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Supervisor: Christopher W. Bielawski 

 

In an effort to develop broadly applicable photoswitchable catalysts, we have 

reported a method for modulating N-heterocyclic carbene (NHC) donicity using light by 

incorporating a photochromic diarylethene (DAE) into the backbone of a NHC scaffold. 

UV irradiation of 4,5-dithienylimidazolone or an analogous NHC-Ir(CO)2Cl complex 

effected a photocyclization between the two thiophene rings, which led to a change in the 

electron donating ability of the NHC scaffold. Subsequent exposure to visible light 

reversed the photocyclization reaction. The concept of photo-modulating NHC donicity 

in this manner enabled photoswitchable NHC organocatalysis. The catalytic activity of a 

DAE-annulated imidazolium pre-catalyst in transesterification and amidation reactions 

was successfully switched between the active and nearly inactive states (kvis/kUV = 100) 

upon alternate UV (λirr = 313 nm) or visible (λirr > 500 nm) irradiation. The 

photoswitchable NHC organocatalysis was later extended to facilitating ring-opening 

polymerizations of cyclic esters, the rates of which were controlled via external light 

stimuli. Additionally, a photochromic dithienylethene-annulated N-heterocyclic carbene 

(NHC)-Rh(I) complex was synthesized and enabled photoswitching of the catalytic 

activity in series of hydroboration reactions. All of the examples demonstrate extremely 
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rare instances of photomodulating a catalyst’s activity by tuning its electronic properties. 

Furthermore, by taking advantage of the versatility of NHCs in both organo- and 

organometallic catalysis, we have developed novel photoswitchable catalysts for a variety 

of applicable transformations.  

Nanoparticles that can be transported in subsurface reservoirs at high salinities 

and temperatures are expected to have a major impact on enhanced oil recovery and 

electromagnetic imaging. We have developed an approach that will facilitate nanopaticle 

transport through porous media at high salinity by adsorbing or grafting rationally 

designed co-polymers on platform nanoparticles. Notably, co-polymers of acrylic acid 

with either 2-acrylamido-2-methylpropanesulfonate or styrenesulfonate have been 

electrostatically adsorbed or covalently grafted onto iron oxide nanoclusters. The 

presence of sulfonate groups on the iron oxide surface enabled long-term colloidal 

stability of the particles in extremely concentrated brine (8% wt. NaCl + 2% wt. CaCl2) at 

elevated temperatures (90 °C) and minimized their adsorption on model mineral surfaces. 
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 1 

PHOTOSWITCHING THE DONATING AND CATALYTIC 
PROPERTIES OF N-HETEROCYCLIC CARBENES 

Chapter 1:  Photoswitchable Catalysis 

1.1 INTRODUCTION 

In nature the essential functions of living organisms are controlled to an 

exceptional degree by functional molecular units that undergo changes triggered by 

external stimuli. The pursuit of similarly modular synthetic molecules that can alter their 

properties in response to external stimuli is an ongoing area of research, as such systems 

are expected to enable enhanced control over molecular structure and function. From a 

synthetic chemist’s perspective, the ability to amplify the effect of an external stimulus 

via incorporation into a catalytic cycle is quite attractive because it would allow an 

impressive level of control over catalytic function. A number of external stimuli, 

including acid-base chemistry,1 mechanical force,2 redox processes,3 and light4 have been 

utilized in recent years to actively modulate catalytic activity and selectivity.5 Of these, 

one of the most powerful and accessible stimuli available is light, as it is non-invasive, 

offers excellent temporal and spatial resolution, and can be precisely controlled with an 

appropriate source. Furthermore, using light of carefully chosen wavelengths allows for 

selective excitation of specific molecular units, resulting in precise reactivity. 

Examples of photo-responsive processes in nature, including photosynthesis and 

vision, clearly illustrate the power of electromagnetic radiation to initiate and regulate 

complex molecular and biochemical processes. Such examples underscore the need to 

develop synthetic catalyst systems that can respond to light with similar precision. A 

number of conceptually different approaches may be used to realize such artificial light-

gated systems, including photocatalysis, photoactivated catalysis, and photoswitchable 
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catalysis. In the process of photocatalysis,6 an inactive catalyst species is irradiated to 

generate a photoexcited state which subsequently reacts with a substrate due to its 

increased energy content (Figure 1.1a). The reaction of the catalyst directly from its 

photo-excited state7 is commonly a photo-induced electron transfer step. Another 

approach is photoactivated or “photocaged” catalysis, in which an inactive catalyst 

species undergoes a photochemical transformation that endows it with catalytic activity 

(Figure 1.1b). Notable examples of photoactivated catalysis include photoacid and 

photobase generators,8 and metal complexes that may be activated by the dissociation of 

photolabile ligands.9,10 In contrast to the two aforementioned concepts, photoswitchable 

catalysis involves a catalytic species that undergoes a reversible photochemical 

transformation that alters its instrinsic catalytic ability (Figure 1.1c). The catalyst in its 

initial state may be active or inactive and the photoinduced transformation may either 

change the rate at which the catalyst facilitates a given reaction (A → B; k1 ≠ k2), or may 

allow the catalyst to promote an orthogonal reaction (C → D; Figure 1.1c). If the forward 

and reverse transformations are induced by orthogonal stimuli, i.e. different wavelengths 

of light, the result is a catalyst that may be toggled between two forms having different 

reactivities or selectivies via a remote light stimulus. While more difficult to realize, 

photoswitchable catalysis offers distinct advantages over photocatalysis or photoactivated 

catalysis, since it offers an additional level of control over the catalytic process. 
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Figure 1.1: Representation of varied approaches to light-mediated catalysis: (a) 
Photocatalysis involves the reaction of a catalytic species directly from its 
photoexcited state. (b) In photoactivated catalysis an inactive catalyst 
species undergoes a photochemical transformation to an active form. (c) 
Photoswitchable catalysis involves a reversible photochemical 
transformation that alters the activity and/or selectivity of a given photo-
sensitive catalyst. 

This chapter aims to highlight the recent advances in the burgeoning field of 

photoswitchable catalysis, including both heterogenous and homogenous systems. 

Heterogeneous photoswitchable catalysis has been achieved by employing catalytic 

materials that undergo significant changes in their surface properties, and therefore their 

catalytic ability upon exposure to light. The development of homogeneous 

photoswitchable catalysts has largely involved the incorporation of photochromic11 

groups, which may be reversibly switched between two states having different steric and 

electronic properties, into catalytically active species (Figure 1.2). Specifically, 

azobenzene12 and stilbene13 moieties, which undergo a reversible photochemical E → Z 
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isomerization, have enabled steric switching of catalytic activity. Diarylethenes,14,15 

which undergo an electrocyclic ring-closing reaction in the presence of light, have been 

utilized for switching of both the steric and electronic properties of catalysts. In addition, 

spiropyran16 units can alter catalytic activity due to their photoinduced changes in charge 

distribution resulting from the ring opening to the merocyanine isomer. The development 

of a photoswitchable catalyst requires that the photoinduced transformation occur with 

high efficiency, in both the forward and reverse directions. Additionally, the 

photosensitive unit should be capable of absorbing light of a different wavelength than 

would excite the rest of the molecule or the substrates to avoid photodegradation of either 

the catalyst or substrate. Finally, the photoinduced transformation must have a significant 

influence over the geometrical or electronic properties of the catalyst in order to translate 

the outcome of the photochemical transformation into significant catalytic activity 

differences. A number of unique approaches, described in the following sections, have 

been reported which have successfully achieved the above requirements and realized 

efficient photoswitchable catalysts. 
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Figure 1.2: Photochromic units, including (a) azobenzene or stilbene, (b) diarylethenes, 
and (c) spiropyrans, have been incorporated into photoswitchable catalysts. 

1.2 HETEROGENEOUS PHOTOSWITCHABLE CATALYSIS 

A number of groups have successfully enabled heterogeneous photoswitchable 

catalysts using the inherent photo-responsive nature of surfaces or by incorporating 

photoswitchable moieties into heterogenous catalytic materials. A unique example of 

using light to alter the enzymatic activity of peroxidases was recently reported using 

cadmium selenide (CdSe) quantum dots (QDs), which are known to facilitate the 

formation of reactive oxygen species (ROS) in aqueous solutions.17 The heme-containing 

peroxidases, horseradish peroxidase, cyctochrome C peroxidase, myoglobin, and 

CYP152A1, were inactive in the presence of CdSe QDs in the dark, but were activated 

upon irradiation with 366 nm light. The peroxidase activity could be switched between 

fast and slow states multiple times over the course of a single oxidation of non-

fluorescent N-acetyl-3,7-dihydroxyphenoxazine to the brightly fluorescent product, 
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resorufin. While further studies to elucidate the detailed activation mechanism are 

required, the reported method was general for various peroxidases and is expected to be 

suitable for other oxygen-consuming enzymes. 

A second example of photoswitchable heterogenous catalysis took advantage of 

the reversible, light-induced wettability of TiO2 surfaces.18 Upon UV irradiation, water 

molecules in the air presumably may coordinate with the titanium atoms on the TiO2 

surface, greatly increasing the number of surface hydroxyl groups, and thus the hydrogen 

bonding capability of the surface (Figure 1.3).19 A number of hydrogen bond catalyzed 

organic transformations were investigated, including aldol reactions, epoxide ring-

openings, Diels-Alder reactions, and C-C couplings (Figure 1.3), and all were found to 

give higher yields in the presence of UV irradiation than under ambient light (UV: 33-

76%; ambient: 0-34%). The light-induced wettability was confirmed by X-ray diffraction 

(XRD), Brunauer-Emmet-Teller (BET), and infrared (IR) analysis, as well as contact 

angle measurements, which indicated that the number of surface hydroxyl groups 

increased upon UV irradiation, and decreased upon standing in the dark. The reversible 

wettabilility was then used as a catalytic activity switch in the aldol reaction between 

benzaldehyde and acetophenone (Figure 1.3). The TiO2 catalyst could be used to promote 

the reaction (~60% yield), then separated from the reaction, kept in the dark to attenuate 

activity (20% yield), then subsequently irradiated with UV light to restore its activity 

(60% yield). The irradiation/separation process was repeated up to 8 times and gave 

consistently high activity  under UV irradiation (60% yield), but poor activity in the dark 

(20% yield). The photo-controlled rates of relevant C-C bond forming organic reactions 

with a heterogeneous catalyst such as TiO2 offers a convenient, inexpensive, 

environmentally friendly method, which is expected to find utility in a variety of 

synthetic efforts. 
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Figure 1.3: The reversible UV-induced surface wettability of TiO2 enabled control over 
the rates of a variety of acid-catalyzed reactions, including epoxide ring-
openings, aldol reactions, and Diels-Alder reactions. 

Willner and co-workers20 reported a unique example of photoswitchable 

electrocatalysis and chemiluminescence, which utilized Pt nanoparticles (NPs) for the 

reduction of H2O2. A photochromic nitrospyropyran derivative was tethered to an indium 

tin oxide (ITO) electrode to form a monolayer that lacked affinity for the negatively 

charged Pt NPs, and thus was catalytically inactive toward H2O2 reduction. Upon UV 

irradiation of the system, however, the nitrospyropyran underwent a ring-opening 

reaction to form the positively charged merocyanine species (Figure 1.4). The positively 

charged monolayer attracted the Pt NPs to the ITO electrode, which activated the 

electrode toward electrocatalytic H2O2 reduction. Subsequent exposure to visible light 

effected reversion of the merocyanine back to the starting spiropyran, resulting in 

detachment of the Pt NPs and a reduction in catalytic activity. The ITO electrode could 

thus be switched between catalytically inactive and active states by exposure to remote 

light stimuli. The formation of H2O2 was detected electrochemically and via addition of 

luminal, which chemiluminesced upon UV irradiation and H2O2 generation. Notably, the 

electrocatalytic functions of the electrode (i.e. its catalytic activity and 
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chemiluminescence) could be photoswitched for up to ten cycles without detectable 

degradation of the electrode. 

Figure 1.4: The UV-induced ring-opening of a nitrospiropyran triggered attraction of Pt 
NPs to an ITO electrode, which enable electrocatalytic H2O2 reduction. 

Gryzbowski and co-workers21 successfully achieved a photoswitchable catalytic 

system by appending photochromic azobenzene units to Au NPs. The Au NPs were 

decorated with a mixed self-assembled monolayer of dodecylamine and azobenzene 

terminated alkane thiol moieties (Figure 1.5). Under ambient light, when the azobenzene 

units were in the E form, the nanoparticles were readily dispersed in toluene and 

efficiently catalyzed the hydrosilylation of 4-methoxybenzaldehyde with diphenylsilane. 

However, upon UV irradiation to effect the isomerization of the azobenene units to their 

Z form, the NPs aggregated,22 which reduced the solvent-exposed surface area and 

significantly slowed the rate of hydrosilylation (kON/kOFF = 90). Subsequent irradiation 

with visible light resulted in re-dispersion of the particles and restoration of the initial 

hydrosilylation rate. The catalytic activity could be switched between states of fast and 

slow reactivity up to three times during the course of a single hydrosilylation reaction. 

The reversible NP aggregation resulted from the development of an electric dipole as a 

result of the E → Z isomerization of the surface azobenzene moieties, which in a 
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nonpolar solvent was translated into attractive forces between the NPs. The reversible 

photo-induced aggregation phenomenon was confirmed by UV-vis spectroscopy, as well 

as dynamic light scattering and transmission electron microscopy. Taken together, the 

aforementioned work successfully demonstrates a rare example of photoswitchable 

catalysis that offers high kON/kOFF ratios as well as multiple switching cycles. 

Figure 1.5: Dispersed Au NPs decorated with photochromic azobenzene moieties 
efficiently catalyzed the hydrosilylation of 4-methoxybenzaldehyde. Upon 
UV irradiation to effect the E → Z isomerization of the surface azobenzene 
moieties, the particles aggregated, reducing the catalytic activity due to the 
decreased surface area. 
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1.3 HOMOGENEOUS PHOTOSWITCHABLE CATALYSIS 

Steric Photoswitches 

The majority of known photoswitchable catalysts operate based upon the concept 

of photochemical modulation of the catalyst’s steric properties; i.e. the steric bulk 

surrounding a catalyst’s active site. The E → Z isomerization of an azobenzene or 

stilbene moiety.12,13 has commonly been used to accomplish this, as the isomerization is 

accompanied by a significant conformational change. The first reported photoswitchable 

catalyst took advantage of the UV-induced E → Z isomerization of azobenzene12 in 

conjuction with an ester hydrolysis catalyst β-cyclodextrin (Figure 1.6).23 By capping the 

β-cyclodextrin with an azobenzene moiety, the rate of hydrolysis of p-nitrophenylacetate 

could be modulated by exposure of the reaction mixture to UV irradiation. The E-

azobenzene cap appended to the β-cyclodextrin in the initial catalyst E-1 effectively 

blocked one end of the β-cyclodextrin, and thus prevented strong binding of the ester 

substrate in the β-cyclodextrin cavity, which inhibited the hydrolysis reaction. Upon UV 

irradiation, however, the catalyst was converted to the Z form Z-1, which deepened the β-

cyclodextrin cavity, promoted substrate binding and allowed more efficient hydrolysis. 

The photochemical E → Z isomerization resulted in a 5-fold increase in the rate of 

hydrolysis of p-nitrophenylacetate, and the authors claim that the reversible nature of the 

isomerization via application of heat or visible light (440 nm) enabled on-off control of 

the catalytic activity. Ueno and coworkers later demonstrated that connecting the 

azobenzene to the β-cyclodextrin via a histidine spacer facilitated similar 

photoswitchable catalytic hydrolysis of p-nitrophenylacetate and Boc-alanine-p-

nitrophenyl ester due to the differences in steric bulk and binding affinities of the E-

azobenzene and Z-azobenzene moieties (kE/kZ ≤ 16).24 Furthermore, azobenzene moieties 
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were later tethered to Au NPs and used in conjuction with β-cyclodextrin to demonstrate 

a heterogeneous photoswitchable catalytic system for ester hydrolysis.25 

Figure 1.6: Capping β-cyclodextrin with an azobenzene moiety enabled 
photoswitchable catalytic ester hydrolysis via the reversible E → Z 
isomerization which resulted in a deeper cavity and enhanced substrate 
binding affinity. 

In 1995 Rebek and coworkers26,27 reported another photoswitchable 

supramolecular catalyst system which relied on the E → Z isomerization of azobenzene. 

The connection of two carbazole-based adenine receptors by an azobenzene moiety 

enabled control over the rate of the coupling reaction between aminoadenosine 3 and the 

adenosine-derived ester 4 (Figure 1.7). The disparity in the rates between the E-2 and Z-2 

catalysts arose because both receptor units must be in close proximity to one another for 

sufficient adenine binding to occur. When the catalyst was in the extended E form the 

receptor units were too far apart to allow for sufficient adenine binding, giving rise to a 

much smaller coupling rate than the folded Z catalyst (kZ/kE ≤ 50), which facilitated 

efficient substrate binding. 
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Figure 1.7: Carbazole-based adenine receptor units were linked by a photochromic 
azobenzene moiety. Upon photochemical isomerization of catalyst E-2 to Z-
2 the rate of the coupling reaction between 3 and 4 was significantly 
enhanced. 

In a similar manner to azobenzene, the reversible photoisomerization of stilbene 

was employed in photoswitchable supramolecular catalysis. Inoue and co-workers28 

demonstrated that the coordination of 2-stilbazole to metalloporphyrins could be 

reversibly tuned by UV or visible irradiation due to the differences in sterics between the 

E and Z isomers of stilbazole. Given that aluminum porphyrins will catalyze the reaction 

of carbon dioxide with epoxides only when a nitrogen-containing base is coordinated to 

the aluminum center, the ability to photochemically tune the binding was expected to 

dictate the catalytic activity. Due to unfavorable steric interactions between the porphyrin 

ring system and the bulky t-butyl groups, E-3,5-di-t-butyl-2-stilbazole was unable to 

efficiently bind the aluminum center in methoxyaluminum 5,10,15,20-
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tetraphenylporphine, resulting in a very low yield in the reaction of propylene oxide with 

CO2 (2% conversion in 18 h; Figure 1.8). On the other hand, with Z-3,5-di-t-butyl-2-

stilbazole, which was expected to bind readily to the Al porphyrin, the formation of 

propylene carbonate was significantly accelerated (23% in 18 h). The system could 

alternately be exposed to UV or visible light during the course of the reaction to remotely 

tune the rate. 

Figure 1.8: Unfavorable steric interactions between the porphyrin ring system and the 
bulky t-butyl groups in E-3,5-di-t-butyl-2-stilbazole prohibited efficient N-
Al binding, which decreased the yield of the reaction between CO2 and 
ethylene oxide. 

The next example of photoswitching the activity of a supramolecular catalyst 

using the E → Z isomerization of azobenzene was reported nearly a decade later by 

Cacciapaglia and Mandolini29 for the ethanolysis of anilide derivatives. A photochromic 

bis-crown ether complex 6 was synthesized and shown to undergo a reversible E → Z 

isomerization in the presence of bound Ba2+. Efficient ethanolysis requires two metal 
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ions: one to serve as a binding unit for the carboxylate group, and the other to deliver the 

alkoxide to the amide carbonyl. Both Ba2+ ions must be in sufficiently close proximity to 

bind a single substrate, which is only feasible for catalyst Z-6 formed upon UV 

irradiation of the inactive catalyst E-6 (Figure 1.9). The reversibility of the isomerization 

allowed the ethanolysis activity to be switched between fast and slow states multiple 

times over the course of a single reaction (kZ/kE ≤ 5). 

Figure 1.9: A photoswitchable bis-crown ether ligand facilitated external modulation of 
the rate of anilide ethanolysis. 

Hecht and co-workers30 later moved away from photoswitchable supramolecular 

catalysis and adapted the concept of photo-reversible steric shielding by incorporating an 

azobenzene unit directly into a piperidine base catalyst. In the elegantly designed, 

conformationally restricted, N-alkylated piperidine, the lone pair of electrons on the 

piperidine nitrogen may be reversibly blocked by the azobenzene substituents (Figure 

1.10). The shielding was optimized by introduction of structural restrictions including the 

predominance of the chair conformation with the N-alkyl substituent in the equatorial 

position, the spiro junction which fixed the position of the azobenzene moiety, and the 

steric bulk of the 3,5-disubstituted phenylazo group. The resting catalyst E-7 featured a 

sterically inaccessible basic site and exhibited a fairly low basicity in titration 

experiments with trifluoromethanesulfonic acid. However, UV irradiation effected an 
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isomerization to form Z-7, which left the basic site accessible and significantly increased 

the catalyst’s basicity (pKa(Z-7c) − pKa(E-7c) = 0.7). As a result, E-7c displayed 

negligible catalytic activity in the aza-Henry reaction between p-nitrobenzaldehyde and 

nitroethane, while Z-7c formed upon UV irradiation efficiently promoted the reaction 

(kZ/kE = 35.5). The effective blocking of the catalyst’s active site was further 

demonstrated by X-ray crystallography,31 which clearly showed the preferred chair 

conformation and the position of the azobenzene blocking substituent, which effectively 

shielded the N lone pair in the E-isomer but left the basic site accessible in the Z-isomer. 

Additional analyses, including NMR experiments using residual dipolar couplings and 

DFT calculations, were also employed to provide further evidence for the fixed 

conformation of the catalyst and illustrate that the catalysis results were indeed a result of 

the proposed photoswitchable steric shielding.31 In a subsequent study the piperidine 

catalyst was immobilized on silica to facilitate heterogeneous photoswitchable catalysis.32 

Figure 1.10: An azobenzene annulated piperidine catalyzed the Henry reaction in its Z 
form, however the more stable E form displayed significantly reduced 
activity due to steric shielding of the basic site. 

Hecht’s employment of the azobenzene isomerization in a photoswitchable base 

catalyst was followed by a photoswitchable acid catalyst. Imahori and co-workers33 
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developed an azobenzene-tethered bis(trityl alcohol) for use in the acid-catalyzed Morita-

Baylis-Hillman (MBH) reaction (Figure 1.11). Similar to the aforementioned adenine 

binding and bis-Ba2+-crown ether examples, the photoswitchable acid catalyst relies on 

cooperative bifunctional catalysis, which can be disrupted by altering the conformation of 

the catalyst such that the two required active sites are no longer in sufficient proximity. 

Linking two trityl alcohol moieties to an azobenzene core resulted in a cooperative 

bifunctional catalyst that could be photochemically switched between its inactive E form 

and the active Z isomer. The catalyst Z-8, generated by UV irradiation of E-8, promoted 

the MBH reaction of 2-cyclopenten-1-one and 3-phenylpropanal with a 25% increase in 

reaction yield over its isomer E-8. As a control, the reaction catalyzed by trityl alcohol 

proceeded with negligible conversion, indicating that both trityl alcohol units were 

needed to promote the reaction, which indicated that the photochemically induced change 

in spatial arrangement was responsible for the observed reactivity differences. 

Figure 1.11: The azobenzene core of a bis(trityl alcohol) acid catalyst allowed photo-
control over the rate of an MBH reaction due to disruption of the 
cooperative functional groups needed for catalysis. 

While the cis-trans isomerization of azobenzene and stilbene moieties has been 

widely used as a steric photoswitch for a variety of catalysts, Branda and coworkers34 
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recently took advantage of a dithienylethene photocyclization to alter the steric properties 

of a copper(I) cyclopropanation catalyst. A chiral bis(oxazoline) dithienylethene ligand 

was developed, which in its open form (9o) was capable of chelating a Cu(I) atom in the 

chiral pocket between the two oxazoline moieties to facilitate the enantioselective 

cyclopropanation of styrene (30-50% ee; Figure 1.12). Upon UV irradiation, however, 

the bis(oxazoline) ligand underwent an electrocyclic ring-closing to form 9c, in which the 

oxazoline moieties were too far apart to chelate a copper atom. Thus, when the 

photocyclized ligand 9c was used in the cyclopropanation reaction, negligible 

enantioselectivity was observed (5 % ee). Subsequent irradiation with visible light (434 

nm) effected the cycloreversion to 9o and restored the enantioselectivity, thus 

demonstrating the first example of photoswitching stereoselectivity in a catalytic 

reaction. 
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Figure 1.12: Chelation of a Cu(I) atom in the chiral pocket of 9o facilitated 
stereoselective cyclopropanation; UV irradiation to form 9c disrupted the 
chelation and decreased the stereoselectivity. 

Electronic Photoswitches 

While a number of photoswitchable catalysts have successfully employed changes 

in steric properties to alter catalytic activities, the ability to photomodulate the electronic 

properties of a catalyst active site is expected to enable remote tuning of catalyst 

selectivity as well as activity. Diarylethenes hold significant promise in this field, as their 

photocyclization results in a complete redistribution in electron density when exposed to 

UV irradiation, which is reversed upon treatment with visible light. The resulting changes 

in electronic properties have led to differences in a variety of chemical properties,35 

including acidity,36 basicity,37 hydrogen bonding ability,38 ligand coordination,39 and 
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propensity to undergo cycloaddition chemistry.40 Only in a few instances, however, have 

such photoinduced electronic changes been harnessed in catalytic applications. 

An early example of photoswitching catalytic activity via electronic modulation 

was reported by Branda and co-workers.41 Drawing inspiration from the use of light to 

control biochemical processes, a photoresponsive mimic of the biologically active form 

of vitamin B6, pyridoxal 5′-phosphate (PLP) was developed. The action of PLP is 

dependent upon the electronic connection of the aldehyde and pyridinium functional 

groups, which allows for enhancement of the acidity of the α-hydrogen on the aldimine 

generated by condensation of an amino acid with PLP via stabilization of the conjugate 

base via contribution from the quinonoid resonance structure (Figure 1.13). A 

photoresponsive PLP analogue was developed by replacing the PLP core ring with a 

photochromic diarylethene unit, where in the ring-open form 10o, the pyridinium and 

aldehyde units were electronically isolated from each other, which precluded any 

catalytic activity. However upon UV irradiation to form the ring-closed isomer 10c, the 

redistribution in electron density resulted in a fully conjugated structure in which the 

pyridinium and aldehyde groups were electronically connected. The ring closed isomer 

10c was therefore able to form the stabilizing quionoid structure upon condensation with 

an amino acid followed by deprotonation of the aldimine α-hydrogen. It was thereby 

possible to switch the catalyst between its inactive form 10o and its active form 10c by 

alternating exposure to UV and visible light. Treatment of L-alanine with 10o resulted in 

no reaction, however upon UV irradiation to form 10c an immediate surge in the rate of 

racemization was observed, which could again be attenuated by subsequent exposure to 

visible light. 
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Figure 1.13: A photoresponsive PLP mimic was developed by connecting the aldehyde 
and pyridinium moieties with a DTE. The reversible changes in conjugation 
upon irradiation with UV or visible light allowed the photoswitchable 
racemization of L-alanine. 

1.4 CONCLUSIONS AND OUTLOOK 

In summary, the field of photoswitchable catalysis has seen rapid development 

over the past three decades. A variety of conceptually different approaches have been 

taken to reversibly control reactions using light. For example, heterogeneous 

photoswitchable catalysis has been realized using inherently photosensitive surfaces such 

as TiO2 and CdSe. The attachment of photochromic moieties to surfaces is also capable 

of rendering them photoswitchable, a concept that may be extended to a wide variety of 

solid materials. Additionally, a number of photoswitchable homogeneous catalyst 
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systems have been realized by capitalizing on the drastic steric changes resulting from the 

photochemical E → Z isomerization of azobenzene and stilbene derivaties. Photochromic 

diarylethene moieties have also been incorporated into catalytic systems to facilitate 

switching of both stereochemistry through steric changes, and catalytic activity via 

alteration of a catalyst’s electronic properties.  

While a number of notable accomplishments have been made, the burgeoning 

field of photoswitchable catalysis faces several remaining challenges. The practical utility 

of photoswitchable catalysts will be promoted by development of catalytic species that 

may be converted with high fidelity between two significantly sterically or electronically 

different states, in order to maximize the kON/kOFF ratios. Moreover, the design of versatile 

and broadly applicable catalysts is still desirable, given that many of the known 

photowitchable catalysts are only able to mediate one or a small number of 

transformations. Synthetically relevant reactions such as C-C bond formations, 

metathesis reactions, and polymerizations catalyzed by homogeneous metal catalysts, 

nucleophilic organocatalysts, and/or general acid/base catalysts are all attractive targets. 

An ideal photoswitchable catalyst would facilitate useful transformations with broad 

substrate scope, and would be able to alter both activity and, perhaps more importantly, 

selectivity upon exposure to light. The ability to remotely fine-tune a catalyst’s intrinsic 

chemo-, regio-, and/or stereoselectivity with spatial and temporal control would 

undoubtedly be extremely powerful. Such photoswitchable catalysts are expected to 

provide unprecedented control over polymer microstructure as well as simplify multi-step 

syntheses of complex small molecules. A possible approach to this attractive, while 

daunting, challenge would be to develop photoswitchable ligands40 that may act as 

photoswitchable organocatalysts or enable photomodulation of a ligated catalytic metal 

center.42 While potentially problematic due to the often low photochemical conversions 
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and photodegradation, the use of photochromic metal complexes as photoswitchable 

catalysts would vastly expand the scope of possible reactions as well as allow potential 

for tuning selectivity as well as reactivity. If properly designed, however, a photochromic 

ligand may facilitate the development of robust, multi-functional photoswitchable 

catalysts that will lead to the development of otherwise unattainable materials with 

sophisticated structures and advanced functions. 
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Chapter 2: Photoswitchable N-Heterocyclic Carbenes: Using Light to 
Modulate Electron Donating Properties 

2.1 INTRODUCTION 

N-heterocyclic carbenes (NHCs) are a robust and well-studied class of ligands 

used to support a broad range of catalytically-active transition metals.[1] The performance 

of these catalysts is strongly dependent on the electron donating properties of the NHC 

ligands,[2] and an ability to modulate this donicity using external stimuli should enable 

access to switchable catalysts with controlled activities and selectivities.[3] We envisioned 

incorporating a photochromic[4] diarylethene (DAE)[5] into the backbone of a NHC 

scaffold[6] to facilitate the remote photomodulation and monitoring of the carbene’s 

donating ability. For example, as illustrated in Figure 2.1, the bonding pattern of an 

imidazol-2-ylidene scaffold properly outfitted with thiophenes at the 4- and 5-positions 

should change upon photoinduced electrocyclic ring-closing. Considering that the 

product of this reaction extends the conjugation of the nitrogen atoms adjoining the 

carbenoid nucleus,[7] less electron density should be available for donation into the π* 

orbital of the C=X moiety and thus result in a stronger bond.[8] While photocyclization 

phenomena have been widely exploited in molecular switches[5] and modulating chemical 

reactivity,[9] they have rarely been used to control the electron donating ability of 

ligands.[10] Herein we report the first example of photochemically tuning the electronic 

structure and donating properties of a photochromic NHC scaffold embedded within 

chalcogen (X = O, S) and metal (X = Ir(CO)2Cl) adducts. 
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Figure 2.1: Photochromism of various NHC-adducts. The notation o and c refers to the 
open- and ring-closed isomers, respectively. 

2.2 RESULTS AND DISCUSSION 

The 4,5-diarylimidazolones,[11] 1 and 2, were prepared as shown in Figure 2.2. 

Acylation of commercially-available 2,5-dimethylthiophene with aluminum trichloride 

and oxalyl chloride in the presence of pyridine afforded diketone 4,[12] which was reduced 

to the α-hydroxy ketone 5 using zinc metal and sodium chloride in refluxing 

methanol/H2O (1:1 v/v).[13] Subsequent condensation of 5 with 1,3-dimethylurea in 

refluxing acetic acid afforded 1o. Thiourea 2o was also prepared from 4, which 

underwent formylative cyclization under aqueous acidic conditions to afford imidazole 

6.[8] Subsequent methylation with CH3I in acetonitrile using K2CO3 as a base gave 

known[6] imidazolium salt 7 which was then deprotonated with NaH and catalytic sodium 

tert-butoxide in the presence of elemental sulfur to yield 2o.[14] Notably, the syntheses of 

1 and 2 avoided the use of metal-catalyzed aryl-aryl cross-coupling chemistry that is 

commonly used to prepare photochromic DAEs.[5,6,9] 
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Figure 2.2: Synthesis of urea 1o and thiourea 2o. 

The UV-vis spectra of 1o and 2o acquired in acetonitrile exhibited intense 

absorptions between 210 nm and 300 nm which were assigned to the n → π* and π → 

π* transitions of the N-heterocycle and thiophene systems, respectively.[6] UV irradiation 

(λirr = 280 nm) of a colorless solution of 1o in acetonitrile resulted in the development of 

a bright orange color, concomitant with a decrease in the intensity of the absorption band 

centered at 214 nm and the appearance of a new band at 476 nm (Figure 2.3). Similarly, 

irradiation of 2o under the same conditions resulted in the appearance of a new 

absorption band at 521 nm and the development of a red color. Collectively, these 

spectral changes were consistent with the disruption of aromaticity in the thiophene rings 

in the aforementioned substrates and the formation of an extended π-conjugated system.[5, 

6] Moreover, the isosbestic points observed at 255 nm for 1o and 289 nm for 2o suggested 

to us that the cyclization reactions proceeded without noticeable side reactions. 
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Compounds 1o and 2o reached their photostationary states after 10 and 4 min of 

irradiation and were comprised of 75% 1c and 74% 2c, respectively.[15] Subsequent 

irradiation of these solutions with visible light (λirr > 500 nm) resulted in decoloration and 

attenuation of the broad, low energy absorption bands. The initial UV-vis spectra were 

nearly completely restored (>90% conversion), indicating that the closed isomers 

returned to their ring-opened precursors with minimal decomposition.[16] Additionally, the 

cyclizations were confirmed by 1H NMR spectroscopic analysis of the mixtures, which 

showed the expected upfield shifts of the signals assigned to the thiophenes (i.e., from δ = 

6.4 ppm in 1o to 5.9 ppm in 1c, and from δ = 6.6 ppm in 2o to 6.2 ppm in 2c; CDCl3). 

Once the expected photocyclization processes were confirmed, the effect of the 

cyclization reaction on the Ccarbenoid=X bonds in 1o and 2o was investigated using IR 

spectroscopy (Figure 2.3). Prior to the irradiation of 1o, a signal was observed at 1688 

cm-1 and was assigned to the urea C=O stretching frequency (νCO). Upon irradiation at 

280 nm, a new band appeared at 1716 cm-1, which was attributed to the νCO of 1c. The 28 

cm-1 shift to higher frequency reflected a significant difference in the electronic character 

of the two isomers.[17] Thus, while the thiophene rings in 1o are electronically isolated, 

photocyclization enabled delocalization of the nitrogen lone pairs into the 

dihydrothiophene π-systems of 1c and afforded a stronger C=O bond. Due to vibrational 

coupling effects,[18] only a small difference in the thiourea C=S stretching frequency (< 2 

cm-1) was observed when the IR spectra of 2o and 2c were compared. 
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Figure 2.3: (a) UV-vis spectral changes of 1o in acetonitrile ([1o]0 = 1 × 10-4 M) upon 
UV irradiation (λirr = 280 nm). The spectra were recorded after irradiation 
for 0, 0.5, 1, 2, 3, 5, 8, and 10 min (indicated). (b) UV-vis spectral changes 
of 2o in acetonitrile ([2o]0 = 1 × 10-4 M) upon UV irradiation (λirr  = 280 
nm). The spectra were recorded after irradiation for 0, 0.5, 1, 2, 3, and 4 min 
(indicated). (c) Normalized infrared spectral changes of the carbonyl 
stretching frequency upon photochemical conversion of 1o (1688 cm-1) to 1c 
(1716 cm-1) in acetonitrile ([1o]0 = 1.0 × 10-2 M). The reaction was facilitated 
by 280 nm light in a CaF2 IR solution cell, and spectra were recorded after 
0, 1, 2, 3, 4, 5, 6, 7, 9, 12 (not shown), and 18 min of irradiation (indicated). 
The arrows indicate the evolution of the spectral changes over time. 

In addition to demonstrating a photoinduced redistribution of electron density in 

the imidazolone ring of 1o in situ, we also isolated and characterized the photocyclized 

product 1c. After UV irradiation (λirr = 280 nm) in acetonitrile, the photocyclized urea 1c 

was separated from its mixture with 1o by column chromatography and isolated in 62% 

yield. The UV-vis, 1H NMR and IR spectra of 1c were consistent with the observed 
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spectral changes described above, and the 13C NMR spectrum of 1c featured a signal at δ 

= 67.8 ppm (CDCl3), which was assigned to the sp3 carbon nuclei adjacent to the sulfur 

atoms in the dihydrothiophene moieties. Upon isolation and storage in the dark, 1c was 

found to be stable in the solid state and in solutions of chloroform, toluene, and hexanes 

at room temperature for > 24 h, or for weeks at –20 °C (< 5% decomposition was 

observed by 1H NMR spectroscopy). In acetonitrile, 1c cleanly reverted back to 1o upon 

exposure to visible light (λirr > 500 nm) for 3 min, or upon standing in ambient light for 3 

h.[19]  

The structures of 1o as well as 1c were also confirmed by single crystal X-ray 

diffraction analysis.[20] The solid state structure of 1c is to the best of our knowledge the 

first example of an isolated, photocyclized DAE containing a heterocyclic linker. As 

shown in Figure 2.4, the changes in bond lengths and angles from 1o to 1c were 

consistent with the aforementioned photocyclization reaction. For example, the C2 

symmetric thiophene rings in 1o were twisted with respect to the imidazolone ring and 

featured an interplanar torsion angle of 57.3(3)º. In contrast, the dihydrothiophene rings 

in 1c were significantly more planar with respect to the imidazolone ring and featured an 

interplanar torsion angle of 16.40(12)º, due to the formation of the bond between C6 and 

C7. The C6–C7 distance in 1c (1.53(2) Ǻ) was consistent with that of a C–C single bond, 

whereas the analogous distance in 1o was significantly longer (3.23 Ǻ). Additionally, the 

hybridization state of C6 and C7 changed from sp2 in 1o to sp3 in 1c, as evidenced by the 

sum of the bond angles around C7 (1o, 360º; 1c, 324º[21]). As expected for a 

photochemical electrocyclic ring closing of a 1,3,5-hexatriene,[22] the C14 and C15 

methyl groups in 1c adopted a trans configuration.[23] Finally, the aforementioned 

increase in νCO induced by the photocyclization reaction may be further rationalized by 

comparing the C2–C4 and C2–C3 distances measured in the solid state structures of 1o 
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and 1c. In the latter, each nitrogen atom is formally conjugated to a dihydrothiophene 

moiety which effectively attenuates donation into the carbonyl’s π*-orbital.[24] 

Figure 2.4: POV-ray representations of urea 1o (left) and its cyclized derivative 1c (right) 
showing ellipsoids at 50% probability. Hydrogen atoms have been omitted 
for clarity. Key distances (Ǻ), angles (º), and torsions (º) with errors 
expressed in parentheses: 1o, N1-C1, 1.379(3); N2-C1, 1.363(3); C1-O1, 
1.233(2); N1-C2, 1.402(2); C2-C4, 1.466(3); C4-C7, 1.367(3); C2-C3, 
1.361(3); N1-C1-N2, 106.29(16); N1-C2-C4, 122.56(17); C3-C2-C4, 
130.37(17); C4-C7-S1, 110.80(15); C14-C7-S1, 120.60(16); C3-C2-C4-C7, 
57.3(3). 1c, N1-C1, 1.386(8); N2-C1, 1.377(9); C1-O1, 1.228(8); N1-C2, 
1.395(8); C2-C4, 1.356(9); C4-C7, 1.556(16); C2-C3, 1.439(9); C7-C6, 
1.53(2); N1-C1-N2, 107.4(6); N1-C2-C3, 131.6(6); C3-C2-C4, 122.4(6); 
C4-C7-S1, 99.4(10); C14-C7-S1, 109.7(10); C3-C2-C4-C7, -16.4(12). 

Having demonstrated the ability of the DAE photocyclization to alter the bonding 

character of a NHC-chalcogen adduct, we sought to extend the concept to altering the 

ligand donating ability of a NHC contained within a metal complex. With NHC precursor 

7 in hand, the [Ir(cod)Cl] (cod = 1,5-cis,cis-cyclooctadiene) complex 9 was synthesized 

via transmetallation from the silver complex 8,[6] obtained by deprotonation of 7 with 

silver oxide (Figure 2.5).[25] Bubbling 1 atm of carbon monoxide into a dichloromethane 

solution of 9 afforded the carbonyl complex 3o, which was used to evaluate the change in 

NHC donicity by monitoring the ΔνCO upon irradiation.[26] 
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Figure 2.5: Synthesis and photochromism of complex 3. 

UV irradiation (λirr = 297 nm) of a cyclohexane[27] solution of 3o resulted in a 

decrease in intensity of the high energy absorption centered at 227 nm and the appearance 

of a new band at 545 nm in the UV-vis spectrum, consistent with the spectral changes 

expected for the photocyclization process shown in Figure 2.5.[28] The cyclization was 

confirmed by 1H NMR spectroscopy, wherein a signal was observed at δ = 5.38 ppm 

(C6D6) and attributed to the newly formed dihydrothiophene. Prior to irradiation, the IR 

spectrum of 3o exhibited two signals at 2066 cm-1 and 1978 cm-1, which were assigned to 

the νCOs of the carbonyl ligands. Upon irradiation, two new bands appeared at 2072 cm-1 

and 1986 cm-1 and were assigned to the νCOs of 3c. The formation of these signals was 

concomitant with a decrease in the intensity of the analogous νCOs of 3o (Figure 2.6). 

Subsequent irradiation with visible light (λirr  > 500 nm) resulted in reversion of 3c to the 

starting material 3o, as evidenced by the disappearance of the peaks at 2072 cm-1 and 
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1986 cm-1 and an increase in the intensity of the signals previously observed at 2066 cm-1 

and 1978 cm-1.[29] The Tolman electronic parameters (TEPs),[26] as calculated from these 

IR data,[26a] revealed that the ligand donating ability of the NHC in 3o (TEP = 2049 cm-1) 

falls within the range of known NHCs while that of 3c (2055 cm-1) approaches that of 

typical phosphines. In other words, the 6 cm-1 shift in TEP upon irradiation indicates that 

the photocyclization of 3o to 3c significantly decreases the ability of the NHC to donate 

electron density to the metal center. Since TEP values have been tied to activities of 

various catalysts,[2] the ability to photochemically alter a ligand’s TEP may now be 

extended to the photomodulation of catalytic activity. 
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Figure 2.6: (red) Normalized infrared difference spectra showing the shift in the νCOs 
upon the photochemical conversion of 3o (2066 cm-1 and 1978 cm-1) to 3c 
(2072 cm-1 and 1986 cm-1) in cyclohexane solution ([3o]0 = 1.0 × 10-2 M). 
The reaction was promoted by 297 nm light in a quartz cuvette. Aliquots 
were transferred to a CaF2 IR solution cell and spectra were recorded after 0, 
3, 6, 8, and 10 min of irradiation (indicated). (blue) Normalized infrared 
difference spectra showing the shift in the νCOs upon the photochemical 
reversion of 3c (2072 cm-1 and 1986 cm-1) to 3o (2066 cm-1 and 1978 cm-1) 
in cyclohexane solution ([3o]0 = 1.0 × 10-2 M). After 10 min of UV 
irradiation, the sample was irradiated with visible light (λirr > 500 nm) in a 
quartz cuvette. Aliquots were transferred to a CaF2 IR solution cell and 
spectra were recorded after 10, 15 and 60 s of irradiation (indicated). The 
arrows indicate the evolution of the spectral changes over time. 

2.3 CONCLUSIONS 

In conclusion, we report the first example of photochemically switching the 

electron donating properties of an NHC by exploiting a photochromic DAE integrated 

with the backbone of an imidazol-2-ylidene. The chalcogen-NHC adducts 1o and 2o were 

found to undergo photoinduced electrocyclic ring closure, as determined by NMR, IR, 

and UV-vis spectroscopy, as well as X-ray crystallography for the former. Upon 

photocyclization of 1o, the donation of electron density from the nitrogen atoms to the 

carbonyl moiety was reduced, as evidenced by an increase in the measured νCO. Similarly, 
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a significant change in the νCO-derived TEP of the NHC ligand contained within the 

Ir(CO)2Cl complex 3o was measured upon irradiation. Collectively, these data establish a 

new approach to remotely changing the donating properties of NHCs and potentially the 

electronic characteristics of other heteroatomic systems.[30] In a broader perspective, the 

results described herein are expected to guide the discovery and development of NHC-

based catalysts with photoswitchable activities, selectivities, and other functions. 

2.4 EXPERIMENTAL 

2.4.1 Materials and Methods 

Unless otherwise specified, all reagents were purchased from commercial sources 

and used without further purification. Solvents were dried and degassed using a Vacuum 

Atmospheres Company solvent purification system. [Ir(cod)Cl]2 (cod = 1,5-cis,cis-

cyclooctadiene) was synthesized according to a literature procedure.[31] 1H and 13C NMR 

spectra were recorded using a Varian 300 or 400 MHz spectrometer. Chemical shifts δ (in 

ppm) are referenced to tetramethylsilane using the residual solvent as an internal 

standard. For 1H NMR: CDCl3, 7.24 ppm; DMSO-d6, 2.50 ppm; C6D6, 7.15 ppm. For 13C 

NMR: CDCl3, 77.0 ppm; DMSO-d6, 39.5 ppm; C6D6, 128.0 ppm. Coupling constants (J) 

are expressed in hertz (Hz). FT-IR spectra were recorded using Perkin-Elmer Spectrum 

BX system in the solid state in KBr or in acetonitrile, cyclohexane, or dichloromethane 

solution in a Perkin-Elmer CaF2
 IR solution cell. Melting points were obtained with a 

Mel-Temp apparatus and are uncorrected. Mass spectra (MS, ESI or CI) were obtained 

with a VG analytical ZAB2-E or a Karatos MS9 instrument and are reported as m/z 

(relative intensity). UV-vis spectra were acquired using a Perkin-Elmer Lambda 35 UV-

vis Spectrometer in 6Q Spectrosil quartz cuvettes (Starna) with 1.0 cm path lengths and 

3.0 mL sample solution volumes. Beer’s law measurements were performed using 10, 20, 
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30, and 40 μM sample concentrations. Photochemical reactions monitored by UV-vis 

spectroscopy were performed in the same quartz cuvettes using 4.0 mL sample solution 

volumes at substrate concentrations of 0.1 mM or 0.033 mM. The irradiation source for 

photochemical reactions was a Newport/Oriel 66942 200-500W Hg Arc lamp housing 

equipped with a 350 W Hg lamp, a Newport 6117 liquid filter, a Newport 71445 

electronic safety shutter, and a Newport 71260 filter holder. The source was powered by 

a Newport 669910 power supply and mounted on a Newport XL48 optical rail with a 

Newport 13950 shielded cuvette holder placed at a distance of 8 cm from the end of the 

source. The irradiation wavelength for the photocyclization reactions was obtained using 

a 280 nm bandpass filter (Andover Corporation). For the cycloreversion reaction, visible 

light was obtained using a long-pass edge filter (> 500 nm) (Andover Corporation). 

Elemental analyses were performed at Midwest Microlab, LLC (Indianapolis, IN). 

Deconvolution of infrared spectroscopic peaks was performed using PeakFit, Version 

4.12 (SeaSolve Software Inc.). 

2.4.2 Syntheses 

1,2-Bis-(2,5-dimethyl-thiophen-3-yl)-ethanedione (4). An oven-dried 500 mL 

three-necked round bottom flask equipped with an addition funnel, N2 inlet adaptor, 

rubber septum, and a stir bar was evacuated and refilled with N2 (3×). The reaction flask 

was then charged with 6.0 g (44.9 mmol) of aluminum trichloride, which was suspended 

in 50 mL of CH2Cl2. The resulting suspension was cooled in a -18 °C NaCl/ice bath and 

1.8 mL (22.3 mmol) of pyridine in 10 mL of CH2Cl2 was added via the addition funnel, 

followed by 5.0 g (44.6 mmol) of 2,5-dimethylthiophene 25 mL in CH2Cl2. At -18 °C, 3.4 

g (26.8 mmol) of oxalyl chloride in 25 mL of CH2Cl2 was added dropwise to the reaction 

mixture over a period of 80 min. After the addition was complete, the temperature of the 
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ice bath was allowed to warm to 5 °C over 90 min, and the reaction mixture was then 

poured into 200 mL of ice water. The organic layer was separated and the aqueous layer 

was extracted with 3 × 200 mL portions of chloroform. The combined organic layers 

were neutralized by washing with water (200 mL) followed by 2 × 200 mL portions of a 

saturated aqueous solution of K2CO3. The organic layer was dried over Na2SO4 and the 

solvent was removed under reduced pressure. The resulting crude, dark orange oil was 

purified by column chromatography on silica gel, eluting with a 10:1 v/v mixture of 

hexanes and ethyl acetate, to afford 2.17 g (35% yield) of desired product as a yellow-

orange solid. Spectral data matched literature values.[32]  mp 64-65 °C. 1H NMR (400 

MHz, CDCl3): δ 2.36 (s, 6H), 2.70 (s, 6H), 6.89 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 

14.9, 15.9, 126.8, 131.7, 136.2, 151.7, 189.16. UV-vis (CH2Cl2): λabs = 270 nm (ε = 14553 

dm3 mol-1 cm-1). HRMS (m/z): Calcd. for C14H14O2S2 [M+Na]+, 301.0333; Found, 

301.0329.  

1,2-Bis-(2,5-dimethyl-thiophen-3-yl)-2-hydroxy-ethanone (5). A three-necked 

round bottom flask equipped with a reflux condenser, N2 inlet adaptor, rubber septum and 

stir bar was charged with 2.0 g (7.2 mmol) of 4, 5.1 g (76 mmol) of zinc metal, and 4.5 g 

(76 mmol) of sodium chloride. To this flask was added 50 mL of methanol and 50 mL of 

deionized water, and the resulting mixture was heated to reflux under N2 for 18 h. The 

reaction mixture was cooled to room temperature and poured into 200 mL of deionized 

water. The resulting precipitate was collected on a frit of medium porosity, dissolved in 

ethyl acetate and then filtered through the frit into a clean collection flask to remove the 

excess zinc metal. The ethyl acetate filtrate was then dried over Na2SO4 and the solvent 

was removed under reduced pressure. The resulting yellow solid was washed with cold 

hexanes and collected via filtration to yield 1.3 g of the desired product as a pale yellow 

powder (65% yield). Spectral data matched literature values.[33] mp 133-135 °C. 1H NMR 



 39 

(400 MHz, CDCl3): δ 2.30 (d, J = 4.8, 6H), 2.49 (s, 3H), 2.69 (s, 3H), 4.39 (d, J = 5.6, 

1H) 5.49 (d, J = 6.0, 1H), 6.29 (s, 1H), 6.65 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 13.0, 

15.0, 15.1, 16.2, 70.9, 124.2, 124.9, 131.6, 134.4, 135.1, 135.6, 136.9, 150.7, 194.2. UV-

vis (CH2Cl2): λabs = 270 nm (ε = 14553 dm3 mol-1 cm-1). HRMS (m/z): Calcd. for 

C14H16O2S2 [M-H]+, 279.0513; Found, 279.0515.  

1,3-Dimethyl-4,5-bis(2,5-dimethyl-thiophen-3-yl)-imidazol-2-one (1o). A 

three-necked round bottom flask fitted with a reflux condenser, N2 inlet adaptor, rubber 

septum and stir bar was charged with 1.0 g (3.6 mmol) of 5 and 1.0 g (11.3 mmol) of 1,3-

dimethylurea. The reaction flask was then evacuated and refilled with N2 (3×), after 

which 5 mL of deoxygenated acetic acid was added. The reaction mixture was heated to 

reflux for 12 h under an atmosphere of N2 and then cooled to room temperature. 

Deionized water (50 mL) was added to the cooled reaction mixture, which was extracted 

with 3 × 50 mL portions of chloroform. The combined organic layers were washed with 

100 mL portions of a saturated aqueous solution of NaHCO3 (3×), dried over Na2SO4, and 

the residual solvent was removed under reduced pressure. Purification by column 

chromatography on silica eluting with 1:9 v/v 2-propanol/ethyl acetate afforded 600 mg 

(50% yield) of the desired product as a beige powder. mp 170-172 °C. 1H NMR (400 

MHz, CDCl3): δ 1.87 (s, 6H), 2.36 (s, 6H), 3.13 (s, 6H), 6.39 (s, 2H). 13C NMR (100 

MHz, CDCl3) δ 13.7, 15.2, 28.6, 116.6, 125.3, 126.2, 136.2, 136.5, 153.7. IR (KBr): ν 

3348, 3040, 2910, 1688, 1572, 1442, 1380, 1241, 1148, 1108, 1009, 882, 745, 685, 591, 

496, 407 cm-1. UV-vis (CH3CN): λabs = 214 nm (ε = 21605 dm3 mol-1 cm-1), 240 nm (ε = 

17630 dm3 mol-1 cm-1), 282 nm (ε = 5979 dm3 mol-1 cm-1). HRMS (m/z): Calcd. for 

C17H20N2OS2 [M+H]+, 333.1095; Found, 333.1092. Anal. Calcd. for C17H20N2OS2: C, 

61.41; H, 6.06; N, 8.43; Found: C, 61.13; H, 5.93; N, 8.45. 
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Photocyclized Urea 1c. A solution of 1o (34 mg, 0.16 mmol) in 24 mL of 

acetonitrile was prepared under inert nitrogen atmosphere in a glove box. Successive 4 

mL portions of the solution were transferred to a quartz cuvette, removed from the glove 

box and irradiated for 3 h each. The 4 mL portions were combined and the solvent 

removed under reduced pressure to afford a mixture of 1o and 1c, as determined by 1H 

NMR spectroscopy (CDCl3). The two isomers were separated by column chromatography 

(SiO2, 1:1 v/v ethyl acetate/hexanes) to afford 21 mg of 1c (62% yield). 1H NMR (400 

MHz, CDCl3): δ 1.97 (s, 6H), 2.07 (s, 6H), 3.17 (s, 6H), 5.92 (s, 2H). 13C NMR (100 

MHz, CDCl3) δ 17.9, 27.5, 29.0, 67.7, 113.9, 120.9, 122.9, 143.4, 156.1. IR (KBr): ν 

2904, 1716, 1606, 1440, 1389, 1330, 1255, 1119, 1059, 862, 801, 743, 630, 575 cm-1. 

UV-vis (CH3CN): λabs = 269 nm (ε = 13797 dm3 mol-1 cm-1), 282 nm (ε = 13070 dm3 mol-1 

cm-1), 302 nm (ε = 14830 dm3 mol-1 cm-1), 476 nm (ε = 7178 dm3 mol-1 cm-1).  

4,5-Bis(2,5-dimethyl-3-thienyl)-imidazole (6). A round bottom flask fitted with 

a reflux condenser and a stir bar was charged with 480 mg (1.7 mmol) of 4 in 20 mL of 

glacial acetic acid. To the reaction flask was added 2.9 g of ammonium acetate (37.6 

mmol) and 0.7 mL of aqueous formaldehyde (37% w/w). The reaction mixture was 

heated to reflux for 26 h, then cooled to room temperature, diluted with 30 mL of 

deionized water and concentrated ammonium hydroxide was added until a pH = 7 was 

reached. The aqueous mixture was extracted with 100 mL portions of dichloromethane 

(3×) and the combined organic layers were washed with 100 mL portions of saturated, 

aqueous potassium carbonate (3×). The organic layer was dried over sodium sulfate and 

the solvent was removed under reduced pressure. The resulting yellow solid was washed 

with diethyl ether to yield 296 mg (60% yield) of the desired product as a beige power. 

Spectral data matched literature values.[8a] mp 202 ºC (dec.) 1H NMR (400 MHz, DMSO-

d6): δ 1.95 (s, 6H), 2.08 (d, J = 4.8 6H), 2.32 (d, J = 18 6H), 6.51 (s, 1H), 6.59 (s, 1H), 
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7.70 (s, 1H), 12.17 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 13.9, 14.3, 15.3, 55.4, 122.3, 

127.6, 128.6 131.4, 132.7, 133.4, 134.0, 134.4, 135.4, 135.6. UV-vis (CH3CN): λabs = 230 

nm (ε = 19705 dm3 mol-1 cm-1), λabs = 272 nm (ε = 10354 dm3 mol-1 cm-1). HRMS (m/z): 

Calcd. for C15H16N2S2 [M+H]+, 289.0833; Found, 289.08277.  

4,5-Bis(2,5-dimethyl-3-thienyl)-1,3-dimethylimidazolium Iodide (7). A 30 mL 

vial was charged with 200 mg (0.7 mmol) of 6 and 600 mg K2CO3 in 15 mL of CH3CN. 

After adding iodomethane (0.3 mL, 4.8 mmol) dropwise, the vial was sealed with a 

Teflon-lined cap and the resulting mixture was stirred at 80 °C for 24 h. The reaction 

mixture was then cooled to room temperature, filtered through a plug of Celite, and the 

filtrate was concentrated under reduced pressure. The resulting residue was taken up into 

20 mL of dichloromethane and the insoluble salts were removed by filtration. The filtrate 

was concentrated under reduced pressure and the residue was washed with diethyl ether. 

The desired product was was collected via vacuum filtration as a cream colored powder 

(275 mg, 90% yield). Spectral data matched literature values.[6a] mp 221 ºC (dec.) 1H 

NMR (400 MHz, CDCl3): δ 1.9 (s, 6H), 2.39 (s, 6H), 3.83 (s, 6H), 6.49 (s, 2H), 10.42 (s, 

1H). 13C NMR (100 MHz, CDCl3) δ 14.2, 15.5, 35.2, 120.8, 125.6, 128.5, 138.0, 138.8, 

140.4. UV-vis (CH3CN): λabs = 244.8 nm (ε = 31955 dm3 mol-1 cm-1). HRMS (m/z): Calcd. 

for C17H22IN2S2 [M-I-H]+, 317.1146; Found, 317.1146.  

3-Dimethyl-4,5-bis(2,5-dimethyl-thiophen-3-yl)-imidazol-2-thione (2o). A 30 

mL vial was charged with 90 mg of 6 dissolved in tetrahydrofuran under N2 in a glove 

box. Sodium hydride (6 mg, 95% in mineral oil) and catalytic sodium tert-butoxide were 

added, followed by 20 mg of elemental sulfur. The reaction mixture was stirred at room 

temperature for 16 h, then removed from the glove box and filtered through a 0.2 μm 

PTFE filter. The filtrate was concentrated under reduced pressure and the residue washed 

with 20 mL of hexanes. The remaining salts were removed by filtration and the filtrate 
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was concentrated under reduced pressure. Purification by column chromatography on 

silica eluting with 1:9 v/v ethyl acetate/hexanes followed by ethyl acetate afforded 40 mg 

(60% yield) of the desired product. mp 172-174 °C. 1H NMR (400 MHz, CDCl3): δ 1.86 

(s, 6H), 2.37 (s, 6H), 3.49 (s, 6H), 6.41 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 161.8, 

137.7, 136.9, 125.9, 124.1, 123.5, 33.2, 15.2, 13.7. UV-vis (CH3CN): λabs = 247.47 nm (ε 

= 7749 dm3 mol-1 cm-1), λabs = 275.61 nm (ε = 7620 dm3 mol-1 cm-1). IR (KBr): 2935, 

2908, 2850, 1569, 1438, 1389, 1377, 1242, 1167, 1145, 1102, 1002, 883, 848, 538, 494 

cm-1. HRMS (m/z): Calcd. for C17H20N2S3 [M+1]+, 348.0789; Found, 349.0822. Anal. 

Calcd. for C17H20N2S3: C, 58.58; H, 5.78; N, 8.04; Found: C, 58.39; H, 5.69; N, 7.95. 

[Ag{4,5-Bis(2,5-dimethyl-3-thienyl)-1,3-dimethylimidazolylidene}I] (8): A 40 

mL vial equipped with a stir bar was charged with 200 mg (0.45 mmol) of 6 and 25 mL 

of dichloromethane under N2 in a glove box. To the solution was added 50 mg (0.22 

mmol) of silver oxide and 3 Å molecular sieves. The reaction vial was sealed with a 

Telfon-lined cap, removed from the glove box and heated to 50 °C overnight in the dark. 

The reaction mixture was filtered to remove the molecular sieves while hot and the filter 

cake was washed with hot dichloromethane and methanol. The filtrate was concentrated 

under reduced pressure, and the resulting residue was triturated in diethyl ether. The 

product was collected by vacuum filtration to afford 180 mg (72% yield) of the desired 

product as a tan solid. mp 146 °C (dec). 1H NMR (400 MHz, CDCl3): δ 1.93 (s, 6H), 2.38 

(s, 6H), 3.67 (s, 6H), 6.44 (s, 2H). Characterization of this compound via 13C NMR 

spectroscopy was not possible due to its poor solubility. HRMS (m/z): Calcd. for 

C17H20N2S2I107Ag, 549.9164; Found, 549.9156; Calcd. for C17H20N2S2I109Ag, 551.9160; 

Found, 551.9151.  

[Ir{4,5-Bis(2,5-dimethyl-3-thienyl)-1,3-dimethylimidazolylidene}(cod)Cl] (9): 

A 40 mL vial with a stir bar was charged with 180 mg (0.3 mmol) of 7 and 10 mL of 
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dichloromethane under N2 in a glove box. To the mixture was added a solution of 100 mg 

(0.15 mmol) of [Ir(cod)Cl]2 in 10 mL of dichloromethane. The reaction mixture was 

stirred at room temperature for 6 h during which time the solution turned bright yellow 

and a white precipitate formed. The reaction mixture was removed from the glove box 

and filtered through a 0.2 μm PTFE filter. The filtrate was concentrated under reduced 

pressure which produced a yellow film. Purification of residue using column 

chromatography (SiO2; 3:1 v/v hexanes:ethyl acetate as the eluent) afforded 150 mg 

(70% yield) of the desired product as a bright yellow powder. mp 181 °C (dec). 1H NMR 

(400 MHz, CDCl3): δ 1.58-1.89 (m, br, 10H), 2.20 (t, br, J = 4.8, 6H), 2.34 (s, 6H), 2.97 

(s, 2H), 3.77 (s, 6H), 4.56 (s, 2H), 6.39 (s, 2H). 13C NMR (100 MHz, CDCl3): δ 179.9, 

137.3, 136.5, 127.0, 126.0, 124.4, 83.9, 51.3, 35.6, 33.5, 29.5, 15.1, 13.6. UV-vis 

(CH3CN): λabs = 270 nm (ε = 12877 dm3 mol-1 cm-1), λabs = 374.6 nm (ε = 956 dm3 mol-1 

cm-1), λabs = 419 nm (ε = 1098 dm3 mol-1 cm-1), λabs = 482 nm (ε = 301 dm3 mol-1 cm-1). 

HRMS (m/z): Calcd. for C25H32N2S2ClIr [M]+, 652.1325; Found, 652.1317. Anal. Calcd. 

for C25H32N2S2ClIr: C, 46.03; H, 4.94; N, 4.29; Found: C, 45.88; H, 4.88; N, 3.98. 

[Ir{4,5-Bis(2,5-dimethyl-3-thienyl)-1,3-dimethylimidazolylidene}(CO)2Cl] 

(3o): A round bottom flask equipped with a stir bar was charged with 75 mg (0.12 mmol) 

of 9 dissolved in 15 mL of dichloromethane and fitted with a rubber septum. Carbon 

monoxide (1 atm) was bubbled through the solution from a balloon with an attached 

needle for 1 h while stirring at room temperature. The dichloromethane was removed 

under reduced pressure and the resulting yellow film was washed with cold pentanes to 

remove the residual 1,5-cyclooctadiene. The product was subsequently collected as a pale 

yellow powder by vacuum filtration (50 mg, 72% yield). mp 170 °C (dec). 1H NMR (400 

MHz, CDCl3): δ 1.93 (s, 6H), 2.38 (s, 6H), 3.71 (s, 6H), 6.45 (s, 2H); 13C NMR (100 

MHz, CDCl3): δ 181.8, 173.8, 168.6, 138.5, 137.6, 128.5, 126.3, 123.9, 36.9, 15.6, 14.2. 
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UV-vis (cyclohexane): λabs = 237 nm (ε = 21114 dm3 mol-1 cm-1), λabs = 261 nm (ε = 15208 

dm3 mol-1 cm-1), λabs = 332 nm (ε = 2002 dm3 mol-1 cm-1), λabs = 373 nm (ε = 2926 dm3 mol-

1 cm-1). IR (KBr): νCO 2065, 1983 cm-1. IR (cyclohexane) νCO 2066, 1978 cm-1. HRMS 

(m/z): Calcd. for C19H23N2O2S2Cl191Ir [M]+, 601.0489; Found, 601.0496. Anal. Calcd. for 

C19H23N2O2S2ClIr: C, 37.90; H, 3.68; N, 4.65; Found: C, 37.82; H, 3.55; N, 4.48. 

Photocyclized Ir Complex 3c. A solution of 3o (14 mg, 0.023 mmol) in 23 mL 

of deoxygenated cyclohexane was prepared under an atmosphere of nitrogen, sealed with 

a rubber septum, and 1 atm of carbon monoxide was bubbled through the solution from a 

balloon with an attached needle for 15 min. Successive 4 mL portions of the solution 

were transferred to a quartz cuvette under an atmosphere of nitrogen and irradiated for 1 

h each. The 4 mL portions were combined and the solvent removed under reduced 

pressure to afford a mixture of 3o, 3c and the remainder being an unidentified 

decomposition products (relative ratios = 3:1:1), as determined by 1H NMR spectroscopy 

(C6D6). 1H NMR (400 MHz, C6D6): δ 1.92 (s, 9H), 2.2 (d, J = 13.2, 3H), 2.59 (d, J = 18.8, 

1.5H), 2.76 (d, J = 19.2, 1H), 3.03 (s, 1H), 3.19 (d, J = 4.4, 6H), 3.46 (s, 6H), 5.38 (s, 

0.5H), 5.45, (s, 0.5H), 5.92 (s, 2H). 13C NMR (100 MHz, C6D6): δ 182.8, 174.9, 169.8, 

167.5, 138.3, 137.2, 133.4, 130.7, 129.0, 126.4, 124.2, 117.9, 114.9, 111.5, 68.0, 39.2, 

36.4, 34.4, 30.2, 29.3, 24.2, 23.3, 22.7, 17.7, 14.7, 13.5, 11.1. UV-vis (cyclohexane): λabs 

= 235, 326, 370, 548 nm. IR (cyclohexane): νCO = 2066, 1979 cm-1. 

Reversion of Photocyclized Ir Complex 3c to 3o. A solution of the product 

mixture described above in C6D6 (33 mM) was allowed to stand at room temperature 

under ambient light for 18 h. 1H NMR (400 MHz, C6D6): δ 1.92 (s, 9H), 2.59 (d, J = 18.8, 

1.5H), 2.76 (d, J = 19.2, 1H), 3.03 (s, 1H), 3.46 (s, 6H), 5.45, (s, 0.5H), 5.92 (s, 2H). IR 

(cyclohexane): νCO = 2066, 1978 cm-1. 
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2.4.3 Additional Spectroscopic Data 
 

 

 

 

 

 

 

Figure 2.7: UV-vis spectra acquired in acetonitrile of 1o (4 × 10-5 M), 1c (4 × 10-5 M), 
and a 1 : 3 molar mixture of 1o : 1c at the photostationary state (PSS) after 
irradiating 1o for 10 min ([1o]0 = 4 × 10-5 M).  
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Figure 2.8: a) UV-vis spectral changes of 1c in acetonitrile ([1c]0 = 1 × 10-4 M) upon 
visible light irradiation (> 500 nm). The spectra were recorded after 
irradiation for 0 s, 30 s, 60 s, 90 s, 120 s, and 600 s (indicated). b) UV-vis 
spectral changes of 1c in acetonitrile ([1c]0 = 1 × 10-4 M) upon standing at 
room temperature in ambient light for 10 min, 30 min, and 3 h (indicated). 
c) UV-vis spectra of 1o in acetonitrile ([1o]0 = 1 × 10-4 M), the 
photostationary state (PSS), and the PSS upon visible light irradiation (> 
500 nm). The spectra were recorded after visible light irradiation of the 
sample in the PSS for 30 s, 120 s, and 600 s (indicated). d) Normalized IR 
spectra of 1o in acetonitrile ([1o]0 = 4.5 × 10-4 M), the PSS, and spectral 
changes of the PSS upon visible light irradiation. The spectra were recorded 
after irradiation of the sample in the PSS (> 500 nm) for 1 min and 5 min 
(indicated). The arrows indicate the evolution of the spectral changes over 
time. 
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Figure 2.9: a) UV-vis spectral changes of 3o in cyclohexane ([3o]0 = 33 × 10-5 M) upon 
irradiation at 297 nm. The spectra were recorded after irradiation for 0 s, 30 
s, 60 s, 90 s, 120 s, and 180 s (indicated). b) UV-vis spectra of 3o in 
cyclohexane ([3o]0 = 33 × 10-5 M), the PSS, and spectral changes of the PSS 
upon visible light irradiation (> 500 nm). The spectra were recorded after 
irradiation of the sample in the PSS for 30 s, 60 s, 120 s, and 240 s 
(indicated). The arrows indicate the evolution of the spectral changes over 
time. 
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Figure 2.10: a) Normalized infrared spectra of 3o in cyclohexane ([3o]0 = 1 × 10-4 M) 
upon irradiation at 297 nm in a quartz cuvette. Aliquots were transferred to a 
CaF2 IR solution cell and the spectra were recorded after irradiation for 0, 
10, 20, 30, and 45 min (indicated). b) Normalized infrared spectra of 3o in 
cyclohexane ([3o]0 = 1 × 10-4 M), the PSS, and spectral changes of the PSS 
upon visible light irradiation in a quartz cuvette. Aliquots were transferred 
to a CaF2 IR solution cell and the spectra were recorded after visible light 
irradiation of the sample in the PSS (> 500 nm) for 1, 5, and 15 min 
(indicated). c) Normalized infrared difference spectrum showing the shift in 
carbonyl stretching frequency upon photochemical conversion of 3o (2066 
cm-1 and 1978 cm-1) to 3c (2072 cm-1 and 1986 cm-1) in cyclohexane solution 
([3o]0 = 1.0 × 10-2 M). The reaction was promoted by 297 nm light in a 
quartz cuvette. Aliquots were transferred to a CaF2 IR solution cell and 
spectra were recorded after 0, 10, 20, 30, and 45 min of irradiation 
(indicated). d) Peak deconvolution of the normalized infrared spectrum of 
the PSS in cyclohexane ([3o]0 = 1 × 10-4 M) after irradiation at 297 nm for 
45 min; see Table 2.1 for integrated peak areas. The arrows indicate the 
evolution of the spectral changes over time. 
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Integrated Peak Area 
Compound / Peak 

10 min (λirr = 297 nm) 45 min (λirr = 297 nm)a 

3o / 1978 cm-1 0.8023 0.7106 

3c / 1986 cm-1 0.1977 0.2894 

 

3o / 2066 cm-1 0.8347 0.7034 

3c / 2072 cm-1 0.1653 0.2966 

Table 2.1: Integrated peak areas obtained via peak deconvolution of the normalized IR 
spectra. a The deconvoluted spectra after 45 min of UV irradiation are shown 
in Figure 2.11. 

 

 

 

 

 

 

 

Figure 2.11: Normalized infrared spectra of 3o in acetonitrile ([3o]0 = 1 × 10-4 M) upon 
irradiation at 297 nm in a CaF2 IR solution cell. Spectra were recorded after 
irradiation for 0, 10, 20, and 40 min (indicated). Similar results were 
observed in dichloromethane. 
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Chapter 3:  Photoswitchable Organocatalysis: Using Light to Modulate 
the Catalytic Activities of N-Heterocyclic Carbenes  

3.1 INTRODUCTION  

Photoswitchable catalysis is a burgeoning field of study that utilizes 

photochemical processes to alter the courses of chemically-catalyzed transformations.1 

Although many known2 photochromic moieties may be reversibly switched between 

states that feature different steric and/or electronic properties,3 examples of using 

photochromism to modulate catalytic reactions are scarce.4 Following Ueno’s seminal 

report of an azobenzene-capped β-cyclodextrin which was used to modulate the 

hydrolysis of p-nitrophenyl acetate in 1981 (Figure 1.6a),4e Cacciapaglia and Mandolini 

described a phototunable “butterfly” crown ether that facilitated the ethanolysis of 

anilides (Figure 1.9b).4f Most recently, Hecht reported an elegantly designed piperidine 

that enabled photoswitchable control over the Henry reaction (Figure 1.10c).4a-c In all of 

these and other examples, however, the catalytic activity was modulated through 

reversible steric shielding that resulted from a photochemically-induced isomerization 

reaction.4 Indeed, as recently noted by Hecht, “no example of successful reactivity 

switching by a photochrome-mediated electronic modulation of a catalyst’s active site 

has been described to date.”1 Catalysts with photoswitchable electronic structures are 

expected to be broadly applicable while enabling precise control over intrinsic chemo- 

and/or regioselectivities.  

To realize such a photoswitchable catalyst, we were drawn to the photochromic 

diarylethenes (DAEs),[5] which were recently shown by our group6 and others7 to alter the 

electron density at the C2 position of imidazolium salts and related N-heterocyclic 

carbene (NHC)[8] adducts. As NHCs and their complexes are known to catalyze a variety 

of useful synthetic transformations,[9] we envisioned that such photoinduced changes in 



 56 

electronic properties may be used to modulate the activities of NHC-based catalysts.[10] 

Herein, we report a DAE-annulated NHC organocatalyst and demonstrate that its activity 

may be switched through the remote photomodulation of electronic structure. 

3.2 RESULTS AND DISCUSSION 

Considering that the previously reported photochromic DAE annulated NHC 

adducts and precursors required high energy radiation (λirr < 290 nm) to undergo 

cyclization,[6, 7] we targeted a derivative that would isomerize under relatively mild 

conditions. As shown in Figure 3.1, NHC precursor 1·HPF6 features phenyl substituents 

at the 5- and 5′-positions of the thiophene rings, which extend the conjugation length of 

the dithienyl backbone, and therefore was expected to undergo electrocyclic ring-closure 

upon exposure to relatively low energy radiation. 

 

 

Figure 3.1: Photochromism of NHC precursor 1·HPF6. 

The synthesis of the open form of the aforementioned salt (1o·HPF6) is 

summarized in Figure 3.2. Acylation of commercially available 2-methyl-5-phenyl-

thiophene with acetic anhydride and tin (IV) chloride afforded 3-acetyl-2-methyl-5-

phenylthiophene 2, which was then oxidized with selenium dioxide. The resulting 

glyoxal monohydrate 3 was coupled with one equivalent of 2-methyl-5-phenylthiophene 

in the presence of tin (IV) chloride to give known[11] α-hydroxy ketone 4. Oxidation of 4 

with copper (II) acetate and ammonium nitrate in refluxing acetic acid afforded diketone 
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5, which was formylatively cyclized to give imidazole 6. Finally, methylation with 

iodomethane under basic conditions followed by anion metathesis[12] afforded 

imidazolium salt 1o·HPF6, as evidenced in part by the appearance of diagnostic 1H (δ = 

8.6 ppm) and 13C (δ = 142 ppm; CDCl3) NMR signals which corresponded to the proton 

and carbon nuclei at the C2 position, respectively. 

Figure 3.2: Synthesis of 1o·HPF6. 

The UV-vis spectrum of 1o·HPF6 in benzene, tetrahydrofuran, or acetonitrile 

exhibited intense absorption bands between 275 and 325 nm, which were assigned to the 

n → π* and π → π* transitions of the N-heterocycle and thiophene systems, 

respectively. Due to the phenyl groups in the 5 and 5′-positions of the thiophene moieties, 

the absorption spectrum of 1o·HPF6 was bathochromically shifted when compared to 

previously reported 4,5-dithienyl N-heterocycles.[6, 7a] As a result, exposing a solution of 
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1o·HPF6 in benzene to relatively low energy radiation (λirr = 313 nm vs. 280 nm[6]) 

resulted in a color change from pale yellow to bright blue. Concomitant with this color 

change, a decrease in the intensity of the absorption band centered at 292 nm and the 

appearance of a new band at 670 nm was observed (Figure 3.3a). The spectroscopic 

changes reached a steady state after 240 s of UV exposure and reflected an 88% 

conversion of 1o·HPF6 to its ring-closed isomer 1c·HPF6 upon measurement (see Figure 

3.1).[5,13a] Moreover, an isosbestic point was observed at 309 nm which indicated that the 

cyclization proceeded without appreciable side reactions. Subsequent irradiation of the 

UV exposed solutions with visible light (λirr > 500 nm) resulted in the attenuation of the 

broad, low energy absorption bands. After 300 s of irradiation, the UV-vis spectrum of 

1o·HPF6 was nearly completely restored (>95% conversion),[13a] which suggested to us 

that the ring-closed product 1c·HPF6 reverted back to the starting material (Figure 3.3b). 
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Figure 3.3: (a) UV-vis spectral changes of 1o·HPF6 in C6H6 upon UV irradiation (λirr = 
313 nm). (b) UV-vis spectra in C6H6 of 1o·HPF6, the photostationary state 
(PSS) reached after UV irradiation (λirr = 313 nm) of 1o·HPF6 for 240 s, and 
spectral changes of the PSS upon visible irradiation (λirr > 500 nm). (c) UV-
vis spectral changes of 1o (generated in situ by treatment of 1o·HPF6 with 
1.0 equivalent of NaHMDS) in C6H6 upon UV irradiation (λirr = 313 nm). (d) 
UV-vis spectra in C6H6 of 1o, the photostationary state (PSS) reached after 
UV irradiation of 1o for 120 s, and spectral changes of the PSS upon visible 
irradiation (λirr > 500 nm).  In all cases, the initial concentration of 1o was 4 
× 10-5 M and the spectra were recorded after irradiation for the indicated 
amount of time. The arrows indicate the evolution of the spectral changes 
over time. 

The photocyclizations were further confirmed by 1H NMR spectroscopy. After 

irradiation of 1o·HPF6 in CD3CN at 313 nm for 45 min ([1o·HPF6]0 = 1 × 10-3 M), the 

signals assigned to the thiophene protons shifted upfield from δ 7.3 ppm to 6.9 ppm, and 

a significant upfield shift of the signal assigned to the proton at the C2 position in 

1o·HPF6 from 8.6 ppm to 8.1 ppm was observed. Integration of these signals indicated 
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that 81% of 1o·HPF6 converted to 1c·HPF6. Exposure of the UV treated solution to 

ambient light for 4 h reversed the aforementioned chemical shifts (> 95% conversion). 

Considering that catalytically active NHCs may be generated by exposing 

imidazolium salts to base, subsequent efforts focused on investigating the photochemical 

behavior of 1o·HPF6 under basic conditions. Although the free NHC 1o was not isolable, 

its formation was observed in situ by NMR spectroscopy upon treatment of 1o·HPF6 with 

one equivalent of KOtBu or NaHMDS, as evidenced by the loss of the imidazolium 1H 

NMR signal at 8.82 ppm and the appearance of a 13C NMR signal assigned to the 

carbenoid nucleus at 201.9 ppm (C6D6). Similar to that of its imidazolium precursor, the 

UV-vis spectrum of 1o exhibited an intense absorption centered at 291 nm in benzene. 

Upon UV irradiation, a decrease in the intensity of this band was observed concomitant 

with the appearance of new bands at 378 nm and 554 nm, as well as an isosbestic point at 

321 nm (Figure 3.3c). Measurement of these signals revealed that > 99% of 1o converted 

to its ring-closed isomer 1c after 120 s of UV irradiation.[13b] As further confirmation of 

the forward cyclization reaction, the 1H NMR signals assigned to the thiophene protons 

shifted upfield from δ 7.0 ppm to 6.7 ppm after irradiation of 1o in C6D6 at 313 nm ([1o]0 

= 1 × 10-3 M), with the conversion of 1o to 1c reaching 71% after 1 h of irradiation. 

Additionally, a new 13C NMR resonance was observed at δ 66.6 ppm after irradiation of 

1o in C6D6 and assigned to the sp3 carbon nuclei adjacent to the sulfur atoms in 1c. 

Subsequent irradiation with visible light for 300 s reversed the observed UV-vis spectral 

changes, and the spectrum of 1o was nearly restored (85% conversion), indicating that 1c 

had undergone photocycloreversion (Figure 3.3d). Together, these results suggested to us 

that 1 underwent a similar reversible photochemical process as its precursor 1·HPF6.  

Having demonstrated that 1o·HPF6 and 1o underwent similar reversible 

photocyclizations, our attention shifted towards exploring the photoinduced 



 61 

isomerizations as a means to modulate catalytic activity. Our attention was directed 

toward transesterification and amidation reactions as imidazolium salts in the presence of 

base have been shown to catalyze these useful transformations.[14] Moreover, Nolan and 

others have shown that the catalytic activities observed in these reactions are sensitive to 

changes in the electronic structure of the NHC organocatalyst.[14c] 

In a preliminary experiment, 1o was found to promote the transesterification of 

allyl alcohol and vinyl acetate (Figure 3.4). A 35% conversion[15] to the expected ester 

product was observed after 1 h by 1H NMR spectroscopy upon treatment of a THF 

solution containing equimolar quantities of the aforementioned alcohol and ester starting 

materials (initial concentration of each: 0.1 M) to 1o (1 mol%; prepared in situ by treating 

1o·HPF6 with one equivalent of KOtBu) at room temperature. To determine if exposure 

to UV irradiation would influence the aforementioned condensation reaction, a freshly 

prepared solution of 1o in THF ([1o]0 = 1 × 10-3 M) was divided in half: one half was 

placed in a quartz cuvette sealed with a Teflon-lined septum cap and the other half was 

transferred to a flask and sealed with a rubber septum. The solution in the quartz cuvette 

was then subjected to UV irradiation (λirr = 313 nm) for 1 h while the other solution was 

kept in ambient light over the same period of time, after which equimolar amounts of 

vinyl acetate and allyl alcohol were added to each reaction vessel separately. Aliquots 

were then periodically removed from each mixture, diluted with methanol to quench the 

reaction and analyzed by gas chromatography using n-octane as an internal standard. 

Inspection of these data revealed that the reaction kept in ambient light proceeded with a 

second order rate constant, kvis, of 5 ± 1 × 10-4 mol-1·s-1 whereas the reaction that had been 

subjected to UV irradiation exhibited only negligible conversion to product (< 3% by 

GC; kUV
 = 4 ± 1 × 10-5 mol-1·s-1). The 10-fold decrease in reactivity suggested to us that 

photocyclization occurred upon UV irradiation and the corresponding changes in the 
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electronic structure of 1 significantly attenuated its catalytic activity.[16] Moreover, the 

differences in reactivity were consistent with Nolan’s observation that imidazol-2-ylidene 

catalysts were more active than their relatively electron deficient imidazolin-2-ylidene 

analogues in similar transesterification reactions.[17]   

Figure 3.4: Plots of reaction conversion versus time for the condensation of vinyl 
acetate and allyl alcohol catalyzed by 1 (prepared in situ from 1·HPF6 and 
KOtBu) in THF. The reactions were monitored over time by GC using n-
octane as an internal standard. (a) Two reactions were run concurrently with 
one vessel exposed to UV irradiation (λirr = 313 nm) for 1 h prior to substrate 
addition (blue diamonds) and one kept under ambient conditions (red 
squares). (b) A single reaction vessel was exposed to UV irradiation (λirr = 
313 nm) for 1 h prior to substrate addition. The contents of the vessel were 
then stirred under UV light for 30 min (blue diamonds) prior to exposure to 
visible light (λirr > 500 nm) (red squares). 

Since 1o and 1c may be interconverted by exposure to light of different 

wavelengths, we sought to explore the potential of switching the catalytic activity over 

the course of a condensation reaction. When vinyl acetate and allyl alcohol were added to 

a THF solution of 1c, no conversion was observed by GC for at least 30 min while the 
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reaction vessel was irradiated with UV light. However, the rate of product formation 

significantly increased (Figure 3.4b) upon subsequent exposure to visible light (λirr > 500 

nm), consistent with the formation of the catalytically active 1o from 1c. Unfortunately, 

multiple switching cycles were precluded by the relatively slow photocyclization and 

condensation kinetics.[15] Regardless, the result constituted the first example of using light 

to activate a latent NHC-based organocatalyst.[1, 18] 

Next, efforts were directed towards exploring photoswitchable amidation 

reactions, which were envisioned to be better suited for photoswitching as they generally 

proceed with consistently higher conversions and longer reaction times than analogous 

transesterification reactions.[14e] Initial studies showed that when ethyl acetate and 2-

aminoethanol were added to 1o (2.5 mol%; prepared in situ from 1o·HPF6 and 0.9 

equivalents of NaHMDS), a 61% conversion to the expected amide was observed by 1H 

NMR spectroscopy after 21 h. Using similar comparative kinetics experiments as 

described above for the transesterification reactions, the aforementioned amidation 

reaction performed under ambient light proceeded with a second order rate constant of kvis
 

= 5 ± 4 × 10-4 mol-1·s-1 whereas an analogous reaction exposed to UV light was relatively 

slow (kUV
 = 5 ± 4 × 10-6 mol-1·s-1; kvis/UV

 = 100); see Figure 3.5a.[19] The disparate rates 

enabled the photomodulation of the reaction kinetics over the course of a single 

amidation reaction. As shown in Figure 3.5b, after exposure to ambient light for 2h (kvis
 = 

6 ± 5 × 10-4 mol-1·s-1), the vessel containing an identical mixture to that described above 

was subjected to UV irradiation for 1 h which effectively stopped the reaction. After a 

further 3 h in the dark, during which no conversion was observed, exposure to visible 

light (λirr > 500 nm) resulted in a significant restoration of the catalytic activity (k = 1.3 ± 

0.5 × 10-4 mol-1·s-1). The initial reaction rate was not fully restored likely due to 

photochemical fatigue of the catalyst upon prolonged UV irradiation. However, since 
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only a minor portion of the catalyst underwent decomposition,[20] it was possible to switch 

the catalytic activity over multiple timescales. A reaction duplicate to that described 

above was kept under ambient light for 30 min before being exposed to UV irradiation 

for 30 min, which effectively stopped the reaction. The reaction conversion remained 

stagnant while the reaction vessel was kept in the dark for a further 1 h, however the 

catalytic activity was restored upon subsequent exposure to visible light (see Figure 3.9). 

Collectively, these results suggested to us that the photocyclization process intrinsic to 1 

was responsible for the changes in catalytic activity, which was consistent with our 

previous observation that the dithienylethene photocyclization decreases the electron 

density at the C2 position of the NHC.[6] Furthermore, since we have previously shown 

that there is minimal change in the steric properties of related photochromic NHCs upon 

photocyclization,[6] these results demonstrate that photo-induced changes in electronic 

structure may be used to reversibly tune the activity of a catalytic species.   

 

 

 

 

 

 



 65 

Figure 3.5: Plots of reaction conversion versus time for the condensation of ethyl 
acetate and 2-aminoethanol catalyzed by 1 (prepared in situ from 1·HPF6 
and NaHMDS) in 3:1 C6H6 : THF (v/v). The reactions were monitored over 
time by GC using n-octane as an internal standard. (a) Two reactions were 
run concurrently with one vessel exposed to UV irradiation (λirr = 313 nm) 
for 1 h prior to substrate addition (blue diamonds) and one kept under 
ambient conditions (red squares). (b) A single reaction was allowed to 
proceed in ambient light for 2 h (red squares), then subjected to UV 
irradiation (blue diamonds) (λirr = 313 nm) for 1 h and kept in the dark for a 
further 3 h prior to exposure to visible light (λirr > 500 nm) (red squares). For 
experiments where the reaction was switched over different timescales, see 
Figure 3.10. 

To gain additional insight into the photoswitchable NHC reactivity, the identities of the 

active and inactive adducts of the amidation catalyst were probed using 13C NMR 

spectroscopy. Since low concentrations were required for the photocyclization reactions, 

an analogue of 1o·HPF6 that was isotopically labeled with a 13C atom at the C2 position 

was used. The labeled precatalyst, 1o·HPF6*, was synthesized via an analogous route to 

that employed for 1o·HPF6 with the exception that 13CH2O was used in the formylative 

cyclization step (see Figure 3.8). Upon treatment of 1o·HPF6* with one equivalent of 

NaHMDS in C6D6, a 13C NMR signal was observed at 201.9 ppm (Figure 3.6a), as 
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expected for the in situ formation of the free NHC 1o*. The addition of equimolar 

quantities of 2-aminoethanol and ethyl acetate to 1o* (2.5 mol%) in C6D6 resulted in the 

formation of an imidazolium species,[21] as evidenced by the upfield shift of the C2 13C 

NMR signal from 201.9 ppm to 138.6 ppm (Figure 3.6b). UV irradiation of the mixture 

([1o]0 = 2.5 × 10-3 M; λirr = 313 nm) for 1 h resulted in a further upfield shift of the signal 

assigned to the C2 atom (Figure 3.6c). The new resonance was observed at 93.3 ppm and 

identified as an NHC-alcohol adduct,[22, 23] the formation of which may have been 

facilitated by the decreased electron density at the C2 position caused by the 

photocyclization reaction. Visible light irradiation reversed these spectroscopic changes 

and caused the signal at 93.3 ppm to shift downfield to 138.6 ppm, consistent with 

reversion to the imidazolium species (Figure 3.6d).[24] In combination with the results 

from the catalysis experiments described above, the 13C NMR data suggested to us that 

the resting state of the active catalyst was an imidazolium species, which converted to a 

NHC-alcohol adduct upon UV irradiation and effectively suspended the catalytic cycle 

(Figure 3.7). Moreover, the 20-fold restoration in activity observed upon visible light 

irradiation demonstrated that the photocyclized adduct may be converted back to an 

imidazolium species that then re-engages the catalytic cycle.[25] Together, these results 

support the conclusion that the catalyst was reversibly switched with high fidelity 

between active and inactive adducts via photoinduced changes in electronic structure. 

Moreover, given that the transesterification reactions discussed above involve analogous 

alcohol and ester substrates, a similar photoswitching mechanism may be operative. 
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Figure 3.6: Quantitative 13C NMR spectra collected sequentially in C6D6 over the course 
of the following experiment: A sample of (a) 1o labeled at the C2 position 
with a 13C atom (i.e., 1o*; [1o*]0 = 1.0 × 10-2 M) (b) was treated with 
equimolar quantities of 2-aminoethanol and ethyl acetate, (c) then exposed 
to UV irradiation for 1 h (λirr = 313 nm; [1o*]0 = 2.5 × 10-3 M), and finally 
(d) irradiated with visible light for an additional 2 h (λirr > 500 nm, [1o*]0 = 
1.0 × 10-2 M). 
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Figure 3.7: Proposed mechanism of photoswitchable NHC catalyzed condensation 
reactions. 

3.3 CONCLUSIONS 

In summary, we report a rare[26] example of a photoswitchable catalyst that 

operates via the remote photomodulation of its electronic structure. By incorporating a 

dithienylethene moiety into the backbone of a NHC precursor, the activity of the 

corresponding organocatalyst was remotely tuned via exposure to UV or visible light. 

The rates of NHC-catalyzed transesterification and amidation reactions were attenuated 

by one to two orders of magnitude upon exposure to UV light, while subsequent exposure 

to visible light restored the catalytic activity. Given the vast array of reactions catalyzed 

by NHCs and NHC-supported metal complexes, the ability to remotely modulate catalyst 

electronic properties using light is expected to endow a broad range of catalysts with the 

ability to finely tune intrinsic chemo-, regio-, and stereoselectivities. Such catalysts are 

envisioned to find applications that range from the preparation of polymeric materials 
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with sophisticated microstructures to facilitating the multi-step syntheses of complex 

small molecules. 

3.4 EXPERIMENTAL 

3.4.1 Materials and Methods  

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. Vinyl acetate, allyl alcohol, ethyl acetate, and 2-

aminoethanol were dried over 4Å molecular sieves and bubbled with dry N2 prior to use. 

All syntheses were performed under ambient conditions unless specified otherwise. 

Solvents were dried and degassed using a Vacuum Atmospheres Company solvent 

purification system. 1H and 13C NMR spectra were recorded using a Varian 400 MHz 

spectrometer. Chemical shifts δ (in ppm) are referenced to tetramethylsilane using the 

residual solvent as an internal standard. For 1H NMR: CDCl3, 7.24 ppm; CD3CN, 1.95 

ppm; CD3OD, 3.30 ppm; DMSO-d6, 2.50 ppm; C6D6, 7.15 ppm. For 13C NMR: CDCl3, 

77.0 ppm; DMSO-d6, 39.5 ppm; CD3OD, 49.0 ppm; C6D6, 128.0 ppm. Quantitative 13C 

NMR spectra were recorded on a Varian 600 MHz spectrometer using decoupled Nuclear 

Overhauser Effects with a relaxation delay of 5× the measured T1 relaxation time. 

Coupling constants (J) are expressed in hertz (Hz). Melting points were obtained with an 

Opti-Melt Automated Melting Point System MPA100 apparatus and are uncorrected. 

Mass spectra (MS, ESI or CI) were obtained with a VG analytical ZAB2-E or a Karatos 

MS9 instrument and are reported as m/z (relative intensity). UV-vis spectra were 

acquired using a Perkin-Elmer Lambda 35 UV-vis Spectrometer in 6Q Spectrosil quartz 

cuvettes (Starna) with 1.0 cm path lengths and 3.0 mL sample solution volumes. Beer’s 

law measurements were performed using 10, 20, 30, and 40 μM sample concentrations. 

The photochemical reactions were performed in the same quartz cuvettes using 4.0 mL 
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sample solution volumes. The irradiation source for photochemical reactions was a 

Newport/Oriel 66942 200-500W Hg Arc lamp housing equipped with a 350 W Hg lamp, 

a Newport 6117 liquid filter, a Newport 71445 electronic safety shutter, and a Newport 

71260 filter holder. The source was powered by a Newport 669910 power supply and 

mounted on a Newport XL48 optical rail with a Newport 13950 shielded cuvette holder 

placed at a distance of 8 cm from the end of the source. The irradiation wavelength for 

the photocyclization reactions was obtained using a 313 nm bandpass filter (Andover 

Corporation). A long-pass edge filter (> 500 nm) (Andover Corporation) was used to 

introduce visible light. Elemental analyses were performed at Midwest Microlab, LLC 

(Indianapolis, IN). Gas chromatography (GC) was performed on an Agilent 6850 gas 

chromatograph (HP-1 column, L = 30 m, I.D. = 0.32 mm) equipped with a flame 

ionization detector (FID). For reactions between allyl alcohol and vinyl acetate, the GC 

oven temperature was held at 30 °C for 5 min, then increased to 100 °C at 10 °C min–1. 

For reactions between 2-aminoethanol and ethyl acetate, the GC oven temperature was 

held at 40 °C for 3 min, then increased to 100 °C at 10 °C min–1 and finally increased to 

250 °C at 20 °C min–1. The internal standard n-octane was used to aid in measuring 

reaction conversions.  

3.4.2 Syntheses 

3-acetyl-2-methyl-5-phenylthiophene (2): Compound 2 was prepared according 

to a modified literature procedure.27 An oven-dried Schlenk flask equipped with a 

magnetic stir bar was charged with 3.00 g (17.2 mmol) of 2-methyl-5-phenylthiophene, 

and the flask was evacuated and refilled with N2 three times. The reaction flask was kept 

under static vacuum and 150 mL of dry toluene was added via a cannula. After cooling 

the reaction vessel to 0 °C in an ice bath, 1.62 mL (17.2 mmol) of acetic anhydride was 
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added via syringe under an atmosphere of N2. At the same temperature, 2.4 mL (20.5 

mmol) of tin(IV) chloride was added dropwise via a N2 purged syringe. The reaction 

mixture was stirred for 2 h in the ice bath, and then poured into a mixture of 100 g of ice 

and 100 mL of 0.5 M HCl. The organic layer was separated and washed with 150 mL of 

deionized water, then dried over sodium sulfate and concentrated under reduced pressure. 

Purification of the resulting brown residue by column chromatography on silica gel 

eluting with a 2:1 v/v mixture of hexanes and dichloromethane followed by 

dichloromethane yielded 2.7 g (71% yield) of the desired product as a pale yellow solid. 

mp 70-71 °C. 1H NMR (400 MHz, CDCl3): δ 2.52 (s, 3H), 2.74 (s, 3H), 7.28 (t, J = 7.6, 

1H), 7.37 (t, J = 7.6, 2H), 7.51 (s, 1H), 7.54 (dd, J = 7.6, 2H). 13C NMR (100 MHz, 

CDCl3) δ 16.2, 29.7, 124.1, 125.5, 127.6, 128.9, 133.4, 136.8, 139.3, 148.3. HRMS (m/z): 

Calcd. for C13H12OS [M]+, 216.0609; Found, 216.0608. Anal. Calcd. for C13H12OS: C, 

72.19; H, 5.59; Found: C, 72.21; H, 5.56. 

1,2-bis(2′-methyl-5′-phenylthien-3′-yl)-glyoxal monohydrate (3): A three-

necked round bottom flask equipped with a reflux condenser, N2 inlet and magnetic stir 

bar was charged with 2.67 grams (10.6 mmol) of 2-methyl-3-acetyl-5-phenylthiophene 2, 

1.36 grams (12.3 mmol) of SeO2, 0.5 mL of deionized water, and 11.5 mL of 1,4-

dioxane. The mixture was heated at reflux for 48 h under an atmosphere of nitrogen. The 

mixture was cooled to room temperature and filtered through Celite, and the filtrate was 

concentrated under reduced pressure. The resulting orange residue was washed with cold 

ethyl acetate and 1.35 g of the desired product was collected on a frit by vacuum filtration 

as a pale yellow powder (44% yield). The product was isolated as a mixture of the 

glyoxal monohydrate 3 and the corresponding glyoxal compound (85:15 molar ratio). mp 

128 °C (dec). 1H NMR (400 MHz, CDCl3): δ 2.77 (s, 3H), 2.82 (s, 0.7H), 5.14 (d, J = 

10.3, 1H), 6.12 (d, J = 10, 1H), 7.31 (t, J = 7.6, 1.3H), 7.39 (t, J = 7.6, 2.5H), 7.54 (dd, J 
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= 8, 2.5H), 7.88 (s, 1H), 7.98 (s, 0.18H), 9.53 (s, 0.15H). 13C NMR (100 MHz, CDCl3) δ 

16.4, 89.9, 123.9, 125.4, 127.7, 128.7, 131.3, 132.9, 139.9, 153.7, 187.4, 189.9. HRMS 

(m/z): Calcd. for C13H10O2S [M-H2O]+, 230.0402; Found, 230.0400.  

1,2-bis(2′-methyl-5′-phenylthien-3′-yl)-2-hydroxy-1-ethanone (4): Compound 

4 was prepared according to a modified literature procedure.11 An oven-dried Schlenk 

flask with a stir bar was charged with 1.1 g (4.4 mmol) of 3, 0.9 g (5.2 mmol) of 2-

methyl-5-phenylthiophene and 70 mL of dry toluene under an atmosphere of N2. The 

reaction mixture was cooled to 0 °C in an ice bath, and 0.6 mL (5.2 mmol) of tin (IV) 

chloride was added dropwise. The reaction mixture was stirred in the ice bath for 3 h, and 

then poured into 100 mL of ice water. The mixture was extracted with ethyl acetate (3 × 

75 mL) and the combined organic layers were washed with deionized water (2 × 150 mL) 

and brine (2 × 150 mL). After removing the residual solvent under reduced pressure, the 

resulting orange residue was washed with cold ethyl acetate to give 1.25 g (70% yield) of 

the desired product as a beige powder. Spectral data were in agreement with literature 

values.11 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-ethanedione (5): A round bottom flask 

with a stir bar was charged with 1.1 g (2.7 mmol) of the α-hydroxy ketone 4 in 50 mL of 

glacial acetic acid, 98 mg (0.54 mmol) of copper (II) acetate, and 540 mg (6.75 mmol) of 

NH4NO3. The mixture was heated to reflux for 24 h, then cooled to room temperature and 

poured into 50 mL of ice water. To the mixture was added concentrated ammonium 

hydroxide until a pH = 7 was observed. The mixture was extracted with ethyl acetate (3 × 

50 mL) and the combined organic layers were washed with deionized water (3 × 100 

mL), saturated aqueous K2CO3 (3 × 100 mL), and brine (2 × 100 mL). The solvent was 

removed under reduced pressure and the resulting brown residue was passed through a 

short column of silica gel aided with dichloromethane eluent. The residual solvent was 
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removed under reduced pressure and the resulting orange oil was recrystallized from hot 

ethyl acetate to yield 0.95 g (65% yield) of the desired product as a beige solid. mp 161 

°C (dec). 1H NMR (400 MHz, CDCl3): δ 2.82 (s, 6H), 7.27 (t, J = 7.6, 2H), 7.35 (t, J = 8, 

4H), 7.47 (s, 2H 7.51 (dd, J = 7.2, 4H),). 13C NMR (100 MHz, CDCl3) δ 16.6, 124.8, 

126.1, 128.3, 129.3, 133.1, 133.3, 141.0, 153.1. HRMS (m/z): Calcd. for C24H18O2S2 [M]+, 

402.0749; Found, 402.0748. Anal. Calcd. for C24H18O2S2: C, 71.61; H, 4.51; Found: C, 

70.71; H, 4.56. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl) imidazole (6): A round bottom flask 

equipped with a reflux condenser and stir bar was charged with 300 mg (0.74 mmol) of 

diketone 5, 50 mL of glacial acetic acid, 0.3 mL of aqueous formaldehyde (37% w/v in 

H2O, 3.7 mmol), and 1.2 g (15.5 mmol) of ammonium acetate. The mixture was stirred at 

110 °C for 48 h, then cooled to room temperature and poured into 100 mL of ice water. 

Concentrated ammonium hydroxide was added dropwise until a pH = 7 was observed. 

The mixture was extracted with ethyl acetate (3 × 50 mL) and the combined organic 

layers were washed with deionized water (2 × 100 mL), saturated aqueous K2CO3 (3 × 

100 mL), and brine (1 × 100 mL). After washing the resulting residue with cold ethyl 

acetate, 120 mg (39% yield) of the desired product was collected via filtration as a beige 

solid. mp 190 °C (dec). 1H NMR (400 MHz, CD3OD): δ 2.11 (s, 6H), 7.22 (t, J = 6.8, 

2H), 7.24 (s, 2H), 7.32 (t, J = 7.6, 4H), 7.52 (d, J = 7.2, 4H), 7.82 (s, 1H). 13C NMR (100 

MHz, CD3OD) δ 14.1, 125.7, 126.2, 128.4, 129.9, 132.2, 135.5, 136.4, 137.1, 141.7. 

HRMS (m/z): Calcd. for C25H21N2S2 [M+H]+, 413.1141; Found, 413.1142. Anal. Calcd. 

for C25H20N2S2: C, 72.78; H, 4.89; N, 6.79; Found: C, 72.41; H, 4.89; N, 6.72. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethylimidazolium Iodide (7): 

A 40 mL vial with a stir bar was charged with 100 mg (0.24 mmol) of imidazole 6, 123 

mg (0.89 mmol) of K2CO3, 10 mL of CH3CN and 75 μL of iodomethane (1.2 mmol), 
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sealed with a Teflon-lined cap, and heated to 80 °C for 16 h. The reaction mixture was 

cooled to room temperature and filtered through Celite. After the filtrate was 

concentrated under reduced pressure, the residue was taken up into dichloromethane. The 

remaining K2CO3 was removed by a second filtration through Celite and the 

dichloromethane was removed from the filtrate under reduced pressure. The residue was 

triturated in diethyl ether and 113 mg (82% yield) of the desired product was isolated by 

filtration as a pale yellow powder. mp 206 °C (dec). 1H NMR (400 MHz, CDCl3): δ 2.15 

(s, 6H), 3.94 (s, 6H), 7.14 (s, 2H), 7.29 (t, J = 7.4, 2H), 7.36 (t, J = 7.6, 4H), 7.50 (d, J = 

7.2, 4H), 10.43 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 14.4, 35.1, 121.9, 123.1, 125.5, 

128.1, 129.0, 132.9, 138.2, 141.8, 142.9. HRMS (m/z): Calcd. for C27H25N2S2 [M+1-I]+, 

441.14537; Found, 441.1454. Anal. Calcd. for C27H25IN2S2: C, 57.04; H, 4.43; N, 4.93; 

Found: C, 57.73; H, 4.73; N, 4.54. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethylimidazolium 

Hexafluorophosphate (1o·HPF6): A 20 mL vial equipped with a stir bar was charged 

with 100 mg (0.18 mmol) of 7 dissolved in 10 mL of dichloromethane. To the vial was 

added 45.5 mg (0.18 mmol) of silver hexafluorophosphate dissolved in 2 mL of 

dichloromethane. A white precipitate formed immediately, and the reaction was stirred at 

room temperature for a further 15 min. The mixture was then filtered through a 0.2 μm 

PTFE filter and the filtrate was concentrated and dried under reduced pressure to yield 75 

mg (73% yield) of the desired product as a pale yellow powder. mp 221 °C (dec). 1H 

NMR (400 MHz, CDCl3): δ 2.13 (s, 6H), 3.81 (s, 6H), 7.11 (s, 2H), 7.29 (t, J = 7.6, 2H), 

7.37 (t, J = 7.6, 4H), 7.50 (d, J = 7.6, 4H), 8.87 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 

13.9, 34.5, 122.0, 123.2, 125.6, 128.1, 128.2, 129.1, 133.1, 137.7, 142.0, 142.8. UV-vis 

(C6H6): λabs = 293 nm (ε = 24894 dm3 mol-1).  HRMS (m/z): Calcd. for C27H25N2S2 [M+1-
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PF6]+, 441.14537; Found, 441.1455. Anal. Calcd. for C27H25F6N2PS2: C, 55.28; H, 4.30; 

N, 4.78; Found: C, 55.33; H, 4.34; N, 4.44. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethylimidazolylidene (1o): 

Under an atmosphere of N2 in a glove box, a 8 mL vial equipped with a stir bar was 

charged with 11.0 mg (0.02 mmol) of 1o·HPF6. In a separate 8 mL vial, 6 mg (0.033 

mmol) of NaHMDS  was dissolved in 2 mL of C6D6, and 1 mL of the base solution was 

added to the vial containing 1o·HPF6. The mixture was stirred at room temperature for 30 

min and then transferred to an NMR tube or reaction vessel. The free NHC 1o was not 

isolated, but was characterized in situ. 1H NMR (400 MHz, C6D6): δ 1.83 (s, 6H), 3.55 (s, 

6H), 6.99 (m, 4H), 7.08 (t, J = 7.6, 4H), 7.45 (d, J = 7.6, 4H). 13C NMR (100 MHz, C6D6) 

δ 13.6, 33.9, 122.6, 123.7, 125.8, 129.3, 133.7, 142.1, 142.9, 201.9. UV-vis (C6H6): λabs = 

291 nm.  

Synthesis of 13C labeled NHC 1o*. The 13C labeled NHC 1o* was synthesized 

using an analogous route to that employed for 1o with the exception that 13C-enriched 

formaldehyde solution was used in the formylative cyclization of 5 to give the labeled 

imidazole 6*. Subsequent alkylation, anion metathesis, and in situ deprotonation yielded 

1o*.  

 

 

 

 

 

Figure 3.9: Synthesis of 1o*. 
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1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-2-13C-imidazole (6*): 1H NMR (400 

MHz, CD3OD): δ 2.13 (s, 6H), 7.23 (t, J = 7.6, 2H), 7.25 (s, 2H),  7.33 (t, J = 8, 4H), 7.53 

(d, J = 8, 4H), 7.82 (d, J = 207, 1H). 13C NMR (100 MHz, CD3OD): δ 136.4. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethyl-2-13C-imidazolium 

iodide (7*): 1H NMR (400 MHz, CDCl3): δ 2.15 (s, 6H), 3.95 (s, 6H),  7.17 (s, 2H), 7.27 

(t, J = 7.6, 2H), 7.35 (t, J = 8, 4H), 7.50 (d, J = 7.2, 4H), 10.39 (d, J = 220, 1H). 13C NMR 

(100 MHz, CDCl3): δ 138.1. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethyl-2-13C-imidazolium 

hexafluoro-phosphate (1o·HPF6*): 1H NMR (400 MHz, CDCl3): δ 2.13 (s, 6H), 3.81 (s, 

6H),  7.13 (s, 2H), 7.29 (t, J = 8, 2H), 7.37 (t, J = 8, 4H), 7.50 (d, J = 8, 4H), 8.86 (d, J = 

220, 1H). 13C NMR (100 MHz, CDCl3): δ 137.6. HRMS (m/z): Calcd. for C27H25N2S2 

[M+1-PF6]+, 442.14872; Found, 442.14850. 

1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethylimidazol-2-13C-ylidene 

(1o*): 1H NMR (400 MHz, C6D6): δ 1.81 (s, 6H), 3.63 (s, 6H),  6.94 (s, 2H), 7.01 (t, J = 

8, 2H), 7.08 (t, J = 8, 4H), 7.45 (d, J = 4, 4H). 13C NMR (100 MHz, C6D6): δ 13.8, 37.0, 

124.5, 125.8, 127.1, 129.2, 134.2, 138.9, 141.7, 150.9, 201.9. 

3.4.3 Procedures for Photochemical and Catalysis Experiments 

Photochemical Experiments with 1o*. Under an inert N2 atmosphere in a glove 

box, 2 mg (0.012 mmol) of NaHMDS in 1 mL of C6D6 was added to a 5.8 mg (0.01 

mmol) sample of 1o·HPF6* in an 8 mL vial. The solution was allowed to stir at room 

temperature for 1 h, then transferred to an NMR tube and analyzed by 13C NMR 

spectroscopy. Under an inert atmosphere, the solution was then diluted further with 3 mL 

of C6D6 and transferred to a quartz cuvette ([1o*] = 1 × 10-3 M). The cuvette was then 

either removed from the glove box and irradiated directly (λirr = 313 nm) for 1 h, or 2-
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aminoethanol and/or ethyl acetate were added in stoichiometric (0.01 mmol) or 

superstoichiometric (0.4 mmol) quantities along with 0.1 mL of THF under inert 

atmosphere prior to irradiation (λirr = 313 nm). The UV-treated solution was concentrated 

under reduced pressure to a volume of approximately 1 mL prior to 13C NMR analysis. 

Subsequent visible light irradiation was carried out directly in the NMR tube using the 

concentrated sample at approximately [1*] = 4.0 × 10-3 M and the irradiated sample was 

analyzed again by 13C NMR spectroscopy. 

Transesterification of Vinyl Acetate and Allyl Alcohol: Under an atmosphere 

of N2 in a glove box, a vial equipped with a magnetic stir bar was charged with 5.8 mg 

(0.01 mmol) of 1o·HPF6, 2 mg (0.01 mmol) of KOtBu, and 10 mL of THF. The solution 

was stirred at room temperature for 30 min, after which a 4 mL portion was transferred to 

a quartz cuvette equipped with a stir bar and a second 4 mL portion was transferred to a 

10 mL round bottom flask equipped with a stir bar. The cuvette was then sealed with a 

Teflon-lined septum cap, and the round bottom flask was sealed with a rubber septum 

secured with a copper wire. The two reaction vessels were removed from the glove box 

and the solution in the quartz cuvette was irradiated with UV light (λirr = 313 nm) with 

stirring for 1 h, while the solution in the round bottom flask was stirred under ambient 

light. After 1 h, 65 μL (0.4 mmol) of n-octane (internal standard) was added to each 

vessel via a N2 purged syringe, followed by 37 μL (0.4 mmol) of vinyl acetate and 27 μL 

(0.4 mmol) of allyl alcohol. The reaction in the cuvette was kept under UV irradiation 

and the reaction in the round bottom flask was kept under ambient light throughout the 

course of the reaction. Aliquots were removed after given amounts of time, diluted with 

wet methanol to quench the reaction and analyzed by GC. For the photoswitching 

experiments described in the main text, a single reaction was set up as described above in 
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a quartz cuvette and irradiated with UV or visible light after the indicated amounts of 

time. 

Amidation of Ethyl Acetate with 2-Aminoethanol: Under an atmosphere of N2 

in a glove box, a vial equipped with a magnetic stir bar was charged with 11 mg (0.02 

mmol) of 1o·HPF6. A solution of 16 mg (0.02 mmol) of NaHMDS in 10 mL of THF was 

prepared, and 2 mL of that solution was added to the vial containing 1o·HPF6. The 

catalyst solution was diluted with 6 mL of benzene and then stirred at room temperature 

for 15 min. A 4 mL portion of the catalyst solution was transferred to a quartz cuvette 

equipped with a stir bar and a second 4 mL portion was transferred to a 10 mL round 

bottom flask with a stir bar. The cuvette was then sealed with a Teflon-lined septum cap, 

and the round bottom flask was sealed with a rubber septum secured with a copper wire. 

The two reaction vessels were removed from the glove box and the solution in the quartz 

cuvette was irradiated with UV light (λirr = 313 nm) with stirring for 1 h, while the 

solution in the round bottom flask was stirred under ambient light. After 1 h, 63 μL (0.4 

mmol) of n-octane (internal standard) was added to each vessel via a N2 purged syringe, 

followed by 33.5 μL (0.4 mmol) of ethyl acetate and 24 μL (0.4 mmol) of 2-

aminoethanol. The reaction in the cuvette was kept under UV light for the first 2 h, while 

the reaction in the round bottom flask was kept under ambient light throughout the course 

of the reaction. Aliquots were removed after given amounts of time, diluted into wet 

methanol to quench the reaction and analyzed by GC. For the photoswitching 

experiments described in the main text, a single reaction was set up as described above in 

a quartz cuvette and irradiated with UV or visible light after the indicated amounts of 

time. 
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Figure 3.9: Plot of reaction conversion versus time for the condensation of ethyl acetate 
and 2-aminoethanol catalyzed by 1 (prepared in situ from 1·HPF6 and 0.9 
equiv. of NaHMDS) in 3:1 C6H6 : THF (v/v). The reaction was monitored 
over time by GC using n-octane as an internal standard. A single reaction 
was set up, allowed to react under ambient light for 30 min (red squares), 
then exposed to UV light (blue diamonds) (λirr = 313 nm) for 30 min and 
finally kept in the dark for 1 h prior to exposure to visible light (λirr > 500 
nm) (red squares). 

 

 

 

 

 

 

Figure 3.10: UV-vis spectra of 1o, 1c, and the spectral changes of 1c upon prolonged UV 
irradiation (λirr = 313 nm) in benzene ([1o]0 = 4 × 10-5 M). The spectra were 
recorded after irradiation for 0 (1o), 2 (1c), 10 and 30 min (indicated).  
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Chapter 4:  Photoswitchable NHC-Promoted Ring-Opening 
Polymerizations 

4.1 INTRODUCTION 

Externally-regulated polymerizations offer the potential to achieve unsurpassed 

control over the structures and properties of synthetic macromolecular materials.1 Light is 

an ideal stimulus for controlling polymerization reactions because it is non-invasive, 

chromophore selective, and provides excellent spatial and temporal control.2 Over the 

past few years, a number of successful photoswitchable polymerizations have been 

developed. In a seminal contribution, Manners reported3 the photo-controlled living ring-

opening polymerization (ROP) of ferrocenophane monomers via reversible photo-

induced metal-ligand bond dissociation. More recently, reversible photo-induced 

bixanthene dissociation and electron transfer processes were reported by Yang4 and 

Hawker,5 respectively, as methods to control living radical polymerizations.6 However, of 

the reported examples,3-6 none have involved the use of a photoswitchable organocatalyst 

to effect ring-opening polymerizations (ROPs)7 of cyclic esters.8,9 Such a photoswitchable 

ROP catalyst is expected to offer a new level of control over the synthesis of biologially 

and industrially relevant polyesters, and may enable the development of novel materials 

with sophisticated macromolecular architectures and advanced functions. 

N-heterocyclic carbenes (NHCs)10 have been shown by Waymouth and Hedrick11 

to be efficient organocatalysts for facilitating the ROP of cyclic esters. Recently, we 

reported12 that the intrinsic catalytic activities displayed by NHCs in transesterification13 

and transamidation14 reactions may be photo-modulated via annulation to a photochromic 

diarylethene. As shown in Figure 4.1, cyclization of the NHC precatalyst 1o•HPF6 was 

found to reduce the electron density at the corresponding carbene nucleus15 and resulted 

in a catalytically inactive species upon UV irradiation. Subsequent exposure to visible 
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light reversed the cyclization reaction and regenerated an active catalyst.12 Given this 

initial success, we envisioned that photoswitchable NHCs could be extended to gain 

control over ROPs. 

 

 

 

Figure 4.1: Photochromism of NHC precatalyst 1o•HPF6. 

4.2 RESULTS AND DISCUSSION 

In an initial experiment, 1o•HPF6
12 (0.01 mmol) was treated with NaHMDS 

(0.0095 mmol) in THF followed by ε-caprolactone (2 mmol) and benzyl alcohol (BnOH; 

0.02 mmol) (Eq. 4.1). After 1 h at room temperature, complete conversion (> 95%) of ε-

caprolactone to the corresponding polymer was observed by 1H NMR spectroscopy. Gel 

permeation chromatography (GPC) of the resulting material revealed that the polymer 

with a number average molecular weight (Mn) of 15,900 Da and polydispersity index 

(PDI) of 1.15 was formed.16 Although the measured molecular weight was higher than its 

theoretical value (Mn(theor) = 11,400 Da),17 the narrow PDI was consistent with a controlled 

chain growth process.7 

 

To determine if UV irradiation would affect the rate of the aforementioned 

polymerization, a solution of 1o was freshly prepared by treatment of 1o•HPF6 with 0.95 

 

   Eq. 4.1 
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equiv of NaHMDS in C6H6 and then equally divided into two quartz cuvettes. One of the 

cuvettes was exposed to UV irradiation for 1 h, while the other was kept in ambient light. 

ε-Caprolactone (1.0 M) and BnOH (0.01 M) were then added to each reaction vessel. 

After 1 h, an aliquot was removed from each cuvette and quenched by exposure to 

methanol. Upon concentration and dissolution in CDCl3, 1H NMR spectroscopic analysis 

of each aliquot revealed that the reaction in ambient light had reached complete 

conversion to polymer (> 95%), while the mixture exposed to UV radiation did not react 

(< 5% conversion). The lack of reactivity observed upon exposure to UV light was 

consistent with the reduced catalytic activity of 1c compared with 1o.12 

Unfortunately, the polymerization of ε-caprolactone in ambient light was too fast 

to accurately measure at a practical temperature (> 95% conversion in 5 min; 25 °C), 

even at lower concentrations and catalyst loadings. However, the photoswitchable nature 

of 1 was demonstrated by a photo-gated2 chain extension experiment. First, a reaction 

mixture similar to that described above (2 mmol ε-caprolactone; 0.5 mol% 1, 1.0 mol% 

BnOH) was allowed to react in ambient light for 30 min, during which time it reached 

complete conversion (> 95% by 1H NMR spectroscopy) and formed a polymer with a Mn 

of 12,500 Da (Mn(theor) = 11,414 Da17) and a PDI of 1.57. The same reaction vessel was 

then irradiated with UV light for 1 h, after which a second equivalent of ε-caprolactone (2 

mmol) was added. The reaction vessel was kept under UV irradiation for a further 3 h, 

during which time neither the monomer conversion nor the molecular weight of the 

polymer increased, consistent with the formation of the inactive photocyclized catalyst 

1c. Subsequent exposure to visible light, however, resulted in a significant increase in the 

Mn of the resulting polymer to 19,000 Da (PDI = 1.31; Mn(theor) = 16,000 Da), and 1H 

NMR analysis revealed that 40% of the second monomer fraction had undergone 

polymerization. The observed increase in molecular weight coupled with the enhanced 
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monomer conversion suggested to us that the inactive catalyst 1c underwent the 

photocycloreversion to regenerate the active catalyst 1o, which facilitated polymer 

growth.12 Collectively these results demonstrated a rare example of a latent photo-

activated ROP.8 

Subsequent attention was shifted to δ-valerolactone, which was expected to 

polymerize more slowly than its seven-membered analogue on account of its lower ring-

strain and thus provide greater control over the reaction. After an initial experiment 

revealed that 1o efficiently catalyzed the polymerization of δ-valerolactone (Eq. 4.2),18 a 

comparative kinetics experiment was conducted to determine if UV irradiation would 

affect the rate of the polymerization. A freshly prepared solution of 1o (0.016 mmol 

1o•HPF6 and 0.015 mmol NaHMDS) and the internal standard durene (1 mmol) in 

benzene (4.0 mL) was divided evenly into two quartz cuvettes, which were then each 

sealed with teflon-lined septum caps. One of the cuvettes was then exposed to UV 

irradiation (λ = 313 nm) for 1 h with stirring, while the second cuvette was stirred in 

ambient light. The monomer, δ-valerolactone (2 mmol), and BnOH (0.016 mmol), were 

then added via N2 purged syringes to each reaction vessel. Aliquots were periodically 

removed from each reaction, diluted into methanol, filtered through 0.2 μm PTFE and 

analyzed by gas chromatography (GC). Inspection of these data revealed that the reaction 

in ambient light proceeded with a pseudo-first order rate constant, kamb, of 1.2 ± 0.5 × 10-3 

s-1, while the reaction conducted in UV radiation was significantly slower (kUV = 2.0 ± 1.0 

× 10-5 s-1; kamb/kUV = 59; Fig. 4.2a).19 

 

   Eq. 4.2 
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The disparity in the rates of the ROP of δ-valerolactone in ambient versus UV 

light, coupled with the reversiblity of the photocyclization of the catalyst, enabled the rate 

of the polymerization to be photoswitched over time. First, when the polymerization of δ-

valerolactone (2 mmol) with BnOH (0.012 mmol) and 1o (0.3 mol%) was allowed to 

proceed in ambient light, a rate constant, kamb, of 8.0 ± 3.0 × 10-4 s-1 was measured. 

Subsequent exposure to UV light to effect the photocyclization to 1c (λ = 313 nm) 

resulted in a significant decrease in the rate constant (kUV = 7.0 ± 2.0 × 10-6 s-1; kamb/kUV = 

114; Fig. 4.2b). Alternatively, when the reaction was initially subjected to UV irradiation, 

negligible reactivity was observed (kUV = 2.0 ± 1.0 × 10-5 s-1), however subsequent 

irradiation with visible light (λ > 500 nm) triggered the polymerization (kvis = 3.5 ± 1.0 × 

10-4 s-1; kvis/kUV = 17; Fig. 4.2c).20 By alternating exposure to UV and visible light, the 

reactivity could be switched between slow and fast states. For example, the 

polymerization rate was initially suppressed by UV irradiation, restored upon exposure to 

visible light, and again attenuated upon a second exposure to UV light (kUV′ = kUV = 1.1 ± 

0.9 × 10-5 s-1; kvis/kUV′ = 32; Fig. 4.2d).21 
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Figure 4.2: Plots of reaction conversion versus time for the ROP of δ-valerolactone 
catalyzed by 1 (prepared in situ from 1·HPF6 and NaHMDS) in C6H6. The 
reactions were monitored over time by GC using durene as an internal 
standard. Conditions: [δ-valerolactone]0 = 0.5 M; [BnOH]0/[1o]0 = 4; [δ-
valerolactone]0/[1o] = 250, unless otherwise noted. (a) Two reactions were 
run concurrently with one irradiated with UV light (λirr = 313 nm) for 1 h 
prior to substrate addition (blue diamonds) and the other kept in ambient 
light (red squares). (b) A single reaction vessel was allowed to proceed in 
ambient light for 10 min prior to UV exposure (blue diamonds). For this 
experiment, [δ-valerolactone]0/[1o] = 333. (c) A single reaction vessel was 
exposed to UV irradiation for 1 h prior to substrate addition and then was 
kept in UV light for 30 min (blue diamonds) prior to visible light irradiation 
(λirr > 500 nm) (red squares). (d) A single reaction was exposed to UV 
irradiation for 1 h prior to substrate addition, then kept in UV light for 30 
min (blue diamonds) prior to visible light irradiation (red squares). After 45 
min the reaction was exposed to UV radiation (blue diamonds). 

A proposed catalytic cycle for the photoswitchable ROP of δ-valerolactone is 

given in Figure 4.3. In accord with the mechanism proposed for NHC-promoted ROPs7,11a 

and previously reported 13C NMR experiments,12 1o facilitates the ring-opening of the 
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ester to form the resting state of the active catalyst. The corresponding imidazolium 

alkoxide can then turn over to form product or, upon UV irradiation, is converted to a 

NHC-alcohol adduct that is catalytically inactive due to the decreased electron density at 

the carbenoid center.15 The catalytic activity is then restored by exposure to visible light 

to effect the cycloreversion, which regenerates the active imidazolium species and re-

engages the catalytic cycle. 

Figure 4.3: Proposed catalytic cycle for the photoswitchable ring-opening 
polymerizations catalyzed by 1o. 

4.3 CONCLUSIONS 

In summary, we have developed a photoswitchable ROP of cyclic esters using a 

photochromic NHC catalyst. The ROP of ε-caprolactone and δ-valerolactone were 

promoted by the NHC 1o in ambient light, however UV irradiation to form the 

photocyclized catalyst 1c resulted in significant attenuation of the polymerization activity 

(kamb/kUV = 59 for δ-valerolactone). Moreover, the ROP of δ-valerolactone was reversibly 
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activated and deactivated through alternate exposure to visible and UV light. To the best 

of our knowledge, 1o is the first example of a photoswitchable ROP organocatalyst, as 

well as the first photoswitchable NHC-based polymerization catalyst. Given the 

versatility of NHC organocatalysts for various ROP and other polymerizations,7,11 we 

believe that the method may be extended to a wide variety of monomers and offers 

significant potential for the development of novel polymers and copolymers22 with 

sophisticated architectures. 

4.4 EXPERIMENTAL 

Materials and Methods  

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. Benzyl alcohol, ε-caprolactone and δ-valerolactone 

were stirred over CaH2 under an atmosphere of dry N2 for 18 h, then were distilled under 

vacuum and degassed by the freeze-pump-thaw method prior to use. Compound 1o·HPF6 

was prepared via the previously reported method.12 Benzene and tetrahydrofuran were 

dried and degassed using a Vacuum Atmospheres Company solvent purification system. 

1H and 13C NMR spectra were recorded using a Varian 400 MHz spectrometer. Chemical 

shifts δ (in ppm) for 1H NMR are referenced to tetramethylsilane using the residual 

solvent as an internal standard: CDCl3, 7.24 ppm. The photochemical reactions were 

performed in 6Q Spectrosil quartz cuvettes (Starna) with 1.0 cm path lengths and 3.0 mL 

sample solution volumes. The irradiation source for photochemical reactions was a 

Newport/Oriel 66942 200-500W Hg Arc lamp housing equipped with a 350 W Hg lamp, 

a Newport 6117 liquid filter, a Newport 71445 electronic safety shutter, and a Newport 

71260 filter holder. The source was powered by a Newport 669910 power supply and 

mounted on a Newport XL48 optical rail with a Newport 13950 shielded cuvette holder 
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placed at a distance of 8 cm from the end of the source. The irradiation wavelength for 

the photocyclization reactions was obtained using a 313 nm bandpass filter (Andover 

Corporation). A long-pass edge filter (> 500 nm) (Andover Corporation) was used to 

introduce visible light. Gas chromatography (GC) was performed on an Agilent 6850 gas 

chromatograph (HP-1 column, L = 30 m, I.D. = 0.32 mm) equipped with a flame 

ionization detector (FID). The GC oven temperature was held at 40 °C for 3 min, then 

increased to 100 °C at 10 °C min–1 and finally increased to 250 °C at 20 °C min–1. The 

internal standard durene was used to aid in measuring reaction conversions. Gel 

permeation chromatography (GPC) was performed using THF as the eluent on a Viscotek 

GPCmax Solvent/Sample Module, two fluorinated polystyrene columns (IMBHW-3078 

and I-MBLMW-3078) thermostatted at 24 °C arranged in series, and a Viscotek VE 3580 

Refractive Index Detector. Molecular weight and polydispersity data are reported relative 

to polystyrene standards in THF. 

Ring-opening polymerization of ε-caprolactone: Under an atmosphere of N2 in 

a glove box, a vial equipped with a magnetic stir bar was charged with 17.4 mg (0.03 

mmol) of 1o·HPF6 and 5.0 mL of C6H6. A solution of 27 mg (0.15 mmol) of NaHMDS in 

5 mL of C6H6 was prepared, and 1 mL of that solution was added to the vial containing 

1o·HPF6. The catalyst solution was then stirred at room temperature for 20 min before it 

was filtered through a 0.2 μm PTFE filter into a clean vial. Each of 2 quartze cuvettes 

was then charged with 2.0 mL (0.5 mol%) of the catalyst solution and 2.0 mL of C6H6. 

The cuvettes were then sealed with Teflon-lined septum caps and removed from the 

glove box. The solution in one cuvette was irradiated with UV light (λirr = 313 nm) with 

stirring for 1 h, while the solution in the other cuvette was stirred under ambient light. 

After 1 h, 0.22 mL (2 mmol) of ε-caprolactone was added to each cuvette followed by 2.1 

μL of benzyl alcohol. The reaction in the cuvette was kept under UV light, while the 
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reaction in the round bottom flask was kept under ambient light throughout the course of 

the reaction. Aliquots (0.3 mL) were removed after given amounts of time, diluted into 

1.0 mL of methanol to quench the reaction and concentrated under reduced pressure. The 

residue from each aliquot was then redissolved in CDCl3 and analyzed by 1H NMR 

and/or was redissolved in THF and analyzed by GPC. For the chain extension experiment 

described in the main text, a single reaction was set up as described above in a quartz 

cuvette and after 30 min in ambient light was irradiated with UV light. After 1 h of UV 

irradiation a second equivalent of monomer (0.22 mL) was added and the reaction was 

kept under UV irradiation for a further 3 h prior to irradiation with visible light.  

Ring-opening polymerization of δ-valerolactone: Under an atmosphere of N2 in 

a glove box, a vial equipped with a magnetic stir bar was charged with 12 mg (0.02 

mmol) of 1o·HPF6 and 4.0 mL of C6H6. A solution of 17.5 mg (0.095 mmol) of 

NaHMDS in 5 mL of C6H6 was prepared, and 1 mL of that solution was added to the vial 

containing 1o·HPF6. The catalyst solution was then stirred at room temperature for 20 

min before it was filtered through a 0.2 μm PTFE filter into a clean vial. In a separate 

vial, 402 mg (3 mmol) of the internal standard durene was dissolved in 3.0 mL of C6H6. 

Each of 2 quartz cuvettes was then charged with 1.0 mL of the durene solution (1 mmol) 

and either 1.5 mL (0.3 mol%) or 2.0 mL (0.4 mol%) of the catalyst solution. The total 

volume of the solution in each cuvette was then brought to 4.0 mL by addition of C6H6. 

The cuvettes were then sealed with Teflon-lined septum caps and removed from the 

glove box. The solution in one cuvette was irradiated with UV light (λirr = 313 nm) with 

stirring for 1 h, while the solution in the other cuvette was stirred under ambient light. 

After 1 h, 0.2 mL (2 mmol) of δ-valerolactone was added to each cuvette followed by 0.1 

mL (0.024 mmol; 1.2 mol%) or 0.13 mL (0.0032 mmol; 1.6 mol%) of a previously 

prepared solution of 25 μL of benzyl alcohol in C6H6. The reaction in the cuvette was 
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kept under UV light, while the reaction in the round bottom flask was kept under ambient 

light throughout the course of the reaction. Aliquots (0.1 mL) were removed after given 

amounts of time, diluted into 1.0 mL of methanol to quench the reaction and precipitate 

the polymer product. Each aliquot was filtered through a 0.2 μm PTFE filter and 

analyzed by GC. For the photoswitching experiments described in the main text, a single 

reaction was set up as described above in a quartz cuvette and irradiated with UV or 

visible light after the indicated amounts of time. 
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lacks a photochromic moiety, was used in lieu of 1o (conversion after 5 min: > 95 
% in ambient, UV, or visible light). 

[22] When an equimolar mixture of ε-caprolactone (1 mmol) and δ-valerolactone (1 
mmol) was added to a solution of 1o (0.01 mmol) and BnOH (0.04 mmol) in 
benzene (4.0 mL), complete consumption of both monomers was observed by 1H 
NMR spectroscopy after 5 min in ambient light. After precipitation from 
methanol, GPC analysis of the resulting polymer revealed a Mn of 14,300 Da and 
a PDI of 1.59, which was in good agreement with the theoretical molecular 
weight of the expected copolymer (Mn(theor) = 11,300 Da). When an identical 
reaction was performed in UV light (λirr = 313 nm) negligible conversion of either 
monomer was observed (< 5% conversion). 
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Chapter 5:  Remotely Tuning Hydroboration Activity via a 
Photoswitchable Rh(I) Catalyst 

5.1 INTRODUCTION 

Developments in homogenous organometallic catalysis have historically focused 

on improving catalytic activity and/or selectivity through ligand development. Once a 

ligand is chosen, however, the coordination environment of the catalyst active site 

typically dictates a fixed rate and selectivity for a given reaction. This restriction limits 

the versatility of state-of-the-art catalysts as well as the degree of control maintained over 

the course of the reaction. Recent efforts to address this issue have involved the 

development of “switchable catalysts,”1 in which reduction/oxidation processes,2 acid-

base chemistry,3 or light4 is utilized to actively modify catalytic activity or selectivity. 

Photochemical stimuli are particularly attractive for switching the intrinsic 

properties exhibited by catalysts, as such methods are typically non-invasive and use an 

inexpensive, renewable stimulus. Despite these advantages, very few photoswitchable 

catalysts are known (see Chapter 1).5 To the best of our knowledge, however, the 

utilization of photo-induced changes in electronics to alter the outcomes of transition 

metal catalyzed transformations has not been realized.6,7 Adding a photoswitchable 

feature to metal-based catalysts is expected to endow them with enhanced control over 

their intrinsic activities and selectivities. 

A promising method for photochemically tuning the electronic properties of metal 

complexes involves the use of ligands which feature photochromic8 diarylethene (DAE)9 

moieties.10,11 We12 and others13 have established that the UV-induced cyclization of a 

DAE properly annulated to a N-heterocyclic carbene (NHC)14 scaffold significantly 

decreases the electron donating ability of the NHC moiety15 in both organic and 

organometallic adducts. Considering that the product of the photocyclization reaction 
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extends the conjugation of the nitrogen atoms adjoining the carbenoid nucleus, less 

electron density should be available for donation into the carbene center, resulting in a 

decrease in the ligand’s overall donating ability. We recently demonstrated that 

photoswitchable DAE annulated NHCs may be used to tune the rates of NHC-promoted 

transesterification and amidation reactions.16 Given this initial success and the large 

number of reactions facilitated by NHC-supported metal complexes,14,15 we sought to 

photomodulate catalytic activity via changes in ligand donicity and realize a new concept 

in organometallic catalysis. Herein we report the first photochromic DAE-annulated 

NHC-Rh(I) complex and demonstrate that its catalytic activity may be tuned using light. 

5.2 RESULTS AND DISCUSSION 

Considering that NHC-Rh(I) complexes are active catalysts for a wide variety of 

transformations,17 we focused our attention on complex 1, which featured a photochromic 

DAE-annulated NHC ligand (Figure 5.1). We envisioned that the UV-induced 

photocyclization of the ring-open isomer 1o to the ring-closed form 1c would alter the 

electronic properties of the complex, and subsequently its catalytic activity. The synthesis 

of the photochromic NHC- Rh(I) complex 1 is summarized in Figure 5.3. The known 

imidazolium iodide salt 216 was treated with 0.5 equiv of silver (I) oxide in 

dichloromethane over 3 Å molecular sieves at 50 °C to afford the silver complex 3 in 

90% yield. Subsequent transmetallation of 3 with 0.5 equiv of [Rh(cod)Cl]2 (cod = 1,5-

cis,cis-cyclooctadiene) in dichloromethane afforded the desired Rh complex 1o in 75% 

yield. The formation of 1o was evidenced by the characteristic 1H NMR signals observed 

at 5.0 and 3.4 ppm, corresponding to the olefinic protons of the Rh-coordinated 

cyclooctadiene ligand, and by the doublet observed at 183 ppm in the 13C NMR spectrum 

which was assigned as the Rh-coordinated carbenoid nucleus (CDCl3).18,15a 
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Figure 5.1: Reversible photocyclization of complex 1. 

Figure 5.2: Synthesis of photochromic complex 1. 

The UV-vis profile of 1o in cyclohexane or benzene featured an intense 

absorbance centered at 285 nm corresponding to the n → π* and π → π* transitions of 

the N-heterocycle and phenylthiophene systems, respectively. Upon UV irradiation (λirr = 

313 nm), the pale yellow solution of 1o underwent a color change to bright blue, 

concomitant with a decrease in the intensity of the absorption band centered at 285 nm 

and the appearance of new bands at 391 and 630 nm (Figure 5.3a). The development of 

the lower energy bands upon UV irradiation was consistent with an increase in π-

conjugation and the formation of the ring-closed isomer 1c. After 2 min of UV exposure, 

the spectroscopic changes reached a steady state, reflecting a 62% conversion of 1o to its 

ring-closed isomer 1c.19 When the UV exposed solution was subsequently irradiated with 

visible light (λirr > 500 nm), the low energy absorption bands were attenuated and, after 1 
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min of irradiation, the UV-vis spectrum of 1o was restored (98% conversion) (Figure 

5.3b). The presence of an isosbestic point at 311 nm in the data for both the forward and 

reverse reactions indicated that the cyclization/cycloreversion process occurred without 

significant side reactions. 

Figure 5.3: (a) UV-vis spectral changes of 1o in C6H6 ([1o]0 = 3.3 × 10-5 M) upon UV 
irradiation (λirr = 313 nm). (b) UV-vis spectrum of 1o in C6H6, the spectrum 
of the photostationary state (PSS) that was reached after UV irradiation of 
1o for 120 s, and the spectral changes of the PSS upon exposure to visible 
light (λirr > 500 nm). The arrows indicate the evolution of the spectral 
changes over time.  

The photocyclization of 1o was further confirmed by NMR spectroscopy. After 

UV irradiation of 1o in cyclohexane20 or benzene for 2 h ([1o]0 = 1 × 10-3 M), the solvent 

was removed under reduced pressure and the resulting blue solid was redissolved in 

CDCl3. Subsequent 1H NMR spectroscopic analysis revealed that the signals assigned to 

the thiophene protons shifted upfield from δ 6.9 ppm to 6.5 ppm (CDCl3), indicative of 

the loss of aromaticity upon photocyclization to 1c. Integration of these signals revealed 

that 73% of 1o converted to 1c in benzene. Moreover, a slight downfield shift of the 

signal assigned to the protons of the cyclooctadiene olefin in the position trans to the 

NHC ligand was observed from 5.5 ppm to 5.6 ppm (CDCl3; see Figures A20-21; 

Appendix E), which was indicative of a decrease in the electron donating ability of 1c 
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compared with 1o.15a Exposure of the UV treated solution to ambient light for 2 h 

reversed the aforementioned chemical shifts (>95% conversion), which suggested to us 

that 1c underwent complete cycloreversion to regenerate 1o. The 13C NMR spectrum 

provided additional evidence for the photocyclization, as a new signal was observed at 68 

ppm (C6D6), which was assigned to the sp3 carbon nuclei adjacent to the sulfur atoms in 

the newly formed dihydrothiophene rings in 1c. Furthermore, a shift in the 13C NMR 

resonance corresponding to the carbenic carbon from 183 ppm to 211 ppm (C6D6) was 

observed upon UV irradiation. The observed shift further underscored the change in 

electron density at the carbenic carbon upon photocyclization, and was consistent with 

disrupting the endocyclic double bond in the NHC backbone of 1o to form 1c (Figures 

A22-A23, Appendix E).21 

Having demonstrated that 1o underwent the photocyclization in a reversible 

manner and with high fidelity, subsequent efforts were shifted toward utilizing the 

photochromic Rh complex in catalytic reactions. Attention was initially focused on the 

hydroboration of olefins and alkynes22 since these reactions are widely utilized in organic 

synthesis, often catalyzed by Rh(I) species,23 and sensitive to minute changes in electron 

density at the metal center.15a In an initial experiment, treatment of 1-octene (0.10 M) 

with pinacolborane (0.11 M) in C6D6 in the presence of 1o (1 mol%) at room temperature 

resulted in 91% conversion of 1-octene to the corresponding linear hydroboration product 

after 16 h, as observed by 1H NMR spectroscopy and gas chromatography (GC) (Figure 

5.4). To determine if exposure to UV irradiation would affect the hydroboration reaction, 

a freshly prepared solution of 1o in C6H6 ([1o]0 = 1 × 10-3 M) was divided in half and 

placed in two separate quartz cuvettes, both of which were then sealed with Teflon-lined 

septum caps. The solution in one of the cuvettes was then subjected to UV irradiation (λirr 

= 313 nm) for 2 h while the other cuvette was kept in ambient light over the same period 
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of time. Mesitylene (0.10 M) was subsequently added as an internal standard followed by 

1-octene (0.10 M) and pinacolborane (0.11 M) to each reaction vessel separately. 

Aliquots were then periodically removed from each reaction mixture, diluted with wet 

THF to quench the reaction and analyzed by GC. Each reaction was performed in 

triplicate. 

Inspection of the data recorded from the aforementioned experiments revealed 

that the reaction in ambient light proceeded with a second order rate constant, kvis, of 1.9 

± 0.5 × 10-3 mol-1·s-1.24 In contrast, the reaction that had been conducted under UV 

irradiation was significantly slower, with a rate constant, kUV, of 7.8 ± 2.1 × 10-4 mol-1·s-1 

(Figure 5.4; Table 5.1). The observed 2.4-fold decrease in activity upon irradiation 

suggested to us that the photocyclized catalyst 1c was less active for facilitating the 

hydroboration reaction than the ring-open isomer 1o. 
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Figure 5.4: Plots of the percent conversion versus time for the hydroboration of 1-
octene with pinacolborane catalyzed by 1 in C6H6. The reactions were 
monitored over time by GC using mesitylene as an internal standard. Two 
reactions were run concurrently with one vessel kept under ambient light 
(red squares), and one exposed to UV irradiation (λirr = 313 nm) for 2 h prior 
to the addition of substrate (blue diamonds). The UV-treated reaction was 
kept under UV irradiation for the first 4 h of the reaction and then was kept 
in the dark. 

We subsequently sought to employ the photochromic Rh complex 1 to catalyze 

the hydroboration of other olefinic substrates. When styrene (0.10 M) and pinacolborane 

(0.11 M) were added to a solution of 1o ([1o]0 = 1 × 10-3 M) in C6D6, the complete loss of 

the starting material and conversion to the linear (L), branched (B), and E-olefin (E) 

products23d,g in a molar ratio of L:B:E = 0.5 : 1.0 : 0.9 was observed by 1H NMR 

spectroscopy and GC after 8 h at room temperature (Figure 5.5). Using similar 

comparative kinetics experiments to those described above for 1-octene, the 

hydroboration of styrene with pinacolborane proceeded in ambient light with a rate 

constant, kvis, of 2.3 ± 0.2 × 10-3 mol-1·s-1, while the catalytic activity was significantly 

attenuated in UV light (kUV = 2.5 ± 0.6 × 10-4 mol-1·s-1; kvis/kUV = 9.3) (Figure 5.5a; Table 
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5.1). The disparity in the rates enabled photoswitching of the catalytic activity over the 

course of a single reaction. After exposure to ambient light for 1 h (kvis = 1.8 ± 0.9 × 10-3 

mol-1·s-1), a freshly prepared solution identical to that described above was exposed to UV 

irradiation for a further 4 h, during which the reaction rate was significantly attenuated 

(kUV = 2.3 ± 0.5 × 10-4 mol-1·s-1; kvis/kUV = 7.8). Subsequent exposure to visible light to 

facilitate the cycloreversion of the catalyst restored the catalytic activity (kvis = 1.6 ± 0.5 × 

10-3 mol-1·s-1) (Figure 5.5b). Collectively, these results suggested to us that the reversible 

photocyclization within the NHC ligand of 1 altered the propensity of the Rh center to 

facilitate the hydroboration reaction, and enabled remote tuning of its catalytic activity. 

To verify that the rate attenuation observed under UV irradiation was a result of 

the photoinduced change in the structure of the catalyst, a series of control experiments 

was performed. When the hydroboration reaction between styrene and pinacolborane was 

conducted in the absence of catalyst 1, negligible conversion was observed under ambient 

light (kvis, = 5.0 × 10-6 mol-1·s-1) or UV irradiation (kUV, = 5.0 × 10-6 mol-1·s-1), indicating 

that the latter alone was not responsible for the decrease in activity (Figure 5.9; Table 

5.1). Moreover, a significant reduction in activity was not observed under UV irradiation 

compared with ambient light (kvis, = 6.0 × 10-2 mol-1·s-1; kUV, = 1.9 × 10-1 mol-1·s-1; kvis/kUV = 

0.3) (Figure 5.10; Table 5.1) when the reaction was performed using chloro(η4-1,5-

cyclooctadiene)(1-methyl-3-methylimidazole-2-ylidene)rhodium(I), a structurally related 

NHC-Rh(I) complex which lacks a photochromic dithienylethene moiety, as the catalyst. 

Collectively, the results of these control experiments suggested to us that the decrease in 

rate upon UV exposure was unique to complex 1 and was due to the photocyclization of 

1o to 1c. 
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Figure 5.5: Plots of the percent conversion versus time for the hydroboration of styrene 
with pinacolborane catalyzed by 1 in C6H6. The reactions were monitored 
over time by GC using mesitylene as an internal standard. (a) Two reactions 
were run concurrently with one vessel kept under ambient light (red 
squares), and one exposed to UV irradiation (λirr = 313 nm) (blue diamonds) 
for 2 h prior to the addition of substrate. The reaction vessel exposed to UV 
was irradiated for the first 4 h of the reaction and then was kept in the dark. 
(b) A single reaction was allowed to proceed in ambient light for 1 h (red 
squares), subjected to UV irradiation (blue diamonds) (λirr = 313 nm) for 2 h 
and then kept in the dark for a further 2 h prior to exposure to visible light 
(λirr > 500 nm) (red squares). 

In an effort to expand the substrate scope of the photo-controlled hydroboration 

reaction and to determine if the electronic properties of the substrate would affect the rate 

disparity, attention next turned toward substituted styrene derivatives. The hydroboration 

of 4-chlorostyrene with pinacolborane was significantly faster in ambient light (kvis = 8.4 

± 4.0 × 10-4 mol-1·s-1) than under UV irradiation (kUV = 1.3 ± 0.8 × 10-4 mol-1·s-1; kvis/kUV = 

6.7), as was the reaction between 4-methoxystyrene and pinacolborane (kvis = 5.7 ± 3.0 × 

10-4 mol-1·s-1; kUV = 7.4 ± 1.7 × 10-5 mol-1·s-1; kvis/kUV = 7.7) (see Figures 5.11-5.12; Table 
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5.1). The observed decreases in activity upon UV exposure were in good agreement with 

the aforementioned results observed with styrene and suggested to us that the method is 

not limited by the electronic properties of the olefin starting material. Moreover, the 

aforementioned results indicated that the rate-determining step of the hydroboration 

mechanism was not significantly affected by the electronic character of the substrate (see 

below). 

Since we previously demonstrated that the rates of Rh(I) promoted alkyne 

hydroborations were sensitive to the electron donating character of the NHC ligated to 

the metal center,15a subsequent efforts focused on alkynes. The hydroboration of 

phenylacetylene with pinacolborane with 1o in C6H6 primarily resulted in the formation 

of poly(phenylacetylene)25 (> 80%) rather than the desired olefin hydroboration products. 

Alternatively, when t-butylacetylene (0.10 M) was treated with pinacolborane (0.11 M) in 

the presence of 1o ([1o]0 = 1 × 10-3 M), a 67% conversion to the E-olefin product was 

observed after 13 h, as evidenced by 1H NMR spectroscopic analysis of the crude 

reaction mixture (Figure 5.6). To explore the effect of UV irradiation on the reaction 

outcome, a comparative kinetics experiment analogous to those described above for the 

olefinic substrates was performed. Under ambient light the hydroboration of t-

butylacetylene with pinacolborane proceeded with a rate constant kvis, of 3.3 ± 0.6 × 10-4 

mol-1·s-1, while the reaction exposed to UV proceeded more slowly (kvis = 9.0 ± 1.0 × 10-5 

mol-1·s-1; kUV/kvis = 3.7; Figure 5.6; Table 5.1). These results were consistent with the 

disparate rates observed with the analogous olefins, and suggested to us that the alkyne 

hydroboration proceeded via a similar mechanism (see below). Furthermore, the 

aforementioned results demonstrated that the photocyclization of 1o to 1c is an effective 

method for modulating hydroboration rates for a wide variety of substrates. 
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Figure 5.6: Plots of the percent conversion versus time for the hydroboration of t-
butylacetyelene with pinacolborane catalyzed by 1 in C6H6. The reactions 
were monitored over time by GC using mesitylene as an internal standard. 
Two reactions were run concurrently with one vessel exposed to UV 
irradiation (λirr = 313 nm) for 2 h prior to the addition of substrate and 
throughout the reaction (blue diamonds) and one was kept under ambient 
light (red squares). 
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Substratea Catalyst kvis  (mol-1 ·s-1) kUV  (mol-1 ·s-1) kUV/kvis 

1-octene 1 1.9 ± 0.5 × 10-3 7.8 ± 2.1 × 10-4 2.4 

styrene 1 2.3 ± 0.2 × 10-3 2.5 ± 0.6 × 10-4 9.3 

 ---b 5.0 × 10-6 5.0 × 10-6 1 

 (IMe)Rh(cod)Clc 1.9 × 10-1 6.0× 10-2 0.3 

4-chlorostyrene 1 8.4 ± 4.0 × 10-4 1.3 ± 0.8 × 10-4 6.7 

4-methoxystyrene 1 5.7 ± 3.0 × 10-4 7.4 ± 1.7 × 10-5 7.7 

t-butylacetylene 1 3.3 ± 0.6 × 10-4 9.0 ± 1.0 × 10-5 3.7 

Table 5.1: Summary of the 2nd order rate constants measured for various hydroboration 
reactions catalyzed by 1. a Reactions were performed with 0.1 M substrate 
and 0.11 M pinacolborane in benzene with 1 mol% catalyst. b Reaction was 
performed without a catalyst. c (IMe)Rh(cod)Cl = chloro(η4-1,5-
cyclooctadiene)(1,3-dimethylimidazol-2-ylidene)rhodium(I). 

A proposed catalytic cycle for the hydroboration reactions catalyzed by 1 is given 

in Figure 5.7. Since the overall hydroboration rate was attenuated upon UV irradiation to 

form catalyst 1c (which features a less electron donating NHC ligand), the rate-

determining step must be inhibited by the presence of a more electron deficient Rh 

center. Of the four general steps of the hydroboration cycle, the reductive elimination 

step should be slower in the presence of a less donating ligand. Furthermore, the rate of 

the reductive elimination would not be significantly affected by the electronic properties 

of the olefin substituents, which is supported by the observation that the substituted 

styrene derivatives gave similar rate disparities as styrene. Collectively and consistent 

with previous reports,26 the results described above suggest to us that the rate-determining 

step of the catalytic cycle is the reductive elimination. The decrease in the hydroboration 

rate observed upon UV irradiation reflects that the photocyclization of 1o to 1c decreased 
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the donating ability of the NHC ligand in 1, and thus the propensity of the complex to 

undergo reductive elimination. Given that t-butylacetylene exhibited a similar decrease in 

rate upon UV irradiation, a similar mechanism may be operative for the hydroboration of 

alkynes substrates. 

Figure 5.7: Proposed catalytic cycle for the photoswitchable hydroboration catalyzed by 
1. a The photocyclized complex may be generated during any step of the 
catalytic cycle, however for clarity it is only shown at the reductive 
elimination step. b The alkyne substrate is expected to coordinate to the Rh 
center and undergo the subsequent steps in a manner analogous to the 
olefins, but is not shown for clarity. 

5.3 CONCLUSIONS 

In summary, we have developed a photochromic NHC-Rh(I) complex and 

demonstrated that the UV-induced electrocyclic ring-closing reaction within the NHC 

ligand decreased the electron donating ability of the NHC. The photo-induced ring-

closing was reversed upon exposure to visible light, resulting in the first Rh complex that 
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was switched with high fidelity between two electronic states via a remote light stimulus. 

While the open form of the catalyst (1o) efficiently facilitated the hydroboration of both 

olefins and alkynes, the catalytic activity was significantly attenuated upon UV 

irradiation to the ring-closed isomer (1c). Remarkably, the hydroboration of styrene was 

reduced by nearly an order of magnitude upon UV irradiation, which was sufficient to 

enable remote photomodulation of the catalytic activity over the course of the reaction, 

and demonstrated the first example of using photo-induced changes in electronic 

structure to modulate the activity of a transition metal catalyst. The attenuated reactivity 

of 1c compared with 1o may be attributed to the decrease in donicity of the NHC upon 

photocyclization, which inhibited the rate-determining reductive elimination step of the 

hydroboration mechanism. 

Given that the outcomes of a wide variety of transformations catalyzed by NHC-

supported metal complexes are dependent on the electron donating properties of the NHC 

ligand,15 the method described above is expected to be extended and generalized to 

hydrosilylations,27 hydrogenations, cross-couplings, metathesis and other reactions. 

Furthermore, in addition to expanding the scope of photoswitchable catalysis, this system 

offers new opportunities in tandem homogeneous catalysis.28 While the photocyclized 

catalyst 1c is less electron rich and relatively ineffective for hydroboration reactions, the 

complex is structurally robust and remains soluble, characteristics which may enable it to 

facilitate reactions that are orthogonal to the hydroboration chemistry promoted by its 

counterpart 1o. Such an ability to alter catalytic activity by remotely photomodulating the 

electronic state of the catalyst is expected to facilitate multi-step synthesis of complex 

small- and macromolecules. 
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5.4 EXPERIMENTAL 

5.4.1 Materials and Methods 

Unless otherwise specified, reagents were purchased from commercial sources 

and used without further purification. Styrene, 4-chlorostyrene, 4-methoxystyrene, 1-

octene, phenylacetylene, t-butylacetylene were dried over 4Å molecular sieves and 

bubbled with dry N2 before use. All syntheses were performed under ambient conditions 

unless specified otherwise. Solvents were dried and degassed using a Vacuum 

Atmospheres Company solvent purification system. 1H and 13C NMR spectra were 

recorded using a Varian 400 MHz spectrometer. Chemical shifts δ (in ppm) are 

referenced to tetramethylsilane using the residual solvent as an internal standard. For 1H 

NMR: CDCl3, 7.24 ppm; C6D6, 7.15 ppm. For 13C NMR: CDCl3, 77.0 ppm; C6D6, 128.0 

ppm. Coupling constants (J) are expressed in hertz (Hz). Melting points were obtained 

with an Opti-Melt Automated Melting Point System MPA100 apparatus and are 

uncorrected. Mass spectra (MS, ESI or CI) were obtained with a VG analytical ZAB2-E 

or a Karatos MS9 instrument and are reported as m/z (relative intensity). UV-vis spectra 

were acquired using a Perkin-Elmer Lambda 35 UV-vis Spectrometer in 6Q Spectrosil 

quartz cuvettes (Starna) with 1.0 cm path lengths and 3.0 mL sample solution volumes. 

Beer’s law measurements were performed using 10, 20, 30, and 40 μM sample 

concentrations. The photochemical reactions were performed in the same quartz cuvettes 

using 4.0 mL sample solution volumes. The irradiation source for photochemical 

reactions was a Newport/Oriel 66942 200-500W Hg Arc lamp housing equipped with a 

350 W Hg lamp, a Newport 6117 liquid filter, a Newport 71445 electronic safety shutter, 

and a Newport 71260 filter holder. The source was powered by a Newport 669910 power 

supply and mounted on a Newport XL48 optical rail with a Newport 13950 shielded 

cuvette holder placed at a distance of 8 cm from the end of the source. The irradiation 
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wavelength for the photocyclization reactions was obtained using a 313 nm bandpass 

filter (Andover Corporation). A long-pass edge filter (λ > 500 nm) (Andover 

Corporation) was used to introduce visible light. Elemental analyses were performed on a 

Thermo Flash 2000 Organic Elemental Analyzer. Gas chromatography (GC) was 

performed on an Agilent 6850 gas chromatograph (HP-1 column, L = 30 m, I.D. = 0.32 

mm) equipped with a flame ionization detector (FID). The GC oven temperature was held 

at 40 °C for 3 min then increased to 100 °C at 10 °C min–1 and finally increased to 250 °C 

at 20 °C min–1. The internal standard mesitylene was used to aid in measuring reaction 

conversions. 

5.4.2 Syntheses 

[Ag{4,5-bis(2′-methyl-5′-phenylthien-3′-yl)-1,3-dimethylimidazolylidene}I] 

(3): Under an atmosphere of nitrogen in a glove box, a 30 mL vial with a stir bar was 

charged with 200 mg (0.35 mmol) of 1,2-bis-(2′-methyl-5′-phenylthien-3′-yl)-1,3-

dimethylimidazolium iodide 2,16 40 mg (0.17 mmol) of Ag2O, 3 Å molecular sieves, and 

25 mL of CH2Cl2. The vial was sealed with a Teflon-lined cap, covered with aluminum 

foil, removed from the glove box and heated to 50 °C for 16 h. The reaction mixture was 

filtered through a frit of coarse porosity while hot and the filter cake was washed 

thoroughly with 250 mL of CH2Cl2. The filtrate was concentrated under reduced pressure, 

the residue was triturated in diethyl ether and 214 mg (90% yield) of the desired product 

was collected by filtration as a beige powder. mp 124 °C (dec). UV-vis (CH2Cl2): λabs = 

291 nm (ε = 20936 dm3 mol-1). 1H NMR (400 MHz, CDCl3): δ 2.06 (s, 6H), 3.80 (s, 6H), 

7.08 (s, 2H), 7.35 (m, br, 6H), 7.49 (m, br, 4H). Characterization of this compound via 

13C NMR spectroscopy was not possible due to its poor solubility. HRMS (m/z): Calcd. 
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for C27H24N2S2I107Ag [M-I]+, 547.0432; Found, 547.0436; Calcd. for C27H24N2S2I109Ag 

[M-I]+, 549.0428; Found, 549.0452. 

Chloro(η4-1,5-cyclooctadiene)(4,5-bis(2′-methyl-5′-phenylthien-3′-yl)-1,3-

dimethylimidazolylidene)rhodium(I) (1o): Under an atmosphere of nitrogen in a glove 

box, a 30 mL vial with a stir bar was charged with 309 mg (0.46 mmol) of Ag complex 2, 

112 mg (0.23 mmol) of [Rh(cod)Cl]2, and 20 mL of CH2Cl2. The vial was sealed with a 

foil-lined cap and stirred at room temperature for 1 h, during which a white precipitate 

formed. The vial was removed from the glove box, after which the reaction mixture was 

passed through a 0.2 μm PTFE filter and the filtrate was concentrated under reduced 

pressure at room temperature. The resulting yellow residue was purified by column 

chromatography on silica gel eluting with a 3:1 v/v mixture of hexanes and acetone to 

afford 237 mg (75% yield) of the desired product. mp 151 °C (dec). UV-vis (C6H6): λabs = 

284 nm (ε = 33314 dm3 mol-1), λabs = 394 nm (ε = 1580 dm3 mol-1). 1H NMR (400 MHz, 

CDCl3): δ 1.98 (d, J = 8.8, 8H), 2.43 (m, J = 12 4H), 3.41 (s, 2H), 4.01 (s, 6H), 5.05 (s, 

2H), 7.03 (s, 2H), 7.25 (t, J = 8, 2H), 7.34 (t, J = 8, 4H), 7.49 (d, J = 8, 4H). 13C NMR 

(100 MHz, CDCl3) δ 14.1, 28.9, 30.8, 32.9, 36.2, 67.8, 68.0, 98.6, 98.7, 123.8, 125.4, 

125.8, 127.4, 127.6, 128.9, 133.6, 141.4, 182.9, 183.4. HRMS (m/z): Calcd. for 

C35H36N2RhS2 [M-Cl]+, 651.16395; Found, 651.13706. Anal. Calcd. for C35H36ClN2S2Rh: 

C, 61.18; H, 5.28; N, 4.08. Found: C, 60.78; H, 5.38; N, 3.75. 



 115 

5.4.3 Additional Spectral Data 

Figure 5.8. (a) UV-vis spectral changes of 1o in cyclohexane ([1o]0 = 3.3 × 10-5 M) 
upon UV irradiation (λirr = 313 nm). (b) UV-vis spectrum in cyclohexane of 
1o, the photostationary state (PSS) reached after UV irradiation of 1o for 
120 s, and the spectral changes of the PSS upon visible irradiation (λirr > 500 
nm). The arrows indicate the evolution of the spectral changes over time. 

5.4.3 Procedures for Catalysis Experiments 

Hydroboration of 1-octene with pinacolborane: Under an atmosphere of N2 in 

a glove box, a vial was charged with 5.5 mg (0.008 mmol) of 1o and 4 mL of C6H6. A 2 

mL portion of the catalyst solution was added to each of two quartz cuvettes equipped 

with magnetic stir bars and 2 mL of C6H6 was added to each cuvette. The cuvettes were 

then sealed with Teflon-lined septum caps and removed from the glove box. The solution 

in one cuvette was irradiated with UV light (λirr = 313 nm) with stirring for 2 h while the 

solution in the second cuvette was stirred under ambient light. After 2 h, 56 μL (0.4 

mmol) of mesitylene (internal standard) was added to each cuvette via a N2 purged 

syringe, followed by 62 μL (0.4 mmol) of 1-octene and 64 μL (0.44 mmol) of 

pinacolborane. The UV-treated reaction vessel was kept under UV irradiation for the first 

4 h of the reaction, then was kept in the dark. The second reaction vessel was kept under 

ambient light throughout the course of the reaction. Aliquots were removed after given 

amounts of time, diluted with wet methanol to quench the reaction and analyzed by GC. 
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Hydroboration of styrene with pinacolborane catalyzed by 1: Under an 

atmosphere of N2 in a glove box, a vial was charged with 5.5 mg (0.008 mmol) of 1o and 

4 mL of C6H6. A 2 mL portion of the catalyst solution was added to each of two quartz 

cuvettes equipped with magnetic stir bars and 2 mL of C6H6 was added to each cuvette. 

The cuvettes were then sealed with Teflon-lined septum caps and removed from the 

glove box. The solution in one cuvette was irradiated with UV light (λirr = 313 nm) with 

stirring for 2 h while the solution in the second cuvette was stirred under ambient light. 

After 2 h, 56 μL (0.4 mmol) of mesitylene (internal standard) was added to each cuvette 

via a N2 purged syringe, followed by 46 μL (0.4 mmol) of styrene and 64 μL (0.44 mmol) 

of pinacolborane. The UV-treated reaction vessel was kept under UV irradiation for the 

first 4 h of the reaction, then was kept in the dark. The second reaction vessel was kept 

under ambient light throughout the course of the reaction. Aliquots were removed after 

given amounts of time, diluted with wet THF to quench the reaction and analyzed by GC. 

For the photoswitching experiments described in the main text, a single reaction was set 

up as described above in a quartz cuvette and irradiated with UV or visible light after the 

indicated amounts of time. 

Hydroboration of styrene with pinacolborane without catalyst: A set of two 

reactions with styrene and pinacolborane identical to that described above for the 

comparative kinetics was set up without catalyst 1. The reaction mixture in one cuvette 

was irradiated with UV light (λirr = 313 nm) while the solution in the second cuvette was 

stirred under ambient light for 2 h prior to addition of the substrates and throughout the 

course of the reaction. Negligible activity (6% conversion after 8 h; k = 5 × 10-6 mol-1·s-1) 

was observed under ambient light or UV irradiation. 
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Figure 5.9: Plot of reaction conversion versus time for the hydroboration of styrene with 
pinacolborane in the absence of 1 in benzene. The reactions were monitored 
over time by GC using mesitylene as an internal standard. Two reactions 
were run concurrently with one vessel exposed to UV irradiation (λirr = 313 
nm) for 2 h prior to substrate addition (blue diamonds) and one kept under 
ambient light (red squares). 

Hydroboration of styrene with pinacolborane catalyzed by chloro(η4-1,5-

cyclooctadiene)(1-methyl-3-methylimidazole-2-ylidene)rhodium(I): A set of two 

reactions with styrene and pinacolborane identical to that described above for the 

comparative kinetics was set up with 1.38 mg (0.004 mmol) of chloro(η4-1,5-

cyclooctadiene)(1-methyl-3-methylimidazole-2-ylidene)rhodium(I) (IMeRh(cod)Cl) as 

the catalyst. The reaction mixture in one cuvette was irradiated with UV light (λirr = 313 

nm) while the solution in the second cuvette was stirred under ambient light for 2 h prior 

to addition of the substrates and throughout the course of the reaction. Similar activities 

were observed in ambient light (97% conversion after 2 h; kvis = 0.6 × 10-2 mol-1·s-1) and 

under UV irradiation (99% conversion after 2 h; kUV = 1.9 × 10-1 mol-1·s-1). 
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Figure 5.10: Plot of reaction conversion versus time for the hydroboration of styrene with 
pinacolborane catalyzed by IMeRh(cod)Cl in benzene. The reactions were 
monitored over time by GC using mesitylene as an internal standard. Two 
reactions were run concurrently with one vessel exposed to UV irradiation 
(λirr = 313 nm) for 2 h prior to substrate addition (blue diamonds) and one 
kept under ambient light (red squares). 

Hydroboration of styrene derivatives with pinacolborane: These reactions 

were set up as described above for the comparative hydroboration kinetics using 0.004 

mmol 1o, 0.4 mmol 4-chlorostyrene or 4-methoxystyrene, 0.44 mmol of pinacolborane, 

and 0.4 mmol of mesitylene (internal standard). The reaction mixture in one cuvette was 

irradiated with UV light (λirr = 313 nm) while the solution in the second cuvette was 

stirred under ambient light for 2 h prior to addition of the substrates and throughout the 

course of the reaction. 
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Figure 5.11: Plot of reaction conversion versus time for the hydroboration of 4-
methoxystyrene with pinacolborane catalyzed by 1 in benzene. The 
reactions were monitored over time by GC using mesitylene as an internal 
standard. Two reactions were run concurrently with one vessel exposed to 
UV irradiation (λirr = 313 nm) for 2 h prior to substrate addition (blue 
diamonds) and one kept under ambient light (red squares). 

 

Figure 5.12: Plot of reaction conversion versus time for the hydroboration of 4-
chlorostyrene with pinacolborane catalyzed by 1 in benzene. The reactions 
were monitored over time by GC using mesitylene as an internal standard. 
Two reactions were run concurrently with one vessel exposed to UV 
irradiation (λirr = 313 nm) for 2 h prior to substrate addition (blue diamonds) 
and one kept under ambient light (red squares). 

Hydroboration of t-butylacetylene with pinacolborane: The reactions were set 

up as described above for the comparative hydroboration kinetics with 0.004 mmol 3o, 
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0.4 mmol 4 t-butylacetyelene, 0.44 mmol of pinacolborane, and 0.4 mmol of mesitylene 

(internal standard). The reaction mixture in one cuvette was irradiated with UV light (λirr 

= 313 nm) while the solution in the second cuvette was stirred under ambient light for 2 h 

prior to addition of the substrates and throughout the course of the reaction. 
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DESIGN OF FUNCTIONAL CO-POLYMERS FOR 
EMULSIFICATION OR STABILIZATION OF IRON OXIDE 

NANOPARTICLES 

Chapter 6:  Effect of Adsorbed Amphiphilic Copolymers on the 
Interfacial Activity of Superparamagnetic Nanoclusters and 

Emulsification of Oil in Water 

6.1 INTRODUCTION 

Nanoparticles (NPs) may be used to stabilize Pickering emulsions and foams via 

adsorption at the interfaces between two liquids.1-8 While conventional surfactants or 

polymers are typically used to lower oil/water interfacial tension (γ), Pickering emulsions 

with micron size droplets are often formed with a relatively small reduction of interfacial 

tension9-11. There have been a number of interesting studies using NPs as well as mixtures 

of particles and surfactants to effect interfacial surface tension reduction.5,12-14 Adsorbed 

NPs with surfactant or homopolymer coatings at oil/water interfaces can lower interfacial 

tension because the surfactant or polymer segments block contact between the oil and 

water phases.10, 15 Despite their importance in many industrial applications including food, 

cosmetics, pharmaceuticals, and oil recovery, there is limited understanding of how 

polymer-stabilized NPs adsorb at interfaces and lower γ.10, 15, 16 Furthermore, while 

amphiphilic copolymers have been investigated as stabilizers on various inorganic NP 

cores, the resulting reduction in γ and subsequent increase in surface pressure (∏ = γo-γ) 

has not been reported to the best of our knowledge.16 The use of amphiphilic copolymers 

on the NP surfaces may have the potential to raise the interfacial adsorption of the 

particles and also reduce γ more effectively than homopolymer coatings. 

While aqueous dispersions of NPs with polymer coatings have been widely 

studied,17-20 relatively few studies have examined their adsorption at oil/water 
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interfaces,16, 21 and particularly, how they reduce γ.15 The adsorption may be controlled by 

tuning the concentration and hydrophilicity/hydrophobicity of a low molecular weight or 

polymeric stabilizer on the NP surface.4,16,22,23 For example, Zhou et al. formed ~ 80 μm 

oil droplets using 1 % wt. unmodified iron oxide (IO) NPs, but did not report changes in 

the interfacial tension.21 Silica particles stabilized with grafted polymer coatings such as 

poly(styrenesulfonate) (PSS)10 and poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA)15 produced stable oil/water emulsions. Specifically, silica NPs stabilized 

with grafted PSS10 reduced γ  by ∼5 and 15 mΝ/m at concentrations of 0.04 and 1 % wt., 

respectively. Silica particles stabilized with grafted PDMAEMA15 reduced γ  by 38 

mN/m at a relatively high NP concentration of 2 % wt.. Iron NPs functionalized with a 

poly(methacrylic acid)-b-(methyl methacrylate)-b-(styrenesulfonate) triblock copolymer 

stabilized oil/water emulsions however the reduction in γ was not reported.16 Thus, it 

remains a significant challenge to design sub-100 nm NPs with polymer stabilizers to 

achieve large reduction of interfacial tension at oil/water interface. Such particles are 

expected to enhance formation and stabilization of small droplets (~ 10 μm) of oil in 

water at low NP concentrations (< 0.3 % wt.). 

Recently, magnetic IO particles have found utility in biomedical applications20,24-29 

including imaging, therapy, drug delivery, in vitro cell separation, as well as in the oil 

industry for imaging of subsurface reservoirs.28,30-34 Moreover, magnetic NPs have been 

adsorbed at an oil/water interface and oscillated with an electromagnetic field to generate 

acoustic waves35 which may then be analyzed to determine the oil saturation of a 

reservoir. By judiciously designing the interfacial properties of stabilizers on the NP 

surface, magnetic NPs can be effective for stabilizing Pickering emulsions of oil and 

water.21,23,4 Additionally, we have shown that nanoclusters composed of 5-10 nm primary 

particles offer advantages over solid nanospheres for stabilization of emulsions.37 



 126 

Because nanoclusters are porous, they occupy a larger area at the oil/water interface than 

do nanospheres, and therefore a smaller mass of nanoclusters is required to stabilize an 

emulsion. 

A wide variety of stabilizers may be used during synthesis of nanoclusters to 

control the size and colloidal stability based on the approach of Massart et al.38 Magnetic 

NPs have been stabilized with adsorbed polymeric ligands or surfactants,39 including 

polyelectrolytes,40, 41 block copolymers,42, 43 poly(acrylic acid)44, 45 and poly(acrylic acid)-

based co-polymers17,46, biopolymers,28 or small polar molecules such as citric acid 

(CA).16,41 Polyelectrolyte molecules simultaneously provide steric stabilization in addition 

to electrostatic repulsion, resulting in so-called electrosteric stabilization.41 For example, 

Ditsch et al. used random copolymers of acrylic acid, styrenesulfonic acid, and 

vinylsulfonic acid to stabilize IO nanoclusters of controlled size over a wide range of 

different pH values and salinities. The attachment of the polymer to the NP surface must 

not interfere with the inorganic crystal structure and surface properties or it may degrade 

the saturation magnetization. It is therefore desirable for the polymer coating to provide 

control over the crystallinity during the NP synthesis. 

Herein we report the surface pressure (reduction in interfacial tension) at the 

dodecane/water interface for a rationally designed series of copolymer-coated 

superparamagnetic IO nanoclusters as a function of the polymer structure. Both block and 

random copolymers of poly(acrylic acid) (PAA) and poly(butyl acrylate) (PBA) were 

synthesized with varying lengths of hydrophilic and hydrophobic blocks and used to 

stabilize IO nanoclusters. The objective was to demonstrate that NPs with non-covalently 

adsorbed amphiphilic copolymer stabilizers produce very large reductions in interfacial 

tension (surface pressures of 27.6 mN/m) at low NP concentrations of only 0.27 % wt.. 

To our knowledge, significant surface pressures have not been reported at such low 
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concentrations with homopolymer stabilizers.10,15 Sub-100 nm IO nanoclusters with shells 

composed of poly(acrylic acid-b-butyl acrylate) (PAA-b-PBA) stabilized 10-57 μm oil 

droplets in water at low NP concentrations (0.27 % wt.) and over a broad range of pH 

conditions. The high surface pressures resulting from efficient NP adsorption at the 

oil/water interface and the interactions of the polymer shells with the oil and water phases 

were found to favor the formation and stabilization of oil/water emulsions with small 

droplets. Furthermore, the polymers enabled controlled NP synthesis to produce Fe3O4 

nanoclusters with sizes below 100 nm (determined by DLS) and with less than 20% 

organic content adsorbed on the particle surface (determined by TGA) in order to 

maintain high saturation magnetization. 

6.2 NP DISPERSIONS IN AQUEOUS MEDIA 

The size of nanoclusters may be controlled by synthesis in one step in the 

presence of the final stabilizer44,45,47 or multiple steps.17 The single step method was used 

to form IO nanoclusters consisting of primary NPs, which were nucleated and grown by 

co-precipitation of Fe(II) and Fe(III) chlorides under alkaline conditions47-49 in the 

presence of PAA-b-PBA or PAA-co-PBA copolymers. Upon nucleation, the carboxylate 

groups of the PAA coordinated with the iron, facilitating polymer adsorption and 

consequently stabilization of both the primary particles and the nanoclusters.45 The 

presence of the polymer coating on the IO surface was confirmed by thermogravimetric 

analysis (TGA), which revealed a loss of 13.0 – 28.2 % wt. of organic material (Table 

6.1). As the length of the PBA hydrophobic block increased, the adsorption of polymer 

on the IO increased as the greater hydrophobicity enhanced the tendency of the polymer 

to leave water. Given the hydrophobicity of the PBA group, it is likely that block 
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copolymers formed hemi-micelles on the NP surface, as seen in a previous study, which 

resulted in adsorption of a larger amount of organic material (28.2 % wt.) on the NPs.50 

 

Type of 
polymer 
stabilizer 

DLS  
D50 value 
(nm) ± std. 

dev. 

TGA 
(weight % 

loss) 

Electrophoretic 
Mobility 

[(μ/s)/(V/cm)] ± std. 
dev. 

Zeta Potential 
(mV) ± std. dev. 

PAA coated 
NPs 

61 ± 6 14.0 % -3.03 ± 0.11 -39.7 ± 1.50 

PAA114-b-PBA 

26 coated NPs 
81 ± 2 13.0 % -4.11 ± 0.25 -55.61 ± 3.33 

PAA114-b-PBA 

38 coated NPs 
82 ± 3 19.5 % -3.41 ± 0.05 -46.17 ± 0.71 

PAA114-b-PBA 

67 coated NPs 
71 ± 3 28.2 % -2.99 ± 0.13 -40.55 ± 1.82 

PAA 133-co-
PBA44 coated 

NPs 
151 ± 3 14.4 % -3.33 ± 0.11 -45.07 ± 1.54 

Table 6.1: Percentage weight loss obtained from TGA and zeta potential measurement 
of polymer stabilized IO NPs at pH = 8. 

The morphologies of PAA-b-PBA and PAA-co-PBA copolymer coated IO 

particles were characterized by transmission electron microscopy (TEM), which revealed 

that small primary particles had aggregated to form nanoclusters (Figure 6.1). The 

nanoclusters with 60-140 nm diameters were composed of the primary crystals with sizes 

of 3–10 nm, which occurs commonly with co-precipitation of iron-chloride salts in 

alkaline media.47-49,51 Similar morphologies and aggregation behavior were previously 

reported for PAA-coated IO nanoclusters.44,45  
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Figure 6.1: TEM images of (a) PAA coated NPs (b) PAA114-b-PBA 26 coated NPs (c) 
PAA133-co-PBA 64 coated NPs. 

The hydrodynamic diameters of the nanoclusters dispersed in water at pH = 8 

were investigated by dynamic light scattering (DLS) (Figure 6.2). Average D50 values 

(50% of the clusters by volume are below this diameter) of 70-85 nm were observed for 

the PAA-b-PBA stabilized nanoclusters (Table 6.1). The cluster diameter was modestly 

smaller (D50 = 61 nm) for clusters stabilized with PAA homopolymer. Among the three 

block copolymers, the cluster size was smallest for the one with the largest hydrophobic 

block. Relatively narrow size distributions were observed for the nanoclusters stabilized 

by the block copolymers, exemplifying the controlled process of cluster formation under 

these conditions. Much larger diameters, 120-160 nm, were observed for the PAA-co-

PBA coated particles (Figure 6.2) indicating somewhat weaker passivation during 

growth. 
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Figure 6.2: Volume fraction based distributions by DLS of PAA114-b-PBAn, PAA-co-
PBA, and PAA coated IO nanoclusters at pH = 8. 

The magnetization curves for the IO nanoclusters with PAA-b-PBA or PAA-co-

PBA copolymer stabilizers revealed superparamagnetic behavior without hysteresis 

(Figure 6.3). The saturation magnetization values were between 60-86 emu/g Fe, 

compared to a theoretical magnetization value for magnetite of 92–100 emu/g.46 The 

modest decrease in magnetization was influenced by the polymer coordination with the 

iron cations which attenuates the net charge on the particle surface.52 The saturation 

magnetization was highest for pure PAA, and lower for the block copolymers, however it 

did not decrease as a monotonic function of the amount of PBA. The observed reduction 

in saturated magnetization is likely a result of the increase in contact areas between IO 

and polymer with longer PBA blocks, which leads to a larger number of inactive spins on 

the surface. However, in nanoclusters the polymer coats primarily the outer surface of the 

cluster and not all of the surface area of the primary particles, which prevents the polymer 

shell from significantly lowering the magnetization.46 
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Figure 6.3: SQUID measurement of PAA114-b-PBAn,, PAA, and PAA-co-PBA coated 
IO nanoclusters at pH = 8. 

6.3 OIL-WATER INTERFACIAL TENSION AND NP ADSORPTION ENERGY 

The interfacial activity of IO nanoclusters with various coatings was studied by 

measuring the equilibrium interfacial tension γ of a pendant water droplet at the dodecane 

interface as shown in Table 6.2.  

 

Type of NPsa γ (mN/m) b a (nm) ΔE (kT)c 

Citrate coated NP’s no change 50 N/A 

PAA coated NPs no change 31 N/A 

PAA114-b-PBA 26 coated NPs 25.2 41 -3.9 × 104 

PAA114-b-PBA 38 coated NPs 28.0 41 -3.5 × 104 

PAA114-b-PBA 67 coated NPs 30.3 36 -2.4 × 104 

PAA 133-co-PBA44 coated NPs 28.2 76 -1.2 × 105 

Table 6.2: NP size, interfacial tension and adsorption energy of a single particle to the 
dodecane/water interface. a Measured at pH = 8. b Determined from equation 
1. 
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The interfacial tension of the bare dodecane/water interface without any stabilizer 

was measured to be γο  = 52.8 mN/m. In the case of PAA114-b-PBA67 polymer, the 

interfacial tension was 27.85 mN/m at 0.125 % wt. and 26.71 mN/m at 0.25 % wt.. 

However, for the polymer coated NPs, the total PAA114-b-PBA67 concentration was 0.076 

% wt.. Therefore, it appears that the polymer has a significant effect on the reduction in 

interfacial tension when associated with the NPs, although some of the polymer may have 

desorbed from the surface. Particles coated with a conventional ligand such as citrate, or 

a hydrophilic polymer such as PAA, showed no change in γ, indicating that the particles 

were too hydrophilic to be interfacially active between oil and water. However when the 

aqueous phase contained a low concentration (0.27 % wt.) of PAA-b-PBA or PAA-co-

PBA stabilized NPs γ was reduced by nearly one-half. The particles stabilized with the 

block copolymer with 26 PBA units produced the lowest γ. Upon adding additional PBA 

segments, γ increased monotonically. The large decrease in γ indicates that the 

amphiphilic polymer stabilizers caused the IO nanoclusters to adsorb strongly at the 

oil/water interface, unlike the particles coated with the hydrophilic PAA homopolymer 

coating. The observed increase in surface pressure γo – γ as a function of the NP 

concentrations was far more pronounced than in previous studies. The surface pressure 

was calculated to be 25.2-30.3 mN/m for the PAA-b-PBA or PAA-co-PBA stabilized 

NPs, whereas previous studies using poly(styrenesulfonate) (PSS)-grafted silica particles 

reported much lower surface pressures (γo – γ =15.5 mN/m)10 with 1 % wt. or required 

larger NP concentration (2 % wt.) to achieve similar surface pressure (γo – γ = 38 

mN/m).15 The significant decrease in γ observed with such low concentrations of PAA-b-

PBA or PAA-co-PBA stabilized NPs reflected the ability of the amphiphilic polymer 

segments to efficiently interact with the oil and water on each side of the interface.10,15 
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While the block copolymer-coated particles lowered γ over a range of pH values 

from pH = 6 to 10, the behavior of the NPs with random copolymer shells at the 

dodecane/water interface was less robust. At lowered pH (pH = 6) these polymers were 

not completely soluble at a concentration of 0.27 % wt. and were unable to stabilize 

emulsions. Similarly at elevated pH (pH = 10) the random copolymers exhibited 

decreased solubility and were ineffective at stabilizing emulsions, likely because the ionic 

strength of the basic solution was too high for solvation of the hydrophobic PBA groups. 

However, at pH = 8, the polymer was fully soluble and at a concentration of 0.27 wt.% 

the γ measured for PAA133-co-PBA44 NPs (γ = 28.2 mN/m) was similar to the value for the 

block copolymer with the closest homopolymer ratio, PAA114-b-PBA38 (γ = 28.0 mN/m) 

(Table 6.2). 

Having measured the interfacial tension of the series of nanoclusters, efforts were 

directed towards calculating the adsorption energy ΔE of one nanocluster at the 

dodecane-water interface to gain a better understanding of the interaction between the 

particles and the interface. The adsorption energy was determined from the measured 

decrease in interfacial tension upon addition of NPs, γ – γo for a contact angle of 90o 

(Table 2) using Equation 6.1,  

η
πγγ 2

0 )( aE −−
=Δ      Eq. 6.1 

where a is the particle radius and η is the 2-dimensional packing fraction. Given that the 

contact angle of the NP was unknown, we assumed a value of 90o based upon the 

approach of a previous study.53 In this model, the adsorption energy is a function of the 

total interfacial area blocked by the NPs. For simplicity, we assumed a close-packed 

interface where η = 0.91. The resulting ΔE values may be corrected based on the 

approximated packing fraction, however the corrections are relatively modest. 
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Given the similar values of γ – γo observed in the various copolymer-stabilized IO 

systems, we expected that differences in ΔE would result more significantly from the 

variation in particle radius, a. In all cases, the calculated ΔE values were large, indicating 

that the NPs adsorbed strongly to the interface and that their adsorption may be expected 

to be relatively irreversible. For the PAA114-b-PBA26 stabilized nanoclusters, a value of 

ΔE = -3.9 × 104 kBT for a = 41 nm was calculated, which was consistent with values 

reported previously for small NPs.53 For larger nanoclusters stabilized with PAA133-co-

PBA44 where a = 76 nm, ΔE increased as expected to reach ΔE = -1.2 × 105 kBT (Table 

2). In comparison, Du et al. reported ΔE = -5.1 kBT for a Au NP with an extremely small 

radius (a = 2.5 nm), and ΔE = -9 × 10 5 kBT for a large polystyrene sphere with a = 1.05 

μm.53 The experiments were performed with a constant concentration in the aqueous 

phase. However, this concentration is maintained only if only a small fraction of the NPs 

partitioned to the oil phase.  

As the PBA length increased, it is possible that NPs may have been lost to the oil 

phase with the increase in lipophilicity. Future studies would be required to attempt to 

understand the detailed conformation of the various polymers on the NP surfaces and at 

the oil-water interface. Finally the results may be complicated by any desorption of 

polymer from the NP surface to the oil-water interface. One way to ensure that any 

desorption is prevented in the future would be to cross-link the polymer shells on the NPs 

surfaces, and studies of such cross-linked polymer shells are currently underway.19 

However, since no particle aggregation was observed, as would be expected if the 

polymer desorbed from the surface, we believe it is unlikely that significant polymer 

desorption occurred. Furthermore, since the total surface area between the NPs and water 

within one pendant drop was 6800 times larger than surface area between water and oil in 

the pendant drop, any desorbed polymer would likely diffuse into the water phase rather 
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than to the oil-water interface, and would not result in any additional interfacial tension 

lowering. 

6.4 PROPERTIES OF THE NP-STABILIZED EMULSIONS 

In order to determine the partition coefficient of the polymer-coated IO NPs 

between the water and dodecane phases, experiments were performed with equal volumes 

of 0.27 % wt. aqueous solutions of IO particles and dodecane by gentle agitation, to avoid 

emulsification. For all polymer coatings in this study, the NPs favored the lower aqueous 

phase, to form a transparent colored dispersion, and the organic phase was colorless. 

When probe sonication was used, emulsions of dodecane and water (1:1 volume ratio) 

were formed with NP concentrations of only 0.27% Fe3O4 (w/v) in water for PAA-b-PBA 

or PAA-co-PBA-coated nanoclusters at pH = 8. Photographs of the colors and textures of 

the biphasic samples taken 24 hrs after probe sonication (Figure 6.4) indicated that the 

amphiphilic copolymer-coated particles formed a stable emulsion above an excess water 

phase. The aqueous phases below the emulsion phase were always colored by the 

presence of NPs indicating that an oil/water emulsion phase was present above the excess 

aqueous phase, which grew as the oil droplets creamed. According to the Bancroft rule, 

the continuous phase of the emulsions will be the phase favored by the NPs between bulk 

oil and water phases at equilibrium, without any shear or droplet formation.  Thus, the 

presence of oil-in-water emulsions was consistent with the Bancroft rule.54 

In contrast, when mixtures of dodecane and aqueous dispersions of PAA-coated 

nanoclusters were subjected to probe sonication, emulsification of the entire volume of 

the oil and water phases occurred, but the emulsion separated completely into oil and 

water phases after several hours and the NPs remained in the lower aqueous phase 

(Figure 6.4a). The lack of emulsion stability was in good agreement with the fact that γ 
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was not lowered for these hydrophilic particles (Table 6.2), as they partitioned too 

strongly to the aqueous phase. 

 

Figure 6.4: Photographs and microscopy images of oil-in-water emulsions formed 
between dodecane and aqueous dispersions of (a) PAA coated NPs, (b) (e) 
PAA114-b-PBA26 coated NPs, (c) (f) PAA114-b-PBA38 coated NPs, and (d) (g) 
PAA114-b-PBA67 coated NPs. Images were acquired after 1 day at pH = 8 
with equal volumes of oil and water phases. 

Average emulsion droplet size (μm) 
NP Coating 

pH = 6 pH = 8 pH = 10 

PAA114-b-PBA26 12.1 14.7 12.9 

PAA114-b-PBA38 19.7 22.7 16.6 

PAA114-b-PBA67 37.7 62.8 41.3 

PAA133-co-PBA44 n/a 12.9 n/a 

Table 6.3:  Average emulsion droplet size by image analysis. 

Analysis of microscopy images revealed that the emulsions stabilized by PAA-b-

PBA-coated nanoclusters consisted of oil droplets ranging from 12.9 to 62.8 μm in 

diameter (Figure 6.4, Table 6.3). These emulsions only partially phase separated after 1 

day leaving an excess water phase. For the three block copolymer shells, the intensity of 
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the color of the excess aqueous phase increased with increasing PBA block length, 

suggesting that more particles remained in the aqueous layer with increasing PBA 

content. The concentration of NPs in the excess water phase and the fraction of the total 

NPs in the upper emulsion phase (excluding the bottom excess water phase) are given in 

Table 6.4. The smallest oil droplets (14.7 μm) were formed with PAA114-b-PBA26 

stabilized nanoclusters above a light brown excess water phase, with 91% of the NPs in 

the emulsion phase. As the PBA block length increased, the droplet size increased and 

reached 22.7 μm for PAA114-b-PBA38
 with 76% of the NPs in the emulsion phase. The 

somewhat larger droplet size is consistent with the greater water resolution and lower NP 

concentration in the emulsion phase. In the emulsions stabilized by PAA114-b-PBA67-

coated nanoclusters (Figure 6.4g) the excess aqueous phase was very dark and the droplet 

size reached 62.8 μm. The changes in the droplet size as a function of PBA length follow 

the same trends observed in γ and adsorption energy. The smaller droplet sizes observed 

with shorter PBA lengths are reflected by the lower γ and stronger adsorption of particles 

to oil/water interfaces.54 

When dodecane/water emulsions were formed with NPs coated with the random 

copolymers at pH = 8, the lower aqueous phase was nearly clear and the NP 

concentration in the excess water phase was immeasurably low, indicating that most of 

the NPs had left the water phase and partitioned into the upper oil phase (Table 6.4). 

Additionally, the observed droplet sizes were smaller than those observed for the block 

copolymer-stabilized particles. However, at pH = 6 and pH = 10, the nanoclusters with 

random copolymer shells were incapable of stabilizing the emulsions, as may be expected 

given their low water solubility. 
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Concentration of Excess 
Water Phase  
(% wt. of Fe) 

Amount of NPs in oil phase 
(%)a 

NP coating 

pH = 6 pH = 8 pH = 10 pH = 6 pH = 8 pH = 10 

PAA114-b-PBA 26  0.006 0.019 0.103 97.0 90.5 48.5 

PAA114-b-PBA 38  0.023 0.048 0.108 88.5 76.0 46.0 

PAA 133-co-PBA44  n/a 0 % wt. n/a n/a 100 n/a 

Table 6.4: NP concentration in the oil and water phases. a Calculated by material 
balance given known concentration in the excess lower aqueous phase. 

The interfacial surface area per NP, A, may be estimated from the NP radius, a, 

and the 2-dimensional packing fraction on an oil droplet, η, with the expression 

η
π 2aA =      Eq. 6.2 

The total mass of particles in the emulsion phase, M, is used to estimate η with the 

expression   

pcEP aV
MR

ρφ
η

4
=         Eq. 6.3 

where R is the oil droplet radius, V is the volume of the emulsion phase, φc is the 

oil droplet volume fraction in the emulsion phase (assumed to be 0.74 for close packed 

spheres), and ρp is the nanocluster density (assumed to be half of the bulk IO density of 

5.24 g/mL).55 For example, when 1 mL of an aqueous dispersion (0.27% w/v) of IO 

particles coated with PAA114-b-PBA26 (a = 41 nm) was emulsified with 1 mL of dodecane 

to form 14 μm oil droplets in water, the resulting interfacial area per NP was calculated to 

be A = 1.2 × 105 nm2 (Table 6.5) at pH = 8. When the pH was varied, the changes in A 

were relatively small. The NP adsorption was on the order of 6-10 % of a monolayer. As 

the PBA block was increased to 38 units, A decreased significantly, and the adsorption 

reached 22% of a monolayer at pH = 8. Given the significant amount of NPs in the lower 



 139 

aqueous phase, it appeared that the NP partitioning between phases reached a “quasi” 

equilibrium value. We use the term quasi as emulsions droplets are not in a state of 

thermodynamic equilibrium, but over time will phase separate. For the case of PAA133-

co-PBA44, the interface was not saturated with NPs as the aqueous excess phase was clear 

(Figure 6.5). Here the interfacial area was much larger given the smaller droplets, such 

that the NPs only covered 4% of the interface (Figure 6.6, Table 6.5). Upon doubling the 

Fe3O4 concentration to 0.54% (w/v) the entire volume was emulsified and excess phase 

was not present even after 2 weeks. 

 

Monolayer coverage (%) Interfacial area/Nanocluster 
(nm2) NP Coating 

pH = 6 pH = 8 pH = 10 pH = 6 pH = 8 pH = 10 

PAA114-b-PBA 7.04 10.02 6.09 1.4 × 105 1.2 × 105 1.8 × 105 

PAA114-b-PBA 38 17.87 22.15 10.09 9.2 × 104 8.5 × 104 1.4 × 105 

PAA133-co-PBA44 n/a 4.12 n/a n/a 5.1 × 105 n/a 

Table 6.5: Estimate of percentage of full monolayer at oil/water interface. a Determined 
from material balance in Table 6.4. 
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Figure 6.5: (a) Photographs of PAA133-co-PBA44-coated IO NP dispersions after 1 day at 
pH = 8. (b) Photographs of emulsions formed with equal volume fractions 
of dodecane and aqueous dispersion of 0.27 % wt. PAA133-co-PBA44-coated 
IO particles at pH = 8. 

 

Figure 6.6: Optical micrographs of emulsions formed at pH = 8 at conditions in Figure 
6.5. (a) PAA133-co-PBA44, 0 % wt. NaCl; (b) PAA133-co-PBA44, 3 % wt. 
NaCl. The optical micrographs were taken 24 h after emulsion formation. 
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Figure 6.7: SEM images formed by freezing a droplet of the emulsion on a TEM grid 
pre-cooled in liquid nitrogen. The images (at two different magnifications) 
show the same single droplet of oil-in water-coated by much less than a 
monolayer of PAA114-b-PBA 26 coated NPs. 

The SEM images in Figure 6.7 are consistent with Table 5 in that they show 

partial monolayers of the NPs on a 30~40 μm diameter oil droplet. These images provide 

direct evidence that the NPs adsorbed at the oil-water interface. The size of the oil droplet 

is comparable to that observed by optical microscopy. On the left hand side of the image, 

corresponding to the back of the spherical droplet, distinct large open spaces may be seen 

between the NPs. The surface coverage from SEM is only semi-quantitative given the 

various angles in the image and the fact that some rearrangement may have taken place 

during sample preparation. Clearly a tightly packed near full monolayer is not present as 

was the case in Binks et al,56 as may be expected for the much lower NP concentration in 

the current study. The oil droplets were most likely stabilized by a bilayer patch of NPs 

that formed upon collision of two droplets at their contact point, which was consistent 

with previously reported results.58 

The random copolymers were insufficiently solvated by water (too hydrophobic) 

to form a stable bilayer in the water channels of two approaching droplets at pH = 6, most 

likely due to the fact that at pH = 6 the acrylic acid groups were not sufficiently charged 
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given their proximity to PBA groups. At pH = 8, the zeta potentials were similar for the 

nanoclusters coated by random and block copolymers. The random copolymer chains that 

extend into water are more hydrophobic than those for the block copolymers, due to the 

distribution of the PBA groups throughout the polymer chain. Thus the NPs are less 

hydrophilic and essentially all the IO particles left the water phase and partitioned into 

the emulsion phase. Furthermore, these highly interfacially active NPs, based on the 

reduction in γ, stabilized the smallest droplets of any of the NPs tested. However at pH = 

6 and pH = 10, where the random copolymer was not soluble and did not lower γ, 

emulsions could not be formed. 

6.5 CONCLUSIONS 

A series of sub-100 nm superparamagnetic IO nanoclusters stabilized by 

amphiphilic PAA-b-PBA and PAA-co-PBA copolymers were synthesized and shown to 

induce large reductions in the interfacial tension (high surface pressures) at the dodecane-

water interface. During the NP synthesis, small amounts of copolymer coatings (< 20 % 

(w/w) by TGA) were adsorbed on the Fe3O4 particle surface and mediated the nucleation 

and growth of nanoclusters to control the nanocluster size, as evidenced by TEM and 

DLS measurements. The thin copolymer shells on IO played a key role in enabling high 

surface pressures at the oil-water interface as a function of the monomer ratio, although 

some of the effect may have been from desorbed polymer at the interface. Notably, large 

surface pressures were achieved at much lower NP concentrations than previously 

reported for homopolymer-coated NPs.10 Sufficient adsorption of the NPs at the oil-water 

interface stabilized oil droplets as small as 12.1 μm in water at 24 hours, despite the low 

NP concentrations (0.27 % wt.), indicating high emulsification efficiency. Furthermore, 

the emulsion droplet formation was facilitated by the low interfacial tensions, which were 
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also shown to be dependent upon the polymer composition. The block copolymer 

coatings effectively stabilized emulsions over a broad range of pH values (pH = 6-10), 

while the random copolymer coatings were effective at pH = 8. 

The adsorption of the nanoclusters at the oil-water interface was estimated from 

the concentration of nanoclusters in the excess phase and the interfacial surface area 

calculated using microscopy images. The most interfacially active was the block 

copolymer with 26 PBA units, which stabilized the emulsions with a lower fraction of 

monolayer coverage than with 38 PBA units. Collectively these results demonstrate that 

amphiphilic block copolymer shells on IO NPs promote high interfacial activity (large 

surface pressures), resulting in high emulsification efficiency and unusually small oil 

droplet sizes at low nanocluster concentrations. The ability to achieve significant 

adsorption at the oil/water interface and high surface pressures for NPs, including 

superparamagnetic nanoclusters with amphiphilic copolymer shells is expected to find 

utility in a wide variety of practical applications including magnetic imaging in 

biomedical and subsurface engineering and in enhanced oil recovery. Future studies of 

the conformation of the copolymers on the IO surface may be used to provide insight into 

the mechanism of the reduction of interfacial tension. 

6.6 EXPERIMENTAL 

6.6.1 Materials 

All solvents were purchased from Fisher Scientific and used without further 

purification unless otherwise noted. n-Butyl acrylate (BA) and t-butyl acrylate (tBA) 

were filtered through a short plug of basic alumina to remove the 4-methoxyphenol 

(MEHQ) stabilizer. All other chemicals were purchase from commercial sources and 
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used without further purification. Dialysis tubing (Spectra/Por® 6; 50,000 MWCO; lot 

number 3246779) was purchased from Spectrum Laboratories, Inc., USA. 

6.6.2 General Procedure for Synthesis of Polymer Coatings 

The polymer coatings were prepared by atom transfer radical polymerization 

(ATRP) of n-butyl acrylate and tert-butyl acrylate followed by acidolysis to afford 

poly(acrylic acid-co-butyl acrylate). PtBA-b-PBA block copolymers were prepared by 

ATRP from PtBA macroinitiators. Generally, to an oven-dried 100 mL Schlenk flask 

with a magnetic stir bar was added copper(I) bromide, monomer (n-butyl acrylate and/or 

tert-butyl acrylate) and initiator (ethyl 2-bromoisobutyrate or macroinitiator PtBA) under 

an atmosphere of nitrogen. After one freeze-pump-thaw cycle, N,N,N′,N′,N-

pentamethyldiethylenetriamine was added via a gas-tight syringe that had been purged 

with nitrogen. After three freeze-pump-thaw cycles, the reaction mixture was allowed to 

return to ambient temperature, and the reaction flask was backfilled with nitrogen, sealed 

and placed in an oil bath at 65 °C. The reaction mixture was allowed to stir for 2-4 h prior 

to quenching by immersion in liquid nitrogen. The reaction mixture was then taken up 

into THF and passed through a plug of neutral alumina to remove the Cu/ligand catalyst 

system. The polymer mixture was concentrated and precipitated three times into cold 

methanol/water mixture (1/1, v/v). After characterization by NMR spectroscopy and gel 

permeation chromatography, the isolated poly(t-butyl acrylate-co-n-butyl acrylate) was 

dissolved in dichloromethane in a round-bottom flask with a magnetic stir bar and excess 

trifluoroacetic acid was added. The reaction mixture was stirred at room temperature for 

18 h, and the dichloromethane and trifluoroacetic acid were removed under reduced 

pressure. The residue was dissolved in DI water and dialyzed for 3 days against DI water. 
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PtBA114: GPC: Mn = 14,650, Mw/Mn = 1.32. MW = 14,500 Da from 1H NMR 

spectroscopy. Yield 16.6 g, 80%. 1H NMR (CDCl3, ppm): δ 4.05 (m, br), 2.30-2.10 (s, 

br), 1.88-1.68 (s, br), 1.65-1.30 (m, br). 

PtBA114-b-PBA26: Mn = 18,830 Da from GPC, Mw/Mn = 1.38. MW = 18,000 Da 

from 1H NMR spectroscopy. Yield 1.98 g, 88%. 1H NMR (CDCl3, ppm): δ 3.95 (m, br), 

2.30-2.10 (m, br), 1.88-1.20 ((m, br), 0.80 (t, br). 

PtBA114-b-PBA38: Mn = 21,490 Da from GPC, Mw/Mn = 1.39. MW = 19,500 Da 

from 1H NMR spectroscopy. Yield 4.93 g, 75%. 1H NMR (CDCl3, ppm): δ 3.95 (m, br), 

2.30-2.10 (m, br), 1.88-1.20 (m, br), 0.80 (t, br). 

PtBA114-b-PBA67: Mn = 27,900 Da from GPC, Mw/Mn = 1.45. MW = 23200 Da 

from 1H NMR spectroscopy. Yield 3.83 g, 82%. 1H NMR (CDCl3, ppm): δ 3.95 (m, br), 

2.30-2.10 (m, br), 1.88-1.20 (m, br), 0.80 (t, br). 

PtBA133-co-PBA44: Mn = 22,910 Da from GPC, Mw/Mn = 1.34. MW = 22,600 Da 

from 1H NMR spectroscopy. Yield 13.8 g, 69%. 1H NMR (CDCl3, ppm): δ 4.12-3.95 (m, 

br), 2.42-2.08 (m, br), 1.92-1.70 (m, br), 1.65-1.20 (m, br), 0.80 (t, br). 

6.6.3 NP Synthesis and Nanocluster Formation 

The nanoclusters were formed by hydrolysis of iron chlorides under aqueous 

alkaline conditions by modifying well established synthetic approaches.47-49 Briefly, in a 

three-necked flask FeCl2 and FeCl3 (1:2 molar ratio) and polymer (PAA, PAA-b-PBA, or 

PAA-co-PBA) were dissolved in 30 mL DI water and the solution was stirred vigorously 

with a magnetic stirrer for 30 minutes under an atmosphere of nitrogen. The weight ratio 

of polymer to total iron chloride was 1:4. The mixture was heated to 90 oC while stirring 

and 10 ml of 28 % wt. NH4OH solution was added to the reaction mixture to nucleate and 

grow IO NPs. The reaction was further stirred and heated for 2 hours, then cooled to 
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room temperature. The stable dispersion was centrifuged at 9000 rpm for 10 minutes and 

the sediment was redispersed in 40 ml DI water by probe sonication. The final dispersion 

contained ~0.5 % wt. Fe as determined by flame atomic absorption spectroscopy 

(FAAS), and the pH value was measured to be 9.4. After probe sonication (Branson 

Sonifier® S-450A) the largest IO aggregates above ~400 nm were removed from the 

dispersion by centrifugation (6000 rpm for 5 min) and discarded. The clusters were 

redispersed in deionized (DI) water by probe sonication. 

6.6.4 Characterization 

Nuclear magnetic resonance (NMR) analysis was performed using a Varian 

Gemini (300 MHz or 400 MHz) spectrometer. Chemical shifts (δ) are expressed in parts 

per million (ppm) downfield from tetramethylsilane using the residual protic solvent as 

an internal standard (CDCl3, 7.24 ppm). Gel permeation chromatography (GPC) was 

performed on a Viscotek system equipped with a VE 1122 pump, a VE 7510 degasser, 

two fluorinated polystyrene columns (IMBHW-3078 and I-MBLMW-3078) thermostated 

to 30 °C (using a ELDEX CH 150 column heater) and arranged in series, using refractive 

index (RI) detection. Molecular weight and polydispersity data are reported relative to 

polystyrene standards in tetrahydrofuran (THF). 

Dynamic light scattering (DLS) analysis was performed at 90o on a custom-built 

apparatus and the data were analyzed using a digital autocorrelator (Brookhaven BI-

9000AT) and a non-negative least-squares (NNLS) routine (Brookhaven 9KDLSW32).60 

The suspension concentration was 0.05 mg/mL which gave a measured count rate of 

approximately 100-200 kcps. Measurements were made over a period of 2 min at least 

three times on each sample. Zeta potential measurements were performed in triplicate on 

the ZetaPlus dynamic light scattering apparatus (Brookhaven Instruments) at 90° 
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scattering angle and temperature of 25 °C. The zeta potential was determined from the 

electrophoretic mobility by assuming κa << 1. The zeta potential in only an effective 

value because the polyelectrolyte on the particle surface is permeable.61, 62 

Transmission electron microscopy (TEM) was used to observe the morphology of 

nanoclusters. The experiments were performed on a FEI TECNAI G2 F20 X-TWIN TEM 

using a high-angle annular dark field detector. The samples were prepared using a “flash-

freezing” technique, in which a 200 mesh carbon-coated copper TEM grids were cooled 

using liquid nitrogen and then dipped into dilute aqueous nanocluster dispersion.63 The 

sample was dried using a Virtis Advantage Tray Lyophilizer (Virtis Company, Gardiner, 

NY) with 2 hours of primary drying at -40oC followed by a 12 hour ramp to 25oC and 

then 2 hours of secondary drying at 25oC. In this manner the aggregation of NPs caused 

by capillary forces during drying of the liquid on the TEM grid could be minimized. 

Scanning electron microscopy (SEM) was used to observe IO NPs at the interface. The 

experiments were performed using Zeiss Supra 40 VP field-emission SEM was operated 

at an accelerating voltage of 5 kV. SEM samples were prepared using a “flash-freezing” 

technique, which was dropping oil/water emulsion of IO nanoclusters onto 200 mesh 

carbon-coated copper TEM grids cooled using liquid nitrogen. The sample was dried into 

Virtis Advantage Tray Lyophilizer (Virtis Company, Gardiner, NY) with 2 hours of 

primary drying at -40oC followed by a 12 hour ramp to 25oC and then 2 hours of 

secondary drying at 25oC. Thermogravimetric analysis (TGA) was used to determine the 

mass of adsorbed polymer on the iron nanoclusters. The experiments were performed 

using a Perkin–Elmer TGA 7 under nitrogen atmosphere at a gas flow rate of 20 mL/min. 

The powder samples were held at 100°C for 120 minutes to remove the remaining water 

and then heated at a constant rate of 20°C/min from 100°C to 800°C and held at 800°C 

for 30 minutes. Flame atomic absorption spectroscopy (FAAS) was used to determine the 
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iron concentration in the dispersion by using a GBC 908AA flame atomic absorption 

spectrometer (GBC Scientific Equipment Pty Ltd). All measurements were conducted at 

242.8 nm using an air-acetylene flame. Superconducting quantum interference device 

(SQUID) magnetometer (Quantum Design MPMS) was used to measure the normalized 

saturation magnetization of the particles at 300 K.  

The interfacial tension device analysis (software package CAM200 (KSV Ltd., 

Finland) with a pendant water droplet containing a known concentration of NPs in 

equilibrium with an excess oil phase, as described previously.64 The average was taken of 

at least 10 measurements that were acquired every 10 s. The pendant drop was 

illuminated with a monochromatic light source and the digital images were recorded. The 

coordinates of the profiles were then analyzed through a computer program imbedded in 

a software package CAM200 (KSV Ltd., Finland) according to the Laplace equation.64 

For the emulsions, the images were analyzed to determine the droplet size using NIH 

Image J. 
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Chapter 7:  Design and Synthesis of Sulfonated Copolymers for the 
Stabilization of Iron Oxide Nanoparticles  

7.1 INTRODUCTION 

Interest in nanotechnology for subsurface applications, including oil and gas 

recovery, reservoir imaging,1 CO2 sequestration2 and environmental remediation,3 has 

grown markedly over the last few years. Unfortunately, the high salinities (> 1 M) and 

often elevated temperatures (≤ 150 °C) found in subsurface reservoirs cause nanoparticle 

(NP) aggregation as well as excessive NP adsorption on mineral surfaces.3,4 At low 

salinities small ligands, such as citrate, may be utilized to provide electrostatic repulsion 

over a relatively wide pH range.5 At high ionic strength, extensive charge screening in 

very thin double layers weakens electrostatic repulsion between particles.6 While ionic3a,7 

and zwitterionic8 polymers have been shown to provide sufficient steric and electrosteric 

stabilization in aqueous NaCl up to 5 M7 at ambient temperature, colloidal stabilization is 

unknown at elevated temperatures (50 - 150 °C), especially when concentrated divalent 

ions are present. At such high salinities, steric stabilization, which may be provided by 

polymer chains that extend from the surface, is often required to prevent flocculation.6b,9 

When charged polyelectrolytes are present on the particle surfaces, the stability can be 

further augmented by combined electrostatic and steric repulsion, known as 

“electrosteric” stabilization.5d,3a,9b,10  

As a model metal oxide colloid, our efforts are focused on magnetic iron oxide 

(IO) NPs, which are of interest in numerous applications including biomedicine,11 protein 

separation,7a water purification12 and as contrast enhancement agents for imaging of 

subsurface oil reservoirs.5f,7c A wide array of polymers have been explored to stabilize IO 

dispersions at various salinities, including poly(ethylene glycol) (PEG),5d,13 
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polyacrylamide (poly(AM)),14 poly(acrylic acid) (poly(AA)),5d,15 poly(AA) 

copolymers13b,7a,16 and a variety of sulfonated copolymers.7 

In many cases, colloids coated with polymeric stabilizers flocculate under 

conditions (e.g., temperature, salinity, pH) similar to those that cause the pure polymer to 

phase separate in an aqueous medium.6b Flocculation and polymer phase separation each 

take place when the interactions between the polymer segments with the solvent are not 

strong enough relative to the segment-segment interactions. For polyelectrolytes, the 

solvation of the segments by the aqueous phase and the electrostatic repulsion between 

polymer segments are favored by dissociation of counterions.17 These interactions are less 

favorable at high salinities as the double layer thickness decreases. Furthermore, although 

monovalent ions such as Na+ and K+ do not bind strongly to anionic polyacrylate ions,18 

divalent ions such as Ca2+ bind specifically and may induce gelation, as shown by 

solution behavior,19 NMR studies20 and calorimetry.21 However, the binding constant for 

Ca2+ is weaker when the carboxylate groups are positioned further from the polymer 

backbone and even weaker for strongly acidic sulfonated polymers.18,20 For example, 

while poly(vinylsulfonic acid) (poly(VS)) with short side chains clouded in aqueous 

CaCl2 at 100 °C, poly(styrenesulfonic acid) (poly(SS)) and poly(2-acrylamido-2-

methylpropanesulfonate) (poly(AMPS)) remained soluble.18 Therefore, choice of the 

proper polymer composition by phase behavior studies at high salinity and temperature is 

expected to facilitate rapid screening of potential candidates for colloidal stabilization.22 

Only a small number of studies have considered NP dispersions at high 

monovalent salinities (> 0.15 M) with either strong or weak polyelectrolyte stabilizers. 

Notably, latex particles (~50 nm) grafted with polymethacrylic acid (PMAA) were 

stabilized over a wide range of pH, salinity and grafting density at salt concentrations up 

to 3.5 M NaCl.7b Furthermore, ~100 nm IO nanoclusters were stabilized in up to 5 M 
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NaCl with copolymers composed of acrylic acid, styrene sulfonic acid and vinyl sulfonic 

acid.7,22 Similarly, IO NPs synthesized in the presence of poly(styrene-alt-maleic acid) 

were stable in 8% NaCl (1.4 M NaCl).7c The addition of more strongly binding18,19,23 

divalent salts (> 0.1 M) such as Ca2+ adds an additional challenge to maintaining colloidal 

stability.3c However, such high Ca2+ levels are often encountered in natural sub-surface 

reservoirs of interest in oil recovery, and there is therefore a need for colloids that 

maintain stability under such conditions.24,25 Both IO13 and zero valent Fe10d NPs have 

been stabilized in up to 10% (or 0.9 M) CaCl2 using adsorbed carboxylated13 and/or 

sulfonated10d polyelectrolytes. Neither of those reports, however, provided explicit 

information on how long the particles were stable, and the former used relatively small 

NPs. 

A further obstacle to achieving colloidal stabilization in high divalent salinity in 

sub-surface is encountered with elevated temperatures, up to 100 oC. While both CdSe 

quantum dots13a and IO NPs13c have been stabilized at up to 90 °C, only monovalent salts 

were tolerated and stabilities were short-lived. Given that sulfonated polymers such as 

poly(AMPS) and poly(SS) have been shown to be soluble in relatively concentrated 

solutions of divalent salts at elevated temperature,18,20 we envisioned that such polymers 

with their highly acidic nature would be promising candidates to stabilize NP dispersions 

under similar conditions. 

The same anionic polymers that provide repulsion between NPs also have the 

potential to minimize adsorption on negatively charged bulk surfaces (e.g., silica or 

mineral surfaces). However, studies of transport of polymer-stabilized NPs in porous 

media,3 as well as NP adsorption isotherms3b,26 have not examined high salinities, 

particularly with divalent ions. Here, charge screening weakens electrostatic repulsion 

between the particles and the substrate, and furthermore, divalent cations may bridge 
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anionic NPs to negatively charged silica. Given these extreme and unusual conditions, it 

is very unclear as to whether low NP adsorption levels would be possible. 

Polymers that are good stabilizers in brine, such as PSS and PAMPS, interact 

weakly with multivalent cations including Fe, thus are expected to adsorb weakly on the 

surfaces of IO NPs. Therefore, to coat IO NP’s with sulfonated polymers, anchor groups 

that bind strongly to Fe (e.g., acrylic acid) must be incorporated into the polymer 

structure. However, an anchor group such as acrylic acid would interact strongly with the 

dissolved divalent ions, leading to flocculation. Thus, the proper ratio of anchor groups to 

stabilizing groups must be chosen to strike a balance between sufficient polymer 

adsorption on the NP surface and polymer solvation by the brine. Furthermore, the 

amount of polymer adsorbed5d,10d,7a on IO NPs must be minimized to avoid lowering the 

magnetic weight fraction.7b,27 Copolymers with sulfonate groups and carboxylate groups 

have been adsorbed on IO NPs during nucleation and growth of the NPs upon hydrolysis 

of various Fe precursors.7,26 However, the IO NP morphology and magnetic properties 

may change with polymer structure, and it would thus be highly beneficial to devise 

novel methods to examine a variety of polymer stabilizers with varying functionality and 

molecular weights on pre-synthesized iron oxide cores with fixed properties. 

Herein we report the development of random and block copolymer coatings on 

the surface of ~100 nm IO nanoclusters which provided colloidal stability in extremely 

concentrated brine composed of 8% wt. NaCl + 2% wt. CaCl2 (API brine; 1.4 M NaCl + 

0.2 M CaCl2) and at an elevated temperature of 90 °C. A combinatorial materials 

chemistry approach was employed, which enabled the investigation of a large number of 

polymers on pre-synthesized IO nanoclusters. Only copolymers that were first found to 

be soluble in API brine at 90 °C were considered as stabilizers, and the synthesis of the 

IO NPs was completely separated from the copolymer adsorption on the NP surface. 
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Well-defined citrate-coated IO NPs with a fixed hydrodynamic diameter (DH) of ~50 nm 

were developed, and a homologous series of poly(2-methyl-2-

acrylamidopropanesulfonate-co-acrylic acid) (poly(AMPS-co-AA)) copolymers were 

adsorbed to provide electrosteric stabilization. In addition, a sulfonated block copolymer, 

poly(styrenesulfonate-block-acrylic acid) (poly(SS-b-AA)), and a sulfonated alternating 

copolymer, poly(styrenesulfonate-alt-maleic acid) (poly(SS-alt-MA)) were also 

investigated as stabilizers. The adsorption of the aforementioned polymers on iron oxide 

was facilitated by bridging of the carboxylate anchor groups to the like-charged citrate 

ligands on the IO nanoclusters with Ca2+.28 The success in coating of the polymer 

stabilizers on iron oxide was assessed by (i) colloidal stability in concentrated brine 

solutions at room temperature and 90 °C, (ii) measurement of the hydrodynamic volume 

(DH) in API brine at ambient and elevated temperatures, (iii) zeta potential measurements 

over a range of salinities and (iv) quantification of the organic content by 

thermogravimetric analysis (TGA). Additionally, the adorption of the polymer-stabilized 

IO NPs on model SiO2 microspheres was investigated to assess their utility for transport 

through porous media.  

As an alternative to adsorption of the polymers on the IO NPs, for more 

permanent attachment, predesigned sulfonated copolymers with the desired composition 

and molecular weight were covalently attached to NP surface by the ‘grafting to’ 

technique.8,11b,29 The polymer-grafted particles formed stable dispersions in API brine at 

90 °C, and exhibited minimal adsorption on silica microparticles. The aforementioned 

copolymer, poly(AMPS-co-AA) (3:1), was designed to contain a high proportion of 

AMPS stabilizer groups to provide a low binding affinity for calcium ions as well as a 

proper fraction of AA anchor groups to enable multipoint covalent attachment.30 The 

copolymer was covalently grafted to amine-functionalized IO NPs, which prevented 
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desorption from the IO surface even after a 40,000-fold serial dilution. The 

hydrodynamic diameter of the pure polymer, as measured by DLS, underwent little 

contraction at high salinity and elevated temperatures, reflecting weak interactions with 

Ca2+. Consequently, favorable solvation of the extended poly(AMPS-co-AA) brushes on 

the IO surface enabled steric stabilization between NPs, and between NPs and the silica 

surfaces, resulting in extremely low NP adsorption ( 0.4% monolayer). 

7.2 SYNTHESIS AND PHASE BEHAVIOR OF SULFONATED COPOLYMERS  

A variety of copolymers with carboxylate and sulfonate groups were identified as 

candidates for stabilizing IO nanoclusters (Figure 7.1a). Acrylic acid (AA) or maleic acid 

(MA) units were used as anchor groups to provide a means of attaching the polymers to 

the IO surface. Styrenesulfonate (SS) or 2-acrylamido-2-methylpropanesulfonate 

(AMPS) components were incorporated in varying mole fractions to offset the strong 

cation binding capability of the carboxylate groups and provide colloidal stability while 

minimizing adsorption of the IO on mineral surfaces (e.g. SiO2). Specifically a series of 

poly(AMPS-co-AA) random copolymers ranging in molar monomer ratios from (1:8) 

through (3:1) were investigated. Additionally block and alternating copolymers 

containing styrenesulfonate, which has greater hydrophobicity, were studied to elucidate 

the effects of both the polymer backbone structure and the monomer structure. The 

random poly(AMPS-co-AA) copolymers with lower sulfonate content (AMPS:AA = 1:8, 

1:6, 1:4) were commercially available, as was the alternating copolymer poly(SS-alt-

MA). The poly(AMPS-co-AA) with higher sulfonate content, as well as the polymers 

containing SS were not available from commercial sources and were rationally designed 

and synthesized (Figure 7.1b-c).  
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Figure 7.1: (a) Structures of polymer components: carboxylated units poly(acrylic acid) 
(AA) and poly(maleic acid) (MA) enabled attachment to IO surfaces; 
sulfonated units poly(styrenesulfonate) (SS) or poly(2-acrylamido-2-
methylpropane sulfonate) (AMPS) provided electrosteric stabilization; 
poly(butylacrylate) was incorporated as a hydrophobic component. (b) 
Synthesis of poly(AMPS-co-AA) via aqueous radical polymerization. (c) 
Synthesis of poly(SS-b-AA) via ATRP followed by sulfonation. This 
method was also used to prepare poly((AA-co-BA)-b-SS). 

The poly(AMPS-co-AA) copolymers were synthesized by aqueous free radical 

polymerization using the redox pair initiator K2S2O8/NaS2O5,31 and their compositions 

were confirmed to match the monomer feed ratio by 1H NMR spectroscopy. The 

molecular weights (MW) of the synthesized poly(AMPS-co-AA) copolymers were 

estimated by correlating the hydrodynamic diameter (DH) to the degree of polymerization 
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(DOP) of anionic copolymers of known MWs at pH = 8 in 1 M NaCl (Figure 7.2 and  

Table 7.1). At this high salinity, the polymer conformation can be approximated as a 

random coil; this assessment was confirmed by the size exponent of 0.48 from the 

polymer scaling law fit.7,32 The block copolymer poly(SS-b-AA) was synthesized by atom 

transfer radical polymerization (ATRP) of t-butylacrylate and styrene followed by a one-

pot sulfonation/deprotection using acetyl sulfate to afford poly(SS-b-AA). The MW of 

block copolymer poly(SS-b-AA) was calculated to be 40 kDa from the value measured 

by gel permeation chromatography (GPC) of its precursor polymer poly(t-butylacrylate-

b-styrene) (in tetrahydrofuran versus polystyrene standards). 

The phase behavior of the polymers (2% wt.) was studied in API brine at 25 and 

90 °C (Table 7.1). With the exception of poly(AMPS-co-AA) (1:8) all investigated 

polymers were soluble under these conditions, which was consistent with previous phase 

behavior studies of related copolymers.22,33 The cloudy appearance for the poly(AMPS-

co-AA) (1:8) was attributed to the high acrylic acid content, as the carboxylate groups 

interact strongly with Ca2+.19 The strong Ca2+ binding of PAA via dehydration of the Ca2+ 

and COO- groups results in the formation of a hydrophobic PAA-Ca2+ complex, leading 

to precipitation of the Ca2+-bound polymer.21,20 In contrast, polyaspartate (PAsp) which 

contains a hydrophilic amide backbone does not collapse in the presence of Ca2+, due to 

both reduced Ca2+ binding and the more hydrophilic nature of the resulting Ca2+-PAsp 

complex. It is likely that the hydrophilic amide bond in the AMPS structure (Figure 7.1) 

plays a similar role to reduce Ca2+ binding and chain collapse. McCormick and co-

workers have demonstrated through viscosity and 23Na NMR spectroscopy that AMPS 

polymers exhibit low binding affinities for Ca2+ and as a result remained soluble in CaCl2 

up to 100 °C.18,20 The low affinity of AMPS for Ca2+ was attributed to the strong acidity 

of the AMPS group and the greater conformational freedom from the relatively long side 
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chains. Thus, in contrast with PAA, the stability of all other poly(AMPS-co-AA) 

copolymers with monomer ratios higher than 1:8 was primarily due to weak Ca2+ binding 

to the hydrophilic AMPS sulfonate group, which likely prevented dehydration of 

neighboring PAA groups. 

 

Figure 7.2: Volume-weighted hydrodynamic diameters (DH) of (i) 
poly(styrenesulfonate-co-maleic acid) (3:1) – 20 kDa, (ii) 
poly(styrenesulfonate-b-acrylic acid) (2.4 : 1) – (40 kDa), (iii) 
poly(styrenesulfonate) (70 kDa), (iv) poly(acrylamide-co-acrylic acid) (1:3) 
– 200 kDa and (v) poly(2-acrylamido-2-methyl propanesulfonic acid) – 2 
MDa, in 1 M NaCl at 25 °C correlated to their degree of polymerization 
(DOP) with a size exponent of 0.48. 
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Solubility in API brined Polymer 
Composition 

DH b 

(nm) DOPc MWc 
(kDa) 

Source 
25 °C 90 °C 

poly(AMPS-
co-AA) (1:8) a 

4.7 206 22 SNF Insoluble Insoluble 

poly(AMPS-
co-AA) (1:6) a 

6.5 406 46 Akzo Nobel Soluble Soluble 

poly(AMPS-
co-AA) (1:4) a 

4.6 197 24 SNF Soluble Soluble 

poly(AMPS-
co-AA) (1:1) a 

5.8 320 52 Synthesized Soluble Soluble 

poly(AMPS-
co-AA) (1:1) a 

11.4 1310 212 Synthesized Soluble Soluble 

poly(AMPS-
co-AA) (3:1) 

10 1000 200 Synthesized Soluble Soluble 

Poly(SS-b-AA) 
(2.4:1) a 

4.9 240e 40 e Synthesized Soluble Soluble 

Poly(SS-alt-
MA) (3:1) 

3.7 113f 20 f Sigma Soluble Soluble 

Table 7.1: List of sulfonated copolymers, their hydrodynamic diameters (DH), degrees 
of polymerization (DOP)/molecular weights (MW) and phase behavior in 
API brine (8 % wt. NaCl + 2 % wt. CaCl2) after 1 day at room temperature 
and 90 °C. a Composition determined by 1H NMR spectroscopy. b Vol. 
weighted hydrodynamic diameters collected in 1 M NaCl at 25 °C. c Degree 
of polymerization (DOP) and molecular weight (MW) estimated by fitting 
DH-DOP data to polymer scaling law as shown in Figure 7.2. d Phase 
behavior based on visual observation of 2% wt. IO. e MW and DOP 
determined by GPC. f MW and DOP obtained from the manufacturer. 

The random copolymer (poly(AMPS-co-AA) (3:1) was expected to provide 

optimum Ca2+ tolerance due to its high sulfonate content, and was therefore identified as 

a candidate for covalent grafting to IO NPs as a stabilizer (see Section 7.4 below). Prior 

to covalent grafting to IO NPs, the phase behavior of (poly(AMPS-co-AA) (3:1) was 

studied in detail. In a manner analogous to the aforementionted poly(AMPS-co-AA), the 

3:1 copolymer was synthesized by aqueous free radical polymerization, and its 
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composition was confirmed to match the monomer feed ratio by 1H NMR spectroscopy. 

The molecular weight (MW) of the synthesized poly(AMPS-co-AA) was estimated by 

correlating the hydrodynamic diameter (DH) to the degree of polymerization (DOP) of 

anionic copolymers of known MWs at pH = 8 in 1 M NaCl (Figure 7.2). The DH of 10 

nm for the poly(AMPS-co-AA) (3:1) translated to a DOP of approximately 1000 (750 

AMPS:250 AA groups) and a MW of approximately 200 kDa (Table 7.1). A 2 mg/mL 

solution of poly(AMPS-co-AA) remained visually clear after 24 h at 90 °C in API brine 

and DLS analysis revealed a DH of approximately 10 nm in API brine. Moreover, the 

poly(AMPS-co-AA) chains did not undergo significant aggregation or collapse, as 

evidenced by the minimal changes in DH observed upon increasing the temperature from 

25 to 90 °C. The observed maintenance of DH at high temperature was not only consistent 

with the persistence of sufficient negative charge, but also was in good agreement with 

previous studies in which PSS and PAMPS copolymers in salt free solutions were shown 

to maintain their scattering profile in DI water up to 55 °C.34 Additionally, 

macroscopically clear phases have been reported for poly(AMPS-co-acrylamide) 

copolymers in 3% CaCl2 up to 100 °C.18,22,33,35 Overall, the high acidity and hydrophilicity 

of the AMPS groups in poly(AMPS-co-AA) promoted hydration and reduced Ca2+-

affinity, providing excellent solvation even in the presence of PAA. The detailed 

characterization of poly(AMPS-co-AA) in highly concentrated API brine at 90 °C 

provided a basis for understanding its behavior as a stabilizer when grafted on NPs. 

7.3 CA2+-MEDIATED ADSORPTION OF SULFONATED COPOLYMERS ON IO 

The copolymers poly(AMPS-co-AA) (1:6) were first adsorbed directly on the 

citrate coated IO nanoclusters. The acrylate functionalities are well known to form 

moderately strong charge transfer complexes with the Fe cations on the iron oxide 
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surface that are not covered with citrate ligands.36 An excess of polymer (five-fold greater 

than IO concentration in % wt.) was used at pH = 7 to provide a sufficient driving force 

for polymer adsorption. Initially, we found that the adsorption levels of the copolymers 

on the iron oxide were quite low (~8% by weight by TGA). Thus, we introduced a 

method in which CaCl2 was added to enhance the adsorption on the NPs, as shown in 

Figure 7.3a. Our hypothesis was that the divalent Ca2+ ions would bridge the acrylate 

anions to the like-charged citrate ligands on the IO surfaces (Figure 7.3a). To tune the 

extent of polymer adsorption, the amount of CaCl2 added was varied while keeping the 

concentration of poly(AMPS-co-AA) (1:6) and IO clusters constant at 5% wt. and 1% 

wt., respectively (Figure 7.3b and Table 7.2). When the polymer was adsorbed in the 

absence of CaCl2 and in 1% wt. CaCl2, IO clusters were not stabilized in API brine 

(Figure 7.3b and Table 7.2), suggesting an insufficient amount of polymer on the surface. 

Thermogravimetric analysis (TGA) revealed that the organic content of IO clusters 

increased from 8% for citrate IO to only 13% with 1% CaCl2 (Figure 7.3c-i, Table 7.2). 

To strengthen the binding of the polymer to the surface, the CaCl2 concentration was 

increased to ≥2% wt. Quantitatively, the organic content reached 21% at 2% wt. CaCl2 

and to 32% at 10% wt. CaCl2. These polymer levels were found to be sufficient for 

stabilization of the IO nanoclusters in API brine at pH values ranging from 2 through 10. 

To our knowledge, polymer-stabilized metal oxide particles in this size range have not 

previously been reported at high Ca2+ levels or in API brine. A plot of the organic content 

observed by TGA against the molar ratio of Ca2+ to acrylic acid content of polymer 

(poly(AMPS-co-AA) (1:6)) is shown in Figure 7.3c for two types of IO nanoclusters with 

either high or low citrate coverage. Each curve was fit with a Langmuir isotherm. The 

saturation percentages of organic material for the high and low citrate particles were 

calculated from the isotherm fits and were found to be 42.3 and 33.5%, respectively. The 
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corresponding equilibrium constants, K, were calculated to be K = 1.3 and 0.7, suggesting 

that a greater degree of polymer adsorption occurred with the high citrate level particles. 

The amount of polymer adsorbed was observed to increase rapidly up to [Ca2+]/[COO-]poly 

= 1 and eventually reached a plateau at higher concentrations. With greater quantities of 

Ca2+, the amount of organic material adsorbed on the IO increased by up to a factor of 4. 

Furthermore, as shown in Figure 7.3b the aforementioned increase in added Ca2+ was 

necessary to overcome the repulsion between the polymer and IO to achieve sufficient 

polymer coating for stabilizing dispersions of the NPs in API brine. The adsorption 

increased markedly by bridging of Ca2+ ions to the carboxylate groups on the copolymer 

and citrate at high [Ca2+]/[COO-]poly ratios, as seen previously28c,37 This bridging becomes 

stronger as the citrate density increases on the IO surface, for a given [Ca2+]/[COO-]poly 

ratio as shown in Figure 7.3. Thus, the presence of concentrated Ca2+ was essential for 

producing sufficient polymer coating. 
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Figure 7.3: (a) Schematic of Ca2+-mediated coating of anionic poly(AMPS-co-AA) 
polymers on negatively-charged citrate iron oxide (IO) nanoclusters. (b) 
Effect of the varying CaCl2/poly(AMPS-co-AA) ratio during coating on the 
colloidal stability of IO clusters (0.2 % wt; pH = 8) in API brine after 1 day 
as evidenced by (c) Plot of % wt. organics measured by TGA versus the 
[Ca2+]/[COO-] molar ratio for two different citrate IO particles: (i) high 
citrate (8% wt. TGA) and (ii) low citrate IO clusters (5% wt.TGA), fit to 
Langmuir isotherms. 

The concept of adsorbing polymers using Ca2+ bridging was extended to a wide 

variety of poly(AMPS-co-AA) copolymers (Table 7.2) in addition to poly(AMPS-co-AA) 

(1:6). By varying the polymer and CaCl2 concentrations when poly(AMPS-co-AA) (1:1)-

212 kDa was used as a coating, adsorption of 16% - 22% wt. organic material was 
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observed, and led to stability in API brine. Eventually, when the organic content was 

reduced to 14%, the resulting dispersion was no longer stable. Under the same coating 

conditions (5, 1, and 5 % wt. polymer, iron oxide and CaCl2, respectively) but with a 

lower MW poly(AMPS-co-AA) (1:1)-52, the organic content reached 25%, and stable 

dispersions were again formed. When a polymer of intermediate composition was used, 

poly(AMPS-co-AA) (1:4), an organic content of 21% wt. was sufficient to provide 

colloidal stability in API brine. However, when no Ca2+ was added, the polymer loading 

was again low and the particles did not form a stable dispersion, as was observed for the 

poly(AMPS-co-AA) (1:6) coating. 

For a given coating condition (5% polymer, 1% IO, 5% CaCl2) the amount of 

adsorbed polymer was expected to depend on the monomer ratio [COO-]/[SO3
-] as well as 

the chain DH (or the degree of polymerization) (Table 7.1), which together govern the 

number of acrylic acid attachment groups per polymer chain. As seen in Table 7.2, both 

poly(AMPS-co-AA) (1:1) polymers displayed lower adsorption (22% and 25% wt. 

organics) in comparison to poly(AMPS-co-AA) (1:6) (29% wt.). The poly(AMPS-co-

AA) (1:4) exhibited even lower polymer adsorption (21% wt.) than the poly(AMPS-co-

AA) (1:1) copolymers despite its greater [COO-]/[SO3
-] ratio. However, with its small DH 

the number of available COO- groups per chain of poly(AMPS-co-AA) (1:4) was the 

lowest among all of the polymers investigated and therefore the polymer likely did not 

have enough attachment sites for favorable polymer adsorption. 
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Coating Conditions (% wt) 
Coating 

Polymer 
Iron 

Oxide 
CaCl2 

Stability 
in API at 

25 °C 

DH
b 

(nm) 
% 

Organicsc 

Citrate Before polymer coating No 52d 8 

5 1 0 No 90 12 

5 1 1 No 228 13 

5 1 2 Yes 148 21 

5 1 3 Yes 177 27 

5 1 5 Yes 154d 29 

poly(AMPS-
co-AA) (1:6) 

5 1 10 Yes 137 32 

5 1 0 No 73 - poly(AMPS-
co-AA) (1:4) 5 1 5 Yes 127e 21 

5 1 5 Yes 146d 22 

5 1 2 Yes - 19 

2 1 0.8 Yes - 16 

poly(AMPS-
co-AA) (1:1)-

212 

0.5 0.1 0.5 No 86 14 

poly(AMPS-
co-AA) (1:1)-

52 
5 1 5 Yes 98 e 25 

Table 7.2: Coating various poly(AMPS-co-AA) polymers on citrate-iron oxide (IO) 
nanoclusters, and their stability in API brine at 25 °C, hydrodynamic 
diameters (DH) at 25 °C, and organic content by TGA. a Polymer adsorption 
conducted at pH = 7 and 90 °C for 60 minutes. b Hydrodynamic diameters 
were measured by DLS at 25 °C in DI water. c The percentage of organic 
content was measured by TGA. d The DH was obtained from an average of 3 
or more experiments. e The DH was obtained from an average of 2 
experiments. 

To complement the experiments with AMPs containing copolymers, results are 

shown in Table 7.3 for a block copolymer poly(SS-b-AA) adsorbed onto low-citrate IO 

clusters. Adsorption of the copolymer in the absence of CaCl2 did not increase the surface 
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organic content and unsurprisingly did not result in stable dispersions. Similarly, when an 

insufficient amount of polymer (0.2% wt.) was added during the coating process with 

CaCl2 present, the resulting particles were unstable in API brine. However, higher 

poly(SS-b-AA) concentrations (0.5% and 2%) and the addition of 5% wt. CaCl2 led to 

colloidal stability in API brine with 15% organic content adsorbed on the surface. For a 

commercial alternating copolymer poly(styrenesulfonate-alt-maleic acid) (poly(SS-alt-

MA)) coating, the dispersions were always unstable in API brine, despite a reasonable 

organic content (24%). The observed instability with the poly(SS-alt-MA) coating was 

likely due to the phase behavior of maleic acid, which is more sensitive than acrylic acid 

to the presence of mono- and divalent cations as it is capable of chelation and thus 

displays a higher cation binding affinity.38 

The strength of the Ca2+-mediated adsorption was tested by dispersing IO clusters 

in concentrated NaCl brine, without any free Ca2+ ions in the solution. Remarkably, all of 

the IO dispersions were found to be stable in NaCl (8% wt.) and displayed DHs that were 

close to those measured in API brine. Thus the Na+ ions did not appear to break the Ca2+ 

bridges that held the polymer on the surface. As a further test to assess strength of 

polymer adsorption, a 2% wt. dispersion of poly(AMPS-co-AA) (1:6)-coated-IO was 

diluted to 0.01% wt. IO in 8% NaCl and equilibrated for a day in an attempt to drive 

polymer desorption. After separating IO clusters by ultracentrifugation and discarding the 

supernatant, IO nanoclusters were again subjected to the same equilibration (in 8% wt. 

NaCl) and separation (ultracentrifugation) procedure amounting to a 40,000-fold dilution. 

The resulting IO clusters were not only found to be stable in API brine, but retained most 

of the adsorbed polymer (80% of original organic content by TGA). In comparison, 57% 

of the polyacrylic acid attached directly to iron oxide NPs was lost after a similar 

desorption test7b without the use of Ca2+ bridging. The magnetic properties of the IO 
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clusters were preserved as evidenced by similar magnetization values (64 - 66 emu/g-

Fe3O4) before and after polymer coating. These magnetization values are comparable 

with those for similar polymer-coated IO NPs prepared by the co-precipitation route.7a  

 

Coating Conditions (% wt.)a 
Coating 

Polymer CaCl2 

Stability in 
API 

% 
Organicsb 

poly(SS-b-AA) 
(2.4:1)c 

2 0 No 9 

 2 5 Yes 15 

 0.2 5 No 10 

 0.2 10 No 11 

 0.5 5 Yes 15 

poly(SS-alt-
MA) (3:1) 

5 5 No 24 

 5 2 No --- 

Table 7.3: Coating for poly(SS-b-AA) (2.4:1) and poly(SS-alt-MA) (3:1) polymers on 
citrate-iron oxide (IO) nanoclusters, and their stability in API brine at room 
temperature and organic content. a Polymer adsorption conducted at pH = 9 
and 90 °C for 60 minutes. b The percentage of organic content was measured 
by thermogravimetric analysis. c The experiments with poly(SS-b-AA) 
(2.4:1) were performed using low citrate platform IO particles. 

7.4 COLAVENT GRAFTING OF SULFONATED COPOLYMERS TO IO NPS 

To covalently attach the synthesized poly(AMPS-co-AA) copolymers to the 

surfaces of the IOs, we turned to the ‘grafting-to’ approach,13f,29d,30b,39 which generally 

enables direct attachment of pre-formed copolymers with desired molecular weight and 

well-defined composition. This approach circumvents the limitations associated with 

‘grafting-from’ approaches,7b,29d,40 including the need for surface-grafted initiators, 

exogenous catalysts and, in many cases, inert atmospheres.8 Poly(AMPS-co-AA) (3:1) 
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was grafted to amine-functionalized IO NPs by condensing the carboxylate groups on the 

polymer with the IO surface amine groups, as catalyzed by 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (Figure 7.4a). The surface amine groups were 

installed by conjugation of pre-formed IO NPs with (3-aminopropyl)triethoxysilane 

(APTES) and confirmed by the following results: (i) a positive electrophoretic mobility 

of +1.9 × 10-8 m2/(V-sec) at pH = 6 (Table 7.4), (ii) the presence of 7% wt. organics by 

thermogravimetric analysis (Table 7.4) and (iii) FTIR spectroscopy, which revealed the 

expected peaks corresponding to Si-O (1070 and 1150 cm-1), N-H (1622, 1387, and 957 

cm-1) and C-H (2980 cm-1) moieties. Analysis by transmission electron microscopy 

(TEM) revealed that ~50 nm diameter nanoclusters (APTES IO) were composed of 

primary IO NPs with a mean diameter of 8 nm (Figure 7.4b). Powder XRD patterns of 

both APTES and poly(AMPS-co-AA) grafted IO NPs (Figure 7.4c) matched well with 

magnetite crystal phase (ICDD card No. 19-0629) with a crystallite size of 8 nm by 

Scherrer analysis that agrees with the mean primary particle diameter by TEM.41 A DH of 

55 nm was measured for the APTES IO (Figure 7.4d and Table 7.4), which was in good 

agreement with the cluster diameter observed by TEM and was consistent with the small 

size of the aminopropyl groups on the surface (< 1 nm).  
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Figure 7.4: (a) Schematic of poly(AMPS-co-AA) multi-point grafting to APTES IO 
NPs via amidation. (b) TEM images of APTES IO NPs (left) and 
poly(AMPS-co-AA) grafted IO NPs (right); (c) Powder XRD pattern of 
poly(AMPS-co-AA) grafted IO and APTES IO NPs; (d) Volume weighted 
DH distribution of APTES IO NPs in DI water, and poly(AMPS-co-AA) 
grafted IO NPs in DI water and API brine at pH = 8; (e) Photographs of 
dispersions of APTES IO in 1% NaCl and poly(AMPS-co-AA) grafted IO 
NPs in API brine. 
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Property APTES IO NPs poly(AMPS-co-AA) 
grafted IO NPs 

Hydrodynamic diameter 
DH [nm] 

55 ± 7a, b 165 ± 24a, c 

Electrophoretic mobility μ 
[10-8 m2/(V-sec)] 

+1.9 ± 0.3 a
 (pH = 6) - 2.8 ± 0.2 a (pH = 8) 

Magnetic Susceptibility of 
IO liquid dispersion at 700 

Hz (SI units) 

0.105 
(2.1% wt. IO) 

0.083 
(1.7% wt. IO) 

Magnetic Susceptibility/g-
Fe (SI units)d 

7.0 6.8 

Table 7.4: Summary of colloidal and magnetic properties of IO nanoclusters before and 
after poly(AMPS-co-AA) grafting. a Reported value is the average of five 
independent experiments. b DH of APTES IOs measured in DI water. c DH 
of poly(AMPS-co-AA) grafted IOs measured in API brine. d Susceptibility 
of ~2% wt. IO dispersion measured in DI water and converted to SI units 
(/g-Fe).  

The covalent grafting of the anionic poly(AMPS-co-AA) to the cationic amine 

surface at pH = 6 was expected to be favorable by the electrostatic attraction at low graft 

densities; however further grafting should be inhibited as the graft density increases the 

negative charge in the brush layer. The grafting procedure was therefore performed in the 

presence of NaCl to screen the charges. After grafting with anionic poly(AMPS-co-AA), 

the electrophoretic mobility was reversed to a negative value of -2.8 × 10-8 m2/(V-sec) at 

pH = 8 and the organic content increased to 15% wt, as measured by TGA (Table 7.4). 

After grafting, the volume-based magnetic susceptibility of the liquid dispersion changed 

slightly (from 7 to 6.8 /g-Fe; Table 7.4), and the saturation magnetization was also 

essentially unchanged at ~90 emu/g-Fe, indicating that the magnetic properties of IO NPs 

were not significantly affected by the grafting process. Additionally, the DH of the IO 

particles in DI water increased from 55 ± 7 to 258 ± 34 nm, as determined by DLS and 

TEM (Figure 7.4b,d). The increase was much larger than expected from the grafting of 

poly(AMPS-co-AA) with a DH of only 10 nm. Presumably, the grafting process led to 
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aggregation of clusters, and/or to a process such as Ostwald ripening, whereby primary 

particles diffuse from smaller to larger clusters to lower the interfacial energy. 

Furthermore, the size of clusters may have been influenced by short-ranged attraction 

versus long-ranged repulsion between primary particles, which is generally mediated by 

the polymer.42  

7.5 COLLOIDAL STABILITY OF COPOLYMER-STABILIZED IO NPS 

7.5.1 Colloidal stability of IO NPs with adsorbed copolymers 

To gain further insight into the structural properties and colloidal stability of the 

synthesized IO NPs, their DHs and zeta potentials were measured after coating under the 

standard condition (5% polymer, 1% IO and 5% CaCl2), and are presented in Table 7.5. 

In DI water, the DH of the clusters always increased significantly after polymer 

adsorption (Table 7.2 and Table 7.4). The observed increase in DH was greater than the 

polymer DH (Table 7.1) and thus indicated that aggregation of the IO clusters occurred 

during the coating process. For a given polymer composition of poly(AMPS-co-AA) 

(1:1), the size of the clusters increased with an increase in MW from 52 to 212 kDa 

significantly in DI water but only a small amount in API brine. The higher MW polymer 

may have increased the size by bridging flocculation. However, even for the lower MW 

1:6 and 1:4 polymers, significant increases in size were observed indicating other growth 

mechanisms were operative. For example, the particles underwent massive flocculation 

during polymer coating, and the aggregates may not have fully reverted to individual 

particles upon sonication. Furthermore, given that only van der Waals forces hold the 

clusters together weakly before polymer adsorption, the clusters are dynamic43 and the 

sizes may vary when the colloidal forces are perturbed by interactions with the polymer 

during the coating process. Once the polymer is adsorbed, it may help to bind the primary 
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particles together quench the cluster size and increase the cluster stability. The change in 

size may also reflect Ostwald ripening whereby primary particles migrated to a fraction 

of larger aggregates produced during the flocculation step upon polymer coating.44 

 

Hydrodynamic Diameter DH (nm) 

Coatinga 

DI water API brine 

Zeta Potential 
(mV) a 

Citrate 52 ± 12% Unstable - 31 ± 13% 

poly(AMPS-co-
AA) (1:6) 

154 ± 16% 139 ± 5% -37 ± 9% 

poly(AMPS-co-
AA) (1:4) 

127 ± 46% 169 ± 35% -36 ± 7% 

poly(AMPS-co-
AA) (1:1)-212kDa 

146 ± 17% 126 ± 19% - 42 ± 5% 

poly(AMPS-co-
AA) (1:1)-52kDa 

98 ± 17% 110 ± 18% - 25 ± 7% 

Table 7.5: Summary of the colloidal properties of citrate IO clusters coated with 
poly(AMPS-co-AA) in aqueous media at room temperature. All listed 
poly(AMPS-co-AA) were adsorbed on IO under standard conditions : 5% 
wt. CaCl2, 5% wt. polymer and 1% wt. IO at pH = 7, 90 °C for 60 minutes. a 
Zeta potential is reported at pH = 8 and 10 mM KCl.  
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Figure 7.5: TEM images (a-c) and hydrodynamic diameter (DH) distribution in DI water 
and API brine (d-f) of citrate IO, poly(AMPS-co-AA) (1:6)-coated and 
poly(AMPS-co-AA) (1:1)-212-coated IO. Average TEM size was 
determined by Image J software analysis for ~50 clusters by calculating 
circular diameters with equivalent surface area as the clusters. The vol. 
weighted TEM diameters were found to be 53 ± 10 nm, 75 ± 21 and 93 ± 22 
nm, for citrate IO, poly(AMPS-co-AA) (1-6) and poly(AMPS-co-AA) (1-1)-
212, respectively. 

Despite the significant increase in DH
 after polymer coating in DI water, the 

values were similar in DI water and API brine, essentially within experimental error 

(Table 7.5). Thus, the adsorbed polymers provided electrosteric stabilization against 

aggregation even at these extremely high salinity values. As expected due to differences 

in polymer size, the measured DH was significantly smaller for the poly(AMPS-co-AA) 
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(1:1) 52 kDa than for the corresponding 212 kDa polymer. According to TEM images the 

volume-weighted core diameters of initial citrate IOs increased after coating with 

poly(AMPS-co-AA) (1:6) and poly(AMPS-co-AA) (1:1)-212 (Figure 7.5a-c). The 

measured mean DHs therefore were subject to contributions both from changes in the core 

and from the thickness of the adsorbed polymer. The zeta potentials (measured in 10mM 

KCl at pH = 8) of all the polymer-coated IO clusters were between ζ = -36 and -42 mV, 

and were consistent with previously reported values for similar IO clusters22, with the 

exception of poly(AMPS-co-AA) (1:1)-52 which was slightly less negative (ζ = -25 mV; 

Table 7.5). 

The stability of the poly(AMPS-co-AA) coated IOs even in the presence of Ca2+ 

(API brine) is likely due to the solvation of the polymer chains in high CaCl2 solutions.18 

The classic concept of Napper6b is that stability of polymer-coated colloids, namely the 

critical flocculation temperature or salinity may be correlated with the phase behavior of 

the polymer. Therefore, the poly(AMPS-co-AA) copolymers, which were found to be 

soluble in API brine, were extended on the surface of the nanoclusters and provided steric 

stabilization when adsorbed at sufficient surface coverages. The low Ca2+ binding affinity 

of AMPS prevented intrapolymer collapse, and translated to an extended conformation of 

PAMPS copolymers on particles, which allowed for steric stabilization of the IOs in API 

brine. As discussed earlier, the strong acidity of the AMPS group, the greater 

conformational freedom from the relatively longer side chain18,20 and the hydrophillicity 

of AMPS (due to amide group)21 contributed to its high tolerance to precipitation in the 

presence of Ca2+ ions. 

Having demonstrated the stability of the IO NPs in API brine, efforts were 

directed towards testing the persistence of the same dispersions in extremely high NaCl 

and CaCl2 concentrations (up to 20% wt.). Both poly(AMPS-co-AA) (1:6) and 
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poly(AMPS-co-AA) (1:1)-212 IOs were investigated at two pH values (pH = 5 and 8). 

These pH values were chosen to study the effect of protonated (pH = 5) and deprotonated 

(pH = 8) acrylic acid groups. Remarkably, both samples were stable in 20% wt. NaCl 

(3.4 M) at both pH = 5 and 8 for at least 3 months. Even the relatively small fraction of 

PAMPS in poly(AMPS-co-AA) (1:6) was sufficient for long term stability in 20% wt. 

NaCl. When analogous studies were conducted with CaCl2, PAA homopolymer was also 

included as a coating to assess the need for the PAMPS component (Figure 7.6). The IO 

particles coated with PAA7c precipitated at both pH values and at all tested CaCl2 

concentrations, as expected, given the high binding affinity of PAA for Ca2+. However, 

when poly(AMPS-co-AA) (1:1) was used as the coating, the IO clusters were stable in 

20% wt. CaCl2 at both pH = 5 and 8 for at least 3 months due to the high proportion of 

Ca2+-tolerant AMPS. 
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Figure 7.6: Stability of IO coated with PAA, poly(AMPS-co-AA) (1:6) and 
poly(AMPS-co-AA) (1:1)-212 after 1 day in CaCl2 solutions of various 
concentrations (indicated) at the given pH values. Both PAA and 
poly(AMPS-co-AA) (1:1) coated IO clusters at pH = 5 (not shown) were 
similar to the above dispersions at pH = 8. 

Given that the sulfonated copolymers adsorbed onto IO NPs provided room 

temperature stability in API brine and more concentrated CaCl2 and NaCl brines, efforts 

shifted towards testing the dispersion stability in API brine at elevated temperatures. As 

shown in Figure 7.7a, all of the poly(AMPS-co-AA)-coated IO cluster dispersions were 

stable at room temperature in API brine, however only the poly(AMPS-co-AA) (1:1)-

coated IOs were stable at 90 °C. Both poly(AMPS-co-AA) (1:6)- and poly(AMPS-co-

AA) (1:4)-coated IOs precipitated in less than 30 min at 90 °C. The long term colloidal 

stability of poly(AMPS-co-AA) (1:1)-212-coated IO was tested in API brine at pH = 6 

and 8 (Figure 7.7b). Dispersions kept at pH = 8 remained stable for up to 18 days, while 

those at pH = 6 were, remarkably, stable for up to one month. To the best of our 

knowledge this long term stability is unprecedented for a NP dispersion in such 
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concentrated brine at elevated temperature. The DHs remained essentially unchanged at 

140-150 nm over the measured period of 19 days (Figure 7.7c). Similar stability studies 

at 90 °C with lower MW poly(AMPS-co-AA) (1:1)-52-coated IOs (not shown here) 

resulted in stability for 10 days at pH = 6, and 8 days at pH = 8, after which the 

dispersions flocculated. Again, during the period of stability, the DHs were maintained at 

~ 100 nm. As an additional indicator of this long term stability, the DHs of poly(AMPS-

co-AA)(1:1)-212- and poly(AMPS-co-AA)(1:1)-52-coated IOs were measured in API 

brine at 74 °C (max. limit of Zeta PALS instrument). No significant change in the 

diameter was observed over the entire monitored duration of 1.5 h (Figure 7.7d), further 

confirming the excellent stability provided by poly(AMPS-co-AA) (1:1).  
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Figure 7.7: (a) Colloidal dispersions of IO clusters in API brine at room temperature 
and at 90 °C; (b) Long term colloidal stability of poly(AMPS-co-AA) (1:1)-
212 coated IO at 90 °C in API brine at two pH values – pH = 6 and pH = 8; 
(c) Hydrodynamic diameters of of poly(AMPS-co-AA) (1:1)-212 coated IO 
at 90 °C in API brine at pH = 6; (d) Hydrodynamic diameters of 
poly(AMPS-co-AA) (1:1) 212-coated IO at 74 °C remained unchanged 
within experimental error. 

As discussed above, the association of polyacrylic acid to Ca2+ is an entropically 

driven process due to release of water of hydration.21 Therefore, it is not surprising that 
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with an increase in temperature the entropy driven association of acrylic acid to Ca2+ also 

increases,45 causing precipitation of particles coated with PAA-containing polymers. For 

coatings with higher AA content such as poly(AMPS-co-AA) (1:6) and poly(AMPS-co-

AA) (1:4) particle precipitation was more prevalent at higher temperatures due to 

intraparticle polymer collapse and interparticle Ca2+ bridging. The increased stability of 

the poly(AMPS-co-AA) (1:1) IOs relative to the poly(AMPS-co-AA) (1:6) IOs was 

largely due to the higher AMPS content. The high temperature solubility of AMPS in 

CaCl2 ensured greater chain solvation and extended polymer conformation to favor 

stabilization. Finally, steric stabilization in API brine at 90 °C was also observed with the 

poly(SS-b-AA)-coated IO nanoclusters, which was consistent with previous observations 

that PSS is soluble in Ca2+ solutions at high temperatures.18 

7.5.2 Colloidal stability of IO NPs with grafted copolymers 

The poly(AMPS-co-AA) (3:1) grafted IO NPs were found to form stable 

dispersions in API brine at room temperature, whereas before grafting the APTES IO 

aggregated in only 1% NaCl (Figure 7.2e). Notably, the dispersions appeared uniform, 

visually stable and did not settle, thus demonstrating the first example of stabilization of 

polyelectrolyte coated inorganic NPs at high divalent salinity. Moreover, the dispersions 

maintained their stability at elevated temperature (90 °C), a feat which has only rarely 

been reported for metal oxide particles.7a,14 The stability of the dispersions suggested that 

the polymer chains remained solvated in the brine and provided excellent steric 

stabilization. The exceptional stability was corroborated by measuring the DH in API 

brine at room temperature and at 90 °C over an extended period of time (Figure 7.8). 

Notably, a decrease in DH from 258 ± 34 nm in DI water to 165 ± 24 nm in API brine 

(Table 7.4) was observed, which may have been caused by an increased cluster density 
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due to weaker electrostatic repulsion between primary particles40b and/or reduced osmotic 

swelling.46 Regardless, the DH
 measured in API brine at 90 °C remained constant (DH = 

180-200 nm) over a period of 30 days, demonstrating that the clusters were exceptionally 

stable, and that only a negligible amount of aggregation occurred (Figure 7.8b). Together 

with the visual observations (Figure 7.8a), the high temperature DLS results confirmed 

that the grafted IO NPs exhibited remarkable colloidal stability in API brine at 90 °C for 

1 month. To the best of our knowledge, this result is the first demonstration of long-term 

stability of inorganic NPs at elevated temperature and high divalent salinity. 

Figure 7.8: Poly(AMPS-co-AA) grafted APTES IOs were stable in API brine at 90 °C 
for 31 days, as evidenced by (a) visual inspection and (b) constant 
hydrodynamic diameters DH in API brine. (c) After a 40,000-fold serial 
dilution in 1 M NaCl, poly(AMPS-co-AA) grafted APTES IO NPs remained 
stable at 0.2% wt. IO in API brine at 90 °C (left), whereas IO NPs with 
electrostatically attached poly(AMPS-co-AA) aggregated. 

The remarkable stability of the poly(AMPS-co-AA) grafted IO NPs may be 

explained by established concepts in colloid chemistry. According to Napper6b, the 
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colloidal stability of the poly(AMPS-co-AA) grafted IO NPs (Figure 7.8) at all salinities 

and temperatures may be anticipated given the limited collapse of the pure polymer. The 

total interaction potential between two polymer coated particles is a function of steric 

repulsion, electrostatic repulsion and van der Waals attraction. At high salinity (e.g., API 

brine), electrostatic interactions within the polyelectrolyte layer are screened by the ions 

and the brush may be considered as a neutral polymer.7b,40c The steric repulsion to the 

energy barrier comes from two distinct mechanisms: (i) osmotic repulsion between 

overlapping chains and (ii) entropy of elastic repulsion.7b,47 Given that the morphology of 

the pure poly(AMPS-co-AA) did not significantly change in API brine, as observed by 

DLS, it is likely that the grafted chains on the IO nanoclusters were only partially 

collapsed, which made them especially effective at providing steric stabilization. Such 

steric stabilization has previously been reported with polyelectrolytes in NaCl brines at 

room temperature,3a,7a,7b,48 however the resistance to divalent salts and high temperatures 

displayed by the poly(AMPS-co-AA) grafted IO NPs is unprecedented. 

7.6 ADSORPTION OF COPOLYMER-STABILIZED IO NPS ON SIO2 

7.6.1 SiO2 adsorption of IO NPs with adsorbed copolymers 

The effects of the polymer coating (see Figure 7.1 for structures), nanocluster 

concentration, and pH on the equilibrium adsorption of IO nanoclusters on colloidal silica 

microspheres are summarized in Table 7.9. The % IO adsorbed quantifies the amount of 

adsorption relative to the initial concentration of IO in solution. When less than 10% of 

the initial IO was adsorbed, the uncertainty increased significantly given the small change 

measured in the supernatant. The equilibrium IO concentration and the specific 

adsorption are thermodynamic properties at equilibrium. The percent monolayer coverage 
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(% ML) is the adsorption level of nanoclusters compared to an ideal, 2-D close-packed 

monolayer of spheres. 

The polymer coating on the nanoclusters provides steric repulsion between the 

nanoclusters and the silica as a barrier to adsorption, where more adsorbed polymer is 

expected to provide a larger barrier. Thermodynamically, this repulsion offsets the van 

der Waals and any specific attraction between the particles and the silica surface. The 

added steric repulsion with the polymer stabilizer is the key to minimizing adsorption of 

polymer-coated NPs at high salinity, despite the reduced double layer thickness.7b The 

polymer coatings were structurally varied in their constituent monomers, ratios of 

monomer units, and molecular weights, and each of these factors had an effect on the 

adsorption of the particles to silica. Overall, the poly(AMPS-co-AA) (1:1) 212 kDa 

polymer coating resulted in the highest silica adsorption with 2.58 mg-IO/m2-silica at 

0.085% w/v IO, representing a 1.3% ML (Table 7.9). Upon decreasing the IO 

concentration to 0.009% w/v IO, the lowest specific adsorption level was 0.16 mg-IO/m2-

silica displayed by the 77 kDa poly(AMPS-co-AA) (1:2)-coated clusters, which 

corresponded to 0.1% ML. A clear trend was not observed between the ratio of 

AMPS:AA at a fixed IO concentration (~0.01% w/v ). However, the adsorption dropped 

from ~0.7 mg/m2 for poly(AMPS-co-AA) (2:1)-coated nanoclusters to ~0.2 mg/m2 for 

poly(AMPS-co-AA) (1:2) coated nanoclusters as the quantity of organics increased from 

19% to 28%, respectively, which suggested to us that the amount of organic content on 

the particles was vital to minimizing adsorption. Furthermore, the specific adsorption at 

an IO concentration of approximately 0.2% w/v of the poly(AMPS-co-AA) (1:1) 52 kDa 

polymer which comprised 25% wt. of the IO was observed to be approximately 50% 

lower than that of the poly(AMPS-co-AA) (1:1) 212 kDa polymer which displayed a 

slightly lower polymer loading of 22% wt. The lower specific adsorption with the 52 kDa 
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polymer-coated nanoclusters also correlated with the smaller particle size (hydrodynamic 

diameter of 110nm vs. 142nm, respectively), which led to greater electrosteric repulsion 

relative to van der Waals attraction. However, the monolayer coverage of the two 

poly(AMPS-co-AA) (1:1)-coated particles was similar as the mass of particles 

constituting a monolayer is less for smaller diameter particles. 

The poly(SS-b-AA) (2.4:1) coated particles that had a higher sulfonate content 

and a block copolymer architecture, but only 15% organic content (Table 7.9), displayed 

low levels of adsorption similar to poly(AMPS-co-AA) (1:1) (52 kDa), poly(AMPS-co-

AA) (1:6) (46 kDa), and poly(AMPS-co-AA) (1:2) (77 kDa) at 0.01 % w/v IO in the 

initial solution. It is likely that in the block copolymer architecture, the sulfonate groups 

repelled the silica surface more effectively in high salinity, as they were separated from 

the more strongly adsorbing carboxylate groups. This structure places the stabilizing 

sulfonate groups towards the outer surface of the particles, which may reduce Ca2+ 

bridging of carboxylate groups, located near the iron oxide surface, to the silica surface. 

An increase in pH from pH = 8 to 10 resulted in nearly a 50% reduction in the adsorption 

of the 212 kDa poly(AMPS-co-AA) (1:1) coated particles by modifying the various ionic 

interactions between monomer groups, dissolved ions, and the silica surface. 

Relatively few studies have examined NP adsorption on colloidal silica or glass 

beads. Wang et al. studied adsorption of bare 95 nm C60 fullerene aggregates on 360 μm 

diameter glass beads or Ottawa sand.3b The NP concentrations tested (0.0009-0.0012% 

w/v C60) were two orders of magnitude lower than the highest NP concentration in this 

study (0.192 %w/v IO). The low adsorption of C60 in DI water (0.022-0.033 mg-C60/m2 or 

c.a. 0.03-0.04% ML) rapidly increased to 0.14-0.63 mg/m2 or 0.18-0.79%ML in 1 mM 

CaCl2 (ionic strength = 3 mM). In comparison, poly(AMPS-co-AA) (1:1)-212 coated IO 

nanoclusters displayed similar adsorption values 0.57-0.88 mg/m2 (0.3-0.5%ML) with 
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600-fold higher salinity (API brine = 1.8 M ionic strength) at a higher 0.005-0.007% w/v 

IO due to the electrosteric stabilization provided by poly(AMPS-co-AA). 

 

Coating 

Initial 
IO 

Conc. 
(% w/v) 

% IO 
adsorbed 

Equilibrium 
IO conc. 
(% w/v)a 

Specific 
Adsorption 

of IO 
(mg/m2-
silica) 

% 
Monolayer 
coverageb 

0.01 33% 0.007 0.57 0.3% 

0.05 15% 0.043 1.27 0.7% 

0.055 8%c 0.046c 0.71 c 0.4%c 

0.10 15% 0.085 2.58 1.3% 

poly(AMPS-co-
AA) (1:1), 212 

kDa 

0.20 7% 0.185 2.56 1.3% 

0.01 12% 0.009 0.20 0.1% 

0.09 5% 0.087 1.72 1.5% 
poly(AMPS-co-

AA) (1:1), 52 kDa 
0.20 4% 0.192 1.32 1.1% 

poly(AMPS-co-
AA) (1:6), 46 kDa 

0.05 5% 0.047 0.46 0.2% 

poly(AMPS-co-
AA) (1:2), 77 kDa 

0.01 10% 0.009 0.16 0.1% 

poly(AMPS-co-
AA) (2:1), 611 

kDa 
0.01 38% 0.006 0.66 0.3% 

poly(SS-b-AA) 
(2.4:1), 40 kDa 

0.01 20% 0.008 0.35 0.2% 

Table 7.9: Adsorption at pH = 8 of a series of polymer-coated IO nanoclusters on 
colloidal silica microspheres in API brine (8% NaCl + 2% CaCl2) before 
amine modification. a Observed experimental error in measured equilibruim 
IO conc. was ± 0.002 %w/v. b % monolayer coverage was calculated from 
specific adsorption (mg-IO/m2) value by assuming: (i) 100% monolayer 
coverage to be equal to 2-D surface packing fraction of 0.74 (closest 
packed) of IO NP-clusters with hydrodynamic diamters (DH) from Table 1 
and (ii) IO volume fraction in the NPs is 50%. c Experiment performed at 
pH = 10. 
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Studies of NP adsorption using 1-D column flow experiments are more common 

than batch experiments, but very few have used high salinity brines. The retention of 

polymer-coated zero-valent iron (ZVI) NPs in brine (≤ 100mM NaCl or ≤ 40mM CaCl2) 

on sandpacks was studied by Saleh et al.49 and He et al..50 Although a side-by-side 

comparison between column and batch adsorption data is complicated by additional 

particle removal mechanisms in a continuous flow configuration (e.g., hydrodynamic 

effects, pore-scale mechanisms), specific retention (mg/m2) from the column studies will 

be compared qualitatively to adsorption from our batch study. Saleh et al.48 studied ZVI 

particles coated with poly(methacrylic acid-b-methyl methacrylate-b-styrene sulfonate) 

copolymers on 300 μm silica sand at a low salinity of 100 mM NaCl and found specific 

retention of 0.029-0.035mg/m2 with an injected iron concentration of 0.3% w/v. He et 

al.49 studied ZVI particles coated with 90 kDa carboxymethyl cellulose (CMC) on 250-

420 μm quartz sand at 40 mM CaCl2 and found specific retention of 8.4 mg/m2 with an 

injected iron concentration of 0.02 %w/v, which was much higher than the adsorption 

values in this study for unmodified polymer-coated IO nanoclusters. The high retention 

may be attributed in part to collapse of CMC chains due to high Ca2+ affinity of 

carboxylate groups in CMC that may be bridged to the substrate by strongly binding Ca2+. 

The same properties that facilitated colloidal stability of the IO NPs in API brine 

and at elevated temperature also resulted in low SiO2 adsorption. The polymer chains 

likely exhibited an extended conformation from the IO surface due to high solubility of 

poly(AMPS-co-AA) in API brine. The extended chains, with a favorable Flory-Huggins 

parameter of < 0.5, provide electrosteric stabilization against IO nanocluster aggregation 

due to increased osmotic pressure when two polymer-coated IO nanoclusters approach 

each other. Similarly, the extended poly(AMPS-co-AA) chains also minimize adsorption 
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on silica, even at high salinity, given electrosteric repulsion with both osmotic and elastic 

contributions.7,47 

7.6.2 SiO2 adsorption of IO NPs with grafted copolymers 

The batch adsorption technique allowed for rapid, high throughput measurement 

of equilibrium NP adsorption behavior relative to the measurement of NP retention in 

flow experiment in porous media,3b where additional effects of filtration3a,48,51 and 

hydrodynamics may be present.3c,52 The IO adsorption on silica microspheres was visually 

observed (Figure 7.9a) and quantified by measuring the change in IO concentration 

before and after equilibration (Figure 7.9b and Table 7.6). Experiments were conducted 

in either DI water or API brine, and after overnight equilibration at pH = 8, the settled 

silica microspheres were white in 0.05-0.1% w/v IO and lightly brown colored in 1.0% 

w/v IO. When measured in DI water, the difference between the initial and final 

concentration, reported as % IO adsorbed, was small (≤ 2%). Based on the volume of the 

solution and the surface area of silica, the calculated specific adsorption values were 

smaller than the experimental uncertainty and hence only upper bounds are reported. At 

the highest IO concentration (1% w/v) in DI water, the specific adsorption was < 1.1 mg-

IO/m2 silica. In API brine, the % IO adsorbed was modestly higher than in DI water. The 

calculated specific adsorption in API brine at the highest IO concentration of (1% w/v) 

was 1.0 ±2.1 mg/m2 which corresponds to a very low NP monolayer coverage of 0.4%. In 

contrast, when the polymer was electrostatically adsorbed, 48% adsorption in API brine 

at 0.103% w/v IO equilibrium concentration was observed, which translated to a specific 

adsorption value of 16.6 mg/m2 or 8.6% monolayer coverage. 
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Figure 7.9: (a) Photographs of poly(AMPS-co-AA) grafted iron oxide (IO) nanoclusters 
in API brine (top) and DI water (bottom) displaying very low adsorption on 
silica at IO concentrations ranging from 0.05% to 1% w/v IO. Each sample 
vial contains 2 mL of IO dispersion at pH = 8 and 1 g of colloidal silica and 
was equilibrated for 16-20 h. IO adsorption isotherm data in API brine 
expressed (b) as fit to a Langmuir adsorption model in standard units and (c) 
inverse units. 
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Initial 
IO 

Conc. 
(% w/v) 

Medium % IO 
Adsorbedb 

Final 
Eq. IO 
Conc. 

(% w/v) 

b 

Specific 
adsorption 
(mg-IO/m2)b 

% Monolayer 

0.1 DI water 2 0.098 < 0.04 < 0.03 

0.2 DI water 2 0.197 < 0.11 < 0.05 

1.0 DI water 1 1.00 < 1.1 < 0.4 

0.05 API brine 7 0.047 0.16 ± 0.07 0.1 

0.1 API brine 5 0.095 0.24 ± 0.11 0.1 

0.2 API brine 4 0.192 0.4 ± 0.4 0.2 

1.0 API brine 2 0.975 1.0 ± 2.1 0.4 

0.2c API brine 48c 0.103c 16.6 ± 1.3c 8.6c 

Table 7.6: Adsorption of poly(AMPS-co-AA) IO nanoclusters on 8 μm colloidal silica 
microspheres in API brine and DI water at pH = 8 at varying IO 
concentrations. a The specific surface area of colloidal silica was measured 
to be ~0.58 m2/g. b Average of four independent experiments; uncertainty in 
specific adsorption based on error propagation analysis. c Control sample 
data at 0.2% w/v initial IO conc. is also shown as an example of IOs with 
high adsorption where insufficient polymer grafting leads to poor 
stabilization. Adsorption was conducted with 0.2 g of silica and 2 mL of IO 
NP dispersion. 

7.7 CONCLUSIONS 

In summary, a variety of sulfonated copolymers have been developed as 

stabilizers for superparamagnetic IO NPs to prevent aggregation under harsh salinity and 

temperature conditions and minimize adsorption on SiO2. The copolymers were attached 

to IO NPs via either Ca2+-mediated adsorption on citrate-coated IO, or covalent grafting 

to amine-coated IO. Remarkable colloidal stability of ~100 nm iron oxide clusters in API 

brine (8% wt. NaCl + 2% wt. CaCl2) at 90 °C for 1 month was achieved via Ca2+-

mediated adsorption of a sufficient level of (poly(AMPS-co-AA) copolymer on the IO 
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surface to provide electrosteric and steric stabilization. The stabilization was favored by 

the high content of AMPS, which has a low binding affinity for Ca2+ at high temperatures 

due to its strong acidity and hydrophilic nature. Steric and electrosteric stabilization were 

also present for dispersions at room temperature in even higher salinities (up to 20% wt. 

CaCl2 and 20% wt. NaCl), even with very thin double layers. Similarly, IO NPs with 

permanently grafted poly(AMPS-co-AA) 3:1 copolymers exhibited long-term (≤ 1 

month) stabilization at high salinities and elevated temperatures (up to 90 oC). 

Furthermore, the AA anchor groups enabled robust multipoint polymer attachment, 

which prevented polymer desorption even after a 40,000 fold dilution of the covalently 

grafted NPs. In addition to their notably high tolerance to salinity and temperature, all of 

the IO NPs studied exhibited extremely low adsorption on silica surfaces (< 2.2 mg/m2, < 

1.1% of a monolayer) even at the extreme API brine salinity. 

To the best of our knowledge this is the first example of colloidal stability and 

low mineral adsorption of superparamagnetic metal oxide NPs at such high ionic strength 

and elevated temperatures. We have, therefore, established guidelines on the amount of 

adsorbed polymer required to provide stabilization against the attractive van der Waal’s 

forces that affect large (~50-90 nm) IO cores as a function of copolymer structure and 

MW. In addition, we have demonstrated a methodology to achieve a high level of 

adsorption of carboxylate containing copolymers on anionic citrate coated metal oxide 

surfaces by Ca2+ bridging, or on amine-coated surfaces by covalent amidation chemistry. 

These methodologies provided an efficient combinatorial materials chemistry approach to 

facilitate the investigation of a large number of copolymers on a given type of IO 

nanoclusters with high magnetization, by separating the NP synthesis step from the 

coating step. We envision that this materials chemistry approach may be extended to a 

wide variety of NPs and polymer stabilizers relevant to a vast array of applications, 
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including transport through sub-surface porous media for enhanced oil recovery, 

environmental remediation, CO2 sequestration and electromagnetic imaging of 

hydrocarbon reservoirs. 

7.8 EXPERIMENTAL 

7.8.1 Materials and Methods 

The reagents iron(II) chloride tetrahydrate, iron (III) chloride hexahydrate, citric 

acid monohydrate, 30% ammonium hydroxide, poly(styrenesulfonate) - 70 kDa, 

poly(acrylamide)-co-(acrylic acid) (1:3) - 200 kDa, poly(2-acrylamido-2-methyl 

propanesulfonic acid) - 2 MDa, poly(acrylic acid sodium salt) (2 kDa) and 

poly(styrenesulfonic acid-alt-maleic acid) sodium salt-20 kDa were obtained from 

Sigma-Aldrich. Aquatreat 546 (poly(AMPS-co-AA) 1:6) was a gift from Akzo Nobel. 

Flosperse 9037 CS (poly(AMPS-co-AA) 1:4) and Flosperse 9024 CS (poly(AMPS-co-

AA) 1:8) were gifts from SNF. Calcium chloride dihydrate, sodium chloride, 

hydrochloric acid and sodium hydroxide were obtained from commercial sources and 

used as received. The monomers t-butyl acrylate (tBA) and styrene were purchased from 

commercial sources and filtered through a short plug of basic alumina to remove the 4-

methoxyphenol (MEHQ) stabilizer and were degassed by bubbling with dry nitrogen for 

15 min prior to use. N,N,N′,N′,N-pentamethyldiethylenetriamine, ethyl 2-

bromoisobutyrate, acrylic acid, potassium persulfate, and sodium metabisulfite were 

obtained from commercial sources and used as received. The monomer 2-amino-2-

methylpropanesulfonate (AMPS) was a gift from Lubrizol corporation and used as 

received. Deionized water from a Barnstead Nanopure system was used for experiments. 

Synthesis of poly(2-acrylamido-3-methylpropanesulfonate-co-acrylic acid) 

(poly(AMPS-co-AA)). Generally, a three-necked round bottom flask equipped with a 
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magnetic stir bar, a nitrogen inlet and a reflux condenser was charged with AMPS 

monomer, potassium persulfate and sodium metabisulfite under an atmosphere of 

nitrogen. The flask was sealed with rubber septa and deionized water that was previously 

degassed by bubbling with nitrogen for 30 min was added via a nitrogen-purged syringe 

or a cannula to the reaction flask, such that the concentration of AMPS monomer was 1.0 

M. With stirring, acrylic acid was added to the reaction flask via a nitrogen-purged 

syringe. The flask was placed in an oil bath and stirred at 80 °C for 16 h. The reaction 

mixture was then cooled to room temperature and the water was removed under reduced 

pressure. The resulting white solid was dried under reduced pressure until a constant 

mass was reached. Poly(AMPS-co-AA) (3:1): (1H NMR (400 MHz, D2O): δ 0.96 (m, br, 

10H, backbone CH2 of AMPS and AA, and CH3 of AMPS), 1.60 (br, 2H, backbone CH 

of AMPS and AA), 2.83 (br, s, 2H, CH2SO3Na of AMPS). 13C NMR (100 MHz, D2O): δ 

26.2 (CH3 of AMPS), 34.4 (CH2 of backbone), 42.0 (CH of backbone), 52.1 (CH2SO3Na 

of AMPS), 57.5 (CCH2(CH3)2NH of AMPS), 175.4 (CONH of AMPS), 178.4 (COOH of 

AA). IR (ATR): ν 2943.1, 1719.9, 1654.7, 1555.6, 1455.9, 1173.7, 1040.9, 884.4, 850.1. 

Synthesis of poly(t-butyl acrylate)-block-(styrene) poly(tBA-b-SS). Under an 

atmosphere of nitrogen an oven-dried 50 mL Schlenk flask with a magnetic stir bar was 

charged with 300 mg (2.1 mmol) of copper(I) bromide. The flask was sealed with a 

rubber septum secured with copper wire and was evacuated and back-filled with nitrogen 

three times before 5 mL (34.1 mmol) of tert-butyl acrylate was added via a gas-tight 

syringe that had been purged with nitrogen. After one freeze-pump-thaw cycle, 0.5 mL 

(2.4 mmol) of N,N,N′,N′,N-pentamethyldiethylenetriamine was added via a nitrogen-

purged gas-tight syringe. After a second freeze-pump-thaw cycle, 0.1 mL (0.68 mmol) of 

ethyl-2-bromoisobutyrate was added via a gas-tight syringe that had been purged with 

nitrogen. After two more freeze-pump-thaw cycles, the reaction mixture was allowed to 
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return to ambient temperature, and the reaction flask was backfilled with nitrogen and 

placed in an oil bath at 50 °C. The reaction mixture was allowed to stir for 3 h at the same 

temperature, after which an aliquot was removed from the reaction and analyzed by GPC 

(Mn = 5,500, Mw/Mn = 1.15) prior to addition of 7.4 mL (64.5 mmol) of styrene. The 

reaction mixture was allowed to stir for a further 18 h at 50 °C, then was cooled to room 

temperature. The mixture was then taken up into THF and passed through a plug of 

neutral alumina to remove the metal/ligand catalyst system. The resulting polymer 

solution was concentrated and purified by precipitation into a mixture of methanol and 

water (1/1, v/v). 1H NMR (400 MHz, D2O): δ 1.42-1.50 (m, br, 13H), 1.83 (br, 2H), 2.21 

(br, s, 1H), 6.44-6.57 (br, d, 3H), 6.98-7.08 (br, d, 5H). GPC: Mn = 17,055 Da, Mw/Mn = 

1.29. 

Synthesis of poly(sytrenesulfonate-block-acrylic acid) poly(SS-b-AA) (2.4 : 1). 

A 1 L round bottom flask was charged with poly(tBA-b-SS) (prepared in the previous 

step) dissolved in 300 mL of chloroform. In a separate flask with a stir bar, a solution of 

66 mL of acetic anhydride in 100 mL of chloroform was cooled to 0 °C. Concentrated 

sulfuric acid (37 mL) was added dropwise and the mixture was stirred at 0 °C for an 

additional 10 min before it was added to the flask containing the polymer solution. The 

reaction mixture was heated to 60 °C and stirred for 16 h, then was cooled to room 

temperature and slowly poured into methanol. The solution was neutralized by slow 

addition of 3.0 M NaOH, and the organic solvents were removed under reduced pressure. 

The resulting aqueous solution was loaded into dialysis tubing and dialyzed against DI 

H2O for 3 days. After dialysis the desired polymer was isolated as an orange glassy solid 

by concentration and drying under reduced pressure (11.0 g, 46% yield over 2 steps). 1H 

NMR (400 MHz, D2O): δ 1.2-2.2 (m, br, 10H), 3.65 (br, 1H), 6.69 (br, s, 4H), 7.59 (br, s, 
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4H). IR (ATR): ν 3390.9, 2945.9, 1715.5, 1568.6, 1455.0, 1410.9 1221.1, 1132.5, 1049.5, 

1006.2, 946.2, 775.4. 

Synthesis of citrate-coated IO NPs. Citrate-coated iron oxide nanoclusters were 

prepared by coprecipitation of Fe(II) and Fe(III) chlorides in an alkaline solution.53 

Synthesis of Amine-functionalized IO NPs. IO NPs were prepared by the 

coprecipitation of Fe(II) and Fe(III) chlorides in an alkaline solution.53,54 Briefly, a 

mixture of 2.15 g FeCl2•4H2O and 5.87 g FeCl3•6H2O (1:2 mole ratio), and 0.125 g of 

citric acid were dissolved in 100 mL of DI water. The solution was heated to 90 °C with 

magnetic stirring followed by injection of 25 mL of 30 % wt. aqueous NH4OH solution to 

nucleate the IO NPs. The NP growth was continued for 2 h at 90 °C. The mixture was 

then cooled to room temperature and centrifuged to recover 2.5 g of IO NPs that were 

dispersed in 50 mL of DI water with a Branson probe sonication microtip. Hydrolysis and 

condensation of APTES was conducted by mixing 12.5 mL of APTES in 125 g of a 5% 

wt. acetic acid solution. After 1 h of acid hydrolysis, which has been shown to form 

dimers and higher oligomers of APTES,55 the pH was adjusted to pH = 8 using 1 N 

NaOH solution. The reaction mixture was further diluted with DI water followed by the 

addition of 50 mL of IO NP solution (2.5 g of IO) to reach a total volume of 500 mL and 

a final IO concentration of 0.5% w/v. The mixture was placed in a water bath at 65 °C 

and magnetically stirred for 24 h. The mixture was removed from the water bath and 

cooled to room temperature, then the NPs were separated with a strong magnet, the 

supernatant was discarded and the NPs were washed twice with 200 mL of DI water. 

Finally, the washed NPs were dispersed in 50 mL of DI water, the pH was adjusted to pH 

= 6 with 1 N HCl, and the NPs were probe sonicated for 30 mins then centrifuged at 4000 

rpm for 10 min to remove large clusters. The amine-functionalized IOs (APTES IO) in 



 197 

the supernatant were retained for grafting poly(AMPS-co-AA) polymer. The typical yield 

at the end of APTES functionalization was 60-70% IO. 

Phase behavior of sulfonated copolymers. Solutions of the various copolymers 

(2% wt.) in API brine (8% wt. NaCl + 2% wt. CaCl2) at pH = 8 were sealed in glass vials 

with Teflon tape and set in an oven at 90 °C. The solutions were observed visually for 

phase separation in terms of turbidity after a day. 

Polymer coating of citrate-IO nanoclusters. Polymer coating on citrate-IO 

clusters was performed by preparation of polymer solution at pH = 7, followed by 

addition of 20% wt. CaCl2 solution, dilution with DI water and then addition of the IO 

cluster stock solution. With the exception of a few specified cases, the citrate-coated IO 

nanoclusters with the higher citrate level were used. Most commonly, the final 

concentrations after mixing were 1% wt. IO, 5% wt. polymer and 5% wt. CaCl2, although 

these concentrations were varied, as reported in the results section. Upon mixing the 

solutions, flocculated particles were formed and remained suspended while stirring. After 

adjusting the pH to 7, the mixture was transferred to a water bath and kept at 90 °C for 1 

h. After cooling to room temperature, the coated NPs were separated by centrifugation, 

washed twice with DI water to remove excess polymer and CaCl2, and redispersed in DI 

water by probe sonication to reach a final IO concentration of ~2% wt. The IO yield after 

coating ranged from 70-90%. 

Grafting of poly(AMPS-co-AA) to APTES IO. Poly(AMPS-co-AA) was 

dissolved in 1 N NaOH to pH = 6, followed by addition of 20% wt. NaCl solution, DI 

water and APTES IO stock solution under vigorous magnetic stirring to reach a final 

concentration of 1% IO, 5% polymer and 3% NaCl. The pH was again adjusted to pH = 

6, and after 5-10 minutes EDC (equimolar to PAA) was added to facilitate amide bond 

formation. The reaction was continued overnight at room temperature under constant 
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stirring. The polymer-coated iron oxide NPs were separated by centrifugation and washed 

with DI water twice to remove excess polymer and NaCl. The NPs were finally dispersed 

in DI water at ~2% w/v IO. The typical IO yield after this procedure was 70-90% IO. 

Electrostatically attached poly(AMPS-co-AA) IO NPs were prepared for the polymer 

desorption test by a similar procedure, except that EDC was not added. 

Colloidal stability of polymer-coated IO nanoclusters. The colloidal stability 

was tested by mixing stock solutions of NaCl (20% wt.), CaCl2 (20% wt.), DI water and 

polymer-coated IO clusters to achieve a 0.2% wt. IO dispersion in API brine (8% wt. 

NaCl + 2% wt. CaCl2) or desired NaCl or CaCl2 concentration. The colloidal stability 

was assessed by visual observation and DLS measurements at room temperature and 90 

°C. For long term stability tests in API brine at 90 °C, the solutions were sealed in glass 

pipettes with a butane torch. Pipettes were photographed and sacrificed periodically to 

measure the DH.  

Adsorption of Polymer-Coated IO NPs on Silica. In a glass vial, 2 mL of 

aqueous dispersion of IO NPs was added to 1 g of silica. The initial concentration of IO 

ranged from 0.05% to 1% w/v. The glass vials were sealed and shaken overnight on a 

LW Scientific Model 2100A Lab Rotator at 200 rpm at room temperature, after which the 

mixture was left undisturbed to allow the silica adsorbent to gravimetrically sediment. 

The concentration of the IO NPs in the supernatant was determined by measuring the 

UV-vis absorbance at 575 nm after dilution of the samples, where necessary, such that 

the absorbance was below 2. The specific adsorption and monolayer coverage of IO 

nanoclusters to silica microspheres was calculated based on the difference in the 

supernatant concentrations and volumes before and after adsorption.  

Polymer Desorption Test. The poly(AMPS-co-AA) grafted IO NPs were diluted 

200-fold to 0.01% w/v IO in 1 M NaCl solution and left undisturbed to equilibrate for 24 
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hours to allow desorption of non-covalently attached polymer. The NPs were centrifuged 

at 15,000 g and dispersed in DI water after discarding the supernatant. The dilution and 

equilibration steps were repeated, which amounted to a 40,000-fold dilution of the initial 

IO solution, followed by NP separation by centrifugation and redispersion of the IO NPs 

in DI water by probe sonication. The final IO sample was tested for stability in API brine 

(8% wt. NaCl + 2% wt. CaCl2) at 90 °C. As a control, a sample with electrostatically 

attached poly(AMPS-co-AA) on IO NPs (prepared without EDC) was subjected to an 

analogous dilution test followed by assessment of colloidal stability in API brine at 90 

°C. 

7.8.2 Characterization 

Nucelar magnetic resonance spectroscopy (NMR). 1H NMR spectra were 

recorded using a Varian 400 MHz spectrometer. Chemical shifts δ (in ppm) are 

referenced to tetramethylsilane using the residual solvent as an internal standard: CDCl3, 

7.24 ppm; D2O, 4.79 ppm. 

Infrared Spectroscopy (IR). IR spectra were recorded on a Thermo Scientific 

Nicolet iS5 spectrometer with an iD3 attenuated total reflectance (ATR) attachment (Ge 

crystal). 

Gel permeation chromatography (GPC). GPC analysis was performed on a 

Viscotek system equipped with a VE 1122 pump, a VE 7510 degasser, two fluorinated 

polystyrene columns (IMBHW-3078 and I-MBLMW-3078) thermostated to 30 °C (using 

a ELDEX CH 150 column heater) and arranged in series, using refractive index (RI) 

detection. Molecular weight and polydispersity data are reported relative to polystyrene 

standards in tetrahydrofuran (THF). 
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Dynamic light scattering (DLS). DHs were measured with Brookhaven ZetaPALS 

instrument with the BI-MAS option. Scattered light was collected with a 90° Avalanche 

photodiode detector and all data were fit with the CONTIN routine. Diameters of 

polymer solutions were measured at a conc. of ~2 mg/mL in 1 M NaCl, whereas IO 

cluster diameters were measured in DI water and API brine. High temperature DHs were 

measured at 74 °C, which is the maximum limit of the instrument. All measurements 

were made over a period of 3 min and in triplicate. 

Zeta potential. Electrophoretic mobility was measured with Brookhaven’s 

ZetaPALS instrument at 15° scattering angle and 25 °C. Measurements were conducted 

in 10 mM KCl (Debye length λD
-1 = 3 nm) and zeta potential was determined with 

Smoluchowski model (ζa >>1). For higher salinity measurements cycles were set at 20 

Hz and voltage at 3 V to minimize polarization effects. 

Transmission electron microscopy (TEM). The experiments were performed on a 

FEI TECNAI G2 F20 X-TWIN TEM. A dilute aqueous dispersion of the IO nanoclusters 

was deposited onto a 200 mesh carbon-coated copper TEM grid for imaging. The cluster 

diameters were obtained by ImageJ analysis. Cluster diameters were defined as 

equivalent circles of the same surface area as the clusters on the two dimensional TEM 

image. The size distribution was converted to volume-average diameters for comparison 

with volume-average DLS DHs. 

Thermogravimetric analysis (TGA). The organic content of citrate IO clusters and 

polymer-coated IO clusters were determined using a Mettler-Toledo TGA/SDTA851e 

instrument under an atmosphere of nitrogen at 5 °C/min from 25 to 800 °C. Washing 

steps ensured that excess ligands and polymers were removed from the sample prior to 

TGA analysis. The percentage mass loss was reported as the organic content in the 

particles. 
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Flame atomic absorption spectroscopy (FAAS). The concentration of Fe in the 

dispersion was determined on a GBC 908AA flame atomic absorption spectrometer 

(GBC Scientific Equipment Pty Ltd). All measurements were conducted at 242.8 nm 

using an air-acetylene flame. 
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Appendices 

APPENDIX A: X-RAY CRYSTALLOGRAPHY FOR CHAPTER 2 

A.1 X-ray Crystallography Experimental Details for 1o.  

Crystals of 1o were grown as colorless laths by slow evaporation from benzene. 

The data crystal was cut from a larger crystal and had approximate dimensions: 0.58 × 

0.12 × 0.04 mm. The data were collected on a Rigaku SCX-Mini diffractometer with a 

Mercury CCD using a graphite monochromator with MoKα radiation (λ = 0.71073Å). A 

total of 1080 frames of data were collected using ω-scans with a scan range of 0.5° and a 

counting time of 23 seconds per frame. The data were collected at 223 K using a Rigaku 

Tech50 low temperature device. Details of crystal data, data collection and structure 

refinement are listed in Table A1. Data reduction was performed using the Rigaku 

Americas Corporation’s Crystal Clear version 1.40. The structure was solved by direct 

methods using SIR97[1] and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.[2] The hydrogen atoms 

on carbon were calculated in ideal positions with isotropic displacement parameters set to 

1.2 × Ueq of the attached atom (1.5 × Ueq for methyl hydrogen atoms). The function, 

Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0771 × P)2 + (0.2977 × P)] 

and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.137, with R(F) equal to 0.0489 and a 

goodness of fit, S, = 1.05. Definitions used for calculating R(F), Rw(F2) and the goodness 

of fit, S, are given below in Table A1. The data were checked for secondary extinction 

effects but no correction was necessary. Neutral atom scattering factors and values used 

to calculate the linear absorption coefficient are from the International Tables for X-ray 

Crystallography.[3} 
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A.2 X-ray Crystallography Experimental Details for 1c.  

Crystals of 1c were grown as colorless plates by slow evaporation from pentane in 

the dark. The data crystal had approximate dimensions: 0.22 × 0.18 × 0.14 mm. The data 

were collected on a Nonius Kappa CCD diffractometer using a graphite monochromator 

with MoKα radiation (λ = 0.71073Å). A total of 433 frames of data were collected using 

ω-scans with a scan range of 0.8° and a counting time of 116 seconds per frame. The data 

were collected at 153 K using an Oxford Cryostream low temperature device. Details of 

crystal data, data collection and structure refinement are listed in Table A1. Data 

reduction were performed using DENZO-SMN.[4] The structure was solved by direct 

methods using SIR97[1] and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.[2] The hydrogen atoms 

were calculated in ideal positions with isotropic displacement parameters set to 1.2 × Ueq 

of the attached atom (1.5 × Ueq for methyl hydrogen atoms). 

The methyl groups on the cyclohexadiene portion of the molecule were 

disordered. The disorder affected the methyl groups, C14 and C15, and the associated 

ring atoms, C6 and C7 (Figure A1). The disorder was modeled by assigning the variable 

x to the site occupancy factors for one component composed of atoms, C6, C7, C14 and 

C15. The variable (1 - x) was assigned to the site occupancy factors of the alternate 

component composed of atoms, C6a, C7a, C14a and C15a. A common isotropic 

displacement parameter was refined for the rings atoms, C6, C7, C6a and C7a while 

refining x. A second isotropic displacement parameter was refined for the methyl carbon 

atoms, C14, C15, C14a and C15a while simultaneously refining the variable x. The 

geometry of the two orientations was restrained to be equivalent while refining the site 

occupancy factor, x. In this way, the site occupancy for the major component consisting 

of C6, C7, C14 and C15 refined to 55(2)%. These atoms were refined anistropically with 
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their displacement parameters restrained to be approximately isotropic in the final 

refinement model. The geometric restraints on the carbon atoms were removed in the 

final refinement cycles. 

The two different orientations represent different enantiomers. The molecule 

containing C6, C7, C14 and C15 has the S,S configuration at C6 and C7, respectively 

(Figure A1). The molecule containing C6a, C7a, C14a and C15a has the R,R 

configuration at C6a and C7a, respectively. The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.021 × P)2 + (4.1805 × P)] and P = (|Fo|2 + 

2|Fc|2)/3. Rw(F2) refined to 0.185, with R(F) equal to 0.0943 and a goodness of fit, S, = 

1.12. Definitions used for calculating R(F),Rw(F2) and the goodness of fit, S, are given 

below. The data were checked for secondary extinction but no correction was needed. 

Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).[3] All 

figures were generated using SHELXTL/PC.[5] 

 

 

 

 

 

 

Figure A1: POV-ray representations of urea 1c showing the two superimposed 
enantiomers, with ellipsoids at 50% probability. Hydrogen atoms have been 
omitted for clarity. 
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 1o 1c 
CCDC number 821251 821252 

Empirical formula C17 H20 N2 O S2 C17 H20 N2 O S2 
Formula weight 332.47 332.47 
Crystal system Triclinic monoclinic 
Space group P-1 P21/c 

Crystal size (mm) 0.58 × 0.12 × 0.04 0.22 × 0.18 × 0.14 
a (Å) 7.529(2) 14.097(3) 
b (Å) 8.949(2) 9.195(2) 
c (Å) 13.633(3) 14.255(3) 
α (deg) 97.796(5) 90.00 
β (deg) 101.116(5) 119.229(2) 
γ (deg) 107.984(5) 90.00 

Volume (Ǻ3) 838.3(3) 1612.5(6) 
Z 2 4 

ρ (calculated), (Mg/m3) 1.317 1.370 
μ (mm-1) 0.321 0.333 
F(000) 352 704 

θ range (deg) 3.11 to 27.48 1.66 to 24.99 
Reflections collected 8945 4753 

Independent reflections 3768 2803 
Completeness to θ = 27.48° (%) 97.8 98.9 

Data / restraints / parameters 3768 / 0 / 205 2803 / 48 /  243 

Goodness-of-fit on F2 1.050 1.198 
R1

a (all data) 0.0489 (0.0586) 0.0955 (0.1681) 
wR2 (all data) 0.1272 (0.1369) 0.1644 (0.2116) 

Largest diff. peak, hole (e Å-3) 0.367, -0.507 0.264, -0.253 

Table A1: Crystal Data, Data Collection, and Refinement Parameters for 1o and 1c. a 

Rw(F2) =  {Σw(|Fo|2 - |Fc|2)2/Σw(|Fo|)4}1/2 where w is the weight given each 
reflection. R(F) = Σ(|Fo| - |Fc|)/Σ|Fo|} for reflections with Fo > 4(σ(Fo)). S =  
[Σw(|Fo|2 - |Fc|2)2/(n - p)]1/2, where n is the number of reflections and p is the 
number of refined parameters. 
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APPENDIX B: SECOND ORDER KINETIC ANALYSES FOR CHAPTER 3 

The condensation reactions between allyl alcohol and vinyl acetate or between 

ethyl acetate and aminoethanol catalyzed by NHC precatalyst 1 may be represented as: 

PBA ⎯→⎯+  

Assuming no side reactions, the two reactants will always be present in equimolar 

quantities. As such, the above equation may be simplified to: 

PA ⎯→⎯2  

The above equation may be expressed as the following rate law: 
2][][ Ak

dt
Pd

=  

The integrated form of the above equation is as follows: 

0][
1

][
1

A
kt

A
+=  

Rearranging the integrated rate law and substituting the initial concentration of 

0.1 M for [A]0 gives: 

kt
A

=−10
][

1
 

Thus, plotting (1/[A]-10) (M) vs. t (s) should give a linear plot where k is equal to 

the slope of the line, as shown below in Figures A2 – A4 for selected examples. Each 

reported rate constant (kvis, kUV, k) was obtained from the average of at least three separate 

experiments. 
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Figure A2: Plot of (1/[allyl alcohol])-10 (M) vs. time (s) for the NHC catalyzed reaction 
between allyl alcohol and vinyl acetate. Two reactions were run 
concurrently with one exposed to UV light (λirr = 313 nm) for 1 h prior to 
substrate addition (♦) and one kept under ambient light (■).  
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Figure A3: Plot of (1/[ethyl acetate])-10 (M) vs. time (s) for the NHC catalyzed reaction 
between 2-aminoethanol and ethyl acetate. Two reactions were run 
concurrently with one exposed to UV light (λirr = 313 nm) for 1 h prior to 
substrate addition (♦) and one kept under ambient light (■). 
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Figure A4: Plot of (1/[ethyl acetate])-10 (M) vs. time (s) for the NHC catalyzed reaction 
between 2-aminoethanol and ethyl acetate. A single reaction was allowed to 
react under ambient light for 3 h (■), then irradiated with UV light (λirr = 
313 nm) for 1 h and kept in the dark for a further 3 h (♦) prior to exposure to 
visible light (■) (λirr > 500 nm).  
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APPENDIX C: 1H AND 13C NMR FOR PHOTOCHEMICAL REACTIONS IN CHAPTER 3 

Figure A5: 1H NMR spectrum of the mixture of 1o•HPF6 and 1c•HPF6 obtained after 
the irradiation of 1o•HPF6 ([1o•HPF6]0 = 1 × 10-3 M) for 45 min (λirr = 313 
nm) (CD3CN). 
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Figure A6: 13C NMR spectrum of 1o* (C6D6). 
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Figure A7: Quantitative 13C NMR spectrum of the adduct obtained after the addition of 
2-aminoethanol (0.4 mmol) and ethyl acetate (0.4 mmol) to 1o* ([1o*]0 = 
0.01 mmol) with p-xylene (0.08 mmol) added as an internal standard (2% 
v/v THF in C6D6). 

 



 219 

Figure A8: Quantitative 13C NMR spectrum of the adduct obtained after the addition of 
2-aminoethanol (0.4 mmol) and ethyl acetate (0.4 mmol) to 1o* ([1o*]0 = 
0.01 mmol) and subsequent irradiation ([1o*] = 1 × 10-3 M) for 1 h (λirr = 
313 nm) with p-xylene (0.08 mmol) added as an internal standard (2% v/v 
THF in C6D6). 
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Figure A9: Quantitative 13C NMR spectrum of the cycloreverted adduct of 1o* in the 
presence of 2-aminoethanol (0.4 mmol) and ethyl acetate (0.4 mmol) 
obtained after UV irradiation of 1o* ([1o*]0 = 1 × 10-3 M) for 1 h (λirr = 313 
nm) followed by visible light irradiation for 2 h (λirr > 500 nm) with p-
xylene (0.08 mmol) as an internal standard (2% v/v THF : C6D6). 
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APPENDIX D: PSEUDO FIRST ORDER KINETIC ANALYSES FOR CHAPTER 4 

The ring-opening polymerization of valerolactone initiated by benzyl alcohol and 

catalyzed by NHC precatalyst 1 may be represented as: 

PBA ⎯→⎯+  

Assuming no side reactions, the valerolactone (A) will always be present in a 

large excess over the benzyl alcohol (B) quantities. As such, pseudo-first order kinetics 

may be assumed, and the following rate law applies: 

][]][[][
0 AkBAk

dt
Pd

==  

The integrated form of the above equation is as follows: 

ktAA −= 0]ln[]ln[  

Rearranging the integrated rate law and substituting the initial concentration of 

2.0 M for [A]0 gives: 

ktA
A
A

−=⎟
⎠
⎞

⎜
⎝
⎛=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
0.2
][ln

][
][ln
0

 

Thus, plotting ln([A]0/[A]) vs. t (s) should give a linear plot where -k is equal to 

the slope of the line, as shown below in Figures A10 – A13 for selected examples.  
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Figure A10: Plot of ln([δ-valerolactone]/2.0) vs. time (s) for the ring opening 
polymerization of δ-valerolactone catalyzed by 1. Two reactions were run 
concurrently with one exposed to UV light (λirr = 313 nm) for 1 h prior to 
substrate addition (♦) and one kept under ambient light (■).  
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Figure A11: Plot of ln([δ-valerolactone]/2.0) vs. time (s) for the ring opening 
polymerization of δ-valerolactone catalyzed by 1. A single reaction was 
allowed to react under ambient light for 10 min (■), then irradiated with UV 
light (λirr = 313 nm) for 80 min (♦).  

 

 



 224 

Figure A12: Plot of ln([δ-valerolactone]/2.0) vs. time (s) for the ring opening 
polymerization of δ-valerolactone catalyzed by 1. A single reaction was 
exposed to UV irradiation (λirr = 313 nm) for 1 h prior to substrate addition 
and was kept under UV irradiation for a further 30 min (♦). The reaction was 
subsequently exposed to visible irradiation (λirr > 500 nm) for a further 1 h 
(■). 
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Figure A13: Plot of ln([δ-valerolactone]/2.0) vs. time (s) for the ring opening 
polymerization of δ-valerolactone catalyzed by 1. A single reaction was 
exposed to UV irradiation (λirr = 313 nm) for 1 h prior to substrate addition 
and was kept under UV irradiation for a further 30 min (♦). The reaction was 
then exposed to visible irradiation (λirr > 500 nm) for 1 h (■), followed by 
subsequent UV irradiation for a further 1.25 h. 
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APPENDIX E: SECOND ORDER KINETIC ANALYSES FOR CHAPTER 5 

The reactions between 1-octene, styrene or t-butylacetyelene and pinacolborane 

may be represented as: 

PBA ⎯→⎯+  

Assuming no side reactions, the two reactants will always be present in equimolar 

quantities. As such, the above equation may be simplified to: 

PA ⎯→⎯2  

This reaction equation may be expressed as the following rate law: 
2][][ Ak

dt
Pd

=  

The integrated form of the above equation is as follows: 

0][
1

][
1

A
kt

A
+=  

Rearranging the integrated rate law and substituting the initial concentration of 

0.1 M for [A]0 gives: 

kt
A

=−10
][

1
 

Thus, plotting (1/[A]-10) (M) vs. t (s) gives a linear plot where k is equal to the 

slope of the line, as shown below in Figures A14 – A19 for selected examples. Each 

reported rate constant (kvis, kUV, k) was obtained from the average of at least three separate 

experiments. 



 227 

 

 

Figure A14: Plot of (1/[octene])-10 (M) vs. time (s) for the hydroboration reaction 
between 1-octene and pinacolborane catalyzed by 1. Two reactions were run 
concurrently with one exposed to UV light (λirr = 313 nm) for 2 h prior to 
substrate addition (♦) and one kept under ambient conditions (■). 
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Figure A15: Plot of (1/[styrene])-10 (M) vs. time (s) for the hydroboration reaction 
between styrene and pinacolborane catalyzed by 1. Two reactions were run 
concurrently with one exposed to UV light (λirr = 313 nm) for 2 h prior to 
substrate addition (♦) and one kept under ambient conditions (■). 
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Figure A16: Plot of (1/[styrene])-10 (M) vs. time (s) for the hydroboration reaction 
between styrene and pinacolborane catalyzed by 1. The reaction was started 
in ambient light (■), then exposed to UV light (λirr = 313 nm) (♦) after 1 h 
prior to subsequent exposure to visible light (λirr > 500 nm) (■) after 2 h to 
restore reactivity. 
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Figure A17: Plot of (1/[OMe-styrene])-10 (M) vs. time (s) for the hydroboration reaction 
between 4-methoxystyrene and pinacolborane catalyzed by 1. Two reactions 
were run concurrently with one exposed to UV light (λirr = 313 nm) for 2 h 
prior to substrate addition (♦) and one kept under ambient conditions (■). 

 



 231 

Figure A18: Plot of (1/[Cl-styrene])-10 (M) vs. time (s) for the hydroboration reaction 
between 4-chlorostyrene and pinacolborane catalyzed by 1. Two reactions 
were run concurrently with one exposed to UV light (λirr = 313 nm) for 2 h 
prior to substrate addition (♦) and one kept under ambient conditions (■). 
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Figure A19: Plot of (1/[ t-butylacetylene])-10 (M) vs. time (s) for the hydroboration 
reaction between t-butylacetylene and pinacolborane catalyzed by 1. Two 
reactions were run concurrently with one exposed to UV light (λirr = 313 nm) 
for 2 h prior to substrate addition (♦) and one kept under ambient conditions 
(■). 
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APPENDIX E: 1H AND 13C NMR FOR PHOTOCHEMICAL REACTIONS IN CHAPTER 5 

Figure A20: 1H NMR spectra (CDCl3) of (top) 1o, (middle) the mixture of 1o and 1c 
after UV irradiation (λirr = 313 nm) of 1o ([1o]0 = 1 × 10-3 M) in cyclohexane 
for 1 h, (bottom) and the mixture after visible irradiation (λirr > 500 nm) for 
2 h. 
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Figure A21: 1H NMR spectra (C6D6) of (top) 1o, (middle) the mixture of 1o and 1c after 
UV irradiation (λirr = 313 nm) of 1o ([1o]0 = 1 × 10-3 M) in C6H6 for 2 h, and 
(bottom) the mixture after visible irradiation (λirr > 500 nm) for 2 h. 
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Figure A22: 13C NMR spectrum of 1o (CDCl3). 
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Figure A23: 13C NMR spectra (C6D6) the mixture of 1o and 1c after UV irradiation (λirr = 
313 nm) of 1o ([1o]0 = 1 × 10-3 M) in C6H6 for 2 h. 
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