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Abstract
The creation of isolated, oriented and insulated polyacetylene (PA) chains was assisted
by utilizing the favorable features of self assembling inclusion compounds to form inclusion
complexes (IC). Calculations suggesting that conducting or even superconducting behavior is
anticipated for a one-dimensional, “infinite”, isolated PA chain led to the desire to
experimentally synthesize this polymer in a manner consistent with the model underlying the
theoretical treatment. A two-pronged approach was taken to accomplish this objective. The first
method proposed was to isolate a small molecule PA precursor, with terminal end groups that are
favorable to cleavage with UV irradiation, in an IC. The small molecule chosen was (E,E)-1,4diiodo-1,3-butadiene (DIBD) due to the easy cleavage of C-I bonds and stereochemically pure
synthesis. Once isolated in an IC, UV-light was used to polymerize the monomer unit. The
second method proposed was to simultaneously grow PA while it was encapsulated by an IC.
This was attempted by utilizing olefin metathesis with the Grubbs group of catalysts to grow the
polymer in a solution containing the desired host molecule. As the polymer forms the host
molecule should encapsulate the polymer.

The small molecule inclusion method produced DIBD UICs with three different
formation techniques: slow evaporation, slow cooling, and vapor transfer. All crystals formed
had the same unit cell, which suggests that the same crystal structure was formed by all methods.
These crystals were irradiated with 254 or 532 nm light, and the resulting photoproducts in the
UICs were probed by Raman spectroscopy. These results showed that both irradiation
wavelengths converted the isolated monomer to PA. This conversion was observed to occur
selectively at the surface of the crystal when 254 nm light was used, likely due to strong
absorption of the 254 nm radiation by the DIBD monomer in the crystal. The 532 nm sample
I

showed deeper penetration into the DIBD UIC. This deeper penetration resulted in a higher
amount of DIBD converted to PA in the UIC versus the use of 254 nm light. This is important
because to have complete conversion within the UIC light will need to penetrate completely
through the crystal.

The simultaneous inclusion and polymerization method was attempted with both urea and
tris(o-phenylenedioxy)cyclotriphosphazene (TPP) to form ICs. Possible PA ICs resulted from the
work with TPP and was consistent with PA inclusion. Melting point was the first
characterization technique attempted with the possible ICs but the data was very inconclusive.
FT-IR was the second characterization technique attempted, the data showed a change in the
vibrations associated with PA, suggesting something was different about the material formed in
this manner versus the unrestricted bulk polymer. X-ray data was then taken of the material
which appeared to indicate a hexagonal host lattice with a possible disordered guest present
within it.

The potential uses for this material are mostly in the electronics industry. Conductive
polymers are most useful in OLED TVs, Li-polymer batteries, and thin film solar cell
application. If these PA ICs show strong conductive behavior the main use for them would be as
batteries or in molecular circuits. If superconducting behavior is observed then it could
fundamentally shift our understanding of conducting polymers. This would represent a huge leap
forward in organic molecular electronics research. This PA research could also lend insight into
graphene or carbon nanotubes since these two materials are heavily studied for their desirable
properties but face many similar synthetic challenges.
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1
Chapter 1: Introduction to Polyacetylene and Inclusion Compounds

1.1 Polyacetylene
Conducting polymers have been of great interest since their discovery 40 years ago and
have spurred some advances in the electronics industry. With the discovery of conducting
poly(sulfur nitride) in 1973 1 and the superconducting behavior it exhibited below 0.3K,2 a wave
of investigation into other possible conducting and superconducting polymers was initiated. In a
1981 review by Street and Clarke several conducting polymers were discussed, including
polythiophene, poly(1,6-heptadiene), and polythiazyl, but while advancements had been made by
then, the number of known conducting polymers was small and only exhibited this behavior
when doped.3 Superconductivity research in organic polymers has not lead to more significant
discoveries but many conducting polymers were found and investigated after this time, leading to
a large range of conductivities from insulating to conducting behavior similar to copper and
silver (Figure 1).4

Most of the current research on conducting polymers focuses on heterocyclic polymers
such as polythiophene, polypyrrol, and polyaniline.5,6 This is due to ease of synthesis, large
commercial availability, and extensive background research. 7 The most important properties all
of these systems have in common is an extensive conjugated π system and the ability to be doped
(either by chemical or electrochemical means). These polymers are used most commonly in
research toward supercapacitors,8 solar cells, 9 and battery technology. 10

2

Figure 1. . Conductivity scale showing conducting polymers in relation to some common
inorganic materials (from ref. 4). 4

Polyacetylene (PA) is a well known and studied polymer; the first reported attempts to
polymerize acetylene were attempted in 1866 by Bethelot as he investigated acetylene and the
chemistry associated with the molecule.11 The material was later synthesized utilizing a ZieglerNatta catalyst in 1958 by Natta et al.12 The method involved a heterogeneous catalyst of
Al(C2H5)3 and Ti(OPr)4 with acetylene gas in heptane. This method produced a dark mostly
crystalline powder ranging from brown to black which was insoluble in any solvent. Further uses
of this catalyst by other groups produced similar results of a black insoluble powder with no
molecular weight control observed in this route (small amounts of material was solubilized in
DMSO and acetone but this was attributed to shorter chain molecules).13,14,15 This method was
improved upon by Berets and Smith through the rigorous removal of oxygen and H2O from all
solvents and glassware in an attempt to remove impurities. 16 This preparation also produced a
difficult to manipulate black powder which was characterized with elemental analysis and IR
spectroscopy. This method showed an increase in conductivity of the polymer suggesting the
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synthetic method was directly influencing the level of conductivity and that oxygen
contamination was a factor.

Luttinger and coworkers developed a co-catalyst system that produced PA using several
Ni catalysts paired with a reducing agent (i.e. sodium borohydride).17 What was unique about
this work was that the polymer was investigated with X-ray diffraction for the first time.
Luttinger obtained brown to black powders, finding the brown ones to be highly disordered in
the X-ray results, but the black powder showed a linear ordering. When IR spectroscopy was
performed on this material it displayed an absorbance at 1010 cm-1, which had been previously
reported in the literature and attributed to trans PA. Further X-ray studies showed that the
material made by these methods was planar18and linear with some cross-linking.19 Several
groups have attempted to solve the crystal structure of the polymer with the unit cell being
agreed upon as orthorhombic20,21 and one possible solved structure with P21/n space group.22
Several later groups suggested that this structure was incorrect and the morphology was an
artifact of the chain orientation. 23 Further attempts to characterize polyacetylene in this way were
met with difficulties. 24

Shirakawa and coworkers discovered that the cis/trans ratio of polyacetylene could be
controlled by the temperature of the polymerization reaction, with polymer formed at low
temperatures (-78 oC) completely cis and PA formed above 150 oC completely trans (at least as
detectable by the limited spectroscopic techniques available). 25 These results were used in work
where Raman and UV-Vis absorbance spectroscopy were first used to investigate PA in both cis
and trans forms.26 These thin films were then optimized; this new procedure resulted in thin PA
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films which were found to be semiconducting where many of the previous materials had been
insulating.27
The resulting films were doped, 28 this had not been done previously because the previous
powder samples did not respond to attempts to add a dopant and handling the material was
challenging. A dopant is an impurity added to a semi-conductor to increase conductivity. The
dopant can be p-type or n-type; p-type dopants (I2, AsF5, etc.) introduce positive charges into the
material through oxidation where n-type dopants (NaBH4, etc.) introduce negative charges
through reduction. Typically, electron-rich conducting polymers are good for p-type doping
while electron-poor polymers are good for n-type doping.7

The dopants used by Shirakawa and coworkers in the conducting PA films were mostly
halogens and arsenic pentafluoride (p-type).29 This led to the discovery of a massive increase in
conductivity from the undoped version (increase of >108 Ω-1 cm-1, leading to conductivities
comparable to copper and silver metals). 28 This work led to the Nobel Prize in chemistry being
awarded to Shirakawa, MacDiarmid, and Heeger in 2000. After the initial discovery that these
dopants increased conductivity, other p-type dopants were explored, for example SbF5 and
CH3SO3H.30 Some n-type dopants were also explored (sodium naphthalenide31 and Li salts32) but
the research on these is still rather limited. These doped materials were conductive but much
controversy arose as to the heterogeneity of the doping,33,34 what factors in the dopant contribute
to the increase in conductivity (e.g. size of material vs method of doping), 35 and isomerization
upon doping (Raman studies suggested that isomerization occurs, while 13C NMR suggested that
it does not).36,37
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After Shirakawa’s success with the thin film form of PA, other methods to find new
routes to PA were attempted. A goal was product that was able to be better characterized since
the current material was still not well characterized in comparison to other conducting and semiconducting polymers. Feast and Edward developed a synthetic method polymerizing the
monomer 7,8-bis(trifluoromethyl)-tricyclo[4,2,2,0]deca-3,7,9-triene utilizing ring opening
metathesis polymerization (ROMP) with WCl6:(C6 H5)4Sn (1:2) and TiCl4.(C2H5)3Al (1:2) as
catalysts.38,39 After thermolysis, the resulting polymer material matched previous Raman and IR
data but showed no evidence of crystallinity and the data was indicative of short conjugation
lengths, not longer PA. This method was interesting because it produced a soluble precursor
polymer which could easily be converted to PA. This method is also a precursor to the Grubbs
method of forming PA with Ru olefin metathesis catalysts.40

Grubbs catalysts are Ru based olefin metathesis catalysts which create carbon-carbon
bonds from either opening a cyclic system containing a double bond or coupling a terminally
double bonded molecule. Grubbs (with Schrock and Chauvin) was awarded the Nobel Prize in
chemistry in 2005 for the development of this catalyst. The second generation catalyst (GII) was
able to form a PA film product utilizing ROMP on 1,3,5,7-cyclooctatetraene.41 Later the third
generation Grubbs catalyst (GIII) was shown to also form PA powders with acetylene gas (the
GI and GII catalyst did not form this powder in less than 4 hours of exposure), which can be
pressed into a shiny film. 42 The GIII is not moisture or air sensitive and is easier to remove from
the final product (this had been challenging for some of the thin film methods) by simply
washing the resulting film with excess solvent. These are the most recent synthesis techniques for
“pure” PA.
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The observed properties of all samples of PA had a large number of similarities. Every
PA form to date has no solubility in any known solvent system with the exception of short chain
PA which can be partially dissolved in DMSO and acetone. 43 SEM and TEM imaging suggests
long fiber tendrils with some cross-linking, which has been the suggested source of
insolubility.44 When doped, the short chain PA can be dissolved and UV-Vis taken of the
material which matches literature spectra for conjugated polyenes. 45 No MW control of the
polymer has been achieved, and MW distribution is very challenging to measure due to its
insolubility and infusibility. A study by Chien was able to elucidate some information by using
isotopic labeling, suggesting MW increases with lower temperature and decreasing amount of
catalysts used, but little beyond this is known. 46 Thermal studies of the PA formed showed that
the cis and trans forms have different decomposition points and that a prepared polymer will
convert to all trans when heated over 145 oC (which matched observations by Shirakawa and
coworkers that when the polymer is prepared above 150 oC all trans PA forms25) and that the
polymer decomposes into a variety of products including benzene above 425-440 oC.47,48 PA can
readily be oxidized when exposed to air, which is indicated by changes in the IR spectra with the
growth of key 1720 cm-1 and 1140 cm-1 stretches. 49
A few groups have attempted to investigate stretched PA films.50,51,52 The stretched films
were made by forming PA on a surface and then stretching that surface by mechanical methods.
These stretched films were found to orient the PA in a single direction; this orientation was
confirmed with XRD and SEM methods. 53 It was also found that if cis PA was used the film
would stretch up to 4 times and then isomerize to the trans form when thermally treated (which
occurs at room temperature but more slowly).50 This resulted in an increase in conductivity.
When doped stretched PA films were investigated it was found that the samples were not
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uniform. This sample also contained metallic and nonmetallic states within a single sample.52
This lack of uniformity has been suggested as a reason for lower than desired conductivity; the
non-metallic states introduce defects that make the overall conductivity of the sample lower. 50,51

The characterization and processability issues of PA have led groups to explore ways to
modify PA to improve processability, which would allow for further investigation into the
material and also to satisfy early computational work, which contributed to the interest in this
polymer in the first place. The early computational work done on PA by Little54 suggested that
PA could be a superconductor if the conjugated backbone were synthesized with strategic side
chains which would have properties similar to dopants. This paper was based on the work of
Bardeen Cooper-Schrieffer in their famous paper (BCS) which lays out the behavior of
superconductors.55 One type of modified PA is made by synthesizing PA with different side
groups off of the main carbon backbone. 56,57 Unfortunately the side chains studied resulted in a 3
order of magnitude drop in conductivity due to out of plane rotations that disrupted the
conjugated network, but this strategy did lead to increases in solubility. This idea is still being
studied: a paper in a conference proceeding as recent as 2013 using the theory laid down in 1964
shows this problem is still being explored. 58

Mounting the unmodified PA to a backbone by cross-linking the polymer chains to a
more soluble polymer is another method attempted to increase overall solubility. This method
also led to an undesirable decrease in conductivity. 59 Forming PA block copolymers is another
method explored to form PA that can be more easily studied. The block copolymers are
commonly created by ROMP using the Grubbs catalysts with varying monomer starting units to
create different functionalized PA moieties. 60,61,62 These copolymers incorporate units of end
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group solubility63 or they use alternating units which create isolated units of conjugated short
polyenes with some other conjugated group (i.e. phenylene, thiophene, etc.).64 These
copolymers, while being more soluble and easier to process, have inherently different properties
than PA. This leads to a reduction in conductivity due to the lower conjugation in the molecule
by adding branching to the PA chain. These synthetic changes to PA make computational
predictions of the properties for these materials more difficult.

All of the previous work has never led to a superconductor or a conductor as strong as
theoretically predicted. The reason given in the literature for pure PA's semiconducting behavior
was that this is experimental evidence of the Peierls distortion, a common phenomenon in solidstate physics. 65 The Peierls distortion is best described as a result of the energetic favorability of
alternating bonds lengths. This favorability stems from the electrons occupying orbitals with
bonding character in the short bonds and anti-bonding character in the longer bonds which
creates a band gap. This phenomenon is similar to the Jahn-Teller distortion in transition metal
chemistry where moving the LUMO to higher energy and the HOMO to lower energy stabilizes
the metal complexes resulting in distorted geometries from the ideal octahedral arrangement.66

In PA, the energy saved by shortening one bond is greater than the energy lost from
lengthening the second bond.67 This distortion from perfectly equal bonds creates two degenerate
energy minima each representing different bond alternations (Figure 2). The higher energy
symmetrical form is what would be considered an organic metal, having no band gap, and the
two energy minima forms would be semiconducting or insulating, having a non-zero band gap.
The material currently known as PA has been shown experimentally to have bond alternation, 68
which supports both the theory of the Peierls distortion and is consistent with it being a
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semiconductor (band gap ~ 1.4 eV), but it is important to note that MacDiarmid and coworkers
suggest that the material studied is a mixture of conjugation lengths, whose lengths cannot even
be accurately determined which could affect the conductivity measurements taken.69 The
experimental observation is more consistent with the double well model favoring bond
alternations rather than the higher energy symmetrical form.

Figure 2. Energy profile of PA showing two energy minima corresponding to an alternating
bond formation and a maxima corresponding to equal bond lengths(from ref 70).70

Calculations taking into account this distortion using periodic PA as a model system and
with a full treatment of the resulting anharmonic potential suggest that this energy barrier is not
sufficient to localize the structure into the two separate bond alternating structures (represented
by the two energy wells in the blue line in Figure 3).71 This point is demonstrated in Figure 3
with the lowest red line indicating the zero point energy. That the zero point is so high is a result
of the steepness of the curve that suggests that creating too long and short alternating bonds has
high energy costs. The important thing to note about the zero point energy is that it is above the
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theoretical barrier between the bond-alternate forms. The probability distribution of the ground
vibrational (zero point) state (gray line in Figure 3) shows that the bond-alternate forms are not
resolved and that the polymer is best represented as the symmetrical form. 71 This would suggest
from simple band structure considerations that infinite, periodic PA is conducting, even without
doping, perhaps even superconducting. This had been previously theorized the literature but only
with modified with side chains PA, not the pure material.54 The issue with this assertion is that
infinite PA cannot be synthesized experimentally. One might suppose, however, that PA that is
long enough and well ordered would have a similar electronic structure and show conductivity.
This suggests that the properties of the currently available material known as PA may be
indicators of too-short and/or disordered chains to realize the predicted conductivity. Since
infinite PA is a physical impossibility, how long is long enough? This question is one that could
potentially be answered experimentally.

Figure 3. Energy profile of PA shown as a plot of energy versus bond length (blue) with 1.4 Å
being equal bonds and other values representing either the short (<1.4 Å) or long (>1.4 Å) bond
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of an alternating pair. This plot also shows the calculated zero point energy of the ground state
(lower red line) and the probability distribution of those bond lengths (gray) (from ref 71).71

Experimentally, the PA that has been synthesized utilizing several techniques illustrated
above results in a bulk aggregate solid that is known to contain many defects and lacks any
inherent processability.2,25,29,31 This lack of processability makes commercial applications
difficult to impossible. These defects consist of cross-links, short chain lengths, chain-chain
interactions, different orientations, non-planar conformations, and site defects (i.e. synthetic
defects such as sp3 centers). These structural deficiencies are likely responsible for the favoring
of bond alternating forms of PA over the symmetrical form, leading to deviation from the
theoretical behavior of Figure 3. This would suggest that if a highly oriented, isolated, planar
system could be synthesized it should exhibit the theoretical behavior calculated, as long as those
chain lengths were sufficiently long to resemble the infinite system.
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1.2 Inclusion compounds

Inclusion compounds are classes of materials that can self assemble into regular repeating
crystalline structures, with vacancies large enough for guest molecules to inhabit them or form
structures around guest molecules when present known as inclusion complexes (ICs). The
molecules discussed here are ones that form channels with diameters between 5-6 Å. This is by
no means an exhaustive list of all inclusion compounds but is meant to be representative of the
classes of inclusion compounds that are most common in the literature and are relevant to the
project.
Cyclodextrin (CD) (Figure 4),72, 73, 74,75 tris(o-phenylenedioxy)cyclotriphosphazene (TPP)
(Figure 5),76,77,78,79,80,81,82,83 perhydrotriphenlyene (PHTP) (Figure 6),84,85,86 and urea (Figure
7).87,88,89,90,91 are four very common inclusion compounds which form the most studied ICs in the
literature. CD inclusion compounds are typically used in biological research due to the
hydrophobic interior and hydrophilic exterior of the channels, a result of the molecules structure.
This material will form ICs in solution; the other compounds discussed only form ICs in the solid
state. CD can form ICs from three forms α, β, and γ, which create channels from 5 Å up to 20 Å.
This allows for the inclusion compound to be modified fitting the desired guest molecule.72, 74

Figure 4. α-Cyclodextrin (left) and resulting channels (right) (from ref 74).74
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Figure 5. Structure of TPP (left) and channel formation (from ref 81) (right).81

Figure 6. Structure of PHTP (isomer shown on left) and channels formed (from ref 84) (right).84

Figure 7. Structure of urea (left) and a comparison of hexagonal channels (right) with tetragonal
(center) urea (from ref 87). 87
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TPP and PHTP are typically compatible with non-polar inclusion molecules and nonpolar solvent systems. PHTP forms channels by stacking in a pancake type fashion utilizing van
der Waals interactions to assemble and surround the guest molecule. PHTP channels have a fixed
diameter size of 5 Å.84 Its advantage as an inclusion compound is its simple unreactive structure
which allows for chemical and photochemical manipulation of molecules included within the
channel. TPP's inclusion diameter can be adjusted, similarly to CD, by modifying the aromatic
rings attached to the central phosphazene ring, creating channels between 5-10 Å.79 These
molecules can also expand their structures to accommodate guests that are slightly larger than the
channel diameter (distortions up to 2 Å). TPP forms channels by π stacking and creates a nonpolar inclusion environment. The inclusion environment for TPP differs from PHTP due to the
opportunity for π interactions between the guest and host in any complex formed. The
disadvantage of TPP is that it will form channels without guest present making separation of
“empty” TPP and TPP ICs difficult.

Urea is compatible with polar solvents (most commonly MeOH and EtOH) and with both
polar and non-polar inclusion molecules. Urea channels form due to hydrogen bonding between
the urea molecules and many ICs have either hydrogen bonding or van der Waals interactions
with the interior of the channels. This chapter will focus on TPP and urea as they were the
molecules chosen and utilized in this work (see section 1.3). PHTP was attempted in this work,
and limited success was seen in reproducing the literature synthesis. 92 Unfortunately the material
is difficult to obtain and is very expensive to make. Several attempts to make the material using a
more cost effective hydrogenation method93 were unsuccessful.
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Figure 8. Ribbon helical structure of the linear hexagonal channels formed by urea (side view,
left, from ref 87).87 Hexagonal channels with n-alkane guest (down c axis, right, from ref 94).94
The first urea inclusion complexes (UICs) were made by Bengen in the 1940’s 95 and later
characterized with X-ray diffraction (XRD) by Hermann96 and Smith.97 Bengen noticed that
when urea was mixed with alkanes over 6 carbon atoms long with minimal branching that a
crystal product would form that is different from the basic tetragonal urea. He postulated that this
methodology could be used to separate organic mixtures. Hermann found an approximate
structure for the UICs that formed in his experiments, and this was later refined by Smith. Smith
showed that hexagonal channels were formed by the host with opposing helical ribbons (Figure
7). These opposing ribbons formed linear channels where the guest molecules reside. The
average channel diameter was found to be 5.5-5.8 Å, 98 which easily accommodates unsubstituted
alkane guests, which are the most common guests used in UIC formation. This hexagonal form is
different from the tetragonal form of urea (Figure 3), the crystal structure of “empty” urea, which
results when no guest molecule is present or when the guest molecule is removed. 99 It is
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important to note that hexagonal urea only results when a guest is present; urea will not
spontaneously form hexagonal channels in the absence of a guest molecule.

The range of guests has been numerous and hundreds of UICs have been made, but
unfortunately due to the disorder of these crystals fewer than 20 have completely solved X-ray
structures. Completely solved structures refer to the UIC being solved in a known space
group,100,101,102 although many have been solved with respect to the host structure or the guest
location separately. All of the solved structures have commensurate host/guest structures. This is
because the guest disorder becomes solvable in a commensurate system. Commensurate refers to
the relative repeat distance of the guest in relation to the host molecule; if it can be defined
within a channel by an integer ratio, then it is commensurate. Without this regular repeat distance
most UIC remain unsolved due to the disorder between the guest and host in the structure.

UICs with polymer guests have been prepared in two ways, the first being an inclusion
method where the synthesized polymer is mixed with urea either in solution or the two solids are
intimately mixed resulting in a polymer UIC. Polymer UICs that have been reported utilizing this
methodology are extensive and examples are polyethylene oxide (PEO), polyethylene (PE), and
poly (methyl methacrylate) (PMMA).103 Some of the first reported polymer UICs formed by this
method were PEG (polyethylene glycol) and PEO (larger molecular weight PEG).104,105,106 These
adducts formed by mixing the urea and polymer in a compatible solvent system (such as MeOH)
and growing the crystals. Some of the larger polymer adducts were formed by suspending urea in
a non polar solvent (such as benzene) with the polymer in solution and UICs would form from
that solution. PE UICs were first formed by Yokoyama and coworkers.107 They found that when
UICs of paraffin were combined with a saturated PE solution that the guests would exchange and
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form polymer UICs. Later experiments done by Tonelli and coworkers formed polymer UICs by
more complex methods.108 PMMA was formed by slow addition of a saturated urea solution to a
saturated polymer solution; the polymer UIC would then precipitate out of the dual solvent
system.

The second method of making UICs with a polymer guest involves the use of a monomer
unit, isolated in a UIC, which is then polymerized within the channels using either X-rays or γrays.109 This method has been used for many molecules including vinyl chloride, 1,3-butadiene,
acrylonitrile and acrolein.110 Once the monomer UIC was formed a radiation source was applied.
Polymerization was indicated by a strong discoloration due to the removal of halogen
compounds (vinyl chloride) for elimination polymerization samples, the addition polymerization
(acrolein) samples were only indicated by removal and characterization of the resulting
polymer.103 In some cases as the polymer formed the guest would move in the crystal to
propagate the polymer formation. This migration was observed by the ends of the UICs reverting
to tetragonal urea due to the shortening of the included species during polymerization. None of
these methods produced a conjugated polymer, most relied on the breakage of carbon-carbon
double bonds (the π bond) during polymerization resulting in a loss of any conjugation
previously contained in the monomer. It is important to note that while the polymers were
formed within the UIC channels nearly all analytical data in reference to the polymer was a result
of removing the formed polymer from the original complex.

The polymer UICs formed were characterized via single crystal X-ray and SEM, and the
recovered polymer was characterized with 13C MAS NMR (magic angle spinning solid state
NMR), 13C and 1H NMR, and differential scanning calorimetry (DSC). Many of the polymers
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studied showed an elongation or stretch to the polymer which typically required manual
stretching of the solid material.105,106 Isomeric control was seen, for instance when trans-1,3butadiene was polymerized within the channel 100% trans-polybutadiene was formed. These
studies allowed for the behavior of individual chains to be distinguished from the behavior of the
bulk solid.
Allcock in 196377 while investigating heterocyclic polymers discovered interesting
properties associated with one of the materials he studied, TPP (Figure 5).76 The material, while
being sparingly soluble in organic solvents, seemed to swell when in contact with liquid or
vapor. Powder XRD studies performed on the resulting material showed a deviance from the
starting material structure. The mp also differed from that of the staring material, increasing by
an amount depending on the included molecule. Later 1H , 13C and 31P MAS NMR, and single
crystal X-ray diffraction was used to characterized these ICs.78, 80, 111

TPP has been used to form polymer inclusion structures in a similar manner as urea.
What is interesting about this molecule is that including a small unit and polymerizing with a
radiation source was the only known way to form polymer TPP inclusions compounds (TICs)
until Allcock and coworkers found that PE and PEO would form TICs with bulk polymer TPP
mixtures in 1997.112 Before this discovery was made many monomers had been used to form
polymers including but not limited to 1,3-butadiene, methyl methacrylate, and isoprene.113,114,115
These studies, like the urea ones before them, showed that when the radiation source was applied
the monomer unit would polymerize into the corresponding polymer.

Once it was found that bulk polymers could form ICs with TPP others polymers were
formed including but not limited to cis-polybutadiene, trans-polyisoprene, and
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polytetrahydrofuran.116,117 All of these polymers were characterized by MAS NMR ( 1H, 13C,
31

P), melting point, DSC, and X-ray crystallography. The TIC polymer compounds structures

and thermal stability were found in the TIC but, like the UIC polymer adducts, the polymer itself
was studied after removal from the host complex. This was done because in all of these studies
improvement of the bulk polymer was the main goal of the investigators, and the TIC was not of
interest beyond this.
The experiments done by Allcock and coworkers113,114,115 are some of the most
comprehensive studies involving forming the isolated and bulk polymer by the same method and
comparing the resulting polymers to each other. It is important to note that several studies with
both TPP and urea have used confined monomers to form polymer in a specific way. These
studies recovered the confined polymer and were then compared to a bulk solid polymer formed
in the same manner but in the absence of a host compound. It was found that some polymers
would only form in confinement, that the polymers formed had better yields, and that isotatic
control was much better in the TIC and UICs than the bulk solid even when done at lower
temperatures. These results suggest that confined polymers exhibit markedly different properties
and behaviors and make this a worthwhile methodology for further investigation. The main
distinction between these studies and the proposed work in section 1.3 is the removal of the
polymer from confinement; this distinction is important because the goal of this project is to
study the polymer IC specifically.
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1.3 Polyacetylene inclusion crystal formation project goals

Studying PA is a challenge as illustrated by the extensive research described in section
1.1. PA is still of great interest based on its theorized behavior and possible uses. Battery
technology is a huge area that this research could impact as conducting organic polymers are a
much cheaper alternative to the metals currently used; they also are more environmentally
friendly. 118 Other areas of interest include solar cells and new organic light emitting diode
(OLED) TVs The current research into thin film solar cells utilize organic conducting polymers
to form nearly transparent cells which can be installed as windows into office buildings allowing
companies to generate their own electricity. 119,120 OLEDs offer an alternative in TV technology
that create more options in manufacturing and also allow for a physical flexibility that opens up
new applications for entertainment purposes.121,122 These new products are still attempting to
become fiscally competitive with the entrenched technology. If the basic research into how these
organic conducting polymers work could offer more possibilities for fabrication, this would be at
minimum a modest leap forward in technological development. If the theoretical
superconducting behavior is exhibited by this material it could change industry across the
spectrum from batteries to automotive to residential applications.

A new proposal to study PA, a difficult and complex polymer, utilizing the unique
features of inclusion chemistry is the goal of this project. A two pronged approach was
developed and taken to accomplish this. The first method was to isolate a small molecule moiety
in an IC and apply a radiation source to polymerize the included unit. Urea and TPP are
extensively studied so these two host molecules were chosen for this project. The main method
of polymerization shown in the literature, γ and X-ray irradiation,85,110,115 are difficult to perform,
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require very specialized equipment, and require stringent safety precautions and training which
make these complex experiments to do in the laboratory. Our group postulated that if the
monomer unit could be designed with a modified terminal end group whose bond could be
cleaved by non-ionizing radiation these challenges could be mitigated. Iodine seemed an
excellent candidate since the C-I bond is known to be unstable toward UV-light.123 This would
allow for simple, easily available equipment to be used for the polymerization step and would be
much safer. This specially designed monomer unit would be confined in an IC and then the UVlight applied to form the desired isolated PA species. It is worth noting that Allcock and
coworkers attempted to form PA in a TIC by forming a TIC with acetylene and irradiating it, this
method failed to produce PA TICs from the acetylene TIC.113

The second method proposed grew out of the methodology where bulk polymer is mixed
with the IC to constrain it. The issue with this method is it requires the polymer, in most cases, to
be soluble in some solvent (not even necessarily compatible with the host molecule) for the ICs
to be formed. PA is not soluble in any known solvent and all synthetic routes lead to a crosslinked material that would be extremely challenging if not impossible to put into an IC. If the
preformed polymer could not be included, then perhaps it could be formed and encapsulated
simultaneously. This might be accomplished by utilizing olefin metathesis with the Grubbs
group of catalysts to grow the polymer in solution. This solution would also contain the desired
host molecule, so that as the polymer forms the host molecule would encapsulate the polymer.
This encapsulation idea is not completely without precedent as groups had attempted to do this
with already formed PA using the encapsulation to protect the polymer. Some of the early work
was with epoxy resin, polyurethane, wax, glass, and even CH4 plasma.50,124,125 These techniques
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protected the polymer from oxidation and decomposition not through ICs but rather a coating
process. These materials did not lead to any further studies.

Both of these methods should produce extended, isolated, conjugated chains. These
isolated conjugated chains could allow for the study of much longer PA than has been formed
previously. This new material is different from previous material as it contains no chain-chain
interactions, is oriented along a single axis, and could form chains of essentially infinite length
within the IC material. This would allow for a 1-dimensional study of the molecular electronic
properties of PA, which has not been possible to do before.

The molecular electronic properties of the system are of prime interest, but other
properties would be of interest as well. Since the goal is to study the material in the isolated, 1-D
environment a non-destructive technique would need to be employed to probe this. Raman and
ATR-FTIR (attenuated total reflection-FTIR) spectroscopy are excellent candidates as they can
probe the UIC without damaging the material. These spectroscopic techniques have been use on
bulk PA before so there is an established methodology which could be utilized.29,38 It is worth
noting that ATR-FTIR has not specifically been used on bulk polymer but FT-IR, typically in the
form of films or KBr pellets, has been used in the literature. These non destructive probative
techniques are especially useful in the small molecule inclusion method because the progress of
polymerization can be followed as it is occurring. This is of interest because this could open up
studies into how the polymer forms, provide characterization of the intermediate oligomers'
formation and distribution, and lend insight into when the polymer transitions from short chains
to “infinite” PA.
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The ability to probe and characterize the ICs without destroying them will allow for
further study beyond the noted characterization techniques such as electronic conductivity
measurements. Such measurements are possible at Cornell's NanoScale Science and Technology
Facility (CNF). Individual channels could be measured by coating one end of the IC with gold
and using STM probes to test the individual channels for conductivity. The channel sizes could
be determined by STM and that correlated to the observed properties which could show how this
affects conductivity.
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Chapter 2: First method for formation of a polyacetylene inclusion complex: Isolation of a
small molecule in an inclusion complex for UV polymerization

2.1 Introduction to small molecule inclusion polymerization methodology

The small molecule inclusion method was conceived as the first in a two-pronged
approach to the isolation of PA in the form of isolated, well-ordered chains. This method
involves the synthesis of an appropriate monomer unit which would then be incorporated into an
IC. Once this unit is isolated some external energy source (traditionally in the literature X- or γrays but here UV or visible photons)84,109,114 can be applied to the crystal which will then
polymerize the monomer units (Figure 9). This should result in the formation of short polyene
chains at first and then a conversion to extended “infinite” chains. The resulting UIC should
contain isolated and constrained PA chains oriented along the channel axis.

Figure 9. Model of the small molecule inclusion methodology including intermediate species.
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The monomer unit chosen for this project was (E,E)-1,3-diiodo-1,4-butadiene (DIBD).
This molecule was chosen because it can be synthesized at 99% stereoisomeric purity of the
(E,E) isomer (Figure 10, Scheme 1). Should the (E,E) isomer be exclusively included in the
complex this might be expected to result in over 99% trans PA in the IC once complete
polymerization has occurred and perhaps much higher due to the channel constraints. Another
benefit of this molecule is the terminal C-I bond, which can be cleaved using UV-light. The
literature describes many IC polymerizations involving X- or γ-rays utilizing terminal C-C, C-H,
or C=C bonds, which require much higher energies to cleave and/or activate (Table 1).126,127,128
These methods result in high molecular weight polymers, convert double to single bonds and
incorporate halogens present in the monomer into the polymer unit. No known method forms PA
using this type of IC polymerization (as was noted in Chapter 1, acetylene TICs were used in an
attempt to form PA but were unsucessful112).

Figure 10. The three isomers of DIBD.

Scheme 1. Reactants and product for the DIBD synthesis.
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Table 1. Bond energies for common bonds broken by X- or γ-rays in IC polymerization.126

Bond
C-H
C-C
C=C
C-I

Avg. bond energy (kJ/mole)
411
346
602
213

UV-light has not been utilized for IC polymerization due to it being a weaker energy
source which would not cleave the desired bonds. The advantage of UV-light is that it is safer,
simpler, and more specific than the ionizing radiation that has been used previously in the
literature. The application of energy is short in ionizing radiation; therefore it relies on higher
energy and propagation to achieve the desired polymerization. UV-light conversely creates many
events with longer exposure but at a lower energy, this should create more radicals within the
channels that the ionizing radiation would. The radicals typically would be short lived due to the
lack of propagation but the UIC stabilizes radicals which allow for the events to last longer.
These reactions will be done in the solid state; the UV-lights ability to penetrate through the
material is also an important factor in these reactions.

The UV-light penetrating the channels created by the UIC would lead to several possible
mechanisms with which the DIBD could be polymerized. In Scheme 2 two possible mechanisms
utilizing a single photon event with two neighboring molecules, restricted in a urea channel, is
shown. A two photon event is also possible in these UICs. A two photon event as described here
is meant to indicate when two neighboring atoms are cleaved, each by a single photon (Scheme
3). This should not be confused with a two photon cleavage, which is when two photons hit a
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single C-I bond to cleave it. Each of these mechanisms is equally likely until experimental
evidence suggests otherwise.

Scheme 2. Purposed single photon mechanisms for DIBD polymerization in a UIC (urea
channels omitted for clarity).
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Scheme 3. Purposed two photon (not necessarily simultaneous) mechanism for DIBD
polymerization in a UIC (urea channel omitted for clarity).

Also of interest in this project is the spectroscopic study of isolated short conjugated
systems in ICs. One way to accomplish this would be to co-crystallize DIBD with a long
diiodoalkane (1,8-diodooctane, 1,12-diiodododecane, etc.). This system, when irradiated with
UV-light, would produce a copolymer with small isolated diene and tetraene regions (Scheme 4).
The size of the regions could be controlled by the ratio of diiodoalkane to DIBD in the crystal.
Due to conjugated systems’ strong absorbance, these diene and tetraene regions would need to be
dilute to make meaningful measurements. This would be interesting because it would give
insight into how the change in conjugation length affects the properties of the material.
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Scheme 4. A possible product formation from a dilute co-crystal UIC formed with DIBD and
1,8-diiodoctatetraene (channel omitted for clarity).
To achieve the desired ICs urea was chosen as a suitable matrix. Urea’s solvent
compatibility with DIBD was assured, since DIBD is synthesized in MeOH. Urea also has many
literature examples of previously prepared UICs that have similar guest structures containing
longer chain halogenated alkanes and alkenes. 91,99 It was thought that the similarities in guest
size and structure would result in similar UICs. A factor in this choice was the literature
assessment that isomerization of the material occurred in several solvents (C6H6, CHCl3, etc.)
after a short time (<30 min).130 As reported here, this was later found to be a result of
contamination of the DIBD with I2, which opened the investigation into other ICs that were
previously thought to be undesirable (section 2.5).

30
2.2 DIBD IC methodology and results
DIBD129,130 was used in several methods to form UICs. The first attempts to form UICs
were performed by a slow cooling method which involved a solution with a 7:1 urea:DIBD ratio
in MeOH in a bath from rt to -20 oC. This ratio derived from an approximate calculation of how
many urea molecules would be needed to encapsulate a DIBD molecule. This was based on the
relative size of the urea molecule and the DIBD molecule length (these were very crude
calculations based on basic bond lengths). These attempts were unsuccessful and the ratio was
then adjusted to 6:1, this was done when an excess of guest was found to be easily removed from
the exterior of tetragonal urea crystals. This new ratio resulted in the formation of UICs.

The new ratio resulted mostly in mixed samples, where the UICs had to be separated
from tetragonal urea. The samples were separated by using a density test. It was predicted
computationally (Gaussian 03) that a DIBD UIC would have a density of ~2 g/mL, and knowing
that tetragonal urea’s density was 1.32 g/mL, CCl4 was chosen (d= 1.587 g/mL) to separate the
mixed samples. The mixed sample was placed in CCl4 in a beaker, causing the tetragonal urea to
float on top of the solvent and the UICs to sink. This method had the advantage that any nonincluded DIBD on the surface of the UIC would dissolve in the CCl4, thereby removing it as a
contaminant and also dissolving any crystalline DIBD which might be confused with UICs.

This method was successful in 66% of the trials in producing UICs. When the ratio was
later adjusted to 5:1 the crystals consisted of only UICs, which formed at ~80% success rate. The
difference in these success rates for formation of the crystals can be attributed to the excess of
guest which increases the statistical likelihood of crystal nucleation with a guest (UIC) rather
than a tetragonal nucleation. It is important to note that when a greater excess of DIBD (4:1 or
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lower ratio) was used, DIBD crystallized out of solution with no UICs. Crystal nucleation is not
a very well understood science; the best that can be done is to empirically create the most
favorable conditions possible for the desired nucleation.

The slow cooling method of UIC formation was difficult to replicate as it required a
dedicated slow cooling bath which was a challenge to obtain. The cooling bath used to form the
crystals described was fitted with a motor which slowly lowered the temperature, unfortunately
this modification was not consistent from sample to sample. The resulting UICs were clusters of
small crystals which were suitable for X-ray but were not ideal for the irradiation and Raman
spectroscopy. A slow evaporation method was developed to attempt to create more consistent
UICs. This new method stemmed from the desire to both increase the size of the crystals and to
elongate the UIC along the channel axis. It was thought that slow evaporation may form crystals
with the desired morphology.

The slow evaporation method was performed by creating a urea:DIBD solution at a 6:1
mole ratio in MeOH and increasing the volume by 4 times the original volume (typically a 5 mL
saturated solution to 20 mL solution). This solution was placed in a modified airtight dish with a
plastic lid containing two small holes in the lid. This dish was then placed in a modified
refrigerator (3 oC) or chest freezer (-3 oC) where N2 gas was passed into the airtight dish through
one hole and out a bubbler through the second hole for 1-3 weeks. The UICs that resulted were
in fact more elongated; unfortunately the elongation was not along the channel axis. This was
discovered when the UIC was subjected to polarized absorption spectroscopy, the polarization
was compared to the X-ray data and it was concluded that the channel axis was in fact not the
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longest axis. 131 It did, however, result in a morphology which made investigation of the
properties and polymerization easier due to the thinner and non-clustered crystals obtained.

The evaporation method had the drawback that it took a minimum of two weeks to
produce usable UICs. This led to the exploration of a third method to form UICs utilizing vapor
deposition in a two solvent system. This method involved dissolving DIBD in a urea saturated
solution in a vial, which was then placed in a closed container containing a low vapor pressure
solvent (such as ether) and placed in the freezer (-3 oC). The low vapor pressure solvent
transferred to the IC solution, changing the solubility of the components and causing UIC
formation. This method was explored with ether paired with MeOH, EtOH, and iPrOH. The
latter two solvents had not been used in the slow cooling or slow evaporation methods as they
had been explored previously by the author and found to not produce UICs. The UICs formed
from these crystallizations are described in Table 2. All UICs formed were either small block
like crystals, often clustered, or long needle like crystals that were very thin. The X-ray crystal
structure was solved using UICs from the slow cooling method, and the structure is shown in
Figure 11. A unit cell check was performed on crystals from the two other methods and found to
have the same unit cells (see Appendix A). It is important to note that this crystal structure is
unique because out of ~500 reported UIC X-ray studies, only ~3% are solved with respect to the
guest and the host structure.87
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A

B
Figure 11. Two hexagonal channels (A) from a top down view of the solved crystal structure of
the DIBD UIC (P21/n) with a side view of the DIBD molecules (B) within the channels (urea
omitted for clarity). 132
Table 2. DIBD UICs formed from vapor transfer method.133

Solvent
MeOH
EtOH
iPrOH

Attempts
13
17
15

Successes
9
10
5

An important issue that was discovered during the course of UIC formation attempts was
the contamination of DIBD with iodine. The unreacted iodine would precipitate with the DIBD
during the workup step of the DIBD synthesis producing a yellow to orange colored product.
One reaction produced a white solid which was found to have no iodine in it; this product formed
the best UICs at the time. This iodine contamination affected the stoichiometry of the material in
the UIC solution. It was also suspected that the iodine in solution was inhibiting UIC formation
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by both causing isomerization of the DIBD and perhaps even being included itself. More reliable
crystallizations could be performed if the DIBD could be synthesized free from I2 contamination.
The original DIBD reaction done followed the 1997 publication by Ananikov and
coworkers.129 In 2011 a follow up paper was published by the same group which found different
conditions that affected the synthesis. 130 They explored how different solvents and catalysts
affected the ratio of isomers, the amount of product formed and the purity of the product. While
there results showed an improvement in yield it was at the expense of isomeric purity. They used
sublimation as a method of purify the product (removing I 2) which successfully removed some of
the I2 but it should be noted that this method still resulted in an I 2 contaminated product (Figure
12).

Building off of this work several modifications to adjust the DIBD reaction (Scheme 1,
Table 3) were attempted including restricting acetylene flow, adjusting the reaction time,
changing the reaction solvent (which had been reported in previous literature 130), changing
catalyst mol ratio (1-20 mol % relative to I2), and changing the ratio of starting materials.
Increasing the reaction time, changing the solvent, and restricting the acetylene flow resulted in
almost exclusively contaminated product. Adjusting the catalyst only led to an adjustment in
overall amount of product formed, although no appreciable increase was noted above 10 mol %.
Adjusting the NaI to I2 ratio from 2.8:1 to 3:1 resulted in a whiter product more often than any of
the other reactions. When a slightly discolored product resulted it could be dissolved in MeOH
and precipitated with acetone resulting in a clean white product. This could only be done with
dark to light yellow products, no method of forming white product from orange to red products
was ever found.
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Table 3. Conditions varied for DIBD synthesis.

Variable
Time
Acetylene flow
Solvent
Catalyst mol %
Ratio of NaI to I2

Original published129
6.5 h
None (1 M solution w/MeOH at start)
MeOH
1 mol %
2.8:1

Modification
5, 6, 7, 7.5, 8 (h)
1, 3, 5 (bubble/min)
Acetone, EtOH
3, 5, 15, 20 mol %
2:1, 3:1, 4:1

Figure 12. Contaminated DIBD product from the literature (photo from ref. 129; similar to
author's observation)130 (left) and clean DIBD product made by author (right).

Several methods to purify the already contaminated product, including recrystallization
from numerous solvents (MeOH, EtOH, Acetone, i-prop, MeOH/H2O, and MeOH/acetone) and
washing the product with sodium thiosulfate, were unable to purify the material very much. The
only system that seemed to work was dissolving a very slightly contaminated sample (yellow,
Figure 12) in MeOH and precipitating the DIBD with acetone. More contaminated products
(dark yellow to orange to brown) would show a small removal of I 2 based on the color of the
removed solvent but never resulted in a white product. This method was used on the few
reactions that produced yellow contaminated product. A silica column was attempted with the
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DIBD which produced cleaner product with respect to I2 but resulted in isomerization (this result
is explained further in section 2.3).

Raman spectroscopy was explored as a method of characterizing the UICs formed and
following polymerization of these UICs with UV-light. Raman spectra were taken134 of the
DIBD UICs (Figure 13), these spectra have two main distinct peaks for DIBD at 1210 cm-1 and
1600 cm-1. There is also a peak for hexagonal urea at 1010 cm-1 specific to UICs.136

Figure 13. Raman spectra of DIBD UIC taken with a 532 nm source (arrows point out main
peaks of interest).134

1,4-Diiodobutane (DIB) UICs had been previously attempted with the slow cooling
method with no UIC formation. This complex was of interest because it would produce PE upon
irradiation in a UIC. PE is a well known and characterized polymer; this would be a good proof
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of concept for this polymerization method. When the vapor transfer method was used UICs
formed in all three solvents attempted (Table 4). The resulting crystals were investigated with Xray diffraction but the data could not be solved (the guest disorder was more in line with
previous UICs in the literature101). Irradiation and Raman spectroscopy were proposed for the
study of the resulting UICs, which is still ongoing.

Table 4. DIB UICs formed from the vapor transfer method. The UICs were confirmed using a
density test with CCl4.133

Solvent
MeOH
EtOH
iPrOH

Attempts
12
14
15

Successes
10
9
7
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2.3 DIBD stability in solution

The known synthetic methods for DIBD as published described the compound's stability
in several solvents including CHCl3, C6H6, and MeOH.129,130 Those results suggested that the
compound quickly (<30 min) isomerizes from the (E,E)-DIBD to a mixture of the three possible
isomers (Figure 9) in solution. These results seemed at odds with observations made by the
author when taking 1H NMR in both MeOD and CDCl3. In fact, DIBD was left in solution
overnight, and a 1H NMR taken the next morning showing only the (E,E) isomer.

To investigate these contradictory results, small amounts of DIBD were dissolved in
CDCl3, C6D6, and MeOD and the solution monitored with 1H NMR (all samples were protected
from light). The results from those tests seemed inconclusive; some samples isomerized while
others did not. When a white (free of I2) sample of DIBD was used the resulting solution did not
result in isomerization in any of the samples for 24 hrs (Figure 14). It was then postulated that I2
had been the driving factor in the isomerization. A sample that had not isomerized after 24 h in
CDCl3 was used as a test case. I2 was added to the solution and immediate isomerization was
observed (Figure 15). This was replicated for the three solvents: when white (I2 free) DIBD was
dissolved in any solvent, no isomerization was observed (for CDCl3 and MeOH over 24 h and
for C6D6 at least 6 h). As soon as a trace amount of I 2 was added to the sample, immediate
isomerization would occur no matter how long the solution had been sitting (immediate addition
of I2 and 24 h addition showed similar results). These results confirmed that small amounts of I 2
contaminating the DIBD were accelerating the isomerization of DIBD in solution. These results
also show that DIBD can be stored in solution for up to 24 h in two of the three of solvents (6 h
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for C6D6). In a solvent free of I2, DIBD can be used in a reaction without isomerization
(expanded in section 2.6).

Figure 14. DIBD stability in CDCl3 (from top to bottom) t=5 min, t= 4 h, t= 24 h.

Figure 15. DIBD in CDCl3, 24 h in solution and before I2 addition (red); the same sample 30
min after I2 addition.
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The extent of ambient light exposure as a possible cause of isomerization was also
separately explored. Samples for the three solvents (CDCl3, C6D6, and MeOD) were made in
NMR tubes and exposed to ambient room light. It was then observed that some ambient light
exposure would cause isomerization in a similar manner as I2 addition (Figure 16, black arrows
indicate isomer peaks). When a sample began isomerizing due to light exposure, it was also
observed that the solution turned pink which gave an appearance similar to samples after I 2
addition. This suggested I2 is forming during the isomerization process.

Figure 16. DIBD in C6D6 with light exposure t= 0 min light exposure (24 h in solution) (red), t=
30 min light exposure (blue) arrows denote isomer peaks.

The mechanism behind this isomerization was of interest. A series of experiments were
designed to determine if the sample was going through a radical or another mechanism. The
DIBD was first dissolved in cyclohexane in quartz and exposed to UV-light at 254 nm in a
Rayonet reactor. This experiment led to a complex 1H NMR spectrum (see Appendix A). The
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three geometric isomers of the starting material were identified, along with product peaks in the
same region including two doublets at 5.67 ppm (J = 10 Hz) and 5.73 ppm (J = 16 Hz), a pattern
that would be expected of a hydrogen abstracted product with terminal CH 2 groups. This is the
region where 1,3-butadiene has peaks in its 1H NMR spectrum. The experiment was also
performed in Pyrex, which blocks light with wavelength shorter than 300 nm. The resulting
solution 1H NMR spectrum showed only peaks that correspond to the isomerization of the DIBD.
This suggested that the DIBD was reacting with the longer wavelength light in a different way
than the shorter wavelengths. This was unexpected since the UV-Vis spectrum shows no
absorbance maxima above 280 nm.

Further experiments to explore the radical intermediates required the use of a solvent
stable to radicals that would be suitable for UV-Vis studies. Hexafluorobenzene (C6F6) was
attempted because it was able to dissolve DIBD, and while showing an overlap with DIBD
absorbance in the UV, the overlap was minor (Figure 17). The isomerization of DIBD slowed in
this new solvent, but that was to be expected with the solvent absorbance overlap, this only
modestly affected the speed of the reaction and a pink color (as previously observed) resulted.
The slowing of the reaction was remedied by extending the reaction time.
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Figure 17. UV-Vis spectra of DIBD in cyclohexane at ~10-5 M versus neat C6F6 absorbance
between 240-320 nm.

The isomerization was followed by UV-Vis absorbance to observe how the spectra
changed over time The spectra showed growth of a shoulder (Figure 18) but it was impossible to
determine which of the two isomers, (E,Z) or (Z,Z), that the shoulder represented. Separation of
the isomers was attempted with silica TLC plates and silver impregnated silica TLC plates with
several different solvent systems. None of these systems were able to resolve the three isomers.
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Figure 18. UV-Vis spectra of DIBD irradiated in C6F6 in the Rayonet (254 nm) in Pyrex over 3
h.

It was proposed that utilizing UIC chemistry could separate the three isomers. The idea
was that the (E,E) isomer would be removed within a UIC leaving the other two isomers behind.
This was theorized to be the only isomer that would fit in a UIC channel because the bond angles
of the (E,Z) and (Z,Z) isomers would make it very difficult for these isomers to fit within the 5 Å
channel. This turned out to be incorrect and in fact both the (E,E) and (Z,Z) fit in the channel, but
only in a very specific ratio to each other. This did remove almost all of the (E,E) isomer and
half of the (Z,Z) isomer leaving a much more concentrated (E,Z) solution. If the condition of the
UIC formation could be improved separation of the (E,Z) isomer may be possible. These results
were unexpected and explored further (section 2.4).
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2.4 PI DIBD UICs

The PI DIBD (pre-irradiated DIBD) UICs were formed by dissolving DIBD in solution
and irradiating for 24 hrs in Pyrex in a Rayonet photochemical reactor; the solution was then
concentrated and the residue added to a saturated urea/MeOH solution and cooled to form UICs.
The crystals were harvested and tested for inclusion using the density test previously described.
The tested crystal samples were divided, and half the sample was dissolved in MeOD and a 1H
NMR taken. This NMR spectrum showed a 2:1:0.1 mole ratio of (E,E):(Z,Z):(E,Z). This result
was reproduced 3 times with nearly identical results. There is a strong preference for the UICs to
form with a 2:1 (E,E):(Z,Z) which was not expected as it was anticipated that only the (E,E)
isomer would be able to fit in the channels (Appendix A).

The reason it was expected that the (Z,Z) isomer would not fit within the channels was
due to the size of the channel. The previously found UIC for DIBD showed that the terminal
iodine had to distort slightly for the molecules to pack correctly. This would suggest that the
bond angle of the (Z,Z) isomer would make this packing nearly impossible. When analyzing the
ratio of isomers, and would allow for regular distortion of the channel which would be necessary.
The only part it does not explain is the low amount of (E,Z) also seen in the sample. A possibility
for this is that an (E,Z) molecule is included only on the surface of the UIC growth channel; the
only way the UICs continue to grow would be that this isomer can diffuse out of the crystal and a
new more favorable isomer (E,E or Z,Z) take its place. Without a resolved crystal structure these
ideas are not substantiated and remain conjecture.

An X-ray crystal structure was taken of the PI DIBD UIC but it was found to have
excessive disorder which made resolving the structure very difficult. The Raman spectrum of the
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UIC was also taken before irradiation was done to these UICs (Figure 19). The characteristic
hexagonal urea peak at 1021 cm-1 supports UIC formation. The peaks at 1220 cm-1 and 1600 cm1

correspond to DIBD stretches showing that the DIBD was in fact included in this UIC.

Figure 19. The Raman spectra of the PI DIBD UIC at room temperature with 532 nm source.134
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2.5 DIBD UIC and PI DIBD UIC irradiation experiments135,136

The DIBD UICs formed by the various methods previously described were irradiated
with several wavelengths of light. The first attempt at irradiation of the UICs was performed with
a TLC handlamp using the 254 nm setting. This produced almost no visible color change until, at
minimum, three days had passed. The observed darkening of the crystal from white to brown,
also a brown residue formed on the plate which held the crystals, was thought to be a result of
possible PA formation and I2 removal but with this method it was difficult to evenly expose all
sides of the UIC.

The system was then modified, the UICs was placed in a quartz container which was
attached to a rotating arm. This would rotate the sample holder and tumble the crystals (similar
to a cement mixer) which would expose all sides of the UIC to the UV-light. Darker crystals
resulted in less time (visible color change in 1 day versus 3 days) but it was later found that when
the crystals were cut in half the light was hardly penetrating beyond the surface, which was
evident when the crystal was only brown on the surface but white inside, making this method
unviable.

Raman spectroscopy was explored as a way to probe the extent of conversion without
having to either crush or dissolve the UIC. This non-destructive technique seemed ideal because
Raman spectroscopy has been used in the past to characterize PA films and there is extensive
literature with which to compare and contrast the results.137,138,139 A 266 nm Nd:YAG laser was
used to irradiate the crystal and the progress of conversion followed with a 785 nm Raman
source. This combination was difficult to use as the laser irradiated a very small position on the
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crystal and it was difficult to probe that point with the broad beam of the Raman
spectrophotometer. A Raman microscope was thought to be a better way to investigate the UICs.

A small PenRay lamp at 254 nm was used to irradiate the UIC and the same spot probed
with a Raman microscope using 455, 532, 633, and 780 nm laser excitation sources (Figure 20).
This series of spectra show the characteristic change in the intensity of the main characteristic
vibrations consistent with resonance enhancement. The samples showing resonance enhancement
suggests that the shorter wavelengths (455 nm, 532 nm) would be the best probe of the change
over time of the UICs. The original lack of change noted in the 785 nm spectrum, taken prior,
was explained by these results. These results also showed that the polymer was indeed forming
within the channels (Figure 20). This is evident due to the fact that peaks characteristic of transPA140 are growing in the spectrum at 1125 cm-1 and 1509 cm-1 (Figure 22). The new product
peaks also showed resonance enhancement in the overtone region adding further verification that
a transformation of the guest species is occurring (Figure 21).
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Figure 20. Resonance behavior of the Raman spectra of a UV irradiated DIBD/UICs at the
indicated times. The solid curves are scattering spectra excited with various wavelengths (a) 455
nm, (b) 532nm, (b) 633 nm, and (d) 780 nm at room temperature. The spectra were obtained on
different single crystals of the same sample (from ref 136, appendix C).
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Figure 21. Raman scattering spectra of (a) DIBD/UICs after 15 min of 254 nm irradiation, (b)
trans-(CH)x, (c) crystalline DIBD, and (d) tetragonal urea; all spectra were collected at 293 K
with 532 nm excitation. The dashed lines indicate the positions of the new product Raman bands
at 1125 and 1509 cm-1 labeled by the corresponding vibration of trans-(CH)x, and of the
overtones and combinations of these two modes in irradiated DIBD/UICs (from ref 136,
appendix C).
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Figure 22. Photopolymerization of DIBD/UICs due to irradiation with UV and visible light as
observed by Raman spectra excited with 532 nm laser light at 293 K. Results for two photoactive
wavelengths are shown as a function of the light-irradiation time. 254 nm irradiation: (a) before,
(b) after 5 min, and (c) after 15 min. 532 nm irradiation: (d) before, (e) after 3 min, and (f) after 5
min. The solid curve (CH)x represents the Raman spectrum of trans-(CH)x as measured with 532
nm excitation (from ref 71, appendix C).

When the UIC was exposed to the 532 nm excitation source, it was seen that even
without the 254 nm PenRay lamp the crystal saw conversion of the guest, with peaks that
correspond to product formation growing into the spectra (Figure 22). This suggested that longer
than UV wavelengths could be used to produce product. This was interesting because this 532
nm irradiation proceed faster (~3 times) than the 254 nm irradiation, although this could be a
result of the more powerful lamp. The PI DIBD UIC exhibited the same behavior as the DIBD
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UICs when irradiated with a 532 nm laser source and followed by 532 nm Raman (Figure 23).
This was expected because while the PI DIBD UIC contains multiple geometric isomers its
Raman spectra should be the same as the DIBD UICs.

Figure 23. Photopolymerization of PI DIBD UIC excited with 532 nm and taken at 532 nm at t=
0 (black), t= 3 min (red), and t= 6 min (green).135
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Figure 24. Energy diagram of theorized absorption from ground state by 1 photon (black) and 2
simultaneous photons (blue) to the second excited state (with fast internal conversion to the first
excited singlet state), direct absorption to the first triplet state (red), and sequential two photon
absorption to and between excited triplet states (magenta). 141

The observed change in the UIC could be a result of multiple processes as shown in
Figure 24. The first possibility is the absorption of a single photon to the second excited state
(the first excited state is symmetry forbidden), this would be the simplest and most likely
absorption to occur at 254 nm (shown in black). The second possibility shown is that at 532 nm
the same process could occur but as a two photon simultaneous absorption which would produce
the same second excited state as the single photon absorption. The third process shown is the
possible single photon absorption directly to the triplet state (red). This process is spin forbidden
in traditional systems but is partially spin allowed due to the terminal iodine atoms which have
strong spin-orbit coupling. The last possible process shown is a two photon absorption which
would produce a higher triplet state (T2, T3, etc.). This higher triplet state absorption would be
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necessary in the case of 532 nm irradiation because it is predicted that direct T 1 absorption may
not have sufficient energy to break the C-I bond, but higher triplet absorption would.

These results suggesting that PA is forming in these UICs also show that the process is
not converting all DIBD to PA. This is obvious based on the DIBD vibrations still evident in the
spectrum. The mechanism of this process is of interest, how the products form, the order of
product formation, and the energy required by each “intermediate” to convert to longer polyene
and PA products. The proposed possible absorbance pathways (Figure 24) and proposed possible
mechanisms in section 2.1 offer several possibilities but a more in depth method of probing this
chemistry would be needed. A way to accomplish this would be to form longer polyene products,
for instance 1,8-diiodo-1,3,5,7-octatetraene (DIOT), and isolate them in UICs. These UICs could
be subjected to irradiation and followed by Raman spectroscopy. This data could be compared to
the DIBD UICs to observe the differences in polymerization. Longer diiodopolyenes are not
known in the literature so the formation and properties in solution may also be of interest to
compare to the known solution chemistry of DIBD. This comparison to the solution
photochemistry of DIBD and DIOT and contrasting with the solid state photochemistry may
present patterns that form between solid state and solution chemistry.
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2.6 DIBD coupling for synthesis of DIOT

The results of studies involving the irradiation of DIBD UICs and PI DIBD UICs led to
an interest in forming UICs with longer polyenes which could be a better starting moiety for
irradiation experiments. The molecule chosen was DIOT, the coupled product resulting from
DIBD mono-iodine cleavage and subsequent coupling. Several attempts to make this product by
UV irradiation at 254 nm in solution were unsuccessful. These reactions produced complex 1H
NMR with the three isomers of DIBD along with at least 3 unique products that were hard to
separate and identify. Though the spectra were difficult to interpret, they did not appear to be
consistent with DIOT.

Scheme 5. Synthetic procedure for DIOT synthesis.

A synthetic procedure for preparation of longer diiodopolyenes was adapted from the
literature using a reductive vinyl halogen coupling preparation (Scheme 5).142,143 The reactions
were run between 6-72 h in MeOH. Reactions shorter than 72 h produced only trace amounts of
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products. A 72 h reaction was chromatographically separated into fractions and the 1H NMR
spectra obtained of the separated product mixtures. These 5 distinct product mixtures, as
distinguished with UV-Vis (Figure 25), show the evolution of the eluted material over time. The
eluted products become more complex, longer conjugated products resulted as the elution
solvent was changed from hexanes to chloroform. This is expected behavior for longer (more
than 4 double bonds) diiodopolyene (DIP) products.

When further reactions were performed the first product to elute was the remaining SM
with pure hexanes. The expected DIOT product with the (E,E,E,E) geometry of the 4 double
bonds and simultaneously a second product, proposed to be the (E,E,Z,E) isomer, eluted when
the elution solvent was changed to chloroform (minor amounts of the DIOT eluted with
hexanes). Products which eluted later in the collection had more complex 1H NMR and also a
change in absorbance in the UV-Vis spectra (Figure 25 and 26) suggesting longer DIP products
were also forming. These minor products were only observed in the longer reaction times. These
products completely disappeared when the molarity of DIBD was changed from 0.4 M to 0.27 M
in the reaction.

Two possible models for the growth of these longer DIP products is step-growth and
chain growth polymerization. The step growth model refers to a system with a monomer
containing multiple reactive sites that leads to a quick decrease in the monomer species to a
dimer species and longer species only forming after a longer reaction time. 144 The chain
polymerization model is a system where long products form rapidly and the monomer unit is
never completely used up.145 Based on the results obtained it is difficult to draw any conclusion
as to which method predominates the reaction because while the product distribution changes
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with concentration the monomer unit never disappears in any of the reaction conditions. The
proposed single and two photon mechanisms favor the step-growth model as they would cleave
either end or both of the species. There is no solid state mechanism that would be consistent with
chain growth polymerization method.
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Figure 25. UV-Vis for 5 different product fractions from the coupling reaction on 1-31-14. The
mixtures show a transition from DIBD SM (blue) to the DIOT product (red), to a product
mixture dominated by longer products (purple).
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Figure 26. UV-Vis spectra of 3 coupling reactions chloroform fractions compared to the DIBD
starting material (green). The DIOT product from 1-3 (purple) shows only DIBD and DIOT,
where the products from 1-7 (red) and 1-17 (blue) show absorbance’s that correspond to
calculated spectra for longer DIP products along with the DIOT.

When UICs were first attempted with these product mixtures containing the suspected
DIOT and DIBD SM an interesting result was found. When the resulting UICs were dissolved
and 1H NMR taken, only DIBD was found in the UIC with no DIOT. This is surprising because
the DIOT was predicted to be favored in the UIC due to its longer chain length, which in the
literature has been shown to be more favored for guest inclusion versus shorter molecules. 100,102
This unexpectedly helped in the characterization of the DIOT material, since it was purified by
removal of the DIBD into the UIC. Thus, the 1H NMR spectrum of the leftover solution
removed from the UICs was simpler and easier to characterize (see Appendix A). Of the four
signals for the (E,E,E,E) isomer, only one was partially (<50%) obscured. A simulation done
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using the program SwaN-MR was able to match the experimental spectrum exactly for the
(E,E,E,E) DIOT product. LCMS was also done on the recovered sample showing the expected
parent peak of 359 (M+H+) (DIOT MW=358 g/mol), which was compared with the starting
material DIBD, showing 307 (M+H+) (MW= 306 g/mol).
To supplement the 1H NMR data, simulation, and LCMS data, an irradiation experiment
was performed. The DIOT mixture was dissolved in cyclohexane and irradiated in the Rayonet.
Aliquots were taken every hour for 4 h for the first sample and every 5 min for 30 min for the
second sample (Figure 27 and 28). These spectra show that the solution is changing, suggesting a
few things. First, the DIOT will react with 254 nm light, implying that if this molecule was
formed within the UICs that it would continue to react when irradiated rather than stop the
polymerization at this short chain length. The second implication is that the reaction is extremely
fast as the SM in Figure 26 is already gone by the first time point at 1 hr. The third implication is
that the DIOT is in fact DIOT, shown by the hydrogen abstraction from the solvent occurring in
cyclohexane (Figure 28), producing 1,3,5,7-octatetraene whose UV-Vis spectra is known (Figure
29).
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Figure 27. Irradiation of DIOT at 254 nm in cyclohexane in a quartz container in a Rayonet. SM
is completely gone by the first time point at 1 hr, and shows a new peak at 220 nm which
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Figure 28. Irradiation of DIOT at 254 nm in quartz in cyclohexane in a Rayonet. The SM peaks
blue shift before disappearing almost completely by 30 min.
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Figure 29. DIOT results from Figure 28 (red) compared to the known literature values of
1,3,5,7-octatetraene (gray lines). 146,147 This strong agreement suggests that irradiated DIOT
forms radicals through C–I cleavage, which then perform hydrogen abstraction to form 1,3,5,7octatetraene in solution.

These results offer strong support that DIOT was in fact synthesized. Attempts to form
UICs from this material have not been successful yet but the research is ongoing.
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2.7 Co-crystal UICs formed from DIBD and diiodoalkanes 148

The co-crystal project was initiated by the desire to isolate different sizes of conjugated
double bond systems within a UIC. These would be isolated within the channel by utilizing a
long chain diiodoalkane such as 1,8-diiodooctane (DIO) or 1,10-diiodecane (DID). These
systems contained several variables: solvent used, diiodoalkane used, ratio of
DIBD:diiodoalkane, and cooling method. Each of these variables was investigated to attempt to
create a viable system.

Table 5 shows the initial results with the first set of DIBD with DID crystallization
attempts. This system was chosen as a simple starting point since it was unknown what kind of
ratios would be needed. These initial samples resulted in tetragonal urea in each failed attempt
with EtOH and MeOH but not with iPrOH (no crystals formed at all). This led to a focus on
EtOH and MeOH as crystallization solvents since these seemed the most promising for future
attempts. Table 6 shows the second set of trials, some of which formed UICs unlike previous
trials. It was later found using MAS (magic angle spinning) 13C NMR that these UICs had no
DIBD in them, resulting in only diiodoalkane UICs.

62
Table 5. Trials done on samples containing DID with DIBD (0.013 M). Of the 6 attempts three
were cooling from 55 0C to RT and three were in a slow cooling bath from RT to -20 0C. UICs
were confirmed using CCl4 density test.

Ratio of DIBD:DID
1:1
1:1
1:1
1:5
1:5
1:5
1:10
1:10
1:10

Solvent
MeOH
EtOH
iPrOH
MeOH
EtOH
iPrOH
MeOH
EtOH
iPrOH

Attempts
6
6
6
6
6
6
6
6
6

UICs formed
0
0
0
0
0
0
0
0
0

Table 6. Second set trials done on samples of DID with DIBD (0.013 M). Of the 6 attempts
three were cooling from 55 oC to RT and three were in a slow cooling bath from RT to -20 oC.
UICs were confirmed using CCl4 density test (all successful UICs were from the -20 oC trials).

Ratio of DIBD:DID
1:2
1:2
1:3
1:3
1:4
1:4

Solvent
MeOH
EtOH
MeOH
EtOH
MeOH
EtOH

Attempts
6
6
6
6
6
6

UICs formed
0
0
2
1
2
2

The UICs that had formed from the second set of DID with DIBD trials were investigated
by 13C MAS NMR. The results suggested that when a higher ratio of DID was used (1:1 and 1:2)
the resulting UICs were not co-crystals since they only contained the DID with no DIBD. This
suggested two things; first that a minimum amount of the DID was needed to form crystals,
meaning that when more of the DID is used it forms UIC of just DID but when less is used no
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UICs form at all. It also suggests that there is an inherent preference of the channels to hold the
longer chained guests over the shorter DIBD molecule. This is shown because when more DIBD
is used it did not create DIBD UICs; in fact only tetragonal urea was formed. If a single guest
concentration was needed to form UICs it should work for both molecules when they reach a
threshold concentration. This meant that the initial concentration used in these experiments was
sufficient to form DID UICs but not DIBD UICs (this issue was addressed in section 2.2).

The investigations into DIBD UIC formation showed the concentration of DIBD was not
sufficient for UIC formation, so to create the inclusion of both molecules and reduce the
formation of DID UICs the concentration of total guest was adjusted to correspond with the
DIBD trials. Also the co-crystal guest was changed from DID to DIO because it is a shorter
chain and may help decrease the chance of uniform inclusion with just the diiodoalkane (Table
7).

Table 7. Third set of trial results using DIBD with DIO (0.3 M). Of the 6 trials three were done
by cooling from 55 0C to RT and three by in a slow cooling bath from RT to -20 0C (in the case
of 2 trials one of each method was done). UICs were confirmed using CCl4 density test (UICs
formed in all -20 oC trials and 1 RT trial).

Ratio DIBD:DIO
1:1
1:1
5:1
5:1
10:1
10:1

Solvent
MeOH
EtOH
MeOH
EtOH
MeOH
EtOH

Attempts
2
2
6
6
6
6

UIC formation
0
0
4
0
2
0
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The third trial produced UICs which were show by 13C MAS NMR to be co-crystals in a
~2:1 DIO:DIBD ratio. These co-crystals where then subjected to fluorimetry measurements. The
fluorescence was too intense for the instrument used, suggesting the DIBD was too concentrated
in the crystal or that polymer products formed during the measurements. UICs were needed that
contained a much higher ratio of the DIO guest and perhaps a different spectroscopic technique
would be needed. This would allow for dilute tetraene measurements after polymerization. This
led to the fourth set of trials (Table 8) where the DIO was increased in the trial solution to create
UIC co-crystals with less DIBD. The UICs from these tests followed the previous trend where,
when UICs would form at all, they contained only DIO with no DIBD.

Table 8. In an attempt to make new UIC co-crystals with a smaller DIBD content a fourth set of
trials was done (0.3 M). All crystals were formed by slow cooling the solutions in a flame sealed
vial from RT to -20 oC. The UICs were confirmed by density test with CCl4.

Ratio of DIBD:DIO
1:2
1:5
1:10
1:10
1:20
1:20
1:30
1:30
1:50
1:50

Solvent
MeOH
MeOH
MeOH
EtOH
MeOH
EtOH
MeOH
EtOH
MeOH
EtOH

Attempts
7
7
5
5
8
8
10
5
11
5

UICs formed
0
0
1
0
2
0
0
0
5
1

This project showed that co-crystals could be made with DIBD and DIO but no
conditions were found for a DIBD and DID co-crystals. This is presumably due to the shorter
chain length of the DIO which may lead to a more competitive environment for the two
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molecules (DIBD and DIO) where the UICs preference for DID may be enough that it excludes
the DIBD completely. With these crystals being too concentrated in DIBD and no alternative
method for preparing more dilute UICs (dilute in the DIBD) this line of research was concluded.
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2.8 Conclusions

The isolation of a small molecule in an IC produced several different types of UICs from
the crystallization methods attempted. The DIBD UICs formed from three different techniques;
slow evaporation, slow cooling, and vapor transfer. All crystals formed had the same unit cell
which suggests the same crystal structure. The crystals had the same structure but the
morphology differed, with the slow evaporation forming longer more needle-like crystals
(surprisingly with the long dimension not along the channel axis), the slow cooling forming more
block like crystals, and the vapor transfer forming more mixed samples. DIBD also formed TICs,
which offered a different inclusion environment.

When irradiated with either 254 or 532 nm light, the UICs showed changes in their
Raman spectra when analyzed through a Raman microscope. Changes noticed in the spectra
correspond with bulk PA samples and suggest PA may be forming in the channels. The
mechanism of this conversion cannot be determined with the data that has been collected so far.
The purposed mechanisms in section 2.1 are all possible and will require more detailed study to
resolve. It is suspected that a low conversion rate and short chains may be all that is forming.
Unfortunately, some issues have prevented the sample from completely converting to PA. The
inability to complete this conversion is mostly due to the inability of light to completely
penetrate the crystal, which leaves the interior channels unaffected while the conversion happens
in the exterior channels. This problem may be minimized by using thinner ICs that can be
penetrated by light or by using different wavelengths that penetrate better. Penetration of 532
nm light seemed better than 254 nm light as evident by the higher conversion rate seen in the
UIC.
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The reason the light has difficulty penetrating the UICs is that the PA formed is black and
begins absorbing the light after longer chain lengths are formed. This would mean that the more
PA formed, the less likely the unreacted material is to absorb more light. This issue could
potentially be solved by utilizing a thin crystal. It is difficult to detect the amount of starting
material with Raman spectroscopy because the penetration of the laser into the interior of the
crystal is affected by the PA formed which causes the Raman to appear as if there is no starting
material left but when the crystal is then dissolved and a 1H NMR spectrum taken, this is shown
to not be the case. Absorption spectroscopy (as opposed to the Raman scattering spectroscopy
currently used) may be able to work around this detection issue and allow for further probing of
the crystal interior.

DIOT has been successfully synthesized and characterized for the first time. This is the
theoretical first product in the DIBD UIC in its transformation to a PA UIC. Understanding how
DIOT behaves when exposed to UV-light could reveal possible reasons the DIBD UICs fail to
irradiate to completion. The behavior of this molecule when irradiated with 254 and 532 nm
light, both in solution and when confined to a UIC, will give insight into how the intermediates
in the DIBD UIC behave when converting to PA. Solution studies show that DIOT is at least
photoreactive to UV light in solution. No UICs of DIOT have yet been formed, but the research
is ongoing.

Once the UICs can be fully converted to PA UIC, meaningful electronic investigations
can be performed. Such measurements are possible at Cornell's NanoScale Science and
Technology Facility (CNF), where individual channels can be measured. This would be done by
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coating one end of the IC with gold and using needle probes to test the individual channels for
conductivity.

2.9 Experimental

General procedures

All reagents were used as obtained from Alfa Aesar, Cambridge isotopes, Fisher
Scientific or EMD Millipore unless otherwise stated. All 1H, 19F, HSQC, and COSY NMR were
taken on a Bruker 300, 400, or 500 MHz NMR. The 13C MAS NMR were taken at SUNY ESF
on a 250 mHz solid state NMR. All UV-Vis spectra were taken on a Beckman Coulter DU 600.
The Raman scattering was monitored in backscattering geometry with either of two Raman
microspectrometer systems (Thermo Fisher Scientific Inc.): Nicolet Almega XR Dispersive
Raman spectrometer or DXR SmartRaman spectrometer. We used several laser wavelengths in
the range 455 to 780 nm as Raman excitation sources. For both systems, the laser beam was
focused onto the sample through an Olympus 10X objective (for further details see Appendix C).

DIBD synthesis

The DIBD was synthesized utilizing a modified method from Ananikov and
coworkers.129,130 To either a modified apparatus (Figure 31) or a 500 mL three neck flask purged
with acetylene gas containing 15-30 mL of MeOH (0.5-1.0 g) NaI (3 equiv) was added. Once
dissolved, I2 (1 equiv) and sodium hexachloroplatinate (0.05 equiv) were added to the mixture.
The reaction apparatus was protected from light with aluminum foil and left for 6.5 h under an
acetylene flow (very slight; 1-2 bubbles/min on a bubbler). Once complete the acetylene flow
was stopped and replaced with N2. The product was precipitated with 100 mL H2O, and if the
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custom apparatus was used it was then inverted, vacuum applied, and another 100-150 mL of
H2O was added to wash the product. It was dried by passing N2 gas over the product with
vacuum still applied.

If a 500 mL three neck was used, then the precipitated product mixture was then
transferred to a vacuum filter flask with a N2 flow over the filter directed by a funnel. The
product was washed and dried as with the other method. The white to slightly yellow product
was collected and stored in an amber vial under N2 (yield 25-75%). If the product was a darker
yellow it was then recrystallized. The dark product was dissolved in enough acetone for
complete dissolution. The product was then re-precipitated with an equivalent amount of H2O
(taking care to add the H2O very slowly, if this is not done slowly the product will not precipitate
cleanly). The purified product was vacuum filtered under an N2 flow, collected and stored in an
amber vial under N2. This product remains pure for approximately 2-3 weeks before
polymerization, decomposition and isomerization begins to occur.

Figure 30. 1H NMR of DIBD.
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1

H NMR: (300 MHz, methanol-d4) δ (a) 7.06 ppm (AA'BB' pattern), (b) 6.68 ppm

(identical AA'BB' pattern), J(ab)= 14.39 Hz, J(ab')= -0.60 Hz, J(aa')= 0.50 Hz, J(bb')= 10.19
(Figure 30).
LCMS (ESI, CH3CN, CH3OH, 307 (M+H+) (MW of DIBD 305.88 g/mol)

Figure 31. Custom apparatus used for DIBD synthesis.

DIBD co-crystal formation

A 1.8 M urea/MeOH solution was made. The desired DIO (or DID) amount (for a total
guest concentration of 0.013 M initially151 but then adjusted to 0.3 M) was added to the sample
and the sample purged with nitrogen. The purged sample was transferred into the glovebox
where the desired amount of DIBD was added. The sample was placed in a 5 mL amber ampoule
and flame sealed under vacuum. The sample was then placed in a cold bath at 25 oC to cool to 20 oC (30-48 hrs). The sample was removed from the bath; the solution was removed by pipette
and the crystals left to dry. The crystals were separated by density test using CCl4 (d=1.586
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g/mL) the UICs would sink and the “empty” tetragonal urea would float which would be
skimmed off the solvent and the UICs collected by gravity filtration. The inclusion crystals were
sent for 13C solid state NMR. The crystals were then irradiated in the manner described
previously.
13

C MAS NMR (Figure 31) (300 MHz): δ 163.8 (C=O urea), 144.9 (C=C, DIBD), 82.2 (

C-I, DIBD), 37.5 (C-I, DIO), 34.0 (I-C-C, DIO), 31.9 ( C-C, DIO)

DIBD UIC formation (slow cooling method)

DIBD was dissolved in a 1.8 M urea/MeOH solution in a 5 mL amber vial with a 1:6 (or
1:5) ratio of DIBD:urea. This solution was purged with N2, capped, and wrapped with parafilm.
It was left in a cold bath at 20 oC to cool to -20 oC over approximately 3 days. Once at the
desired temperature the vials were removed, opened, and the MeOH carefully pipetted out. The
resulting crystals were removed and allowed to dry. They were tested for inclusion by the density
test described above. The UICs were collected by gravity filtration and stored in the freezer
under N2.

DIBD UIC formation (slow evaporation method)

DIBD was dissolved in a 1.8 M urea/MeOH solution in a 1:6 DIBD:urea mol ratio. That
solution was diluted up to 4 times the original volume and placed in a glass dish. This dish was
fitted with an airtight lid which had been modified with two holes. One hole was used as an inlet
for the argon flow, the other the outlet. This lidded dish was placed in the bottom of a chest
freezer. The chest freezer was modified with holes drilled into the lid, one inlet hole allowing an
argon flow into the freezer and the dish and an outlet hole leading to a bubbler. This system was

72
left under a gentle argon flow for 1-3 weeks (until the solvent was completely evaporated). The
crystals were collected from the dish and subjected to the density test. The UICs were stored in
the freezer.

DIBD UIC (vapor transfer method)

DIBD was dissolved in a 0.3 M urea/iprop, 1.2 M urea/EtOH, or 1.8 M urea/MeOH
solution in a 1:6 ratio of DIBD:urea. This solution was placed in a 1 dram shell vial. 1 mL of
ether was added to a 20 mL scintillation vial. The smaller vial with the DIBD solution was then
placed in the 20 mL vial (Figure 32). The system was purged with N2 and quickly capped. It was
placed in the freezer and left until all of the ether in the outer vial had transferred into the inner
vial (24-48 hrs). The crystals that formed were collected and density tested. The crystals were
kept in the freezer.

Figure 32. The vapor transfer method vial-within-a-vial system.

Single crystal X-ray diffraction data sets were collected at both room temperature and
low temperature (see Appendix 5.2 for full crystallography file). The structure determined
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(Figure 33) was found with the slow cooling UICs. The same unit cell was obtained for a slow
evaporation crystal.

Figure 33. Crystal packing image along the b axis of the DIBD:UIC structure at 90 K
Table 9. Crystallographic data for DIBD:UIC149 (RT and 90 K)and DIBD 150

Data

Low temperature
DIBD:UIC

Ambient temperature
DIBD:UIC

Empirical formula
Formula weight

C5H14IN6O3
333.12

C5H14IN6O3
333.12

Density (calculated)

1.789

1.747

DIBD
C2H2I
152.95
3.068

Temperature

90 K

298 K

90 K

Wavelength
Crystal system
Space group
Unit cell: a
b

0.71073 Å
Monoclinic
P2(1)/n
8.1332(15) Å
10.967(2) Å

0.71073 Å
Monoclinic
P2(1)/n
8.2184(12) Å
11.0206(15) Å

0.71073
Triclinic
P-1
4.4077(5)
5.8495(6)

c
α
β

13.866(3) Å
90 o
90.556(4)°

13.9866(19) Å
90 o
90.387(3)o

12.9648(13)
90.061(2) o
92.990(2) o

γ
Cell volume

90 o
1236.8(4) Å3

90 o
1266.8(3) Å3

97.233(2) o
331.148 Å3
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PI DIBD UIC

DIBD (between 0.100 g - 0.350 g) was dissolved in C6F6 at 0.4 M in a Pyrex Erlenmeyer
flask or 4 mL quartz custom vial. It was septum capped and purged with N 2. The solution was
placed in a Rayonet on a stir plate inside. The solution was stirred and irradiated at 254 nm. After
3 h the solution was removed and concentrated. A 1H NMR spectrum was taken of the residue;
the three isomers of DIBD were seen in the ratio of 2:1:1.5 of (E,Z):(E,E):(Z,Z) (approximately
the same each time with minimal variation). The residue was then dissolved in a 1.8 M
urea/MeOH solution at 1:6 ratio of urea:DIBD (from starting amount before irradiation). The
solution was placed in an N2-purged amber vial and cooled in the freezer for 2 days. The
resulting crystals were tested in CCl4 and the UICs collected. Some of the resulting crystals were
dissolved and 1H NMR was taken.
1

H NMR of PI DIBD solution (2:1:1.5 of (E,Z):(E,E):(Z,Z)): (400 MHz, CD3OD) δ 7.09

(ddd, J= 14.4, 9.2, 1.2 Hz, 1H, E,Z), 6.91 (dd, J= 11, 3 Hz, 2H, E,E), 6.78-6.98 (m, 2H= Z,Z,
1H=E,Z), 6.72-6.62 (m, 2H=Z,Z, 1H= E,Z), 6.63 (dd, J= 11, 3 Hz, 2H, E,E), 6.30 (d, J= 8 Hz, 1
H, E,Z)
1

H NMR of PI DIBD UIC dissolved (0.1:2:1) of (E,Z):(E,E):(Z,Z)): (400 MHz, CD3OD)

all prior peaks identical but with different ratios and δ 5.71 (bs, 4H, urea).
DIOT synthesis142,143

The literature coupling procedure coupled several vinyl halide compounds, one of which
was 1-iodo-1-hexene which was used as the model system for this synthesis. This procedure was
followed to couple the DIBD (duration modified between 6-72 h). NiCl2(Bpy) (0.1 equiv), PbBr2
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(0.1 equiv), Al (0.7 equiv), KI (1.5 equiv), and DIBD (1.0 equiv) were added to 15 mL MeOH
(for 0.5 g DIBD). The reaction mixture was stirred for 72 h. The reaction mixture was
concentrated and loaded on a silica column (5 cm in diameter and 12 cm tall) with hexanes. The
fractions were followed by TLC developed with a 2% CHCl3 in hexane solution. The first
compound detected was unreacted DIBD (Rf= 0.51) but soon (typically 2-4 fractions later) a
second product would elute with the DIBD, DIOT (Rf= 0.45) and was blue upon development of
the TLC plate with vanillin. When the SM and this new product stopped eluting with hexanes the
solvent was changed to chloroform. The remaining amount of the previous product would elute
along with a second product (not detectable by TLC, was found via 1H NMR). After examining
the 1H NMR of the two distinct products it was found each was a mixture of at least two
products. These product mixtures were characterized by UV-Vis spectroscopy, 1H NMR, LCMS.

Figure 34. DIOT E,E,E,E isomer structure with labeled hydrogen’s.
1

H NMR of DIOT (E,E,E,E isomer and E,Z,E,E isomer mixedin spectra only E,E,E,E

peaks characterized, coupling constants calculated with Swan NMR): (400 MHz, CDCl3) δ 7.02
(dd, J12 = 14.4, J23= 10.8 Hz, 2H, H2), 6.52 (AA’BB’: J34 = 15.0, J44’ =10.8, J34’ = -0.5 Hz, 2H,
H4), 6.41 (AA’BB’: J34 = 15.0, J44 ’ =10.8, J34’ = -0.5, J23= 10.8 Hz, 2H, H3), 6.35 (d, J12 = 14.4
Hz, 2H, H1) (Figure 34)
LCMS (ESI, CH3CN, CH3OH) 359 (M+H+) (MW DIOT= 358 g/mol)
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Chapter 3: Second method for formation of PA IC: Simultaneous growth and inclusion
utilizing olefin metathesis

3.1 Introduction to simultaneous growth and inclusion method utilizing olefin
metathesis

Isolating PA is difficult because of its lack of solubility and the polymers inherent
attraction to itself, resulting in aggregation of the bulk solid. These properties make traditional
purification and isolation methods impossible.25,27 The desired trans isolated polymer chain
requires that the polymer either be formed within some confined media (see section 1.1) or
confined as it is formed in such a way as to prevent this natural aggregation. The framework for
this project was to create a system where, as the polymer is formed, it was encapsulated in an IC
which would serve as barrier to prevent both isomerization and aggregation.

A system was designed where a newer method of synthesizing PA using Grubbs series of
catalysts (Figure 35) could be combined with several inclusion compound possibilities to
simultaneously grow PA in an IC (Figure 36).42,61 These resulting PA ICs should contain mostly
trans PA because the Grubbs series of catalysts results in mostly trans PA formation and the
channel size of the IC prevents isomerization after encapsulation. The catalyst also acts as a cap
since it is larger than the channel and therefore cannot be included; until the polymer is extended,
the channel cannot grow. This suggests that as long as the polymerization is qualitatively slower
than the crystallization process the polymerization would control both variables.
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Figure 35. Structures of GI and GIII in the Grubbs series of catalysts.

Figure 36. Inclusion crystal growth model involving Grubbs 1st generation catalyst (GI) with
acetylene gas and host molecule.
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3.2 GIII and GI with Urea IC

The first inclusion compound explored with this simultaneous method was urea. The
breadth of literature on this host is extensive, leading to numerous methods available to apply to
this system.87, 89,91 Several experiments were done to replicate literature UICs, , specifically
needle-like versus plate-like UICs (summary in Table 10). The first UICs were modeled after
Harris and coworkers151 work with stearic acid and 5- octadecyloxyisophthalic acid (5-ODOPIA)
(Figure 37). These examples were chosen because stearic acid is known to form crystals by a
slow cooling method that is not as common as other methods (such as melting, solid state
blending, etc.99,100) and it is a very long carbon chain similar to the type of inclusion polymer
desired for this project. Once UICs were formed with stearic acid a more complex system was
explored by adding 5-ODOIPA to the system. Harris and coworkers showed that the 5-ODOIPA
molecule prevented growth of the UIC along the channel axis, acting as a capping agent or
inhibitor of crystal growth. This resulted in flat, plate-like, UICs in a system that results in long,
needle-like UICs. These experiments were performed to evaluate the growth method. The idea
that the GIII or GI catalyst would be sufficiently large to stop crystal growth, like the 5ODOPIA, and thereby control the UIC formation over time. When the desired plate-like crystals
resulted from these trials, this methodology was expanded into the GIII and GI system.
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Figure 37. Stearic acid (top) and 5-ODOIPA (bottom) structures.

Table 10. The guest and inhibitor molecules used in the initial UIC formation studies.

Compound
Stearic Acid
5-ODOIPA
GIII
GI

Mols
1.45x10-4
7.5x10-6
7.5x10-6
7.5x10-6

M
7.13x10-3
3.75x10-4
3.75x10-4
3.75x10-4

Several trials to form UICs were attempted with urea, acetylene gas, GIII in MeOH. The
first difficulty in this experiment was forming crystals with GIII. Several samples had color
change in solution (from yellow to dark red to black) signifying catalyst activity61 but no solid
free polymer was visible in solution and no crystals (tetragonal urea or UICs). These results
suggest several possibilities, first that the catalyst may not be forming longer polymer but just
short chains which stay in solution and/or stay attached to the catalyst. The catalyst may also not
be long lived or active for a longer duration in MeOH. The lack of any UIC formation may have
been due to the polymer isomerization while attached to the catalyst, which would inhibit UIC
formation. While this isomerization could be a reversible event, if the polymer becomes
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sufficiently long before it isomerizes to an includable form, the polymer will have other defects
which could permanently prevent UIC growth. UIC formation may also need a seed crystal to
begin formation.

The first proposed solution to this issue was to use an anchoring mechanism with a long
alkane anchor attached to the catalyst. This would allow the crystal to form quickly around the
anchor and then continue to grow as the polymer formed rather than the urea having to wait for
the polymer to become sufficiently long to begin UIC formation. There were two ways to do
this; one method included attaching the anchor to the Grubbs catalyst (Scheme 2) then taking
that modified catalyst and adding it to a saturated urea/MeOH solution. This will allow for the
UIC to begin forming around the long alkane tail but the catalyst will control the UIC growth.
The second method was to pre-crystallize the Grubbs-anchored catalyst in a UIC with no
acetylene gas to prevent any polymerization; this would form a UIC around the alkane tail with
the Grubbs catalyst acting as a cap. The resulting UICs would then be added to a saturated
urea/MeOH sample to polymerize with acetylene gas.

Scheme 6. Attachment of 1-octene to GI

The first attempts to form PA UICs with a modified catalyst using 1-octene, which forms
a heptylidene when attached to the catalyst, led to similar issues as previously seen with UIC
formation, no observable solid in solution and no UICs. The catalyst was contaminated with

81
excess 1-octene which formed small UICs but not of PA as confirmed by 1H NMR by dissolving
a small number of formed crystals. An excess of the 1-octene was needed to completely displace
the benzylidene ligand but no simple purification methods were available to prevent
contaminating the crystallization sample.

The pre-crystallization method was also performed using 1-octene as the anchored
attachment. A low level of metathesis activity was observed which was demonstrated by UIC
formation of the heptylidene. Decomposition of the catalyst was also observed in the NMR
spectra, suggesting the heptylidene was detaching from the catalyst. These observations led to
testing the catalyst for polymer formation. Inconsistent results suggested unreliability of the GIheptylidene complex due to some samples undergoing the previously observed color change but
other samples not and none resulting in solid formation. This color change is indicative in the
literature of metathesis activity60,63 first with displacement of the P(Cy)3 ligand, then addition of
individual units of polymer. The 1-octene was replaced with 1,3-nonadecadiene (NDD) when no
resolution of these issues could be found.

With a conjugated double bond at the attachment point to the catalyst NDD would result
in a more stable ligand and would react both slower than the previous catalyst and also would be
less likely to decompose. The 15-carbon alkyl chain would be better at inducing crystallization
because longer molecules have been shown to be more effective at UIC formation in the
literature.99,101,103 This molecule was synthesized using published procedures (Scheme 7) for
shorter alkyl diene molecules152,153 and the structure confirmed by published 1H NMR data for
the same compound made a different way. 154 This molecule was then used in all subsequent
reactions by attaching it to the GIII catalyst via olefin metathesis (Scheme 8).

82
Scheme 7. Synthesis of NDD

Scheme 8. Attachment of NDD to GIII.

This GIII-NDD catalyst, which is produced by reacting the NDD with GIII in solution
(with no acetylene) and concentrating the mixture, when added to a saturated urea/MeOH
solution produced flat plate UICs which matched the morphology of the stearic acid/5-ODOIPA
system previously explored. This suggested the urea formed a UIC around the anchor point (the
NDD attachment, along with excess NDD) and the ruthenium portion of the catalyst was too
large to be included and therefore inhibited the growth of the UIC along the channel axis. These
UICs were then added to a saturated crystallization sample with acetylene gas. There was no
change in the sample when acetylene gas was added suggesting polymerization was not
occurring. This was attributed to either steric hindrance of the urea channel blocking the
catalyst's active site or that the urea was coordinating to the catalyst and deactivating it.
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These issues led to the exploration of the extent of polymerization in solution. Several
tests with just GIII in MeOH with no urea showed that the solution would change color but either
no polymer or a trace amount formed. The previous results could have been due to the catalysts
lack of activity in the solvent instead of some inhibitor of catalyst activity in general (as had been
previously proposed). The solution to this issue was to explore other solvent systems. Many
solvents were tested for polymer formation (Table 11) but the solvents that showed product were
not compatible with UIC formation. These results suggested that none of these single solvents
would be effective for PA UIC formation. A dual solvent system was the next step to attempt to
reconcile the lack of polymerization activity and lack of IC solubility in the current system

Table 11. PA formation in various solvents with GIII catalyst and urea solubility of each solvent
(S= soluble, NS= not soluble, NR= no reaction, OA= observable amount)

Solvent
Methanol
Trifluoroethanol
Cyclopentanol
Trichloroethanol
Chloroform
Toluene
Dichloromethane

P.A. formation
NR
NS
NS
NR
OA
OA
OA

Urea solubility
S
S
S
S
NS
NS
NS

The dual solvent system chosen was CHCl3/MeOH due to the very consistent UIC
formation in MeOH and the fact that CHCl3 is a very commonly used metathesis solvent. Several
solvent ratios were tested for polymerization and UIC formation separately to confirm that they
system independently could produce both results (Table 12). The 75/25 MeOH/CHCl3 system
was chosen as a starting point as it was one of only two trials that were successful.
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Table 12. Solvent mixture crystallization trials with 1-octene as the test inclusion molecule and
polymerization trials with GIII catalyst.

Ratio (MeOH/CHCl3)
20/80
25/75
50/50
75/25
80/20
90/10

Crystallization (Y/N)
N
N
N
Y
Y
Y

Polymerization (Y/N)
Y
Y
Y
Y
Y
N

The initial trials using 75/25 solvent ratio with GIII, NDD, and acetylene gas showed no
crystals and some free polymer in solution. After several attempts with this ratio showing no
tetragonal urea both 80/20 and 90/10 ratios were attempted with the dual system. The 80/20
system showed tetragonal urea formation and was used going forward. This system was the most
promising because it produced both tetragonal urea with some UICs from the excess NDD
molecule (as confirmed by NMR) and free polymer. It was quickly apparent however that the
polymer was forming too rapidly for the crystallization to occur, even with the anchor
attachment.

The first attempt to alleviate this problem was to add hexadecane UIC seed crystals to the
sample in an attempt to speed up the crystallization; this had no effect on the sample. It was
thought that perhaps the non included polymer formation was a result of early isomerization of
the polymer which was inhibiting any UIC growth in the first steps. A study to elucidate the
isomerization of the GIII-NDD bond (which could be inhibiting the initial UIC formation due to
a geometry that was unable to fit within the UIC channel) was performed. These experiments
were executed on an NMR scale with GIII-NDD in CDCl3 ; ratios were determined for the two
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peaks in the δ20 ppm region (Appendix A), which gave the corresponding cis vs trans isomer
ratio in solution. During the course of these experiments it was observed that the GIII-NDD
complex decomposed in less than 20 min. The result was originally interpreted that the NDD was
not attaching to the GIII catalyst but when a 1H NMR was taken at an earlier time point (at 5
min.) it was shown that the NDD initially attaches quickly but the catalyst then decomposes.
This result was important because a much longer lived species would be needed (at least 24 h)
for the PA UIC system to be successful.

The GIII-NDD system was tested in CD2Cl2 and C6D6, which have been shown in the
literature to produce PA with the GIII catalyst,42 to see if the stability was higher in these
solvents. It was shown that the solvent was an important factor and that C6D6 was the best
solvent for stability. It was also observed that GIII was reacting with the NDD in this solvent,
coupling the NDD molecules together due to its very rapid metathesis (Scheme 9). This
observation was important because it supported the earlier hypothesis that this catalyst may have
been too active for the desired UIC formation. The system needed to be modified to have both a
relatively slow polymer formation and also a long-lived catalyst that would last long enough to
form significant amounts of polymer to be encapsulated.

Scheme 9. Coupling of HDD with GIII
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A GI-NDD system was also explored as a catalyst (Scheme 10). The GI-NDD system,
when studied by NMR, showed stability in C6D6 that was long lived in comparison to the GIIINDD system. Another advantage to this system is that the NDD completely displaced the
benzylidene ligand and showed no further reaction (a slight change in the cis/trans ratio was
observed over time with a 4/1 ratio on average) as long as a 3:1 to 5:1 NDD:GI ratio was used in
the attachment. The GI-NDD system was tested in various MeOH/toluene systems (Table 13).
The 60/40 MeOH/toluene system was found to be the best combination due to the GI-NDD and
urea solubility. This system also showed a slower polymerization rate, which was desired.
Unfortunately the same polymer and tetragonal urea co-formation, black solid with clear block
crystals which when dissolved produced no solid and showed nothing in the 1H NMR except
urea was observed in every single sample with the GI-NDD system. In several of the samples
UIC formed but it was found that these were just UICs with the excess NDD ligand and not PA
UICs. This was determined by dissolving some of the crystals and performing 1H NMR.

Table 13. GI-NDD experiments performed and results (SP= sparingly soluble, S=soluble).

System
(MeOH/Toluene)
50/50
60/40
75/25
80/20

GI-NDD solubility

urea

S
S
SP
SP

SP
S
S
S
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Scheme 10. Attachment of NDD to GI.

It was at this point that a two phase solvent system was investigated. The idea behind this
system is that the UICs would form at the interface of a solvent system where the catalyst would
be in one phase and the urea solution in the other. Initial trials were performed with hexadecane
because of its reliability in producing UICs under almost any conditions. Three trials were done
and one produced UICs which led to the method being further explored with the desired system.
The trials for PA UICs were unsuccessful (Table 14) at producing UICs. The first set of trials
using toluene/H2O system showed excessive polymer formation; this was due to the catalyst's
position in toluene on top on the H2O layer, allowing the acetylene to react with the GI catalysts
away from the H2O layer. The solution was to try several solvents more dense than H2O and
while these solvents showed some polymer formation (decidedly less than the previous system)
they still did not produce UICs or even tetragonal urea.

Table 14. Systems attempted with a two phase solvent method to form PA UICs.

Solvent system
Toluene/H2O
Chlorobenzene/H2O
Chloroform/H2O
CCl4/H2O

Density
0.87 g/mL
1.11 g/mL
1.48 g/mL
1.59 g/mL

Trials
4
2
3
2
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The anchored crystal sample was re-explored. Since the pre-crystallized catalyst system
had apparently been unreactive to polymerization, the steric hindrance was adjusted by
synthesizing a different catalyst with smaller ligands. The G(i-prop) catalyst (Figure 38) was
synthesized with P(isopropyl)3 ligands replacing the P(Cy)3 ligands. This catalyst showed no PA
formation with acetylene gas in either toluene or CH2Cl2 even when run for 24 hrs. This
eliminated the G(i-prop) catalyst as a possible candidate for this method.

Figure 38. G(i-prop) catalyst structure.

A new long chain attachment 1,3-heptadecadiene (HDD) was synthesized utilizing a
different procedure (Scheme 11).155,156,157 This new method reduced the time to make the anchor
compound by one day. Another added bonus was the simpler workup with a much safer,
greener, more efficient synthesis due to the lack of heavy corrosive metals, simpler separation,
and a higher overall yield (average 26% vs 9%). This method did provide a shorter anchor, but it
was later found that this did not affect the attachment reaction or subsequent uses of the
compound.
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Scheme 11. Synthesis of HDD

An attempt was made to purify the GI-HDD system so that the excess HDD would not
form UICs in solution providing false positives. It was also to address the issue of the system
being a mixture of GI and GI-HDD system. Every attempt to push the ligand exchange to
completion using less than a 3:1 HDD: GI ratio was unsuccessful. When larger ratios were used
the reaction was purified on a silica column but this resulted in the decomposition of the product,
even when done in an inert environment. This inability to purify the mixture led to a merging of
ideas to create a simpler solution by synthesizing the Grubbs catalyst with the attachment (5)
(Scheme 12), removing the need for purification.

To synthesize (5) the synthetic procedure for GI was modified (Scheme 12). This scheme
was developed utilizing several literature sources160,161,162 and modified to produce the desired
product (see section 3.4). This synthesis was successful until the final step. The first attempts
were done with the hydrazine monohydrate derivative (3a), color change occurred (from clear to
dark red) suggesting that the diazo was forming156 but when taken through the last step no
product was produced. The procedure was then modified to use a slightly more stable
tosylhydrazine (3b) and the same color change was observed157 but the final product was never
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detected. Each method was done three times in an attempt to form this new catalyst with none
being successful, and this line of inquiry was ended.
Scheme 12. Synthetic scheme to make modified catalyst (5).158
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3.3 GI with TPP IC

With the solvent issues that were found in the UIC formation system TPP was explored
as an inclusion compound due to its better solvent compatibility. TPP is used in benzene,
toluene, and mesitylene most commonly in the literature. 80,81,82 The literature examples all use
either a melt method at elevated temperatures with minimal solvent or a crystallization method
where the TPP inclusion complex (TIC) is formed from a solution of TPP and a liquid guest.
Neither of these is appropriate for the simultaneous growth system since acetylene gas would
need to be accessible to the catalyst (which works only in solution) and the guest is not a liquid
at room temperature.

A modified procedure involving a hybrid slow evaporation method devised from the
small molecule inclusion method was explored. In the small molecule inclusion method N2 gas
was passed over the solution to reduce the volume, in this new method acetylene gas was used to
reduce the solvent. This served the dual purpose of also forming the polymer with the catalyst
which would be in solution with the TPP. As the solution volume was reduced the TIC would
form around the GI-HDD tail as the polymer would form.

Table 15. Melting points of starting materials and products obtained with the first set of samples.

Sample
TPP (pure)
GI
TPP-toluene TIC
6/28/12 TIC
7/10/12 TIC
7/19/12 TIC
8/25/12 TIC

MP (0C)
243-245
152-153
254-255
255-293
194-292
185-289
189-254
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MP and 13C MAS NMR are the most common characterization methods for TICs. 81 Table
15 shows that the crystals formed have different mps with very large ranges which makes any
conclusion about this data very speculative. One might imagine that a sample mixture of some
combination of pure TPP, GI catalyst, pure PA, TPP-toluene IC’s, and TPP-PA IC’s might
exhibit this behavior. The upper mp range of these samples seem to fall in the range of 289-293
o

C on average, and for comparison 300-310 oC is a common range for TICs with small

conjugated molecules.82 Since these results were not conclusive, FT-IR spectra were taken of the
samples to attempt to characterize the possible TICs (Figures 39-43).159
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Figure 39. Starting material IR Spectra with “empty” TPP and PA synthesized with GI and
acetylene gas.

% Transmittance

80

93

100

% Transmittance

80

60

6/28/2012
7/19/2012

40

8/25/2012
20

7/10/2012
0
3150

2650

2150
1650
Wavenumber cm-1

1150

650

Figure 40. The FT-IR results for the first set of samples made using the new GI/TPP system.
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Figure 41. One of the growth samples compared to the two starting material IR spectra.
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Peaks that are consistent with TPP and some of the PA peaks from standards were seen in
several samples (Figures 39 and 40). For example the broad stretch centered at 1065 cm-1 in the
“pure” PA IR (Figure 41) is absent from each of the TIC samples in Figure 40 but the two sharp
peaks at 2900 cm-1 and 2850 cm-1 which are in the PA IR show up in the TIC IR’s. This suggests
that there is a change in the stretching and absorbance behavior and that PA is not just absent in
the sample. This indicates that the PA is not separate in the sample, outside the TIC. These
results are possibly consistent with a confined chain since the absence of 1065 cm-1 peak could
be a result of the steric inhibition of the out-of-plane vibrations. The diagnostic peaks for TPP
(3150 cm-1, 1610 cm-1, 1490 cm-1, 1246 cm-1) match in both the “pure” and TIC IR’s. This is not
an unexpected result since the morphology and crystal packing of the included and “empty” TPP
is nearly identical. These results need to be reproduced and a larger amount of data is needed
before any definite conclusions can be drawn especially with the inconstancy in the sample in the
1740-1516 cm-1 range (see Appendix A for more sample comparisons).
The GI-TPP IC’s were grown without the HDD anchor to see if more consistent results
could be obtained. This was accomplished by following the same procedure as previously
described but adding the un modified catalyst instead of an anchored catalyst. This helped shed
light on how the HDD anchor may affect the crystallization and the subsequent spectroscopic
results. This experiment also helped in determining if an anchor is necessary for the growth of
the sample. The resulting data (Table 16) showed that the anchor was necessary for more
uniform samples since the mp data showed a larger range and more variability between samples
than with the anchor (Table 17) with colors of the samples ranging from white to dark black.
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Table 16. Samples grown without HDD anchor.

Sample
TPP (pure)
GI
TPP-Toluene
3/17/13 TIC
3/20/13 TIC
3/26/13 TIC
3/29/13 TIC

MP (oC)
243-245
152-153
254-255
206-253
222-295
206-268
228-282

Table 17. Mp of the second set of samples grown with the anchored catalyst GI-HDD.

Sample
TPP (pure)
GI
TPP-Toluene
8/7/13 TIC
8/8/13 TIC
10/3/13 TIC
10/21/13 TIC
10/22/13 TIC

MP (oC)
243-245
152-153
254-255
228-291
225-293
199-272
190-271
184-272

The mp of the previous sample showed a much wider distribution without the anchor so
the next sets of experiments were performed with the anchor catalyst GI-HDD. These samples
range of melting temperatures were as inconclusive as the previous sample made with the GIHDD system. The higher mp range led to the desire to further compare the data with FT-IR
(Figure 42 and 43). The IR spectra matched the previously determined data for the TICs. It was
consistent with the previous observation of TPP peaks and PA peaks in the TIC samples along
with the characteristic absence of the prominent PA stretch at 1065 cm-1.
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X-ray crystallography was done on the TICs. The structure was solved but refinement
proved to be challenging. The structure shows a channel formation and space group consistent
with the literature (P63/m).117 The disordered guest is expected given the rotation within the
channel and also the disorder form channel to channel (Figure 44). Unfortunately the data only
shows some electron density in the channels with nothing specific as to the nature of the guest
able to be concluded. This data is still being investigated.
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Figure 42. IRs of second set of growth samples with anchored catalyst GI-HDD.
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Figure 43. Two of the TIC samples showing the same results as previously prepared TICs.

Figure 44. PA TIC unit cell with guest omitted.
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3.4 Conclusions

The simultaneous polymerization and IC formation seemed to produce TICs consistent
with what would be expected of PA TICs, but characterization by mp, IR spectroscopy, and Xray crystallography was not sufficient to support a positive identification. After exhausting
numerous conditions in an attempt to use urea as an inclusion compound it was discovered that
an inclusion compound with better solvent compatibility with the catalyst would be needed. TPP
was explored and was found to be a much better option than urea for this system. The TICs were
explored with FT-IR. This data showed characteristic peaks associated with PA and changes that
could be attributed to PA TICs. X-ray data, which is currently being investigated, will be more
conclusive. The structure is currently solved but remains unrefined (Appendix A). Once these
structures are fully characterized, electronic measurements of these products can also be done to
determine whether this method also produced the desired isolated and oriented PA and whether
the PA is long enough to exhibit properties similar to those calculated for the infinite chain.
There is also an opportunity to compare how the two methods of formation affect the observed
properties of the confined PA and how the different IC environments affect the PAs properties.
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3.5 Experimental

General procedure

All reagents were used as obtained from Alfa Aesar, Cambridge isotopes, Fisher
Scientific or EMD Millipore unless otherwise stated. All FTIR measurements were collected on
a Thermo Nicolet 6700 FTIR equipped with a diamond smart ATR attenuated internal
reflectance accessory, and a liquid N2 cooled MCT-A detector. All mps were taken with a
MPA120 EZ- melt Automated Melting Point Apparatus.

GIII and GI initial UIC formation:

The amounts of each guest and inhibitor used for the initial UIC formations were as
shown in Table 9. For each experiment 5 mL of methanol was heated in a test tube to 55 oC and
then the amount of urea needed was dissolved in solution (1.8-2.0 M). The guest and inhibitor
were then added to the solution and dissolved (the exact combinations varied based on the
experiment). The test tube was then covered (with acetylene balloon if a PA growth sample or
with parafilm if a stearic acid/5-ODOIPA sample) and placed in a Dewar flask with water at 55
o

C (Figure 45). This was left on the bench top overnight to cool and crystallize.
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Figure 45. The apparatus used for GI and GII crystallizations.
Two phase system for PA UICs:

The GI catalyst was dissolved in 3 mL of the catalyst solvent. The urea was added to
3mL of H2O to make a 12 M solution in an Erlenmeyer flask. The GI solution was added to the
flask and an acetylene balloon placed over the sample. In the cases of chloroform,
chlorobenzene, and CCl4 the water layer was added second. The sample was left until the balloon
deflated (24-36 hrs). The sample was then observed for UIC formation.
NDD152,153

NDD was synthesized utilizing known reactions (Scheme 7). The product of each
reaction was confirmed via 1H NMR. The final product was characterized and compared to the
literature. Yield 9% (overall).
1

H NMR NDD product (two isomers 75% E,E and 25% E,Z) (300 MHz, CDCl3): δ= 6.62

(dddd J= 16.8, 10.2, 9.0, 1.1 Hz, 0.25x1H), 6.36 (dt, J= 17.1,10.2 Hz, 0.75x1 H), 6.05 (m, 1 H),
5.72 (dt, J= 15.3, 6.9 Hz, 0.75x1 H), 5.45-5.70 (m, 0.25x1 H), 5.20 (dd, J= 16.8, 2.1 Hz, 0.25x1
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H), 5.15 (dd, J= 16.5,1.8 Hz, 0.25x1 H), 5.10 (dd, J= 11.1, 2.4 Hz, 0.75x1 H), 4.96 (dd, J= 10.5,
1.5 Hz, 0.75x1 H,), 2.21-1.97 (m, 2 H), 1.50-1.10 (m, 26H), 0.93 (t, J= 6.5 Hz, 3 H)
HDD synthesis155,156,157

HDD was synthesized using known procedures (Scheme 11), and the product of each
reaction was confirmed using 1H NMR and compared to literature values.

IBX
1

H NMR: (300 MHz, DMSO) δ 8.15 (d, J= 9 Hz, 1H, Ar-H), 8.01 (m, 1H, Ar-H), 7.98 (m, 1H,

Ar-H), 7.84 (t, J= 6 Hz, 1H, Ar-H).

Hexadecene-1-al
1

H NMR: (300 MHz, CDCl3) δ 9.52 (d, J= 6 Hz, 1H), 6.82-6.92 (m, 1H), 6.13 (ddt, J= 6, 3, 0.5

Hz, 1H), 2.31-2.38 (m, 2H), 1.45-1.64 (bm, 22H), 0.89 (t, J= 6 Hz, 3H)

HDD
1

H NMR: (300 MHz, CDCl3) δ 6.26-6.39 (m, 1H, H2C=CH-C), 6.06 (q, J= 9,1 Hz 1H, C-CH=C-

C), 5.67-5.77 (m, 1H, C-C=CH-C), 5.10 (d, J= 15 Hz, 1H, HaC=C-C), 4.97 (d, J= 9 Hz, 1H,
HbC=C-C), 2.09 (t, J= 9 Hz, 2H, C=C-CH2-C), 1.23 (bm, 22H, CH2-(CH2)11-C), 0.87 (t, J= 6
Hz 3H, (CH2)11-CH3)

Anchored PA UIC formation:
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The GIII or GI catalyst was treated with NDD or HDD in C6D6 and followed via 1H
NMR until ligand exchange completion (see appendix A). The reaction mixture was
concentrated by N2 flow to dryness and the catalyst with attachment dissolved in a 2.0 M urea
solution. For the two solvent systems the urea was dissolved in the MeOH and the catalyst
dissolved in the chloroform or toluene. The two separate solutions were then mixed. The solution
was then capped with an acetylene balloon and left for 24 hrs.

New catalyst ((5) Scheme 12) synthesis:

The synthetic procedure for the new catalyst (Scheme 12) was done following modified
literature procedures.155,156, 160,161,162,163 These products were characterized using 1H NMR and
compared to literature values (all are known compounds).
IBX and Hexadencene-1-al see above155,156
Tosylhydrazone (3b) 161
1

H NMR: (300 MHz, CDCl3) δ= 7.87 (d, J= 6 Hz, 1H, N=CH-C), 7.71 (d, J= 9 Hz, 2H, Ar-H),

7.32 (d, J= 6 Hz, 2H, Ar-H), 6.20-6.02 (m, 2H, overlap C-HC=CH-C), 2.18 (dt, J= 6 Hz, 2H,
=C-CH2-C), 1.24 (bm, 22H, C-(CH2)11-C), 0.87 (t, J= 6 Hz, 3H, C-CH3)
Hydrazone (3a)162
1

H NMR: (300 MHz, CDCl3) δ= 8.14 (d, J= 9 Hz, 1H, N=CH-C), 7.90 (dd, J= 6,12 Hz, 1H, C-

CH=C), 6.32 (td, 1H, C=CH-C), 2.37 (m, 2H, C=C-CH2-C), 2.16 (m, C-CH2-C), 1.31 (m, 20H,
C-(CH2)10-C), 0.89 (t, 3H, C-CH3)
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TPP synthesis81

In a nitrogen glovebox, sublimed hexachlorophosphazene (0.0144 mol, 5.00 g) was
dissolved in 80 ml dry THF. To this, a solution of triethylamine (9.9 mol, 13.75 mL) and
catechol (0.049 mol, 5.40 g) dissolved in 120 ml dry THF was added dropwise with stirring. The
solution turned pink. The reaction was then removed from the glovebox (septum capped) and set
to reflux under N2 for 40 h. Once the reaction was complete the product was vacuum filtered.
The product was placed on the vacuum line to dry for 2 d. The product was a white solid (5.69 g,
88% yield). 31P NMR and 1H NMR matched literature values.
31

1

P NMR: (500 MHz, CDCl3) δ 35.8 ppm.

H NMR: (300 MHz, CDCl3) δ 6.60-6.65 (m, 6H, H-Ar), 6.48-6.53 (m, 6H, H-Ar)

PA TIC formation

The GI catalyst was treated with HDD in a 1:2 mole ratio (0.014 g: 0.008 g) in C6D6 and
followed via 1H NMR until ligand exchange went to completion .The reaction was considered
complete when the characteristic singlet at 20.8 ppm either was completely gone or less than
10% of the total mixture by integration. The reaction mixture was concentrated to dryness and
then dissolved in 3 mL 0.1 M TPP solution in either toluene or mesitylene. A gentle stream of
acetylene gas was blown over the solution until all solvent evaporated (10-24 hrs). A residue of
mixed crystals formed with dark and light crystals. The crystals were characterized using melting
point (Tables 15-17) and IR (Figures 39-43).
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Chapter 4: Conclusions

The two methods of forming PA in ICs were both possibly successful. The next goal
would be to investigate the electronic properties of these crystals. The theoretical calculations
suggest conducting or even superconducting behavior may be possible from these isolated
oriented PA samples.71 If these studies lead to the formation of PA ICs with conducting or
superconducting properties, especially with some degree of control, then many applications will
be possible. Conductive polymers are most useful in OLED TVs, Li-polymer batteries, and thin
film solar cell application.9,10 If these PA ICs show strong conductive behavior then these would
be the proposed uses for them. This would represent a huge leap forward in organic molecular
electronics research. This PA research could also lend insight into graphene or carbon nanotubes
(CNT) (Figure 46). These two materials are heavily studied for their desirable properties but face
many of the synthetic challenges PA faces as described below. The progress in this project could
lead to better understanding of those systems as well.

Figure 46. Structure of CNTs and graphene.164

The current research into organic molecular electronics is focused on replacing expensive
rare metals like indium, which is used in transparent indium tin oxide, with cheaper organic
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alternatives. This metal also has problems such as being quite toxic and therefore restricting its
usage in wearable electronic devices. 165 New research has been done on replacing these indium
oxide materials with graphene or CNTs.166,167,168 The driving force behind the research is the
requirement for flexible, transparent, and lightweight materials which can be used in both solar
cells and OLEDs. Solar power is the next generation of electricity production, which will power
electronic devices that have moved to OLED displays. It is not hard to imagine that PA could
also serve this purpose if it exhibits the properties predicted. This transition has been difficult as
there are many synthetic challenges in using PA, graphene and CNTs.

The main synthetic challenges associated with CNTs are a drop in resistivity at junctions
formed by creating thin film materials. 169 The material itself has high conductivity but once thick
films are formed this bulk solid's overall conductivity drops. This challenge is very similar to
issues with PA research where the materials fabrication influences the conductivity of the
material produced. Approaches to correct this drop in conductivity include acid treatment of the
films166, sonication170, and modification of the synthetic fabrication of a single walled carbon
nanotube (SWCNT).171 The method of modifying the fabrication of the SWCNT is the most
recent advance in nanotube research and has resulted in the best conductivity improvement thus
far but is still behind the industry standard of indium oxide.

With graphene, another carbon based material, synthetic challenges stem from the need
for a thin, continuous material.168 Graphene being a flat sheet is best conductive when made in
high quality large area material. The challenge is that the only ways known to form graphene
sheets is exfoliating them from graphite,172 chemical vapor deposition (CVD) on metal
surfaces,173 and reduction of graphene oxide to graphene. 174 Exfoliation is not a scalable
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technique making industry applications challenging. CVD has drawbacks including removal of
the formed sheet from the metal layer to a non-conducting layer, and expensive high temperature
processes. Graphene oxide is easier to form and manipulate than graphene but this method
results in a lower conductive material due to small amounts of remaining oxide on the sheets.
The research into this material is less than 10 years old making graphene one of the newer
materials investigated.

Research into the properties and synthetic challenges of conjugated carbon systems will
hopefully lead to a huge improvement in energy generation and electronics devices. These
materials offer a lower cost alternative to the precious metals currently being used in energy
production and electronic devices. These materials have the added bonus of being less toxic to
both humans and the environment. This research is has made progress toward that end.

This project was a collective effort. The parts of the project that I was most directly
involved with led to the following specific advances in knowledge:

(a) Optimization of the method for preparation, especially the work-up, of DIBD. This is
the foundation material for several other steps.
(b) Optimization of the low-temperature slow-cooling method for formation of UICs
containing DIBD.
(c) Overseeing the x-ray diffraction structure of the above DIBD:UIC which turned out
to be unusual for this class of materials. In being fully ordered and commensurate,
this permitted one of the rare full determinations of the diffraction structure of a UIC.
It is also a rare case of a refined structure of an iodo-alkene. This structure
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determination was carried out at both 295 K and 90 K making it a high quality
structure.
(d) Preparing UIC crystals from a mixture of stereoisomer’s of DIBD ((E,E),(E,Z) and
(Z,Z)) that resulted in incorporation of a mixture of isomers in high relative ratio that
is not the same as the starting mixture. It has interesting photochemical differences
from that of the (E,E)-DIBD UIC including a faster photochemical change than
observed with the (E,E)-DIBD.
(e) Use, for the first time, of a published reductive coupling reaction to prepare an
oligomeric mixture from a di-halo starting material and chromatographic separation
of each product with a multi-solvent elution system to isolate the different lengths of
oligomers. This also includes characterization by UV-Vis, LCMS, and 1H NMR.
(f) The initial members of the series of diiodopolyenes of the form I-(CH=CHCH=CH)n-I where n = 2, 3, 4 etc are the intermediates proposed for the in situ
photopolymerization of DIBD in UIC crystals. As such these materials are useful in
providing spectroscopic data (UV-vis, NMR) that can be used to monitor the progress
of the solid state polymerization. These materials also provide alternative entry points
for the solid state polymerization process via ICs that are formed by these longer
oligomers.
(g) The development of a new slow evaporation technique for the formation of ICs with
TPP and the GI catalyst.
(h) The characterization and investigation of the resulting TICs from the new IC
formation technique including FT-IR spectroscopy and X-ray crystallography.
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Appendix A (Supplemental Data)

F2 - Acquisition Parameters
Date_
20120404
Time
3.35
INSTRUM
spect
PROBHD
5 mm PABBO BB/
PULPROG
cptppm2
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3120
SOLVENT
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NS
2048
DS
0
SWH
31250.000 Hz
FIDRES
10.016026 Hz
AQ
0.0499700 sec
RG
4096
DW
16.000 usec
DE
6.00 usec
TE
683.2 K
D1
5.00000000 sec

-21.520

4.556
3.698

37.502
34.050
31.836

71.175

82.311

144.951

163.831

175.230

Current Data Parameters
NAME
BH20120403
EXPNO
5
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1

238.555

256.603

5.1 Selected spectra

50:1 OIBD:DIO 2/6/12
2/6/12
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======== CHANNEL f1 ========
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13C
P15
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-1.80 dB
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75.4752658 MHz
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CPDPRG2
tppm15
NUC2
1H
P3
5.05 usec
P31
10.70 usec
PL2
-5.80 dB
PL12
-6.00 dB
SFO2
300.1285000 MHz
F2 - Processing parameters
SI
32768
SF
75.4670660 MHz
WDW
EM
SSB
0
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20.00 Hz
GB
0
PC
1.40
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50

0

-50
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2.220

200
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250

1.000
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Figure 47. 13C MAS NMR of the co-crystal DIO with DIBD formed from a 50:1 sample.

Figure 48. DIBD stability in C6D6 (top down) t=5 min (blue), t= 30 min (red), t=2 h (green).
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Figure 49. DIBD irradiated with 254 nm Rayonet in cyclohexane at t= 0 min (blue), t= 30 min
(red), t= 240 min (green) in MeOD.

Figure 50. DIBD irradiated with 254 nm Rayonet in Pyrex at t=0 min (blue), t= 30 min (red),
t=240 min (green) in MeOD.
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Figure 51. P.I. DIBD in MeOD 1H NMR.

Figure 52. PI DIBD UIC dissolved in MeOD 1H NMR.
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Figure 53. 1H NMR of DIOT isomers from the coupling reaction.

Figure 54. 5(b) product for catalyst synthesis in CDCl3.
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Figure 55. 5(a) for new catalyst synthesis in CDCl3.

Figure 56. IBX product for HDD reaction in DMSO-d6.
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Figure 57. Hexadecene-1-al in CDCl3.

Figure 58. 1H NMR of the HDD product in CDCl3 .
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Figure 59. Attachment of HDD to GI in C6D6.

Figure 60. G(i-prop) catalyst 1H NMR in C6D6.
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Figure 61. 31P NMR of TPP product.
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Figure 62. Second set of anchored growth samples 8-7 to 10-24 FT-IR.
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10/21 and 10/24 samples
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Figure 63. 10-21 and 10-24 FT-IR data for GI-HDD TICs.
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Figure 64. Non-anchored GI TIC samples FT-IR data.
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5.2 Crystallography files
DIBD UIC raw data
Crystal data and structure refinement for DIBD UIC.
Identification code

DIBD UIC

Empirical formula

C5 H14 I N6 O3

Formula weight

333.12

Temperature

90(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)/n

Unit cell dimensions

a = 8.1332(15) Å

α= 90°.

b = 10.967(2) Å

β= 90.556(4)°.

c = 13.866(3) Å

γ = 90°.

Volume

1236.8(4) Å3

Z

4

Density (calculated)

1.789 Mg/m3

Absorption coefficient

2.591 mm-1

F(000)

652
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Crystal size

0.32 x 0.15 x 0.13 mm3

Theta range for data collection

2.37 to 25.73°.

Index ranges

-9<=h<=9, -13<=k<=13, -16<=l<=16

Reflections collected

2330

Independent reflections

2330 [R(int) = 0.0000]

Completeness to theta = 25.73°

98.5 %

Absorption correction

Multi-scan

Max. and min. transmission

0.7261 and 0.4873

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2330 / 0 / 138

Goodness-of-fit on F2

1.222

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

R1 = 0.0527, wR2 = 0.1473

R indices (all data)

R1 = 0.0535, wR2 = 0.1475

Largest diff. peak and hole

2.470 and -2.132 e.Å-3
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Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for
DIBD UIC. U(eq) is defined as one third of the trace of the orthogonalized U ij tensor.
______________________________________________________________________________
x

y

z

U(eq)

______________________________________________________________________________
I(1)

464(1)

3345(1)

226(1)

30(1)

O(1)

-228(7)

847(5)

3413(4)

13(1)

O(2)

10266(7)

4182(5)

3408(4)

13(1)

O(3)

10012(8)

7512(5)

3159(4)

14(1)

N(1)

1967(9)

1873(7)

2841(6)

16(2)

N(2)

1666(10)

-185(7)

2538(6)

17(2)

N(3)

8303(10)

5204(7)

2558(6)

19(2)

N(4)

8022(10)

3151(7)

2871(6)

18(2)

N(5)

9617(10)

8535(6)

4553(5)

14(2)

N(6)

10200(10)

6482(7)

4567(5)

17(2)

C(1)

-332(14)

1561(10)

383(9)

33(2)

C(2)

1109(11)

839(8)

2950(6)

14(2)

C(3)

9944(11)

7515(8)

4062(6)

14(2)

C(4)

8896(11)

4184(8)

2957(6)

15(2)

120
C(5)

287(12)

630(9)

-67(7)

Bond lengths [Å] and angles [°] for DIBD UIC.
_____________________________________________________
I(1)-C(1)

2.073(10)

O(1)-C(2)

1.268(11)

O(2)-C(4)

1.273(11)

O(3)-C(3)

1.253(10)

N(1)-C(2)

1.340(12)

N(1)-H(1A)

0.8800

N(1)-H(1B)

0.8800

N(2)-C(2)

1.342(12)

N(2)-H(2A)

0.8800

N(2)-H(2B)

0.8800

N(3)-C(4)

1.336(12)

N(3)-H(3A)

0.8800

N(3)-H(3B)

0.8800

N(4)-C(4)

1.342(12)

N(4)-H(4A)

0.8800

N(4)-H(4B)

0.8800

25(2)
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N(5)-C(3)

1.339(11)

N(5)-H(5A)

0.8800

N(5)-H(5B)

0.8800

N(6)-C(3)

1.347(11)

N(6)-H(6A)

0.8800

N(6)-H(6B)

0.8800

C(1)-C(5)

1.300(15)

C(1)-H(1)

0.9500

C(5)-C(5)#1

1.471(19)

C(5)-H(5)

0.9500

C(2)-N(1)-H(1A)

120.0

C(2)-N(1)-H(1B)

120.0

H(1A)-N(1)-H(1B)

120.0

C(2)-N(2)-H(2A)

120.0

C(2)-N(2)-H(2B)

120.0

H(2A)-N(2)-H(2B)

120.0

C(4)-N(3)-H(3A)

120.0

C(4)-N(3)-H(3B)

120.0

122
H(3A)-N(3)-H(3B)

120.0

C(4)-N(4)-H(4A)

120.0

C(4)-N(4)-H(4B)

120.0

H(4A)-N(4)-H(4B)

120.0

C(3)-N(5)-H(5A)

120.0

C(3)-N(5)-H(5B)

120.0

H(5A)-N(5)-H(5B)

120.0

C(3)-N(6)-H(6A)

120.0

C(3)-N(6)-H(6B)

120.0

H(6A)-N(6)-H(6B)

120.0

C(5)-C(1)-I(1)

124.6(8)

C(5)-C(1)-H(1)

117.7

I(1)-C(1)-H(1)

117.7

O(1)-C(2)-N(1)

120.1(8)

O(1)-C(2)-N(2)

121.1(8)

N(1)-C(2)-N(2)

118.8(8)

O(3)-C(3)-N(5)

121.4(8)

O(3)-C(3)-N(6)

120.6(8)

N(5)-C(3)-N(6)

117.9(7)

123
O(2)-C(4)-N(3)

121.1(8)

O(2)-C(4)-N(4)

120.1(8)

N(3)-C(4)-N(4)

118.8(8)

C(1)-C(5)-C(5)#1

123.5(12)

C(1)-C(5)-H(5)

118.2

C(5)#1-C(5)-H(5)

118.2

_____________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 -x,-y,-z
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TIC with PA raw data

Crystal data and structure refinement for 100_a.

Identification code

100_a

Empirical formula

C3 H3 N O P

Formula weight

100.03

Temperature

108(2) K

Wavelength

0.71073 Å

Crystal system

Hexagonal

Space group

P 63/m

Unit cell dimensions:

a = 11.512(3) Å a= 90°.

b = 11.512(3) Å b= 90°.

c = 9.981(3) Å g = 120°.

Volume

1145.4(7) Å3

Z

8

Density (calculated)

1.160 Mg/m3

Absorption coefficient

0.348 mm-1
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F(000)

408

Crystal size ? x ? x ? mm3

Theta range for data collection

2.043 to 27.607°.

Index ranges

-10<=h<=11, -14<=k<=5, -10<=l<=13

Reflections collected

2859

Independent reflections

935 [R(int) = 0.0627]

Completeness to theta

25.242° 100.0 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 935 / 27 / 49
Goodness-of-fit on F2

1.121

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

R1 = 0.0691, wR2 = 0.2263

R indices (all data)

R1 = 0.1159, wR2 = 0.2510

Extinction coefficient n/a

Largest diff. peak and hole

1.614 and -0.401 e.Å-3
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Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for
100_a. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

x y z U(eq)

P(1)

6377(2) 1820(2) 2500 17(1)

O(1)

6180(3) 807(3) 1286(3) 20(1)

N(1)

5198(6) 2145(5) 2500 20(1)

C(1)

6064(5) -373(5) 1804(4) 20(1)

C(2)

5950(5) -1432(5) 1069(4) 28(1)

C(3)

5853(6) -2525(6) 1806(5) 37(2)

Bond lengths [Å] and angles [°] for 100_a.

P(1)-N(1)#1

1.578(6)

P(1)-N(1)

1.579(6)

P(1)-O(1)#2

1.617(3)

P(1)-O(1)

1.617(3)

O(1)-C(1)

1.396(5)
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N(1)-P(1)#3

1.578(6)

C(1)-C(2)

1.372(6)

C(1)-C(1)#2

1.389(8)

C(2)-C(3)

1.412(7)

C(3)-C(3)#2

1.386(9)

N(1)#1-P(1)-N(1)

117.1(4)

N(1)#1-P(1)-O(1)#2

110.33(18)

N(1)-P(1)-O(1)#2

110.12(18)

N(1)#1-P(1)-O(1)

110.33(18)

N(1)-P(1)-O(1)

110.12(18)

O(1)#2-P(1)-O(1)

97.0(2)

C(1)-O(1)-P(1)

109.6(2)

P(1)#3-N(1)-P(1)

122.9(4)

C(2)-C(1)-C(1)#2

122.3(3)

C(2)-C(1)-O(1)

126.0(4)

C(1)#2-C(1)-O(1)

111.7(2)
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C(1)-C(2)-C(3)

116.3(4)

C(3)#2-C(3)-C(2)

121.4(3)

Symmetry transformations used to generate equivalent atoms:

#1 -y+1,x-y,z

#2 x,y,-z+1/2

#3 -x+y+1,-x+1,z

Anisotropic displacement parameters (Å2x 103) for 100_a. The anisotropic displacement factor
exponent takes the form: -2p2[ h2 a*2U11 + ... + 2 h k a* b* U12 ]
U11 U22 U33 U23 U13 U12

P(1)

23(1) 20(1) 10(1) 0 0 11(1)

O(1)

32(2) 22(2) 8(1) -1(1) 1(1) 14(2)

N(1)

23(3) 23(3) 13(2) 0 0 11(2)

C(1)

24(2) 21(2) 14(2) 2(2) 1(2) 11(2)

C(2)

43(3) 24(2) 16(2) -4(2) 0(2) 17(2)

C(3)

66(4) 26(3) 20(2) -3(2) -1(2) 24(3)

Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 10 3) for 100_a.
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x y z U(eq)

H(2)

5936 -1431 118 33

H(3)

5787 -3275 1339 45
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Appendix B (Cryst. Growth Des. 2013, 13 (9), 3852–3855.)
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For Table of Contents Use Only
The urea inclusion compound (UIC) with (E,E)-1,4-diiodo-1,3-butadiene (DIBD) as a
guest has been prepared and crystallographically characterized as a rare example of a
commensurate, fully ordered UIC. Crystal structures at 90 and 278 K show a slight lattice
deformation from hexagonal symmetry, with γ= 90.556˚ and 90.387˚, respectively.

Abstract
The urea inclusion compound (UIC) with (E,E)-1,4-diiodo-1,3-butadiene (DIBD) as a
guest (DIBD:UIC) has been prepared and crystallographically characterized at 90 and 298 K as a
rare example of a commensurate, fully ordered UIC. The crystal shows nearly hexagonal
channels in the monoclinic space group P21/n. The DIBD guest molecules are arranged end-toend with the non-bonding iodine atoms in van der Waals contact. The guest structure is
compared with that for the pure DIBD crystal at 90 K and with computations for the periodic
UIC and isolated DIBD molecule.
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Urea inclusion compounds (UICs) with rod shaped guests have been extensively studied
and characterized.1-3 These compounds typically have crystal structures that are hexagonal linear
tunnels filled with guest species, incommensurate host and guest repeat distances,4 and
orientationally disordered guest molecules, 5 but with a standard urea repeat distance of 11 Ǻ.6,7
The incommensurate nature and orientational disorder have led to difficulty in characterization
of numerous UICs, resulting in a very small number of solved crystal structures (currently fewer
than 50). The subset of reported UICs that exhibit commensurate structures8-10 have guests with
particular end groups: acetyl, 11 amino, 12 hydroxyl, 13 and halo.14 Attempts to control morphology
with a systematic method of crystal engineering have been successful in creating commensurate
UICs but require molecules with well-defined properties and careful consideration of
intermolecular interactions. 15 With the exception of the above subset of 11 examples out of the
hundreds of UICs formed, commensurate well-defined crystal structures remain elusive in the
field. The commensurate and fully ordered UIC with (E,E)-1,4-diiodo-1,3-butadiene (DIBD)
(Figure 1) is thus unusual. This material exhibits temperature lattice changes similar to other
known crystals,8-9,14 and is being investigated as a possible precursor to a polyacetylene UIC.

Figure 1. Crystal packing image along the b axis of the DIBD:UIC structure at 90 K.
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DIBD was synthesized using a method of Mitchenko and coworkers.16,17 This synthetic
method produced isomerically pure DIBD that was then co-crystallized with urea. The crystals
were grown from a methanol solution saturated with urea by slow cooling over 3 days to -20 oC
in a sealed vial free from oxygen. If the solution was cooled too rapidly (faster than 1 oC/hour),
only tetragonal urea crystals resulted. No crystals formed until cooled below -10 oC. If a 6:1
urea:DIBD mole ratio was used, then mixed samples (tetragonal “empty” urea and UICs) were
formed. If a larger amount of DIBD was used (5:1 urea:DIBD), then UICs were more uniformly
formed. If less DIBD was used (> 6:1 urea:DIBD), then UICs were not formed.
A slow evaporation method was also employed, as this is the primary method used in the
literature to form UICs. Traditional room temperature, refrigerated (3 o C), and freezer (-3o C)
evaporations were attempted. None of these open-air evaporations resulted in UICs. A procedure
was developed utilizing an air-tight glass container with small holes drilled in its polysiloxane lid
to allow a controlled argon flow in and out of the container. This container was itself interior to
a larger air-tight polyethylene container filled with argon. The effluent argon was then monitored
through an external bubbler. The argon lines were run into and out of a modified freezer. This
technique produced crystals elongated along the b axis (channel axis) in contrast to the shorter
crystals formed by slow cooling.
When mixed samples were obtained, the UICs were separated from the pure urea crystals
based on density. The density of DIBD:UIC was estimated prior to determination of the crystal
structure to be approximately 2 g/mL. 18 The density of tetragonal urea being 1.32 g/mL, CCl4 (d
= 1.587 g/mL) was used to separate the crystals. Samples were placed into a beaker containing
CCl4, resulting in floating urea crystals and settled DIBD:UICs.
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Crystal structures of DIBD:UIC were obtained at 90 and 298 K for a crystal made by
slow cooling. Unit cell determination at 90 K of a crystal made by evaporation showed the same
unit cell (Figure 2 and Table 1). The centrosymmetric unit cell contains one DIBD and six urea
molecules. The channel axis is along b with a length very close to the standard value.
Comparison of the 298 K structure with that for 90 K shows a unit cell elongation along all three
directional axes and a contraction of the β angle toward 90o. The move towards hexagonal
symmetry at higher temperatures is consistent with the reported literature (Figure 3). 14 Both
structures are slightly distorted from hexagonal symmetry, possibly due to the planar guest
molecule. The iodine atoms are twisted 1o out of the plane of the carbon atoms in the included
DIBD molecule, and the iodine atoms on adjacent DIBD molecules are closer than van der
Waals contact.
Table 1. Crystallographic data for DIBD:UIC19 and DIBD20

Data
Empirical formula
Formula weight
Density (calculated)
Temperature
Wavelength
Crystal system
Space group
Unit cell: a
b
c
α
β
γ
Cell volume

Low temperature
DIBD:UIC
C5H14IN6O3

Ambient temperature
DIBD:UIC
C5H14IN6O3

DIBD
C2H2I

333.12

333.12

152.95

1.789

1.747

3.068

90 K
0.71073 Å
Monoclinic
P21/n
8.1332(15) Å
10.967(2) Å
13.866(3) Å
90 o
90.556(4)°
90 o
1236.8(4) Å3

298 K
0.71073 Ǻ
Monoclinic
P21/n
8.2184(12) Ǻ
11.0206(15) Ǻ
13.9866(19) Ǻ
90 o
90.387(3)o
90 o
1266.8(3) Å3

90 K
0.71073 Ǻ
Triclinic
P-1
4.4077(5)
5.8495(6)
12.9648(13)
90.061(2) o
92.990(2) o
97.233(2) o
331.148 Å3
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Figure 2. Crystallographic image of two adjacent DIBD molecules in the same UIC channel.

Figure 3. Slightly distorted hexagonal channel from the 90 K crystal structure.
The bond length and angle parameters of DIBD:UIC at both 90 K and 298 K are given in
Tables 2 and 3. These are compared with the structure of the parent compound also at 90 K and
with the results of several calculations. The structure of the parent compound contains two nonequivalent centrosymmetric molecules in the unit cell.20 The crystal structure of DIBD at 100 K
has been reported.17 The result is in substantial agreement with the one reported here with only
minor quantitative differences. The values for the C-I bond lengths in DIBD and DIBD:UIC are
the only reported high-resolution values for C-I distances involving non-aromatic sp2 carbon
atoms. The average value for the three 90 K C-I bond lengths is 2.080 (0.006 SD) Å. This may
be compared to values for 51 aromatic C-I bonds that range from 2.089 Å to 2.104 Å with an
average of 2.095 (0.015 SD) Å. 21 All three of the measurements presented here are lower than
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the lowest value for the aromatic compounds. The non-bonded iodine-iodine distance of 3.759 Å
for the 90 K guest species is 0.36 Å less than twice the 2.06 Å van der Waals radius. 22
Table 2. Comparison of select experimental and calculated bond lengths (Å)
Calculated
B3LYP

Experimental

mixedb

6-311G(d,p)

C-I

UIC 90
K
2.073

UIC
RTa
2.027

DIBD
(1)
2.085

DIBD
(2)
2.082

90 K
avg
2.080

2.109

C=C

1.301

1.276

1.322

1.323

1.315

C-C

1.471

1.385

1.441

1.455

end I-I

7.401

7.351

7.418

7.412

a. Values subject to thermal contraction.

MP2
Isolated

UIC
2.115

DIBD
2.090

2.068

1.336

1.337

1.348

1.334

1.456

1.452

1.455

1.455

1.445

7.410

7.452

7.499

7.451

7.405

b. For C&H: 6-311G(2df,2pd); for I: 6-311G(d, p)

Table 3. Comparison of select experimental and calculated bond and dihedral angles (degrees)
Calculated
B3LYP

Experimental

6-311G(d,p)

ICC

UIC 90
K
124.6

UIC
RTa
131.0

DIBD
(1)
124.6

DIBD
(2)
123.6

90 K
avg
124.27

122.88

CCC

123.5

130.0

122.1

122.7

122.77

ICCC

179.2

178.7

179.5

179.4

CCCC

180.0

180.0

180.0

180.0

a. Values subject to thermal contraction.

MP2
mixedb
Isolated

UIC
123.9

DIBD
123.32

124.04

121.81

122.2

121.72

122.04

179.37

178.86

180.0

180.0

180.0

180.00

180.0

180.0

180.0

180.0

b. For C&H: 6-311G(2df,2pd); for I: 6-311G(d, p)

The 298 K data for DIBD:UIC show anisotropic thermal parameters that are larger for the
included DIBD than for the urea lattice. These are elongated perpendicular to the axis of the
DIBD and to the molecular bonds. The C-I bond length deduced from this data is 2.027 Å,
clearly inaccurate due to the “shrinkage” effect 23 arising from the lack of inclusion of the
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correlation of the atomic motions. This is also seen in the CC bond lengths and the overall
dimension given by the I-I intra-molecular distance “end I-I”.
The results of structural calculations for both periodic DIBD:UIC and for the isolated
DIBD molecule are shown in Tables 2 and 3. The periodic calculations used the periodic density
functional theory (DFT) program CRYSTAL. 24 In the optimizations, the lattice parameters were
held at the experimental values and the crystallographic symmetry elements were preserved. All
coordinates of the atomic contents of the periodic unit cell were optimized as to position. This
calculation used the B3LYP functional,25 the 6-311G(d,p) basis set,26 and Grimme dispersion
correction27 for all atoms, a total energy convergence threshold of 10 -11 au, and program-option
bielectronic integral truncation criteria (10 -n) of [9 9 9 9 18]. The urea atoms remained close to
their starting positions. A normal mode analysis resulted in many imaginary frequencies showing
that these urea positions are maxima of shallow barriers. Optimization of the isolated DIBD
molecule at the same level as used for periodic DIBD:UIC resulted in an energy lower than that
of a single point energy calculation for an extracted DIBD molecule whose structure had been
optimized in the urea channel by only 270 J/mol.
The isolated DIBD molecule was treated with the MP2 method (using Gaussian 09 28) for
the cases of (1) the 6-311G(d,p) basis set for all atoms and (2) a larger 6-311G(2df,2pd) basis set
for C and H.26 Structure data is shown in the last two columns of Tables 2 and 3. With the larger
basis set case, MP2 energy calculations gave the same energy (within 6x10 -5 au or 144 J/mol)
when applied to the DIBD structure obtained by optimization with DFT for the periodic
DIBD:UIC or the same optimization of the isolated molecule. The MP2 single point energy
treatment for the DIBD structure extracted from the 90 K X-ray data resulted in a much higher
energy due to the experimentally underestimated C-H bond lengths. Optimization of the H-atom
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positions using the larger basis set MP2 method corrected that effect, resulting in a geometry that
has an energy that is higher than the energy of a fully optimized MP2 structure by 0.0023 au (6
kJ/mol). This energy difference with the larger basis set is half the value for the 6-311G(d,p)
MP2 calculations. An even larger basis set would presumably result in a still smaller energy
difference. Confirmation of this expectation is limited by the lack of available larger basis sets
for iodine.
The C-I bond lengths of the MP2 calculations (Table 2) of 2.090 (d,p) and 2.068 Å
(2df,2pd) are in reasonable agreement with the average observed value of 2.080 Å. It was
argued above that this value for a non-aromatic sp2 carbon is smaller than that for aromatic C-I
bonds, for which the average value is 2.095 (0.015 SD) Å. MP2 calculations for iodobenzene
with the same two basis set combinations give C-I bond lengths of 2.112 (d,p) and 2.086
(2df,2pd) Å, straddling the average experimental value of 2.095 Å in the same way as observed
for DIBD. In each case the computed aromatic C-I bond is longer than that for the non-aromatic
bond by ca. 0.020 Å. The calculations thus support the empirical observation. However, a
calculation for 2-iodobutadiene with the same MP2 method and basis set that gave a value of
2.068 Å for the terminal C-I bond of DIBD, gave a value of 2.094 Å for this C-I bond length
showing that the number of H atoms attached to the C can explain the observed C-I effect..
In conclusion, we have used two crystal growth techniques to produce UICs with DIBD
as a guest (DIBD:UIC). The resulting UIC is one of very few commensurate UIC structures,
exhibits deviance from the traditional hexagonal symmetry typically seen in this class of
compounds and provides one of the highest resolution structures in this class of compounds.
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Supplemental Information
General Information
All reagents were used as received unless otherwise stated. They were obtained from
Sigma-Aldrich, Alfa Aesar, and Fisher Scientific. Crystallographic data for all compounds was
collected on a Bruker KAPPA APEX DUO diffractometer using Mo-Kα radiation (λ =
0.71073Å) containing an APEX II CCD system. 1 The data was corrected for Lorentz and
polarization2 effects, and adsorption corrections were made using SADABS.3 Structures were
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solved by direct methods. Refinements for each structure were carried out using the SHELXTL 4
crystallographic software. Following assigning all non-hydrogen atoms, the models were refined
against F2 first using isotropic and then using anisotropic thermal displacement parameters. The
hydrogen atoms were introduced in calculated positions and then refined isotropically. Neutral
atom scattering coefficients along with anomalous dispersion corrections were taken from the
International Tables, Vol. C.
DIBD Synthesis
DIBD was synthesized using a published procedure with slight modifications to better
protect the reaction and product from air and light.5 The product identity was confirmed by
comparing 1H NMR to the literature data.
Crystallization of DIBD:UIC by slow cooling method
Urea was dissolved in methanol (5 mL, 1.8-2.0 M) and degassed (by N2 bubbling). This
septum-capped solution was introduced in the glovebox where the recently prepared DIBD was
added (in either a 1:5 or 1:6 DIBD:urea mol ratio). The solution was then transferred into a 5 mL
amber ampoule and flame sealed under vacuum. This sample was placed in an antifreeze bath at
25 0C with a stepping motor attached to the temperature control dial in order to reduce the
temperature at a set rate (0.3-1.0 0C/ hour) until the temperature reached -20 0C. The ampoules
were promptly removed and opened. The mother liquor was removed quickly to prevent
dissolution of the crystals as the solution warmed. The crystals were a pale yellow color ranging
from powder-like crystals to coarse clusters of needle-like crystals. The crystals were sorted
using CCl4 to separate the UICs, those that sank, from tetragonal urea, those that floated,
resulting in a small amount of tetragonal urea and mostly UICs.
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Crystallization of DIBD:UIC slow evaporation method
A solution of urea (1.8M) and DIBD (in a 1:5 mole ratio DIBD:urea) was made in
methanol. The solution was then diluted up to 4 times the initial volume and poured into a glass
Petri dish. This dish was placed in a modified vacuum tight plastic container. The container was
placed in a freezer at 0o C with argon flowing at a constant rate (single bubble every few
seconds) into the sealed container through one of the two holes drilled into the lid. A bubbler was
attached to the second hole for the exit line and the solution left for up to 3 weeks to allow for
slow evaporation of the solvent. The resulting crystals were collected from the container. The
crystals were sorted using CCl4 to separate the UICs from tetragonal urea resulting in long
needle-like UICs.
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ABSTRACT

We report a novel method for the formation of fully extended and oriented chains of
polyacetylene constrained within the channels of a urea inclusion complex. The present approach
is based on the photo-elimination of iodine from the guest (E,E)-1,4-diiodo-1,3-butadiene
molecules. We used Raman scattering spectroscopy to probe the resulting conjugated polyene
chains. Ultraviolet or visible irradiation of the urea inclusion complex results in the appearance
of new resonance-enhanced Raman modes at 1125 and 1509 cm-1. The Raman spectra of the
resulting confined polyene chains are nearly identical to spectra of trans-polyacetylene prepared
by solution methods. With ultraviolet irradiation, the resulting product is a thin film of
oligomeric polyenes at the surface of the crystal.
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Polyacetylene, (CH)x, is usually drawn, and perhaps typically thought of, as a fully extended
zig-zag structure extended in one-dimension. When made by catalytic polymerization in
solution, (CH)x precipitates as a thin film or as a powder from which thin films can be pressed.1-4
Stretching induces some degree of orientation. All properties of (CH) x are known on the basis of
studies of such preparations.5 There is considerable evidence that these samples are comprised of
a heterogeneous mixture of relatively short conjugated chains with considerable defects.6-8 The
physical properties of (CH)x in the idealized extended conformation, including its conductivity,
may differ considerably from those of the material prepared by standard methods. To produce
oriented, extended (CH)x, the polymer must be constrained to be in its all-trans, fully extended
conformation with the reactive conjugated chains separated from each other and oriented in a
macroscopic crystalline form. A high degree of regularity can be achieved for urea inclusion
crystals formed with long n-alkanes or polyethylene. The insolubility of (CH)x precludes the use
of established solution methods of inclusion complex preparation. Here, we report preliminary
results of a study aimed at the realization of the ideal fully extended (CH)x.
The physical and chemical properties of crystalline organic inclusion complexes have been
studied at great length in the past 75 years. 9 Urea inclusion crystals (UICs) form spontaneously
from a solution of urea containing a rod-shaped compound (guest), and have a hexagonal host
structure with the guest species aligned along the host tunnel axis in an all-trans extended
conformation. The honeycomb-like network of the host urea structure is nearly the same in all
inclusion complexes. For n-alkane UICs, which form a homologous series, there is a lack of
interaction between the guest and the host lattice and the guest molecules are orientationally
disordered and capable of lateral diffusion along the channel axis. In contrast, in pure molecular
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crystals that are not UICs, molecules, even alkanes, experience much less maneuverability than
in UICs, where there is a greater mobility for photochemical reaction.
The polymerization of various monomer-urea or monomer-thoiurea complexes induced by
ionizing radiation have been extensively investigated10,11 and seems to be a very attractive
method for crystal engineering of solid-state structures. Urea inclusion crystals that contain
unsaturated guest molecules, e.g., butadiene and its derivatives, are known to support guest
polymerization by a radical mechanism to form poly-butadiene -(CH2-CH=CH-CH2)x-, which is
very high in molecular weight and has the all-trans double bond configuration.12,13 What is
unusual about this system is that the induced photochemical reaction of the guest monomer
molecules inside the urea channels proceeds under minimal amount of molecular displacement.
While this has been designated a topochemical process,14 the product polymer is insufficiently
ordered to produce a resolved diffraction pattern. The details of the polymerization processes are
by no means universal but are peculiar to each monomer, as we shall discuss here.
In this Letter, we present the first experimental report on urea-included (CH)x chains, prepared
in situ by photochemical elimination of iodine from the channels of the urea inclusion complex
of (E,E)-1,4-diiodo-1,3-butadiene (DIBD/UIC). The end-to-end arrangement of the DIBD guest
molecules in the linear urea host channels15 hinted that photopolymerization would occur
through iodine elimination with carbon-carbon coupling. We have used Raman spectroscopy to
study the time dependence of photo-induced polymerization in DIBD/UIC complexes. The
Raman method is well established as a powerful technique for in situ probing of the vibrational
properties of the host and the guest components in urea inclusion compounds16 and it has been
widely applied to characterize the structure and the electronic states of (CH)x films.6,8,17,18 We
found that upon irradiation of DIBD/UICs with UV or visible laser light, two newly formed
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Raman bands appeared. From a comparison of Raman spectra measured on irradiated
DIBD/UICs with known spectra of polyacetlyene, we concluded that the lines observed at 1125
and 1509 cm-1 are attributable to oligomeric trans-(CH)x species.6,8,17,18
The specimens for the experimental work presented here were single-crystal DIBD/UICs
prepared by slow evaporation of solvent at around -3°C from a solution of DIBD and urea
(NH2CONH2) in methanol (CH3OH), as reported elsewhere.15 The crystals are initially a mixture
of tetragonal urea and DIBD inclusion complexes. We separated them on the basis of density
difference, which causes the former to float on and the latter to sink in carbon tetrachloride
(CCl4), prior to Raman measurements.
The Raman scattering was monitored in backscattering geometry with either of two Raman
microspectrometer systems (Thermo Fisher Scientific Inc.): Nicolet Almega XR Dispersive
Raman spectrometer or DXR SmartRaman spectrometer. We used several laser wavelengths in
the range 455 to 780 nm as Raman excitation sources. For both systems, the laser beam was
focused onto the sample through an Olympus 10X objective. The raw Raman spectra were
corrected for fluorescence background by subtraction of a polynomial background fit using the
Vancouver Raman Algorithm. 19 The photochemical conversion of the crystals was carried out
with two photoactive wavelengths, 254 and 532 nm. The UV irradiation was done with a PenRay UV lamp (254 nm, 4.9 W) at a distance of about 1 cm from the crystal, corresponding to an
irradiation power density of 1.8 mW/cm-2. The 532 nm laser illumination operating at 150 mW
was directed perpendicular to the crystal and focused through a 10X objective, resulting in a
typical power density about 280 MW/cm2. All vibrational spectra reported here are measured at
room temperature and are obtained sequentially from the same point on the crystal. Furthermore,
there was no variation from sample to sample in the Raman features of the photopolymerized
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DIBD/UICs. When not in use, the specimens were stored for long periods of time in a freezer at
a temperature of about -3°C. The trans-(CH)x sample used as a standard reference was prepared
from acetylene using the Grubbs type 1 catalyst as described elsewere;2 the DIBD specimen was
synthesized based on a method developed by Ananikov and coworkers.20,21
Single-crystal X-ray diffraction measurements carried out at room temperature and at 90 K
find the DIBD/UIC complex to be commensurate and fully-ordered.15 The structural properties
of the host and the guest substructures of the DIBD/UICs are unusual and are uniquely well
determined for this case. In Figure 1, we present the crystal structure of DIBD/UIC as obtained
by X-ray diffraction. The urea molecules form a hydrogen-bonded host structure, containing
linear, parallel tunnels that extend from one end of the crystal to the other resulting in channels
entirely filled by guest molecules.22 The DIBD molecules are arranged end-to-end with the
terminal iodine atoms in van der Waals contact along the host tunnel axis.

Figure 1. Structural representation of the commensurate and fully-ordered single-crystal
DIBD/UIC complex at 90 K with a van der Waals radii outline of the urea host material. The
guest DIBD molecules in space filling representation lie along the channel axis with the
terminal iodine atoms in contact.
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The Raman spectrum of a single-crystal DIBD/UIC measured after the crystal was subjected to
UV radiation for 15 min is presented in Figure 2a. For comparison, the Raman spectra of trans(CH)x, crystalline DIBD, and tetragonal urea are also included (see Figure 2b-d); all spectra were
acquired with 532 nm Raman excitation. In the spectral window shown here, the main
vibrational features for DIBD/UICs are as follows: i) the band around 1600 cm-1, also observed
in Figure 2c, is assigned to the C=C stretching vibration, s(C=C), in crystalline DIBD, ii) the
intense symmetric C-N stretching vibration, s(C-N), at around 1022 cm-1, characteristic of
hexagonal urea, is shifted by 12 cm-1 from its tetragonal urea counterpart (see Figure 2d),16 and
iii) the bands at 522 and 607 cm-1 are characteristic to NCO bending modes in hexagonal urea,23
whereas for pure tetragonal urea these two bands are strongly overlapped bands at 547 and 570
cm-1, as shown in Figure 2. The hexagonal urea and DIBD spectral features comprise the main
features of the spectrum of the DIBD/UIC crystal prior to irradiation. Since the vibrational
features of the pure tetragonal and hexagonal urea are readily distinguished by Raman
spectroscopy, we have used them to check the integrity of these inclusion compounds after the
photochemical reaction of its guest species. In contrast to the earlier UIC photochemistry
studies,16,24 which found that upon extensive irradiation the hexagonal urea host lattice converts
to tetragonal urea, we see no evidence for this in the photolysis process reported here.
The effect of UV irradiation on the DIBD/UICs is the appearance of two Raman bands at 1125
and 1509 cm-1, as well as overtones and combinations of these two modes, as illustrated in
Figure 2a. These vibrational frequencies are in good agreement with the first-order
(fundamental) and the second order (first overtone and combination) resonant Raman bands as
measured in trans-(CH)x samples (Figure 2b). Furthermore, the product peak positions are very
similar to reported experimental findings in thin film trans-(CH)x.8,17,18 The in-plane
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vibrational frequencies of the Raman modes for the trans-(CH)x chain have been calculated by
Izmaylov25 and the agreement with our own measurements is quite satisfactory. These
studies17,25 have associated the vibrational modes of the excited-state features in trans-(CH)x as
being due mainly to C=C double bond stretching 2, and a mixed mode of C-C single bond
stretching coupled with C-H in-plane bending 4. The similarity of C-C and C=C band
positions measured in irradiated DIBD/UICs and in trans-(CH)x indicates that the polyene
chains formed in and confined by the hexagonal urea channels are in the all-trans
configuration;
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Figure 2. Raman scattering spectra of (a) DIBD/UICs after 15 min of 254 nm irradiation,
(b) trans-(CH)x, (c) crystalline DIBD, and (d) tetragonal urea; all spectra were collected at
293 K with 532 nm excitation. The dashed lines mark the positions of the new Raman
product bands at 1125 and 1509 cm-1 and are labeled with the corresponding vibration of
trans-(CH)x. Overtone and combination bands of these two modes in irradiated DIBD/UICs
are also shown.
Raman scattering spectra of DIBD/UICs presented in Figure 3 are measured with four
excitation wavelengths after UV irradiation at a specified time (as indicated). The spectra are
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normalized to the peak height of the hexagonal urea band to correct for crystal absorption.
Changing the wavelength of the excitation from deep red (780 nm) to violet (455 nm) reveals
the resonance enhancement of the new Raman features produced by photochemical processes.
The 455 and 532 nm scattered light spectra in Figure 3a-b are dominated by the two resonance
enhanced product lines that shift slightly with the excitation wavelength. These resonanceenhanced features are not observed in the experiments carried out with 633 or 780 nm Raman
excitation sources (Figure 3c-d) relative to those of the urea and DIBD peaks. The resonance
enhancement of the induced carbon-carbon active modes relative to the DIBD stretching band

s(C=C) is evidenced also by the strong increase in the relative intensity of those two bands in
comparison to the small loss in the intensity of the starting material during the
photopolymerization process. The strength of the resulting Raman signal may reflect the
dependence of the resonance enhancement on the chain length.
The shift in position of the product lines observed in the DIBD/UICs spectra have been
observed previously in trans-(CH)x. This “dispersion” of the stretch modes, i.e., the variation of
the Raman vibrational frequency with excitation wavelength, has been attributed for (CH) x to the
presence of a distribution of chain lengths with distinct resonance excitation profiles. 6,27-30 For
(CH)x this is the basis of the bimodal distribution model. 29 We adopted this perspective to
estimate the chain lengths for the carbon-carbon bands in our system [see Eq. (2.17) in Ref. 29].
We estimate the scattering peaks for the C=C stretch at 532 nm (1509 cm-1) and 455 nm (1538
cm-1) excitations to originate from chain lengths with N around 8 and 6, respectively; N is the
number of conjugated double bonds. Note that these estimates refer to the most strongly resonant
lengths at each excitation wavelength. The chain lengths probed with these excitation
wavelengths are shorter polyenes. 6 We speculate that extending the excitation to longer
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wavelength would reveal longer oligomeric forms that cannot be detected under the present
Raman experimental conditions.
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Figure 3. Resonance behavior of the Raman spectra of UV irradiated DIBD/UICs at the
indicated times. The solid curves are scattering spectra excited with various wavelengths: (a)
455 nm, (b) 532nm, (b) 633 nm, and (d) 780 nm at room temperature. The spectra were
obtained on different single crystals of the same sample.
Organo-iodine compounds like DIBD are subject to photochemical homolytic bond breakage
to form an organic radical and an iodine atom. 31 For DIBD, excitation in the singlet manifold
may lead directly to dissociation or to intersystem crossing to the triplet manifold. With 532 nm
radiation the excitation is directly to the triplet state, weakly allowed due to iodine spin orbit
coupling.32 In either case, the cleavage of a C-I bond leads to I-CH=CH-CH=CH• radicals and I•
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atoms. Such radical species are stable in UICs channels and presumably two adjacent radicals are
converted into an eight-carbon diiodooctatetraene in the UICs channel. The repetition of this
process is expected to result in longer polyenes with an even number of double bonds and
terminal iodine atoms, i.e. m I-CH=CH-CH=CH-I  I-(C4H4)m-I, where m is the number of
monomers, m  N 2 . The frequencies of the observed features in the resonance-enhanced
Raman spectra of DIBD/UICs indicates that the included polyene distribution contains chains of
at least eight C=C double bonds.29,33
Numerous organic compounds in solid state undergo photochemical transformations,
specifically diacetylene,15,34,35 triacetylene,36 diene, 37 and thymine. 38 These materials in general
do not lead to formation of large-size polymer single crystals if subjected to UV light irradiation.
In common with the present work, the thickness of the resulting polymer formed near the surface
of the irradiated crystals is restricted by the polymer itself since it precludes light from being
absorbed deeper into the bulk of the crystal. However, if the product has a lower absorption than
the reactant, then progress of the photochemical reaction will permit ongoing penetration of the
radiation as recently reported for a conjugated dye molecule. 39 Applying the Beer-Lambert
expression for a molar extinction coefficient of DIBD in solution 40 of ε254 = 20,000 M-1cm-1 at
254 nm and a concentration15 of DIBD in the UIC crystal of 1.34 M, it is estimated that the
incident 254 nm radiation will penetrate less than 1 µm into the crystal; the single-crystal has a
thickness of about 1 mm. The short penetration depth of the UV photoactive wavelength leads us
to conclude that products will form only as a thin film at the crystal surface.
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Figure 4. Photopolymerization of DIBD/UICs due to irradiation with 532 nm photoactive
wavelength as measured with 532 nm excitation. Results are shown for 0 and 5 min of visible
irradiation along with the Raman spectrum of trans-(CH)x.
In this regard, we have extended the radiation wavelength into the visible region of the
spectrum (532 nm) and found that this radiation will fully penetrate the crystal with only slight
attenuation. Raman spectra for single-crystal DIBD/UIC as a function of irradiation time are
presented in Figure 4, together with the spectrum of trans-(CH)x. The spectra were measured
with 532 nm laser excitation after the specimen was irradiated with continuous radiation from the
532 nm laser; the trans-(CH)x spectra has been scaled to the peak height at resonance for the
resulting polyene band 2. The effect of the irradiation with 532 nm photoactive wavelength is
the appearance of the two distinct peaks at 1125 and 1509 cm-1, characteristic of the resulting
product as observed with UV irradiation.
The Raman spectra of irradiated DIBD/UICs provide only qualitative information on the
product distribution. To obtain information about both the overall yield and the product
distribution in these irradiated single-crystals, we measured the UV/Visible absorption spectra of
cyclohexane extracts of irradiated DIBD/UICs. In Figure 5 we present the absorption spectrum
of an irradiated DIBD/UICs extract after subtraction of the spectrum of an extract of an
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unirradiated sample and residual background absorption. The DIBD/UIC single crystals were
irradiated with 254 nm light for 60 min prior to being dissolved in cyclohexane. The UV/VIS
measurements and data analysis are presented as Supporting Information. After irradiation, the
resulting extract gives rise to absorption bands at 346 and 373 nm. The feature at 346 nm is
characteristic of diiodotetraene (C8H8I2, N = 4) and the 373 nm band is characteristic of
diiodohexaene (C12H12I2, N = 6). The intensity of these absorption peaks indicates that the
overall reaction yield is about 1 part per thousand of the DIBD products diiodotetraene and
diiodohexaene respectively. This reaction yield is consistent with our estimate of the 254 nm
excitation penetration depth relative to the overall crystal size. The absorbance ratio of the
C12H12I2 (hexaene) to the C8H8I2 (tetraene) is about 1:4.75. A random photochemical process
with this ratio would yield a relative population of longer species with relative molar factors of
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Figure 5. UV/Visible absorption spectrum of extracts of irradiated DIBD/UIC single-crystal.
The N = 4 feature corresponds to 1,8-diiodoocta-1,3,5,7-tetraene (C8H8I2) species, whereas
the N = 6 features are due to 1,12-diiodododeca-1,3,5,7,9,11-hexaene (C12H12I2).
1:7.1 for each additional pair of double bonds.
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In conclusion, we have performed Raman investigations on irradiated urea inclusion
compounds and have shown that the photochemical process leads to conjugated polyene chains.
The Raman frequencies of these product species have vibrational properties similar to the trans(CH)x prepared by conventional characterized methods. The position of the Raman features with
the 532 nm excitation reveal that polyene chains with conjugation lengths of eight C=C double
bonds are formed. These lengths are comparable to the values estimated in polyacetylene made
in solution using the same Raman excitation wavelengths. By design and conception, this new in
situ (CH)x preparation differs from previous work in that the conjugated chain is constrained to
be in an all-trans geometry and is expected to be unidirectionally oriented. Inter-chain reactions
and interactions are prevented by the intervening urea host material. The ability to produce
oriented, insulated (CH)x would be a significant advancement, as the material produced by
solution methods is heterogeneous. Presumably this material may exhibit properties expected for
the infinite (CH)x chain. 41
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I.

UV/VISIBLE ABSORTION SPECTRA and PREPARATION of OLIGOMERIC
(E,E)-1,4-DIIODO-1,3-BUTADIENE SPECIES by REDUCTIVE COUPLING in
SOLUTION

To obtain an unambiguous determination of the products of the irradiated urea inclusion
compounds of (E,E)-1,4-diiodo-1,3-butadiene (DIBD/UIC) single crystals, we have prepared the
anticipated intermediates. The proposed intermediates in the polymerization process are the
previously unknown terminal diiodo linear polyenes I-(CH=CH)N-I, where N is the number of
double bonds, N = 2, 4, 6, and 8. We prepared a mixture of these oligomeric materials by a threemetal reductive coupling reaction1 using: NiCl2(bpy), Al, and PbBr2 in solution with (E,E)-1,4diiodo-1,3-butadiene (DIBD, N = 2) in methanol (CH3OH).2,3 Concentrated reactions run at 0.4
M resulted in a mixture of compounds with N = 2, 4, 6, and 8, where reactions diluted to 0.27 M
resulted in only N= 2 and 4 products.
We used LC-MS, 1H NMR, and UV/Visible absorption spectroscopy to characterize these
mixtures. The LC-MS with electrospray ionization gave a parent ion mass of 359 amu C 8H9I2 for
M+H+. The 400 MHz proton NMR spectrum of (E,E,E,E)-1,8-diiodo-1,3,5,7-octatetraene
(C8H8I2, N = 4) was analyzed4 and found to be in agreement with the proposed structure.
The UV/Visible spectra were measured after chromatographic removal of the DIBD starting
material using a silica column with elution by hexanes. 3 When the DIBD stopped eluting with
hexanes the solvent was changed to chloroform to separate and remove further products. The
UV/Visible optical spectra of the resulting oligomers along with that of the DIBD are presented
in Figure S1. The vibronic pattern of the spectra of the longer species is reminiscent of the
spectra of the corresponding unsubstituted linear conjugated polyenes,5 strongly shifted to the
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red due to the terminal iodine substituents. The 254 nm irradiation of a solution that was mostly
1,8-diiodooctatetratene, in cyclohexane results in generation of the known UV absorption
spectrum of 1,3,5,7‐octatetraene,5 consistent with C-I photodissociation and abstraction of
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Figure S1. UV/Visible optical spectra of DIBD starting material and of the resulting
oligomeric species obtained after 72 hour coupling reaction time. The sets of vibronic features
labeled N = 4, 6, and 8 are due to the species 1,8-diiodoocta-1,3,5,7- tetraene (C8H8I2), 1,12diiodododeca-1,3,5,7,9,11-hexaene (C12H12I2) and 1,16-diiodohexadeca-1,3,5,7,9,11,13,15octaene (C16H16I2).
hydrogen from the solvent.
The positions of the observed spectral features of these oligomers are indicated in Figure S1.
These main features are characteristic of the diiodotetraene (C8H8I2), diiodohexaene (C12H12I2),
and diiodooctaene (C16H12I2) products with N = 4, 6, and 8, respectively. As we shall discuss
shortly, the spectral features near 342, 373 and 395 nm are relevant to the interpretation of the
optical spectra of the extracted irradiated crystals. The solution reductive coupling reaction
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produces some mono-cis isomer, E, Z, E, E, which may result in a 1-2 nm spectral shift for the
overlapped all-trans, E, E, E, E isomer relative to the all-trans form in isolation.
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II.

UV/VISIBLE ABSORPTION SPECTRA of EXTRACTS of UREA INCLUSION
COMPOUNDS of (E,E)-1,4-DIIODO-1,3-BUTADIENE

Three samples of about 1 mg of DIBD/UICs were weighed out in individual quartz cuvettes
and subjected to UV radiation for 60 min. The radiation of the single crystals was done with a
low pressure, mercury compact UV Lamp (254 nm, 22 W). The vapor above the irradiated
crystals contained I2 vapor, as shown by UV/Visible spectroscopy. This was not the case for the
cuvettes containing the DIBD/UIC single crystals that were not irradiated. Cyclohexane (3 ml)
was added to all three cuvettes. We anticipated that this solvent would dissolve the DIBD and the
diiodopolyene products but not the urea host. The solutions were stirred and periodically
examined with UV/VIS spectroscopy. After about 24 hours of stirring in the cuvettes protected
from room light, the original crystals had disappeared and only a small amount of solid was
observable.
The absorbance spectra of the dissolved irradiated and unirradiated DIBD/UIC single crystal
are presented in Figure S2 (a). The extrusion of the iodine from the crystals during the photolysis
process is clearly present in the absorption spectra of a cyclohexane extract of irradiated
DIBD/UICs as the appearance of the characteristic absorption maximum at 524 nm. 6,7 As
expected, in the absence of irradiation with UV there is no evidence for bands arising from the
iodine in the crystal.
The 335 - 410 nm spectral region of the difference between the extract of the irradiated and
unirradiated DIBD/UIC single crystals is illustrated in Figure S2 (b). We corrected this raw
difference spectrum for the residual UV absorption by subtracting an arbitrary polynomial
background fit. The small product peak observed at 345 nm are characteristic of the longest
wavelength feature of the diiodotetraene, as noted in the optical spectra of the oligomers (see
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Figure S1). The product features at 373 and 397 nm correspond to the first two features of the
diiodohexaene. The absolute intensity of the diiodotetraene absorption is about 0.007 absorbance

Optical density

units. We have scaled the intensity of the diiodohexaene to the intensity of the diiodoteraene and

0.04
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Optical density
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Figure S2. (a) Optical spectra for the cyclohexane extracts of dissolved irradiated and
unirradiated DIBD/UIC single crystal. The broad feature centered at 524 nm is due to
diiodine molecules. (b) Difference spectra of the extracts of the irradiated and unirradiated
crystals corrected for residual short wavelength absorption showing the new absorbance
features resulting from irradiation. The spectra for a duplicate sample were substantially
identical.that their relative intensity is 1:4.75.
estimated
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III.

QUANTIFICATION of POLYMERIZATION PROCESS in UREA INCLUSION
COMPOUNDS of (E,E)-1,4-DIIODO-1,3-BUTADIENE

Dilution of the extract of the irradiated DIBD/UIC single-crystal by 11-fold into cyclohexane
resulted in a DIBD feature that has an absorbance of 0.55 at the maximum of the absorption near
260 nm. This is 1000 times the value of the absorption feature of the diiodotetraene (C8H8I2)
peak at 345 nm in Figure S2 (b). Allowing for the approximately 2-fold ratio of the extinction
coefficient for the C8H8I2 to that of the diiodobutadiene (DIBD) indicates that about 1 part per
2000 of the DIBD has been converted to product. This overall reaction yield is consistent with
the 254 nm radiation penetration depth of around 1 μm for a crystal of about 1 mm thick.
The sequential conversion of adjacent C-I I-C groups to -C-C- + I2 in a random fashion is
equivalent to what is called step-growth polymerization for which the probability of finding a
chain of m monomer units, Pm  1  p  p m1 where p is the extent of polymerization running
from 0 to 1. The ratio of Pm1 Pm is thus p, for m = 1. The observed value of intensity ratio
corrected for the ratio of the extinction coefficients of the diiodotetraene (m = 2, N = 4) and
diiodohexaene (m = 3, N = 6) is p = 1/7.1 for the average of the irradiated volume to the limits of
penetration. The expected probability of the diiodooctaene (m = 4, N = 8) and all subsequent
values of is 1/7.1 of that for the preceding diiodohexamer (N= 6) value. Given that the extinction
coefficients increase with chain length we expect to see further peaks in the spectrum of the
irradiated crystal extracts. The same is true for the reductive coupling reaction process. In both
cases the lack of observation of longer chain polyenes may be due to lack of solubility of the
product species. This is, of course, only a limiting model. The progress of the reaction, i.e., the
approach of p toward unity, may halt at some point.
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