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ABSTRACT

Bacterially derived, biodegradable poly[(Bhydroxybutyrate] (PHB) and its
random copolymer poly[(R3-hydroxybutyrateco-(R)-3-hydroxyhexanoate]
(PHBHXx) have gained substantial interest as environmentally friendly polymers. PHB
andPHBHXx serve as a carbon and energy storage material in vivo in-ongaaisms.
However, neat PHB suffers from an excessively high crystallinity, leading to high
brittleness, a high melting point, and subsequent poor processing ability. Incorporating
an urexpectedly high amount of 3HHX is required to decrease the crystallinity. These
drawbacks limit the application areas for PHB and PHBHx. Why does the
homopolymer PHB exhibit high crystallinity, and why does PHBHXx require an
abnormally high commoner conceation to decrease the crystallinity? The goal of the
current dissertation is to understand the crystallization mechanism for PHB and
PHBHXx. In addition, novel ways of tuning the crystallization are explored.

The first part of this thesis focuses on untirding the crystallization
mechanism of PHBHXx by isothermally growing single crystals. Single crystals of
PHBHYX, with a relatively high (R3-hydroxyhexanoate (3HHXx) content of 3.9 mol%
were grown from dilute solutions over a wide temperature range-20r°C to 75 °C.
PHBHx single crystals were found to adopt
for all temperatures. The comonomer, 3HHXx, was found to be excluded from the
crystal lattice as a necrystallizable molecular defect. A unique neestape

anisotropic growth pattern was identified. This anisotropic growth pattern was

XX



significantly enhanced at:¥20 °C, wherein the unit cell packing velocity along @he
direction is approximately 55 times faster than that along the=ction.
The second art of this thesis focuses on investigating a crystallization
retardation phenomenon of PHB and PHBHXx ultrathin films on an aluminum oxide
(AO) surface. Infrared reflection absorption spectroscopy (IRRAS) was used to study
crystallization kinetics of polyer films. Avrami analysis showed that the
crystallization rate constakt(min'%) for all of the polymers on AO is approximately 3
to 4 orders of magnitude less than that found for the same polymers on gold. The
retardation mechanism was explained asbaings um of t he di pol el di p
of 1TC=0 of PHB or PHBHx and the 10T AITOT ¢
disordered amorphous nature of the AO surface. In the most recent development, a
poorly crystalline aluminum oxide hydroxide, osgudobehmite (PB) was found to
be capable of forming intermoleculardénding with PHB ultrathin films. Grazing
incident wideangle Xray diffraction and polarized optical microscopy results indicate
the crystallization of PHB films is inhibited for a longemterThese findings are

believed to have practical potential to allow tuning of PHB and PHBHXx crystallinity.
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Chapter 1

BACKGROUND

1.1 PlasticPollution Overview

Since the introduction of Bakelite by Leo Baekeland in 189iithetic
polymers havefound extensive usen our daily life rangingrom commodity
products such as plasticdsato performance products such as Ke\Mdibers. The
polymer revolution originating in thel950s hashelped tashage modern society.
Compared with metdic and ceramienaterials polymers haveeveralkdvantages
includinglow density procesability (for example, lower temperature operation and
solvent processingard functionality. However, most dhe polymers currently used
on a larges@leare notreadilydegradal# under ambient conditions after disposal,
which has led to a seveeavironmentaproblem Plastic pollutionis especially
concerningn aquaticsystems, such as lakand riversunderwater systesnand
oceans. For exampley the ocean, plasticwastetends to float onthe surfaceeading
to direct exposure to sunlighthiscan causa UV (Ultraviolet) induced
photodegradation processich decomposes relevant polymers isaall molecules,
such aBPA (bisphenol A and PYpolystyrenepligomess, both of which aréoxic to
organisms and animal addition, a more pressing issue is the photodisintegration of
plastics to small micro plastic particles without full photochemical degradation. Micro
plastics are ingested bysh and birds, as well as by humans via sea salt
contamination. Existingvays to process plastic waste include incineratiecycling,

andtransbrmingwastepolymess into other useful materials. Incineration is aot



favorableapproactdue toits high enegy cost The latter two approaches to process
wasteare limited to specific types of polymers.

In addition, the polymers being used today are mostly derived from petroleum,
anonrenewable monomer resource. Though the dedratiee depletion ofpetroleum
has been ongoing for yeatle shifting from petroleurbasedpolymersto sustainald
polymersis desirabd and ongingUsing renewable sourcatsohelpsto redwcethe
global CQ footprint of these material€Currentresearclefforts in both academia and
industry are focusing on developing environmentally friendly polgwéh good
sustainale and degraddb profiles.

Currertly, environmentally friendly polynrs derived from renewable sources
can bein generalclassifiedinto two majorcategories 2 The firstcategoryincludes
polymers not directly derived from nature, but the associated monanegisrived
from renewable@esourcesPolylactic acid (PLA), for examplés arepresentativef
this category, with its monom®derived from starch (such as cornhelsecond
category involves native polymers which can be directly separated from renewable
resourcessuch as starch. Howevdris not idealfor useasa plastic due to itkigh
hydrophilicity. In addition, ellulose and cellulose derivativatsofall into the second
categoryFor cellulose, strong hydrogen bonding and a rigid backbone structure
prevent melt processing. Chemical modification of cellulose (e.g., cellulose acetate) to
make it melt processable also destroys its biodegradakilit, in the first category,
has been used aglastiG however, its glass transition temperaturg) {3 actually too
low for many applications unless it is structurally modifiedaddition,rigorously
speakingPLA can only be considered as compostgilasticas it does not

spontaneously biodegrade



1.2 Polyhydroxyalkanoate (PHA)

Polyhydroxyalkanoa&ts (PHA)belong toan diphatic polyester family which
can be made viaitherchemicalor biological synthesis. Due the high costof the
pure enantiomer monomehemical synthesiBas not been undertaken commercially.
Currently used PHAaremostly derivedrom biological synthesisMiicroorganisms
such adacteria and fungusave beemsedto biosynthesize PHA. If it is synthesized
bacterially, theeed stockcan berenewable materials such as fatty a¢elg. canola
oil) and sugas (e.g. starch and glucose). The most intrigypngperty ofPHA is its
superior biodegradability. It was foutltat PHA can be degraded in both terrestrial
(e.g. soil)and aquati¢e.g. oceangnvironmentsThis unique degradation profile
dueto the fact that the bactefianzymegesponsible for PHA degradation are widely
present in both terrestrial and aquatic emvinentsThe depolymerases excreted from
thesebacteria are the kayp the degradation process.

The generabackbonestructure of PHA is shown in Figulel® The very first
identified PHA, and also the most abundant PHA is polyhydroxybutyrate (PHB),
which was first found imacillusas early as 1923 by Lemoigh&he specific
molecular structure of PHB is shown in Figlr2. Bacteridly synthesized®HB has
its repeating unjt3-hydroxybutyrate (3HB)exclusivelyin theR configuration due to
a uniquemetabolic procesd his chiral configuratiorgives PHB a very high chain
regularity,which leads tdnigh crystallinity. As shown in Fige 1.3 PHBmelt

crydallized film can have a crystallinity as high as 60%
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Figure 1.1: General structure of PHA. Ri and Rz are alkyl groups with Ci to Cis.
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Figure 1.2: molecular structure of PHB
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The high crystallinity of PHB also results im high melting temperature
(betweenl70 to 18C°C), which isclose tathethermal decomposition temperature.
This makes thenal processing of PHB very difficult. In addition, the high

crystallinity alsocauses significantbrittienesstherebysignificantly limiting

applicatons



Figure 1.4: molecular structure of PHBV

Extensive effots have been made to imprae physical properties of PHB.
Inspired by polyethylenéPE) copolymes, whereshortsidechain commonersuch
as a pentene comonomer, aopolymerized into the backbone to disrupt PE
crystallization,Poly(3-hydroxybutyrateco-3-hydroxyvalerateJPHBV) (molecular
structureshown in kgure 1.4) wasdevelopedHowever,t turned out thathe
crystallinity decrease of PHBV from PHB minimal even with ovePOmol%3HV
comonomecontent, as shown in Figure 1This unexpectednddisappointing result
was later foundo bedue toa scientificallyimportantcrystallization mechanism called
isodimorphism, meaningHB and3HV comonomer can corystallizeinto a crystal

lattice overthe entire composition range.



Figure 1.5: molecular structure of PHBHXx

Later,afterrealizingthat PHBYV is sodimorplic, anattempt wasnadeto make
PHB random copolymers witihhe second comonomer haviageven longer side
chain. To that end, a series of mediwonlongside chain PHB copolymers were
developed by Dr. Isao Noda at Procter & Gamble, and later at Danimer Scientific. As
shown in Figurel.5 whenthe side chaigroup of the comonoméras at least 3
carbons, the crystallinity drop from PH8significant This class of PHB copolymers
is nowcommercializedinder the trade name NoddxNodax™ shows a lower
crystallinity andmuch improved physicalrppertiescompared to PHB or PHBV
Poly[(R)-3-hydroxybutyrateco-(R)-3-hydroxyhexanoate], or PHBHXx &
representative Nodd% copolymer Depending on the comonomer contditiBHx
can haveamelting pointwell below130°C, andexhibitselastomer like meamnical
propertiesHence Nodax™ is a promising candidate for resdmmercialapplicatiors.

However,as shown in Figure 1.3, the lowering of the crystallinity of PHBHXx
with increased 3HHXx content is still not as efficient as expected. For examdadt
a aystallinity of 30wt%, more than 10mol@HHX is required, which is an

unexpectedly high comonomeontentcompared wittcopolymers oPE. For PEin



contrastjt was founda 2-3 mol% pentene comonancontent was sufficient teach

acrystallinity level of 30wt

1.3 Research Overview

The fundamental questions remairhydoesPHBHX require an abnormally
high commoner concentratiaa lower crystallinity and whydoesthe PHB
homopolymer exhibiexceptionallyhigh crystallinity? These are questidnshe
answeedin the currentissertationin the work presented here, | describe the
mechanisms of PHB arffHBHX crystalliationatthe molecular levedndhowthe
3HHx comoromer concentratiomfluences PHBHXx crystallization. In addition
efforts directed towards decreasing PHB crystallinity have been mainly focused on
making new copolymers, but no other approaches have been studied. Thus, alternative
approaches ttuning PHB and PHBHX crystallizatioare also explored in this

dissertation

1.3.1 Understanding PHBHXx crystallization in solution grown single crystals
In this crystallization mechanism study, PHBHXx single crystals will serve as

the focus. Depending on the processingd@ions, semi crystalline polymersan
crystallize into different hierarchical structures;ludingspherulitesThe basic
building block is typicallyalamellar crystaf' 1 Understanding how thamella

crystab form will provide a good understandinghow the polymer crystallizes.
Polymer lamella@re twedimensional in naturerith the chain folding direction
usually aly tens of nanometethick.!! Due tothis chain 6lding, the crystal will

normally notgrow muchalong thepolymer backbone direction



As shown in Figurd..6, lamellar crystals can be prepareddithermelt
crystallization or solution crystallization. However, studying an individual lamellar
crystal from melt crystallization difficult because melt derived lamellar crystals are
buried inspheulites, which mées itdifficult to isolate thendue to chain
entanglement. Alternatively, isolated lamella can be preparedybtallization of the
polymers from a super dilute solution. An isolated single layered crystakiswe
will refer to as gpolymer single crgtal. Transmission electron microscopy (TEFgn
beusedto visualize slution grown single crystals. It is worttotingthatpolymer
single crystad are not rigorously single crystals in the classical sense sincstithey
containsubstantiahon-crystaline domairs nearthe fold surface. Ithis dissertationa

crystallizationmechanism foPHBHx grown fromdilute solutionis presented

Melt crystallization Solution crystallization

Lamella Amorphous region

Crystallization # )
—

Crystall|zat|on % L‘))

Dilute solution to avoid
chain entanglement

Melt Lamella crystal

3-D S‘phérulite (single crystal):
basic crystalline
unit

Figure 1.6: Schematic illustrating two processing methods to preparkamellar
single crystals: melt crystallization(left) and solution crystallization

(right)



1.3.2 Using aluminum oxide (AO) and peudoboehmitgPB) to retard or inhibit
PHB and PHBHXx crystallization

In an accidental discovery, an aluminum foil surface was founetod
PHBHXx thin film crystalline growth significantly. This process was quantified by
making aluminum coated slides with spin coated PHB and PHBHx ultrathin films.
Reflection absorption infrared spectroscopy (IRRAS) was used to monitor
crystallization pofiles of the thin films at room temperature. Since aluminum is
replacing stainless steel as a molding material in the polymer processing industry, this
discovery has practical implicatioriRseudoboehmdt (PB) is a poorly ordered
crystalline aluminum oxie hydroxide which was found to inhibit PHBHXx thin film
crystallization? PB is a low cost, source abundant mineral, and its use has the

potential to allow tuning of PHB and PHBHX crystallinity.

1.4 Organization

This dissertatiorconsists of twanajorparts. Part 1 will focus on studying
solution grownsingle crystals of PHBx. Part 2 will be focusdon studying
crystallization retardation and inhibition BHB and PHBHX films on substrates made
of aluminum oxidepther metal oxide andpseudoboehmét Chapter 2 presents the
major materials and characterization methods tmethis research. lapter3 coves
the development afingle crystal preparatiamethods usethroughouthe single
crystal grovth studes Chapte# describesnvestigations of PHBHXx crystallization
mechanisms bisothermally growing PHBH{8.9mol%) single crystals as a function
of crystallization temperatar Chaptel5 provides detailed insights intow 3HHXx
comonomecontent influencethe solution crystallization behavior of PHBHX.

Part 2is described ithaptes 6, 7, 8, and9. Chaptel6 explains the

crystallization of PHB and PHBHthin films onmetal andmetal oxide flat surfaces

1C



while chapter7 describes therystallization retardation of PHB and PHBHXx thin films
onaluminum oxide substrageFinally, chapter8 coversthe crystallizatio inhibition

of PHB and PHBHxhin films onpseudoboehmét.
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Chapter 2
MATERIALS AND CHARATERIZATION METHOD S

All the experimental materials including polymers and solvent are described in
this chapter. Major characterization techniques used throughout thisatiesesre

also described.
2.1 Materials

2.1.1 PHBHXx

Ourlaboratorycurrently has a series of PHBHx powsietith 3HHx
concentratioaranging from 3.9mol% to 13mol%as well as multiple molecular
weights with the same compositioh PHBHX library is listed ifrable 2.1
Underscoregbolymers are thosesed inthesestudes All the samplesvere
generouslyprovided by the Procter & Gamble Company (Cincinnati, OH, USA). The
statisticallyrandom distributiorof both the monomer units 3HB and 3Hmithin the
copolynmer chainhas been confirmed using electrosprayzation multistage mass
spectrometry (ESMSn) asreported previously® Chemically synthesizedtactic

PHB (aPHB) was alsprovided by the Procter & Gamble Company
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Table 2.1: A list of all PHBHx samples provided by Proctor and Gamble with
their weight averaged moécular weight (Mw), melting temperatures
(Tm), and polydispersity indices (PDI)

3HHx molar concentration[mol%j] M, [g/mol] Tm [°C] PDI
3.9 843,168 134.4(28%)/148.43(72%) -
5.8 461,387 143.7/128 2.3
5.8 1,174,724 147.51 -
6.2 656,391 129.6/143.26 -
6.9 633,414 138.74 1.9
7.6 624,939 - -
9.4 454,501 140.94 1.8
11.9 1,388,161 127.3/142 -

12to0 13 - -

13 840,000

2.1.2 Other materials

Isotactic PHBwith a 540,000 g/mol weigkdveraged molecular weight was
purchased from Sigma Aldrichnd used without further purificatioGhloroformand
ethanolwerepurchased from Fisher Scientifihile, methylene iodide (Ml)used for
contact angle measurements was purchased from Sipnah. Gold coated glass
substrates were purchased from Rat/ Technologies LLC and aluminum, silver, and

copper coated glass substrates were purchasedfepwosition Research Lab Inc.

2.2 Characterization

2.2.1 Transmission electron microscopy (TEM)

A Tecnai G212 TEM operating at 120 kV was used to investigate the
morphology and crystal structure of PHBHX single crys{@lapters &%). Droplets of
crystal suspensions were deposited on ari66h coppegrid substratevith an ultra
thin coated carbon film. The camera length used for recotieglectron diffraction

patern was 2.1 m. A polycrystallirmduminum standard sample with a cubic lattice
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a=0.4041 nm (determindxy XRD), was used for calculating the unit cell parameters
of PHBHXx crystals.
In Chapter 6a replica of the aluminum substrate cross section wasrgepa
using a Focused lon Beam (FIB){dut approach (Zeiss Auriga 60 dual beam SEM)
in order to examine the structure of the aluminum substrate suflae@utmost layer
was protected by sputtering a gold protection layer to prevent potential beam damage
A Talos™ F200C TEM operated at a voltage of 200 kV was used for recording the

high-resolution image of the aluminum/aluminum oxide interfacial region.

2.2.2 X-ray diffraction
Powder diffraction. To study the crystal structure of PHBHX single crystals
(Chaper 4), aBruker D8 diffractometer was operated at 40 kV and 40 mA awitx-
ray wavelength of 1. 5-dimeésionalXROexpedneéntsim di at i ¢
reflection geometry (thettheta) mode were conductby positioning a crystal mat
flat on thesample stage. Diffractiomr of i | es wer e recorded by s
40° with a 0.05° resolutioand a 0.5 s exposure time per step.
Grazing incident wide angle Xray diffraction (GIWAXD). For the crystal
orientation study of PHBHXx thin films (Chapt@& and 7), &euss 2.0 Xray
diffractometer equipped with a tadimensional detector was used to examine the in
plane and oubf-plane crystdite orientation profiles. The instrument was operated at
a current of 0.6 mA andvoltage of 50 kMusingCu K-apha radiation with an Xay
wavelength of 0.154 nm. The grazing angle used was 0.2°, which is approximately 1.2

times the critical angle at these experimental conditions and ensures thathe X
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beam penetrates the entire sample GIWAXD experimentsvere conducted at room

temperature.

2.2.3 Fourier transform infrared (FTIR) spectroscopy

FTIR in ATR mode (Chapter 4)Infrared experiments were conducted using a
Thermo Nicolet 670Nexus FFIR spectrometer with a DTGS detector operatingrin
attenuatedotal reflection (ATR) mode using a Specac Golden Gate ATR accessory.
The spectra were obtained by averaging 128 scans fromn®® 4000cm* with a
resolution of Zmt. The raw spectra were thprocessed using the Essential FTIR
software for baseline colcton andadvanced ATR correction.

Infrared reflection -absorption spectroscopy (IRRAS)Chapters €B).
IRRAS measurements were conducted using a Thermo Nicolet 670 NexRs FT
spectrometer with a DTGS detector. A specular reflectance accessory (PIKE Tech.
80SpetM) was used with a fixed incident angle of 88dld and aluminum mirrors at
80° incident angle have the same absorption factor, as shown by Gté&aleh.
spectrum was collected by averaging 32 scans with a*4esolution from 600 crh
to 4000 cmt. The ascollected raw spectra were baselswrected using the Essential

FTIR software.

2.2.4 X-ray photoelecton spectroscopy (XPS)

The XPS spectra were collected on a Thermo Scientifidpgha XPS
instrument waytsdurcemahan énergytolll48%.6 eV at a base pressure
below 5 x 188 Torr. The takeoff angle was 90° with respect to the analyzer, rgsuri
maximum collection efficiency. The survey spectrum was collected with an energy

range of 0 to 1200 eVr'he highresolution spectra for C 1s, O 1s and Al 2p were
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collected witha pass energy of 20 eV. The data analysis was performed with CasaxXP$S
(version2.3.16) software. All peak positions and relative sensitivity factors were

calibrated to the C 1s peak at 285 eV25.
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Chapter 3

CRYSTALLIZATION METHODS DEVELOPMENT FOR SOLUTION
GROWING PHBHX SINGLE CRYSTALS

In this chapter, tl@ecrystallization methodssed to growpHBHXx single
crystals are described. They dgasothermal crystallizatigr?) sel-seedingand 3)
gradualcooling method. The commonalitiestbesethree methoslarethattheyare
all based onlilute solutiors, with concentrations rangirfigpom 0.01wt%to 01wt%.
Chain entanglement at such low concentrations is minimal considering,tbé M
these PHBHXx polymers (Table 2.The fundamentatrystallizationmechanisnfor
the three methods all involves addm@oor solvent taitiate crystallization of e
polymer fromsolution This procedure is callgubor solvent induced crystallization
The good solvent for PHBHXx used herelidoroform and the por solvenis ethanol
(EtOH). After covering each method, thes and con®r each methoavill be

discussed

3.1 Isothermal crystallization method

The key to successfully using this methisdo generate a homogeneous
supercooled solution #te desired crystallization temperatureTeandthen leting
the polymerslowly crystallizes to form crystal suspensiofiwo approachet make

supercooled solutiayroute 1 and route,&re shown irfrigure 3.1.
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Figure 3.1: A schematic to illustrate two routes to prepare supercooledolution
in the isothermal crystallization method. Tq is the dissolution
temperature. Tcis the crystallization temperature.

Route 1 woks besffor ahigh T¢ (T close todissolution temperature, k).
Specifically, the plymer isfirst dissolved ina solventmixtureat Tq, followed by
guencling to thedesired T in anoil bath. Due tdhecloseness ofTc and Tg, anddue
to a slowcrystallization rateat small supercooling, a supercooled solutioncaah be
easily formed. Route 2 is dgeedfor a low T, or a large supercoolingnstead of
dissolving polymers anelevatedissolutiontemperature, the polymer is first
dissolved in a good solveatthe desiredc. Then, gpoor solvent is preheated
separately to the same ifi another 1al andquickly mixedwith the polymer solution
at Tc to form a supercooled solution, whichtienfollowed by isothermal
crystallization. Route 2 avasdindesireccrystallization of high Mw fractiosat
temperatures higher than duringthelong coolingprocessnvolved in alow T¢

experiment.
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Extensive testwere first carried ou find out the correct solvent ratof
good and poor solvent since an excess amaiymbor solvent can cause phase
separation. Experimentally, TEbMan be used to chegkheherphase separation or
crystallizationoccurs Phase separatiagives rise tdlack spherical globules as shown
in the inset micrograph in Figel 3.2A. Qystallizationgives rise tarystals witha
certain geometric shapas shown in the insetkiigure 3.2B. Areasybut empirical
way to tellwhethemphase separation or crystallizatioccursis to carefullyobserve
the suspension development prsxds shown in Figue 3.2A typically, a phase
separation inducetirbidity developdaster (severab tens of minutesiand the
suspension is ore homogenol dispersed. In contrast, a crystallization induced
turbidity develops much slower (on the order of magnitude of hours or days depending
on temperature)As shown in Figure 3.3 fter a certainnduction time, a small
amountofv i si bl e fnucl esparadicallyynghe solutonatace v el op s
sometimes also amevial wall. Thegrowingspeedok xi st i ng fAnucl ei 0 cr
much faster thaformingne w A n uugdestingbatthe £rystal growtlprocess is

more time limited than theucleationprocess
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Figure 3.2: A: suspension formed due to phase separation. Inset(A): micrograph
of amorphous globules due to phase separation. B: suspension
formed due tonucleation and growth. Inset(B): micrograph of

PHBHX crystals.

Crystal
growing

After
hours

Figure3.3: A: white fAnuclei o crystals formed |
larger crystal aggregates formed after hours otrystallization.
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3.2 Selfseeding method

Self-seeding involves more processing stempsipared to isothermal
crystallization proces® schematic illustramg the stages in theelfseedingnethod
is shown in Figur@.4. Aprecursor crystal is prepared firby, isothermal
crystallization olgradualcooling @discussedn section 3.3 Paameters involved in the
precursor preparation step dig and T.1 (crystallization temperature for precursor
crystal preparationf using isothermal crystallizatioThe nex step is the seeding
process, which startsy equilibrating therecursor suspensiat an initial
temperature il This is followed byheatingthe precursosuspension ta seeding
temperaturd’s, to formseedcrystabk. The solutions then rapidly transferred to a

lower T2 or gradually cooled to room temperatwoanduce crystallization.

Precursor preparation Seeding process

ainjesadwa)

Time

Figure 3.4: A schematic illustration of the steps in the selfeeding method.
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Based on our experiea, he most challengingartis the heating process and
the choice of proper T. Tests show that a too high heating rate causes dissolution of
all the seedsesulting in a homogeneous solution instead sfispension afeed
crystals A too low heatingate is equivalent to annealing the precursor crystals,
making then much more difficult to dissoevandmakesthe wholeself-seeding
process timeonsuming. Determininthe precis€'sis difficult since plymer crystal
seeds are not visibley eye and arenly visible crystal aggregates

Initially, it was foundthatduring heatingthere is no obvious crystal
dissolutionuntil a specific temperature. Once this specific temper&ueache, the
process from starting dissolution to the absence of visible crystals (total loss of
turbidity) typically takes a long tim@he seeding temperatusedeterminedfter the
suspensiotosesturbidity.

The ®lf-seedingnethodhas been widely used toayv polymer single crystals
However, to our knowledgéhere has been rdocumenrdtion in the literature of the
detailsduringthe seeding procesRolymerself-seeding is challenging arithe-
consuming However,n the development of the sedéeding methd to grow PHBHXx
single crystalswe were able to capture several critical steps during the seeding
process nearsusing TEM It is hopal thatthesefindings can help otheesearchers
and students gain insightdo the polymeself-seeding process anelp guide their
crystal growth stuigs

PHBHx(3.9mol%)was usedo studythe seeding proces®ar F using pure
EtOH and a PHBHx concentration of 0.027 wt%. Tdwhermal crystallization
method was used tgrow precursor crystalwith T¢1=110°C, andT1=70°C. The

seeding processtarted afli=70 °C with aheating ratef 30 °C/hr. Oncethe solution
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reachedrs, the sample was rapidly removed fraime oil bath andallowed to cool to
20°Cin the air. Fiveexperimentsvere conducted as a functionaf

A TEM image of pecursor crystalisshown in Figue 3.5. They exhibit a
needle shaped growth habit. Both single layer and multiple layered siystal
observedlrregulargrowth habitsuch as branching, and foldingrcbe identified.

Size uniformity of the crystals relatively poor.

Precursor crystals

Figure 3.5: TEM image of PHBHx(3.9mol%) precursor crystals

Figure 3.6shows sekseeded crystalgrown atTs = 95 °C. Crystals witha
similar size ashe precursor crystalgere found suggestingrecursor crystals still
exist. A serrated structuoan befrequentlyseenalong the lateral side diie precursor
crystals, as indicated liliered arrowsn Figure 3.6 These notchesuggest that
during the seeding procesledissolution of the lamellae starts from the eddes.

green arrow indicates a walefined but smalsizedself-seeded single crystal,
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suggesting seedseindeed created atsF 95 °C. Interestirgly enough similar small
seltseededrystalswere found to develomore frequently on the lateral edge of the
precursor crystals, as indicated by blue arrows. Reasons for the formation of these
smallself-seeded crystalsttached to the lateral edga®not well understoodone
possible explanation that the dissolutioof the crystahearthelateraledge creates
some coilechairs whichcannotmigrate into solutiobecauseart of the chairs still
anchoredo themaincrystal Whencrystallizationoccuss, for the 2 time the chairs
will crystallize neatheir originallocation Thus at this low seeding temperatyiie =
95°C), well isolated seeded single crystate onlyrarely seen, suggestitigat at this
temperature¢he sample ig the early stage dbrming a seed

Figure 3.7shows thecasefor Ts = 97 °C where nore selfseededsolated
single crystals can be identified as indicated by green arrows, sugdghatimpre

seeds weractuallygeneratedt this temperature.
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Figure 3.6: PHBHXx (3.9mol%) crystals grown using selseeding method with a
of 95 °C. Red arrows indicate notches developed on the lateral side of
lamellae. Green arrow indicates a weltleveloped selseeded
lamellae. Bue arrows indicate selfseeded crystals developed near
lamellar lateral sides.
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Figure 3.7: PHBHXx (3.9mol%) crystals grown using selseeding method with a
of 97 °C. Red arrows indicate notches developed on theeral side of
lamellae. Green arrows indicate a well developed sedkeded
lamellae.
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T.=101°C

AR S

Figure 3.8: PHBHXx (3.9mol%) crystals grown using sekseeding method with a
of 101 °C. Red arrow indicates residual precwsor crystals.
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Figure 3.9: PHBHXx (3.9mol%) crystals grown using selseeding method with a §
of 105 °C.

T,=108°C

Figure 3.10: PHBHXx (3.9mol%) crystals grown usingselfseeding method with a
Tsof 108 °C
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Figure 3.8shows the resudffor crystallization afls =101°C. The ed arrow
indicates precursor crystal residwuehich carstill be seenHoweverthe population of
well isolated single crystals significantly ncreased, suggestitigatTs 101°Cis a
good seeding temperatul&hen ncreasingl'sto 105°C (shown in Figue 3.9),a
similar crystal population profileras observed as fdik =101 °C. In addition,at such
high Ts, precursor crystal residues can still be seenaRa@verhigher Ts=108°C, as
shown in Figue 3.1Q no seeded crystatse observedyut giant crystals
morphologically similar to precursor crystaign be seen. Th&iggest thatTs =108
°C is so hitp that all seeds are dissolvedsulting ina homogeneous solutioBnce
thetemperaturés reducedprecursor crystal develsmgain.

Based orthe observedrystalmorphologyduring the seeding process
schematishown in Figure 3.11 was generatedlustrate the dynamics dhe
seedingprocess. During seeding, lamellae dissolusitants fronthecrystal periphery
forming bothcrystal seeds and cedchairs (route 1) With increasingemperature,
the precursor crystatlecreasén size tobecomecrystal residugseedsand coied
chains(route 2) In theinterim, the formed seeds decreassize tobecomesmaller

seeds and catchairs (route 3)
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Figure 3.11: A schematic to illustrate aproposed seeding process

Based on theroposed seeding procegss clear thathe ultimate goal for
selfseeding is to maxime&thenumberof the seedandminimize theprecursor
crystal residue and random coil chaiwhich is a temperature dependeyamic
process. Theoreticallyasteady state exists whettee number ofeed reaches
maximum However, it is challenging tdetermine that poirdue to hot plate
temperature control limitatianln our experimerst precursor crystal residuagere

always observed, anitlis difficult to create a pure seed suspension.

3.3 Ultrasonication assisted selseeding process
In the seeding procesprecursodissolutionstartson the crystalperiphery.
During the seeding process, there is also annealing of the crystals (perhaps lamellar

thickening), making the undissolved part harder to be dissolved, and the already
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formed seeds can be completely dissolved forming random coiled chains. This
situation is unwanted. Hypothetically,the dissolutiorcan simultaneously initiate
throughouthe whole crystafnot limited to crystal peripherybhe dissolutionprocess
may be shortened, amdore seeds may be generated moreuniform way,

It wasfound prior to the seeding procesbatif the precursor suspensio
treatedwith ultrasonication at room temperature, more uniformsedded crystals
can be obtained. Fige 3.12shows the fragmented crystals of PHBHx(3.9%hohfter
ultrasonicabn for 10mins Keeping all the otheseeding parameters constdfigure
3.13shows the sel§eeded crystalgrownwith varying sonication timesf 0 min, 4
min, and 10mins.A longer sonication timgives rise to more and smaller sefeded
crystals, sggestingmore seedwere generateduringtheseeding proces In
addition, smallePHBHx(3.9mol%)crystals appear havirglower aspect ratiol he
sonication process may potentially induce molecular weight degradatiaebix
this possibility, we reuseithe samesampék to grow precursor crystals, as shown in
Figure 3.14. The crystal resembles typical PHBHx(3.9mol%) precursor crystals
morphologically suggesting no Mdegradatiorhadoccured However,HPLC
examinations neededo determine definitive edencethat there was no W

degradation.
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Figure 3.12 Fragmented PHBHXx(3.9mol%) precursor crystals after
ultrasonication for 10mins.

Sonication time Omin Sonication time 4min Sonication time 10min

Figure 3.13 PHBHXx(3.9mol%) single crystals made by the ultrasonification
assisted method as a function of sonication time.
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Figure 3.14: PHBHX(3.9mol%) precursor crystals grown from ultrasonificated
polymers.

In ultrasonification assistedI§eseeding experimentsnantriguing crystal
morphologyis frequentlyobservedasshownby thegreenboxes and arrows Figure
3.15 Carefulobservation indicates they consistseff-assembledyrderly packed
individual seltseeded crystal The selfassembled structuris comparable irsizeto
the fragments of precursor crystais-igure 3.12Creating orderlypaclked polymer
single crystaldas beerhallengingThis is the first time suckeltassembled
structurs have been generatdd addition,the observation dahis structure supports
our hypothesis that ultrasdrgationpresumably enables dissolution of the precursor
crystal frommultiple locations instead of from the crystal periphery oAlproposed
mechanism is schematicabhown in Figue 3.16.t is seen thatiltrasonfi cation can
break down precursor crystaad hence, this procesgy also be capable of creating
internaldefeds in a crystal. These defects give rise to a crystal consisting of small
crystalline domainsvith the defects arranged as grain boundaries (blue dashed line in
the defective crystal schematic in Figure 3.16). The defect crystal dissolves in an

outsidein fashion starting from these grain boundaries, to form seeds. The coiled
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chains that form cann@o into solution because they are linked to the seed crystal.
These interseed chains also help the seeds maintain a partially ordered network. Once
subsequent crystallizatiarccurs the coikdchairs linked to theseeds will crystallize,
resulting in aself-assembled like structure with individwsslf-seeded polymesingle

crystals packed in an orderly fashion

Figure 3.15: PHBHx(3.9mol%) single crystals prepared using ultrasonification
assisted selseeding nethod. Green boxes and green arrows indicate
selfassembled structures comprised of multiple individual seif
seeded crystals. Insert is fragmented precursor crystals treated by
ultrasonification.
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Figure 3.16: A schematic illustrating the formation of selfassembled structure
comprised of multiple individual selfseeded crystals.

3.4 Gradual coolingmethod

The gradual cooling process is the simplest crystallization method and
ironically, it wasdiscoveredast. It involves dissolving the polymer in EtOH at a
specific Ty, followed by gradually cooling to a desired temperature. Hence, it is-a hon
isothermal crystallization proce$3HBHX crystalgfrom spherulites to single crystals)
can bepreparedy this approach.

This method relies on thenique properties of EtOH. Though EtQidslong
beenused as a poor solvent, it was found EtOH alone can serve as a good solvent to
dissolve PHBHXx at elevated temperatifabove the normal boifirpoint of EtOH, or
78 °C)in a wellsealed vialThe specific T depends on 3HHx content and polymer
concentration in solution.qfor PHBHx(13mol%) can be as low as 90 °C, wheraeas T
for PHBHXx(3.9mol%) is above 110 °C. Thransitionfor EtOH from a poosolvent to
a good solvendccurs around 80 °C, which is near theassociatiomemperaturef
H-bondsin EtOH. Oncehepolymer is dissolvedt Tg, the solutions cooled down to

room temperature atselectedccooling rae. Thecooling rates a criticalparameterin
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order of the cooling rate from high to low, three cooling methods are typically used: 1)

switching off heating element while leaving sample in the oil bath (thereafter called

Anaturally cooling in oil Ibtadidewaterbath)

rapic

(thereafter called fAcooling by ice watero

ambient air (ther eaf aokngtoodastleddstalphadse ool i ng

separation becauslee transition from poor to good solvdat EtOH is faster thathe
crystallizationrate Experimentally, this method ike simplest compared with the
seltseeding methodince it involvenly two steps. However, the actual
crystallization mechanism is complicated and not well understoodtsiace
crystallizationprocessand solventransitionprocesoccur simultaneously

One tunable parameter ig. TFor example, PHBHx(13mol%y)ystals were
grown using a gradual cooling method. Figure 3.17 shows the resulting crystals
appearing as spherulites and eventually as single crystals with decreasiogTh =
105°C, hedritesvere observedvhich are typically viewed gsremature spheruét
For Tq = 100°C, multi-layeredlamellar crystalsvereobserved. These structures are
believed to be the even earlier development stage of sphertilite90 °C gives rise
to single crystad. Being able to successfulyrow single crystals for
PHBHx(13mol%) (sucta high comonomer content) without using a-sekding

methodwas a surprise
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T,=110°C

Figure 3.17: PHBHx(13mol%) spherulites grown using a gradual cooling method
with Ta =110 °C

T, 105°C

Figure 3.18 PHBHXx(13mol%) spherulites grown using a gradual cooling method
with Ta =105 °C
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T, 100°C

Figure 3.19: PHBHx(13mol%) spherulites grown using a gradual cooling method
with Ta =100 °C

Figure 3.20: PHBHx(13mol%) spherulites grown using a gradual cooling method
with Ta =90 °C

3.5 Comments on the three crystallization methods

The isothermal crystallization method is an excellent way to study temperature
effects on crystal habits since crystallization can be strictly controlled. It is the favored
method for a crystallization mechanism study. However, this technique typically gives

giant lamellar crystal aggregates or spherulites. Lamellar crystals camiolenfear
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the spherulite edge. The key for successful application of this method is choosing the
right ratio of chloroform and ethanol and preventing crystallization from occurring
during the cooling step.

The selfseeding technique can result in beausialgle crystals. It is favored
if the goal is to control crystal uniformity. However, this technique involves multiple
steps, which are typically time consuming. Once seeds are formed, crystallization
typically occurs during the cooling process. The knogéegained from conducting
seltseeding experiments for polymer crystals may provide information on how to
grow nano crystals of other materials since thessd#ding technique has a much
broader application in materials science.

The gradual cooling tecique is a useful, simple method for growing single
crystals, but its mechanism is less well understood. However, identifying a working

solvent is critical and is not favored for mechanistic crystallization studies.
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Chapter 4

CRYSTALLIZATION MECHANISM FOR PHBHX(3.9 mol%) SINGLE
CRYSTALS UNDER ISOTHERMAL GROWTH

While solution grown, single crystals of themopolymelPHB have already
been studied, single crystals of PHBR&venot In addition, the effect of temperature
on crystallization of either PHB or PHBHXx hastheen investigate@?HBHx
(3.9mol%)single crystalsvere prepared by isothermal growth at temperatures ranging
from -20 to 80 °C and the crystal structure, growth habits, and prepéidive been
studied.

Several technical challenges pres@einselves whegrowing single crystals
of PHBHXx. Firstthe PHBHx sampleused in this study hasalltrahighM,, of
800,000g/malSecond, 3.9mol% 3HHXx conteis arelatively high defect level. Third,
3HHXx is statistically distributed along the backborl these factorswill hinder the

growth ofsingle crystal®f PHBHXx.

4.1 Preparation conditions

A chloroform/ethanol mixture was used as the solvent. Fn@liminary
results, a phase diagramas createasshown in Figuret.1.In the Figure, the
horizontalaxisis the molar fraction of good solvent (chloroform) in the mixture. The
experimentally determined red (upper lim# &nd blue (cloud point) profiles,
approximately divide the phase diagram into three regions. In the right upper region,
i.e., above th upper limit Eline, due to a higher temperature dmgherchloroform

contenf the polymer was not observed to crystallize but reathin solution.In the
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left bottom region, i.e., below the cloud point line, due to a low temperature and
higherethand contenf the polymer chains are isolat@dsolution, collapsing into
amorphous globules via phase separation. The region between red and bigeHmes

crystallizationareawheresingle crystal€an begrown.
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Figure 4.1: A phase diagram of PHBHX(3.9mol%) in the solvent mixture of
chloroform and ethanol.

Crystalswere grownmat Tc (-20, 20, 40, 45, 50, 55, 60, 65, 70, and 75 °C),
represented by the black data pointthim above figureSolvent conditions

corresponding to each: @&reshown in Tablet. 1

Table 4.1: Crystallization conditions

Crystallization temperaturéC -20 20 40 55 60 65 75
Molar fraction of CHCI3 in solvent mixture/mol%38.00% 29.00% 23.00% 15.00% 14.00% 10.00% 5.00%
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4.2 Crystal morphology and crystal polymorph as a function of T

A Tecnai G 12 TEM was used operat at 120 K/. During sample
preparation, crysi suspension droplets were deposited @mamorphous carbon
coated copper gti After solvent evaporation, tleamplegrid wasloaded intathe
TEM.

Figure 4.2shows TEM results of single crystals of PHBHx growr2&°C.
The crystals show irregular growth behavior, daeedlelike growth habit can be
identified. A twisting hierarchical structure calsobe identified.The Electron
Diffraction PatterEDP) from the yellowboxedarea shows rings with two distinct
radii. The inner and outer rings can be indexed {@#t), and (110) atomic planes of
the alpha crystal form of the homopolymer PHB, respectively. The crystals are not
single crystals judginfom themorphology and diffraction patterBHBHx has a
glass transition temperatuf®y) near0 °C. Thesuccessfutrystallization of PHBHXx at
-20 °Cis presumably attributed to an enhanced chability in dilute solution
However, the degree of chain motyilis indeed decreased, which can be seen from
the less wetdefinedcrystalgeometry The significance of this loW. study is that the
PHBHXx crystal stilladoptsthe alpha crystéhe form of PHB. This is the first time
crystallization ofPHBHXx has beembservedat such a low temperatuamd he result
indicatesthat thealpha crystastructureis still thermodynamically stable at such a low

temperature.
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Figure 4.2: Morphology and diffraction pattern (from yellow boxed area) of
PHBHXx(3.9mol%) crystals grown at-20 °C.

Figure 4.3shows the morphology and EDP for single crystals grown at 20 °C.
A very sharpneedleshaped crystal structure can be found on the edges ofystal
aggregates. Selected area BRd3 conducted on thred highlighteccrystal.An
identifiable yet blurry singlecrystatlike diffraction pattern can be seen. The
diffraction pattern can still be indexed wiid20) and(110) atomic planes of the alpha
crystals of the homopolymer PHB. Eeqmentally, obtaining diffraction pattern for
this crystal was challenging because of two factors. First, the diffraction intensity of
this crystal is intrinsially low, presumably due tiimited crystal growthalong the b
direction. Second, increasitgam dose to obtain a brighter diffraction pattern failed
due toincreasd sample damagy Nevertheless, optimizing dose rate and applying low
dose function enabled successful recordihthe diffraction pattern. The significance
of this study isfirst, a a low T, the highly defective PHBHx can crystallize irsto
well-defined single crystal, suggesting superior crystallization absiggondthis is

the firstobservatiorof PHB or PHBHXx crystawith such a high anisotropic
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geometry third, the diffradion patternndicatesthat the longaxis of the crystal is

along the aaxis in the unit cell of the alpha form.

Figure 4.3: Morphology and diffraction pattern (from red highlighted area) of
PHBHXx(3.9mol%) crystals grown at 20 °C.

Figures 4.4 to 4.8how the morphologies and EDPs of single crystals grown at
40, 55, 60, 65, and 75 °C, respectivéiyl.the crystals still hava needleshaped
growth pattern and adopt the alpha crystalform of PHB. In addition, asl¢
increa®s,the single crystalhave a lesanisotropiaqgeometry andhe diffraction
intensity increases. The increased diffraction intensity is believadse from an

enhanced growth along the b directairhigher .
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T.=40°C

Figure 4.4: Morphology and diffraction pattern of PHBHX(3.9mol%) crystals
grown at 40 °C.

T.=55°C

Figure 4.5: Morphology and diffraction pattern of PHBHXx(3.9mol%) crystals
grown at 55 C
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Figure 4.6: Morphology and diffraction pattern of PHBHxX(3.9mol%) crystals
grown at 60 °C

Figure 4.7: Morphology and diffraction pattern of PHBHx(3.9mol%) crystals
grown at 65 °C
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Figure 4.8: Morphology and diffraction pattern of PHBHxX(3.9mol%) crystals
grown at 75 °C

The needleshaped growth pattern origtesfrom the growth rate differenas
the crystablong the a and b directisywhich canbeexperimentally determined by
measuring the apex angle of the Heexhaped crystals. As shown in Figut.9 the
growth rate ratican be calculated as=x/y=1/(tan ( €/ 2) ). The wunit <cel |
ratio r,=r*(b/a) reflectsthe crystal growthate difference along the a and b directions,
sincetheunit cell is the basibuilding unitduring crystal growthin order tohave
statistical significance, 36 crystalswere ndoml y sel ected and thei
were measured faachTc. The statistical histogransseshown in Figurel.10.Figure
4.11shows theplot of apex angle, growth rate ratio, and unit cell packing rate ratio
along the aand b directions of the single crystal as a function afThe result shows
thatat T 20 °C, the unit cell iaddingto thegrowth front55 times faster along the a

axis than that along {axis. At 70 °C, the ratio decreases to 22 ¢éimn
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Figure 4.9: A schematic to illustrate theneedls haped crystal,
growth dimension x and y along two directions.
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Figure 4.10: Histograms of measured apex angle of crystals at each.T
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Figure 4.11: The plot of apex angle, growth rate ratio, and unit cell packing rate
ratio along the a and b- axes as a function of T.

4.3 Variations of lattice parameters a and b,as a function of Tc

The kttice parameten, for crystals grown at. from -20 to 75°C, have
values of 0.574 nmt 0.003 nm indicating ndattice expansion alonthpea direction
This finding suggests is very difficult to disrupt the crystal structure along the a
direction. However, the b parameters valusof 1.324 nm + 0.003 nm for all the T
except-20 °C, andexpand t01.330 nm + 0.003 aR0 °C. Expansion along the b
directionsuggests the comonomer 3HHx mayil@udedinto the lattice along the b
direction. Thisphenomenois possiblydue toa low temperaturenducedkinetic
effect. Insummary, the 3HHx was found to be excluded from the criggtale, and is

presumably located in the fold surface. A schematic is shown in Fdle
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i Folding layer

snadunan

Figure 4.12. A schematic to illustrate a lamellacrystal model with 3HHx
excluded from the crystalline layer and located on the folding layer.

4.4 Lamellar thickness evaluation

Lamellar thickness is one of the characterigicametergor polymer single
crystds. As shownin Figure 4.12one lamellar crystaonsiss of a crystalline layer
and two foldlayers. e thickness of the crystalline layer reflects greergetic
potential a polymer has twystallize. A thinner crystalline layer impliethe crystalline
state has lower Gibbdreeenergyper volumeleading toa higher crystalliation
potential

Single crystals were collected by reduced pressure filtratgsulting ina
single crystamatwith the crystals flabn oriented1-D X-ray Diffraction(XRD) in
thereflection mode was then used to cdiladiffraction patternFigure 4.13 shows a
schematic to compare single crystal mats and poXBér.

From the XRD data in Figure 4.1diffraction patterns for all the single
crystals were similato each othebut differ dramatically from that of powd&RD.
The highintensity ofthe (020) peak suggests the single crystaé preferentially flat
on orientedAt -20 °C, the (011) peak is high possibly due to lamellae twisting
observed under TEM examinatior the same sample

A well resolved(002) ped for the single crystal samples enables evaunatf

crystalline layethickness by usinthe Scherrer equation. Crystallite size along the ¢
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direction (crystalline layer thickness) and b direction plotted agairesteEhown in
Figure4.15 Crystalline layer thicknesses for all thedre very thin, reaching 3.60 nm
at Tc -20°C, correspondingdo less than 6 consecutive 3HB repeatingumitthe

crystal Such a small amount of required 3dBitsmay be one of reasswhy
incorporatingow corcentration o8HHx comonomer is not enough to stop the 3HB
from crystallizng. In addition, tle crystalline layer thickness is slighttiependent on

Te¢, with a higher T giving a thicker crystalline laye€rystallite size along the b axis
increags dramatally, suggesting the crystals tendi@ave an enhancegowth along

the b axiswith increased J. This observation is consistent with TEM result, where the

anisotropic growth habit is attenuated with incezhk..

Single crystal mat XRD

Figure 4.13: A schematic to compare single crystal mat and powder XRD.
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Figure 4.14: XRD data for PHBHx(3.9mol%) single crystal mats at different Tc
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Figure 4.16: AFM height image of PHBHX(3.9mol%) single crystals at 20 °C
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Figure 4.17: AFM height image of PHBHx(3.9mol%) single crystals at 60 °C

Figure 4.16 and 4.13hov AFM height images of single crystaisown at al'c
of 20°C and 60°C. AFM measurementgeld the overallamellar thickness (refer to
Figure 4.12)Both crystals hava thickness of approximateb/nm, suggesting the

overall thickness isotchanging with T. Knowingthatthe crystalline thickness
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slightly increases from 2@ 60°C, we carconcludethat thefolding layer thickness is

decreasing with incread Te.

4.5 DSC studes of PHBHx(3.9mol%) grown at different Tc

DSC studeswereperformed orsingle crystals growat-20, 20, 40and60 °C
with a heating rate of 18C/min.In Figure4.18 all traces showwo exothermic
(melting) peaks. The higher temperature pe@kd peak)for all the sampleappeaat
nearly the same temperature, suggesting this peak is not dependerituis 2"
peak may result from a recrystallization procesalamellar thickenig process.
Variable emperature small angle-bay scattering (SAXS) can be conducted to
confirm ths hypothesisReattime SAXS studesonthe annealing behavior &HB
single crystalhiave beemperformedoy TomoharuSawayanaget al.l® indicating the
2" peak arisefrom a thickened crystalhe temperature of thé'peak increases with
increagd T¢, suggesting higher T results ina thicker lame#, which is consistent
with crystalline layer thicknesgariation derived fromrXRD measuremer{see Figure

4.15)
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Figure 4.18. DSC heating curves for PHBHX(3.9mol%) single crystals grown at
20, 20, 40, and 60 °C.

We selected crystafgown atT¢ 60 °C to conduca DSC experiment as a

function of heating rate, as shown in Figdrl9. Themsetis from a trace with 8.5

°C/min heating rateThe datashows thathe F'p e a k

doesnodt

change

with heating rate. Thpeak area (enthalpy) ratid the 2" to the #'peak decreases

with increagdheating rate, suggesting a slower heatatgfacilitates the

development ofhe 2" peak.A slower heating rate also gives rise to a higher melting

temperaturef the 2" peak. Thuswe deduce thahe 29 peak is from the melting of

thickened or recryallized crystalssinceeither the thickening or recrystallizing

process is time dependeAtslower heatingate gives rise tmore (arger peak area

for the2"d peak) and thicker (higher meltingmperature for the"®peal crystals.
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Figure 4.19: DSC heating traces for PHBHX(3.9mol%) single crystals grown at
60 °C as a function of heating rate.

4.6 FTIR study of PHBHXx(3.9mol%) single cryshls

Infrared spectroscopy is a powerful tagledto studymolecular structure and
intermolecular interactiafor polymes in the soligstate FTIR ATR measurements
were performed on single cryst@rown at-20, 20, 40, and 6%C. The arbonyl
stretchingregion and CH stretching region are shown in Figu2€.Theraw spectra
were corrected using h advaiced ATR correcti@arfunction in the Essential FTIR
software. In the carbonyl region, all samples show a 1722perak and a 1743 cin
shoulder. The 1722 ctband isindicaive of the formation of alpha crymsand 1743
cm! band is attributed to amorphous matefTdle existence adsignificant amount
of amorphous materialonfirmsthatPHBHXx single crystals have substantial

amorphous component. In the CH stretching region, adilifeed CH stretching p&a
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at 3009 crt is interesting Typicaly, a CH stretching frequendg located below 3000
cml. The 3009 cm peakwas first found irmelt crystallized PHB films and since
then has been attributed to a specidddihding interactioiormedbetween théd atan

of -CHz groupfrom one crystalline stem and tleatomof -C=0 fromanadjacent

crystalline stem. Givetherelatively lowbondingenergy(below-4 kcal/mol)

compared tahe conventionaH-bonding[strong (415kcal/mol) and very strong (15

40kcal/mol)ax at egori zed

has been described as/eak Hbondinginteraction Thoughthe debate is ongoing

overwhether this interaction is a reatbdnd, for the sake of simplicity, we wilke

t he weakHbonding

t

o

n Ga U, thisrspezial bhterdction ma s 6 s

descri

b e dnhisdss the first Sme a |

thatthis weak Hbondng has been observénl a PHBHXx single crystal
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Figure 4.20: FTIR spectra of PHBHx(3.9mol%) single crystals at different T.
The carbonyl stretching region is orthe left and the CH stretching
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4.7 Crystal structure analysis

Using lattice parameters and aiornoordinatesietermined elsewheféwe
construcedthe unit cell anéh schematic athe crystal structuris shownin Figure
4.21.The weak Hbonds are represented by green and blueedaglewing the
crystal along the-axis Figure 4.21eft), we carfind that intersteminteractions
along the aaxis have the Hbonds involvedvhereasnter-steminteractiors along the
b-axishaveonly VanderWaals interactios This direction dependent interaction is
believed to be the underlying reason responsible for the anisotropic growth habit of the
PHBHXx single crystal In addition, @cording tothe Boltzmann distribution, at a
certaincrystallizationtemperature d the possibility of forming one mole stems
packing along the-axis is proportional to ExpDE4kyT], and the counterpart along
the baxis is proportional to EXgHDEW/kyT]. Hereks is Boltzmann constanDEaand
DEy are theenergy drop from a random coil state to,&@lix added to the growth
front along the a and b direction, respectivdljjus, the ratio of the two possibilities is
proportional to ExpDE/k»T], whereDE= DEs-DE,. The Hbondng interactionis
dominantlyalong the a direction, leading @Ea> DEy. Therefore, a Tc decreases, the
ratio increasesxponentially giving rise to a highlyanisotrojic crystal growth habiat

a low T¢ (sharp needkshaped crystal at 20 °C)
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Figure 4.21: Schematic of PHB alpha crystalline structure viewed along c (left)
and b (right) directions.

Viewing the crystal along the-dixis Figure 4.21 right the hydrogen bonded
H atom and the hydrogen bonded O atom in the satBerBonomer have very close z
coordinatesThis alignment results iH-bondspackingalong the eaxis in a high
density fashionTherefore, it is proposed thatthough the Hbonding energy foone
individual H-bond is relatively lowywhenall the Hbonds & pacledin the crystal
structure in a compact walt should result in aooperative Fbonding network,
leading toa significantGibbs energy droguringthe alpha crystlizationfrom the
melt stateThe networkalso does not alloHHx to beaccommodagd into the crystal
structure.

Thoughthe 3009 cmt bandin the FTIR spectrum is typically taken as the
evidence for Hbonding formation, it is still difficult to explain why such alddnd
can cause a blue shiftherefore the most important scientific pact of the current
single crystal work ishatwe were abldo provide strong morphological evidence to
demonstrate thpossiblepresence of Hbonding along the a direction, since otherwise,

we should nothave observed such a anisotropic growth habhekingle crystal
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4.8 Critical dose measurementof PHBHX single crystals

Due to electron beam sensitivity of polymer single crystals, it is typically
recommended to determine the critical dose vaduéhe crystals, which helps
choosing the right dose ratering TEMimagingexperiment. Critical dose can also
be used as an indicatfar electronbeam resistance of the crystals, reflecting in some
degree the stability of the crystals. Figur.22shows an examplef how morphology
and diffraction pattern changés PHBHXx(3.9mol%)single crystad as a function of

electron dose.

D=0.27 x 103 C/cm? D=3.24 x 103 C/cm? D=8.11 x 10-* C/cm?

Figure 4.22: Morphology and diffraction pattern changes of PHBHx(3.9mol%)
single crystals as a faction of electron dose.
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is typically used to derive critical dose value. It is an empirical equation and Hwefar,
nature of the damage mechanismasquite clear The debate over the beam damag
process isvhetherit is melting or degradatiodriven In the equation)” is the tebe-
determined critical dose in usivf C/cn?. “Ois the initial diffraction intensityOis
the residual intensity including background and scattering from the damagedscrystal
D is electron dose, whidk equal to dose rate multiptl byexposure time, so the dose
is proportional to exposure time. In our case, a constant dose ra8&af® C/(cn?
sec) was used, Such a dose rate allowed us to rabord30 diffraction paerns
every 7 sewvith a 0.1secexposure timéor eachone Taking the logarithm to have
Ln[l-Ir]=-D/D* + Lnlo, thenD* can be derived from the slope of the linear plot of
Ln[l-Ir] against D

Thesoftware Image J wassedfor data processing. The fingcorded20
diffraction patternsvere usedo make the plot. As shown in Figute23 aradialline
was drawron a diffraction patterto obtain 1D diffraction profile (Figure 4.24)The
fiMacro pluginin ImageJ was used tensure the crosslines drawrfor every
diffraction patterrfrom the same crystal are along the same angle and with the same
origin. The integrated peak area of (110) was used for Ti.logarithm plots of
integrated area of (110) peak against electron dose for diffeyarere€ diplayed in
Figure 4.25.
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Figure 4.23: Representative radial cross line drawn on raw diffraction pattern.
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Figure 4.24: 1-D profile from the cross line draw in Figure 3.23.
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Figure 4.25: Logarithm plots of (110) diffraction peak intensity as a function of
electron dose for PHBHx(3.9mol%) single crystals grown at different
Te.
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Figure 4.26: Plot of critical dose vs melting temperatures for different polymers?
The red cross represents data point for PHBHx(3.9mol%).

We found all the lines have similar slopes, suggesting sililaalues for all
Tc. Thisobservations reasonable sinagystals grown at all Thave the alpha crystal
form. The actual values are around 0.01C/c@omparinghis value toother
polymer$(Figure4.26), we see PHBHXx has a similaf as Nylonr6, higher than that
of PE single crystals at similar operation voltages (0.0043 at 100&@.842 at 125
kV). This result reflectshe relatively higrstability of PHBHx crystatlue most likely

to the cooperative Hbonding network.
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Chapter 5

EFFECT OF 3HHX ON THE MORPHOLOGY OF SOLUTION
GROWN PHBHX CRYSTALS

In this chapter, detailed crystallization conditions for each sample are listed in

the caption of corresponding Figures.

5.1 Effect of 3HHx content on $ngle crystal morphology

Usingthe self-seedingmethod well isolatedandwell-defined engle crystalof
PHBHX(3.9mol%), PHBHX7.6mol%), to PHBHX13mol%) were grown. Figure 5.1
shows well isolated PHBHX(3.9mol%) single crystals while Figure 5.2 shows an
individual PHBHXx(3.9mol%) single crystal with its higjuality diffraction pattern.
Such a higkguality crygal typically can only be achieved using the seléding
technique.

Figure 5.3 shows seffeededPHBHX(7.6mol%) single crystals anavb types
of single crystals were found. Typesingle crystals hava round end whereas Type
B crystak hasa sharp needlshaped end. Type A cryssatill adopt the alpha
crystaline form of PHB as shown ithe EDP in Figureb.4. Type A crystad wereonly
found for PHBHXx(7.6mol%andthe gowth mechanisnfor this type of crystails not
well understood.

Figure5.5 shows selfeededPHBHX(13mol%) single crystals while Figure
5.6 shows one individu®HBHX(13mol%) crystal and its EDP. Though the

diffraction intensity is much weaker, it can still be indexed using the alpha crystalline
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form of PHB. Sincd®?HBHx(13mobb6) can forma welldefinedsingle crystalit is not
surprising that PHBHx(3.9mol%) can also do so

In summary, b PHBHX crystalsadoptthe alpha crystéine form of the
homopolymer PHBsuggestinghatthe underlying driving force is governed by
crystalization of 3HB monomer The 3HHxcomonomer ixcluded from the lattice
and existon the fold surfacelhe effect o8HHx hasavery minimal influence othe

morphology ofsinglecrystals prepared by the sskkeding method.

Figure 5.1: PHBHx(3.9mol%) single crystals. Crystallization method: sel
seeding. Crystallization conditions: concentration = 0.027wt%,
precursor crystallization (pure EtOH, Tq = 110 °C, gradual cooling
in an oil bath), seeding proceséli = 70°C, heating rate = 30°C/hr,
= 100°C, gradual cooling in an oil bath).
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Figure 5.2: An individual PHBHx(3.9mol%) single crystal grown by the self
seeding method and its EDP.

Figure 5.3: PHBHXx(7.6mol%) single crystals. Crystallization method: sel
seeding. Crystallization conditions: concentration = 0.01wt%,
precursor crystallization (pure EtOH, T4 =110 °C, gradual cooling
in an oil bath), seeding process (E 50 °C, heating rate = 30 °C/hr,
Ts= 68 °C, gradual cooling in an oil bath). Type A crystals (upper)
and Type B crystals (bottom).
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Figure 5.4: An individual PHBHx(7.6mol%) single crystal grown by selfseeding
and its EDP.

Figure 5.5: PHBHx(13mol%) single crystals. Crystallization method: self seeding.
Crystallization conditions: concentration = 0.01wt%, precursor
preparation (pure EtOH, T4 = 110 °C, gradual cooling in an i
bath), Ti = 50 °C, heating rate = 30 °C/hr, T= 79 °C, gradual cooling
in an oil bath)
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Figure 5.6: Individual PHBHx(13mol%) single crystal grown by selfseeding and
its EDP and color reverted EDP.

5.2 Characteristic morphology of PHBHxX(3.9mol%), PHBHXx(7.6mol%), and
PHBHx(13mol%) crystals

Characteristic morphological features for each PHBHXx crystals are discussed
here.

A crackingbehavior frequently occuedong tte bdirectiaon for large single
crystalsof PHBHx(3.9mo0l%) and PHBHX7.6mol%), as shown in Figer5.7 and 5.8.
Such crackingoehaviorwasrarelyfound for PHBHX13mol%) crystals antbr sel+
seedsinglecrystals.In addition, glf-seeded crystatypically have asmallersize and

it is possibletat cracking is crystal size dependen
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Figure 5.7: PHBHXx(3.9mol%) crystals. Left, crystallization method: gradual
cooling. Crystallization conditions: concentration = 0.027wt%,
EtOH, T4 =110 °C, gradual cooling in an oil bath. Right,
crystallization method: isothermal crystallization. Crystallization
conditions: concentration = 0.01wt%, CHCH/EtOH ratio = 0.11, Tc =
65 °C. Red arrows indicate locations of cracks.

Figure 5.8: PHBHx(7.6mol%) crystals. Crystallization method: gradual cooling.
Crystallization conditions: concentration = 0.01wt%, Ta = 110 °C,
cooled in an oil bath. Red arrows indicate locations of cracks.

An abrupt foldirg phenomenofor PHBHX(3.9mo0l%) andPHBHX(7.6mol%)

crystalswas frequently found. These are shown by the red arrows in Figure 5.9 and
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5.10. No folded crystals were found HBHX(13mol%) crystals. This possibly is

indicative of significant brittleness in low 3HHx dent PHBHX.

Figure 5.9: PHBHx(3.9mol%) folded crystals. Crystallization method: gradual
cooling. Crystallization conditions: concentration = 0.027wt%,
EtOH, T4 =110 °C, oil bath. Red arrows indicate folding pasons.
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Figure 5.10: PHBHx(3.9mol%) folded crystals. Crystallization method: gradual
cooling. Crystallization conditions: concentration = 0.01wt%, EtOH,
Ta =110 °C, cooled in an oil bath. Red arrows indicate lotan of
folds.

Branchingand twisting was found onlpr PHBHX13mol%), which
frequently hadspherulitegdevelopedvith branchingand twisting, as shown in Figure
5.11 and 5.12. Walso foundamellar twistingthatincreases from the single crystal to
theearly stagsof spheruliteformation and then oto mature spherulites. Such
twisting is not seen for PHBHXx(3.9mol%) crystalnepotentialtwisting mechanism
involves repulsion from neighboring lamellRe&Hdowever, thisdoesnot explainour
case due tthe fact that we are using suditute solutions In our casetwisting is
most likelyrelated to the congested packing of excluded 3HHXx on the fold surface.
Theformation of wists may help relievdocal stressscaused by bulky 3HHx
packirg.

In summary, we conclude that 3HHx groups have very small effect on the
PHBHXx crystal form and growth habits of single layered single crystals, but has a

prominent effect omfluencing hierarchical crystal morphologies.
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Figure 5.11: PHBHx(13mol%) premature spherulites. Crystallization method:
isothermal crystallization. Crystallization conditions: concentration
= 0.01wt%, CHCIs/EtOH ratio = 0.025, Tc = 45 °C.
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Figure 5.12. PHBHx(13mol%) twisted lamellae. They are created by
ultrasonification of PHBHx(13mol%) spherulites. Crystallization
method: gradual cooling.Crystallization conditions: concentration =
0.01wt%, EtOH, Ta =110 °C, air cooling.
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Chapter 6

CRYSTALLIZATION OF PHB AND PHBHX ULTRATHIN FILMS  ON
METAL OXIDE FLAT SURFACES

6.1 Discovery of the crystallization retardationof PHBHx(13mol%) thick sheet
sandwiched by Alfoil

Theunexpectedliscovery ofaluminum oxide, or AOinduced PHBHx
crystallization retardation effeestasaccidentalOriginally, we attempedto induce the
betacrystaline form of PHBHXx by applying static electric fields across a PHBHXx
film. The betarystal form of PHB has useful properties including piezoelectritity.
22 To applyanelectric fieldfor poling, two pieces oEommercialAl foil were attached
to a thick PHBHx(13mol%}¥heetapproximately 3 to 4 mm]jn this and the
following chapters, a sheet and a film are referred to as having a thickness over 200
mm, and below 200m, respectively. The whole processing route is shown in Figure
6.1. In order o fabricatea sandwiched structure,Carver Press was used. An amount
of as received PHBHx(13mol%) powdeasplaced between two pieces of Al foil,
andthen pressed at 16C for 2mins to form asandwichstructure Then the laminate
was quikly removed from the Qaer Press and quenched into ice watgrrgvent

crystallization.

Thermal Peel off Al - Crystallization -
press from one g
side
AL | L |

Figure 6.1: A schematic to show Al foil sandwiched PHBHx sheet and removal of
one-side of the Al foil
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The laminate was qckly brought toroom temperaturto remove oneideof
theAl foil (Figure 6.1))eaving the other side untouchedd the whole sampleas
allowedto crystallize at room temperature. Thus, the sidgheetwithout Al will
crystallize naturallyand the side wittAl foil crystallizesunder contact wittA\l. After
crystallization foragiven amount ofime, FTIRin ATR mode was usei examine
thecrystallinity of the film by looking at the carbonyl stretching region.
Experimentally, thexposedside of the filmwithout Al foil cansimply be placedn
contact withthe ATR crystalForthe sideof film still in contact withthe Al foil, a
small Al foil patch approximately0.5x 0.5 cnf, was peeled off, followed by quickly
placing itonthe ATR crysal for spectal acquisition The time from the actual
peelng-off process tdhetaking of a spectrums less than 3 mins. Figu&2 shows
the carbonyl region dhe sidewith Al foil after 12hrs and without Al foil after 4rs
crystallization. For theide without Al foil, after 4 hrsthe alpha crystal peakt 1723
cm! clearlydevelopegandthe 1742 cm' amorphous carbonydand is also observed
For theAl-coatedsideafter 12 hrsthe peak maximuris foundat 1736 crit. The
apparenbccurrencet1736 cm' is most likelydue to the combination of 1723 dm
and 1742 cm, indicating thathe polymer is at the early stagecofstallization It is
expected that aftdongertimes, thered spectrum should have a similar line shape as
that of black spectrum. Therefore, this experiment indicates that PHBHx(13mol%)
crystallizesmuchslower when iis in contact with Al foil. It is worth noting thathen
removingthe Al foil, we couldevenfeel theadhesion othe Al foil andthe polymer

interface.
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Figure 6.2: The carbonyl regions of FITR-ATR spectra for PHBHx(13mol%)
thick sheet. Black: the side of sheet without Al foil after a-hour at
room temperature; Red: the side of sheet with Al foil after 1zhour at
room temperature.

The above discovery is very intriguing @aiso raisesome issuewhich
hinderthe conclusion that the crystallization retardation is indiedtoPHBHXx
interacting withthe Al surface. First, the surface chemistry of commercialized Al foll
is notvery clear. Commercialized Al foil may have a thin coating layer, which may
also interact with PHBHXx to disrufs crystallization. Second, due to a relatively high
ductility and flexibility of Al foil, thethermal pressg process may lead to tiAé¢foil
insering into the interstitial region between PHBHXx spheres (powdxert)
macroscopically and microscopically, resulting in an increaffedtivecontact area
between Al and PHBHK Increasing contacreais known to also help reduce

crystallization rate. Thirdhe thermal pressing processay induce a thermal
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