Figure 3.20a shows
the *C spectrum of a monomer crystal powdeBofWhen this powder is irradiated, the
spectrum smoothly transforms into that in Figure 3.20b. If, on the bied, we
irradiate the monomer in solution and grow the dimer crystal a#taction, this solid
yields the SGD"C spectrum in Figure 3.20c. Obvious changes in both the SSRD and
SGD spectra include the shift of four aromatic carbons (5, 7, 12 arficb@®130 ppm to
145 ppm due to the creation of neighboring sgrbons, the appearance of 2 net/(§p
13) carbon resonances at 58 ppm and 70 ppm, and the shift of the carbbog! (d&)
from 172.7 ppm to ~176 ppm in the dimer. In addition, some clear differert@sen
the spectra of the SSRD and SGD should be highlighted. Firsg, ither shift of the
methyl carbons (17-19) from 31.5 ppm in the monomer and 31.8 ppm in the SSRD to
30.4 ppm in the SGD. Also, carbon 16 shifts from 87.6 ppm in the SSRD to 84i8 ppm
the SGD. Thus the environment of the tert-butyl group seems to beedifbetween the
SSRD and SGD. The most obvious difference between the two speetrsymmetric
pairing of the spcarbon peaks (5, 7, 12, 14) at 145 ppm in the SSRD, whereas these
peaks overlap each other and appear as a single broadened peals@DthBetailed
analysis of théC chemical shifts supports the assignment of the SSRD to thedinwa

facing ester group species suggested by the PRD structure.

3.6.2 Is the Ester Group of SSRD Facing Inward or @tward?
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ssNMR experiments have been used successfully to analyze bothetgy
changes and reaction dynamics, particularly in the trans-cionaaid [2+2]
photodimerizatior? > but also for 9-methylanthracen®. In conjunction withab
initio calculations of the chemical shifts, these experiments can promtraints on the
molecular geometry®® Table 3.3 summarizes the experimental chemical shifts for the

assigned carbons, along with the theoretically calculated vdtuwethe ester group

rotated @ (inward facing, corresponding to the PRD structure) and (@@ward facing,

corresponding to the SGD structure).

Table 3. 3 Experimental and Theoretical Chemical Sfts

Experimental Theoretical

Monomer SGD SSRD 0 degred 180 degrge
C1 , ) 127.3 128.3
© e | el [ a5 | oe
C3 carbons carbons 125.4 1255
Cc4 127.8 126.7
C5 146.3 144.5 145.7 147.5
C6 , 58 58.6 57.1 55.6
C7 “gisri'agtri‘fd 146.3 1445 145.7 1475
C8 carbons ) ) 127.8 126.7
Cs oo | neengned [1zsa |1z
C10 carbons carbons 125 124.7
Cl1 127.3 128.3
C12 146.3 147.5 150 149.5
C13 69.6 70.6 70.3 70.5
Cl4 146.3 147.5 150 149.5
Ci15 172.7 176.2 175.8 176.2 177.6
Cile6 86 84.8 87.6 84.1 83.8
C17 315 30.4 31.8 23.1 22.8
C18
C19

Table 33 Experimental chemical Shifts (ppm) for SSRD andDS@nd theoretical chemical shifts
calculated for ®rotation (inward-facing) ester group, and 48@ation (outward-facing) ester group. The
theoretical chemical shift of carbon C18 actuadiythe average chemical shift of carbons 17, 18,1&hd

which are not resolved experimentally.
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We found that the calculated shifts for the methyl carbonsemically
underestimate the experimental values by 5 ppm or more, evespligtion values.
From calculations, it appears that rotation of the tert-butyl gradgch we know is
present from the XRD crystal structure, can increase the chksiiift values for these
peaks by 3 ppm or more, which provides at least a partial explanation for trepadisxy.

To simplify the analysis, we do not consider these peaks, cérgeyand 30 ppm, when
comparing the experimental and theoretical chemical shift salWe also have not tried
to resolve individual shifts in the crowded aromatic region around 130 Mghen we
compare the chemical shifts calculated for ther@d 180 structures to the experimental
chemical shifts for the SSRD, we can calculate root-meaareqdeviation (RMSD)
values that reflect the sum of varidd€ chemical shifts that are better reproduced by the
0° calculation than by the 18@alculation. Using the values for the assigned carbons
(except methyls) in Table 3.3, we obtain a RMSD for the S8REiemical shift
comparison of 1.9 ppm, as opposed to a RMSD for the SSRD¢h8ical shifts of 2.6
ppm. This lower RMSD value indicates that tiec@lculation provides a better fit for
the SSRD data, although the two values are not sufficiently eiffelo conclusively

prove that the OPRD structure provides a better fit to the SSRD.

Figure 3. 21 Carbon numbering of 9TBAE monomer.
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The pronounced symmetric pair at ~145 ppm in the SSRD deserves special
mention. This chemical shift corresponds to thecgpbons on both sides of the newly
formed sp carbons in the photodimer (carbons 5 and 7, and carbons 12 and 14 as shown
in Figure 3.21). For any stationary structure where the eaterasymmetrically tilted
(e.g. the SGD), these four carbons are inequivalent and eddtawel distinct but similar
chemical shifts, appearing as a single broad peak in the sspeiErum. If these four
carbons see a symmetric environment, however, carbons 5 and 7 will beleguand
carbons 12 and 14 will also be equivalent. The four individual peakstilapse into a
symmetric pair, with one peak due to carbons 5 and 7, and the other caddns 12
and 14. The question then becomes whether it is possible to distitgvsben the
outward-facing ester groups (I8fotation from the monomer, similar to the ~160
rotation in the SGD) and the inward-facing ester groupsofation, corresponding to the
PRD) as shown in Figure 3.22.

e o Q
) . {R — @g{{

rotation

monomer PRD

»
S 160° M
L it
- { > rotation
monomer SGD

Figure 3. 22The ester group of PRD facing inward, 0° rotatioriie monomer; the ester group of SGD
facing outward, it takes about 160° rotation fradme tmonomer for the ester group to reach the SGD

structure.
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The advantage of using the relative shift to analyze the geonsethai any
systematic error in the shift calculations will cancel datom the theoretical values, we
see that the difference between carbons 5, 7 and 12, 14 is predib&educh larger for
the @ ester (4.3 ppm) than for the 8&ster (2.0 ppm), similar to what is observed for
the SSRD (3.0 ppm) versus the SGD (<1.0 ppm). The smaller sepdratiween the
two resonances for the outward facing ester group is confirmezbioyparison to the
solution phasé®C NMR spectrum of the SGD dimer, where the ester group ic®ge
to be freely moving and facing outwardn solution, the separation between the two
groups of peaks can be resolved at 1.1 ppm as shown in Figure 3.23rgéhshknge in
the 5, 7 and 12, 14 separation predicted for outward versus inwand-&ster groups is
consistent with the experimentally observed difference betweeBGlieand the SSRD.
Both the RMSD value and the value of the separation between the 5,12 ,abdl peak
pair are consistent with the inward-facing ester structuygesied by the PRD structure,
and not with the outward-facing ester structure of the SGD. adtelestion is whether
the symmetric environment experienced by these carbons is due ésténeperfectly
oriented at 180 or whether it is due to dynamic averaging by ester rotatfmevious
workers has shown how chemical reactions within a crystaldatéio generate strain and
change the elastic properties of the crystal, which could in ¢thiange dynamic
properties like the ester rotaticn>® “°Since dynamic ester rotation would be most likely
in the SSRD, we measured the spectrum of the SSRD at variopsr&gures and found
that it does not change even after cooling t& B0 Thus there are no obvious signs of

dynamic rotation of the ester group, although it is possiblethiedbarrier is low enough
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that the temperature decrease t’€3as not enough to affect the dynamics. We have
also looked for changes in the dynamics by comparing thesl&xation times of the
various carbons in the monomer, SSRD and SGD spectra. All the cadieanepdibit at

most a 10% change in the relaxation times as shown in the table 3.4.

18

‘7“~fa.i«19
a) 2 1 3 1‘312 B 10
NP [
4 6 8
1 |
b)
A " L
c)
N
d)

JL..M A
L .[.Ll.[. _

160 140 120 1 20

13C Chemical Shift (ppm)

Figure 3. 23 inset)carbon numbering for 9TBAE monomaex) the **C NMR spectra for 9TBAE monomer
8 in CDCk; b) 9TBAE monomer in solid-state;) SSRD in solid-stated) SGD in solid-stateg) the
photodimer in CDGl
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Table 3. 4 Relaxation Time T1

Monomer 20%SSRD SGD
C5 0.979 0.88
C6 1.048 0.95
c7 0.979 0.88
C12 0.967 0.88
C13 0.959/0.98 0.88
Cl14 0.967 0.88
C15 0.979 0.934/1.086 0.87
Cle6 0.81 0.716/0.781 0.8
C17
C18 0.707 0.648 0.76
C19

Table 3.4ssNMR relaxation times ¢J for the carbons as labeled in Figure 3.21. Théf carbon 18 is
actually the average of carbons 17, 18 and 19.tHeopartially converted samples, fér 15, the smaller

is for the SSRD, and the larger i§ for the left over monomer.

3.6.3 Changes in Conformations and Packing Motifs

In order to illustrate the sequence of steps that occur aftepgxtuatiation of8 in
the crystal, we now refer to the Figure 3.19. Figure 3.19 showsaterews of the
structures involved in the transformation, from the unreacted monomer(Figure
3.19a), to the PRD (Figure 3.19b), and finally to the fully converted equitibdimer
structure of the SGD (Figure 3.19c). Upon irradiation, the two masdblat compose
the dimer pair in Figure 3.19a must undergo two movements. Firdtyéhanthracene
rings must shift during the [4+4] dimerization reaction so thantwe bonds can form.
Second, the newly formed %marbons force the anthracene rings into a nonplanar

“butterfly” conformation, as seen in Figure 3.19b. We hypothethiae both of these
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processes are rapid (<< 1s) at room temperature and drive thatitor of the SSRD
immediately after the photoreaction. After the formation ofttiecgclic ring between the
anthracenes, the newly formed dimer molecules must execute twmmaldmotions in
order to eventually reach the low energy SGD conformation. Hiestiert-butyl ester
groups must rotate ~18@rom inward-facing with respect to the anthracene sandwich
pair to an outward-facing position with the alkyl sidechains gaiagonally up and
away from the anthracene pair. Qaly initio calculations shown in Figure 3.24 have
determined the barrier for this rotation is approximately 8 kua#, suggesting that this
motion would be slow at room temperature in the isolated molecule vandswer in
the dense crystal environment. Second, the dimer molecules msstmdde into the
layered structure shown in Figure 3.13a. We hypothesize that bmtbspes are very
slow compared to the formation of the photodimer, which leaves thetsagjoked in the

metastable SSRD structure for a period of months.

Relative Energy (kcal/mol)

T T T T T
0 30 60 90 120 150 180

Dihedral Angle (degree)

Figure 3. 24Theoretical calculation of relative energy of dilmed 8 as a function of the ester dihedral
angle. 0 corresponds to the inward-facing ester, while®i®@@responds to the outward-facing ester. All

calculations were done in gas phase. The bareighhis ~8kcal/mol.
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The micron-scale photomechanical response of the nanorods is detdimgithe
change in going between the monomer and metastable SSRD atystdalres. To
predict the overall response, we need to know both how the local nasletulcture
changes and how the intermolecular packing changes, i.e. how the unit cedischatige
SSRD. Unfortunately, the PRD crystal parameters in Table 8.2kdained by solving
the crystal structure under the assumption that the crystah@mogeneous mixture of
the monomer and a disordered component whose structure is identicaPiRR@heThus
the solution provides only a single set of unit cell parameterghwdnd up being close
to those of the majority species, in this case the monomer. Wilsleapproach permits
us to ascertain the molecular structure of the PRD, it does noteravieliable way to
predict the packing and thus the powder XRD pattern of the SSRjr¢F3.25).
Although there are qualitative similarities between the caledl and experimental

patterns such similarities are not in general sufficient to infer digstatructure**

N

20

Figure 3. 25a) experimental powder XRD pattern of SSRi)calculated powder XRD pattern of PRD
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3.7 Attempt to Solve SSRD Structure by Powder X-rapiffraction

To determine the packing motif of the PRD that generates theD S8R
attempted to work backward from the SSRD powder diffraction pattddsing the
program DICVOL, we can index identifiable peaks in the pattern showigure 3.13d
to obtain the unit cell parameters a, b, ¢ and anglgs y. But while this approach
works very well for the monomer crystal (it gives only oneo$einit cell parameters and
agrees well with the solved structure’s unit cell), it faifed the SSRD, where we
obtained a large number of solutions, often with quite different unipestimeters, but
with similarly poor Figures of merit. Like most indexing prags, DICVOL gives two
Figures of merit, M (#lines) and F (#lines), for identifyitige best solution. For
synchrotron data, M (20) values of 50 or more and F (20) values of 10mrer are
encouraging. Values of laboratory data will be generally loweMg20) of 20 or more
might be considered reasonable and worthy of pursuit. Our input dataoratory data;
and our best fit is M(16) = 15.2 shown in the highlighted column in taBlewhich is
less than 20 and fitted lines/peaks is also less than 20. Furthetargee numbers of
solutions with poor Figures of merit is sign of poor input data. hpetidata-powder
XRD pattern of SSRD-is already the best we can obtain{’getot qualified enough to
decode unit cell parameters. Attempts to use these unit galinpters as inputs for
programs that optimize crystal structures for powder XRD aisalgtso failed to
converge on structures with acceptable Figures of merit, at Weaen compared to

previous literature results. We are currently pursuing a muhged effort to understand
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the structure of this intermediate crystal using computationdghads subject to the

constraints provided by our XRD and ssNMR measurements.

3.8 Conclusions

This Chapter extends our earlier study of the photophysics of photomechanically
responsive molecular crystal nanostructures based on anthracené’ eSterse

molecules form a versatile family of compounds that can be formed into phototigepons
nanorods despite variations in molecular structure and crystal packing motif¢ailacdde
study of 9TBAES provides significant insight into the molecular-level dynamics that

give rise to the micron-scale response of the nanorods. The photomechanical response
the nanorods is determined by a metastable crystalline intermeds®®)$hat slowly
converts into the low energy solution grown dimer (SGD) crystal structuretwver

course of weeks. Thus the photomechanical response of the molecular crystal
nanostructures arises from non-equilibrium crystal forms and cannot be giadsatg

only knowledge of the equilibrium reactant and product crystals. We have used a variety
of experimental measurements to establish the structural characdesfdtie SSRD,

which appears to involve the photodimer in a higher energy conformation with the ester
side groups pointing inward prior to rotating to the lower energy outwardgfaoisition.

The results in this paper indicate that a deeper understanding of solid-@tétetyds

required to gain a predictive understanding of how solid-state photochemigsyrigie

to micron-scale motions.
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G8

Crystal

System Monoclinic Triclinic  Triclinic  Triclinic  Triclinic  Triclinic  Triclinic  Triclinic  Triclinic  Triclinic  Triclinic
a 9.6605 10.256 9.1262 8.9691 9.5671 8.6926 8.5482 6.0768 7939.  8.5314 8.7647
b 7.8653 11.6666 10.0117 9.891 10.156 8.7526 9.2884 8.5093.2269 9.2222 9.204
c 16.7893 12.9454 10.032 9.9477  10.2763 10.3324 9.8318 9.7818.821 9.7915 9.7855
Alpha 90 68.253 105.111 98.452 89.144  109.302 82.38 76.32700.511 83.331 100.49
Beta 101.27 77.122 112.411 109.54 62.747 98.532 75.685 86.1353.939 75.924 94.17
Gamma 90 71.216 95.971 99.497 70.497 101.723  82.285 85.84413.293 82.817 113.224
Y, 1251.09 1352.6 796.55 800.64 825.3 706.42 745.52 489.52 .8310 738.43 704.13
M 10 15.2 134 15.2 13.3 13.2 14.2 12.6 135 13.9 13
F 13.6 22.5 22.1 19.7 19.2 17.8 17 17.7 17.4 16.8 17
iﬁggi';z 15 16 17 15 15 16 16 16 15 16 15

Table 3. 5 Unit cells calculated from powder XRD ptiern of SSRD by Dicvol

Table 3.5DICVOL generates more than one unit cells with petitive Figures of merit, and some of them havgdavolume per

dimer than the volume of a pair of monomer, whdene have smaller volume per dimer than that ofiagfanonomer.
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Chapter 4 Reversible photoinduced twisting of moladar crystal microribbons

4.1 Introduction

The transformation of photon energy into mechanical work is sttege from
both fundamental and practical standpoints. Photons provide a versatileasihd
controllable energy source for various types of nanoscale machinefwever,
photochemical reactions carried out in macroscopic molecular crystalsestetolphase
separation between reacted and unreacted regions that shatersta€ For example,
Figure 4.1 shows the photo-induced fracture of the bulk molecular IcBRBAE, the
molecular crystal studied in Chapter 3. Nevertheless, for amaistals with large
surface-to-volume ratios, the build-up of interfacial stress é@tweacted and unreacted
domains can be alleviated at a nearby surface, rather thgenieyating a fracturg® Al
the photoresponsive crystalline nanorods of anthracene ester desivat®bapter 3 are
good representatives. Hence, the robustness of ultrasmall srgstabits a much wider
variety of photochemical systems to be used in photomechanieatiuses. Our group’s
general strategy for making photoresponsive organic moleculamlsrys to fabricate

them into micro- and nano-structurss.

Figure 4. 1 Optical microscope images @j sing crystal of 9-tertbutyl-anthracene ester (8Hp, ~ 0.5

mm; b) same crystal after shatters into pieces aftemaskeconds irradiation of 365 nm UV light.
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In Chapter 3, we studied the irreversible photoresponsive “head-t@aaiing
molecular systems; in this Chapter, we will turn to the révierphotoresponsive “head-
to-head” packing molecular systems. Reversibility is aems$al property for molecular
crystals to be possibly used as photoactuators. The [4+4] photoditierizzaction of
crystalline 9-anthracene carboxylic acid is known to be reversiole to the steric

repulsion from the atypical “head-to-head” packings shown in Scheme 4.1.

A>300nm
[4+4]photocycloaddition

Room Temperature

9AC monomer pairs 9AC head to head metastable photodimers

Scheme 4. 14+4] photodimerization and dissociation reactscheme of 9AC along a single crystal stack.

Note that in Scheme 4.1, some 9AC molecules are ‘“left out” of the
photodimerization reaction due to statistical considerations. Thisofnreacted and
unreacted molecules is unique to crystals containing one-dimenstanit and is vital
for interpreting the experimental results in this Chapter. kéwe previously

demonstrated that crystalline nanorods composed of 9AC could undergsibiever



bending driven by strain generated between photoreacted and unnegpbed of the
rod as shown in Figure 4.2.This phenomenon does not rely on generating a gradient of
reacted molecules along the direction of the bend, as in manyp@oictuators®™* and
allowed us to demonstrate controlled, reversible bending in 9AC malecoyatal

nanorods with diameters as small as 35°nm.

Figure 4. 2 Single 9AC rod 200nm in diameter exposed to 800light (focused into a 1.5-nm spot) in
phosphoric acid solution with surfactant. The rodd) is irradiated for 2 s in a spot near the top (ahi

circle indicates location and diameter of lasert)spesulting in a bend near the top of the ro¢bin After

2 min in darkness it relaxes to its former confagion ). This cycle is then continued with irradiation in
one spotd, f), where the bend is indicated by the white cirfddpwed by relaxationd, g. Scale bar is 15

mm.

The previously studied nanorod bending required the selective illumircttian
single point or segment of the rod. We became interested in wiedtiear types of
photoactivated motions could be induced, especially under conditions of Igpatial

uniform irradiation. In this Chapter, we describe a different morpad§AC crystals,
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namely microribbons, that undergoes reversible twisting under uniform illuomnathe

twist period is controlled by the amount of light exposure and satued a value that
depends on the cross-section of the ribbon. The twist relaxes ovayuitse of minutes
(as illustrated in Figure 4.3), consistent with the disseiatf the dimer 9AC back into

its monomeric forn:

Figure 4. 30ptical microscope images af 9AC crystalline microribborty) the microribbon twisted upon
irradiation of 440 nm visible light) the twist relaxes after a few minutes (~9 mif)eBcale bar is 20 um.

Using a combination of atomic force and optical microscopy, th& pr@riod has
been measured as a function of ribbon cross-section. We find thaethamsm of the
twisting is consistent with stress induced by the presencevofincommensurate
chemical species. In the 9AC system, these two speciesoatdikely the photoreacted
dimers and the unreacted monomers left over due to the statistitale of the
dimerization reaction. The reversible generation of a photoinducetlibwesystalline
microribbons represents a new class of motions accessible thrsolghstate

photochemistry, and also provides a new way to induce large deformatithoait
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asymmetric or structured illumination conditions. The abilitinthuce repeated twisting

in such small objects may make them useful for powering small-scal@mea.

4.2 Characterizations of 9AC Microribbons
4.2.1 Scanning Electronic Microscope (SEM) Images

9AC crystals can grow in a variety of shapes and sizeghbunhost commonly
observed morphologies are ribbons and needles. After some experiomentat found
that the growth of microribbons could be maximized by making use gfflargrowth
surfaces, and our yields of microribbons was highest when the slow atiraponethod
was used with the solvent ethyl acetate. In general, all grovgthods produced a
distribution of microribbon lengths and cross-sections. The rectangolss-section of
the microribbons can be seen in the SEM images in Figure 4.4]laswiee distribution

of lengths (), widths (v) and thicknesse#y.

Figure 4. 4 SEM images of 9AC ribbons of different siz@$,scale bar is 2unh) scale bar is 1unt)

scale bar is 25um.

4.2.2 Crystal Orientations of the Ribbons
The crystalline nature of the microribbons was confirmed by powdeD

measurements. 9AC crystallizes in columnsredftacked anthracene moieties, where

93



each column is connected to a neighboring column through intermoleculergen

bonds between opposing carboxylic acid groups in Figure 4.5.
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Figure 4. 5 Crystal structure oft-stacked 9AC, two neighboring stacks were connetiedugh the
hydrogen bonding shown by the red dotted line.
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Figure 4. 6 X-ray powder diffraction patterns for 9A@): Calculated pattern of monoclinic 9A®)

experimental pattern of powdered 9AC crysta)spattern of ribbons randomly deposited on thesmafas
shown in the inset cartoon, with the three peaksesponding to parallel planes (002) and (004), tied
almost perpendicular (101) pland)} pattern of ribbons lying flat on the surface &®wn in the inset
cartoon, with the two peaks corresponding to palrgllanes (002) and (004) being most prominept;

cartoon of randomly deposited ribbons frojrand aligned ribbons from d).



In Figure 4.6a, we show the calculated powder XRD pattern obtainedtfi®m
monoclinic single crystal structure. Figure 4.6b shows the expeta@owder XRD of
the powdered microribbons. The peak positions and overall shape of this @aree
well with the calculated pattern in Figure 4.6a, but there are slisoeepancies in the
peak intensities. These discrepancies are most likely dusituaé orientation in the
powdered sample arising from the tendency of 9AC crystals tormdsor ribbons that
lie flat on the substrate, as discussed below. Figure 4.6¢c shopsvider XRD pattern
for intact microribbons that have been dried and randomly deposited datsalistrate
(as illustrated in Figure 4.6¢c and 4.6e). When the powder XRD patfténis sample is
measured, three major peaks are seen, corresponding to the 002 FiiikeapB=6.13,
the 004 plane at@®2=12.2f and the 101 Miller plane ab223.09. The first two planes

are parallel and extend between stacks of 9AC molecules, as shéiguie 4.6a, while

the 101 Miller plane makes an angle of 82.&ith respect to the 002 plane as seen i
Figure 4.6b.
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Figure 4. 7 Crystal packing of 9AC molecules a) with two pagbpplanes (002), (004); b) with two almost
perpendicular planes (101) and (002).
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In contrast, when the sample is carefully dried on the subsinafection using
optical microscopy reveals that the majority of these ribb@ndt on the surface, with
their short axis pointing up (as illustrated in Figure 4.6d and 4.6e).théveobtain the
powder XRD pattern in Figure 4.6d, which is dominated by the 002 and 004 pHads
much smaller peak aB224.62 corresponds to the 008 Miller plane, also parallel to the
002 and 004 planes. In addition to these two dominant peaks, another veryeakait
20=10.34 is also observed in Figure 4.6c, corresponding to a small triclorigponent
within the largely monoclinic ribbors. If we assume that the pattern in Figure 4.6¢c
arises from a combination of ribbons lying on edge and lying flailewthat in Figure
4.6d arises from only ribbons that lie flat, then we can deterthenabsolute orientation
of the crystal within the ribbon. The crystal orientation consisteith the data in
Figures 4.6¢c and 4.6d has the 002 plane is perpendicularaod the 101 plane
perpendicular tav, as shown in Figure 4.8. It should be noted thattheis of the unit
cell is aligned almost parallel to the heighy ¢f the ribbon, while thab plane is parallel
to the plane defined by the widtiv)(and length Ij of the ribbon. The stacks of 9AC

monomers extend across the width of the ribbon.
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Figure 4. 8 Side view of the 9AC crystal packing within the neigbbon, looking along the long axis.
Note that for ribboni<w.
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Another thing worth mentioning is that (002) and (004) miller planesat only
the preferred crystal orientations for the microribbons, but als®A@ bulk needles.
The powder X-ray diffraction pattern of 9AC bulk needle crystgisgl down on the
substrate in Figure 4.9b shows the same two peaks, corresponding)to(@0@) miller

planes.

26

Figure 4. 9 Powder X-ray diffraction patterns) calculated pattern of monoclinic 9A6) experimental
pattern of 9AC bulk needles laying down on the acef with the two peaks corresponding to parallel
planes (002) and (004) being most prominent. Tdath bulk needles and microribbons have the same

crystal orientation.

4.3 Photoresponse of 9AC Microribbons
4.3.1 Reversible Twisting of 9AC Ribbons

We initially expected the microribbons to bend under localized phototanita
but to retain their overall shape under uniform photoexcitation, sinolavhat was
observed previously in 9AC nanorods. Instead, under uniform lamp irradiateon, w

observed a dramatic twisting behavior, as illustrated in Figui@ Under either 410 nm
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or 440 nm irradiation, a straight ribbon would rapidly twist over itgehength, while
the intense green-yellow fluorescence disappeared, indicatingathzhotochemical
reaction was consuming the 9AC molecules. No twisting or floeree decrease was
observed for irradiation at wavelengths greater than 600 nm, nuing heating effect or
phonon-mediated mechanism. The twisting could be observed in 25-80% duffouesti
depending on the sample. The ribbons twisted more easily when suspeadetjueous
solution than on a dry surface. The reason for this may lie ieased surface adhesion

in the dry samples.

a

Figure 4. 10 Optical microscopy images of a 9AC ribbon’s reualsitwisting behavior:a) before
irradiation;b) immediately after irradiatiorg) 9AC belt recovered after 9 min in the dark; thels bar is
20pm. Note that the 9AC ribbon on the bottom righthe frame has a larger width and fractures when

exposed to the UV light.

4.3.2 Size-dependent Twisting Periods

Larger crystals would often break into segments during this pr@asesBown in
Figure 4.11, but ribbons with widths on the order of 20 or less were remarkably
robust. In general, the twist periotl,§s: = the distance required for the ribbon to

undergo a full 2 rotation) was larger for larger ribbons (Figure 4.12).
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Figure 4. 11 Optical microscopy images of 9AC ribbon’s fractueg, before irradiation; b) the ribbon

shatters after irradiation due to the phase sdpardthe scale bar is 40 um.

Figure 4. 12 Optical microscopy images of twisted 9AC ribbonghwdifferent twisted periods (s,
Arrows next to the ribbons signify the length offltavisting period (1/2 Lys), the scale bars are 40 um.

4.3.3 Special Features of Twisting

After the UV light was turned off, the twisted ribbon continued tcstvior 2-4
minutes. Eventually, the twisting would stop and then reverse, thenribntwisting
until it returned to its previous straight shape over the cooffde1l5 minutes. This
straightening process was 2-4 times slower than the ralecséscence recovery and
nanorod unbending observed previously in 9AC nanctdd®uring the relaxation, the

twist period changes continuously, as shown in the sequence of images in Figure 4.13.
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Figure 4. 13 Optical microscopy images of the slow detwisting9#C ribbons after the irradiation is
turned off. Time interval between image®:immediately after exposurb) 3 min laterc) is 4.5 min later;

d) 11.5 min later. The scale bar is 50um.

a b ¢

\
_\\,\ B

\

i

Figure 4. 149AC crystal ribbon twists under 440 nm (~20 mWkirradiation, relaxes in room ligh&)
immediately after first exposurdy) after 2.5 minutesc) after 4 minutes;d) after 13 minutesg)
immediately after second exposure. Notice thatratie second exposure, the 9AC ribbon twists in a
different direction compared with first exposuréeTscale bar is 50 pm.

After the ribbon had returned to its original shape, the process couépéated
multiple times until the ribbon either broke or photobleached. Thetidimeof each

sequential twist for a given ribbon was random after each irradipériod (as illustrated

in Figure 4.14). For some ribbons, we observed that prolonged (mihgtegxposure
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leads to untwisting instead of a stable twisted structure. Tigm @f this behavior is

discussed below.

4.4 Possible Twisting Mechanisms
4.4.1 Measurements of Twisting Parameters

Quasi-periodic twisting in crystals, as seen in Figures 4.10 &®] dan arise
from several distinct mechanisms. In order to investigatengaxghanism of twisting and
the variability in twist period, we used AFM (Atomic Forceckbdscopy) to measure the
cross-sectional profile of ribbons that exhibited twisting. Althoughwere unable to
measure the cross section of a twisted ribbon, we do not expecbé significantly
different from that of the untwisted ribbon, since prior measuresn@mtphotoreacted
nanorods of 9AC showed less than a 3% change in length and diaméhestiedd in

Figure 4.15.

Figure 4. 15AFM (Atomic Force Microscopy) images of 9AC nanos@) before and) after irradiation,

the scale bar is 500 nm. The photoreacted nanamgishowed about 2% change in length and diameter.

In general, the cross section of a ribbon is not a perfect reetavithh well-

definedh andw values. We chose to parameterize the cross section in two \Fags,
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we simply integrate over the entire AFM profile to obtainrggl® quantity, the cross-
sectional are&, that contains no information about the detailed shape. Second, to take
into account the detailed shape of the ribbons, we extracted vatutbe heighth and

width w by defining the profile height at the center of the profile td laed then taking

the full width ath/2 to bew. An example of this measurement is given in Figure 4.16,
along with an illustration of hov, w, andLst were determined. Note that we were
limited in the size range we could examine: larger ribbons tenffatdure under
illumination (Figure 4.11), while smaller ones had twist peritidg were difficult to
resolve using our optical microscopy set-up. Table 4.1 shows alhtheextracted from

13 flat ribbons after they relaxed from twisting. Additional dstdor the ribbons

examined by AFM are given in the Appendix.
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Figure 4. 16 3§ AFM (Atomic Force Microscopy) images of 9AC crahtine ribbon;b) Optical mcroscopy
image of a twisted ribbon, the scale bar is 20 pnfscheme to extract height)(and width () of the
ribbon from the AFM profile curveh was extracted from the center profile heightyvas the full width at
half height. The ribbons shown & andb) are different.

102



Table 4. 1 Profiles of 13 different ribbons

ROPON hum)  w(um) S (ur Jhw) - wm)
hw

1 0.38 2.72 1.08 0.42 39.4
2 1.29 4.09 5.08 1.33 187.18
3 0.82 3.37 2.47 0.87 33.5
4 1.33 2.62 3.39 1.27 147.78
5 1.42 9.84 13.31 1.56 148.46
6 1.93 4.57 8.74 1.91 177.34
7 0.62 1.67 0.97 0.62 23.64
8 0.51 3.94 2.00 0.56 86.7
9 0.86 2.75 2.4 0.89 27.58
10 1.14 8.76 9.86 1.26 167.48
11 1.11 4.53 5.16 1.18 88.66
12 1.77 7.73 14.59 1.89 153.7
13 1.64 13.01 21.45 1.82 179.32

Table 4.1 Profiles of 13 different ribbonsS, h w, and Ly, were extracted according to ttseheme

presented in last paragraph.

4.4.2 Eshelby’s Theory
Measurements dB h, w, andLyist allow us to examine the mechanism of the

twisting. Static twisted organic molecular crystals eatively rare’*** and most
instances have been interpreted in terms of a theory by Eghatlgxplained the twist in
terms of a propagating screw dislocation at the center ofsdatmpd as illustrated in
Figure 4.17°*° Frank showed that if this screw dislocation is larger thaewaldttice
spacings, a void or pipe must form at the center of the crystallgbdo the direction of
twist propagation alonf with a giant Burgers vector associated with #Both types of

screw-dislocation theories are valid for a single-componentrsyatel predict that the

twist periodLwist Should depend linearly on the cross-sectional &rea

(1)
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wherek is a constant on the order of unity amd the magnitude of the Burgers vector

associated with the screw dislocation defect.

I S LA SR A — S—

Figure 4. 17 An illustration cartoon showing the propagatingesetdislocation at the center of a piece of
crystal, which has successfully interpreted thenpheenon of twisted organic molecular crystals fairime
the process of crystallization, by Eshelby’s theory
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Figure 4. 18Linear fit of twist periodLys VS. cross-section are&£hw) according to Eshelby theory as
given by Equation (1). The’Ralue is 0.76, slope is 12.
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Figure 4.18 shows a fit to our data using Equation (1), yieldingalstiine with
a slope of 12 and a relatively poof Ralue of 0.76. It is clear from the residuals in
Figure 4.18 that the fit systematically underestimatesatheunt of twist for smaller
cross-section ribbons in particular. If we kel, we can extract a value for0.51pum.
This large value ob places our microribbons in the Frank regime, but our optical
microscopy images provide no evidence for the formation of a void dtirengrystal
twisting process. Given the value bfobtained experimentally, we can estimate the

diametemD of the pipe using the following equatidh™

_ Gb?

D=
47[2;/

@)

whereG is the shear modulus ands the surface energy. Typical values for organic
molecular crystals ar® = 5 GPa®®>* andy =0.2 J/nf >3 leading to a value dd>150

um forb = 0.51um. This value oD is greater than the width of our microribbons.ei&v
given the uncertainties in our estimateDofany formation of a micron-scale hollow pipe
within our ribbons should be easily observable ptioal microscopy. The poor quality
of the linear fit, coupled with the lack of the gdbrmation necessary to explain the giant
b value, suggest that the simple screw dislocati@thanism is not operative in our

twisted ribbons.

4.4.3 The Interfacial Strain or ‘Heterometry’ Model
A second mechanism to explain crystal twistingoimes strain energy that builds

up due to the interaction between two differentncical species in a single crsytal. This
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type of mechanism has been invoked to explain itgsn polymer spherulite$"?° and

is sometimes referred to as “heteromeffyThe interaction can occur between the host
molecule and a chemically distinct impurity, asrsé&e some mineralé®?° or between
reacted and unreacted forms of the same molé€ue now consider whether
chemically reasonable interaction energies canec#us observed twisting of our 9AC

microribbons. For a rectangular cross-sectionarbbf widthw and height, the energy
density per unit volum&V required to generate a tw > (in radians per unit length)

is given by?®

G- J(h,w)(gz)

W(h,w) = —

3)

where G is the shear modulus ardgh,w) is the torsional constant of the ribbon. The
function J(h,w) is rigorously given by an infinite sufit.®*We found that only the first
two terms of the sum had to be retained for anratewcalculation ofl(h,w) given the

range of experiment&l andw values:

s L_ 84N onn Y
J(h,w)=h \/v|:3 i Wtanh[Zhﬂ (4)

If we rearrange Equation (3), solve (02%) and then integrate over a single period of

twist (i.e.6=21) we obtain an expression for the periqgs; as a function ofi andw:

Ltwist =2r \/E M (5)
w hw
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Both G andW are unknown for the 9AC crystal. If we assumd Naattains a
maximum value after irradiation and then remaingstant, and is the same for all the

ribbons (see discussion below), then Equation (BHipts that a plot ofs versus

—J(E\'NW) should be linear, as shown in Figure 4.19. Thedkue for a linear fit to this

data is 0.93, significantly better than that ob#dinising Equation (1). The more uniform
scatter of the data points above and below thinBtalso results in better residuals and
more confidence in this fitting model. The slopel & values are robust with respect to
the method used to extratandw values from the AFM data. With a different scheme
to extracth andw, we get almost the same slope (96 vs. 98) &ncaRes (0.93 vs. 0.93).
Figure 4.20b shows our second scheme to extrantdw: to take the surface feature into
consideration, we extracted values Foby taking average the height values of all the
points in between the first inflection point, toetppoint on the other side of the cross-
section with the same height as the first inflecgmint, and then taking the full width at

h/2 to bew. The slope of the fit line in Figure 4.19 is 96,igfhfrom Equation (5) should
equal 27z\/%. Assuming a typical value @=5 GPa, and the concentration of 9AC in

the crystal as 6.3 M, we obtaih=3.4 kJ/mol at the maximum photoconversion. This
calculated energy density falls within the range expected for noncovalemernactions
between different molecules, indicating that tmslgsis leads to chemically reasonable
values. Note that if the calculated value YWrhad been fallen outside this range, we
would have to consider other types of energy cbuatidbns in addition to intermolecular

interactions.
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Figure 4. 19Linear fit of twist period_y,s; VS.

slope is 96.
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Figure 4. 20In Figure 4.19, we takk to be the height at the center of the imagewand be the width at
h/2. An alternative approach is to find the lowiadlection point on the cross-section, and takerage the
height values of all the points from this pointth@ point on the other side of the cross-sectiaih e

same height to bk and the full width at/2 to bew. This procedure is shown in b). When we taks thi

J(h,w

) as given by Equation (5). The
hw

R? value of this fit is 0.93, with a slope = 98, asnpared to the slope = 96 from Figure 4.19.

approach to tabulateandw values, we can again plbfs vs.

In previous studies of heterometry-induced twistitige two different chemical
species were supplied by the environment. In asecsecond chemical species must be
reversibly generatenh situ by the photochemical reaction. The most logiealdidates
for the two interacting species are the monomenmit dimeric forms of 9AC. When a

dimerization reaction occurs within a stack of mmieos, statistical considerations make

109



it impossible to react 100% of the 9AC moleculegreunder continuous illumination.
Theoretically, at least 13% of the monomers willéfe out of the reactiof”>* although
recent studies indicate that this fraction is alose25% for 9AC®* This fraction of
unreacted 9AC monomers comprises the second speeesked to generate strain and

drive the twisting without the need for tailoreturhination conditions as illustrated in

2

Figure 4.21.

@» monomer
@ dimer

Figure 4. 21The interfacial strain energy from two differentechical species-photodimers and unreacted

monomers-drives the twisting of the crystallineods.

In addition to the better fit to the data in Figdrd9, there is further evidence for
this mechanism. One factor that suggests thattwhsting results from dynamic
monomer and dimer domain formation is the randomttdirection after each irradiation
period (Figure 4.14). If the twisting relied oretpresence of static structural or chemical
defects, then they would be expected to initiate shme twist direction each time,
contrary to what is observed. An additional pietevidence in favor of this mechanism
is that the linear slope in Figure 4.19 shows Wathe energy density, is the same for all

ribbons after prolonged light exposure. If therggas proportional to the concentration
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of the unreacted monomers, then this con3tamhplies a constant fraction of “left-over”
monomeric 9AC molecules, as predicted theoreticalfywe assume that the interaction
energyW results from the interaction of 25% of the totadmamers (i.e. the minimum
number left unreacted), then the actual interacgomrrgy is approximately 13 kJ per
mole of unreacted monomer. We may speculate tigastrain energyV arises from the
disruption of the intra-stack hydrogen bond netwdtde to the presence of monomer
regions that are not aligned with neighboring dirsiacks. It is important to point out
that the photoinduced heterometry mechanism relethe statistical nature of the 9AC
photoreaction that prevents 100% conversion ofnle@omer into dimers, making the
twisting an intrinsic property of the 9AC microrits.

If we assume that the unreacted monomers are magdtistributed throughout
the dimer crystal, they would have to migrate idesrto form phase segregated regions
that would give rise to the interfacial strain eyyer The photodimerization of 9AC is
associated with a disorder increase in the Idftisghich could facilitate such migration.
Molecular migration would also explain both the twomed twisting that is observed after
the light is turned off, and the fact that the shagcovery is slower than the measured
time for fluorescence recovery or nanorod unbendm@®AC. However, molecular
migration over long distances is difficult in thiesance of cooperative effects and would
be energetically costlyy. A second explanation for the delayed responsiesislocalized
regions of monomers and dimers are formed duriagtiotoreaction by exciton trapping
at defect sites or stress poifits’ In this scenario, the time-lag between the light

exposure and the completion of the physical motwayuld be a mechanical effect
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resulting from slow lattice relaxation rather thaemolecular migration. The relative
importance of molecular translation as opposedtgelr scale mechanical effects in the

crystal for determining the overall time respontéhe twisting remains to be determined.

4.4.4 Comparison with Previous Work of Nanorods

Lastly, we contrast the ribbon twisting descriliethis Chapter with the nanorod
bending observed in our previous work. Previousliy have observed reversible
bending for 9AC nanorods using spatially localizede-photor and two-photon
excitation? We attributed the bending to local strain createdhe interface between

reacted and unreacted crystal regions along therads as shown in Figure 4.22.

Figure 4. 22 Schematic illustrating 9AC nanorod’s expansion. Haekened oval indicates the region
consists of photodimer from irradiation, and lostihin created at the interface between photodamer

unreacted monomer caused the nanorod to Bend.
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When the rods were uniformly illuminated, no inéeds were created and no
bending was observed, only a slight expansion (Eigul15) At first glance, the
twisting seen here appears to be different fronbealing observed earlier. But Eshelby
realized that a bend can be thought of as a paisi.®> Indeed, illumination of a short
segment of a ribbon gives rise to a partial twist 1ooks like a bend. Direct comparison
of the two morphologies is complicated by theirfetiént crystal orientations (the long
axis of the rods corresponds to the crystakis, which is perpendicular to the long axis
of the ribbons as shown in Figure 4.23) and differaspect ratiosh(and w are
approximately equal for the cylindrical nanorods agposed tow/h>2 for the
microribbons). Nevertheless, it is likely that th@me physical process underlies both

types of motion.
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Figure 4. 23 § Powder X-ray diffraction patternsblack) calculated pattern of monoclinic 9AQg()
experimental pattern of 9AC nanorods aligned withim AAO template, with the two peaks corresponding
to parallel planes (002) and (004) being most pnemi; b) crystal orientations of 9AC molecules within

the nanorods, with the rod axis parallel to thecis-af the unit cell. This is perpendicular to tbag axisl|

of the microribbons.
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4.5 Conclusions

The data in this Chapter demonstrate a new modevefsible photomechanical
deformation in molecular crystals. Microribbonsnssting of oriented 9AC crystals
undergo reversible twisting motions without the defor specialized irradiation
conditions, like focused light or controlled poiaiion. The time-dependent relaxation
of the twist period and its dependence on the esestional dimensions of the ribbon are
both consistent with a mechanism based on intstraih generated by the coexistence of
regions composed of dimeric and monomeric 9AC. flhsting motion is specific to a
single crystal morphology and size range: if thess-sectional area of a ribbon is too
large, it will fracture rather than twist. Sindeettwisting is an intrinsic crystal property,
it should be manifested by much smaller structutiest share the same ribbon
morphology. It should also be insensitive to themination conditions as long as
photons can reach the crystal and induce the [phdjocyclization reaction. This work
provides a further illustration of the surprisingrsatility of molecular crystals as
photoresponsive systems, and suggests that caftrablecular crystal shape and size
may prove to be a fruitful way to design systemshwmproved photomechanical

properties.
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Chapter 5 Crystal Structures and Photophysical Proprties of 9-anthracene
carboxylic acid derivatives for photomechanical apfications
5.1 Introduction

As we mentioned in last Chapter, for a materidhave potential as an actuator,
the photochemical reaction should be reversibtageby ambient thermal fluctuations or
by exposure to a different wavelength of light. eTimolecule 9-anthracene carboxylic
acid (9AC), which crystallizes in an unusual headwad conformation driven by
hydrogen bonding, forms a metastable photodimer ghantaneously dissociates back
into its constituent monomersS. Using this molecule, we have demonstrated in our
previous work the controlled bending of crystallilenorods™* and in the last Chapter
the twisting of microribbons, where both types of motion spontaneously reverss
the course of minutes. Although this type of reiality is robust and can be used for
multiple cycles of light-induced shape changes, bgeame interested in whether we
could develop systems with improved photomechanieaponses. In particular, we
wanted to decrease the recovery time of the aatit@ccelerating the dissociation of
the photodimer. We hypothesized that one way tomaplish this would be to modify
the chemical substituents at the 9 or 10 positidh@anthracene ring, thereby increasing
the steric repulsion between the two halves opth@odimer.

In this Chapter, we report the synthesis and clemaation of a series of 9AC
derivatives in both solution and in the solid-statéhe seven compounds that are the

subject of this paper are shown in Scheme 5.1.

117



1-6: COOH

I I n
OWOTT

O bW =
I

f s COOH

Scheme 5. B-anthracene carboxylic acid derivatiied

Compoundsl-6 represent an attempt to explore how substitutibrtha 10-
position opposite the COOH group influences botlistad packing and chemical
reactivity. Compound is an attempt to modify the COOH attachment atStp®sition.

In all cases, we find that the hydrogen-bondinghef COOH groups plays an important
role in determining the crystal packing, but the trystal structures still vary quite a bit
once the 10-position substituent becomes more goatptl than a single atom. For the
single atom serie$-4, we find that only H and F substituents at thept6iion result in

photochemically reactive solids, while larger atoonsmolecular substituents appear to
prevent the dimerization reaction altogether. K leave the 10-position alone and
modify the 9-position (compound), photoreactivity is retained but reversibilityl@st.

Thus although it is possible to tune the solidestatactivity of 9AC somewhat through
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chemical substitution, unsubstituted 9AC still aggeto be the best photomechanical
material in terms of reactivity, ease of growthd aeversibility.
5.2 Crystal Structures of 1-7
5.2.1 Crystal Data and Structure Refinements for I+

The synthesis of molecules-7 followed standard literature procedures for
analogous anthracene derivatives, and the detalpravided in Chapter 2. After the
molecules had been synthesized and purified, we tbagrow crystals suitable for
structure determination by XRD. For some moleci(le®) this could be accomplished
using standard solution-based crystal growth tepkes. For the other derivativés4, 6,
7), however, solution growth vyielded dendritic cafst or crystals with high
concentrations of defects. For these molecules,uaed a modified sublimation
procedure to obtain crystals large enough for sirmgystal XRD measurements. In all
cases, we succeeded in obtaining good quality esingistal structures consistent with
our expectations of the 9AC motif. The single taysXRD parameters and crystal
structure data for all 7 crystal structures detaeadiin this work are summarized in Table
5.1. For 9AC1, only the triclinic form is included in Table 5.XWe used the monoclinic

form from the CCDC database.
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Table 5. 1 Crystal data and structure refinement fo 1 triclinic

Empirical formula Gs Hic O, (1 triclinic)

Formula weight 222.23

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a = 3.8896(19) d= 101.784(7)°

b=9.384(5) A Pp=95.457(7)°
c=14.852(7) A y =90.220(7)°

Volume 528.1(4) A

Z 2

Density (calculated) 1.398 Mgfm

Absorption coefficient 0.092 mm

F(000) 232

Crystal size 0.50 x 0.15 x 0.03 Mim

Theta range for data collection 2.22 to 25.02°.

Index ranges -4<=h<=4, -11<=k<=11, -16<=I<=17
Reflections collected 4510

Independent reflections 1849 [R(int) = 0.0404]
Completeness to theta =29.13°  98.7 %

Absorption correction Semi-empirical from equivaten
Max. and min. transmission 0.9974 and 0.9557
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1849 /0/ 157
Goodness-of-fit on F2 1.095

Final R indices [I>2sigma(l)] R1 =0.0882, wR2 2265

R indices (all data) R1 =0.1109, wR2 =0.2399
Largest diff. peak and hole 0.347 and -0.256%.A
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Table 5. 2 Crystal data and structure refinement fo 2-4

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to = 29.13°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Gs Hg Bro.osFo.0502 (2)
243.27
100(2) K
0.71073 A
Monoclinic
P2(1)/c (#14)
a =9.2885(14) é= 90°
b =3.7650(6) A B= 97.517(3)°
¢ =30.373(5) A y=90°
1053.1(3) A
4
1.534 Mgfm
0.301 mm
501
0.55 x 0.08 x 0.02 Mim
2.211t0 29.13°.
-12<=h<=12, -5<=k<=5,
-41<=l<=41
21009
2827 [R(int) = 0.0716]
99.9 %
Semi-empirical from equivaken
0.9934 and 0.8518
Full-matrix least-squares dn F
2827/0/170
1.083
R1 =0.0703, wR2 4910
R1 =0.0920, wR2 = 0.2078
0.617 and -0.346%.A

Cic Hy CI O; (3)
256.67
100(2) K
0.71073 A
Monoclinic
P2(1)
a=3.8116(7) Aa= 90°
b = 31.453(6) AB= 90.463(3)°
c = 9.2257(18) A= 90°
1106.0(4) &
4
1.541 Mg/
0.333 mnt
528
0.54 x 0.17 x 0.03 min
2.2280/0°.
-5<=h<=5, -42<=k<=42,
-12<=I<=12
22556
5@Rdnt) = 0.0579]
99.9 %
Semi-empirical from equivalents
0.981110.8416
Full-matrix least-squares off F
3690331
1.042
R1 =0.0503, wR2 = 0.1268
RLG561, wR2 =0.1313
0.460 and -0.470 eA

CisHg Br O; (4)
301.13
100(2) K
0.71073 A
Monoclinic
P2(1)/c (#14)
a =9.2037(6) A= 90°
b = 3.8638(3) i= 96.7531(10)°
¢ = 31.580(2) A = 90°
1115.22(14) A
4
1.794 Mg/
3.674 mnit
600
0.51 x 0.20 x 0.03 min
2.23t0 29.57°.
-12<=h<=12, -5<=k<=5,
-43<=|<=43
22753
3135 [R(int) = 0.0390]
99.9 %
Semi-empiricahf equivalents
0.9138 and 0.2579
Full-matrix least-squares off F
3135/0/167
1.351
R1 = 0.0543, wR211 %3
R1 =0.0584, wR2 = 0.1166
1.008 and -3.260 eA
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Table 5. 3 Crystal data and structure refinement fo 5-7

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness tb = 29.13°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on £

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C16 H12 OB)

236.26

296(2) K

0.71073 A

Monoclinic

P2(1)/c (#14)

a =8.5743(3) A= 90°
b = 8.2539(3) A p= 94.9243(5)°
c = 16.4805(6) A = 90°
1162.04(7) A
4

1.350 Mgfm

0.088 mm
496

0.44 x0.42 x 0.18 mm

2.3810 29.13°.

C21 H14 02¢)
298.32
100(2) K
0.71073 A
Orthorhombic
Pbca (#61)
a=7.1691(5) A o=90°
b = 13.5819(10) A= 90°
c=30.767(2) A y=90°
2995.8(4) R
8
1.323 Mg/
0.084 mnt
1248
0.58 x 0.07 x 0.04 man
2.68567°.

C17 H12 027)

248.27

296(2) K

0.71073 A

Monoclinic

P2(1)/c (#14)
a=3.8919(4) A «=90°
b = 16.5883(15) A3= 93.7657(14)°
¢ =19.0073(17) A = 90°
1224.5(2) R
4
1.347 Mg/
0.088 mnt
520

0.54 x 0.07 x 0.05 msn
1.63 to 28.70°.

-11<=h<=11, -11<=k<=11, -22<=I<=82=h<=8, -16<=k<=16, -37<=I<=36<=h<=5, -22<=k<=22, -25<=|<=25

16250
3129 [R(int) = 0.0152]
100.0 %
Semi-empirical from equivaken
0.9842 and 0.9623
Full-matrix least-squares on F
3129/0/ 167
1.057
R1 =0.0467, wR2 4405
R1 =0.0532, wR2 = 0.1497
0.317 and -0.228%.A

46262
2@RAnt) = 0.0844]
100.0 %
Semi-empirical from equivalents
0.98850.9527
Full-matrix least-squares on F
2818210
1.106
R1 =0.0518, wR2 =0.1243
R16Y31, wR2 = 0.1383
0.268 and -0.268 e’A

16995
3162 [R(int) = 0.0353]
100.0 %
Semi-empiricahfi equivalents
0.9955 and 0.9542
Full-matrix least-squares on F
3162/0/175
1.003
R1 = 0.0418, wR20988
R1=0.0787, wR2 = 0.1201
0.221 and -0.231 eA




5.2.2 Solid-state Photoreactivity of Anthracenecartxylic Acids
We began our investigation of anthracene carboxgaid derivatives by

exploring the effect of COOH substitution at diffat points on the anthracene ring. We
obtained crystals of anthracene derivatives wighdarboxylic acid group located at the 1
and 2 positions, but neither of these crystals gltbany reactivity when exposed to 365
nm radiation. The crystal structure of l-anthra&cearboxylic acid shows that the
anthracene rings arrange themselves into an dffseingbone pair motif as shown in
Figure 5.1%7 The anthracenes form interleaved planar two-dgieeral hydrogen bond
networks, where the reactive anthracene rings Hsetdrom each other. For a given
pair of parallel anthracene rings, the central casbare more than 6 A apart, too far to

permit the [4+4] photocyclization to occur.

Figure 5. 1 Crystal structures and packing of 1-anthraceneocogiie acid (1AC), adjacent 1AC pairs are

offset and the hydrogen bonding keeps them froftirsticloser to react.
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Using molecular mechanics simulations, we found wizgen the COOH group is
placed at any point other than the 9-position andhthracene ring, there is less steric
interaction from the surrounding hydrogens and @@OH group can become almost
coplanar with the anthracene ring. This permiéstiipe of planar networks seen in the 1-
anthracene carboxylic acid crystal. We were unablgrow crystals of 2-anthracene
carboxylic acid suitable for x-ray structure detaration. Given the empirical fact that
only the 9-substituted member of this family appdarbe photoreactive, we decided to

investigate its derivatives in more detail.

5.2.3 Structural Comparisons between Monoclinic andriclinic 9AC (1)

In contrast to the molecules described abovetant®ns with hydrogens at the 1
and 8 positions force the COOH group to rotate ~&%° of plane in 9ACX). This
rotation prevents formation of the planar two-disienal crystal networks seen in 1-
anthracene carboxylic acid. 9AC can crystallizéwn polymorphs: monoclini¢® and
triclinic. *° Figure 5.2a and 5.2b show the powder X-ray diffom patterns of triclinic
form and the monoclinic form of 9ACL). Using powder XRD, we found that many
solution-grown crystals contain both forms in vagyiamounts. The powder pattern in
Figure 5.2c is from the bulk crystals of 9AQ @rown from THF in room temperature;
and Figure 5.2d shows the powder pattern of th& brystals of 9AC (1) grown from
annealing in ethanol at 73 °C. Both of them aretummes of both polymorphs. Our earlier
powder XRD measurements of nanorods grown from &l46 contain peaks due to both

monoclinic and triclinic form§.
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Figure 5. 2Powder X-ray diffraction patterns of 9AQ)( a) triclinic polymorph;b) monoclinic polymorph;
c¢) bulk crystals grown from THF in room temperaturentains peaks from both monoclinic and triclinic
polymorphs;d) bulk crystals grown from annealing in ethanol78t°C, also contains peaks from both

monoclinic and triclinic polymorphs.

After some trial-and-error, we found that purelimic crystals could be grown
using xylenes, while pure monoclinic crystals cob&l grown from ethyl acetate. The
detailed structure of the monoclinic polymorph tenfound in the Cambridge Database
and is illustrated in Figures 5.3a and 5.3b. Titystal structure of the triclinic form is
presented in this paper for the first time andhisven in Figures 5.3c and 5.3d. In both
crystals, the 9AC molecules stack on top of eabkrotas shown in Figure 5.3b and 5.3d.
The rotated COOH groups can participate in hydrogending with molecules in

neighboring stacks, resulting in hydrogen bondextkstpairs rather than the offset
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herringbone pairs formed by anthracenes with cepl@DOH groups. It is these stacked
9AC molecules that provide the correct orientatiand distance for the [4+4]

photodimerization to take place.

Figure 5. 3Crystal structures and packingaftop view of monoclinid (9-anthracenecarboxylic acid))

side view of monoclinid; ¢) top view of triclinicl; d) side view of triclinicl.
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Despite the similarities, there are two significalifferences between the two
polymorphs, which are highlighted in Figure 5.31 the monoclinic form, neighboring
pair stacks are rotated by 62.7° when viewed frioentop (Figure 5.3a), and these stacks
also form a 23.2° angle when the stack axes arepawed (Figure 5.3b). In contrast,
neighboring pair stacks in the triclinic form aremgletely parallel to each other, both
when viewed from the top and when viewed from tlkle,sas shown in Figure 5.3c and
5.3d. It is doubtful that these differences in kwag change the photochemistry of
individual anthracene pairs, since the distancas/dsn adjacent anthracenes, which
participate in the [4+4] photodimerization, are Hane in both crystal polymorphs at 3.9
A. The presence of two different polymorphs malplexplain the variability seen in the

photoresponse of nanorodslogrown in THF, where both polymorphs are possible.

5.2.4 Crystal Packing Motifs of 2-7

Since placing the COOH group at the 9-positionital for making a reactive
crystal, we reasoned that modifying the reactivdly the crystal would require
substitution at other positions around the antmaaeng. Changing the chemical group
at the 10-position exactly opposite the COOH ig/mrtisetically tractable approach that
provides an opportunity to modify the steric prajgsr of the molecule without
dramatically changing its electronic propertiesnef our hopes was that by placing a
bulkier group at the 10-position, we could furthéestabilize the photodimer and
decrease its dissociation time. When the hydradehe 10-position is replaced with a

halogen atom (F, ClI, Br), the distance betweerattteracenes changes by less than 3.5%
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relative tol. The major change in the crystal packing involthesrelative tilt angles of
neighboring stacks, as shown in Figures 5.4 and B/Bereas in triclinid the H-bonded
pair stacks line up parallel to each other2-#hthe packing is more similar to monoclinic
1, with the pair stacks are tilted vertically witespect to each other (Figures 5.4a-c).

This is true whether or not the top view shows dhéhracene stacks rotated from each

other.

Figure 5. 4Top and side views of crystal structures of anthinaccarboxylic acid derivativea} 10-fluoro-
9-anthracenecarboxylic aci@ (with 5% disorder of 10-bromo-9-anthracenecarbioxgcid 4); b) 10-

chloro-9-anthracenecarboxylic addc) 10-bromo-9-anthracenecarboxylic adid
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Figure 5. 5a) 10-methyl-9-anthracenecarboxylic a&pb) 10-phenyl-9-anthracenecarboxylic aédthe
green dotted line in the side view signify hydrodpamd chain)g)3-Anthracen-9-yl-acrylic acid.
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It is only when we put larger substituents at tAepsition (methyl =5 or phenyl
= 6) that we see a disruption of the 9AC stacking fnotin 5, the methyl group
substituents lead to a reversal of the head-to-B&suking and instead we find the more
common head-to-tail pair-wise arrangement, as showkigure 5.5a. The parallel
anthracene rings are offset from each other andesptarther apart (4.84 A versus 3.90
A in 9AC between two 9-position carbons in the paifhis arrangement of neighboring
anthracenes is not conducive for the [4+4] photedination reaction, which is generally
limited to pairs with a center-to-center distané&d @ A or less*' In 6, the anthracenes
adopt the head-to-head pairwise arrangement showhigure 5.5b. But now the
hydrogen-bonding arrangement is completely differemth a single COOH group
interacting with two different molecules as illegd by the green dotted line in Figure
3b, spreading the anthracene rings too far apgrhédodimerize. In crystals &fand6,
shifting of the molecules to spatial positions mameenable for reaction is presumably
prevented by the hydrogen bonds that lock the ao#imes in place. In addition to
modifying the 10-position, we also made one moleaulth a vinylene group separating
the COOH from the main anthracene ring (moleGllen order to examine whether this
separation could modify the standard H-bonding nétvgeen in all the 9AC derivatives.
This molecule exhibits the familiar stacking matgen in compound$-4 as seen in
Figure 5.5c. It should be emphasized that, inagalwith 1, it is possible that other
polymorphs of2-7 exist. We were unable to detect them, howevat,tha structures in

Figure 5.4 are consistent with the photophysicsrilesd below.
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5.3 Photophysics of 1-7
5.3.1 Steady-state Absorption and Fluorescence Sprecof 1-7

Clearly, different substituents on 9AC can affdet crystal packing. The next
guestion is how the photophysical properties, idiclg photoreactivity, are affected. The
photophysics in the solid-state will be affecteddoyh intermolecular interactions and by
intramolecular relaxation. Figure 5.6 shows tleady-state absorption and fluorescence

spectra for compounds7 in THF solution.

300 | 350 | 4OOI 450I 500 55OI 600
Wavelength (nm)

Figure 5. 6 Absorption and emission spectroscopy of 9-anthmacearboxylic acid (9AC) and its
derivatives in THF solutionst) 9-anthracenecarboxylic acig b) 10-fluoro-9-anthracenecarboxylic add
¢) 10-chloro-9-anthracenecarboxylic addd) 10-bromo-9-anthracenecarboxylic aeide) 10-methyl-9-
anthracenecarboxylic achl f) 10-phenyl-9-anthracenecarboxylic aéidg) 3-Anthracen-9-yl-acrylic acid

7. The solid line plots are the absorption speetna, the dotted line plots are the fluorescencetspec
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Figure 5. 7 Absorption and emission spectroscopy of 9-anthmacearboxylic acid (9AC) and its
derivatives in solid-statea) 9-anthracenecarboxylic acid b) 10-fluoro-9-anthracenecarboxylic acdc)
10-chloro-9-anthracenecarboxylic acil d) 10-bromo-9-anthracenecarboxylic acid €) 10-methyl-9-
anthracenecarboxylic ach f) 10-phenyl-9-anthracenecarboxylic aéidg) 3-Anthracen-9-yl-acrylic acid

7. The solid line plots are the absorption speetna, the dotted line plots are the fluorescencetspec

The spectra for compounds6 are all quite similar, with the characteristic
anthracene vibronic progression in the absorptjgecsum and the broadened, shifted
fluorescence that arises from charge-transferantams with the carbonyl group in the
excited state'> The only significant difference between the speis the redshift of both
the absorption and fluorescence spectra as moceralerich substituents are placed at
the 10-position. For, this conjugation effect is very pronounced, amete is additional

broadening in the absorption spectrum and a mugenstokes shift, by almost 50 nm,
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than in the other compounds. When these molearnesxamined as polycrystalline
films on a glass surface, there is considerablyenvariation in their spectral properties,
as shown in Figure 5.7. In all cases, the absorgpectrum shifts by only 10-20 nm, as
expected from the solid-state solvatochromic efféttThe fluorescence undergoes a
much larger shift of 50 nm or more. This large k&t shift of the fluorescence is
indicative of excimer formation, as is often seemistacked anthracene crystals. The
loss of structure in the absorption spectra2adnd 4 is most likely due to scattering
effects in the films. The steady-state spectiaoitih dilute liquid solution and in the solid
films suggest that the overall electronic strucsusee similar for moleculelk6, and that
gross changes in electronic structure (resultioghfformation of H- or J-aggregates, for
example) do not occur when the molecules crystallizhe presence of excimer emission
is expected in these -stacked systems and is probably an indicatiothefelectronic

interactions in the excited state that facilitéte f4+4] dimerization reactiof**°

5.3.2 Solid-state Photoreactivity of 1, 2 and 7

Despite the presence of excimer emission in gHtafs, only two besideswere
found to be photoreactive. In both its triclinledamonoclinic forms, compouridreacts
rapidly when exposed to light in the range 365-Ad0from a microscope mercury lamp.
This photoreaction results in the loss of its hbrigheen-yellow fluorescence and the
appearance of a much less intense, blue fluorescearich we have attributed to
unreacted monomers.'” This change in emission is accompanied by thetufra and

jumping of individual crystals when viewed undem&roscope. After several minutes,
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the green-yellow fluorescence recovers and theessocan be repeated. Crystallites
composed of2 showed similar photobleaching behavior Bsand this was usually
accompanied by a deformation of the crystal. Tlesaching and deformation was
reversible in2, as shown in Figure 5.8 for a microneedle grownsblglimation. The
bend and recovery sequence is similar to what bas bbserved id, but the recovery
time is roughly an order of magnitude longer. @Quoalitative observation is that crystals

of 2 appear to be more plastic than crystal% ahd less prone to shatter under irradiation.

[/

a b (S

Figure 5. 8 Optical microscopy images of a microneedle crystaimposed of 10-fluoro-9-
anthracenecarboxylic aci a) before irradiationb) after a few seconds of 440 nm irradiatioprecovery
after 30 min. The scale bar is 50 pm.

This was also true for crystals composed7pfthe only other photoreactive
molecule in our series. Even very large cryst&lg oould smoothly bend and deform
under irradiation, and the photobleaching seemeddeour in two stages, perhaps
indicating that both [2+2] and [4+4] dimerizatiomgere occurring between pairs of

vinylene groups and pairs of anthracene rings,edsgely. Unfortunately, this reaction
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was not reversible at room temperature on any tales making this molecule of less
interest as a potential photoactuator. For theesrotholecules 3-6), no change in

emission or physical shape was observed undergetomged (> 10 minutes) irradiation.

5.3.3 Fluorescence Lifetime Measurements of 1-7 8olid-state

While the lack of reactivity irb and6 can be easily rationalized on the
basis of the large distances between the anthraceye the reason th&tand4 do not
photodimerize is less clear. We were concernettiigapresence of the heavy atoms Cl
and Br might lead to competing nonradiative decagg@sses, like intersystem crossing,
so we measured the excited state lifetimes ofhall dolids at room temperature using
fluorescence decays. We concentrated on the statd-fluorescence lifetimes, since it is
clear from Figures 5.6 and 5.7 that the emissiv@naar in the solids is a new electronic
state, distinct from the monomer singlet state teiermines the emission properties in
solution. The results of these measurements aengn Table 5.2, along with other
relevant parameters for this family of compoundsll the molecules studied had
lifetimes in the nanosecond range, indicating thaerization does not occur on ultrafast
(sub-nanosecond) timescales. The lifetimel afas 35+4 ns for both the triclinic and
monoclinic polymorphs to within the experimentatoer The measured dimerization
quantum yield of monoclinid in the solid-state is 7+1% suggesting that the rate of
dimerization is on the order of several hundredosanonds. This relatively slow
reaction rate suggests that the [4+4] dimer foromais a minor channel for excited state

relaxation, competing with many other channels.thé photochemical reaction rate is
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similar for 1-4, as seems likely given their similar crystal stmwes, then fewer
competing channels should lead to both a longesrdiscence lifetime and a larger
photoreaction yield. In this limit, a longer fl@scence lifetime should result in more
efficient photoproduct formation. But the lifetinoéthe unreactiv8 (152 ns) is longer
than that of the reactiv&(9.3£1 ns), while that of (2.5+0.3 ns) is shorter, so there is no
clear trend in excited state lifetime with halogarbstitution. Molecule$ and6 had
biexponential fluorescence decays that were thet magsd of all the 10-substituted
compounds, despite their lack of heavy atoms ortquRactivity. It appears that fast
intersystem crossing or internal conversion in@hand Br-substituted anthracenes does

not provide a straightforward explanation for tHaok of photoreactivity.

Table 5. 4 Fluorescence lifetimes of solid anthrane carboxylic acid derivatives

9AC Lifetime (ns) Crystal Reversibilit Anthracene | Stack
derivatives photoreactivity Y| separatio | anglé”
1
monoclinic 35+4 Yes Yes 3.94 23.2°
1 triclinic 35+4 Yes Yes 3.84 Q°
2 9.3+0.9 Yes Yes 3.7R& 48.3°
3 15+2 No - 3.81A 44.6°
4 25+£0.3 No - 3.86\ 52.5°
5 4=16+02  A=049 No - 4.84A 75.6°
,=8.0+0.8 A=0.51
6 4=13+01  A=047 No - 7.17A 67.6°
,=3.1+0.3 A=0.53
7 not measured Yes No 3.99 52.5°

(a) The separation distance was measured betweetwth9-position carbons for two paired anthracene
carboxylic acid molecules within a single stack.
(b) The stack angle was the angle between two arghe planes within two different stacks whichraoe

hydrogen bonded to each other, and which tilt ffeceént directions.
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5.3.4 Steric Effects for 1-7

Since the fluorescence lifetime measurements d@mwvide a clear explanation
for the reactivity trends in the halogen-substdu8AC series, we now consider steric
effects. Compounds-4 provide a rare example of a situation where halaydstitution
does not change the overall crystal packing, wisclocked in place by the hydrogen-
bond interactions. The reactive compounds’ H- Bghdtoms have atomic radii of 25 and
75 pm respectively, while the Cl and Br atoms haki of 100 and 114 pm, respectively.
The larger Cl and Br substituents may simply beltwge to permit the dimers to form
due to steric repulsion. Attempts to calculateahergy differences of the monomer pair
versus the covalent dimer were unsuccessful dubeio ill-defined geometries in the
crystal environment, but steric effects are knownbe important in solution phase
photodimerization reactions of anthracene deriesti? *® But if larger atoms at the 10-
position destabilize the dimer, we still are absslto explain why has a much longer
dissociation and recovery time than We expected the F-F repulsion to destabilize the
dimer and result in a faster “reset” time but otsedrthe opposite effect. One possible
explanation is that the highly electronegative &matinteracts with other atoms af
electron clouds within the crystal in new ways iafteotodimerization that act to stabilize
the overall dimer structure. A detailed study lué trystal interactions before and after
dimerization is beyond the scope of this papen Héav, we simply emphasize that steric
considerations, like the fluorescence lifetime dd¢acribed in the preceding paragraph,

can explain some but not all of the trends obseexgetrimentally.
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5.4 Conclusions

The goal of this Chapter is to explore how chemioadification of the 9AC
basic unit affects crystal packing and photored@gtivOne goal was to find materials
with improved photomechanical properties, for exnfiaster recovery times. We found
that substitution at the 10-position often led toomplete loss of photoreactivity due to
changes in either the crystal packirlganhd 6) or steric repulsion3 and4). Of the
remaining candidates, crystals dshowed good photoreactivity and a lack of fragture
but no recovery after irradiation. Compouidwhere the H has been replaced by an F
atom, was the closest to 9AC in terms of its ph&tcimanical behavior, but with a much
longer recovery time. Attempts to self-consistemétionalize observed trends in terms
of excited state lifetimes or steric effects werdygpartially successful. The present
paper illustrates how competing effects complic#te search for an improved
photomechanical material based on the 9AC framewddkhough our search did result
in the discovery of a new reversible photomecharoogstal @), its properties are not
obviously superior to that ofl. While organic chemistry provides unlimited
opportunities for chemical modification of the aetichromophore, balancing various
factors like electronic relaxation, steric interans, and crystal packing remains a
challenge for engineering materials based on mtdecuystals. One possible strategy to
overcome these competing effects is to use codsysbaengineer better control over

assembly in the solid-stat&?
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Chapter 6 Polymerizable dianthracene derivatives

In this Chapter, we include some of the work ndblighhed. They are presented
here as data, but not as a complete story.
6.1 Crystalline Polymer Nanorods

The previous work in our group has developed a atetb grow the molecular
crystal nanorods of a dianthracene polymer precy€s8C-ME) by alumina templates.
Subsequent exposure to ultraviolet light causedrtbromer nanorods to undergo a [4+4]
photocycloaddition reaction, forming highly cry$taé polymer nanorods. The polymer
nanorods are flexible, resistant to breakage, asdluble in organic solvents and strong
acid/base solutions.

We were curious if we could apply this method theotpolymer precursors to
make various crystalline polymer nanorods, and ttiepe them to polymer films for
higher young's modulus and other improved propegrtiehus, a series of derivatives
analogous to the dianthracene molecule 9-anthracar®xylic acid-methyl-ester (D1)
were synthesized. Their molecular structures apgvshn Figure 6.1. For the simplicity,
in this Chapter they are named as D2, D3...accortfiagcarbon numbers of the center

alkyl chain.
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Figure 6. 1Molecular structures of dianthracene polymer preors.

6.2 Polymorphism for Polymer Precursors

In room temperature, D1 has more than one polynsofals shown in Figure
6.2b), and they are not photopolymerizable in sslate; but the polymorph from high
temperature annealing is photopolymerizable indsstiate as shown in Figure 6.2a. Our
results indicate that this is a general phenomenahtese dianthracene derivatives to

have multiple polymorphs.

Figure 6.2 a) Crystal structure of D1 monomer crystals solvannealed from THF at 68 °C. The
anthracene units of adjacent molecules stack iarallpl conformation, with the dianthracenes forgnan
alternating chainb) Two different crystal structure renderings of Bbnomer crystals grown from THF at
room temperature. The anthracene units are notlglasad there is no alternation in the dianthracen
stacksc) A single crystal of D1 monomer grown from THF6& °C before illumination with 365 nm light.
The microscope color filter only transmits red tigbo the crystal appears ret).After a brief illumination
with 365 nm light, the polymer of D1 forms and ttrgstal shatters and turns fluorescent blue duhdo

residual unreacted anthracene units. Scale barpr5
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6.2.1 Polymorphs of D2

D2 has different polymorphs at room temperature high temperature. We
solved the structure of the high temperature pohlpiowhich is shown is Figure 6.3.
The distance between each pair of two anthracenecuies is 7.6\, indicates that this
polymorph of D2 is not photoreactive in solid-st&tét room temperature, D2 tends to
grow into polycrystalline crystals instead of smglystal, the structure remains unknown.
Figure 6.4 shows powder patterns of polymorphs fildgh temperature (68 °C) and

room temperature.

Figure 6.3 Crystal structure of D2 solvent annealed from higmperature. The distance of each

anthracene pair is 7.6¥2 which indicates that this polymorph of D2 is pbbtoreactive in solid-state.
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Figure 6. 4 Powder X-ray diffraction patterns aj calculated powder pattern of D2 single crystaijol
was grown from solvent annealing at high tempeeato)y experimental powder pattern of D2 crystals,
which was grown from slow solvent evaporation @amaemperature.

6.2.2 Polymorphs of D3

D3 has two polymorphs in the same batch of thelsiagstals we grew and both
of their crystal structures were solved, as showrrigure 6.5. Both polymorphs are
photo-polymerizable in solid-state. The polymofpshown in Figure 6.3a tends to grow
into needle shaped crystals; while the polymd@hown in Figure 6.3b grows into plate
shaped crystals.

To differentiate these two polymorphs, we variedaamtration, temperature and
set-up to find the proper condition to grow crystaith one polymorph only. We found
that D3 prefers to grow in the form of polymor@ regardless the changes of

concentration or temperature (as illustrated iruFég6.6). Figure 6.4a and 6.4b show the
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calculated powder X-ray diffraction pattern of D3 polymorphl and polymorph 2;
Figure 6.4c shows the experimental powder diffaactpattern of D3 crystal grown by
slow solvent evaporation from concentrated THF tsmiuat room temperature; the
pattern agrees well with the pattern of polymo2phFigure 6.4d shows the experimental
powder pattern of D3 crystals, obtained througlwstmlvent evaporation from diluted
THF solution at room temperature; it was also mfibrm of polymorpt2. This indicates
that concentration has little effect on the formatof different polymorphs. Figure 6.4e
shows the powder pattern of D3 crystals from sdlaemealing in THF at 68 °C; D3 was
still in the form of polymorph2; this indicates that temperature has few effecth®

formation of different polymorphs.
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Figure 6. 5Crystal structures and packing for D3; a) polymatpgrows in ‘needle’ shapes; b) polymorph
2, grows in ‘plate’ shape. Both polymorphs are rigadn solid-state.

145



20

Figure 6.6 X-ray diffraction patterns of D3a) calculated powder pattern of D3 in polymorphb)
calculated powder pattern of D3 in polymoritt) experimental powder pattern of D3 crystals, whics
recrystallized through slow solvent evaporatiomfrooncentrated THF solution at room temperatdje;
experimental powder pattern of D3 crystals, whichiswecrystallized through slow solvent evaporation
from diluted THF solution at room temperatugeexperimental powder pattern of D3 crystals, whics
recrystallized from solvent annealing in THF at°€3

Since both concentration and temperature didn’t contribute to polymoniok
we tried to modify set-up to grow polymorghonly crystals. After trial-and-errors, we
found that there are two ways to grow polymoipbnly in the form of polymorpii: a)
use AAO template to grow D3 nanorods (Figure 6.7d); b) add a sudathe set-up of
slow evaporation or solvent annealing, the surface can be a pieceesfdip or foil
(Figure 6.7c). The experimental powder pattern of D3 nanorods shownure Fg/c
matches the calculated powder pattern of polymdtpshown in Figure 6.7b; The

experimental powder pattern of D3 bulk crystals in Figure 6.7d also indibate®3 is is

in the form of polymorphl. The difference in between the set-ups for polymdzph
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(Figure 6.6e) and polymorph (Figure 6.7d) is a piece of foil, which provides a surface

for D3 to recrystallize upon.

Figure 6.7 X-ray diffraction patterns of D3a) calculated powder pattern of D3 in polymorgh b)
calculated powder pattern of D3 in polymorptt) experimental powder pattern of D3 bulk crystaisvwen
from solvent annealing in THF on a piece of foib&t°C;d) experimental powder pattern of D3 nanorods

grown solvent annealing in THF at 68 °C using AA&@plate.

Since the crystals in Figure 6.7 were both grown at 68 °C, taftdse extra
‘surface’ is the only confinement for polymorghgrowth, we repeated the above two
methods at room temperature in different solvents. Our resultgyumeF6.8 show that
temperature has no effect on polymorblgrowth. The experimental powder pattern of
D3 bulk crystals grown from solvent annealing in DCM on top of Aa@glate at room
temperature is in the form of polymorghas shown in Figure 6.8b. Here the AAO
template also serves as an extra surface; Figure 6.8 shovexpghemental powder

pattern of D3 nanorods grown in DCM at room temperature, whichasratke form of
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polymorphl. The same measurements have been done with a different solvérartoH
we got the same result that both the bulk crystal on top of AAhandrods are in the
form of polymorphl. Thus for the polymorph control of D3, both concentration and
temperature have little effect. Adding an extra ‘surfaséhe trick to grow polymorph
only for both bulk and nanorods; without the extra surface, D3 would just igrofne

form of polymorph2.

Figure 6.8 X-ray diffraction patterns of D3a) calculated powder pattern of D3 in polymorphb)
experimental powder pattern of D3 bulk crystalswgrdrom solvent annealing in DCM on top of AAO
template at room temperatui®); experimental powder pattern of D3 nanorods grealwent annealing in
DCM at room temperature using AAO template; lesskpenvere shown due to the preferred orientations of

nanorods while they are aligned in the template.

6.2.3 Polymorphs of D4

D4 has multiple polymorphs at room temperature depends on the salgents
for recrytsallization as illustrated in Figure 6.9. At room terapge D4 usually grows as

polycrystalline crystals instead of sing crystals, so nonstargtructures of the room
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temperature polymorphs were solved. At high temperature (68 °ChaB%only one

polymorph; the structure is shown in Figure 6.10.

10 15 20 20 25 30

Figure 6. 9 X-ray diffraction patterns of D4a) calculated powder pattern of D4 from the solviedaiure;
b) experimental powder pattern of D4 bulk crystatevgn from acetonitrile at room temperatui®;
experimental powder pattern of D4 bulk crystalswgrdrom THF at room temperature. Different pattern

of @), b) andc) signify the existence of multiple polymorphs of Bt room temperature.
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Figure 6. 10Crystal structure of D4’s polymorph from 68 °C aalimgy.
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The packing motif of this polymorph is herringbone pair. To differéntia
different layers of D4 molecules, the first layer molecukesalored in pink, while the
second layer molecules colored in gray. The distance between t@achpaired

anthracenes is 3.72 A, thus this polymorph of D4 is photo-polymerizable in solid-state

6.2.4 Polymorphs of D6

D6 tends to be in the form of ‘oil’ rather than crystal. Althowglh managed to
obtain the structure of one polymorph of D6, further research was nahuwmhtto
explore if D6 has multiple polymorphs due to the difficulty to ystallize D6. The

structure of D6 polymorph is shown in Figure 6.11.
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Figure 6.11Crystal structure of D6: anthracenes are offségiadid to each other, thus there are no reactive

pairs.

Although the crystal structure of D6 shows that D6 is not photoveactie
observed the opposite result. The single crystal of D6 (from the batch of the single
crystal which was used for structure solving) fractured under phaididation as shown
in Figure 6.12. To eliminate the possibility that the fracture owage from the heating
effect of the irradiation, we carried out this experiment itewaFurther research will

need to be carried out to explain this seemingly contradictory\aiger. Powder X-ray
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diffraction measurement should be able to tell us if the photo-induaetufe of D6
comes from a different polymorph or the defect of the crystaltwbiables the solid-

state photoreactivity.

Figure 6.120ptical microscopy images of D6 single crystal befand after 440 nm irradiation: the crystal
fractured upon irradiation; the experiment wasiedrout in water.
6.2.5 Polymorphs of D12

D12 crystals are photo-polymerizable in solid-state; we maneggcw single
crystal of D12, yet the structure couldn’t be resolved due to too msonddr in the
crystal. The two anthracenes on the two sides of the long alkiyl fthetuate, and thus

introduce disorder to the crystals.

6.3 Photo-polymerizable Nanorods of D3 and D4
Among all the solid-state photoreactive polymer precursors, D3 dnak®with
known crystal structures and controllable polymorph growth. Thus, we E&i®aad D4

for continual research of photo-polymerizable crystalline nanorods.

6.3.1 D3 Nanorods
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D3 nanorods were grown from AAO template, and their SEM imageshaown
in Figure 6.13. However, at this point we are not able to control the crystallinéatina
of D3 nanorods. Figure 6.14 shows the powder X-ray diffraction pattérdgferent
batches of D3 nanorods standing in the AAO template. D3 nanorods i Bid4db and

6.14c are grown from the same condition, yet they are with different orientations.

et WD s—10 pm

Figure 6. 13SEM image®3 nanorodsa) the scale bar is 50m; b) the scale bar is 10m.
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Figure 6. 14Powder X-ray diffraction patterns of D3; a) caldath powder pattern of polymorgdh b) D3
nanorods standing in the AAO template, grown froHFTat 68 °C annealing; ¢) D3 nanorods standing in
the AAO template, grown from THF at 68 °C annealimga different day, with less peaks than the D3
nanorods in b); d) D3 nanorods standing in the A&@plate, grown from DCM at 68 °C.
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6.3.2 D4 Nanorods

Compared with the multiple orientations of D3 nanorods, D4 nanorods only show
one orientation while they are standing in the AAO template, (11(M0&) as shown in
Figure 6.15. The orientations of (110) and (002) are shown in Figure @160tk (110)
and (002), the polymerization directions of D4 molecules are perpendtouthe rod
axis. Ideally, each molecular layer of the cross-sectiorsisgle polymer molecule after
polymerization. At this point, we haven’t developed method to grow (119)cor{002)

only nanorods.

b (110)

(002)

20

Figure 6. 15Powder X-ray diffraction patterns of D4; a) Caldath powder pattern of the photoreactive
polymorph of D4; b) D4 nanorods standing in the Afethplate with the (110) orientation; ¢) D4 nansod
standing in the AAO template with the (002) origiata.
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Figure 6. 16Crystal orientations of D4 crystals.

We used the sodium dodecyl sulfate (SDS) pretreated AAO tentplgtew D4
nanorods, and all the D4 nanorods are thus coated with SDS individually t avoi
congregation. Figure 6.17 shows the polyvinyl alcohol (PVA) film dopeld the SDS-
coated D4 nanorods. Further research of how the doped nanorods strengfivepets

of the film after polymerization hasn’t been carried out.

Figure 6. 17Polyvinyl alcohol (PVA) films doped with sodium decy! sulfate (SDS)-coated D4 nanorods.

6.4 Conclusions
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A serie of dianthracene esters analogue to the photopolymeri2ablas been
synthesized. Similar to D1, they all have multiple polymorphs in baimremperature
and high temperature. Methods have been developed to control the photopakieaeri
polymorphs of the bulk crystals, yet more effort would be needed to cahiol
orientations of the nanorods. Pretreatment of the AAO template tvé surfactant
sodium dodecyl sulfate can help avoid the congregation of the polymeurgve
nanorods, and thus prepare more evenly-doped polymer films. Furdesuraments
would be needed to test the improvement of the film propertiestat doping of these

polymer nanorods.

Reference

1. Al-kay, R. O.; Dillon, R. J.; Kaiser, J. M.; Mueller, L. J.; Guirado, G.; Bardeen, C. J.
Photopolymerization of Organic Molecular Crystal Nanor@@§7, 40, 9040

155



Chapter 7 Conclusions and Future Research Directian

This theis studies the photomechanically responsive molecular|angsta and

micro-structures based on anthracene derivatives.

7.1 Conclusions

A family of 9-anthracene carboxylic acid esters with varitarggthy or bulky
substituents is synthesized. The variations in the molecularwsgaand crystal packing
motifs cause some of these ester molecules lose their phoitdtgan solid-state. All
the photoreactive molecules can be fabricated into nanorods. Theodsnoir 9-
anthracenecarboxylic acid (1-methyl-cyclohexyl) ester (9MEMAhow the largest
expansion in length (~25%). Although the molecule 9MCHARBSs the largest
photoresonse, it was not the molecule with the longest or the bugkiestituents in this
family of 13 esters. This indicates that there is no nacgssglationship between the
molecular structures and the crystal structures or betweemdlexular structures and
the solid-state photoreactivities. We cannot predict the crgtstadtures or the solid-state
photoreactivity only based on the molecular structures.

A detailed study of the photochemistry of 9-anthracenecarboagict tert-butyl
ester (9TBAE)unveils that a metastable crystalline intermediate photodin®&RDS$ is
the determine factor for the micro-scale photoresponse of the nan®dtoslsnetastable
SSRD slowly converts into a low energy equilibrium photodimer (S@I2) the course
of weeks. This metastable-SSRD-phenomenon is not only limited to compoBAEST

it's a general characteristic of 9-anthracene carboxyiit ester molecular crystals. Thus,
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we can't predict the macro-scale photoresponse of the moleayktal structures only
based on the equilibrium reactant and product crystal structures.

Long wavelength tail irradiation method is applied to obtain thgleicrystals of
a mixture of 20% dimer with 80% monomer. This partially reactetediPRD) has the
same structural conformation as the metastable SSRD. They bothhleagster groups
pointing inward of the anthracene pairs; and SGD has its ester groups pointiagdooftw
the anthracene pairs, for comparison. However, the unit cell paanuEtSSRD remain
unknown due to the fact the unit parameters of PRD are largelgted by the 80%
unreacted monomer. Thus, molecular crystals containing anthracems astenot
promising materials for the potential applications of photoactuatioof@a#veral reasons.
(1) They are not reversible; (2) It is a big challenge to sthleecrystal structure of the
metastable intermediate SSRD, to have better understanding dhlaawolecular level
photochemistry gives rise to the micro-scale photomechanicabmsot(3) They don’t
give uniform photoresponse due to the variation of crystallinity and surface adhesion.

Compare with anthracene derivatives, molecular crystals of Bamene
carboxylic acid (9AC) are more promising material due to étgersibility at room
temperature. In this dissertation, we present a new mode ofild@greotomechanical
motions in 9AC microstructures. Microribbons consisting of oriented 9Adlecules
undergo reversible twisting motions upon uniform irradiation. All #etures of these
twisting microribbons such as size-dependant twist period and timediegaintwisting
motions are consistent with an interfacial strain model. Thergime of interfacial

strain between the unreacted monomer and the photoreacted dimer ragmms
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irradiation, is the cause of the twisting motions of the microribbdhe.time-dependant
untwisting of the microribbons in dark is the result of the releakt® interfacial strain
due to the dissociation of the photodimers into the monomers. Theseilnbions of
9AC can be promising components for photoactuation devices due to thtbeirof
advantages. (1) They are reversible. (2) The twisting motiegemerated by uniform
irradiation, while the photo-induced bending of nanorods relies on the wgelecti
irradiation. Uniform irradiation is cheaper and easier than thederradiation. (3) The
twisting motion is superior to the bending or expansion motions foappécations of
photoactuation. The discovery of the reversible twisting microribbisossaines light on
the strategies of property improvements of photoreactive rakterbesides the
modification of structures, the modification of the morphology might bésa good path
to improve the photoresponse of molecular crystals.

To strengthen the reversibility of molecular crystals, ailfawf 9-anthracene
carboxylic acid derivatives with different substituents aret®gired and studied in their
crystal structures, photomechanical responses, and photophysical peopafti found
that the substitution at the‘i@osition often led to a complete loss of photoreactivity due
to changes in either the crystal packing or steric repulsiorangnthe five 16 position
substituted 9anthracenecarboxylic acids, only 10-fluoro-9anthracbo&ghc acid,
shows the reversible photomechanical responses, but with a much lecgeery time.
We also tried to modify the carboxylic acid group, by adding &l \group between the
carboxylic acid and the 9-carbon of the anthracene, resulted inlsrysth show good

photoreactivity and no fracture, but no reversibility. Attempts td-cselsistently
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rationalize observed trends in terms of excited state ligstior steric effects were only
partially successful. This illustrates how competing effeotaplicate the search for an
improved photomechanical material based on the 9AC framework. Thuscutzol

crystals containing 9AC is still the best candidate for photoactuation.

7.1 Future Research Directions

In order to gain a predictive understanding of how molecular-lsvkdl-state
photochemistry gives rise to the micro-scale photo-induced motitsrutial to solve
the crystal structure of SSRD for the future research. Thieren@ possible approaches
to solve SSRD: a) obtain a qualified single crystalline nanor@&SéiD, and solve it by
synchrotron single crystal X-ray diffraction; b) Computational niade and using the
powder X-ray diffraction pattern of SSRD as the standard tordete the accuracy of
the calculated structure. Dr. Jingfeng Lai in prof. Muller’s grbap been working on the
computational modeling of SSRD through Material Studio. His recérdfstata shown
in Figure 7.1 is very encouraging. Figure 7.1a is the calculatedgyo¥+ray diffraction
pattern from his calculated SSRD structure; and Figure 7.tt® isxperimental powder
X-ray diffraction pattern for SSRD crystalline powders. Tlgnature peak of SSRD at
10.77 °is fitted accurately, same for other major peaks. In the=fut we can establish a
standard procedure to solve SSRD of different molecules througéria®tudio, and
develop a corresponding model based on the crystal structures of msnanter

calculated SSRD, then the prediction of macroscopic shape changes can be possible.
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Figure 7. 1 Powder X-ray diffraction patterns of SSRD: a) ctdted pattern from Dr. Jinfeng Lai's
calculated SSRD; b) experimental pattern from SSRBtalline powder.

We have several different proposals for the future researettidins of the 9AC
molecular crystals: (1) Apply this micro-ribbon preparation procedto other
photoreactive molecular crystals in which the molecules are gaoka stack that each
molecule can possibly react with both neighbor molecules. Thus theuvdd vbe
unreacted monomer molecules ‘left out’ statistically to gedretiae interfacial strain
within the crystalline ribbons. One candidate molecule is 3-Anghr@eyl-acrylic acid
(9AAC), which has similar packing motif to the 9AS8ince the photochemistry of 9AAC
is not reversible, we can use it to study how the solid-ptatéochemistry gives rise to
the micro-scale twisting motions on the molecular level.

(2) Microribbons with uniform size would be more useful as photoactuaors
possible route for us to modify the floating drop method to grow ribbon with uniform size

is to use templates. A preliminary design of the templaghasvn in Figure 7.2a. The
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template is like an ice tray without the bottom; it can be nwadeof metal, which is
stable in both water and organic solvents. While applying this temtlatould stand in
water; and the interface of water and organic solvent can sethe #at surface for 9AC

crystals to grow upon. An alternative design is to have four postsoam in Figure 7.2b.

Figure 7. 2Preliminary design of the template, the templatesempty at the bottom for both a) and b).

b

‘YYY, |

~

Figure 7. 3 g Preliminary design of 9AC device: 9AC ribbon wamered with thin layer of gold, and the
bio-functional groups were attached to the goletitaly) A possible scheme for 9AC devices to be applied

to biological system.

(3) Make devices with the twisting ribbons for biological applicatioAs
preliminary design of the device is shown in Figure 7.3a. Oneo$itte ribbon is coated
with a thin layer of gold; the gold serves as a connectingartedhave bio-functional
groups attached to the ribbon. A possible scheme to apply this deviselogical

system is illustrated in Figure 7.3b. Through these bio-functional grdupslevices can
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be installed to the target object. Using two-photon irradiation fdetpenetration and
safety in bio-systems, the photo-induced twisting motions of thelles devices would
deform the target. This process can be repeated until the target is congdetalyed.

(4) Explore cocrystals of 9AC: two possible combinations are: (aystat of 9-
anthracene carboxylic acid (9AC) and 10-fluoro-9-anthracene carbagid; and (b)
cocrystal of 9-anthracene carboxylic acid (9AC) aBdnthracen-9-yl-acrylic acid

(9AAC). The cocrystals may render us new modes of photoresponse.
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Appendix | AFM

Al.1 Procedures of Scanning
Al.1.1 Installation of Probes

There are two types of probes we used: contact mode probes and
tapping/intermittent-contact mode probes. Contact mode probes arefroadsilicon
nitride, which are harder and wear more slowly with use. Integntitcontact mode
probes are made from silicon, which are softer and more flexinkabke for tapping.
For all the measurements in this dissertation, the intemhittentact mode probes
NSC35 from Mikromasch were used to acquire data. The following d&psnstrate
how to install a probe:
1% tilt the AFM head back, and unplug the probe holder from the AEM. Special
caution should be paid while unplugging the red connectors as shown in Rihdre
make sure to apply the force to the red connector instead of tes wn the red
connectors (These thin wires are easily torn out). Then unscrgwabe holder from the

scanner through the hole as shown by the arrow in Figure A1.2

Figure Al. 1 Digital camera picturea) Novascan ESPM 3D AFM head, tiltdg). Zoom-in image of AFM
scanner, to show the red connectors between thee ralder and the scanner.

163



Figure Al. 2 Unscrew the probe holder from the scanner throbghble pointed by the arrow using 0.50
ball-end hex key. In this picture the red connecteere already disconnected from each other.

2" install the probe holder to the probe holder seat by tightening i svhich
was loosened in®istep ; Lift the front of the bail by pressing down where |diters
‘ESPM 3D’ are. Figure Al1.3 shows the image of the probe holder. Genhpath older
versions of probe holders, this version of probe holder is designed tadaskupg by

finger instead of loosening the screw next to the letters.

Figure Al. 3Image of the probe holder with the probe underngathprobe holder is still attached to the
scanner; the probes can be taken out or put inlgiyppressing down the letters ‘ESPM 3D’ while the
probe holder installed to the platform which hdlds probe holder for probe switching.
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3 Place the new AFM probe underneath the front edge the baibtigd the
back of the bail to hold the probe; make sure to examine the position of the probe from all
angles that the probe is sitting flat on the angled sapphivéowi. Small adjustment of
the position of the probe (e.g. more toward left or right or centdreo$apphire window
as shown in Figure Al.4) to get better signal is usually neatdie step of aligning the

laser. Itis usually the higher the better for the signals, at least 4000 a.u.

= =

left center  right

Figure Al. 4 Schematic showing the relative positions of the Apildbe

4" Install the probe holder to the scanner by operating the opposite prooédure
1% step: tighten the screw and plug the red connectors. Now the pratstalled. The
next step would be lowering the AFM head back to the stage wiith eaution, making
sure that the sample surface is not too close to the probe to danhaglethe AFM head

and then adjust for best signal level. The details are covered in the following.

Al.1.2 Partial Procedures of Scanning (with Troble Shooting)

1% turn on the power of AFM, the button is located at the back of the $nama
ULNPowerSupply’ box. Wait for an hour for the AFM to warm up, then turrthen
Novascan program by clicking the icon ‘Novascan 3D SPM Combo 4\8hile turning

on the novascan 3D SPM combo 4.65, it may give out the warning box wadnysh

165



‘unable to locate the DSP card in the computer’s PCI bus’ as shdvwgure A1.5. If the
AFM is already warmed up for an hour, then restart the computesatee this problem;

otherwise wait for an hour until AFM is warmed up and try again.

Initialization Error

1 '1 Unable to locate the DSP card in the computer's PCI bus,
L3

Figure Al1. 5Warning information concerning no DSP card whikrtihg the scanning program,; click OK,

then restart the computer; AFM can't function with®SP card.

2" A window would pop up for scan head selection as shown in Figure A1.6; we
usually use the 80 um open loop head.

¥ Select Scan Head E|

Select Scanner

¢ 20 pm Open Loop Head oK

™ d

" 200 pm Open Loop Head

¢ 80 pm Closed Loop Scan Head

Figure Al. 6 Pop-up window right after initializing the progranhoose the open loop head corresponding

to the scan size. We usually use the 80 um opgnHead.

3 turn on the laser by clicking thaser button. If the probe is already installed,
and AFM head is locked, then move to next step. If the probe is ndtedstainstalled
but the AFM head is still tilted back, then stay in this steptefAihstalling the probe,

never try to lower the AFM head back to the stage without the laser on.)
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After turning on the laser, then turn on the laser spot in the atighmindow by
turning the alignment-window-mirror-knob as indicated by the ammokigure A1.7. The
alignment-window-mirror-knob a knob to control a built-in mirror; if th&ror is on, the
laser signal from the probe would be reflected to the alignmérdow as a sign to
indicate the distance between the probe and the sample suirfdoee mirror is off, the
laser signal from the probe would be reflected to the detextmolkect data. During the
measurements, the mirror needs to be turned off, otherwise therd ®uio signal
going to the detector and the program wouldn’t proceed. However, trer méeds to be
turned on and make sure to pay close attention to this red lasevtsfgtowering the
AFM head back to the stage. If the red spot stays still,ridisates the probe is not too
close to the surface, and it's safe to continue lowering down the ddd; if it moves
slightly, or get fussy, that means the probe is touching the saugéce. Tilt the AFM
head back right away. If there is no red spot in the alignment wineitver the probe is
already broken; or the laser is not focused on the probe, which catjusted by the

Laser X Position knob and Laser Y Position knob as shown in Figure A1.8.
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Figure Al. 7 Digital camera image of AFM head, with AFM tiltddaand held by hand. The window with
a red laser spot in the center is the alignmentlain and the alignment-window-mirror-knob is pouhtey

the arrow in the image. While tilting the AFM heddck or lowering it down to the surface, it is
recommended to use both hands because the AFMisi@ast sitting on the microscope stage, thereois n

attachment. If use only hand to move the AFM héad,easily moved horizontally.

There are two ways to make the scanner go further awaytifr®sample surface;
(1) Electronically, clickingwithdraw button in the program, and type in a number to
indicate distance, the larger the number, the larger the didteheeen the probe and the
sample surface; Try to start with some number like 50. b) Manuallse the stage of
scanner by clock-wisely rotating the three knobs a, b, andsti@asn in Figure A1.8.
Make sure each time rotate a small angle and the sanie famgall three knobs;
otherwise the probe wouldn’'t be parallel to the surface and it @asecunnecessary

troubles like scratching the surface, damage the sample or damage to the tip.
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“ @ Detector X Position knob

@ Detector Y Position knob

@ Laser Y Position knob

0 Laser X Position knob

© Alignment Window Mirror knob
knob a to adjust the distance of the
scanner to the sample surface

knob b to adjust the distance of the
scanner to the sample surface

knob ¢ to adjust the distance of the
scanner to the sample surface

Figure Al. 8 Digital camera image of the topper part of theMABcanning head. The inset at the right

bottom shows the top of the AFM scanning head, Wwhiges axis information for the knobs 1, 2, 3 dnd

4™ lowering down the AFM head back to the stage with caution so as not to break

the probe. Lock the head by clock-wise rotating the knob as shown in Figure A1.9.

Figure Al. 9 AFM scan head has two parts, upper part and lowasr phe knob used to unlock/lock these

two parts are circled in the above digital camerage.
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5, align the laser optics. It's straightforward to align treefeoptics, just follow
the AFM manual. Be careful not to over rotate the Detector Xi®o&nob and Detector
Y Position knob (It is the same for Laser Y Position knob and Dagesition knob; if
you can only get good signal when the knob is at a point that it colddnrbtated

anymore, this may be a sign that AFM system needs to be realigned).

¥ SPM CONFIGURATION MENU EJ

Flles Hysteresis = Details

Scan Information
Socamer Tope 0
ZRange: 1.0um
Samples Per Poirt 120
Paint Size: 1825 nm
Scan Speed: 146.0 pm/sec

Difset XY
Center X (um)

Center ¥ um)

I

¥ Disabled

DSP Commands

Tune Cantilever Frequency

Figure A1l. 10SPM configuration window
6", choose the scan parameters in @nfigurationwindow as shown in Figure

A1.10, which determine how an image is going to be obtained. The AFM hovess
the details about the most appropriate value for each parameter.

Contact Mode: choosg heightfor Scan Modgafter choosing the right values of
each parameter, it's ready to go for scanning.

Intermittent Contact Mode/Tap Mode: we usually WWavemodeas theScan
Mode intermittent contact mode’s set-ups are more complicated tiaarot the contact
mode: after choosing the right values of each parameter, Elmknload Tune

Cantilever Frequengyand it will automatically close th@PM Configuratiorwindow (as
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shown in Figure Al1.10) and meanwhile open a new winddmve Configuration
window, to tune the cantilever frequency.

7" if it's contact mode scan, move on to next step; if it's migent contact
mode scan, tune the cantilever frequency according to the AFM manual.

8" follow the AFM manual to engage the probe to the sample surféate that
if the probe is far from the surface, it would take ‘forever the probe to engage with
the sample surface electronically. One thing you can do to shemgagement time is to
manually lower the probe by anti-clock wisely rotating theghkeobs a, b, and c as
shown in Figure A1.8. Make sure to rotate the same angle ¢hred knobs and each
time take a small angle rotation; meanwhile turn on the akgmwindow to pay close
attention to the laser spot until it moves or starts to get fégsthis point, if you didn’t
rotate all three knobs equally, undo the ones you just rotated. Impachighkt:the
Withdraw button and withdraw for 50. To get better engagement, it is Hettiet the
system run it electronically. After bring the probe close ehdoghe surface manually,
then withdraw the probe from the surface a certain distance,litbysdgram can do the

engagement electronically. It would take about 5 min.
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knob 1 to lock the relative position between
ring 1 and ring 2

knob 2 to lock the relative position between
ring 1 and ring 2

knob 3 to lock the relative position between
ring 1 and ring 2

Y Position knob to adjust the relative position
between ring 1 and ring 2, and thus probe and
sample

X Position knob to adjust the relative position
between ring 1 and ring 2, and thus probe and
sample

Figure Al. 11Digital camera image of the lower part of the AFd&sning head

9" Locate the probe to the interesting area of the sample: 1) hoewbjective
on the sample (the probe would also be at the focus since it&lplengaged to the
sample surface); 2) move the sample stage of the Olympicmsoape to identify
spots/areas need to be scanned; 3) move the probe to the interestefithe sample by
firstly unlocking knob 1 and 2 as shown in Figure A1.11, then adjustipgsKion knob
and Y position knob in between ring 1 and ring 2 to move the relative qrositithe
probe and the sample.

We mentioned earlier in this section that the top part of the AFM head is locked to
the lower part of the AFM head by the knob shown in Figure Al.9tHeolower part of
the AFM head, there are two parts: ring 1 and ring 2 as showigume Al.11. The top
part of the AFM head is directly locked to ring 1, thus the prob¢a(ied at the top part
of the head) and the ring 1 are one body. The sample holder with thes sanmgsitalled

at the center of ring 2, so the sample and the ring 2 arbahe Ring 1 and ring 2 are
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locked to each other by knobs 1, 2 and 3. Thus, we move the relati@rpasithe
probe and the sample through moving the relative position of ring lirgnd.rNote: DO
NOT unlock knob 1, 2, and 3 at the same time, otherwise ring 1 would bouncamp f
ring 2 (they are connected by springs). It can damage the scanner.

After moving the probe to the desired area of the samplegr@yrto scan. The

AFM manual has detailed description about how to use the program to run the scan.

Al.2 Calibration

Calibration is a procedure which sets the ability of the instnirtee accurately
measure distances in X, Y and Z directions, using standards of knewre@c The
standards we use were purchased from Mikromasch: TGGO1 graitusgd to calibrate
X axis and Y axis, with the pitch size 3.0 pm as shown in Figdré2A TGZ02 grating
is used to calibrate Z axis, with the step height 84 nm as showigune A1.13. Note
that for the calibration of Z axis, the AFM will be calibrdtenost accurate in a certain
range of the step height. For example, if we use the standdéw@4vnm step height, the
AFM would be most accurate with sample heights around 100 nm. lathple heights
are in the range of um, then AFM needs to be recalibratedawndgifferent standard of

corresponding step height.
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, L8 pm* |

3.0 um

Figure Al. 12 3§ SEM image of TGGO1 grating, which is for X axigdaY axis calibrationb) schematic
of TGGO1 grating, the step height value is givenifidormation only, not for vertical calibration gposes.

a b

height

Step

3.0 pim

Figure Al. 13 § SEM image of TGZ02 grating, which is for Z axig; schematic of TGGO02 grating, the
step height is 84nm, and the pitch value is gianrfformation only, not for lateral calibration ymoses.

Al.2.1 Standard Alignment

To get good images for calibration, the gratings need to be dl{gitber parallel
or perpendicular) to the scanning probe as showkigare Al.14a; it's tolerable if it's
within £2° degrees of tilt; otherwise, the tilt may affect dueuracy of the calibration.
The schematic in Figure Al1.14 is for demonstration of alignment tmyrelative sizes

of the gratings and the AFM probe are not necessarily correct.,
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One little trick to help align the standard is to use the two koobthe sample
holder (as shown in Figure A1.3b) as a reference: if we dramead go through these
two knobs, this line is either aligned with the X axis or thex¥s of the scanning
direction depends on how we position the sample holder. Try to aligratte¥ns of the
standard with these two knobs by eyes, then scan; if the gtatesyin the scanned
image are not within £2° degrees of tilt, withdraw the scan feehdst the standard, and
scan again, until it's well aligned. These trial scans castdygped as soon as we can tell

if it's well aligned or tilted.

'
IR

Figure Al. 14 g Schematic of the parallel or perpendicular aligntof the gratings with the AFM probe;

b) AFM sample holder, the two knobs can serve aseete to help alignment.

Figure A1.15 shows the scanned images of well-aligned starfeéigtde Al.15a
shows pitches aligned vertically with Y axis, and it's for Xisacalibration; Figure
Al1.15b shows pitches aligned horizontally with X axis, and it's faax¥s calibration.
Note that the minimum number of pitches shown in a scanned imagdequébr

calibration is five; since the pitch size of the standard vweasu8 um, 5 pitches would be
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15 um. Thus, with 3 um pitch size standard, 15 x 15 pum scan isndlkest scanning

size. We will explain later about the minimum scanning size.

Figure Al. 15 AFM imagesa) the gratings aligned for X axis calibratidn); gratings aligned for Y axis

calibration;c) 3D appearance f&) andb), these are 15x15 pm scans.

Al.2.2 Back Up the Spm.ini File

Note that it's always good to back up the original spm.ini fileteetalibration.
Spm.ini is a file which contains the information of calibration factors<for and Z axis;
for example, the Z axis calibration factor (Ceramic Z Exgansspecifies the maximum
Z motion of the probe when the maximum Z axis voltage is appliddetdZT. The
spm.ini file contains different sections entitled with [head numlaad, the main change
from the new calibration will be seen under the section of [head IfLH mistake
happened in the process of calibration, we can always apply theabggm,ini file, and

restart from there.

Al1.2.3 Multi-Scan Calibration vs. Single-Scan Qération
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There are two methods available for calibrating the XY perfoomaof the
instrument. (1) Calibrate by single-scan, where the systsgs the results of one scan to
predict the scanner characteristics over the full latergjeaf the PZT. (II) Calibrate by
multi-scans, where the system performs several scans atediffecan sizes to more
accurately calibrate the movement of the PZT across the dtdral range of the
instrument. We used multi-scan calibration after the factdingle-scan calibration was
not enough to calibrate our system. A common problem for singleesddbrations is
that the pitch size varies from the center to the edge ofctmned area. Figure A1.16

illustrates that the pitch size in the center appears larger than theipéch the edge.

e —

Figure Al. 16 AFM imagesa) In a 80x80 um scan the pitch in the center of thage appears larger than
the pitch in the edgyy) 3D appearance of imagg.

The solution to this problem is to run a multi-scan calibratidmchvstarts with
the smallest scan size, and then works all the way up to tfesstascan size. In this way
the software is only making small corrections each time tcpine.ini file and it gives

more accurate results. One important thing is that to achievadbeaccurate scanning

[EEN
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results for data collection, always calibrate close to tla@rsng size you will use to
acquire data. For example, don’t calibrate X axis and Y ax@tpm and then collect
data using 40 um scans (we only need to calibrate to 40 umwillacquire data by 40
pm scans); or calibrate Z axis at 100 nm and then collectwdtitasample heights of

several micrometers.

Al.2.4 X-axis Calibration

Scan configuration parameters set-up:

Scan typeneeds to match the type of cantilever. Sefektightfor a contact type
cantilever andVavemodéor intermittent contact type cantilever.

Scan sizeStart with the smallest scan size, could be 15 pm or 20 um, then
increase 5 um or 10 um each time, until the size of therszaah for example, if 80x80
pm scan head is chosen, start with 15 pm, then 20 um, 30 pm, 40pum, 60 pm, 65
pm, 70 um, 75 um, and 80 pm. With the choice of scan head, choose the bo®$sos
to the scan size for the future data acquirements.

Scan ratel Hz is good. Exception: if the sample surfaces need to be scanned with
very slow rate, for example, 0.2 Hz, then the best accuracy woulachieved by
calibrating at the same slow rate.

Setpoint Follow the manual instructions, depending on the type of cantilever.

Scan Direction Always set to 0°. Note that we can use 0° or 90° or anytidimec

while collecting data, but the scan direction can only be set to 0°.
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Intergral, Proportional, and Derivative Gain Typical settings would be 350,
350, and 0, respectively. Values should be varied to suit the partieuiiecer being
used, however.

Scan Resolution300 for 20 um and 40 um scan heads, 400 for 80 um scan head,
and 1000 for 180 um scan head.

XY Disabled, Center X, Center YSet to No, 0, O, respectively.

XY Signal Mode, Z signal ModeThese must be set to ‘Standard’.

After scanning, the lines of the grating are aligned vélyicaith the Y axis as
shown in Figure Al.15a; if necessary, @&deak Removdb remove defects in the image,
such as dust particles and bridges between the lines. ThenDjgmeatioriCalibration
MenuSet Grating Referenceset 3 um for the pitch size when using TGGO1, or
corresponding value match the grating being used. Next step, go to
DimentioriCalibration MenuX axis: Grating to initiate the calibration. After the
software analyzes the current scan and gives potential ¢alibriactors, check the
predicted ‘actual scan size’, if it matches the expected szan(pitch size x numbers of

pitches), click ‘yes’ at the dialog box to update the calibration of the instrument

Al.2.5 Y-axis Calibration
Rotate the grating 90° on the sample holder after the cadibrigr X axis and
make sure to align the grating to the probe. The settings of sgaparameters for Y

axis calibration are the same as the settings for X alilsration; the procedure for Y
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axis calibration is similar to the procedure for X axighration, one thing different is
that after scanning, the image needs to be rotated 90° first iokingl

DimentioriCalibration Menu/Rotate image 90°.

Al.2.5 Z-axis Calibration

Most settings of the scanning parameters for Z axis adilior are the same as the
settings for X, Y axis calibration. One thing different is thaixis calibration has to be
carried out under tapping mod&/dvemodewith intermittent-contact cantilever. After
scanning, first flatten the image usiBgpoint flattening filter; then open thBimension
Analysiswindow, select thélorizontal SectionunderProfile to create a horizontal cross-
section of the scanned surface. Next step, doaidration MenuZ axis: Two Pointto
initiate Z-axis calibration. Place the red and green cuedaas adjacent crest and trough
in the cross-section. Note that the vertical distance betweea tivespoints (based on
the current Z calibration factor in the system) is shown indher-right corner of the
window. Press OK to continue with the calibration, or Cancel toetdhe process. A
dialog box will appear requesting the known vertical separationeleetihe green and
red markers. Enter the manufacture’s step height value. Be surg ait@ation to the

units of this number. Press OK to complete the Z axis calibration.

A1.3 Packing Instructions
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In 2010, we sent our AFM system back to be realigned. Here aneatiking
instructions. Figure A1.17 shows items needed to realign AFM sy&tEM head, stage

box, tip holder, sample holder and scanner.

Stage Box

Figure Al. 17 Items needed to realign AFM system: AFM head, stage tip holder, sample holder
assembly and scanner assembly.

Step 1) first label the stage box and connecting cables with mgaskpe for
easier set up upon return, then disconnect all AFM cables from the stage box.

Steps 2) remove the sample holder from AFM head and set aside.

Steps 3) remove the scan tube and install the scanner shipping Be\airre to
protect the scan tube from damage at all times. (The scahipging cover is located in
a zip bag with label in the AFM packing boxes).

Step 4) Center the X/Y stage of ring 1 and ring 2 and Irtk@&akhipping retainers
under all X/Y translation lock down knobs, then tighten the lock down knodisoa in

Figure A1.18. (Shipping retainers are located in a zip bag wtl la the AFM packing
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boxes). Note that not unscrew the three lock-down knobs at the sagjealways keep

at least one knob tighten; otherwise ring 1 would be bounced up from ring 2.

Figure Al. 18Unscrew the lock-down-knobs which connect ring @ eng 2, install the shipping retainer
as shown in the above Figure, and then screw thbskback. It is recommended to do with the order of

unscrew one lock-down knob, install the shippingiresr, screw knob back, and move on to next knob.

Step 5) Make sure all knobs and screws on the AFM head areatightecure.
Our scanner is removable, but for systems not having removableeseasembly, make
sure there are no loose parts that could impact the scan tubg daipping. Also make
sure the stage assembly is raised up high enough so the scanner will not bedifnpacte
the bottom by the box or packaging.

Step 6) Wrap the AFM head assembly in the anti-static bubble. Wiee head
cables should be oriented to the top of the AFM head as shown in Figure A1.19.

Step 7) Place the AFM head in the inner packing box. Make sure translation

screws are oriented to the corners of the box as shown in Figure A1.20.
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Figure Al. 19 Wrap the AFM head with anti-static bubble wrap;hnihe cables oriented to the top of the
AFM head.

Figure Al. 20Place the wrapped AFM into the inner packing bothvidam at the bottom, make sure to
have translation screws are oriented to the cowfdaise box

Step 8) Pack the gray foam around the AFM head as shown in FAJLzé.

Make sure the AFM head is secure in the box and can not move from side to side.
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Figure Al. 21Pack more foam around AFM head inside of inner packox

Step 9) Coil the AFM cables and place them on top of AFM headnitCitie

connectors so they don’t damage the top of the AFM head as shown in Figure A1.22.

Figure Al. 22 Coil the AFM cables and place them otop of AFM head
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Step 10) Seal the inner box and insert the corner foam protectorattih

bottom and at the top as shown in Figure A1.23.

Figure Al. 23Add foam protectors between the inner packing bukauter packing box.

Step 11) Seal the outer box and ship by next day delivery.
Step 12) Pack the stage box, sample holder, tip holder and scanmeblgsaea
separate box and ship by next day delivery. Wrap all parts ircisatfifoam or bubble

wrap to prevent damage. Double boxing is always safer than single boxing.

Al.4 Scanner Installation

After realignment, AFM system needs to be reinstalled by following the t@pos
steps of AFM packing instruction. Here is some advice for installing AFkngcaMake
sure the power to the AFM controller is turned off when the scanner connector is

unplugged.
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Step 1) Unscrew and remove the scanner protection cover as showmria Fig
Al.24. The scan tube will be especially vulnerable at this time.ddse not to touch or

jar the exposed tube.

Figure Al. 24

Step 2) screw the scanner bezel ring onto the end of the scan tabewas in

Figure A1.25. Again, using care not to touch or jar the exposed scan tube.
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Figure Al. 25

Step 3) Insert the scan tube assembly into the scanner clatmg AFM head,
make sure to ‘seat’ the scanner fully into the position. Alignsttenner so that the
oblong opening in the scanner end is perpendicular to the stage Ishsmvasin Figure

Al1.26. The scanner may also be rotated to obtain the best aligonwnthe tip holder

and probe have been mounted.

Figure Al. 26

Step 4) Tighten the side scanner clamp screw as shown in Figure A1.27.

187



Figure Al. 27

Step 5) Tighten the right front scanner clamp screw as shovagure A1.28.

Note that the left front scanner clamp screw should remain tightened ates| ti

Figure Al. 28
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Step 6) Line up the white dots on the scanner connector and push teg piec

together as shown in Figure A1.29. Squeeze the top and bottom of the toptanddjot

the connector and pull to release.

Figure Al. 29

The scanner is now installed.

Al.5 Parameters for AFM probes

Intermittent contact mode probe:

Resonant Spring Constant, _ _
Frequency, kHz N/m Length | Width | Thickness

min | typ | max | min| typ| max 1£5,um | w+3,um | t+0.3,um

NSC35,
Cantilevers

165 | 210| 240| 35 7% 125 110

B 240 | 315| 405| 6.5 14 275 90 35 2

120 | 150| 190| 3.5 45 819 130

Table Al. 1 Parameters for AFM probe NSC35
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Appendix Il Properties of anthracene ester derivatves

A2.1 Melting point of 1 to 13

Table A2. 1 Melting points of anthracene ester deviatives

Anthracene esters Melting Point(°C)

1 110~111
2 112~113
3 74~76

4 44.5~46
5 42~43

6 56.5~57
7 92.5~93.5
8 158~159
9 126~127
10 105.5~106.5
11 125~126
12 124~125
13 211~212

A2.2 NMR Spectra of 1 to 13
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Figure A2. 1'H-NMR (400Hz) ofl in CDCk;: § 4.17 (s, 3H), 7.51 (m, 4H), 8.01 (d, 4H), 8.521(d)
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Figure A2. 2'H-NMR (400Hz) of2 in CDCk: § 1.52 (t, 3H), 4.67 (m, 2H), 7.51 (m, 4H), 8.02 @),
8.51 (s, 1H)
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Figure A2. 3'H-NMR (400Hz) of3 in CDCk: & 1.06 (m, 3H)3 1.89 (m, 2H), 4.57 (m, 2H), 7.51 (m,
4H), 7.99 (m, 4H), 8.51 (s, 1H)
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Figure A2. 4 'H-NMR (400Hz) of4 in CDCk: § 0.95 (m, 3H), 1.50 (m, 2H), 1.85 (m, 2H), 4.59 @Hi),
7.49 (m, 4H), 8.00 (M, 4H), 8.50 (s, 1H
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Figure A2. 5'H-NMR (400Hz) of5 in CDCk: § 0.91 (m, 3H), 1.40 (m, 4H), 1.88 (m, 2H), 4.60 @Hl),
7.48 (m, 4H), 7.99 (m, 4H), 8.49 (s, 1H). Peak.&84 is from water.
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Figure A2. 6 'H-NMR (400Hz) 0f6 in CDCk: 3 0.86 (m, 3H), 1.43 (m, 26H), 1.85 (m, 2H), 4.59 @H),
7.50 (m, 4H), 8.01 (m, 4H), 8.51 (s, 1H)
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Figure A2. 7 'H-NMR (400Hz) of7 in CDCl: & 1.54 (d, 6H), 5.63 (m, 1H), 7.51 (m, 4H), 8.03 @H),
8.52 (s, 1H).
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Figure A2. 8 'H-NMR (400Hz) 0f8 in CDCk: § 1.77 (s, 9H), 7.50 (m, 4H), 8.03 (m, 4H), 8.471(s).

Peak at 1.54 is from water.

194



H:0

8.2 7.6 7.0 6.4 24 1.8 1.2
Figure A2. 9 *H-NMR (400Hz) of9 in CDCL: & 1.01 (t, 9H), 2.16 (q, 6H), 7.48 (m, 4H), 7.99 24H),
8.21 (d, 2H), 8.47 (s, 1H). Peaks at 1.54 are fnater.
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Figure A2. 10 1H-NMR (400Hz) 0f10in CDCl: & 0.98 (t, 9H), 1.45 (m, 6H), 2.08 (m, 6H), 7.50 @hi),
7.99 (d, 2H), 8.16 (d, 2H), 8.48 (s, 1H)
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Figure A2. 11'H-NMR (400Hz) of11in CDCk: & 1.29 (m, 2H), 1.59 (m, 4H), 1.81 (m, 2H), 2.17 @Hl),
5.38 (m, 1H), 7.49 (m, 4H), 8.02 (m, 4H), 8.501(s))
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Figure A2. 12'H-NMR (400Hz) of12in CDCk: § 1.55 (m, 8H), 1.91 (s, 3H), 2.40 (m, 2H), 7.49 4H),
8.00 (d, 2H), 8.13 (d, 2H), 8.47 (s, 1H).
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Figure A2. 13'H-NMR (400Hz) of13in CDCk: & 1.77 (m, 6H), 2.29 (s, 3H), 2.45 (s, 6H), 7.48 4H),
8.03 (d, 4H), 8.46 (s, 1H). Peaks at 1.54 are fnater.
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Table A2. 2 Crystal data and refinement for compouds 1-3

Compund 1 2 3

Empirical formula GeH1: O, Ci7H141 O, CigsHic O,
Formula weight 236.26 250.28 264.31
Temperature 100(2) K 100(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Orthorhombic Triclini2)
Space group P2(1)/n Pna2(1) P-1

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness tb = 29.13°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints /
parameters
Goodness-of-fit on £
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=11.2274(4) A= 90°
b=7.6159(3) A B=104.9815(5)°
c = 14.2498(5) Ay = 90°
1177.04(7) A
4
1.333 Mgfm
0.087 mim
496
0.55 x 0.50 x 0.43 Mim
2.07 to 29.13°
-15<=h<=15, -9<=k<=10, -
19<=I<=19
12258
3170 [R(int) = 0.0162]
99.8 %
Semi-empirical from equivaken
0.9636 and 0.9536
Full-matrix least-squares dn F

3170/0/164
1.070

R1 = 0.0405, wR2 = 0.1173
R1 = 0.0438, wR2 = 0.1207
0.367 and -0.274%.A

a=8.5056(7) A o=90°
b = 10.1688(8) AB= 90°
c = 14.4684(12) Ay = 90°
1251.40(18) A
4
1.328 Mg/nt
0.086 mnit
528
0.60 x 0.22 x 0.21 min
2.45Q02°
-11<=h<=11, -14<=k<=14, -
20<=I<=20
17886
3@Rdnt) = 0.0249]
99.9 %
Semi-empirical from equivalents
0.9812B0.9502
Full-matrix least-squares off F

3654 /1/173
1.063

R1 = 0.03@R2 = 0.0872
RLG360, wR2 = 0.0895
0.374 and -0.174 eA

a=7.8529(4) A a=87.9208(8)°
b = 8.5743(4) A B=80.4985(8)°
c =11.4604(6) A y = 67.0534(7)°
700.52(6) R
2
1.253 Mg/nt
0.081 mnit
280
0.51 x 0.30 x 0.20 min
1.80t0 29.57°
-10<=h<=10, -11<=k<=11, -
15<=I<=15
15701
3918 [R(int) = 0.0146]
99.8 %
Semi-empiricahfi equivalents
0.9839 and 0.9603
Full-matrix least-squares off F

3918 /788
1.059

R1 = 0.0482, wR2 = 0.1469
R1 = 0.0672, wR2 = 0.1676
0.228 and -0.163 e:A
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Table A2. 3 Crystal data and refinement for compouds 4-6

Compound 4 5 6

Empirical formula G Hie O Cyo Hy O Cs1 Haz O
Formula weight 278.33 292.36 446.65
Temperature 296(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic (#2) Triclinic
Space group P2(1)/c (#14) P-1 P-1

a = 9.783(3) Aa= 90°
b =8.098(3) A p=

Unit cell dimensions

97.331(5)°
c=19.488(6) Ay =90°
Volume 1531.3(9) A
z 4
Density (calculated) 1.207 Mgfm
Absorption coefficient 0.077 min
F(000) 592

0.34 x 0.33 x 0.25 mm
2.10 to 25.68°

Crystal size
0 range for data collection

-11<=h<=11, -9<=k<=9, -

Index ranges 23<=1<=23
Reflections collected 16430
Independent reflections

Completeness t® =29.13° 100.0 %
Semi-empirical from
Absorption correction equivalents

Max. and min. transmission 0.9814 and 0.9742
Refinement method
Data / restraints / parameters 2898 /178 / 247
Goodness-of-fit on £ 1.016

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

2898 [R(int) = 0.0223]

R1 = 0.0401, wR2 4095
R1 = 0.0588, wR2 = 0.1279
0.122 and -0.134%.A

a =8.6243(7) A a= 113.3094(12)°

b =9.3234(8) A B=101.2927(12)°
¢ =10.7823(9) A = 93.6011(13)°
771.27(11) A
2
1.259 Mg/nf
0.080 mnt
312
0.23x0.22 x 0.12 min
2.12967°
-11<=h<=11, -12<=k<=12, -
14<=I<=14
16933
APRENt) = 0.0279]
99.7 %

Semi-empirical from equivalents
0.99(170.9820

Full-matrix least-squares dn FFull-matrix least-squares orf F

5429 229
1.010
R1=0.0432, wR2 = 0.1116
R1G641, wR2 = 0.1276
0.411 and -0.219 eA

a =6.9024(4) A= 87.7209(10)°

b = 9.0519(6) 8= 82.2444(10)°
¢ = 20.6141(13) = 82.4091(10)°
1264.68(14) A
2
1.173 Mg/nd
0.071 mnt
488
0.55 x 0.29 x 0.05 min
1.99 to 28.70°

-9<=h<=9, -12<=k<=12, -27<=I<=27
26928

6537 [R(int) = 0.0265]
99.8 %

Sempeital from equivalents
0.9962 and 0.9624
Full-matrix least-squares off F
6537 /0/299
1.089
R1 = 0.0420, wR2121 82
R1 = 0.0565, wR2 = 0.1286
0.351 and -0.210 eA
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Table A2. 4 Crystal data and refinement for compouds 7-9

Compound 7 8 9

Empirical formula Ge Hig O CicHis O, CooH4 05
Formula weight 264.31 278.33 320.41
Temperature 100(2) K 296(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic Monoclinic
Space group 12/a P2(1)/n (#14) P2(1)/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness t&6 = 29.13°

a = 16.5454(12) d= 90°
b=7.5826(5)A pB=
95.2065(11)°
c = 22.0553(15) Ay = 90°
2755.6(3) A
8

1.274 Mgfm

0.082 mm
1120

0.32x0.23 x 0.03 Mm

1.85 to 27.48°
-21<=h<=21, -9<=k<=9, -
28<=|<=28

23259

3166 [R(int) = 0.0484]

99.9 %

a=9.1313(7) A a=90°

b = 17.5205(14) A p=

99.9029(14)°

c=9.76138) A y=90°

1538.4(2) R

4

1.202 Mg/

0.077 mrit

592

0.20 x 0.17 x 0.10 min

2.324071°

-10<=h<=10, -20<=k<=20, -

11<=Ik=11
23942
2@R(0nt) = 0.0352]
100.0 %

a=7.6558(4) A o= 90°

b = 17.7701(9) AB= 97.1985(7)°

c = 12.6438(6) A = 90°
1706.56(15) A

4

1.247 Mg/

0.078 mrit

688

0.53 x 0.50 x 0.43 min
1.99 to 29.57°

-10<=h<=10, -24<=k<=24, -17<=|<=17

31489
4793 [R(int) = 0.0201]
100.0 %

Absorption correction
Max. and min. transmission

Semi-empirical from equivaken Semi-empirical from equivalents
0.9975 and 0.9745 0.98250.9845

Refinement method Full-matrix least-squares dn F Full-matrix least-squares off F Full-matrix least-squares off F
Data / restraints / parameters 3166/0/183 26880/ 224 4793/0/220
Goodness-of-fit on & 1.022 1.038 1.033

Final R indices [I>2sigma(l)] R1 =0.0496, wR2 4017 R1=0.0470, wR2 =0.1144 R1 =0.0376, wR219%58

R indices (all data) R1 =0.0765, wR2 = 0.1286 R1.6688, wR2 = 0.1303 R1 =0.0412, wR2 = 0.1093
Largest diff. peak and hole 0.272 and -0.311%.A 0.361 and -0.274 eA 0.456 and -0.235 eA

Semi-empiricahfi equivalents
0.9676 and 0.9598
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Table A2. 5 Crystal data and refinement for compoud 10-12

Compound 10 11 12

Empirical formula Gs Hzc O C1Hx O, Cyy Hy O,
Formula weight 362.49 304.37 318.40
Temperature 10 11 12
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic Triclinic
Space group P2(1)/n P-1 P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to6 = 29.57°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on £

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a =10.0442(4) Ao= 90°
b = 13.8741(5) Ap=
94.1613(7)°
¢ =30.5325(12) A = 90°
4243.6(3) A
8
1.135 Mgfm
0.070 mim
1568
0.45 x 0.42 x 0.26 ram
1.99 to 29.57°
-13<=h<=13, -19<=k<=19, -
42<=|<=42
46800
11893 [R(int) = 0.0390]
100.0 %
Semi-empirical from equivaken
0.9818 and 0.9695
Full-matrix least-squares on F
11893/0/494
1.044
R1 =0.0464, wR2 4025
R1 =0.0624, wR2 = 0.1214
0.352 and -0.254%.A

a = 11.2996(5) A= 88.7806(7)°

b = 12.3091(6) Ap=74.3156(7)°
c =12.3511(6) A = 75.1626(7)°
1596.65(13) A
4
1.266 Mg/
0.080 mmt
648
0.45 x 0.43 x 0.09 msn
1.719d.3°
-15<=h<=15, -16<=k<=16, -
16<=I<=16
28959
BER(int) = 0.0263]
99.7 %
Semi-empirical from equivalents
0.9912P0.9650
Full-matrix least-squares on F
8867415
1.036
R1 =0.0442, wR2 = 0.1090
RLG576, wR2 = 0.1169
0.394 and -0.263 e:A

a = 8.1422(7) Aa= 80.8542(13)°

b = 9.8073(8) Ap=87.0945(13)°
¢ =10.3190(9) A= 86.9151(13)°
811.61(12) R
2
1.303 Mg/nt
0.082 mrit
340
0.41 x0.39 x 0.17 msn
2.11 to 28.28°
-10<=h<=10, -13<=k<=13, -
13<=I<=13
16115
4018 [R(int) = 0.0365]
99.6 %
Semi-empiricahfi equivalents
0.9861 and 0.9675
Full-matrix least-squares on F
4018/0/218
1.084
R1 = 0.0425, wR21186
R1 =0.0529, wR2 = 0.1244
0.284 and -0.355 eA




Table A2. 6 Crystal data and refinement for compoud 13

Compound 13

Empirical formula Gs Hoy O

Formula weight 356.44

Temperature 13

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=17.3689(7) A= 90°

b =6.3517(2) A p= 113.1194(5)°
¢ =17.6297(7) Ay = 90°

Volume 1788.74(12) A

z 4

Density (calculated) 1.324 Mgém

Absorption coefficient 0.082 mm

F(000) 760

Crystal size 0.55x0.43 x 0.26 mm

Theta range for data collection  2.11 to 29.13°.

Index ranges -23<=h<=23, -8<=k<=8, -24<=|<=24
Reflections collected 24919

Independent reflections 4822 [R(int) = 0.0209]
Completeness to theta = 29.57° 99.9 %

Absorption correction Semi-empirical from equivaten
Max. and min. transmission 0.9790 and 0.9562
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 4822 /01244
Goodness-of-fit on 1.046

Final R indices [I>2sigma(l)] R1 =0.0394, wR2 4072

R indices (all data) R1 =0.0430, wR2 =0.1109
Largest diff. peak and hole 0.423 and -0.262%.A
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Appendix Il *HNMR of 9-anthracene carboxylic acids
DMSO

A(d)y| [B(s)
8.28 8.10

N O L
ISJI - 33‘ | -

28
Figure A3. 1 'H-NMR of 10-fluoro-9-anthracene carboxylic ad@id(d-DMS0)& (ppm), 7.6-7.7 (multiplet,
4H), 8.05-8.15 (doublet, 2H), 8.25-8.30 (doubléi).2The proton of carboxylic acid was not showing.

COOH DMSO

8.8 8.4

X

3.0 2.6 2.2
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7.2 4.2 3.8 34

Figure A3. 2 'H-NMR of 10-chloro-9-anthracene carboxylic agidd-DMSO)& (ppm) 7.6-7.8 (multiplet,
4H), 8.0-8.1 (doublet, 2 H), 8.4-8.5 (doublet, 2H)
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Figure A3. 3 'H-NMR of 10-bromo-9-anthracene carboxylic adidd-DMS0)& (ppm) 7.6-7.8 (mutiplet,
4H), 8.0-8.1 (doublet, 2H), 8.4-8.5 (doublet, 2H)
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Figure A3. 4 'H-NMR of 10-methyl-9-anthracene carboxylic a&id(d-DMSO)& (ppm) 3.0-3.1 (singlet,
3H), 7.5-7.7 (multiplet, 4H), 7.95-8.05 (doublely)2 8.35-8.45 (doublet, 2H)
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Figure A3. 5 'H-NMR of 10-phenyl-9-anthracene carboxylic add (d-DMSO) & (ppm) 7.35-7.65

(multiplet, 11H), 8.0-8.1 (multiplet, 2H, peri-H)

COOH
e = 6 amfem| [cm]

864 | 8.45 813

LI
© 0

Ea(;)i

D (m)

4
00 © o
could be COOH ﬂ
12.8 12.2 8.6 8.2 7.8 7.4 7.0 6.6 6.2

Figure A3. 6 'H-NMR of 3-Anthracen-9-yl-acrylic acid@ :(d-DMSOQ) & (ppm) 6.25-6.35 (doublet, 1H),
7.5-7.6 (mutiplet, 4H), 8.1-8.2 (multiplet, 4H)488.5 (doublet, 1H), 8.6-8.7 (singlet, 1H)
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Appendix IV Properties of bisanthracene esters

Table A4. 1 Crystal structure and packing information for D2 and two polymorphs of D3

ID D2 D3 triclinic D3 monoclinic
Empirical formula G, Hy, Oy Ci3 Hos Oy Ca3 Hos Oy
Formula weight 470.5 484.52 484.52
Temperature 296(2) K 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 (#2) P-1 (#2) P2(1)/c (#14)

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness tbh=29.13°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a=7.6118(4) = 96.0618(9)°
b = 9.0254(5) Ap= 109.6528(9)°
¢ =9.7039(5) Ay = 110.8892(9)°

566.96(5) A 1263.70(16) A
1 2
1.378 Mgfm 1.273 Mg/
0.090 mim 0.083 mnit
246 508
0.26 x 0.11 x 0.06 Mm 0.40 x 0.11 x 0.09 min
2.311t0 27.48° 1.523@3°
-9<=h<=9, -11<=k<=11, -12<=I<=12 -9<=8, -12<=k<=12, -14<=I<=14
10386 17329
2597 [R(int) = 0.0234] 3@Rdnt) = 0.0267]
99.9 % 100.0 %
Semi-empirical from equivaken Semi-empirical from equivalents
0.9943 and 0.9770 0.9912B0.9677
Full-matrix least-squares sn F Full-matrix least-squares on F
2597 /0/163 3684334
1.031 1.034

R1 = 0.0534, WR2 4412
R1 = 0.0892, wR2 = 0.1680
0.375 and -0.187%.A

a=8.7768(6) A a= 95.0253(12)°
b = 11.4287(8) A= 93.8645(12)°
¢ = 13.5055(10)yA&= 109.7005(11)°

R1 =0.0426, wR2 = 0.1076

R1GY00, wR2 = 0.1295

0.160 and -0.131 eA

a = 15.496(3) A= 90°
b = 11.748(2) f= 95.456(3)°
c = 14.238(3) A= 90°
2580.3(8) R
4
1.247 Mg/
0.081 mnit
1016
0.41 x 0.31 x 0.05 min
2.18to0 22.12°
-16<=h<=16, -12<=k<=12,
-15<=l<=15
20217
3206 [R(int) = 0.0425]
99.6 %
Semi-empirical from
equivalents
0.9960 and 0.9678
Full-matrix least-squares on F
3206/ 735/515
1.012
R1 =0.0414, wR21810
R1 =0.0792, wR2 = 0.1296
0.184 and -0.127 €A




Table A4. 2 Crystal structure and packing information for D4 and D6

ID D4 D6
Empirical formula G4 Hyg Oy Cs6 H30 Oy
Formula weight 498.55 526.6
Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic
Space group P2(1)/c (#14) P-1 (#2)

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data
collection

Index ranges

Reflections collected

Independent reflections
Completeness to theta =

29.13°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints /
parameters
Goodness-of-fit on ¥
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=8.2092(6) A a=90°
b =10.8450(8) A B=99.9743(11)°

¢ = 14.0837(10) Ay = 90°

1234.90(16) A
2
1.341 Mgfm
0.087 min
524
0.44 x 0.28 x 0.18 Mm

2.381029.13°

-11<=h<=11, -14<=k<=14,
-19<=I<=19

17361

3323 [R(int) = 0.0287]

99.9 %

Semi-empirical from equivaten
0.9846 and 0.9626

Full-matrix least-squares dn F

3323/0/172
1.044
R1 =0.0442, wR2 = 0.1203

R1 = 0.0656, WR2 = 0.1357
0.332 and -0.174%.A

a=8.5118(3) A o=
81.0972(7)°
b = 12.5529(5) A=
72.8014(7)°
¢ =13.9437(6) Ay=
86.6227(7)°
1405.95(10) A

2

1.244 Mg/
0.080 mnit

556
0.53 x 0.17 x 0.06 min

1.54 to 25.03°

-10<=h<=10, -14<=k<=14,
-16<=l<=16
22704
49R(0nt) = 0.0240]

100.0 %

Semi-empirical from
equivalents

0.29vD0.9585
Fgll—matrix least-squares on
F

4960/0/361
1.025
R1 =0.0408, wR2 = 0.1027

RL0G655, wR2 = 0.1188
0.170 and -0.164 eA
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Appendix V Data of the dimensions of 9AC microribbas

Figure A5. 2 Fluorescence microscopy images of twisted riblmna solid substrate where AFM profiles
could be measured. As shown in the above imagasy mbbons showed only a half-twist, which could

still be used to obtainy.s. The scale bars are 50 um.
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Figure A5. 3 The cross-section areas of the ribbons were oltaim@ugh numerical integration of the
AFM profiles using Origin 8.0, as shown for thra&atent ribbons.
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