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Abstract

Aldol reactions are the most versatile of organic reactions and are widely used synthetic
routes to carbon-carbon bond formation via the coupling of ketones and aldehydes. The synthesis
of pharmaceuticals, industrial feedstocks, commodity chemicals, and biomass-derived renewable
liquid fuels frequently involve aldol reactions. These reactions are mainly catalyzed by strong
bases (i.e. hydroxides), which are corrosive, not easily recovered, and not re-usable, leading to
excess waste. Due to these difficulties, heterogeneous catalysts have gained interest among
researchers in efforts to develop clean and economical processes. A better understanding of how
the chemical and structural properties of heterogeneous catalysts lead to aldol product formation
will enable their use in eco-friendly industrial processes.

This dissertation describes work directed towards an improved understanding of
heterogeneous aldol reaction catalysts. As part of this work, the synthesis of a new Nile Red
derivative incorporating a reactive aldehyde moiety (NR-Al) to follow aldol reactions is described.
The dye was used to follow aldol reactions catalyzed by mesoporous and thin film materials.
Ensemble and single molecule fluorescence spectroscopic methods were employed to characterize
catalyst activity. The unique properties of NR-Al enabled, for the first time, preliminary studies of
individual aldol reaction events occurring in real time at the single molecule level. The results
presented in this dissertation will facilitate a broad range of both ensemble and single molecule
spectroscopic investigations of heterogeneous catalysis in aldol reactions in the future.

The work in this dissertation involved three distinct studies.

In the first study, NR-Al was synthesized and characterized by High Performance Liquid
Chromatography-Mass Spectrometry (HPLC-MS) and proton and carbon Nuclear Magnetic

Resonance spectroscopy ('H and '3*C NMR). The dye was employed to follow aldol reactions in



situ. A heterogeneous acid-base bifunctional catalyst of magnesium-zirconium-cesium supported
on fumed silica (Mg-Zr-Cs/Si0;) was employed, as was a strong base catalyst of magnesium-oxide
(MgO); fumed silica (SiO2) was employed as a control. Acetone and acetophenone were employed
for crossed-aldol reactions with NR-AI at room temperature. The fluorescence spectral shifts
observed from NR-AI during these reactions revealed whether each stopped at the alcohol addition
product alone or instead formed both the aldol addition and olefin condensation products. Aldol
product formation was verified by HPLC-MS and confirmed that the basic MgO catalyst only
catalyzed primarily addition product formation, while the acid-base bifunctional catalyst, Mg-Zr-
Cs/Si10,, proceeded to olefin product formation. A mechanism that was based on the observed
results and related literature was proposed to explain these observations. Olefin product formation
in the case of Mg-Zr-Cs/SiO; was concluded to result from cooperativity between weak acid and
base sites on the catalyst.

In the second study, NR-Al-doped catalyst films obtained by a sol-gel process using
tetramethylorthosilicate (Mg-Zr-Cs/TMOS) were employed for aldol catalysis. Spectroscopic
ellipsometry (SE) and X-ray Photoelectron Spectroscopy (XPS) were used to verify that a thin film
was deposited, and that the active cesium component was well dispersed within the film.
Widefield fluorescence microscopy and single molecule spectroscopy imaging and tracking
methods were employed to show, for the first time, that NR-Al and the products of its aldol
reactions with acetone and acetophenone are sufficiently fluorescent to be detected at the single
molecule level. Preliminary studies showed that it may be possible to detect individual aldol
reaction events from acetone vapor condensing and reacting with a NR-Al-doped catalyst film in

real time.



In the third study, a direct-write method based on vapor phase plotting of organosilane
precursors was developed and demonstrated. This method allowed for patterned uniform or
gradient chemical films to be prepared over selected substrate regions, without modifying
neighboring areas. Plotting parameters such as ambient relative humidity, chemical concentration,
raster scanning speed, and capillary-substrate separation were all found to influence surface
coverage and plotting resolution. The optimized plotting parameters were employed for initial
demonstrations in which chemical pads and gradients were plotted using n-octyltrichlorosilane and
3-cyanopropyltrichlorosilane in separate experiments. The chemical pads and gradients were
characterized by Water Contact Angle (WCA), SE, and by XPS. In this initial work, millimeter
scale spatial resolution was achieved using glass capillaries with millimeter inner diameters. With
certain modifications to the current system, this vapor phase plotting method can likely be used in
the production of patterned coatings for biological, optical, and microelectronic devices, as well

as in the preparation of catalysts for aldol reactions.
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will enable their use in eco-friendly industrial processes.
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situ. A heterogeneous acid-base bifunctional catalyst of magnesium-zirconium-cesium supported
on fumed silica (Mg-Zr-Cs/Si0;) was employed, as was a strong base catalyst of magnesium-oxide
(MgO); fumed silica (SiO2) was employed as a control. Acetone and acetophenone were employed
for crossed-aldol reactions with NR-AI at room temperature. The fluorescence spectral shifts
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methods were employed to show, for the first time, that NR-Al and the products of its aldol
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precursors was developed and demonstrated. This method allowed for patterned uniform or
gradient chemical films to be prepared over selected substrate regions, without modifying
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demonstrations in which chemical pads and gradients were plotted using n-octyltrichlorosilane and
3-cyanopropyltrichlorosilane in separate experiments. The chemical pads and gradients were
characterized by Water Contact Angle (WCA), SE, and by XPS. In this initial work, millimeter
scale spatial resolution was achieved using glass capillaries with millimeter inner diameters. With
certain modifications to the current system, this vapor phase plotting method can likely be used in
the production of patterned coatings for biological, optical, and microelectronic devices, as well

as in the preparation of catalysts for aldol reactions.



Table of Contents

LIST OF FIZUIES ....eeieiiieeeiie ettt ettt et e e e e et e e st e e esteeessseeessaaeessseessssaeassseensseeennseens Xiv
LISt OF TADIES ...ttt ettt et ettt e saee st e bt e e abeeeeas XX
ACKNOWIEAZEMENLS.......tiiiiieiiieiieeiieeie ettt ettt e et e st e e taesabeetaeesbeessseenseesseeenseennns XX1
DIEAICALION ..ttt ettt b et ettt a et b e et a et et e b enee xxiil
PLEEACE. ...ttt ettt ettt et h e et e st e st e naaeens XX1V
Acronyms and DEfINItIONS .........eeeeiiiiiiieiiee et et e e st e e s beeesaee e sseeeaneeeeneas XXV
Chapter 1 - INTrOQUCION ......cuiiiiiieiiecie ettt ettt et et sbeeteesaseestaessbe e saeesseessseensaensseenns 1
1.1 ALAOL REACTIONS. .. .ottt sttt ettt ettt ettt ettt et e e bt e nteestesbeenbeenteeaeeaeenne e 1
1.2 Fluorogenic Molecular Probes for Aldol Catalysis ..........ccccverviriiniininieniiieeienecienne 7
1.3 Chemically Graded/Patterned FIlms ..........ccocooviiiiriiniiiiiiiiceceeceeeeee e 9
1.4 Objectives and Overview of the Present Research ... 12
Chapter 2 - Materials Preparation and Characterization............c..eccueeeieerieerieenieenieeneeeieeseneeneens 15
2.1 Preparation of Heterogeneous Catalysts ........c.cccveeiieriieeiiieniieeieeiieeieesee e esiee e sneeeeens 15
2.1.1 A Sol-gel Method for Heterogeneous Mg-Zr-Cs/SiO2 Catalysts ........ccccoveeeverveneennee 16
2.1.2 A Sol-gel Method for Mg-Zr-Cs/TMOS Catalyst Films ..........ccccccoviiininniieniieeeen. 16

2.2 Characterization of Heterogeneous Catalysts .........ccccvveeriieeniiieiniiieeniie e e 17
2.2.1 X-ray diffraction (XRD) .....cccciiiiiiiiiiie et e 18
2.2.2 Transmission Electron Microscopy (TEM) & Scanning Electron Microscopy (SEM)18
2.2.3 BET Surface Area and BJH Pore Size Distribution...........ccccoeceeeviieiiienieeiiienieeceee, 20
2.2.4 Inductively Coupled Plasma (ICP) SpectroSCOPY ...cccvvveerurieeiiieeriieeriieeriee e 22
2.2.5 X-ray Photoelectron Spectroscopy (XPS) ...ccvvveiiioiiieeeeeeeeeeeee e 22
2.2.6 Temperature Programed Desorption (TPD).......c.ccoceeviiiiniiiiniiniiiiicecceceee 23

2.3 FIUOTESCENCE SPECIIOSCOPY -evevvienurienrierireetieateenteesteesseessseesseesseeseesseesseesseesseessseesseessseens 24
2.3.1 Widefield FIuorescence MICTOSCOPY ...eeervveeerreeeriieeeieieeaireeeieeesreeesseesssseesnsseessssessnnns 25
2.3.2 Two-Channel Spectroscopic IMaging..........cccuveeriieeiiieeiieeeieeeiie et 29

2.4 Vapor Phase Plotting of Chemical Gradients ..............ccoecueeriiiiiienieeiienieeieeee e 31
2.4.1 Silica BaS LAYET ...cccuviiiiiiiieiieeie ettt sttt ettt 32
2.4.2 Vapor Phase Plotting of Chemical Gradients /Patterns ...........ccccceevevveercieeeeiieeeeneeenne, 33

2.5 Characterization of Chemical Gradients and Catalyst Thin Films ..........ccccooeveviiiennnnnnne. 33



2.5.1 Water Contact Angle (WCA) Measurements ...........cc.eeevuveeeiueeeniueeenireeesveessveessnveeennns 33

2.5.2 Spectroscopic Ellipsometry (SE) Measurements............cceeevveeeeveeenieeencveeeereeeeevee e 34
2.5.3 X-ray Photoelectron SpectroSCopy (XPS) ..cccvievieioiiiiieeiierieeitee e 37
Chapter 3 - Synthesis of Aldol Reactive Nile Red Derivative..........cccevveeviienieeciieniieiienieeieens 38
3.1 INETOAUCTION. ..ttt ettt ettt et e sat e et e bt e et e e sbeeenbeenseesnneenneeenne 38
3.2 Experimental CoNSIACTAtIONS ........ueeevieeriieeiiieesieeesieeesieeeetreesreeesaeeesseeessseeessseeesseesnneens 41
3.2.1 NR-Al Synthesis and Characterization .............cceeceeecueerieeiiienieeiieneeesieeseeeereeneneeseens 41
3.3 ReSults and DISCUSSION ....eeuiiuiiriieiieieeiieieeie sttt sttt sttt st e e eaeesaeeees 41
3.3.1 Synthesis and Characterization of Nile Red-Al ........c.ccccovvieiiiiiiiiiiieee e 41
3.3.2 MOLECUIAT SLIUCTUTE ......eeeuviieeiieeeiie et et tee et e et e e eeae e e saveeeeareeesseeesseeensseeensseeennns 46
3.3.3 NR-AI FIUOTESCENCE SPECLIA...ccuiiiiieiiieiieriieeiieniieeieenireeteeeeeeseeseeeebeesaeesseensaesnsaens 46
3.4 CONCIUSION ...ttt ettt e sttt et be et eateseeebeeneeeneenees 47

Chapter 4 - Fluorescence Spectroscopy Studies of Crossed Aldol Reactions: A Reactive Nile Red

Dye Reveals Catalyst-Dependent Product Formation ............coceeeeveriininiinicnenncnicneens 48
4.1 TEOAUCTION.....eeneeiteeitete ettt ettt ettt sb et et e bt et e st e beenbesetebeeneeeneenees 48
4.2 Experimental ConSideIations ..........ccuveeiieriieriieniiesieeniieeieeseeeteesseesseesseesseesssessseesssessseens 51

A.2.1 MALETIALS ..eoeeiiiie ettt ettt ettt et et aae b e nnees 51

4.2.2 Methods for Heterogeneous Catalysts ..........ccocereereriiirieniiiienieneeieeeese e 51

4.2.3 Methods for Aldol REaCtIONS ........cocueiiiiiiiiiiiiiiieieee e 53
4.3 Results and DISCUSSION ....couuiiuiiiiiiiiiieiiieetteete ettt ettt ettt et e e sane e 55

4.3.1 Mg-Zr-Cs Doped Silica Catalyst .........ccoevieriieiieiiieieeieeee et 55

4.3.2 Ensemble Fluorescence Studies of Aldol Reactions............ccoecueeviieiiieniiiiiieniieieeee. 60

4.3.3 HPLC and LC-MS Studies of Aldol Product Formation ...........cccccoecueeviiniiinicencnnne. 63

4.3.4 Aldol Reaction KINELICS .......cooueiiiiiiiiiiiiiieiiieeee et 66

4.3.5 Catalyst Dependent Product FOrmation ............cceceeveriiiieniinicniinenicneerecc e 67

4.3.6 Comparison of NR-Al to a Commercially Available Dye..........cccoeceeviriiieniieieenen. 70
4.4 CONCIUSIONS. ...ttt ettt sat e e bt e st et e st e e bt e sabe e beesabeebeeeabeenbeesaneans 71

Chapter 5 - Towards Single Molecule Studies of Aldol Reactions ............ccccceeevveeiiiiieiiiienniene 73
5.1 INErOAUCTION . ...eitiiieieiiteet ettt ettt st b et sbt et et esaeenbeenne s 73
5.2 Experimental CoNSIAETatioNS .........c.eevvierieeriieniieriieeieetieeteeieesteeteeeeeeseeseaeeseesaeeeseennnas 76

5.2.1 Chemical and Materials ..........cceeiiiiiiiiiiiiieiceeeee e e 76

Xi



5.2 2 IMETNOUAS e e e e e e e e et e e e e e e e e e e e e e e e e e e 78

5.3 Results and DISCUSSION ......eeiuiiiiiiiiiiiieeie ettt ettt ettt et esaee e e e eaeas 81
5.3.1 Catalyst Film CharacteriZation............c.cecueerveeiiienieeiienieecieesieeieesieesieeseeeveessneenseens 81
5.3.2.0ptCal IMAGING ....oocvvieiiiiiieiieiie ettt ettt ete et esabeesaeeebeesseeenseensneensaens 82

5.4 CONCIUSION ...ttt ettt et e st et e s et e e bt e sae e et e e s st e e bt e saeeeabeesseeenbeeneas 93

Chapter 6 - Vapor Phase Plotting of Organosilane Chemical Gradients.............ccccceeveeeeveeennenne 95

6.1 INETOAUCTION. ...ttt ettt ettt ettt bt et e e sbeenees 95

6.2 Experimental ConSIdeTations ..........ceevueeruierieeiiienieeieenieeeteestreeseessaesseessaessseessnesseessnesnne 98
0.2.1 MALETIALS .....eeiitieiie ettt ettt et e st e st e bt e et e e sateebeesneeenneen 98
0.2.2 METROAS. ...ttt ettt ettt et et e et ae e et at e e be e teeeaneens 99

6.3 Results and DISCUSSION .....eeuviriiiriiiiiriieieeie ettt st 100
6.3.1 Vapor-Phase PLOtHNG ..........cccuieiiiiiieiieciieieece ettt 100
6.3.2 Optimization of Plotting Conditions ..........ccccevueriiniiniriiineenieeieeeee et 103
6.3.3 Plotting of Organosilane Gradients............coeevuerierienieriienienieeieeece e 110

0.4 CONCIUSIONS ...ttt ettt et ettt e sat et et e sae et e entesbeebesneenee 115

Chapter 7 - General Conclusions and Future DIirections ...........cccccveviieriieniienieenieeieesee e 117
7.1 General CONCIUSIONS .......ocuiiiiiiiieiiiieiie ettt ettt ettt e et esite e teesateebeessaeenseens 117
7.2 FULUIE DITECHIONS ...euvtiiieniieiieiiieieeiteeie ettt ettt ettt sttt et nae e 120

Chapter 8 - REEIENCES .....uviieiiiieiiie ettt e e e sebeeenbeeenaseeenaeas 125

Appendix A - Supplementary Information for Chapter 3...........cccvvevviiiiiieniiieeeeee e, 152

1. Characterization of 5-hydroxy-2-naphthoic acid (1): .....cccceeeiiieiiiniiiieeee e, 152

2. Characterization of 5-hydroxy-2-naphthoic acid methyl ester (2): .......ccccoeveeverveniincnnns 153

3. Characterization of 5-(Hydroxymethyl)naphthalen-2-0l (3): ......ccccoeevieviiiiniieeiieeeee 154

4. Characterization of 5-Diethylamino-2-nitrosophenol (4): .......cccccecveevciieeniieenieeeniee e 156

5. Characterization of 9-Diethylamino-2-hydroxymethyl-5H-benzo[a]phenoxazine-5-one (5):

................................................................................................................................................ 157
6. Characterization of 9-Diethylamino-5-ox0-5H-benzo[a]phenoxazine-2-carboxaldehyde (6):
................................................................................................................................................ 158
Appendix B - Supplementary Information for Chapter 4 ............cccooiiviriiniininiinieeees 160
1. Aldol Reaction Product Mass SPECHIa .......ccueevuieeiieriieniieiie ettt ettt 160
2. Aldol Reaction Kinetics and Product FOrmation ...........ccoeceeeeeniiniiiniciiiiniceceicceeee, 161

Xii



3. Perylene Carboxaldehyde Fluorescence Spectra and Aldol Reaction Results ................... 163

Appendix C - Supplementary Information for Chapter 5..........ccccveeviieeiiieecieece e, 165
1. Error Analysis for Single Molecule Emission Ratio Data..........ccccoceveiiinieniininiencenen. 165
Appendix D - Supplementary Information for Chapter 6...........cccoecveeviieniieciienieeienee e, 166
1. Predicting Stepper Motor Step TIME ......cccuvieeiiiieiiicciie et e 166

Xiii



List of Figures

Figure 1.1 Aldol reaction between acetone and benzaldehyde in the presence of a catalyst. ........ 1

Figure 1.2 Base catalyzed (A), and acid catalyzed (B) aldol condensation reactions.>.................. 4

Figure 2.1 Sol-gel chemistry in metal oxide materials. (A) A schematic of the reaction between
metal ions and water molecules to form metal hydroxides. After water molecules are
deprotonated, metal and hydroxide ions are bound to each other by electrostatic interaction.
Representative chemical reactions are shown for (B) hydrolysis and (C) condensation.
Reprinted with permission. Copyright © 2017 Elsevier B.V. All rights reserved.”............ 15

Figure 2.2 Jablonski diagram showing the principle of fluorescence. Sy is the ground singlet
state, Si is the first excited single state. The black lines between the electronic states

represent their vibrational sub-levels. For simplicity, rotational states, spins and

phosphorescence through intersystem crossing are not ShOwWn...........cocceevieviieiienieeneenen. 25
Figure 2.3 Widefield microscope setup for fluorescence measurements. ...........cccceeeevverveenneennen. 26
Figure 2.4 Widefield microscope setup for two-channel spectroscopic imaging. ........................ 29

Figure 2.5 Deposition chamber for vapor phase plotting of SAM films and gradients. The inset
shows a photograph of the capillary, substrate, reservoir and sample stage. Reprinted with
permission. Copyright © 2018 American Chemical Society.!?...........cccovvveeveviveieeenn, 32

Figure 2.6 Home-built apparatus for WCA measurements. ...........ccecveeeeeveeerieeenireeeniueesnveesneeenns 34

Figure 2.7 Spectroscopic ellipsometry data for (A) a thin base-layer on silicon and (B) the same
film after vapor phase plotting of octyltrichlorosilane. The colored lines represent the raw
data and the dashed lines are the fits of these data employing a model for a single
transparent film on silicon. The Cauchy relationship was employed to model film
dispersion. The parameters obtained from global fits to the data shown in (A) are: A= 1.486
+0.0090, B=-0.01545 + 0.00233 pm?, C=0.00144 +£0.00025 um*, n = 1.4567, thickness=
12.60 £ 0.081 nm; in (B): A= 1.508 + 0.0087, B=-0.02559 =+ 0.00225 pum?, C=0.00215 =+
0.000239 um*, n=1.4577, thickness= 13.52 + 0.080 nm. The mean square error in each
measurement was 1.507 and 1.512, respectively. The difference between the two measured
thicknesses, ~ 0.92 nm, gives the thickness of the deposited thin film organochlorosilane on

TS SUDSITALE. oot e e e e e et e e e e e e e e e e e eeeeeeeeeaaaaaaaeeaeenane 36

X1V



Figure 3.1 A) Nile Red molecular structure and intramolecular charge transfer process. B)
Fluorescence spectra of NR in hexane (red), heptanes (orange), cyclohexane (yellow),
toluene (dark green), chloroform (light green), dicloromethane (dark blue), acetone (light
blue), and acetonitrile (dark purple) obtained with 488 nm excitation. Reprinted with
permission. Copyright © 2013, American Chemical Society.'?...........cccocovveeeeeeennn. 40

Figure 3.2 Scheme of synthesis of 9-diethylamino-5- oxo-5H-benzo[a]phenoxazin-2-
carboxaldehyde (NR-Al), 6. Product yields are given below each reaction arrow............... 42

Figure 3.3 A) Normalized fluorescence excitation (green) and emission (red) spectra of 1 uM
NR-Al in DMSO. B) Normalized fluorescence excitation (green) and emission (red) spectra
of 1 uM Nile Red (NR) and 1 uM (NR-Al) in DMSO. The absorbance and emission
spectra of the newly synthesized derivative of Nile Red are shifted ~24 nm and ~18 nm
respectively to higher wavelengths compared to the commercial Nile Red. ............c..c...... 47

Figure 4.1 X-Ray diffraction patterns from fumed silica along with Mg-Zr-Cs/SiO; and MgO
catalysts. Data acquired by Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas
SEALE UNIVETSILY . .e.uviviinteeiieritenteet ettt ettt ettt ettt et b ettt sae e bt e eebeesbeeteeene e 56

Figure 4.2 A), B) SEM and TEM images of commercial MgO catalyst particles. C), D) SEM and
TEM images of SiO» particles. E), F) SEM and TEM images of Mg-Zr-Cs/SiO> particles.
Data acquired by Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas State
UNIVETSIEY . ettt ettt ettt et b et s bt b e et sb e bt et e ebeesaeeatesaeenbeenteas 56

Figure 4.3 Nitrogen sorption isotherms of mesoporous Mg-Zr-Cs/Si02 (A), MgO (B), and Si0>
(C). The insets correspond to the pore-size distribution calculated from the desorption
isotherms. Data acquired by Murilo Toledo, Dept. of Chemical and Petroleum Engineering,
University Of KanSas. ......co.eiiiiiiiiiiiiiierieeeeeee ettt 57

Figure 4.4 The XPS spectra of Mg-Zr-Cs/Si0; catalyst: The Cs (3d) peak (A), the 725.6 and
739.8 eV correspond to Cs 3ds» and Cs 3d3/ from the Cs* ion.!*® The binding energies at
724.6 eV, 725.5 eV, can be attributed to Cs,02,"° and Cs20."*! While those greater than
726 eV can be attributed to suboxides of Cs.!>? The O (1s) peak (a), the binding energy at
533.2 eV is due to Si-O (Si-O-Si, Si-O-H) from SiO, support.'>*> The XPS spectra of SiO»:
The Si (2p) peak (B), the 104.1 eV is due to Si-O,.!>* The O (1s) peak (b), the binding
energy at 533.2 eV is due to Si-O (Si-O-Si, Si-O-H) form SiO: support.'>® The XPS spectra
of MgO catalyst: The Mg (1s) peak (C), the binding energy at 1304.2 eV is due to Mg-O.!>

XV



The O (1s) peak (c), the binding energy at 529.4 eV corresponds to the lattice oxygen O*".
The higher binding energy at 532.0 eV can be attributed to adsorbed oxygen and/or weakly
bound oxygen, or to surface hydroxyl species.'*® 1*7 Data acquired by Dr. Balamurugan
Balasubramanian, Nebraska Nanoscale Facility: National Nanotechnology Coordinated
Infrastructure and the Nebraska Center for Materials and Nanoscience, University of
NEbIaska-LINCOIN. ...cc.uiiiiiiiiee et ettt et 58
Figure 4.5 (A) COzand (B) NH3 temperature programmed desorption curves of Mg-Zr-Cs/SiO3,
Si0; and MgO catalysts. Higher desorption temperatures indicate stronger basicity or
acidity while the area under the desorption peaks provides the number of active sites.!>®
Data acquired by Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas State
UNIVETSIEY . 1eevvieiiieeiieeteeete et e eiteeteeeteeteessteesseessseenseessseensaensseesseessseenseensseenseesssesnsaensseenseenseas 59
Figure 4.6 Scheme of base-catalyzed aldol addition reactions, followed by acid-catalyzed
dehydration reactions to form the aldol condensation products for reactions of NR-Al (6)
with ketones having R = methyl or phenyl. ..o, 61
Figure 4.7 A) - C) Fluorescence from NR-Al as a function of time in the presence of the catalysts
listed with acetone employed as the ketone. D) - F) Fluorescence from NR-Al as a function
of time in the presence of the catalysts listed with acetophenone employed as the ketone.
The fluorescence was excited at 575 nm in each case. DMSO was employed as the solvent.
All reactions were stirred at TOOM tEMPETALUTE. ........eeeruveeeriieeeireeeiieeeieeeereeerreeesereeeeeeeenee 63
Figure 4.8 HPLC chromatograms (575 nm absorbance) of aldol products from 3-day reactions of
NR-AI (ImM) with acetone (A, B), and acetophenone (C, D) in the presence of Mg-Zr-
Cs/S10; or MgO at room temperature. The chromatograms show the un-reacted NR-Al (*),
the aldol addition product (+), and the aldol condensation product (0). For A, B, the mobile
phase gradient comprised H,O and acetonitrile mixtures at 0.800 mL/min flow rate with the
following compositions: 0-10 min: 95-40% H>O; 10-15 min: 40-20% H>0O; 15-17 min: 20%
H>O. For C, D the mobile phase compositions were: 0-35 min: 95-45% H>O; 35-36 min:
45-20% H>0; 36-38 min: 20% H>O. A Thermo Scientific Hypersil GOLD C18 column (100
X 3 mm?, 3 um particle size) Was empPloyed. ..........o.cooeveuiuirieireeeeieeeeeeeeeeee s 64
Figure 4.9 Fluorescence signals in bands spanning 642 + 5 nm (red data points) and 615 £ 5 nm
(blue data points) plotted as a function of time for crossed aldol reactions with acetone, A)-

C), and acetophenone, D)-F). These data were obtained from Figure 4.8A-F. Data are

Xvi



given for reactions catalyzed by MgZrCs/SiO», A), D), as well as MgO, B), E), and the
silica control, C), F). The solid lines have been added to better depict the trends in the data.
Note that the NR-Al reaction with acetone catalyzed by Mg-Zr-Cs/Si0z is significantly
faster than the Others. .........coiiiiiiiii e 67
Figure 5.1 The XPS spectra of Mg-Zr-Cs/SiO> catalyst: The Cs (3d) peak (A), the 724.6 and
738.8 eV correspond to Cs 3dsp and Cs 3ds2 from the Cs*ion.'* The binding energy at
724.6 eV, can be attributed to Cs202,'>° The O (1s) peak (a), the binding energy at 533.2 eV
is due to Si-O (Si-O-Si, Si-O-H) from SiO» support.'>* The XPS spectra of SiO»: The Si (2p)
peak (B), the 103.8 eV is due to Si-O2."** The O (1s) peak (b), the binding energy at 533.2
eV is due to Si-O (Si-O-Si, Si-O-H) from SiO; support.!> Data acquired by Shelby
Weatherbee, Dept. of Chemistry, Virginia Commonwealth University. ........c..ccceeveenneenne.. 82
Figure 5.2 A) Normalized fluorescence emission spectra of 1 uM NR-AI (red), products from
NR-Al-acetone aldol reaction: alcohol (blue), and olefin (green) in DMSO. B) Normalized
fluorescence emission spectra of 1 uM NR-Al (red), products from NR-Al-acetophenone
aldol reaction: alcohol (blue), and olefin (green) in DMSO. The emission spectra of the
alcohol and olefin products in both aldol reactions are shifted ~13 nm and ~2-4 nm
respectively to shorter wavelengths compared to NR-AL .......cccoooiiiiiiiiniiiiiiieecee, 83
Figure 5.3 Two-color fluorescence images of dye-doped catalyst films A) NR, B) NR-Al, C)
NR-Al-acetone alcohol product, and D) olefin product, E) NR-Al-acetophenone alcohol
product, and F) olefin product. The color scale for all images is the same and depicts photon
counts up t0 500 COUNLS/PIXEL. ....eeruiieiiiiiiieiieeieete ettt sttt et enee s 85
Figure 5.4 Distribution of single molecule emission ratios (E) from Figure 5.3. A) NR, B) NR-
Al, C) NR-Al-acetone alcohol product, and D) olefin product, E) NR-Al-acetophenone
alcohol product, and F) olefin product. The numerical average (Navg) is also listed as broad
distributions shift the E value. The solid lines show fits of the data to Gaussian functions. 86
Figure 5.5 Distribution of single molecule emission ratios (E) from NR: A) control, B) in dry
atmosphere (1h), C) exposed to acetone vapor (1h). Distribution of single molecule
emission ratios (E) from NR-Al: D) control, E) in dry atmosphere (1h), F) exposed to
acetone vapor (1h). The numerical average (Navg) is also listed as broad distributions shift
the E value. The solid lines show fits of the data to Gaussian functions. NR-Al shifts to

shorter wavelengths (F) when exposed to acetone vapor. ........cccccveeeciveeeieeenieeeniee e 88

Xvil



Figure 5.6 Plots of emission ratio (E) vs. video frame (Bottom) and Time (Top). A) A plot
showing a red shift, B) A plot showing a blue shift, C) A plot showing a red shift followed
DY @ DIUC SIIft. .ot e 90
Figure 5.7 Consecutive video frames showing the fluorescence emission change in each channel
(Top: 650 nm, Bottom: 610 nm) for the same NR-AI molecule during aldol reaction with
acetone vapor in real time. The numbers in the upper right corner represent the video frame.
The color scale for both images is the same and depicts photon counts up to 500
COUNES/PIXCLL 1nvieiiietieeie ettt ettt ettt ettt e et e e st e esbeessaeenbeesseeenbeenseeenseesseeenseensnesnsaens 91
Figure 6.1 Deposition chamber for vapor phase plotting of SAM films and gradients. The inset
shows a photograph of the capillary, substrate, reservoir and sample stage....................... 102
Figure 6.2 A) Film thickness for n-octyltrichlorosilane monolayers prepared under different
relative humidities. B) WCAs measured for the same films. The concentration of silane in
the deposition reservoir was 10 vol % in toluene solution. The capillary-substrate
separation was 30 um. The step time during raster scanning was fixed at 3.6 s. C) WCA
measured as a function of n-octyltrichlorosilane concentration (vol %) in toluene. The
SAM pads characterized were deposited at ~50% RH with a capillary-substrate separation
of 30 um and a stage speed ~ 0.44 mm/min. D) WCA as a function of stepper motor step
time (top axis) and 1/stage speed (bottom axis). Both the step delay and stage speed
correspond to motion along the fast raster-scanning axis. The solid lines have been added to
better depict trends in the data. The fast rise in WCA at short step times is consistent with a
fast-kinetic process for the initial reaction with the surface. The error bars depict the 95%
confidence interval on each value forn=12, 5, 5 and 5 in panels A) - D), respectively... 105
Figure 6.3 Water contact angle as a function of capillary-substrate separation. The solid line was
added to better depict the trend in the data. The error bars depict the 95% confidence
interval on each value for n = 3 MEASUrEMENTS. ........c.eevuieriieriieiieeieie e 106
Figure 6.4 Water contact angle as a function of stepper motor step time (top axis) and 1/stage
speed (bottom axis) for 3-cyanopropyltrichlorosilane monolayers. Both the step delay and
stage speed correspond to motion along the fast raster scanning axis. The solid line was
added to better depict the trend in the data. The fast rise in WCA at short step times is
consistent with a fast-kinetic process for the initial reaction with the surface. The error bars

depict the 95% confidence interval on each value for n = 5 measurements. ...................... 109

xviii



Figure 6.5 Ellipsometric film thickness and sessile drop WCA measured along the same gradient
films plotted using A), B) n-octyltrichlorosilane and C), D) 3-cyanopropyltrichlorosilane
precursors. The optimum plotting conditions identified above were used in preparing these
films. The blue and red data points depict results from two replicate gradients in each case.
All gradients shown here were plotted from 10 vol % silane in toluene. The solid lines have
been added to better depict trends in the data. The error bars depict the 95% confidence
intervals for n = 3 measurements in panels A) - D). ....ccccoovieiiiiiiinienieeee e 111

Figure 6.6 N(1s) XPS data for a vapor plotted 3-cyanopropyltrichlorosilane gradient. The
reservoir was filled with 100% cyanopropylsilane during plotting. A) N(1s) spectra
recorded along the gradient, starting from the highly modified end (top, 5 mm position).
Each spectrum was fit to a two-component Gaussian. Each is shifted by 1500 counts/s from
its neighbors to aid in viewing. B) N(1s) spectrum at the low cyanopropyl end of the
gradient and its two-component fit (blue and black lines). C) Nitrile nitrogen (400.2 eV)
peak area as a function of position along the gradient, which begins at ~ 5 mm and ends at ~
14 mm. Error bars depict the error in peak area obtained by fitting each spectrum. The
solid line and gradient model have been added to better depict the trend in the data. Data

acquired by Dr. Anna Forzano, Dept. of Chemistry, Virginia Commonwealth University.

XiX



List of Tables

Table 1 Chemical and structural properties of the catalysts ..........cccecveeriiiiiiiiiiniie e,

Table 2 Atomic concentration, wt. %, of catalyst films.........cccccecviiriiieriiiie e

XX



Acknowledgements

I would like to thank my major advisor, Dr. Daniel Higgins for all his support during my
graduate studies. I especially thank him for opening the door to his lab in Summer 2015 so that my
curious mind could think about real-world issues and how to employ research to contribute new
understanding to the scientific field. I am grateful for his continuing guidance throughout my 5
years of PhD studies, for challenging me with a variety of projects, for revising my seminar papers,
pre-liminary examination, manuscripts and this dissertation, and finally, for his great mentorship
and encouragement.

I would also like to thank the collaborators involved in the projects presented in this
dissertation. Thank you, Dr. Keith Hohn, Dr. Stefan Bossmann, Dr. Ryan Rafferty, and Dr.
Maryanne Collinson, for sharing your scientific expertise and suggestions on my research work. I
thank Dr. Keith Hohn, Dr. Stefan Bossmann, and Dr. Christopher Culbertson for serving in my
supervisory committee and I thank Dr. Brian Lubbers for being the chairperson for my final PhD
examination.

I'would like to acknowledge the staff in the Chemistry department at K-State, Ron Jackson,
Tobe Eggers, and Jim Hodgson for designing and troubleshooting critical components needed in
my studies. I also acknowledge the research funding support from National Science Foundation
that allowed me to spend more time thinking about my projects and developing new experiments.

I am thankful for the collaborators that helped me with various parts of my research. Dr.
Man Zhang is thanked for proposing an initial reaction mechanism to synthesize the dye employed
in my first two projects. Abdulhafiz Usman is thanked for synthesizing one of the catalysts
employed in my first project and for doing most of the catalyst characterization. Dr. Anna Forzano

is thanked for taking XPS measurements of the chemical gradients prepared in my third project. |

xxi



also thank my former lab mates, Dr. Dipak Giri, Dr. Hao Xu, Dr. Zi Li, and Dr. Ruwandi
Kumarasinghe for valuable academic and friendly discussions. I especially thank Dr. Li for helping
me learn and troubleshoot various components of the widefield microscope.

I would also like to thank my former Park University research advisor and mentor, Dr.
Gregory Claycomb — former wildcat, for first introducing me to research. I thank him for his
valuable advice and for encouraging me to go to graduate school. I am sincerely grateful that he
took the time to drive me to Manhattan, KS 5 years ago and gave me a tour around the Little Apple
and around K-State while sharing his graduate experience. I would not have made it this far without
his encouragement.

Finally, I thank my loving family for encouraging me throughout the ups and downs in my
graduate studies and keeping me accountable to reach the finish line. I thank my loving parents
Jose Bautista and Judith Gomez. I also thank my brothers and sisters Julio, Antonio, Jesica, and

Julie for the great memories growing up.

xxil



Dedication

This work is dedicated to my Mami Judith Gomez for always believing in me. For making
sure [ kept up with my academics and for pushing me to study math and science, especially during
the summers growing up when I just wanted to explore outdoors with my siblings and friends. For
holding me to high standards because she knew my academic abilities. I also thank her for
understanding when I was busy with academic work and studying for exams and for not piling on
me other obligations. I especially thank her for raising me to be the strong woman I am today.

I also dedicate this work to my seven-year old sister, Julie. This is proof that you can
accomplish whatever you set your mind to. I hope that this can encourage you to reach for the

stars.

xxiii



Preface

“Science means constantly walking a tightrope between blind faith and curiosity,
Between expertise and creativity;
Between bias and openness;
Between experience and epiphany;
Between ambition and passion;
Between arrogance and conviction,
--- In short,

Between an old today and a new tomorrow.’

- Henrich Rohrer

Xxiv



Acronyms and Definitions

NH; ammonia

BJH Barrett, Joyner, Halenda theory

BET Brunauer, Emmet, Teller theory

Ca(OH)» calcium hydroxide

CO2 carbon dioxide

3C NMR carbon-13 nuclear magnetic resonance spectroscopy
Cs cesium

CCD charged-coupled device camera

C.L confidence interval

DNA deoxyribonucleic acid

DMF dimethyl formamide

DMSO dimethyl sulfoxide

E emission ratio

EDS energy dispersive x-ray spectroscopy

EI-MS electron ionization mass spectrometry

ESI-MS electrospray ionization mass spectrometry

Si0» fumed silica

HPLC high performance liquid chromatography
HPLC-MS high performance liquid chromatography-mass spectrometry
ICP-OES inductively coupled plasma-optical emission spectroscopy
LAH lithium aluminum hydride

Mg magnesium

XXV



MgO
Mg-Zr-Cs/SiO2
Mg-Zr-Cs/TMOS
MeOH
NR
NR-Al
NA
Navg
OLED
OTFT
'H NMR
PCC

RH
SBA-15
SEM
SAM
SMS
SMT
NaOH
SE

SA

TPD

TBAOH

magnesium oxide
magnesium-zirconium-cesium/fumed silica
magnesium-zirconium-cesium/tetramethylorthosilicate
methanol

nile red

nile red aldehyde

numerical aperture

numerical average

organic light emitting diode

organic thin film transistor

proton-1 nuclear magnetic resonance spectroscopy
pyridinium chlorochromate

relative humidity

Santa Barbara amorphous silica-15
scanning electron microscopy
self-assembled monolayer

single molecule spectroscopy

single molecule tracking

sodium hydroxide

spectroscopic ellipsometry

surface area

temperature programmed desorption

tetrabutylammonium hydroxide

XXVi



THF

TEM

2D

WCA

XRD

XPS

Zr

tetrahydrofuran

transmission electron microscopy
two-dimensional

water contact angle

x-ray diffraction

x-ray photoelectron spectroscopy

zirconium

XXVil



Chapter 1 - Introduction

1.1 Aldol Reactions

The aldol reaction was introduced by Charles Wurtz, who first prepared the B-hydroxy
aldehyde from acetaldehyde in 1872." Aldol reactions are among the most versatile of organic
reactions,” with over 240,000 entries in SciFinder. These reactions employ two carbonyl
compounds that act as an electrophile and as a nucleophile. The reactions may employ two ketones,
two aldehydes, or in the case of a crossed-aldol reaction, the reactants are typically an aldehyde
and a ketone. The reaction of these active species, with the aid of a catalyst, results in the formation
of a carbon-carbon single bond (aldol addition product/alcohol), or upon condensation, a carbon-
carbon double bond (aldol condensation product/ a,B-unsaturated ketone),? Figure 1.1 shows the
products of a crossed-aldol reaction between acetone and benzaldehyde. The self-condensation of

acetone is minimized because the aldehyde is a better electrophile than the ketone.?

o OH O o)
” o catalyst N |
O A *

aldol addition aldol condensation

Figure 1.1 Aldol reaction between acetone and benzaldehyde in the presence of a catalyst.

There are many variants, including the Claisen, Diekmann, Henry, Knoevenagel, and
Guerbert condensations.” Aldol reactions and their variants are the backbone of organic synthesis
because of their ability to construct larger molecules from smaller ones,>® or to effect cyclization.”
8 They are also common in biology, where aldolase, citrate synthase, and other enzymes catalyze

aldol reactions in the metabolism.” For example, the citric acid cycle (Kreb’s cycle) begins with



an aldol reaction catalyzed by aldolase where acetyl coenzyme A (CoA) condenses with
oxaloacetate to produce Citryl CoA. Subsequent hydrolysis of Citryl CoA drives the synthesis of
citrate, which is part of a series of chemical reactions within aerobic organisms to produce energy
from carbohydrates, fats and proteins.' In glucogenesis (i.e. sugar-building) biochemical pathway,
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP) condense together
to form fructose 1,6-bisphosphate via an aldol reaction.!! The cleavage of the 1,6 phosphate diester
of fructose in glycolysis (sugar-burning) pathway occurs by retro-aldol reaction.'? In addition, the
condensation products (i.e. chalcones) of aldol reactions have many medicinal and pharmaceutical
properties that make them excellent template molecules for antimicrobials, anti-inflammatories,
antibacterial, and potential anti-cancer drugs.!* Aldol reactions are also utilized for the synthesis
of fine chemicals used in the production of industrial feedstocks, commodity chemicals, and
biomass-derived renewable liquid fuels.'*!® For example, a common industrial process involves
the synthesis of a, B-ionone from the reaction of citral and acetone. The a-ionone is used as an
aromatic component in fragrances while B-ionone is employed for the synthesis of vitamin A.!7
Jasminaldehyde is also a traditional product used in fragrances as it provides a violet-like scent. It
is formed by the aldol condensation of heptanal with benzaldehyde.'® The chromophores of
aromatic aldols such as 6-damascone and propiophenones have also been studied as they can be
tuned to selectively release a desired fragrance over time.!” Other aldol reactions employed in
industry include those of 2-ethyl-hexanol, acetone and Guerbert alcohols. The aldol product (2-
ethyl-hexanol) from condensation of butanal is used to synthesize di-ethylhexyphthalate, which is
used as a plasticizer for PVC. The self-condensation product of acetone (mesityl oxide) is used for
the synthesis of methyl isobutyl ketone (MIBK), which is widely used as a solvent of cellulose and

resin-based coatings to make paper, plastics, and paints. Guerbert alcohols are oxidized to



aldehyde products that self-condense to form aldol products that are used to make primary dimer
alcohols, which are used in cosmetics and textiles, and as lubricants and surfactants. !

Aldol reactions can be base catalyzed, or acid catalyzed; activation of the reactive
molecules occurs by a different mechanism in each case, as shown in Figure 1.2. The base
catalyzed aldol reaction occurs is 5 steps (A): the base deprotonates the carbonyl group at the a
position to form an enolate (1), the enolate serves as a nucleophile and attacks an aldehyde to form
a carbon-carbon bond (2), the resulting alkoxide ion is equilibrated by protonation (3) to form the
aldol addition product, the elimination of water proceeds by a second enolization (4), and
hydroxide elimination to form a carbon-carbon double bond (5).? The acid catalyzed aldol reaction
occurs in 5 steps (B): the acid activates the carbonyl carbon by donating a proton (1), the conjugate
base of the acid deprotonates the carbonyl group at the a position to form an enol (2), the enol
attacks the carbonyl group of the first intermediate (3), the carbocation formed is stabilized by
deprotonation (4), followed by the loss of water (5).2 Although the elimination step (5) seems
somewhat unlikely, given that the conditions are slightly acidic, and water is not a great base, this

elimination mechanism is generally accepted for simplicity.?* !



Figure 1.2 Base catalyzed (A), and acid catalyzed (B) aldol condensation reactions.?

Aldol reactions are most often catalyzed by homogenous catalysts comprising aqueous
hydroxide solutions.!” In fact, it has been estimated that over 1.5 million tons of the chemicals
produced worldwide from aldol reactions and their derivatives employ homogenous NaOH and
Ca(OH), catalysts.”?> These homogenous catalysts are corrosive, not easily removed from the
reaction mixture and are not re-usable, producing excess waste and increasing capital cost. The
Research Triangle Institute estimated that 30% of the selling price of the products of industrial
condensation reactions is due to the need for purification, recovery and waste management; for
every 10 tons of product formed, 1 ton of homogenous hydroxide-based catalyst were spent.* Due
to these difficulties, heterogeneous catalysts have gained interest among researchers in efforts to
develop clean and economical processes.”* Another advantage of using heterogeneous catalysts is
that the surface of the catalyst support (i.e. amorphous and mesoporous silica) can be tunable with

different active sites to enhance its catalytic activity.?> 2® Furthermore, various pore sizes



introduced by the silica support have enabled structure-dependent product formation.?’*” For
example, a nitrogen substituted silicon-alumina catalyst (Nit-NaY) with 7.2 A pore size was
employed for selectivity towards monomer product in the reaction of furfural with acetone. The
pore size was big enough to accommodate the monomer product but too small to allow rapid
diffusion of the dimer product. The monomer product is used in production of wood-polymer
composites while the dimer product is key in biorefinery to produce diesel and jet fuel.*

There are several reports of liquid-phase organic reactions catalyzed by inorganic solid
catalysts.’!>* Izumi et al. reported that CaO and MgO catalyzed the regio- and chemo-selective
ring opening of epoxides with cyanotrimethylsilane at room temperature much more efficiently
than homogenous catalysts.*? Zhang et al. reported the aldol reaction of acetone on several alkaline
earth oxides at 0°C and found that the base-catalyzed reaction was more efficiently promoted on
stronger basic sites, with BaO being the better promoter. They also found that a small amount of
pre-adsorbed water (0.12 mmol per 50 mg catalyst) increased the activity and selectivity to
diacetone alcohol when MgO was employed and proposed that the basic OH ions retained on the
catalyst surface or formed by dehydration of diacetone alcohol are the active sites for aldol
addition.*! Furthermore, Corma and Iborra reviewed recent work towards the optimization of alkali
metals and alkaline earth metal oxides for catalysis of a variety of organic transformations
including isomerization, carbon-carbon and carbon-oxygen bond formations, and hydrogen
transfer reactions.™’

Regarding aldol reactions, it has also been reported that there exists a cooperative effect
between the acidic and basic sites of bifunctional silica-based catalysts for the enhanced
conversion of aldol products compared to their individual catalytic sites.?> 2% 3¢ For example,

Zeidan et al. synthesized a SBA-15 support incorporating sulfonic acid and primary amine for the



aldol reaction of acetone with 4-nitrobenzaldehyde. The activity of the catalyst was 1.5 times
higher than either of the components alone.*”> *® Lewis et al. employed transition metals on silica
supports for crossed aldol reactions of aromatic aldehydes with acetone. It was found that acid-
base pairs in the silicon-oxide-metal framework promoted soft enolization through a-proton
abstraction, and that the catalysts maintained catalytic activity in the presence of as much as 10
wt.% water.® Yadav and Aduri employed a Mg-Al mixed oxide supported on mesoporous silica
for the production of jasminaldehyde. The fresh catalyst was 86% selective to jasminaldehyde after
a 4 h reaction and 82% after the second regeneration of the catalyst by heat treatment.*’ Yan et al.
employed cesium (Cs) supported SBA-15 catalysts for the preparation of methyl acrylate. A
catalyst loading of 5 wt.% Cs achieved the highest conversion and selectivity for methyl acrylate,
~50% and 95% respectively.*! The catalyst was regenerated 9 times with no loss in catalytic
activity, which the authors attributed to the suitable strength of weak-acid-base properties rooted
in the Si-O-Cs species on the surface of the silica support.*! Li et al. presented a more thorough
study of Cs-supported SBA-15 catalysts with zirconium (Zr) and iron (Fe) surface modifiers,
where a combination of the three metals Zr-Fe-Cs on the SBA-15 support improved the selectivity
for methyl methacrylate by 12% compared to the Cs-SBA-15 alone.*? The enhanced selectivity
was attributed to the increase in Bronsted-acid sites from the Fe-silicate structure,*® which led to
the facilitation of the aldol reaction by cooperative effects between the Bronsted-acid sites and
base sites* as well as the retardation of surface area loss due to zirconium.*

The above studies have shown the promise of heterogeneous catalysts for carrying out aldol
reactions. Gaining a further understanding of how the chemical and structural properties of
heterogeneous catalysts lead to aldol product formation will enable their use to drive eco-friendly

industrial processes. In this dissertation, fluorescence-based methods were employed to follow



aldol reactions to get important initial catalyst activity by employing a fluorescence sensitive

molecular probe.

1.2 Fluorogenic Molecular Probes for Aldol Catalysis

Fluorogenic molecules that afford fluorescent products have been widely employed to
monitor the progress of chemical reactions.***® This is typically achieved by ensemble
fluorescence measurements where a growth in fluorescence occurs as the reaction proceeds in situ.
Fluorogenic probes are widely used in high-throughput screening and rapid characterization of
catalysts at the ensemble level.*->! When highly fluorescent reactants and products are involved,
the process can be followed at the single molecule/ single turnover level. For example, Kumar et
al. employed the acid catalyzed oligomerization of furfuryl alcohol to probe the catalytic activity
of mesoporous alumina-silica catalysts with varying surface defects.>? Later, Ristanovic et al.
showed that different product intermediates are formed in the surface defects of alumina-silica
catalysts by employing the acid catalyzed oligomerization of styrene, which produces several
carbocationic species.’® Recently, researchers in the Weckhuysen group employed the localized
fluorescence emission of the products formed from the acid catalyzed oligomerization of thiophene
to map the catalytic activity of industrially important catalyst particles in real time.>*

As mentioned above, aldol reactions are important carbon-carbon bond forming reactions
in synthetic organic chemistry.”! Even though these reactions are widely used in industrial
settings, factors about how the catalyst employed affects catalysis of aldol reactions have not yet
been completely elucidated. Since the focus of this dissertation are heterogeneous catalysts, only
methods to study their catalytic properties will be considered. The acidic and basic properties of

the catalyst can be assessed ex situ via solid-state NMR,> X-ray absorption spectroscopy,>®



temperature-programmed desorption, and infra-red spectroscopy of numerous probe molecules.’’
However, these approaches give little information about the in situ acidic and basic properties of
the catalyst, which are certain to change depending on the solvent employed and the temperature
at which the reaction is run. Therefore, new approaches that allow for better screening of catalyst
activity are important for the development of aldol catalysts. As discussed above, single molecule
spectroscopy (SMS) can be a valuable method to elucidating the activity of the catalyst. In order
to employ SMS methods in the investigations of aldol reactions, it is imperative that a reactive
fluorescent dye be used.

Although fluorogenic probes are now used to follow aldol reactions at the ensemble

level, >80

no studies have been reported at the single molecule level, to date. The lack of single
molecule studies may be due to the absence of suitable dyes designed to undergo aldol reactions
while also remaining sufficiently fluorescent for detection at the single molecule level. In this
regard, a highly fluorescent dye, Nile Red (NR) promises to solve this challenge as it has been
previously employed in numerous single molecule detection, spectroscopy, and tracking studies.
For example, Bongiovanni et al. employed NR to simultaneously record its spatial position and
emission spectrum to super-resolve biological structures.®’ The Higgins group has extensively
employed NR to characterize the properties and dynamics of thin film materials derived from sol-
gel deposition. Their studies have taken advantage of the solvatochromic properties of NR®? to
measure the polarity of micro-environments in various materials including in plasmid DNA,% and
one-dimensional organosilane chemical gradients.®* They have also studied the diffusion of NR
within organically modified silicate films to show that film heterogeneity occurs on sub-100-nm

length scales and likely results from the presence of inorganic-rich and organic-rich domains.®

Later, they employed silica thin film gradients to show, for the first time, that two subpopulations



of mobile and immobile NR molecules reside on the gradient and silica sublayer respectively,
showing the importance of surface heterogeneity for stationary phase gradients and combinatorial
systems.66

In this dissertation, the synthesis and use of a new derivative of Nile Red, incorporating a
reactive aldehyde moiety (NR-Al) is reported. The NR-Al probe is employed in solution-phase
ensemble and single molecule spectroscopic studies of the heterogeneous catalysis of crossed aldol
reactions. These studies are the first in the literature to employ a NR derivative as a molecular

probe for aldol reactions.

1.3 Chemically Graded/Patterned Films

Chemically graded films incorporate small regions modified by different functional groups
or by mixtures of different functional groups. They exhibit a continuous, gradual change in the
chemical properties along the gradient.””" The need for combinatorial systems that speed
experimental throughput, by incorporating different analytes is manifested in various research
areas ranging from materials science to biology. For example, Inagi employed gradient polymer
surfaces to run chemical reactions of the conducting polymers on a bipolar electrode.”! Jayaraman
et al. employed a platinum catalyst gradient on an indium-tin-oxide substrate for electro-oxidation
reactions relevant to the fuel cell anode.”® Furthermore, Fasolka et al. reported on combinatorial
gradient library approaches to assess the mechanical properties and adhesion of surfaces, interfaces
and films.”

The Collinson and Higgins groups employed stationary phase gradients for the chemical
separation of over the counter drugs’* and water and fat-soluble vitamins.”” Chemical gradients

have also been used to drive the motions of cells.”®”” Elwing et al. employed a wettability gradient



to study the molecule-surface interactions of human fibrinogen, y-globulin, and lysozyme on
silicon plates.”® Giri et al. also employed organosilane based wettability gradients to elongate and
align double stranded A-DNA for potential applications in DNA barcoding and studies of DNA-
protein interations.’’ Later, Li et al. employed an aminosilane gradient surface to probe the local
dielectric constant of plasmid DNA in different microenvironments. The researchers showed how
the dielectric constant within double stranded DNA is impacted by changes in the solution ionic
strength, providing new knowledge on an important parameter that affects DNA interactions with
other proteins, drugs, and surfaces.%® Surface chemical gradients are also being explored for tissue
engineering applications. For example, Smith et al. studied the migration of human microvascular
endothelial cells on fibronectin gradients with different slopes.’® Furthermore, new strategies for
incorporating graded physical and chemical gradients are being explored with the promise to
regenerate heterogeneous tissues and tissue interfaces.”

Top-down and bottom-up material fabrication approaches are common methods employed
in the production of chemical gradients. In top-down approaches, different lithography methods
are employed to generate the pattern/shape of the gradient on a pre-coated substrate material. The
substrate is then chemically etched®® or exposed to a UV-plasma®' to render the final pattern on
the surface. In bottom-up approaches, chemical precursors (i.e. monomers, oligomers, polymers)
are gradually deposited on the substrate surface from the vapor phase or from the liquid phase
(controlled rate immersion, inkjet printing). Natural diffusion in the vapor phase was first

1.2 These researchers showed that

employed to make a chemical gradient by Chaudhary et a
gradients can be readily made by simply exposing the substrate (i.e. silicon wafer) to a reservoir

containing the chemical precursors (i.e. organochlorosilanes). The chemical gradient is generated

in < 10 min by placing the substrate 2 mm from the reservoir and allowing the silane vapor to

10



diffuse in a directional manner from the substrate side near the reservoir towards the opposite edge.
In this way, the edge closest to the reservoir is covered with the highest density of the organic
modifier. Chemical modification gradually decreases across the substrate (to the opposite edge).®?
Later, researchers employed a contact printing technique using elastomeric stamps to deposit
octadecyltrichlorosilane by varying the time of contact on the substrate. With this approach they
were able to generate micrometer-scale chemical gradients with a gradient steepness 1-3 orders of
magnitude higher than the traditional vapor diffusion method.®* In a more sophisticated method,
commercial ink-jet printers were employed to deposit alkanethiols onto gold substrates to create
binary chemical gradients and patterns of tertiary functionality.®*

While photolithography®® and contact printing®* afford control over the gradient profile and
can be used to make patterned films, changing the gradient characteristics or film pattern requires

86-88

the fabrication of a new mask or stamp. Although both dip-coating and controlled-rate

infusion®®?

methods allow the gradient profile to be manipulated, neither allows for the deposition
of patterned films. Ink jet printing®* is a direct-write method that provides the flexibility required
to produce gradients of arbitrary shape, location, and profile, but it requires careful optimization
of the ink properties (e.g., surface tension, viscosity and solvent volatility) to achieve proper
jetting.”!*> Furthermore, the printing of reactive materials by ink jet methods frequently leads to
clogging of the print nozzles. Since ink jet printing relies on the deposition of liquid droplets on
solid surfaces, de-wetting of the substrate and de-mixing of the ink solutions can also be
problematic. As an alternative to these methods, the work in this dissertation focused on the
development of vapor phase plotting of organosilanes for making patterned and chemically graded

self-assembled (SAM gradient) films. This method has the potential to plot organic acid-base

bifunctional catalyst thin films for catalysis studies of aldol and other organic reactions. As
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described in Section 1.1, literature studies show that there is cooperativity between acid-base
bifunctional heterogeneous catalysts that lead to the formation of the final aldol condensation
product. Plotting opposed chemical gradients of acidic and basic functionalities will allow to
elucidate how proximal the acidic and basic sites need to be for effective cooperativity. This will
provide information on critical spatial parameters to be satisfied to synthesize enhanced catalysts
for aldol reactions. Another advantage of using the vapor phase plotter in the preparation of catalyst
templates is that complete control over the density of catalytic sites on the substrate will be
afforded. Here, employing chemical gradients of gradually varying chemical densities will reduce
preparation time and allow for optimization of the catalyst density (i.e. loading) in a more efficient

manner.

1.4 Objectives and Overview of the Present Research

For the research described in this dissertation, a primary objective was to synthesize a
highly fluorescent dye that is still fluorescent enough upon undergoing an aldol reaction so that
the reaction may be followed at the single molecule level. This would allow in-situ characterization
of the intrinsically variable catalytic sites within heterogeneous catalysts. The information
gathered is a step towards fully understanding the nanoscale interactions between the reactants and
catalytic sites so that sustainable catalysts to be design and used in aldol reactions. Chapter 3
describes the complete synthesis of NR-Al, a new dye designed and used for the purpose of
studying aldol reactions at the single molecule level. Chapter 4 demonstrates the utility of this
dye to follow aldol reactions in-situ at the ensemble level. Chapter S5 demonstrates, for the first
time, the fluorescence emission of NR-Al and products of the aldol reaction on catalyst thin films

at the single molecule level. This chapter also describes work towards ex-sifu and in-situ aldol
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reactions on catalyst thin films. The work in this dissertation focuses on crossed-aldol reactions
between a ketone and an aldehyde reactant. The ketone reactants employed here are acetone and
acetophenone, while the NR-Al acts as the reactive aldehyde.

Since the aldol reaction forms two products, the aldol addition and aldol condensation
products, and it has been shown that a cooperativity of acidic and basic sites enhance aldol product
formation, another objective is to employ heterogeneous acid-base bifunctional catalysts to study
how different catalytic sites influence product formation. In Chapter 4, the heterogeneous
catalysts employed were a magnesium-zirconium-cesium doped silica material (Mg-Zr-Cs/Si0>),
and a commercial magnesium oxide (MgO). Fumed silica (SiO2) was employed as a control. The
products of aldol reactions were characterized by fluorescence and by high performance liquid
chromatography (HPLC) and HPLC-mass spectrometry (HPLC-MS).

Chapter S describes preliminary work towards following aldol reaction events at the single
molecule level catalyzed by thin films of inorganic silica materials. The films employed here were
composed of a sol-gel derived Mg-Zr-Cs/TMOS material. The fluorescence emission of the
products of ex-situ aldol reactions was measured and compared to that of the unreacted NR-Al.
This chapter also describes work towards following aldol reactions occurring on the catalyst film
in real time. A common technique used to follow single molecule fluorescence, widefield
microscopy, was employed for these experiments; Chapter 2 describes this technique in detail.

Lastly, the importance of methods able to pattern specific areas of a substrate with minimal
to no perturbation of the surrounding areas was discussed in Section 1.3. Such methods are
valuable when designing catalysts having various acidic and basic site densities as well as tuning
the strength of the active sites by incorporation of different organic precursors to provide

selectivity for the desired reaction products. In this dissertation, a new patterning method based on
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vapor phase plotting of organosilane precursors is introduced. The method is described in detail in
Chapter 6. Two types of organosilane precursors were employed: n-octyltrichlorosilane and 3-
cyanopropyltrichlorosilane. Thin film chemical gradients and square patterns were plotted from
the aforementioned vapor precursors. Common techniques to characterize thin chemical films
were employed for the characterization such as water contact angle (WCA) measurements,
spectroscopic ellipsometry, and X-ray photoelectron spectroscopy (XPS). The latter was also
employed for an estimation of the spatial resolution of this method. The vapor phase plotting
method presented in this dissertation can potentially plot thin films of organic acid-base
bifunctional gradients to study aldol catalysis at the nanoscale. A primary advantage of this
application is that no pre-made masks are required to pattern the substrates. Also, chemical
gradients with different precursors and different densities of those precursors would be possible to
make at once, reducing preparation time and allowing the study of more complex catalyst systems.

This dissertation concludes with a summary of what has been accomplished and addresses
new questions that arose as well as proposed studies and future directions, Chapter 7. Cited
references are listed in Chapter 8 and Appendixes (A-D) are given at the end; the Appendixes

provide additional information related to the studies presented in Chapters 3-6.
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Chapter 2 - Materials Preparation and Characterization

2.1 Preparation of Heterogeneous Catalysts

The use of wet chemistry methods, such as precipitation, coprecipitation, hydrothermal
synthesis or the sol-gel process, for the preparation of heterogeneous catalysts is well known.”?
These methods produce solids with large specific surface areas and high porosity in the meso- and
macro-pore ranges. ¢ In each case, a solid network is formed from solution via hydrolysis,
condensation, and drying of molecular precursors in solution, Figure 2.1.°*% In this dissertation,
a sol-gel process was used for the preparation of inorganic heterogeneous catalysts. The catalytic

properties of the materials thus obtained were then used in ensemble aldol reactions, Chapter 4,

and as inorganic-silica thin catalyst films in studies at the single molecule level, Chapter 5.

A)
Dissolution of metal salt

J's S+
) o+ H0 H o+
Deprotonation of water 5 +H 6‘ §— 5 _
i @ O +H .(\
T\ - el
. H H B2
; i ol @ i
5+ H

Solvated metal ion

B)
Hydrolysis
M+ X"+ H,0 = =M-OH + ROH

c)
Condensation
=M-OH + HO-MZ= = =M-0-M + H,0

Figure 2.1 Sol-gel chemistry in metal oxide materials. (A) A schematic of the reaction between
metal ions and water molecules to form metal hydroxides. After water molecules are deprotonated,
metal and hydroxide ions are bound to each other by electrostatic interaction. Representative
chemical reactions are shown for (B) hydrolysis and (C) condensation. Reprinted with permission.
Copyright © 2017 Elsevier B.V. All rights reserved.”

15


https://www.sciencedirect.com/topics/materials-science/sol-gels
https://www.sciencedirect.com/topics/materials-science/metal-oxide
https://www.sciencedirect.com/topics/materials-science/electrostatic-interactions

2.1.1 A Sol-gel Method for Heterogeneous Mg-Zr-Cs/SiO; Catalysts

Abdulhafiz Usman, Dept. of Chemical Engineering, synthesized the Mg-Zr-Cs/SiO»
catalyst employed in Chapter 4. Fumed silica (Sigma-Aldrich) was calcined in flowing air at 500
°C for 3h in a furnace (Barnstead F1500). The silica was then impregnated with stock solutions
of aqueous Mg(NO3)> - 6H20 (0.5 M), ZrO(NO3)2 - xH20 (0.1 M) and CsNO3 (0.5 M) (Sigma-
Aldrich) to yield catalyst particles having magnesium, zirconium, and cesium theoretical contents
of 0.025 wt.%, 0.033 wt.% and 13 wt.%, respectively. The aqueous mixture was subsequently
immersed in an ultrasound bath and sonicated at 40 °C for 24 h, followed by drying in an oven
overnight at 90 °C. The catalyst was further calcined in flowing air at 500 °C for 3 h and used

within 3 days. The catalyst was stored in a desiccator prior to use.

2.1.2 A Sol-gel Method for Mg-Zr-Cs/TMOS Catalyst Films

Abdulhafiz Usman developed the sol-gel recipe. I employed the developed recipe to
prepare the Mg-Zr-Cs/TMOS catalyst films used in Chapter 5. The same metal nitrate stock
solutions described above were employed in preparation of the sol used to prepare catalyst films.
The sol was comprised of tetramethoxysilane (TMOS, 98%), ethanol (HPLC grade), water (HPLC
grade) and 0.1 M HCI in molar ratios of 1:100:12.8:0.018 (TMOS:ethanol:water:0.1M HCI). In
preparation of this sol, the components were first added to a clean glass vial in the following order:
TMOS, ethanol, water. Afterward, the sol was stirred for 30 sec, then the nitrate solutions were
added so that the theoretical content for Mg, Zr, and Cs were 0.025 wt.%, 0.033 wt.% and 6 wt.%
respectively. The sol was subsequently stirred for an additional 30 sec and 0.1 M HCl was added.
The sol was then stirred for another 2 h and aged for 24 h in a desiccator prior to use. Each catalyst

film was formed by spin coating (Specialty Coating Systems, Inc., P-6000) a 150 pL volume of
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the sol onto the substrate (25 X 25 mm glass cover slips, or silicon) at 2500 rpm for 30 sec. The
catalyst films were aged for an additional 24 h in a desiccator and calcined in flowing air at 500
°C for 3 h. Once the furnace (Barnstead F1500) had cooled down to room temperature, the films
were removed, stored in a desiccator and used within 1 day. Finally, the catalyst-coated substrates

were exposed to an air plasma for 2 min prior to use.

2.2 Characterization of Heterogeneous Catalysts

The need for catalyst characterization, both structurally and compositionally is of utmost
importance in order to better understand their functionality and specifically how the active sites
within the catalyst influence a reaction. Insights into their structural/chemical properties will help
the synthesis of sustainable catalysts for their use in academia and, perhaps more importantly,
industrial settings as is discussed in Chapter 1. Various literature reviews have been published
reporting a compilation of common techniques for ex-situ catalyst characterization.””'% In this
dissertation, some of the common techniques discussed in the above reviews were employed for
the characterization of the catalysts and the silica controls employed in Chapter 5. Structural
characterization employed X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and surface area measurements by BET. Chemical
characterization employed energy dispersive X-ray spectroscopy (EDS), inductively coupled
plasma-optical emission spectroscopy (ICP-OES), X-ray photoelectron spectroscopy (XPS), and

temperature-programmed desorption (TPD) of CO2 and NHs.
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2.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique employed for phase identification of
crystalline materials and can provide information on unit cell dimensions. X-rays are generated by
a cathode ray tube, filtered to produce monochromatic radiation, collimated and directed toward
the sample. A diffracted ray, which satisfies Bragg’s Law, is obtained from the interaction between

the incident rays and the sample, as given in Equation 2.1.'%!

nA=2dsin0 (Equation 2.1)

The above equation relates the wavelength of incident light (1), the angle of incidence (0),
and the lattice spacing of the crystal (d); where (n) is an integer and represents the order of
diffraction. By scanning the sample through a range of 20 angles, all possible diffraction directions
of the lattice are attained. The material is then identified by converting the diffraction peaks to d-
spacings and comparing those with standard reference patterns.

Herein, XRD patterns of the as-synthesized Mg-Zr-Cs/SiO2, the commercially available
MgO (Nanoscale Materials), and fumed silica (Sigma-Aldrich) were obtained by Abdulhafiz

Usman using a desktop X-ray diffractometer (Rigaku Miniflex II).

2.2.2 Transmission Electron Microscopy (TEM) & Scanning Electron Microscopy

(SEM)
TEM and SEM are widely used as they are capable of imaging at a significantly higher
resolution than light microscopes. Both techniques employ a beam of electrons to form an image

of the material being examined; the resulting image is dependent upon how the beam of electrons
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interacts with the material. In TEM, the specimen is usually less than 100 nm thick or is suspended
on a grid. The transmitted beam of electrons from the sample is highly dependent on its properties
(i.e. density, composition) and is focused by the objective lens into an image on a fluorescent
screen or a CCD camera.!?

In SEM, the electron beam is raster scanned on the sample surface, allowing the electrons
to interact with atoms on the sample. The beam is scanned across the sample as the intensity of the
detected signal is recorded to produce an image of the sample. Simultaneous SEM/EDS systems
analyze the elemental composition of the sample. When the sample in the SEM is hit with high
energy electrons, the EDS detector collects the X-rays produced from the sample. Characteristic
X-rays from the difference in energy between the higher energy shell and lower energy shell within
the sample provide information on its elemental composition. The main difference between SEM
and TEM is that TEM provides information about the two-dimensional internal structure of the
sample whereas SEM provides a three-dimensional image of the surface morphology as well as
elemental analysis.!%?

Herein, TEM images were acquired by Abdulhafiz Usman. TEM images were acquired
using a FEI Tecnai G2 Spirit BioTWIN microscope operating at 120 kV. The samples were
prepared by dispersing them in ethanol, sonicating them, and then depositing them on a microgrid
before imaging. SEM images were obtained using a Hitachi S-3500N microscope with an
operating voltage of 20 kV. EDS was employed for elemental analysis using an Oxford detector

(<135 eV). The catalyst samples were sputter coated with palladium before imaging.
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2.2.3 BET Surface Area and BJH Pore Size Distribution

The Brunauer, Emmet and Teller (BET) theory is commonly employed to measure the
surface area of solid or porous materials. This theory evaluates the level of gas adsorption on a
material surface to determine its specific surface area in units of area per mass of sample (m?/g).
Experimentally, the physical adsorption of an inert gas (i.e. nitrogen, argon) onto the surface of
the sample at cryogenic temperatures is measured as a function of the pressure of the adsorbing
gas. As the relative pressure is increased, the gas molecules form a monolayer on the material, and
the number of adsorbed molecules can be calculated from the volume adsorbed. Since the cross-
sectional area of the gas adsorbed is known, the area of the accessible surface can be calculated
from a mathematical model described by the BET formula, as given in Equation 2.2.'%

c-1 P

P __ 1 1P .
Va(Po—P) VimC + Vi (Po) (Equation 2.2)

The above equation is employed to determine the number of molecules required to form a
monolayer, Vi, of adsorbed gas onto a solid surface. This mathematical formula describes the
relationship between the number of gas molecules adsorbed (V) at a given relative pressure (P/Po),
and the volume of gas molecules forming a monolayer (Vm); where C is the BET constant and is
related to the heat of adsorption. The BET equation describes the linear relationship between
P/V«(Po/P) and P/Py. The surface area, SA, is calculated from the slope and intercept according to

Equation 2.3, where CSA is the cross-sectional area of the adsorbate gas.'%

A=——— _*(CSA (Equation 2.3)

slope+intercept
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The Barrett, Joyner, and Halenda (BJH) theory is a common method for calculating pore
size distributions from experimental isotherms using the Kelvin model of pore filling. The pore
size distribution can be determined based on the external pressure required to force the gas into a
pore against the opposing force of the gas (i.e. surface tension). Equation 2.4 shows the parameters
involved in the Kelvin model; where P is the actual vapor pressure, Psa is the saturated vapor
pressure when the surface is flat, y is the liquid/vapor surface tension, Vu is the molar volume of
the adsorbate, R is the gas constant, r is the radius of the adsorbate, and T is the temperature. This

model only applies to the mesopore and small macropore size range.'%*

l P 2yVm
Psat TRT

(Equation 2.4)

BET surface area and pore size distribution measurements were acquired by Murilo
Toledo, Chemical and Petroleum Engineering, University of Kansas. Measurements were done on
a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. Samples were first dehydrated
in a 1430 series VWR vacuum oven for 24 h at 150 °C at a pressure of < 77 Torr. To avoid
undesirable interactions with atmospheric moisture, samples were kept in a humidity-free
environment in a Sanplatec Dry Keeper Auto Desiccator Cabinet. Prior to surface area and porosity
measurements, all samples went through an outgassing step for 12 h at 350 °C under vacuum.
Nitrogen sorption isotherms were collected at 77 K over a relative pressure range of 0.05 to 0.995;
measured every 120 min. Mesopore-size distribution was evaluated by the nitrogen desorption
isotherm and by the BJH method.!® Total surface area was calculated by the BET method.'%
Total pore volume was determined by the amount of nitrogen adsorbed at a relative pressure of

0.99.
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2.2.4 Inductively Coupled Plasma (ICP) Spectroscopy

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a common
analytical technique employed for the detection of chemical elements. The plasma is a high
temperature source of ionized gas (i.e. argon), which ionizes the sample of interest, and produces
electronically excited atoms and ions. Relaxation of these atoms and ions produces radiation at
wavelengths characteristic of the element involved, which is used for elemental analysis. A
spectrograph and a detector array such as a CCD camera, are employed to record the plasma
emission spectrum and thus identify the elements present in the sample. The emission intensity
can then be analyzed to quantify the elemental composition of the sample while employing
standards with known concentrations.'%

In this dissertation, the elemental composition of the catalysts was determined using a

Varian 720-ES ICP-OES. Samples were digested in nitric acid for this analysis.

2.2.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a powerful and widely used technique to characterize the surface elemental
composition of a material. The method works by irradiating a sample with a beam of X-rays of
known energy (hv), which results in the ejection of electrons from specific orbitals (core-shell
electrons). The kinetic energy (KE) of the ejected electrons is then measured by an electron
analyzer to determine their binding energy (BE). The BE depends on the element detected, the
orbitals from which the electrons are emitted, and the chemical environment. The electron analyzer
measures the intensity of the ejected electrons as function of BE, where each prominent peak
corresponds to electron emission from the core electronic orbitals of atoms of a specific element,

and the area under the peak corresponds to the amount of such element present on the sample.
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Characteristic shifts in an atom’s BE depend on its chemical environment and allow detailed
information to be obtained about the material’s surface chemistry. Equation 2.5 shows how the

BE is calculated, where ¢spec is the work function of the spectrometer employed.'%

BE =hv — KE - ®spec (Equation 2.5)

Herein, XPS data of the catalysts were acquired by Dr. Bala Balasubramanian at the
Nebraska Nanoscale Facility: National Nanotechnology Coordinated Infrastructure and the
Nebraska Center for Materials and Nanoscience. A Thermo Scientific K-alpha” XPS with a
monochromatic Al Ka X-ray source (1486.6 eV) was employede. XPS spectra were acquired
using a 400 um spot size, 50.0 eV pass energy, and 0.100 eV step size. The binding energies were
41

corrected for charge shifts using the C (1s) peak of adventitious carbon at 284.8 eV as a reference.

Deconvolution of the XPS data was done using OriginPro software

2.2.6 Temperature Programed Desorption (TPD)

TPD involves the observation of gas molecules desorbed from a sample surface as the
temperature is increased to obtain information about the nature of the binding sites on the surface
(i.e. strength) as well as the amount. Gas molecules such as CO> and NHj3 are typically employed
to probe basic and acidic surface sites respectively by absorbing on such sites. The amount of gas
molecules absorbed gives a measure of the density of the chemical environment of the material
being probed (i.e. basicity, acidity). The temperature required to get the gas molecules to desorb
from the material’s basic or acidic surface sites gives a measure of their strength. Higher desorption

temperatures indicate a stronger binding site (i.e. increased acidity or basicity).!?’
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In this dissertation, the acid-base properties of heterogeneous catalysts were determined by
TPD of CO> and NH3, employing an Altamira Instruments AMI-200. For CO, TPD, 150 mg of
catalyst was placed in a quartz tube and treated in helium flow at 450 °C for 1 h, with a heating
rate of 10 °C/min. After cooling to 50 °C, a 10% CO»-He mixture was passed over the samples for
30 min followed by a purge with pure helium until the baseline became stable. Desorption of CO»
was accomplished by exposing the sample to a helium flow while heating to 500°C at 10°C/min.
The same process was employed for NH3; TPD using a 1% NH3-He mixture. The desorption profile

for both gases was recorded using a thermal conductivity detector.

2.3 Fluorescence Spectroscopy

Fluorescence spectroscopy is a highly sensitive analytical method employed to analyze the
fluorescence properties of a fluorogenic sample, including its concentration. This method is widely
used because it is fast, simple, inexpensive and the sample can be directly analyzed in solution.
The principle is that when a photon of light of appropriate energy is absorbed by organic
fluorophores, the subsequent emission of light (fluorescence) is obtained due to the electronic
transition between the excited and ground states, as depicted in the Jablonski diagram, Figure 2.2.
Groups that are responsible for absorption are called chromophores and are often isolated double
bonds or conjugated rings. Bathochromic and hypsochromic shifts correspond to shifts in the
wavelength of absorption of chromophores to longer or shorter wavelengths, respectively.
Conjugation (i.e. C=C-C=C, C=C-C=0, Ph-C=C) typically leads to an increase in molar
absorptivity and to a bathochromic shift. Furthermore, the attachment of an auxophore (i.e. -OH,
-NHb>, -OR, -NHR, -Br) to a chromophore also leads to a bathochromic shift. This occurs due to

sharing of the non-bonding pair(s) of electrons on the auxophore with the chromophore, which
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leads to an extended conjugation to lower the energy of the m orbital associated with the
chromophore, and thus to a bathochromic shift.!®® In Chapters 4 and 5, fluorescence spectroscopy
was employed as a simple means to detect the different products obtained from NR-AI aldol

reactions with acetone or acetophenone.

Sl J— Nonradiative decay

Energy
Absorbance
Fluorescence

So -
|

Figure 2.2 Jablonski diagram showing the principle of fluorescence. So is the ground singlet state,
S1 is the first excited single state. The black lines between the electronic states represent their
vibrational sub-levels. For simplicity, rotational states, spins and phosphorescence through
intersystem crossing are not shown.

2.3.1 Widefield Fluorescence Microscopy
Since a typical fluorescence measurement is done at the ensemble level, only the average
value of the parameter under study is obtained and critical information found at the nanoscale may
be masked or lost. This becomes particularly important when studying materials with intrinsically
varying properties such as heterogeneous catalysts, where the average experimental value may not
represent the most active catalytic sites. This has led scientists to search for methods where single
catalytic sites and single reaction turnover events can be studied individually at the single molecule

level. Among these methods is single molecule/particle tracking (SMT, SPT) as it provides spatio-
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temporal resolution in the nanometer-millisecond domains. The spatio-temporal resolution of
SMT methods has aided in providing evidence of temporal and spatial heterogeneity of
nanostructures and heterogeneous catalysts in different environments.>>->* 10

Figure 2.3 shows a schematic diagram of the epi-illumination mode wide-tfield microscope
employed in typical SMT experiments. The material under study is doped with nanomolar or sub-
nanomolar concentrations of fluorophores. In this set up, the laser beam is reflected off a dichroic
mirror and focused on the back aperture of the microscope objective. The fluorescence produced
by the fluorogenic molecules on the sample is collected by same microscope objective and is

directed through the dichroic mirror. An additional filter removes residual excitation light and the

fluorescence is detected by a CCD camera.

sample

— — —oil,n=1,51

Objective

100X

N

Lens Filter

Fiter 1

ccD

Figure 2.3 Widefield microscope setup for fluorescence measurements.

In SMT measurements, a high numerical aperture (NA) objective lens is employed to
ensure that the maximum possible amount of emitted fluorescence is collected, thus improving the

signal to noise ratio, while also yielding the best possible spatial resolution. Equation 2.7 shows
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the parameters involved in NA, where n is the refractive index of the imaging medium and 0 is the

maximum collection angle of the objective,
NA=nxsin0 (Equation 2.7)

As spatial resolution is inversely proportional to NA, higher resolution may be achieved
by employing an objective lens with larger NA. The collection efficiency of the objective also
scales as the square of NA, so a large NA also greatly improves the signal detected, Equation
2.8.1% S, is the signal from a single molecule emitter, C and F are the detection and collection
efficiencies of light, ¢r is the fluorescence quantum yield, Py is the incident optical power, o is the
optical cross section, T is the time over which the signal has been detected, and 0.885 is the
estimated value for a microscope set up employing several optic lenses for fluorescence collection.
Typical objectives employed in SMT experiments are oil immersion objectives with NA as high

as 1.49 in which the oil imaging medium has n=1.51.

S4= 0.855CForPyot () Equation 2.8

A major improvement in optical microscopic techniques is the introduction of super
resolution microscopy where the optical diffraction-limited resolution is surpassed.'!® ''! The
diffraction limit is defined by Abbe’s law,'!? Equation 2.9, where the lateral resolution, R, in the
x and y directions of the image plane is limited to about half the wavelength of light, A. Therefore,
even for state-of-the-art microscope objectives with high NA (i.e. 1.3-1.6), the spatial resolution

of optical imaging is limited to ~ 200 nm for visible light of 500 nm wavelength. This means that
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two sources of light need to be separated by at least 200 nm to be distinguished (resolved) from

one another as individual spots.

R=— Equation 2.9

Today, super resolution single molecule microscopies such as stimulated emission
depletion (STED),!'! photoactivated localization microscopy (PALM),!!3 stochastic optical
reconstruction microscopy (STORM),!'* among others are employed as they allow a spatial
resolution far below that of the diffraction limit to be obtained. A common approach to achieve
this is to precisely and accurately localize the point spread function (PSF) of the single molecule
emitter by fitting its intensity distribution to a 2D Gaussian function,!'> Equation 2.10. Ip
represents the peak intensity (amplitude) of the fitting, xo and yo are the central x and y positions
of the fit, and ox and oy are the standard deviations in the x and y directions. The central positions
(X0, Yo) give the precise location of the single molecule emitter, while the amplitude provides the

peak intensity of the fluorophore.

(x=x0)* + =y0)* )]

202 205

I (x,y)=1loexp [- Equation 2.10

Furthermore, the localization precision, o, can be improved with more photons, N,
collected,''® Equation 2.11. Thus for 100 photons detected for a single molecule employing
objective lenses with high NA (1.3-1.6), and an emission wavelength of 500 nm, the localization

precision is ~ 20 nm or ten times better than expected from the diffraction limited resolution.
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o= Equation 2.11

Super resolution single molecule microscopies enable tracking the dynamics of individual
fluorophores in different materials across video frames in real time. These methods provide
detailed information about time-dependent translational motions of the molecules as well as
adsorption, partitioning, and chemical reaction events. In this dissertation, widefield fluorescence
microscopy and SMT methods were employed to detect single molecules of NR-Al and aldol
products doped on thin catalyst films as well as to follow catalysis of individual NR-Al aldol

reactions with acetone vapor in real time.

2.3.2 Two-Channel Spectroscopic Imaging

The wide-field microscope setup employed in Chapter 5 is depicted in Figure 2.4.

hamr

—  — oil,n=1.51

Objective
100X

1.49 NA

ccp \

\
camera \ Dichroic Laser

"N, 555 DCLP 532 nm

Filter
610/75 nm Lens  Filter

Dichroic
646 DCLP

Figure 2.4 Widefield microscope setup for two-channel spectroscopic imaging.
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A 532 nm laser delivering 0.6 + 0.1 mW of optical power to the sample was employed to
excite Nile Red, Nile Red Aldehyde (NR-Al), and the products of the aldol reactions. The
excitation light was passed through various optical components (i.e. mirrors, filters, polarizers)
and a spinning optical diffuser prior to directing it into the microscope. The light was reflected
from a dichroic beam splitter (Chroma 555 DCLP), and subsequently focused into the back
aperture of a 1.49 NA 100X oil immersion objective (Nikon, Apo-TIRF). The illuminated area in
the sample was ~ 14 um x 14 pum. The fluorescence emission from the fluorogenic molecules was
collected using the same objective, in an epi-illumination geometry. The residual excitation light
was separated from the fluorescence by passing it through the same dichroic beam splitter and a
570 nm long-pass interference filter (Chroma ET570). The fluorescence was then directed into an
image splitter (Cairn Research OptoSplit II) and passed through a second beam splitter (Chroma
646 DCLP) and two bandpass filters (610/75 nm and 650/100 nm) in the reflected and transmitted
channels, respectively. This allowed for two spectral images with spectral bands spanning 610 +
38 nm and 674 + 26 nm to be viewed. The fluorescence light collected was detected by an electron
multiplying (EM) CCD camera (Andor iXon DU-897) operating in conventional mode. All
samples were imaged under nitrogen atmosphere, which was maintained by a custom-made
chamber. Fluorescence videos 100 frames (0.5 sec/ frame) in length were acquired at different
positions within a ~0.5 cm radius from the center of the sample.

The videos obtained were then analyzed using software written in-house in the LabView
programming environment. The software corrected for image off-set and rotation resulting from
the optical system; typical experiments employed rotations of ~ +1°. The software located
individual fluorescent spots in each frame and automatically located its pair in the second image.

The spots were approximated by Gaussian intensity profiles, where fitting the spots to 2D Gaussian
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functions allowed for the determination of their location and peak signal.®® !''> The fluorescence
spots located at the same position (within its Gaussian profile) across the video frames were linked
to obtain their trajectories. Fluorescent spots with trajectories at least 7 video frames in length were
analyzed to eliminate short-lived impurity spots. In the case of in-situ aldol reactions, fluorescent
spots with trajectories at least 14 video frames in length were analyzed. The latter was due to
experimental data suggesting that more can be learned from long-lived fluorescent spots that may

better provide evidence of chemical reactions occurring in real time.

2.4 Vapor Phase Plotting of Chemical Gradients

In this dissertation, SAM films and gradients were prepared using a simple, inexpensive
vapor phase plotter that was designed and constructed in-house. The critical working components
of the vapor plotter include a precursor reservoir, a glass capillary for delivery of the precursor
vapor to the substrate surface, and an X,Y plotter. Figure 2.5 shows a schematic diagram and a
photograph of the apparatus. Briefly, vapor plotting is accomplished by first loading the precursor
reservoir with organosilane solution. An inert carrier gas is then used to sweep organosilane vapor
from the reservoir into the capillary, which is connected to the reservoir via flexible tubing. The
capillary is mounted to the X,Y-plotter, allowing for it to be raster scanned above the substrate
surface. The working end of the capillary is positioned a few tens of micrometers above the
substrate, allowing for local regions to be exposed to silane vapor in a controlled manner. The
entire apparatus is housed within a sealed deposition chamber that allows for the ambient
atmosphere to be controlled during plotting. The entire vapor phase plotting process is described

in more detail in Chapter 6.
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Figure 2.5 Deposition chamber for vapor phase plotting of SAM films and gradients. The inset
shows a photograph of the capillary, substrate, reservoir and sample stage. Reprinted with
permission. Copyright © 2018 American Chemical Society.!!”

2.4.1 Silica Base Layer

Microscope coverslips (Fisher Finest Premium, 25 mm x 25 mm) and cut, polished silicon
wafers (University Wafer, boron doped, 10 mm x 20 mm) were used as substrates upon which the
SAM films and gradients were deposited. Each substrate was cleaned prior to use by exposure to
an air plasma for 5 min. As has been demonstrated previously, organosilane films are best formed
on substrates already coated with a silica base layer.”® The base layer provides a uniformly reactive
surface with sufficient silanol sites to allow for efficient attachment of the
organotrichlorosilanes.''® ~ Base layers were deposited from a sol comprised of
tetramethoxysilane (TMOS), ethanol (200 proof), and 0.1 M HCI in volume fractions of
0.94:94.0:5.06 (TMOS:ethanol:0.1M HCI). In preparation of this sol, the components were first
added to a clean glass vial. The sol was then stirred for 1 h and aged for another 23 h in a desiccator
prior to use. Each base layer was formed by spin coating (Specialty Coating Systems, Inc., P-6000)
a 150 pL volume of the sol onto the substrate at 5000 rpm for 30 s. Base layers prepared in this

manner had thicknesses of 16 = 5 nm on average, as determined by spectroscopic ellipsometry.
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The base-layer-coated substrates were stored in a desiccator for at least 24 h prior to use and were

subsequently exposed to an air plasma for 2 min prior to vapor plotting.

2.4.2 Vapor Phase Plotting of Chemical Gradients /Patterns

Self-assembled monolayer films and gradients were prepared from n-octyltrichlorosilane
(97%) and 3-cyanopropyltrichlorosilane (97%) precursors. The organotrichlorosilanes were
obtained from Sigma-Aldrich and were used as received. Each was dissolved in a solvent prior to

being transferred to the reservoir. The solvents tested include toluene, n-heptane, and n-butanol.

2.5 Characterization of Chemical Gradients and Catalyst Thin Films

Film deposition and gradient formation were verified by sessile drop water contact angle
(WCA) measurements, spectroscopic ellipsometry (SE), and by X-ray photoelectron spectroscopy
(XPS) mapping. The same methods also allowed for the gradient profile to be recorded. Catalyst

thin films were characterized by SE and XPS mapping.

2.5.1 Water Contact Angle (WCA) Measurements

Water contact angle measurements were employed as it is a facile and common technique
for the characterization of the macroscopic wettability properties of thin films and surfaces. The
apparatus employed was built in-house, with all the components fixed on an optical table, as shown
in Figure 2.6. For WCA measurements, 0.1-0.5 pL droplets of pure water (18 MQ-cm, B-pure,
Barnstead) were placed on the SAM films at several locations, and at 2 mm intervals along each
gradient length, with three replicate measurements at 1 mm spacings across the gradient width

using a microliter syringe (Hamilton). The home-built instrument was equipped with a CCD
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camera (ProVIDEO, CVC-140) and a zoom lens (Navitar) that were used to photograph the

19

individual water droplets. A plugin for the freely available ImageJ software!!’ was used to

determine the contact angle from each photograph.

monitor

Water substrate [ ]

droplet
ﬁ/(]j: CCD Camera

Lamp Sample Stage Lens

Figure 2.6 Home-built apparatus for WCA measurements.

2.5.2 Spectroscopic Ellipsometry (SE) Measurements

Spectroscopic ellipsometry is a non-contact, non-destructive optical technique that is
widely used to characterize thin films and multi-layer semiconductor structures. In this
dissertation, an a-SE spectroscopic ellipsometer (J.A. Woollam Co., Inc.) was employed to
measure the thickness of the silica base layer and of the chemical gradient overlayer from samples
deposited on silicon wafers. The use of silicon substrates ensured a strong optical reflection from
the film-substrate interface, affording the measurement precision needed to determine the
thickness of sub-monolayer films.

Ellipsometry measures the change of polarization of the light source after it reflects from
the substrate surface. The change in polarization involves two parameters, the amplitude ratio
tan(y), and a phase difference (A). The measurement involves the reflection of the linearly
polarized light (across all visible wavelengths) from the sample substrate and the output

polarization (s) is measured. Since the output response depends on optical properties of the
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material such as thickness, monolayer and sub-monolayer chemical films on the substrates were
readily measured. Equation 2.6 shows the parameters involved in the change of polarization (p);

where 1, and 15 represent the reflectivity of p and s polarizations.

p="= =tan(y) €™ (Equation 2.6)

All ellipsometry raw data were globally fit to the “Si with Transparent Film” model
available in the CompleteEASE software provided in the instrument. In all cases (both base layer
and organosilane-coated base layer), the films were treated as a single layer on the substrate,
because the refractive indexes of the films are all very similar, n = 1.457 (at 633 nm).'*° Figure
2.7 shows ellipsometric data for the silica base layer (A), and for the base layer after vapor phase

plotting of octyltrichlorosilane (B).
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Figure 2.7 Spectroscopic ellipsometry data for (A) a thin base-layer on silicon and (B) the same
film after vapor phase plotting of octyltrichlorosilane. The colored lines represent the raw data and
the dashed lines are the fits of these data employing a model for a single transparent film on silicon.
The Cauchy relationship was employed to model film dispersion. The parameters obtained from
global fits to the data shown in (A) are: A= 1.486 + 0.0090, B= -0.01545 + 0.00233 um? C=
0.00144 +0.00025 um*, n = 1.4567, thickness= 12.60 = 0.081 nm; in (B): A= 1.508 + 0.0087, B=
-0.02559 + 0.00225 pm?, C=0.00215 + 0.000239 um*, n=1.4577, thickness= 13.52 = 0.080 nm.
The mean square error in each measurement was 1.507 and 1.512, respectively. The difference
between the two measured thicknesses, ~ 0.92 nm, gives the thickness of the deposited thin film
organochlorosilane on the substrate.

To determine the organosilane layer thickness, the base-layer thickness was first measured
prior to vapor plotting of the organotrichlorosilane. To avoid errors in the measured thickness
caused by condensed water layers, all ellipsometric measurements were made under a dry nitrogen
atmosphere inside a Plexiglas chamber. The chamber was purged with nitrogen for at least 30 min
prior to each set of measurements, and the purge was maintained throughout each experiment. The
base-layer thickness was measured at a series of positions separated by 2 mm spacings along the

substrate. The SAM film was then deposited atop the base layer and the film thickness was
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remeasured at each of the previous locations (to within = 1 mm). The SAM film thickness was
obtained as the difference between the full film thickness and that of the base layer.

To determine the thickness of the catalyst film, the surface layer of the silicon substrate
was first measured at a series of positions separated at 2 mm intervals along and across the
substrate. The silicon substrate was exposed to an air plasma for 5 min and the same precautions
to avoid condensed water on the surface were employed as explained above. The catalyst film was
deposited, and the film thickness measured at each of the previous locations (to within = 1 mm).
The catalyst film thickness was obtained as the difference between the full film thickness and that

of the silicon surface.

2.5.3 X-ray Photoelectron Spectroscopy (XPS)

XPS was also employed to characterize the chemical gradients and catalyst films. The only
difference is that a different instrument was employed. XPS measurements of the chemical
gradients and catalyst films were acquired by Dr. Anna Forzano and Shelby Wheatherbee,
respectively, Dept. of Chemistry, Virginia Commonwealth University. The working principle of

XPS was described in section 2.2.5.
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Chapter 3 - Synthesis of Aldol Reactive Nile Red Derivative

Distribution of Work
I synthesized the dye and did much of the characterization. Dr. Man Zhang provided her

synthetic expertise in proposing a similar reaction mechanism to get the dye of interest.

3.1 Introduction

The need for assays that are relatively quick, robust and inexpensive is crucial when
designing and optimizing catalyst materials. In this realm, molecular probes have been found
suitable for following chemical reactions in real time to measure and rank catalytic activities at the
ensemble level.'?! 22 Fluorogenic probes are now widely used in high-throughput screening and
rapid characterization of catalysts by detecting a fluorescence growth during the reaction.*-!
Fluorogenic probes have also been explored when assessing the catalytic activities of various
catalysts under different conditions and in screening catalysts useful for synthetic organic
chemistry.!23-12

Aldol reactions are important carbon-carbon bond forming reactions in synthetic organic
chemistry and employed in industrial reactions of feedstocks, commodity chemicals, and biomass-
derived renewable liquid fuels.'*'%*! The need for molecular probes to follow aldol reactions has
attracted interest among researchers. For example, Guo and Tanaka synthesized a fluorogenic
aldehyde bearing a 1,2,3-Triazole moiety for monitoring the progress of aldol reactions catalyzed
by various amines. The Triazole moiety that connected a fluorescent and a non-fluorescent group
led to fluorescence quenching of the fluorophore, however, the product of the aldol reaction was

t.59

fluorescent.”” Similarly, Katsuyama et al. synthesized fluorogenic probes where benzaldehydes
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conjugated with aryl groups via a double or triple bond were non-fluorescent, but the product of
aldol reaction was fluorescent in buffer solutions.!?® Other research groups focused on aldol
reactions catalyzed by piperidine while employing coumarin chalcones incorporating either an
aldehyde or ketone moiety. Here, reaction conditions employed polar solvents such as ethanol and
acetonitrile and reaction mixtures were refluxed.®® 1’

While the above studies are good demonstrations of fluorogenic probes used in aldol
reactions, little information about the intrinsic-localized properties of catalysts is learned from bulk
measurements. The above studies show that aldehyde probes “turn on” upon undergoing aldol
reaction while coumarin dyes show unique spectral shifts upon aldol reaction. However, none of
the dyes currently presented in the literature are well suited for single molecule spectroscopy
(SMS) studies where high fluorescence is a requirement for detection and tracking. Furthermore,
SMS studies are preferably performed at room temperature, a condition that is more manageable
in optical microscopic experiments. Therefore, the need for a molecular probe for aldol reactions
that is suitable for SMS is essential to study intrinsic-localized catalytic activity in heterogeneous
catalysts. This information is important when designing and optimizing catalysts used in various
industries (i.e. to make aldol products employed for commodity chemicals and biomass derived
renewable liquid fuels).

In this chapter, the synthesis of a new derivative of Nile Red that incorporates a reactive
aldehyde moiety (NR-Al) is described in detail. NR-Al was confirmed by 'H and '*C NMR, and
high-resolution mass spectrometry. The reactive Nile Red derivative was selected because it is
highly fluorescent and has been widely employed in single molecule detection, spectroscopy, and
tracking studies.'?®13 This dye is useful in such studies because its emission spectrum exhibits an

appreciable red shift in wavelength with increase in solvent polarity, thus making its chromophore
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highly dependent on its surroundings. The red shift is explained by the stabilization of certain
molecular motions that provide a pathway for fast non-radiative decay of the NR in its excited
state.!*! Specifically, a twisted intramolecular charge transfer process between its diethylamino
and quinoidal moieties is better stabilized by polar solvents than non-polar solvents. The
stabilization lowers the energy of the excited state and shifts the emission to longer wavelengths
with increasing solvent polarity,'3!"!** Figure 3.1. In this dissertation, the highly fluorescent and
bathochromic properties of the NR chromophore were employed as a simple means to detect
different products obtained from NR-AI aldol reactions with acetone and acetophenone. In
Chapter 4, NR-Al is employed to follow in situ aldol reactions catalyzed by heterogeneous
catalysts and becomes an important component in gathering initial information about their catalytic
activity. In Chapter 5, NR-Al and the products of aldol reactions are detected at the single
molecule level for the first time. Pre-liminary studies towards ex-situ and in-situ aldol reactions on

catalyst thin films is also reported.
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Figure 3.1 A) Nile Red molecular structure and intramolecular charge transfer process. B)
Fluorescence spectra of NR in hexane (red), heptanes (orange), cyclohexane (yellow), toluene
(dark green), chloroform (light green), dicloromethane (dark blue), acetone (light blue), and
acetonitrile (dark purple) obtained with 488 nm excitation. Reprinted with permission. Copyright
© 2013, American Chemical Society.'>*
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3.2 Experimental Considerations

3.2.1 NR-Al Synthesis and Characterization

Reagents used in the synthesis of NR-Al were obtained from commercial sources unless
otherwise specified and used without further purification. Analytical thin layer chromatography
(TLC) was employed to track reaction progress using silica gel 60 Fzss (Merck) TLC plates.
Column chromatography was employed for product purification and employed silica gel 60 (230-
400 mesh) as the stationary phase. 'H and '*C NMR spectra were acquired on either 600 MHz
(Bruker Avance III HD) or 400 MHz (Bruker Avance NEO) spectrometers. Fourier transform
infrared (FTIR) spectra were taken using disposable polyethylene IR cards (Aldrich) as the sample
support. Spectra were recorded in transmission mode on a Cary 630 FTIR (Agilent). High-
resolution mass spectra were obtained on a LCT Premier Mass Spectrometer (Waters) using
electron 1mpact ionization. Fluorescence spectra were acquired on a FluoroMax-2

spectrophotometer (Jobin Yvon Spex) using a Xenon lamp (150 W) as the light source.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization of Nile Red-Al

Synthesis of the aldol-reactive derivative of Nile Red, 9-diethylamino-5-oxo-5H-
benzo[a]phenoxazin-2-carboxaldehyde (NR-Al), required six steps and is based upon a previously
reported synthesis of Nile Red.!* A scheme of the steps employed is shown in Figure 3.2. 'H
and '*C NMR and EI-MS can be found in Appendix A. EI-MS was acquired in the Analytical

Core Laboratory, University of Kansas Medical Center.
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Figure 3.2 Scheme of synthesis of 9-diethylamino-5- oxo-5H-benzo[a]phenoxazin-2-
carboxaldehyde (NR-Al), 6. Product yields are given below each reaction arrow.

Synthesis of 5-hydroxy-2-naphthoic acid (1). The synthetic procedure reported by Wang et
al. was modified to prepare 1.1%¢ A 50 mL reactor (Parr 5500 series) equipped with a mechanical
mixer was charged with 5-bromo-2-naphthoic acid (1 g, 3.98 mmol, Combi-Blocks, 98%),
tetrabutylammonium hydroxide (19 mL, 40% in H20, Sigma-Aldrich), Cu2O (0.028 g, 0.195
mmol, Alfa Aesar, 97%), 4,7-dihydroxy-1,10-phenanthroline (0.085 g, 0.401 mmol, Alfa Aesar),
and deionized water (10 mL). The reactor was degassed with Argon for 5 min prior to pressurizing
to 15 psi with Argon. The reaction temperature was gradually increased to 100°C and the starting
materials allowed to react for 24 h. Afterward, the reaction was cooled to room temperature prior
to venting to the atmosphere. The solution was then acidified to pH 2-3 with 2N HCI and extracted
with ethyl acetate. The combined organic fractions were dried over anhydrous sodium sulfate and
concentrated under vacuum. The crude product was further purified by column chromatography
on silica gel using a 1:1 hexane:ethyl acetate to obtain compound 1 as an off-white solid (0.581 g)
in 77% yield: '"H NMR (400 MHz, DMSO-d6): § = 13.02 (s, 1H), 10.33 (s, 1H), 8.51 (d, ] =2 Hz,

1H), 8.21 (d, J = 9 Hz, 1H), 7.92 (dd, ] = 2 Hz, 1H), 7.53 (d, ] = 8 Hz, 1H), 7.40 (t, J = 8 Hz, 1H),
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7.01 (d, J = 7.5 Hz, 1H). 1*C NMR (400 MHz, DMSO-d6): & = 168.00, 153.59, 134.01, 130.60,
128.66, 127.82, 126.80, 124.25, 122.94, 120.18, 110.77.

Synthesis of 5-hydroxy-2-naphthoic acid methyl ester (2). Compound 1, was dissolved in
methanol (30 mL, Fischer, ACS grade) and cooled to <-20 °C in a dry ice/isopropanol (IPA) bath
for 10 min. Thionyl chloride (1.31 mL, 6.71 mmol, 3 eq, Aldrich, 97%) was then slowly added.
The reaction was subsequently allowed to warm to room temperature and then was heated to reflux
for 19h. Afterward, the solvent was removed by rotary evaporation. The product was dissolved in
ethyl acetate (30 mL) and washed with brine (12 mL). The organic layer was collected and dried
over anhydrous sodium sulfate and concentrated under vacuum. The crude product was further
purified by column chromatography on silica gel using a 2:1 hexane:ethyl acetate to obtain 2 as a
pale yellow solid (0.510 g) in 74% yield, post lyophilization (stored under Argon until use): 'H
NMR (400 MHz, DMSO-d6): & = 10.39 (s, 1H), 8.53 (d, J =2 Hz, 1H), 8.23 (d, ] =9 Hz, 1H),
7.92 (dd, J=2 Hz, 1H), 7.56 (d, J=8 Hz, 1H), 7.41 (t, J=8 Hz, 1H), 7.02 (dd, J=1 Hz, 1H), 3.91
(s, 3H). 3C NMR (400 MHz, DMSO-d6): § = 166.90, 153.60, 133.94, 130.62, 128.04, 127.49,
126.89, 123.85, 123.20, 120.24, 111.02, 52.67. MS calculated for C12H1003: 202.06299, found:
202.06294.

Synthesis of 5-(Hydroxymethyl)naphthalen-2-ol (3). To an Argon charged round bottom
flask, equipped with an additional funnel was added 2 (510 mg, 2.52 mmol) and dry THF (25 mL,
Acros). The solution was then cooled to -20 °C for 10 min in a dry ice/IPA bath. A slurry of lithium
aluminum hydride (LAH, 191 mg, 5.03 mmol, Alfa Aesar, 97%) in dry THF (15 mL) was
subsequently added dropwise over a period of 40 min while maintaining a temperature < 0 °C. The
mixture was then allowed to warm to RT and stirring continued overnight, under Argon. The

reaction was quenched once reduction of the ester was observed by thin layer chromatography.
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Quenching of the reaction was accomplished by first cooling to 5 °C using an ice water bath. For
1 mg of LAH used in the reaction, 1 pL of deionized water, 1 pL of 15% KOH (aq), and 3 pL of
deionized water were added, in that order, to quench the reaction. Afterward, the reaction mixture
was stirred for an additional 5 h. The crude product was then filtered, and the filtrate was
concentrated under vacuum to give 3 as a sticky green solid (0.340 g) in 77% yield: "H NMR (600
MHz, DMSO-d6): 6 = 10.52 (s, broad, 1H), 8.08 (d, ] =9 Hz, 1H), 7.71 (d, J = 1.5 Hz, 1H), 7.37
(dd, J = 2 Hz, 1H), 7.27 (m, 2H), 6.83 (dd, J = 2 Hz, 1H), 5.33 (s, broad, 1H), 4.64 (s, 2H). 13C
NMR (600 MHz, DMSO-d6): = 154.04, 140.63, 134.85, 127.01, 124.42, 124.21, 124.10, 122.41,
118.30, 108.14, 63.48. MS calculated for C11Hi1002: 174.06808, found: 174.06811.

Synthesis of 5-Diethylamino-2-nitrosophenol (4). The synthetic procedure reported by
Ramm, et al. was followed in this process.!*’ 3-Diethylaminophenol (6 g, 0.036 mol, Aldrich,
97%) was dissolved in an acidic solution obtained by mixing 13 mL of 12 N HCl and 8 mL water
and was then cooled to 0 °C using an ice water bath. Next, a solution of NaNO; (2.5 g, 0.036 mol)
in 18 mL water was added dropwise over a period of 1 h while keeping the reaction temperature
between 0 and 5 °C. The resulting brown slurry was stirred for an additional 4 h and the crude
product was collected by filtration, yielding the hydrochloride salt as a yellow precipitate. The
hydrochloride salt was subsequently converted to the free amine by diluting in 300 mL 0.1 M
aqueous NaHCO; and extracting with dichloromethane. The combined organic fractions were
dried over anhydrous sodium sulfate and concentrated under vacuum to give 4 as a brick-red solid
(3.405 g) in 48% yield: '"H NMR (600 MHz, DMSO-d6): 6 = 7.31 (d, J = 10 Hz, 1H), 6.91-6.89
(m, 1H), 5.75 (d, J = 2.5 Hz, 1H), 3.61 (m, 4H), 1.19 (t, ] = 7 Hz, 6H). '3C NMR (600 MHz,
DMSO-d6): § = 169.26, 157.58, 149.59, 134.88, 115.84, 95.51, 46.1, 14.5. IR (polyethylene/cm™':

1629, 1514. EI-MS calculated for C1oH1402N2: 194.10553, found: 194.10558.
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Synthesis of 9-Diethylamino-2-hydroxymethyl-5H-benzo[a]phenoxazine-5-one (5) To a
round bottom flasj was added 3 (0.340 g, 1.95 mmol), 4 (0.417 g, 2.15 mmol), and dry
dimethylformamide (DMF) (45 mL). The flask was equipped with a condenser and the mixture
was stirred at reflux for 4.5 h, under an Argon atmosphere. The solvent was removed with a stream
of nitrogen and mild heating. The crude product was purified by column chromatography on silica
gel, using a 1:2 hexane: ethyl acetate mobile phase to give 5 as a dark violet solid (0.160 g) in 23%
yield. 'H NMR (400 MHz, DMSO-d6): § = 8.50 (s, 1H), 8.05 (d, ] = 8.1 Hz, 1H), 7.60 (dd, J =
9.4, 2.4 Hz, 2H), 6.79 (dd, ] = 9.1, 2.8 Hz, 1H), 6.61 (d, J = 2.7 Hz, 1H), 6.22 (s, 1H), 5.50 (t, ] =
5.7 Hz, 1H), 4.71 (d, ] = 5.6 Hz, 2H), 3.47 (q, ] = 6.9 Hz, 4H), 1.15 (t, ] = 7.0 Hz, 6H). 3C NMR
(400 MHz, DMSO-d6): 6 = 182.33, 152.17, 151.15, 146.89, 146.76, 138.87, 131.94, 131.28,
128.32, 124.60, 125.41, 124.60, 121.04, 110.61, 104.91, 96.39, 63.10, 44.90, 12.91.

Synthesis of 9-Diethylamino-5-oxo-5H-benzo[a]phenoxazine-2-carboxaldehyde (6), NR-
Al. Compound 5 (0.160 g, 0.458 mmol) was dissolved in dry dichloromethane (70 mL) in a round
bottom flask. A magnetic stir bar was added and the solution was placed under an Argon
atmosphere. Pyridinium chlorochromate (0.197 g, 0.916 mmol, Frontier, 98%) (PCC) was next
added portion-wise over 1 h. The reaction mixture was stirred at room temperature overnight under
Argon and quenched when thin layer chromatography showed complete oxidation of the alcohol.
Excess PCC was quenched by slowly adding isopropanol (17 eq) and stirring for an additional 30
min. The solvent was removed by rotary evaporation and the resulting solid was dissolved in
deionized water and extracted with ethyl acetate. The combined organic fractions were dried over
anhydrous sodium sulfate and concentrated under vacuum. The crude product was purified by
column chromatography on silica gel using 1:1 hexane:ethyl acetate as the mobile phase, giving 6

as a purple solid (0.041 g) in 29% yield: 'H NMR (400 MHz, DMSO-d6): § = 10.27 (s, 1H), 9.07
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(dd, J =2 Hz, 1H), 8.30 (d, J = 8 Hz, 1H), 8.15 (dd, J =2 Hz, 1H), 7.71 (d, ] =9 Hz, 1H), 6.91 (dd,
J=3Hz, 1H), 6.72 (d, ] = 3 Hz, 1H), 6.39 (s, 1H), 3.54 (q, ] = 7 Hz, 4H), 1.19 (t, J = 7 Hz, 3H).
13C NMR (400 MHz, DMSO-d6): & = 193.72, 181.51, 152.91, 151.79, 147.20, 138.15, 137.62,
134.74, 132.54, 131.70, 129.00, 126.54, 125.15, 111.35, 105.53, 96.49, 45.06, 29.48, 12.94. MS

calculated for C21HsO3N2: 346.37922, found: 346.37920.

3.3.2 Molecular structure

The molecular structure of the newly synthesized NR-Al was confirmed by 'H NMR, *C
NMR and high-resolution mass spectrometry using instrumentation described previously (section
3.2.1). NMR’s and MS can be found in Appendix A.

"H NMR (400 MHz, DMSO-d6): § = 10.27 (s, 1H), 9.07 (dd, J =2 Hz, 1H), 8.30 (d, ] =8
Hz, 1H), 8.15 (dd, J =2 Hz, 1H), 7.71 (d, ] =9 Hz, 1H), 6.91 (dd, J =3 Hz, 1H), 6.72 (d, J = 3 Hz,
1H), 6.39 (s, 1H), 3.54 (q, J =7 Hz, 4H), 1.19 (t, ] = 7 Hz, 3H). '*C NMR (400 MHz, DMSO-d6):
o = 193.72, 181.51, 152.91, 151.79, 147.20, 138.15, 137.62, 134.74, 132.54, 131.70, 129.00,
126.54, 125.15, 111.35, 105.53, 96.49, 45.06, 29.48, 12.94. MS calculated for C»1Hi303Nx:

346.37922, found: 346.37920.

3.3.3 NR-Al Fluorescence Spectra

Static fluorescence excitation and emission spectra of NR-Al (1 pM) in DMSO solution
are shown in Figure 3.3A. The dye is most efficiently excited near 580 nm and emits most strongly
near 645 nm. Static spectra of the synthesized NR-Al were compared to that of commercial Nile
Red under identical experimental conditions, Figure 3.3B. The emission spectrum of the former

1s shifted ~ 18 nm to the red from the latter.
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Figure 3.3 A) Normalized fluorescence excitation (green) and emission (red) spectra of 1 uM NR-
Al in DMSO. B) Normalized fluorescence excitation (green) and emission (red) spectra of 1 uM
Nile Red (NR) and 1 uM (NR-Al) in DMSO. The absorbance and emission spectra of the newly
synthesized derivative of Nile Red are shifted ~24 nm and ~18 nm respectively to higher
wavelengths compared to the commercial Nile Red.

3.4 Conclusion

A new reactive NR-Al molecular probe was synthesized in six steps based on the previous
synthesis of Nile Red. 'H and '*C NMR’s, and high-resolution mass spectrometry confirmed the
molecular structure of the synthesized dye. The added aldehyde moiety on the Nile Red
chromophore shifted the fluorescence emission spectrum ~18 nm to the red compared to
commercial Nile Red in DMSO. This new form of NR will allow the probing of in situ aldol
reactions via spectral changes in its fluorescence spectrum upon aldol reaction to obtain important
initial catalytic activity of heterogeneous catalysts. NR-Al emission in the visible region (~645
nm) will enable and facilitate an array of single molecule studies of aldol reactions. Such studies
are critical in understating structural and chemical differences of heterogeneous catalysts at

nanoscales to advance their utility for industrially eco-friendly processes.
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Chapter 4 - Fluorescence Spectroscopy Studies of Crossed Aldol
Reactions: A Reactive Nile Red Dye Reveals Catalyst-Dependent

Product Formation

manuscript drafted

Distribution of Work
I synthesized the dye used in these experiments and did much of the characterization. Dr.
Man Zhang provided her synthetic expertise in proposing a similar reaction mechanism to get the
dye of interest. Abdulhafiz Usman synthesized one of the catalysts used in these studies and did

much of the catalyst characterization.

4.1 Introduction

Aldol reactions represent common and widely used synthetic routes to carbon-carbon bond
formation via the coupling of, for example, an aldehyde and a ketone. The synthesis of
pharmaceuticals, industrial feedstocks, commodity chemicals, and biomass-derived renewable
liquid fuels frequently involve aldol reactions. These reactions are most often catalyzed by
homogeneous catalysts comprising solutions of strong base (i.e., hydroxide)'® or transition-

138

metals. However, homogeneous catalysts can be difficult to recover and reuse, producing

excess waste and leading to increased cost. Heterogeneous catalysts are now being widely
explored as a means to overcome these difficulties.’ %

Silica-based materials form an important class of porous solids now being investigated for

use in heterogeneous catalysis of aldol reactions.?> 13% 140 Catalytic sites are readily incorporated
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into porous silica by addition of appropriate transition metals®,*® or acidic and basic moieties’”

141,142 dquring materials synthesis. For example, alkali or alkaline earth metals may be incorporated

35,3642 while the silanol groups intrinsic to the silica act

into the silica to form Brensted base sites,
as Bronsted acid sites.?® 3® Bifunctional materials that incorporate both acid and base sites have
been found to be particularly effective in catalyzing aldol condensation reactions.>**® The base
sites appear to best catalyze the initial aldol addition step, forming an alcohol product, while a
combination of base and weak acid sites in close proximity to each other catalyze the subsequent
dehydration to obtain the final olefin product.3®*!

It is generally accepted that both the concentration and strength of acid and base sites
associated with the heterogeneous catalyst define its activity.!*> These parameters are most
commonly determined ex situ by methods such as temperature programmed desorption of
ammonia and carbon dioxide.'*1%” The results of such studies afford little direct information on
the in situ acidity and basicity of the catalytic sites, which are certain to vary with the solvent
employed and the temperature at which the reaction is run, among other factors. Furthermore, the
properties of the individual catalyst particles are expected to be intrinsically variable. To overcome
some of the limitations of ex situ studies, fluorogenic reactions have been employed previously as
a means to characterize catalyst activity in situ for a number of processes.***  Many such studies
have been performed by ensemble spectroscopic methods, but when highly fluorescent reactants
and products are involved, the reactions can even be followed at the single molecule/single
turnover level.>2>* 148 While fluorescence has been used previously to follow aldol reactions,®: %
no such studies have been reported at the single molecule level to date. The dearth of single

molecule studies likely stems from the lack of suitable dyes designed to undergo aldol reactions

while also remaining sufficiently fluorescent for detection at the single molecule level.

49



This chapter demonstrates the use of NR-Al (synthesis reported in Chapter 3) in solution-
phase ensemble spectroscopic studies of the heterogeneous catalysis of crossed aldol reactions.
The Nile Red chromophore was selected for use because it is now widely employed in single
molecule detection, spectroscopy, and tracking studies.!?®13 Because its lowest energy electronic

transition involves an intramolecular charge transfer process,'*’

its spectrum is highly dependent
on its surroundings.®? It was hypothesized that subtle changes to its structure occurring during an
aldol reaction will also lead to detectable changes in its fluorescence spectrum. The performance
of NR-Al was compared to that of a commercially available 3-perylenecarboxaldehyde. The
heterogeneous catalyst employed was Mg-Zr-Cs doped silica (Mg-Zr-Cs/SiO2) and its
performance was compared to that of commercially available MgO. The activities of these two
catalysts were compared to that of fumed silica. The occurrence of an aldol reaction was verified
by high performance liquid chromatography (HPLC), and by HPLC-mass spectrometry (HPLC-
MS). Changes in dye fluorescence observed during the reaction were recorded and used as a
simple, real-time, in situ method for following reaction progress. The new NR-Al dye reported,
and the results obtained in ensemble studies of aldol reactions will be useful to others seeking in
situ methods to characterize the activity of heterogeneous catalysts. They will also facilitate future

studies of catalyst activity at the single particle and single reaction event level via the

implementation of single molecule spectroscopic methods.
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4.2 Experimental Considerations

4.2.1 Materials
Except as indicated below, all solvents, starting materials, and reagents employed in the
synthesis of NR-Al and Mg-Zr-Cs/SiO2 were obtained from commercial sources and used as

received.

4.2.2 Methods for Heterogeneous Catalysts

Preparation of Mg-Zr-Cs/SiO: catalyst. Fumed silica (Sigma-Aldrich, 99.8%) was
calcined in flowing air at 500 °C for 3 h in a furnace (Barnstead F1500). The silica was then
impregnated with aqueous solutions of Mg(NO3), - 6H20, ZrO(NO3), - xH20 and CsNOs3 (Sigma-
Aldrich) to yield particles incorporating theoretical loadings of magnesium, zirconium, and cesium
at 0.025 wt.%, 0.033 wt.% and 13 wt.%, respectively. The aqueous mixture was subsequently
immersed and sonicated at 40 °C for 24 h, followed by drying in an oven overnight at 90 °C. The
catalyst was further calcined in flowing air at 500 °C for 3 h and was then stored in a desiccator
for fewer than 3 days prior to use.

Catalyst structural characterization. X-Ray diffraction (XRD) patterns of the as-
synthesized Mg-Zr-Cs/Si02, the commercially available MgO (Nanoscale Materials), and fumed
silica were obtained using a desktop X-ray diffractometer (Rigaku Miniflex II). Transmission
electron microscopy (TEM) images were acquired using a FEI Tecnai G2 Spirit BioTWIN
microscope operating at 120 kV. Samples were prepared by dispersing them in ethanol, sonicating

them, and then depositing them on a microgrid before imaging. Scanning electron microscopy
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(SEM) images were obtained using a Hitachi S-3500N microscope operating at 20 kV. The catalyst
samples were sputter coated with palladium before imaging.

BET surface area and pore size distribution measurements were made on a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer. Samples were first dehydrated in a 1430 series
VWR vacuum oven for 24 h at 150 °C and < 77 Torr. To avoid undesirable interactions with
atmospheric moisture, samples were kept in a humidity-free environment in a Sanplatec Dry
Keeper Auto Desiccator Cabinet. Prior to surface area and porosity measurements, all samples
went through an outgassing step for 12 h at 350 °C under vacuum. Nitrogen sorption isotherms
were collected at 77 K over a relative pressure range of 0.05 to 0.995 (p/po); measured every 120
min. Mesopore-size distribution was evaluated by the nitrogen desorption isotherm and by the BJH
method.!>® Total surface area was calculated by the BET method.!® Total pore volume was
determined by the amount of nitrogen adsorbed at a relative pressure of 0.99 (p/po).

Catalyst chemical characterization. Elemental analysis was accomplished by energy-
dispersive X-ray spectroscopy (EDS) employing an Oxford detector (< 135 eV). The elemental
composition of the catalysts was also determined using a Varian 720-ES inductively coupled
plasma-optical emission spectrometer (ICP-OES). Samples were digested in nitric acid for this
analysis. X-ray photoelectron spectroscopy (XPS) data were acquired using a Thermo Scientific
K-alpha" XPS with a monochromatic Al Ka X-ray source (1486.6 V). XPS spectra were acquired
using a 400 um spot size, 50.0 eV pass energy, and 0.100 eV step size. The binding energies were
corrected for charge shifts using the C (1s) peak of adventitious carbon at 284.8 eV as a reference.*!
Deconvolution of the XPS data was done using OriginPro software.

The acid-base properties of the catalysts were determined by temperature-programmed

desorption (TPD) of CO, and NHj3 (Altamira Instruments AMI-200). For CO, TPD, 150 mg of
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catalyst was placed in a quartz tube and treated in helium flow at 450 °C for 1 h, with a heating
rate of 10 °C/min. After cooling to 50 °C, a 10% CO2-He mixture was passed over the samples for
30 min followed by a purge with pure helium until the baseline became stable. Desorption of CO»
was accomplished by exposing the sample to a helium flow while heating to 500 °C at a rate of 10
°C/min. The same process was employed for NH; TPD using a 1% NH3z-He mixture. The

desorption profile for both gases was recorded using a thermal conductivity detector.

4.2.3 Methods for Aldol Reactions

General procedure for crossed aldol reactions. The experimental conditions for aldol
reactions were obtained from Sakthivel et al.'"*! A stock solution of NR-Al (7 mM) was prepared
in DMSO (Fisher) and later used in the preparation of diluted solutions for aldol reactions. All
experiments employed either ACS grade acetone (Fisher) or GC grade acetophenone (Sigma-
Aldrich, > 99%) as the ketone. The ketones were each dissolved in DMSO in a 1:4 (v/v) ratio.
Fluorescence measurements of the reaction kinetics employed low (1 pM) NR-Al concentrations,
while HPLC and HPLC-MS analyses were performed for reactions using high (1 mM) NR-Al
concentrations. The performance of the Mg-Zr-Cs/SiO, catalyst was compared to that of
commercially available MgO, and fumed silica. The latter served as a control. Aldol reactions and
controls employed a catalyst loading of 3.07 mg/mL and reaction volumes of either 3.250 mL or
1.625 mL. The reactions were stirred at room temperature for various times, as specified below.
Aldol reactions are known to depend on temperature, but such effects were excluded from the
present investigations. Therefore, heat transfer from the magnetic stir plate into the reaction
mixture was prevented by placing an insulating material between the stir plate and the reaction

cell.
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Crude products from the aldol reactions employing 1 mM NR-Al were prepared for HPLC-
MS characterization by adding one volume equivalent of saturated aqueous NH4Cl to the mixture
and then extracting 2-3 times with ethyl acetate (Fisher). The combined organic fractions were
dried over anhydrous sodium sulfate (Fisher) and concentrated under vacuum. The products were
dissolved in 3:2 (v/v) HPLC grade acetonitrile (Fisher) and HPLC grade water (Fisher) and
analyzed using an Acquity Ultra Performance HPLC-MS (Waters). The HPLC mobile phase
gradient employed a water-acetonitrile mixture and a C18 reversed phase silica column (Cortecs).
Products eluting from the column were detected by their UV absorbance at 230-300 nm. MS
detection employed an electrospray ionization source. An Ultimate 3000 HPLC (Thermo Fisher)
with absorbance detection at 575 nm was employed for quantitative analysis of the aldol products.
A water-acetonitrile mobile phase gradient and a C18 reversed phase silica column (Thermo
Fisher) were also employed here.

Fluorescence studies of crossed aldol reactions. Fluorescence spectra were acquired on
a FluoroMax-2 spectrophotometer (Jobin Yvon Spex) using a Xenon lamp (150 W) as the light
source. Aldol reactions were run in a quartz fluorimeter cell (Starna Cells) with a 10 mm
pathlength. The cell was sealed with a Teflon cap and parafilm to prevent solvent evaporation
during the reaction. Excitation and emission spectra were acquired primarily from 1 pM NR-Al
solutions. While spectra were also acquired from 1 mM NR-Al solutions, these were severely
distorted by inner filter effects and were not used in any spectroscopic analyses. The emission
spectrum of NR-Al was recorded from 578 to 800 nm, while exciting at 575 nm. The progress of
the aldol reactions was monitored in real time by recording fluorescence spectra at various time

intervals during the reaction.
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As described in Supporting Information, the utility of the newly synthesized NR-Al dye in
studies of crossed aldol reactions was compared to that of a commercially available 3-
perylenecarboxaldehyde dye (TCI, > 95%). In this case, 1 pM 3-perylenecarboxaldehyde solutions
were employed. The 3-perylenecarboxaldehyde emission spectrum was recorded from 470 to 800
nm, while exciting at 465 nm.

Synthesis of NR-Al. The full synthesis of the dye used in these studies was described in

detail in Chapter 3.

4.3 Results and Discussion

4.3.1 Mg-Zr-Cs Doped Silica Catalyst

Catalyst structural characterization. The XRD patterns obtained from fumed silica, and
the Mg-Zr-Cs/Si02 and MgO catalysts are shown in Figure 4.1. Broad peaks centered near 2 ¢ =
21° were observed for the Mg-Zr-Cs/Si0: catalyst and SiO», as is characteristic of silica-based
materials;*® the weaker broad peak of the former confirms that the silica structure has been

modified by impregnation of the metal nitrates.’® ** 132

Hexagonal cesium nitrate was also
observed in the Mg-Zr-Cs/SiO> pattern, as evidenced by the sharp peaks centered at 2 / = 19.9,
28.2, 34.8, 40.3, 45.4 and 50°, while no magnesium nitrate or zirconium nitrate species were

detected. The latter suggests these components are well dispersed in the silica matrix.*> Sharp

peaks at 2 / =42.8 and 62.1°, and weaker peaks at 2 ¢ =37, 74.7 and 78.7° were observed in the

MgO XRD pattern and were attributed to the presence of its cubic phase.'>
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Figure 4.1 X-Ray diffraction patterns from fumed silica along with Mg-Zr-Cs/SiO; and MgO
catalysts. Data acquired by Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas State
University.

SEM and TEM images of the catalysts are shown in Figure 4.2. SEM images of the MgO
catalyst and fumed silica (Figures 4.2A,C) show agglomerated spherical particles of various sizes.
When Mg, Zr, and Cs were loaded into the silica, the catalyst became more aggregated, as
evidenced by the TEM image in Figure 4.2F. The surface area and porosity results for these

materials are summarized in Table 1. The corresponding nitrogen sorption isotherms and pore size

distributions are shown in Figure 4.3.

Figure 4.2 A), B) SEM and TEM images of commercial MgO catalyst particles. C), D) SEM and
TEM images of SiO; particles. E), F) SEM and TEM images of Mg-Zr-Cs/SiO> particles. Data
acquired by Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas State University.
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Table 1 Chemical and structural properties of the catalysts

Catalysts Basic site density Acid site density Metal content  Total Surface  Average Pore Total Pore Volume
(umol CO,/g) (nmol NHy/g) (%) Areager Diametergy (cm3/g)
(m?/g) (nm) at p/p,=0.99
MgO 820 791 Mg=53 119.16 7.6 0.3170
Si0, 0 0 - 193.85 11.8 0.4986
MgZrCs/Si0, 252 143 Cs=13,Mg<0.1 g7 47 29.5 0.9441
Zr<0.1
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Figure 4.3 Nitrogen sorption isotherms of mesoporous Mg-Zr-Cs/Si02 (A), MgO (B), and SiO»
(C). The insets correspond to the pore-size distribution calculated from the desorption isotherms.
Data acquired by Murilo Toledo, Dept. of Chemical and Petroleum Engineering, University of
Kansas.

Catalyst chemical composition. EDS did not detect Mg or Zr on the Mg-Zr-Cs/SiO:

catalyst due to their low loadings of 0.025 wt.% and 0.033 wt.%, respectively, while a Cs content

of 12.93 wt.% was measured, in agreement with the theoretical loading of 13 wt.%. ICP-OES
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measurements detected all three metals. In this case, the metal contents were determined to be
0.021 £ 0.001 wt.% for Mg, 0.0051 + 0.0003 wt.% for Zr, and 11.4 + 0.4 wt.% for Cs. The error
bars give the 95% confidence-intervals with n = 6 for Mg and Zr, and n = 9 in the case of Cs.
While the values obtained for Cs and Mg were close to their theoretical loadings, Zr was lower
than expected. This may be due to competition between the metals for active sites on the silica.*’
The Mg content in commercial MgO was 53.18 wt.%.

XPS spectra (Figure 4.4) show the Cs (3d) peaks for the Mg-Zr-Cs/SiO> catalyst, but Mg
and Zr were not detected due to their low loadings. The Si (2p) peak is also observed for fumed
silica, the Mg (1s) peak for MgO, and the O (1s) peak for both catalysts and pure silica. The binding
energies for the active components in the catalysts were 724.6 eV - 742.7 eV for suboxides of Cs

in Mg-Zr-Cs/Si0z and 1304.2 eV for Mg-O in MgO.
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Figure 4.4 The XPS spectra of Mg-Zr-Cs/Si10; catalyst: The Cs (3d) peak (A), the 725.6 and 739.8
eV correspond to Cs 3ds2 and Cs 3d3/ from the Cs*ion.!>* The binding energies at 724.6 eV, 725.5
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eV, can be attributed to Cs20,,'> and Cs,0.'>® While those greater than 726 eV can be attributed
to suboxides of Cs.!*” The O (1s) peak (a), the binding energy at 533.2 eV is due to Si-O (Si-O-Si,
Si-O-H) from SiOa support.!>® The XPS spectra of SiO»: The Si (2p) peak (B), the 104.1 eV is due
to Si-02."%° The O (1s) peak (b), the binding energy at 533.2 eV is due to Si-O (Si-O-Si, Si-O-H)
form SiO; support.!>® The XPS spectra of MgO catalyst: The Mg (1s) peak (C), the binding energy
at 1304.2 eV is due to Mg-0.'%’ The O (1s) peak (c), the binding energy at 529.4 eV corresponds
to the lattice oxygen O*". The higher binding energy at 532.0 eV can be attributed to adsorbed
oxygen and/or weakly bound oxygen, or to surface hydroxyl species.!¢! > Data acquired by Dr.
Balamurugan Balasubramanian, Nebraska Nanoscale Facility: National Nanotechnology
Coordinated Infrastructure and the Nebraska Center for Materials and Nanoscience, University of
Nebraska-Lincoln.

The density of base and acid sites on the catalysts were quantified by stepwise temperature-
programmed desorption (TPD) of CO2 and NH3. The results of these experiments are shown in
Supporting Information (Figure 4.5). A higher desorption temperature indicates stronger basicity
or acidity, while the area under each desorption peak is proportional to the number of active
sites.!® The desorption profile for the control, SiO2, showed no base or acid sites while that of the

Mg-Zr-Cs/SiO», and MgO catalysts were found to have base and acid sites of various strengths.
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Figure 4.5 (A) CO; and (B) NH3 temperature programmed desorption curves of Mg-Zr-Cs/Si0»,
Si02 and MgO catalysts. Higher desorption temperatures indicate stronger basicity or acidity while
the area under the desorption peaks provides the number of active sites.!®> Data acquired by
Abdulhafiz Usman, Dept. of Chemical Engineering, Kansas State University.
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The CO» desorption profile for Mg-Zr-Cs/Si0> showed prominent peaks in the 75 - 175 °C
range (weak base sites) and the 275 - 475 °C range (medium strength base sites), while for MgO,
a broad CO> desorption peak in the 75 - 475 °C range (weak-medium base sites) was observed.
The NH3 desorption profile for Mg-Zr-Cs/Si0; also showed one peak in the 75 - 175 °C range
(weak acid sites) and a second, broader peak in the 250 - 475 °C range (medium strength acid
sites). The commercial MgO catalyst showed a prominent desorption peak in the 200 - 300 °C
range, corresponding to medium strength acid sites. The corresponding base and acid site densities
determined from Figure 4.5 are shown in Table 1.

Elemental analyses and TPD data suggest that the metal nitrates in the Mg-Zr-Cs/SiO>
catalyst aid in enhancing the base and acid properties of the silica support. The differences in
strength and quantity of these sites within the catalyst led to differences in aldol product formation

compared to the MgO catalyst, as will be discussed below.

4.3.2 Ensemble Fluorescence Studies of Aldol Reactions

Aldol reactions. Aldol reactions may be catalyzed by either base or acid.!** 1%+ 165 n this
work, Mg-Zr-Cs/SiO2 having substantial base and acid sites was employed to catalyze reactions of
NR-Al (1 puM) in DMSO with acetone or acetophenone. The results obtained were compared to
those of reactions catalyzed by commercially available MgO, while fumed silica served as a
control. All reactions were conducted by stirring at room temperature.

Mg-Zr-Cs/S102 was chosen due to the extensive literature showing that aldol reactions are
significantly enhanced when bifunctional catalysts incorporating both weak acid and base sites are
employed.*®*!: 15! Tt is believed that basic sites catalyze the aldol addition step, forming an alcohol,

while acidic sites catalyze subsequent condensation to form the olefin product, as shown in the
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scheme in Figure 4.6. In Mg-Zr-Cs/Si0., the cesium nitrate is believed to provide the base sites
and some acid sites, while SIOH groups on the silica likely provide additional acid functionality.

The magnesium and zirconium aid in improving and maintaining the performance of the catalyst.>>
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Figure 4.6 Scheme of base-catalyzed aldol addition reactions, followed by acid-catalyzed
dehydration reactions to form the aldol condensation products for reactions of NR-Al (6) with
ketones having R = methyl or phenyl.
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Site

The progress of crossed aldol reactions was monitored in real time by recording a series of
fluorescence spectra at different time intervals. Figure 4.7 depicts the fluorescence spectra
obtained. These data show notable differences in how the spectra evolve in time when either Mg-
Zr-Cs/S10; or MgO was used as the catalyst.

When Mg-Zr-Cs/Si02 was employed, a progressive blue shift in the emission spectrum of
the dye was observed as the reaction proceeded. Aldol reactions with acetone and acetophenone
showed gradual blue shifts of 16 nm and 8 nm, respectively, over the time the data were acquired
(see Figures 4.7A, D). The gradual shift in fluorescence exhibited by the dye is concluded to result
from formation of two different products, the addition and condensation products, in the presence
of residual starting material. Note that the reaction between NR-Al and acetone catalyzed by Mg-
Zr-Cs/S10; was faster than the others. The spectral shift to the blue appeared to be complete by 2

h in this case. In contrast, the reaction between NR-Al and acetophenone took at least 8 h for the
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full spectral shift to develop. The differences in rates for aldol reactions using acetone and
acetophenone is attributable to structural differences in these ketones. The reaction with acetone
may be faster due to the presence of two alpha carbons, providing two acidic hydrogens that may
make the first step of the reaction more kinetically favored. Alternatively, the incorporation of the
phenyl group on the acetophenone precursor may make its reaction with NR-Al more sterically
hindered and slower.

When MgO served as the catalyst, NR-Al reactions with both ketones led to the appearance
of a new peak that grew in time as the reaction progressed, giving an apparent isoemissive point
in the spectra (see Figures 4.7B, E). In both cases, the original fluorescence peak centered at ~
642 nm subsided, while a new peak centered at ~ 615 nm grew over time. The appearance of two
peaks and an isoemissive point are consistent with the presence of two different species in the
reaction mixture, likely NR-Al and a new product. As in the case of reactions catalyzed by Mg-
Zr-Cs/SiO2, the reaction with acetone was quicker than when acetophenone was employed.
Reaction mixtures with SiO: resulted in no apparent fluorescence shift, as shown in Figures 4.7C,
F, suggesting no reaction occurred. This may be attributed to insufficient base or acid sites in the
SiOs to catalyze the reaction.** 1 Note that the TPD analysis shown in Figure 4.5 revealed no

detectable base or acid sites on the silica.
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Figure 4.7 A) - C) Fluorescence from NR-Al as a function of time in the presence of the catalysts

listed with acetone employed as the ketone. D) - F) Fluorescence from NR-Al as a function of
time in the presence of the catalysts listed with acetophenone employed as the ketone. The
fluorescence was excited at 575 nm in each case. DMSO was employed as the solvent. All
reactions were stirred at room temperature.

4.3.3 HPLC and LC-MS Studies of Aldol Product Formation

The differences in spectral behavior for the Aldol reactions catalyzed by Mg-Zr-Cs/SiO»
and MgO were attributed to the formation of different products. Analytical HPLC and HPLC-MS
were employed to confirm that different products were formed in each case and to help identify
these products. Representative chromatograms are provided in Figure 4.8 and the mass spectra
used to assign each peak to the different products are given in Figure B.1. As noted above, these
reactions employed a higher concentration of NR-Al (ImM) to facilitate product recovery and
detection. The aldol reactions in this case were run for an arbitrary time of 3 days (see kinetic

measurements below for further discussion).
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Figure 4.8 HPLC chromatograms (575 nm absorbance) of aldol products from 3-day reactions of
NR-Al (ImM) with acetone (A, B), and acetophenone (C, D) in the presence of Mg-Zr-Cs/SiO>
or MgO at room temperature. The chromatograms show the un-reacted NR-Al (*), the aldol
addition product (+), and the aldol condensation product (0). For A, B, the mobile phase gradient
comprised H>O and acetonitrile mixtures at 0.800 mL/min flow rate with the following
compositions: 0-10 min: 95-40% H>0O; 10-15 min: 40-20% H>O; 15-17 min: 20% H>O. For C, D
the mobile phase compositions were: 0-35 min: 95-45% H>0O; 35-36 min: 45-20% H>0; 36-38

min: 20% H>O. A Thermo Scientific Hypersil GOLD C18 column (100 X 3 mm?, 3 um particle
size) was employed.

Chromatograms obtained from aldol reactions employing Mg-Zr-Cs/SiO; as the catalyst
with acetone as the reactant were dominated by two peaks (see Figure 4.8). HPLC-MS data
allowed these two peaks to be assigned to the addition and condensation products (see Figure
B.1.). The aldol addition product for this reaction gave a peak at 405 atomic mass units (amu, m/z)
in the MS data, as expected, while the aldol condensation product gave a peak at 387 amu, as
expected. Note that the mass resolution in this instrument is + 1 amu. Separations performed using
starting material alone revealed that one of the minor peaks was produced by residual NR-Al.
When acetophenone was employed as the reactant, the chromatograms obtained incorporated three
peaks (see Figure 4.8C). HPLC-MS results (see Figure B.1.) allowed assignment of these peaks
to the addition and condensation products, and residual NR-Al. The peak assigned to the aldol

addition product gave a peak at 467 amu, while the condensation product produced a peak at 449
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amu. In contrast, when MgO was employed as the catalyst, chromatograms obtained from both
the acetone and acetophenone reaction mixtures were dominated by a single peak (see Figures
4.8B, D). HPLC-MS data obtained revealed these peaks were due to predominant formation of the
addition products and very little of the condensation products. The acetone addition product gave
a peak at 405 amu, with the aldol condensation product yielding a peak at 387 amu. With
acetophenone, the aldol addition product gave peaks at 467 amu and 449 amu for the addition and
condensation products, respectively. These results provide strong support for the conclusions
drawn from the spectroscopic data. The relatively large amount of un-reacted NR-Al found in the
reaction mixture with acetophenone when Mg-Zr-Cs/SiO; was employed as the catalyst provides
support for the conclusion that the kinetics are slowed as a result of ketone structure. The much
smaller NR-Al peak found when MgO was employed suggests it may be better than Mg-Zr-
Cs/Si0; at catalyzing the first step of the aldol reaction, while the Mg-Zr-Cs/SiOz is better able to
catalyze the subsequent condensation step. A more detailed discussion is given below.

It is believed that the HPLC and HPLC-MS results for aldol reactions run at the higher NR-
Al concentration (1 mM) also reflect the products formed at the lower NR-Al concentration (1
uM) employed in the spectroscopic studies. Therefore, the isoemissive point observed in aldol
reactions catalyzed by MgO are attributed to the presence of primarily the un-reacted NR-Al and
the newly formed aldol addition product. Likewise, the gradual shift in the spectra observed from
aldol reactions employing the Mg-Zr-Cs/SiO; catalyst (see Figures 4.7A, C) are attributed to the
presence of time varying concentrations of un-reacted NR-Al, the aldol addition product, and the

aldol condensation product.
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4.3.4 Aldol Reaction Kinetics

The kinetics of the crossed aldol reactions were followed using the fluorescence data shown
in Figure 4.7. For this purpose, the fluorescence signals in two spectral bands spanning 642 + 5
nm and 615 = 5 nm were obtained and plotted as a function of time. This method was chosen over
the usual procedure of fitting the data to multiple Gaussian functions because the latter did not
provide robust, easily interpreted results on the disappearance of NR-Al and the formation of
products. Figure 4.9 shows the results of this analysis. These data show a time-dependent decrease
in the 642 nm band that is concluded to reflect consumption of NR-Al. Similarly, a time-dependent
increase in the 615 nm band is observed that is interpreted to reflect appearance of the product(s).
Note that control experiments employing fumed silica showed neither evidence for consumption
of starting material nor appearance of product(s) (see Figure 4.9C, E).

The data in Figures 4.7A, B and 4.7D, E were employed to determine the rate of
disappearance of NR-Al and the rate of formation of aldol product(s). These rates were obtained
by fitting the curves to single exponentials. The rates of disappearance of NR-Al in the reactions
with acetone employing Mg-Zr-Cs/SiO> and MgO catalysts were determined to be 2.1 = 0.2 h!
and 0.4 £ 0.1 h'!, respectively, while the rates of aldol product formation were found to be 3.0 +
0.2 h' and 0.12 £ 0.02 h'!, respectively. Similarly, the rates of disappearance of NR-Al in the
reactions with acetophenone catalyzed by Mg-Zr-Cs/SiO, and MgO were 1.0 £ 0.1 h' and 0.08 +
0.02 h'!, respectively, while the rates of aldol product formation were 0.3 = 0.1 h™' and 0.08 £ 0.01
h!, respectively. Since the ketones were present at much higher concentrations than the NR-Al,
these rates represent estimates of the pseudo-first-order rate constants for these reactions. It is

noteworthy that HPLC-MS did not reveal significant self-condensation of acetone. The above
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results show some complexities in interpreting the rates of aldol reactions using only fluorescence

spectroscopy.
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Figure 4.9 Fluorescence signals in bands spanning 642 + 5 nm (red data points) and 615 + 5 nm
(blue data points) plotted as a function of time for crossed aldol reactions with acetone, A)-C), and
acetophenone, D)-F). These data were obtained from Figure 4.8A-F. Data are given for reactions
catalyzed by MgZrCs/Si10;, A), D), as well as MgO, B), E), and the silica control, C), F). The
solid lines have been added to better depict the trends in the data. Note that the NR-Al reaction
with acetone catalyzed by Mg-Zr-Cs/S10; is significantly faster than the others.

4.3.5 Catalyst Dependent Product Formation

The results given above show that the aldol reactions catalyzed by Mg-Zr-Cs/SiO;
produced both addition products (alcohols) and condensation products (olefins). In contrast, those
catalyzed by MgO produced primarily addition products and little condensation products. The
fluorescence results shown in Figure 4.7, demonstrate that the nature of the NR-Al blue shift as

the reaction progresses is diagnostic for catalyst activity. Catalysts that form a single product, the
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alcohol, produce spectra incorporating an isoemissive point. Catalysts that produce both addition
and condensation products yield fluorescence spectra that gradually shift to the blue. The observed
differences in the two catalysts are attributed to differences in surface area, as well as differences
in acid and base site densities and strengths. Since aldol condensation reactions involve two
distinct reaction steps, these will be addressed separately below.

The likely mechanism for the addition reaction and the factors governing its rate will be
discussed first. It is noteworthy that strong bases are by far the most common homogeneous
catalysts used in aldol reactions.!> ?> 23 Therefore, it is concluded that strong base sites on
heterogeneous catalysts are likely to be important in initiating the reactions explored here. Indeed,
the results shown in Table 1 and in Figure 4.5 demonstrate that MgO has a much greater density
of base sites (820 vs 252 umol CO2/g in TPD experiments) and that the density of the stronger
sites (COz desorbed at 250 - 475 °C) is much greater than is the case for Mg-Zr-Cs/S102 (326.7 vs.
86.6 umol COz/g in TPD experiments) The strong base sites are best at abstracting acidic
hydrogens on the alpha carbon(s) of the ketone. The nucleophilic enolate carbanion formed then
attacks the electron-poor carbon of the aldehyde, forming the addition product. The literature on
heterogeneous inorganic catalysts also suggests that the metal centers (M) can polarize the
precursor carbonyls, increasing their reactivity.’* 3 The greater density of strong base sites and
the greater metal content of the MgO is thus consistent with the predominant formation of addition
product.

The MgO catalyst was also found to have greater surface area than the Mg-Zr-Cs-SiO:
materials (see Table 1). The greater base strength, greater base site density, and greater surface
area of the MgO suggests product formation should be faster in reactions where it is employed as

the catalyst. However, the results shown in Figure 4.9 indicate these reactions are actually slower.
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The apparently slower kinetics of the addition reaction in the case of MgO may be due to the
reversibility of this reaction, with the retro-Aldol reaction also being relatively fast.

A common theme in the modern literature on heterogeneous aldol reactions is that
bifunctional catalysts are best suited to formation of the condensation products.?%3>3% 4 This prior
work also demonstrates that weaker acid sites better catalyze condensation than do strong acid
sites.>* 3 Strong acid sites are believed to react with basic sites in close proximity, forming
catalytically inactive ion pairs.?> 373 In contrast, weak acid sites are believed to remain active and
can interact with the aldol addition products. The results shown in Figure 4.5 demonstrate that
Mg-Zr-Cs/Si0z incorporates more catalytically active weak acid sites (NH3z desorbed at 75-175
°C) than does the MgO (NH3 desorbed at 200-300°C). The improved catalytic activity of Mg-Zr-
Cs/Si0; toward aldol condensation may be due to surface silanol groups intrinsic to the silica
support as well as the presence of some water, which together facilitate proton exchange in the
bifunctional catalyst.’®*!' These weak acid sites act to protonate the products of the addition
reaction, catalyzing irreversible dehydration to form the condensation product (the olefin).3*% It
is this final step that is believed to lead to relatively fast and irreversible conversion of the addition
reactants in the Mg-Zr-Cs/SiO; catalyzed reactions to condensation products.

While the model given above is most consistent with the present results, alternatives have
also been discussed in the literature. For example, recent work claims that proton equilibration
with the anion is fast and that addition product formation is the rate-limiting step.'” While the
addition reaction may be rate limiting, the present results are consistent with the conclusion that
formation of the condensation product is critical to preventing the retro-aldol addition reaction
from occurring. An alternative mechanism that has also been proposed is that the carbonyl on the

aldehyde can be activated by protonation by the weak acid (Si-OH) sites. Nucleophilic attack of
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the enolate formed by interaction of the ketone with the basic sites then forms the addition product
which then loses water to yield the condensation product.* The authors state that by this acid-
base cooperative mechanism, a strong base may be replaceable by a weaker base as long as the
acid sites are strong enough to activate one of the reactants.>* This mechanism does not provide a
satisfactory explanation for the present results because the MgO catalyst, which contains stronger
acid sites, forms little of the condensation products. The exact mechanism of aldol product

formation in the present studies has not yet been fully elucidated and will require further work.

4.3.6 Comparison of NR-Al to a Commercially Available Dye

As a final demonstration of the utility of the NR-Al dye in fluorescence studies of aldol
reactions, its performance was compared to that of commercially available 3-perylene-
carboxaldehyde. These studies are described in Appendix B. In contrast to NR-Al, the commercial
dye showed little or no change in its fluorescence emission spectrum as aldol products were
formed, see Figure B.4. It should be noted that coumarin dyes incorporating either aldehyde or
ketone moieties also show unique spectral shifts in response to aldol product formation.®% 127
However, these dyes are not well suited to single molecule studies, and the reactions reported were
also performed at higher temperatures. In contrast, the aldol reactions presented here employed

64-66

the NR chromophore widely used in single molecule studies, and were run at room

temperature, a condition more amenable to optical microscopic experiments.
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4.4 Conclusions

In summary, we have synthesized a new form of the Nile Red dye, NR-Al, incorporating a
reactive aldehyde moiety to probe aldol reactions in real time through ensemble fluorescence
measurements. Fluorescence from the dye exhibits an appreciable blue shift when aldol addition
and condensation products are formed. Catalysts that lead to formation of the addition product
yield time-variant NR-Al fluorescence spectra incorporating an isoemissive point, consistent with
formation of a single product. When the condensation product is also formed, the fluorescence
spectra instead exhibit a gradual shift to the blue, due to the presence of addition and condensation
products, along with residual starting material. These observations allow for preliminary
conclusions on catalyst activity to be drawn.

The NR-AI fluorescence results in model reactions showed that product formation was
dependent upon the type of catalyst employed. These observations were confirmed by HPLC and
HPLC-MS characterization of the reaction mixtures. Reactions catalyzed by MgO yielded
predominantly aldol addition products, while those catalyzed by Mg-Zr-Cs/SiO> produced both
addition (alcohol) and condensation (olefin) products. The Mg-Zr-Cs/SiO, was shown to be more
catalytically active towards olefin formation than MgO according to both fluorescence studies of
the reaction kinetics and HPLC data. Detailed analysis of the base and acid site densities and
strengths demonstrated that the MgO catalyst contained the strong base sites necessary to catalyze
the addition reaction, but that the acid sites also present were likely too strong to give the
condensation product. In contrast, the Mg-Zr-Cs/SiO; catalyst was found to incorporate both the
basic sites needed to initiate the addition reaction and weak acid sites of appropriate strength to
drive dehydration and irreversible formation of the olefin. Fumed silica was employed as a control

and showed no activity due to the absence of active basic and acidic sites. The newly synthesized
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NR-Al was shown to be much more useful in following crossed aldol reactions than a
commercially available 3-perylene carboxaldehyde, which showed little change in its fluorescence
spectra during these reactions. The results presented here show that the NR-Al dye is an effective
fluorescent probe for in situ studies of aldol reactions of heterogeneous catalysts at both the

ensemble and single molecule levels.
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Chapter 5 - Towards Single Molecule Studies of Aldol Reactions

unpublished
Distribution of Work
I synthesized the dye employed in these experiments, prepared all the catalyst films, carried
out aldol reactions and did much of the characterization. Abdulhafiz Usman developed the Mg-
Zr-Cs/TMOS sol-gel recipe employed for the fabrication of the catalyst films. Shelby Weatherbee

acquired and analyzed XPS data.

5.1 Introduction

The performance of a catalyst is determined by its chemical composition, atomic-scale
structure and accessibility of catalytic sites.!®® Various characterization techniques for elemental
composition and structure of catalysts have been employed to better understand their catalytic

activity. Nanometer scale structural information has been routinely acquired from electron

9 170, 171

microscopy,'®’ scanning probe microscopy and X-ray microscopy,!’”> among others. In

contrast, chemical composition of the catalyst is mostly limited to bulk analyses via solid-state

NMR,>® temperature-programmed desorption,'?7 173

and at best, with sub-millimeter spatial
resolution using infra-red spectroscopy of numerous probe molecules®’ or X-ray Photoelectron
Spectroscopy (XPS).!”* 7> The limited resolution of current techniques for assessing chemical
composition within catalysts hinders research towards correlating catalytic activity to the catalyst
properties (i.e. chemical, structural), which are certain to vary at the nanoscale. Gathering this
information is crucial in designing better catalysts employed in industrial reactions.

Fluorescence microscopy has emerged as an important analytical tool to allow the

identification of chemical species at the sub-micron and nanometer (single molecule level) scale
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in a non-invasive way.!’® The spatio-temporal resolution of fluorescence microscopy techniques

allow researchers to determine the concentration and distribution of chemical species in a three

177, 178 180

dimensional structure, and to follow molecular transport,'”: catalyst-substrate
interactions and even conversion of single molecules (i.e. on enzyme active sites).!” ¥! Recently,
fluorescence microscopy has also been introduced to the field of catalysis, which has led to the
uncovering of diffusion pathways, adsorption and desorption events, and chemical conversions at
the micron and nanometer scales.!”® 182

Roeffaers et al. first monitored real-time transformations of single organic molecules
catalyzed by crystals of layered double hydroxide (LDH). By employing a wide field microscope,
these researchers were able to map the spatial distribution of catalytic activity over the entire
crystal by counting single turnovers (i.e. the appearance of individual fluorescent product
molecules).'®® Chen et al. first monitored the microkinetics of resazurin at single gold
nanoparticles. Resazurin is non-fluorescent even when it first binds into the nanoparticle, but after
some time (sec) the nanoparticle catalyzes product formation. The fluorescent product (i.e.
resorufin) gives off a burst of fluorescence that can be detected until the molecule desorbs and
diffuses away. When a second resazurin molecule adsorbs and is converted on the nanoparticle, a
second fluorescent burst occurs until the product diffuses away, and so on. Researchers monitored
the time “on” (when a single resazurin molecule binds to a gold particle and is converted into
resorufin) and time “off” (the time between two fluorescent bursts/product conversion). From the
“off” times, the kinetics of the combined adsorption and surface reaction processes were obtained,
whereas the “on” times provided information on the time needed for the product molecule to

desorb from the surface.!®* Since Roeffaers pioneered fluorescence microscopy for catalysis

research, researchers have become interested in related methods to resolve the Bronsted acidic
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nature of solid catalysts employed in the petrochemical industry by employing various fluorogenic
probes (i.e. furfuryl alcohol, styrene, thiophene).>?>% 183

Aldol reactions are also commonly employed in various industries as they provide
synthetic routes for pharmaceuticals'® and fine chemicals used in the production of industrial
feedstocks, commodity chemicals, and biomass-derived renewable liquid fuels.!*!¢ Aldol
reactions between ketones and aldehydes lead to the formation of aldol addition (alcohol) and aldol
condensation (olefin) products. Although these reactions are mostly base catalyzed, by employing
strong homogenous catalysts (i.e. hydroxides), recent literature suggests that cooperativity of basic
and acidic sites on heterogeneous catalysts aid in the formation of aldol products.?% 38 4142, 140. 152
The use of microscopic techniques to determine chemical composition within catalysts will further
the understanding of the nanoscale chemical interactions between the reactant molecules and the
catalytic sites on the catalyst. This knowledge will aid in designing sustainable heterogeneous
catalysts for eco-friendly processes that may be translated to wide industrial scale reactions.

In this chapter, wide field fluorescence microscopy along with a fluorescent molecular
probe, Nile Red Aldehyde (NR-Al), is employed for single molecule studies of aldol reactions.
This chapter describes two-color single molecule spectroscopic (SMS) imaging studies of aldol
products on thin catalyst films. The catalyst films (Mg-Zr-Cs/TMOS) were obtained via a sol gel
method and incorporate cesium as the basic active site and magnesium and zirconium as surface
stabilizers, while silica gel serves as the support and as a source for Bronsted acidic sites.?% 3% 140
Spectroscopic ellipsometry (SE) and X-ray Photoelectron Spectroscopy (XPS) were used to verify
that a thin film was deposited and that the active cesium component was present within the film.

The emission ratio of single molecules of the un-reacted NR-Al is compared to that of single

molecules of aldol products from previously run bulk reactions with acetone and acetophenone.
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The results show that NR-Al and aldol products are likely to be resolved at the single molecule
level. This chapter also describes ex sifu aldol reactions of NR-Al and acetone catalyzed by (Mg-
Zr-Cs/TMOS) films at room temperature, and work towards in situ aldol reactions with the same

precursors and catalyst films.

5.2 Experimental Considerations

5.2.1 Chemical and Materials

Metal nitrates, Mg(NO3), - 6H>O, ZrONOs3), - xH20 and CsNOs, and
Tetramethylorthosilicate (TMOS, 98%) were purchased from Sigma Aldrich. Microscope
coverslips (Fisher Finest Premium, 25 mm x 25 mm) and cut, polished silicon wafers (University
Wafer, boron doped, 15 mm x 15 mm) were used as substrates for the catalyst films. Aqueous
metal nitrate solutions were prepared using high purity water (Fisher, HPLC grade) and high purity
ethanol (Across, HPLC grade). Nile Red Aldehyde (NR-Al) was synthesized in house, see
Chapter 3. Commercial Nile Red, NR, (Sigma Aldrich) was employed as control. Nanomolar
concentration dye solutions were prepared from high purity ethanol. Aldol experiments employed
ACS grade acetone (Fisher).

Mg-Zr-Cs/TMOS sol. The sol-gel method developed by Abdulhafiz Usman, Dept. of
Chemical Engineering, was employed in the preparation of the catalyst films. The sol was
comprised of TMOS, ethanol, water and 0.1 M HCI in molar ratios of 1:100:12.8:0.018
(TMOS:ethanol:water:0.1M HCI). In preparation of this sol, the components were first added to
a clean glass vial in the following order: TMOS, ethanol, water. The mixture was then stirred for

30 sec, then aqueous nitrate solutions were added so that the theoretical content for Mg, Zr, and
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Cs were 0.025 wt.%, 0.033 wt.% and 6 wt.% respectively. The sol was stirred for an additional 30
sec and 0.1 M HCI was added. The sol was subsequently stirred for 2 h and aged for another 24 h
in a desiccator prior to use. Each catalyst film was formed by spin coating (Specialty Coating
Systems, Inc., P-6000) a 150 uL volume of the sol onto the substrate (25 X 25 mm glass cover
slips, or silicon) at 2500 rpm for 30 sec. The catalyst films were aged for an additional 24 h in a
desiccator and calcined in flowing air at 500 °C for 3 h. When the furnace (Barnstead F1500)
cooled to room temperature, the films were removed and used within 1 day. The catalyst-coated
substrates were used right away or stored in a desiccator; the substrates were exposed to an air
plasma for 2 min prior to use.

Isolated Aldol Products. Aldol products (i.e. aldol addition, and aldol condensation) from
ensemble aldol reactions with NR-Al and either acetone or acetophenone catalyzed by Mg-Zr-
Cs/Si10., see Chapter 4.2.3, were isolated and verified by analytical HPLC and HPLC-MS, see
Chapter 4.3.3. The emission spectrum of each of the isolated aldol products was acquired in
ensemble fluorescence. Some spectral information was also acquired at the ensemble level
employing two-color SMS imaging.

Ex situ Aldol Reaction. Two-color SMS imaging was employed to acquire the spectral
emission of ex sifu aldol reactions from each channel (572-646 nm, and 646-700 nm). Catalyst
films were doped with nanomolar concentrations of NR-Al, 0.1 nM from ethanolic solution. The
dye was spin coated as a 150 uL volume onto the substrate at 2500 rpm for 30 sec. Dye-doped
catalyst films were dried in a vacuum desiccator overnight. Ex situ aldol reactions were carried out
in a Plexiglas box (~19 X ~19 X ~10 cm®) under a nitrogen atmosphere (10 mL/min). The nitrogen
atmosphere prevented oxidation of the dye molecules as well as condensation of a water layer on

the catalyst film; the presence of water reduces the catalytic activity.** Dye-doped catalyst films
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were positioned near a reservoir containing acetone (22 mL) and exposed to acetone vapor for 1h.
Nile Red served as a control, and it was doped at 50 pM from ethanolic solution; the same
procedure above was followed. The substrates were subsequently dried in a vacuum desiccator
overnight to remove weakly bound acetone. The films were then imaged with the inverted
widefield fluorescence microscope, described in Chapter 2.3.2.

In situ Aldol Reaction. Two-color SMS imaging was employed to acquire the spectral
emission of in situ aldol reactions from each channel. Catalyst films were doped with nanomolar
concentrations of NR-Al, 0.1 nM from ethanolic solution. The dye was spin coated as a 150 pL
volume onto the substrate at 2500 rpm for 30 sec. Dye-doped catalyst films were dried in a vacuum
desiccator overnight. /n situ aldol reactions were carried out in a Plexiglas box (~13 X ~14 X 5
cm’) under a nitrogen atmosphere (10 mL/min). Dye-doped catalyst films were positioned near a
reservoir containing acetone (22 mL) and exposed to acetone vapor for 1h. Real-time aldol reaction
events were monitored with an inverted wide-field fluorescence microscope. Control experiments
with Nile Red, 5 nM, were done in a similar manner. Here, the higher NR concentration was
required in order to have approximately the same spot density as in the NR-Al doped catalyst films

during exposure to acetone vapor.

5.2.2 Methods

Film Thickness. The thickness of Mg-Zr-Cs/TMOS films was obtained by spectroscopic
ellipsometry (a-SE, J.A. Woollam). Thickness measurements were obtained from films deposited
on silicon substrates. The thickness of the SiO: layer on silicon was determined first prior to
catalyst deposition. The sol containing the catalyst was subsequently spin coated onto the substrate,

and the substrate was aged, calcined, and the thickness was remeasured. Thickness measurements
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were taken at 2 mm intervals along and across the film, with measurements made at the same
locations (to within = 1 mm) before and after film deposition. The catalyst film thickness was
taken as the difference between these two measurements. All measurements were made under a
dry nitrogen environment. The catalyst film and silicon were modeled as a single transparent layer
on silicon having refractive index n = 1.457 (at 633 nm). The Cauchy Equation was used to model
optical dispersion; a smooth film was assumed (i.e. roughness parameter was turned off). The
goodness of fit was characterized by the mean-square error (MSE) and all fits employed had MSE
<3.

Film Composition. The Mg, Zr, and Cs content of the catalyst films was accessed by X-
ray photoelectron spectroscopy (XPS). XPS data were acquired using a PHI VersaProbe III
scanning XPS microprobe. This instrument uses an Al Ko source (1486.6 eV). XPS spectra were
acquired at ~5 mm spacings on each film, using a 200 pm spot size, 55 eV pass energy, and 0.100
eV step size. The binding energies were corrected for charge shifts using the C (1s) peak of
adventitious carbon at 284.8 eV as a reference.*!

Ensemble Fluorescence Spectra. Fluorescence spectra were acquired on a FluoroMax-2
spectrophotometer (Jobin Yvon Spex) using a Xenon lamp as the light source. Dye solutions were
imaged in a quartz fluorimeter cell (Starna Cells) with a 10 mm pathlength. Excitation and
emission spectra were acquired from 1 uM NR, 1 uM NR-Al, and ~ 1 uM aldol product solutions
in DMSO. The emission spectra of all species were recorded from 578 to 800 nm, while exciting
at 575 nm.

Two-color single molecule spectroscopic (SMS) Imaging. Differences in the
fluorescence emission of NR, NR-Al, and aldol products, as well as real time monitoring of aldol

reactions on catalyst films were assessed by two-color SMS imaging. For this purpose, catalyst

79



films doped with nanomolar concentrations of the above species were positioned over the objective
lens of an inverted wide-field fluorescence microscope. This microscope has been described
previously in detail.!®® The microscope set up and the primary components along the optical path
are depicted in Figure 2.4. Dye-doped catalyst films were excited with a 532 nm laser. The source
light was passed through a spinning optical diffuser, reflected from a dichroic mirror (Chroma 555
DCLP) and then focused into the back of a high numerical aperture (NA) oil immersion objective
(Nikon APO-TIRF, 100X, 1.49 NA). The illuminated area in the samples was ~14 um in diameter.
The incident power was maintained at 0.6 = 0.1 mW in all experiments. Fluorescence from dye
molecules was collected by the same objective and separated from the excitation light by passing
through the same dichroic mirror and a 570 long pass interference filter. The fluorescence was
then split into two spectral bands using an image splitter (Carin Research OptoSplit II). Separation
of the spectral bands was accomplished by a second dichroic mirror (Chroma 646 DCLP) and
appropriate bandpass filters so that spectral bands of 572-646 nm and 646-700 nm were observed.
Fluorescence in these two bands was simultaneously detected by a thermoelectrically cooled CCD
camera (Andor iXon DU-897). Fluorescence videos 100 frames in length were recorded with a
frame time of 0.5 sec at various positions to within ~0.5 cm radius from the center of the substrate.
Fluorescence videos were analyzed using software written in house in the LabView programming
environment. The software automatically located each fluorescent spot in the two channels, and
subsequently fit each to a 2D Gaussian function to determine its location and peak signal.
Fluorescent spots produced by the same molecule were linked into trajectories similar to those

reported in the literature.'®’
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5.3 Results and Discussion

5.3.1 Catalyst Film Characterization

Film Thickness. Spectroscopic ellipsometry measurements confirmed that a thin film of
~30 nm was deposited atop the silicon substrate. Three replicate measurements were performed at
each position along and across the substrate, separated by 2 mm intervals to give a film thickness
of 30.60 £ 0.13 nm at 95% Confidence Interval for n = 9. The reproducibility of film deposition
was verified for two more catalyst films, which yielded thickness measurements of 30.34 £+ 0.29
nm, and 30.80 £+ 0.45 nm at 95% Confidence Interval forn = 9.

Film Composition. XPS data were acquired by Shelby Weatherbee, Dept. of Chemistry,
Virginia Commonwealth University. Data were acquired at five different locations around the
catalyst film ~5 mm from the edge and corners and at the center of the substrate (~1.5 X 1.5 cm?).
Figure 5.1 depicts XPS spectra showing the Cs (3d) peaks for the Mg-Zr-Cs/TMOS catalyst film.
The low Mg and Zr loadings (theoretically 0.025 wt.%, and 0.033 wt.% respectively) are below
the instrument’s detection limit (~ 0.1 %) and therefore not detected. The Si (2p) peak is also
observed for the TMOS film, and the O (1s) peak for the catalyst and TMOS films. The binding
energy for the active component in the catalyst films were 724.6 eV for suboxides of Cs (Cs203)
in Mg-Zr-Cs/TMOS. The atomic concentration, wt. %, of Cs was determined from the weighted
average of the measured peak areas for C (1s), Si (2p), O (1s) and Cs (3d) at five different positions
around the catalyst film. Measured peak areas were scaled using the relative sensitive factor (RSF)
of the instrument (85.570 for C, 115.11 for Si, 203.24 for O and 3783.4 for Cs). The Cs content of
two catalyst films was 2.1 £ 0.5 wt. % and 2.4 + 0.8 wt. % respectively, Table 2. A TMOS film

control showed no peaks for Mg, Zr, or Cs.
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Figure 5.1 The XPS spectra of Mg-Zr-Cs/Si0; catalyst: The Cs (3d) peak (A), the 724.6 and 738.8
eV correspond to Cs 3ds;2 and Cs 3ds2 from the Cs*ion.!>* The binding energy at 724.6 eV, can
be attributed to Cs202,'*® The O (1s) peak (a), the binding energy at 533.2 eV is due to Si-O (Si-
0-Si, Si-O-H) from SiO> support.!® The XPS spectra of SiO»: The Si (2p) peak (B), the 103.8 eV
is due to Si-02."%° The O (1s) peak (b), the binding energy at 533.2 eV is due to Si-O (Si-O-Si, Si-
O-H) from SiO; support.!®® Data acquired by Shelby Weatherbee, Dept. of Chemistry, Virginia
Commonwealth University.

Table 2 Atomic concentration, wt. %, of catalyst films

C O Si Cs
Catalyst Film 1 33+1.9 553+1.2 392+1.2 2.1+0.5
Catalyst Film 2 1.9+0.9 559+15 39.8+0.4 24+08

5.3.2 Optical Imaging
Ensemble Fluorescence Spectra of NR, NR-Al and Aldol Products. Static fluorescence
excitation and emission spectra of NR and NR-Al (1uM) in DMSO were shown in Figure 3.3B.
The data showed that NR-Al is most efficiently excited near 580 nm and that its emission spectrum

is shifted ~18 nm to the red compared to NR. Figure 5.2 shows static fluorescence emission spectra
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of isolated products from aldol reactions catalyzed by Mg-Zr-Cs/SiO> at room temperature. The
products were isolated and verified by analytical HPLC and HPLC-MS, see Chapter 4.3.3. The
data show static fluorescence emission spectra of the aldol addition (alcohol) and aldol
condensation (olefin) products from the reaction with NR-Al and acetone, Figure 5.2A. The data
also show emission spectra of the same products from the reaction with NR-Al and acetophenone,
Figure 5.2B. It is evident that the alcohol product of both reactions is shifted to the blue compared
to NR-Al, by ~13 nm. While the fluorescence emission of the olefin products is only slightly

shifted to the blue, by ~2-4 nm.
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Figure 5.2 A) Normalized fluorescence emission spectra of 1 uM NR-Al (red), products from NR-
Al-acetone aldol reaction: alcohol (blue), and olefin (green) in DMSO. B) Normalized
fluorescence emission spectra of 1 uM NR-Al (red), products from NR-Al-acetophenone aldol
reaction: alcohol (blue), and olefin (green) in DMSO. The emission spectra of the alcohol and
olefin products in both aldol reactions are shifted ~13 nm and ~2-4 nm respectively to shorter
wavelengths compared to NR-Al.
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Single Molecule Fluorescence Imaging of NR, NR-Al, and Aldol Products. The dearth
of single molecule studies of aldol reactions likely stems from the lack of suitable dyes designed
to undergo aldol reactions while also remaining sufficiently fluorescent for detection at the single
molecule level. To determine if NR-Al and the products of aldol reactions are fluorescent enough
to be resolved at the single molecule level, catalyst films doped with nanomolar concentrations of
these dyes were imaged employing an inverted wide-field microscope set up and the fluorescence
emission from two spectral channels, 572-646 nm (right) and 646-700 nm (left) was analyzed.

Figure 5.3 shows representative two-color fluorescence images of the dyes adsorbed on
catalyst films; NR was employed as a control. Surface-adsorbed dye molecules appeared as bright,
immobile fluorescent spots that remained at the same location over several video frames. The
individual fluorescent spots are attributed to adsorption of the dye molecules; control experiments
performed in the absence of dyes yielded weakly fluorescent spots (< 5, per imaged area) which
typically photobleached in less than 7 video frames. Nile Red shows more weakly fluorescent spots
in the left channel compared to NR-Al, which correlates with the ensemble fluorescence data
where the NR-Al emission is shifted to longer wavelengths. The images also show that both the
aldol addition and aldol condensation products from aldol reactions with NR-Al and acetone or

acetophenone are sufficiently fluorescent to be detected at the single molecule level.
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E) 650 nm

Figure 5.3 Two-color fluorescence images of dye-doped catalyst films A) NR, B) NR-Al, C) NR-
Al-acetone alcohol product, and D) olefin product, E) NR-Al-acetophenone alcohol product, and
F) olefin product. The color scale for all images is the same and depicts photon counts up to 500
counts/pixel.

The images depicted in Figure 5.3 show that most of the aldol product molecules emit
more strongly in the blue channel (610 nm). It also appears that a slightly higher number of aldol
molecules from the NR-Al-acetone reaction appear to emit in the red channel (650 nm) compared
to aldol molecules from the NR-Al-acetophenone reaction. A quantitative analysis of the
fluorescence emission of the dye molecules above was performed to determine if spectral shifts
can be quantified with certainty. For these analyses, the emission ratio from the two spectral

channels was determined from Equation 5.1; where I represents the spot fluorescence amplitude

in each channel.

= l610 = les0 Equation 5.1

Ig10 + Ies0
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For the above quantitative analyses, only spot trajectories greater than 7 video frames in
length were accounted for to eliminate short-lived weakly fluorescent impurity spots. Experiments
were run in duplicates and a t-Test was employed to determine if the mean values measured for
the different dye molecules were statistically different at 95% confidence interval (C.1.) forn =4,
tc = 4.3, in each case. Figure 5.4 shows the Gaussian distributions of E as well as the numerical
average (Navg) of E values for the various dyes. The E value of NR-Al indicates that NR-Al is
shifted to the red (longer wavelength) compared to NR, E = 0.545 + 0.013 vs 0.654 + 0.001,
respectively (t > 4.3). In contrast, only the E value of the aldol addition product from reactions
with NR-Al and acetone is shifted to the blue (shorter wavelength) compared to NR-Al, E =0.597
+ 0.004 vs 0.545 £ 0.013, (t > 4.3). This correlates with the ensemble fluorescence spectral blue
shift of ~13 nm, see Figure 5.2. The apparent shift in the measured spectra of other aldol products

was not statistically significant (t <4.3).

T T 7 T T I T T u
®[-A) E:0.655£0.001 | 1 L C) E:0.597+0.004 1 [ E) E: 0.58520.014
a -Navg: 0.620+0.006 /| 7 a5} Navg: 0.51410.00V-\ - 15FNavg: 0.497+0.004 .
5 20 1 20k |
g sk 1L / | o # .
9 1wl R : - 10F S, 4
e 4l /] \ Al 5 1
. i : o

08 b o5 b 15 05 10 15 05 0.0 05 10 15

C T T
F) E:0.588+0.067
151 Navg: 0.498+0.024 H

T T T T
s0l-B) E: 0.545£0.013 4 e[ D) E:0.482+0.029
so|-MNavg: 0.479+0.010 —| J sop- Navg: 0.471+0.0

40—

20

Occurrence

10~ =
=1 o = a |
0.5 0.0 0.5 1.0 15 05 0.0 0.5 1.0 15 05 0o 05 1.0 15

Emission ratio (E)

]_:
==
]

Figure 5.4 Distribution of single molecule emission ratios (E) from Figure 5.3. A) NR, B) NR-
Al, C) NR-Al-acetone alcohol product, and D) olefin product, E) NR-Al-acetophenone alcohol
product, and F) olefin product. The numerical average (Navg) is also listed as broad distributions
shift the E value. The solid lines show fits of the data to Gaussian functions.
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Ex situ Aldol reaction. In order to determine whether Mg-Zr-Cs/TMOS films catalyze
aldol reactions, ex situ experiments were performed with acetone vapor. Acetophenone was not
employed for these experiments due to its much lower vapor pressure compared to acetone, 0.372
mm Hg vs 229 mm Hg. The higher vapor pressure allowed for saturation of acetone vapor on NR-
Al-doped catalyst films within a reasonable time and facilitated in sifu aldol reaction experiments.
Nile Red was employed as a control. Catalyst films were doped with nanomolar concentrations of
NR-Al and NR, 0.1 nM and 50 pM, respectively, and were exposed to acetone vapor for 1h in an
otherwise dry nitrogen atmosphere (10 mL/min). In a second control experiment, dye-doped
catalyst films were only exposed to a dry nitrogen atmosphere (10 mL/min) for 1h.

Two-color SMS imaging was again employed to measure the E value of the dye molecules
before and after exposure to acetone vapor. Experiments were also run in duplicates and a t-Test
was employed to determine if the mean values measured for ex situ aldol reactions were
statistically different at 95% confidence interval (C.1.) for n = 4, tc = 4.3, in each case. Figure 5.5
shows Gaussian distributions of E values and of Navg of the above experiments employing
Equation 5.1.NR and NR-Al controls without exposure and exposed to a dry nitrogen atmosphere,
as well as NR controls exposed to acetone vapor showed no spectral shifts (t < 4.3 in each case).
While the E value of NR-Al doped-catalyst films exposed to acetone vapor was not statistically
different, the Navg value showed a blue shift. (Navg = 0.476 + 0.023, t > 4.3). The shift of Navg
to shorter wavelengths in the aldol reaction between NR-Al and acetone is indicative of aldol
product formation, based on the previous results described above.

Although the apparent red shift of E in the control reaction experiment with NR after
exposure to acetone is not statistically significant (t < 4.3), spot counts decreased ~ 50% and may

suggests the molecules may have migrated to a different micropolarity environment.%* 6
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Figure 5.5 Distribution of single molecule emission ratios (E) from NR: A) control, B) in dry
atmosphere (1h), C) exposed to acetone vapor (1h). Distribution of single molecule emission ratios
(E) from NR-Al: D) control, E) in dry atmosphere (1h), F) exposed to acetone vapor (1h). The
numerical average (Navg) is also listed as broad distributions shift the E value. The solid lines
show fits of the data to Gaussian functions. NR-Al shifts to shorter wavelengths (F) when exposed
to acetone vapor.

Efforts were made to confirm the products of ex sifu aldol reactions via analytical HPLC
based on the known elution times of the aldol products, see Chapter 4.3.3. For these sets of
experiments, several catalyst films were doped with 0.25 mM NR-Al and exposed to acetone vapor
for 1h or 8h. Dye molecules were re-dissolved in DMSO, concentrated, and eluted in analytical
HPLC, see Chapter 4.3.3 for column and elution parameters. However, samples were not
concentrated enough to give robust results.

In situ Aldol Reactions. Roeffaers and Chen showed the value of monitoring real-time
transformations and chemical reactions on catalyst surfaces at the single molecule level. Nanoscale
imaging of those studies revealed catalyst structure-dependent product formation and that the
microkinetics of organic reactions on inorganic catalysts may be determined via formation of

183,

fluorescent products.'®* 8% This information is critical when designing and optimizing

heterogeneous catalysts. In fact, similar SMS techniques have been employed to investigate the
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nanoscale chemical and structural properties of solid catalysts already employed in the
petrochemical industry. 3254 18

This section describes work towards following in situ aldol reactions catalyzed by thin Mg-
Zr-Cs/TMOS films in real-time. In these experiments, two-color SMS imaging was employed to
monitor aldol reactions of 0.01 nM NR-Al-doped catalyst films exposed to acetone vapor in an
otherwise dry nitrogen atmosphere (10 mL/min). Consecutive 100-frame videos (50 sec each) were
taken at various positions within a ~0.5 cm radius from the center of the catalyst film (~1 cm
diameter) during 1h exposure to acetone vapor. Here, NR (5 nM) was also employed as a control.
The higher NR concentration was required in order to obtain approximately the same spot density
as in the NR-Al-doped films when exposed to acetone vapor.

In order to detect spectral changes in dye molecule emission in real-time, and therefore
aldol reaction events, the E value was plotted vs video frame along each single molecule trajectory,
Equation 5.1. For these studies, spot trajectories > 11 video frames in length were analyzed. It
was found that a minimum of 12 video frames was required to reveal clear temporal changes in E.
Trajectories with an abrupt shift in E (> 0.25 units) and that lasted more than 5 video frames were
interpreted as a possible reaction event. Fluctuations in E during imaging were small (~ 0.1 units)
and are due to shot noise in the photon signal and in the background, see Appendix C for error
analysis in E. Once a possible reaction event was identified, the fluorescent spot (molecule) and
its pair was identified in the two channels based on its x-y coordinates and frame (time) of
appearance and duration of the event. The fluorescent spot in each channel was manually followed
on a frame by frame basis and the abrupt change in the fluorescent spot between the two channels

was verified to come from the same molecule, and thus may be due to an aldol reaction event.
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Based on the above criteria, 9 spot trajectories out of 313 trajectories (2.9%) that were >
11 video frames long showed a real change in E for in situ aldol reactions. Three reaction events
were observed within the first 30 min, and six reaction events were observed within the next 30
min. It is noteworthy that reaction events displayed different behaviors: only one trajectory showed
a red shift (Is10 < Is50), six trajectories showed a blue shift (Isi0> Iss0), and two trajectories showed
ared shift followed by a blue shift. Figure 5.6 shows three different reaction events representatives
of the behavior from nine spot trajectories found in in situ aldol reactions over NR-Al-doped
catalyst films. Figure 5.6 A shows an abrupt red shift at frames 4 to 5 and stays constant for 6
frames until the molecule disappears, Figure 5.6 B shows an abrupt blue shift at frames 43 to 44
and stays constant for 7 frames until the molecule disappears, and Figure 5.6 C shows an abrupt
red shift at frames 7 to 8 which stays constant for 23 frames and is followed by an abrupt blue shift
at frames 31 to 32 that stays constant for 9 frames before the molecule disappears. Figure 5.7
depicts two-color fluorescence images of the pairs of fluorescent spots from the plot shown in
Figure 5.6 C. It is noteworthy that Figures 5.6 A, B show a blue or red shift that are one frame
long. Although the shift only lasts one video frame, it is outside the noise level (~ 0.1 units).
Therefore, it is likely that all three trajectories show the same behavior, red to blue shift; the

possible cause will be discussed below.
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Figure 5.6 Plots of emission ratio (E) vs. video frame (Bottom) and Time (Top). A) A plot showing
a red shift, B) A plot showing a blue shift, C) A plot showing a red shift followed by a blue shift.
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Figure 5.7 Consecutive video frames showing the fluorescence emission change in each channel
(Top: 650 nm, Bottom: 610 nm) for the same NR-Al molecule during aldol reaction with acetone
vapor in real time. The numbers in the upper right corner represent the video frame. The color
scale for both images is the same and depicts photon counts up to 500 counts/pixel.

A compilation of ensemble fluorescence spectra, static SMS data, and ex-sifu aldol
reactions all suggest that the aldol addition product is blue shifted while the aldol condensation
product has a similar fluorescence emission as NR-Al, which would make it difficult to distinguish
from NR-Al without further analysis of the data (i.e. fluorescence lifetimes, or other analytical
methods). Based on the above analyses of in sifu aldol reactions, it is believed that the blue shift
is due to an aldol reaction occurring in real-time, while the red shift may be due to a change in the
micropolarity environment of NR-Al. Alternatively, the red shift may be due to the reversibility of
the aldol reaction or conversion of the aldol addition product (alcohol) to the aldol condensation
product (olefin); the possible mechanism of these aldol reactions was discussed in Chapter 4.3.5.
However, if the latter was the case, trajectories would first show a blue shift and end at a red shift,
as olefin formation is irreversible. Therefore, it is more likely that the red shift indicates a polar
environment (provided by deposited acetone vapor) followed by an aldol reaction (blue shift).
Alternatively, the red to blue shift may be a retro aldol reaction followed by an aldol reaction,

where re-formation of NR-Al would shift the E value to the red. In order to determine the
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reversibility of aldol reactions on catalyst films, SMS videos would need to be taken consecutively
or intermittently at the same location. Decreasing the laser power, and frame exposure time would
minimize/delay photobleaching of the product molecules and allow more information to be
extracted.

The low population of spot trajectories with an abrupt E shift (i.e. aldol reaction) may
indicate that a longer reaction time is necessary. This is possibly indicated by the increased number
of spot trajectories apparently undergoing aldol reaction from 30 to 60 min compared to the first
30 min (6 vs. 3). A simple way to increase aldol reaction events is to increase the density of the
catalyst active sites (i.e. cesium-oxide) within silica. For the above set of experiments, the catalyst
loading was not optimized; systematic in sifu aldol experiments with various catalyst loadings
(confirmed by XPS) would allow for optimization of the catalyst film.

The few reaction events observed in sifu may also indicate that aldol reactions may have
already occurred prior to the time imaging was done at that particular location. XPS results showed
that active species, Cs, are well dispersed around the silica film. Theoretically, the probability of
aldol reaction events occurring at the same time at any given location is the same (provided that
the catalyst film is homogenously coated with a thin film of acetone vapor). In the above
experiments, acetone evaporation and deposition rates were not optimized. It is possible that
acetone vapor saturated the catalyst film (i.e. active sites) thereby decreasing the rate of aldol
reactions. Here too, systematic experiments would allow optimization of acetone vapor deposition.
Perhaps acetone vapor needs to be deposited at a slower rate or intermittently.

In situ control experiments of NR-doped catalyst films exposed to acetone vapor under the

same conditions as in situ aldol reactions only showed one spot trajectory out of 485, 0.21 %,
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where the E value abruptly shifted to the blue during acetone exposure; the causes for this shift are

unknown.

5.4 Conclusion

In summary, the present studies show that NR-Al and the products of aldol reactions (NR-
Al with acetone or acetophenone) are fluorescent enough to be detected at the single molecule
level. The development of a reactive NR-Al molecular probe allowed a breakthrough in aldol
reaction studies ex sifu and in real-time at the nanoscale. These early studies focused on aldol
reactions of acetone vapor on NR-Al-doped Mg-Zr-Cs/TMOS catalyst films. Spectroscopic
ellipsometry revealed a well-dispersed film of ~30 nm in thickness. XPS did not detect Mg or Zr
since their theoretical loading was below the instrument’s detection limit (~ 0.1 %), but Cs was
well-dispersed within and around the films, 2.1 £ 0.5 wt. % and 2.4 + 0.8 wt. % respectively.

Although the products of aldol reactions catalyzed by Mg-Zr-Cs/TMOS films were not
confirmed in ex situ studies due to their low concentrations, experimental data showed that two-
color SMS studies follow the same trend observed in ensemble fluorescence spectra of NR-Al and
isolated aldol products. While the peak emission wavelength of the aldol condensation product is
similar to NR-Al (~642 nm), that of the aldol addition product is shifted to shorter wavelengths
(~13 nm in ensemble experiments, and E value shift ~0.04 in SMS experiments). Control SMS
studies of NR and NR-Al not exposed to acetone vapor, and NR exposed to acetone vapor revealed
similar E values (E = 0.634 = 0.022 for NR, and E= 0.478 £+ 0.006 for NR-Al). NR-Al doped
catalyst films exposed to acetone vapor showed a red to blue shift instead of the expected blue
shift from ensemble studies. This may simply reflect the complexities of interpreting the single

molecule data and synchronizing aldol reactions with the recording of the video data.
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The findings provide a platform for future SMS studies of aldol reactions on thin catalyst
films and, in the future, structurally and chemically different heterogeneous catalysts. Such
nanoscale studies will provide more insight into the specific cooperativity of various chemical
environments as well as structure-dependent product formation and even on the microkinetics of
aldol reactions, which are critical when designing and improving heterogeneous catalysts for

economical and eco-friendly industrial processes.
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Chapter 6 - Vapor Phase Plotting of Organosilane Chemical

Gradients

Reprinted with permission from Judith Bautista-Gomez, Anna V. Forzano, Joshua M. Austin,
Maryanne M. Collinson, and Daniel A. Higgins. Vapor-Phase Plotting of Organosilane Chemical

Gradients. Langmuir, 2018, 34, 33, 9665-9672. Copyright 2018, American Chemical Society.

Contributions of Authors
I was in charge of sample preparation and optimizing the plotting conditions as well as data
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interpret XPS data. Dr. Higgins guided the research and helped interpret XPS data. He and Dr.

Collinson provided tremendous help for the preparation and publication of this work.

6.1 Introduction

Thin films designed to exhibit chemical and/or physical properties that gradually vary
along one or more directions are known as chemical gradients.®’”’° These materials find myriad
potential applications in diverse fields of research ranging from materials science to biology. They

have been used previously in combinatorial materials chemistry,” high-throughput investigations

74, 75

of molecule-surface interactions,’® catalysis,”> chemical separations, molecular combing of

DNA7" and to drive the motions of liquid droplets,®® vesicles,'®® nanoparticles,'®’

191

macromolecules,'”® and cells. Gradient fabrication has been accomplished by a variety of

82,192 76,191,193

methods, including by vapor diffusion, solution diffusion, microfluidic mixing,'** ink

jet printing,* photolithography, contact printing,®® electrochemical methods,'” dip-coating, 3¢
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and controlled-rate infusion methods.®*° Deposition methods that rely upon precursor diffusion
alone do not afford any control over the gradient profile or steepness, which is determined by
Fick's Laws. Furthermore, few such methods allow for patterning of the film. Unless masking
procedures are employed to achieve gradient deposition over small regions, the gradients obtained
usually cover the entire substrate surface. While photolithography®® and contact printing®* afford
control over the gradient profile and can be used to make patterned films, changing the gradient

characteristics or film pattern requires the fabrication of a new mask or stamp. Although both dip-

86-88 89,90

coating and controlled-rate infusion methods allow the gradient profile to be manipulated,
neither allows for the deposition of patterned films. Ink jet printing®* is a direct-write method that
provides the flexibility required to produce gradients of arbitrary shape, location, and profile, but
it requires careful optimization of the ink properties (e.g., surface tension, viscosity and solvent
volatility) to achieve proper jetting.”:*> Furthermore, the printing of reactive materials by ink jet
methods frequently leads to clogging of the print nozzles. Since ink jet printing relies on the
deposition of liquid droplets on solid surfaces, de-wetting of the substrate and de-mixing of the
ink solutions can also be problematic.

As an alternative to the aforementioned methods, this report describes the vapor phase
plotting of organochlorosilanes for making patterned and chemically graded self-assembled
monolayer (SAM gradient) films. To the best of our knowledge, this represents the first report of
vapor phase plotting of organosilane materials. Although similar vapor jet printing methods have
been employed for the deposition of organic semiconductors,'*®!°® these methods have not yet

been used to fabricate gradients. Vapor jet printing works by passing a heated gas through a hot

organic powder or liquid source, often under reduced pressure. The gas carries the molecular
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species through a nozzle and deposits them onto a cooled substrate. The printing of patterned films
with ~ 4 um spatial resolution has been reported under certain conditions.'®

This chapter describes how organosilane vapor is delivered to a reactive silica surface using
a glass capillary positioned just above the surface. The capillary is connected via a short flexible
tube to a reservoir containing the precursor liquid. A carrier gas sweeps precursor vapor from the
headspace above the reservoir into the tubing and delivers it to the capillary, which provides for
localized exposure of the substrate. Unlike vapor jet printing, organosilane vapor phase plotting is
performed at room temperature and atmospheric pressure. By raster scanning the capillary above
the silica surface, patterned uniform or gradient films that cover a small region of the substrate can
be produced. The amount of material deposited can be changed by varying either the raster-
scanning speed or the carrier gas flow rate. The ultimate spatial resolution of vapor phase plotting
is governed by diffusion and convective dispersion of the gas-phase precursors after they exit the
capillary. The size of the smallest features that can be produced is limited by the capillary diameter
and its distance above the substrate surface. In this initial demonstration, we have achieved
millimeter scale spatial resolution using glass capillaries with millimeter inner diameters. With
further development of the method, up to a 100-fold improvement in plotting resolution should be
achievable. Vapor phase plotting is a direct-write method that allows for patterned uniform or
gradient films to be prepared over selected substrate regions, without modifying neighboring areas.
It is likely to find applications in the fabrication of SAMS for use in planar chromatography,
microfluidic devices, electronics, optical devices, and to study organic reactions on thin catalyst

films.
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6.2 Experimental Considerations

6.2.1 Materials

SAM films and gradients were prepared from n-octyltrichlorosilane (97%) and 3-
cyanopropyltrichlorosilane (97%) precursors. The organotrichlorosilanes were obtained from
Sigma-Aldrich and were used as received. Each was dissolved in a solvent prior to being
transferred to the reservoir. The solvents tested include toluene, n-heptane, and n-butanol.

Both microscope coverslips (Fisher Finest Premium, 25 mm x 25 mm) and cut, polished
silicon wafers (University Wafer, boron doped, 10 mm x 20 mm) were used as substrates upon
which the SAM films and gradients were deposited. Each substrate was cleaned prior to use by
exposure to an air plasma for 5 min. As has been demonstrated previously, organosilane films are
best formed on substrates already coated with a silica base layer.”® The base layer provides a
uniformly reactive surface with sufficient silanol sites to allow for efficient attachment of the
organotrichlorosilanes.''® Base layers were deposited from a sol comprised of tetramethoxysilane
(TMOS), ethanol (200 proof), and 0.1 M HCI in volume fractions of 0.94:94.0:5.06
(TMOS:ethanol:0.1M HCI). In preparation of this sol, the components were first added to a clean
glass vial. The sol was then stirred for 1 h and aged for another 23 h in a desiccator prior to use.
Each base layer was formed by spin coating (Specialty Coating Systems, Inc., P-6000) a 150 puL.
volume of the sol onto the substrate at 5000 rpm for 30 s. Base layers prepared in this manner had
thicknesses of 16 + 5 nm on average, as determined by spectroscopic ellipsometry. The base-layer-
coated substrates were stored in a desiccator for at least 24 h prior to use and were subsequently

exposed to an air plasma for 2 min prior to vapor plotting.
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6.2.2 Methods

Film deposition and gradient formation were verified by sessile drop water contact angle
(WCA) measurements, spectroscopic ellipsometry, and X-ray photoelectron spectroscopy (XPS)
mapping. The same methods also allowed for the gradient profile to be recorded. For WCA
measurements, 0.1-0.5 puL droplets of pure water (18 MQ-cm, B-pure, Barnstead) were placed on
the SAM films at several locations, using a microliter syringe (Hamilton). A home-built instrument
equipped with a CCD camera (ProVIDEO, CVC-140) and zoom lens (Navitar) was used to
photograph the individual water droplets. A plugin for the freely available ImageJ software!!® was
used to determine the contact angle from each photograph.

Silica base layer and SAM film thicknesses were measured using an o-SE spectroscopic
ellipsometer (J.LA. Woollam Co., Inc.). All film thickness data were acquired from samples
deposited on silicon wafers. The use of silicon substrates ensured a strong optical reflection from
the film-substrate interface, affording the measurement precision needed to determine the
thickness of sub-monolayer films. To avoid errors in the measured thickness caused by condensed
water layers, all ellipsometric measurements were made under a dry nitrogen atmosphere inside a
Plexiglas chamber. The chamber was purged with nitrogen for at least 30 min prior to each set of
measurements, and the purge was maintained throughout each experiment. In fitting the
ellipsometry data, each film was modeled as a transparent film on silicon, having refractive index
n = 1.457 (at 633 nm). The optical dispersion of both the silica base layer and organosilane films
were modeled by the Cauchy Equation. In all cases (both base layer and organosilane-coated base
layer), the films were treated as a single layer on the substrate, because the refractive indexes of
the films are all very similar.!*® To determine the organosilane layer thickness, the base-layer

thickness was first measured prior to vapor plotting of the organotrichlorosilane. The base-layer
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thickness was measured at a series of positions separated by 2 mm spacings along the substrate.
The SAM film was then deposited atop the base layer and the film thickness was remeasured at
each of the previous locations (to within £ 1 mm). The SAM film thickness was obtained as the
difference between the full film thickness and the base layer thickness.

XPS mapping experiments were employed to verify the chemical composition of the SAM
films and gradients. XPS data were acquired using a Thermo Fisher ESCAlab 250 imaging
spectrometer. This instrument uses an Al Ka source (1468.68 eV). XPS spectra were acquired at
1-2 mm spacings on each film, using a 500 um spot size, 50 eV pass energy, and 0.100 eV step
size. Analysis of film properties was restricted to the N(1s) region of the spectrum for the
cyanopropyltrichlorosilane-derived SAM films. The presence of adventitious carbon made XPS
characterization in the C(1s) region difficult. However, the C(1s) data were also collected to allow
for the N(1s) data to be corrected for charge shifts. In this case, the data were all shifted so that the
C(1s) peak for adventitious carbon appeared at 284.6 eV. The area under the nitrile N(1s) peak
was determined by subtracting the background, fitting each spectrum with two Gaussian

functions,?” and determining the area under the appropriate peak from its amplitude and width.

6.3 Results and Discussion

6.3.1 Vapor-Phase Plotting

SAM films and gradients were prepared using a simple, inexpensive vapor phase plotter
that was designed and constructed in-house. The critical working components of the vapor plotter
include a precursor reservoir, a glass capillary for delivery of the precursor vapor to the substrate

surface, and an X,Y plotter. Figure 6.1 shows a schematic diagram and a photograph of the
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apparatus. Briefly, vapor plotting is accomplished by first loading the precursor reservoir with
organosilane solution. An inert carrier gas is then used to sweep organosilane vapor from the
reservoir into the capillary, which is connected to the reservoir via flexible tubing. The capillary
is mounted to the X,Y -plotter, allowing for it to be raster scanned above the substrate surface. The
working end of the capillary is positioned a few tens of micrometers above the substrate, allowing
for local regions to be exposed to silane vapor in a controlled manner. The entire apparatus is
housed within a sealed deposition chamber that allows for the ambient atmosphere to be controlled
during plotting. The entire vapor phase plotting process is described in more detail, below.

As noted above, delivery of the precursor silanes to the substrate surface requires the use
of a carrier gas. Dry nitrogen was employed in these studies. The carrier gas was first passed
through the precursor reservoir and then into the flexible tubing connecting the reservoir and
capillary. The carrier gas flow rate was maintained at 3.3 + 0.1 mL/min in these experiments. The
volume of the headspace in the precursor reservoir was ~ 5 mL. Two types of flexible tubing were
tested in this initial demonstration. They include Silastic tubing (Dow Corning, 1.57 mm ID, 3.18
mm OD) and Teflon tubing (Optimize Technologies, Inc., 1.8 mm ID, 3.2 mm OD). The Teflon
tubing was concluded to be best suited for this application because it is more compatible with the
solvents and silanes employed.?’! Some evidence for accumulation of residual silanes within the
tubing and between runs was observed when the Silastic tubing was used, particularly at high
precursor concentrations. Because Teflon tubing is less elastic, a short segment (~ 1 cm) of the

Silastic tubing was used to join the Teflon tubing to the glass capillary.
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Figure 6.1 Deposition chamber for vapor phase plotting of SAM films and gradients. The inset
shows a photograph of the capillary, substrate, reservoir and sample stage.

The capillaries selected for use were melting point capillaries (Kimble Chase, 1.5 mm ID,
1.8 mm OD, 4.5 cm L). Each capillary was wrapped in Nichrome wire (Omega, 0.16 mm diam.,
56 Ohm/m) to allow for heating to ~ 35° C, as measured with an infrared thermometer. Heating of
the capillary was required to prevent condensation of the precursor at its outlet when high precursor
concentrations were employed. The glass capillary was mounted on the stepper motor driven X,Y
plotter with its long axis oriented perpendicular to the substrate surface, as shown in Figure 6.1.
The plotter stage employed was obtained from Wave Dynamics, and had a 320 mm x 240 mm
total travel, with a maximum working speed of 450 and 300 mm/s in the two directions. The raster
scanning speed employed during deposition ranged from 0.44 to 175 mm/min in the fast-scan
direction. The substrate was positioned beneath the capillary by mounting it on a tilt stage
(ThorLabs, KM100B) attached to a linear translation stage (Newport, 460A). This mounting
procedure allowed for the substrate to be reproducibly positioned beneath the capillary with
micrometer precision. The X,Y plotter was controlled by software written in-house in the Labview
(National Instruments) programming environment. The entire apparatus was housed inside a

transparent plastic box (the deposition chamber) to better control the ambient humidity. The
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humidity within the box was raised when necessary either by bubbling air recirculated from within
the box through a water-filled flask, or by use of a miniature ultrasonic humidifier. Strong
convective air currents were required to achieve optimum spatial resolution during vapor plotting.
These air currents served to rapidly remove and dilute residual unreacted precursor vapors from
near the capillary/substrate junction. A blower attached to 10 cm diameter tubing was used for this
purpose. The blower continuously recirculated the air back into the deposition chamber at a
distance of ~ 0.35 m from the substrate. A mechanical damper was used to control the flowrate of
air through the blower. A marked degradation in plotting resolution was observed if the blower
was not turned on. The deposition chamber was vented into the fume hood system prior to removal

of the sample, following each deposition.

6.3.2 Optimization of Plotting Conditions

The extent of surface modification was found to depend upon a number of different
parameters, including the rate at which the liquid precursor evaporates into the vapor phase inside
the precursor reservoir. The rate of precursor evaporation is dependent upon the boiling point of
the precursor and its heat of vaporization, but it also depends on its rate of diffusion to the liquid-
vapor interface (the precursor solutions were not stirred). According to the Stokes-Einstein
relation, the rate of diffusion scales inversely with solution viscosity. Therefore, solvents of low
viscosity were employed for diluting the precursor silane. To identify a suitable solvent, n-
octyltrichlorosilane was alternately dissolved in toluene (n = 0.560 cP), n-dodecane (n = 1.383
cP) and n-butanol (n = 2.544 cP).22 Square SAM "pads" 3 mm x 3 mm in size were then plotted
under otherwise identical conditions. Films plotted from toluene solutions gave the highest WCAs

(~ 71°) while those plotted from n-dodecane gave somewhat smaller values (~ 64°) and n-butanol
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gave the lowest WCAs (~ 41°). On the basis of these results, toluene was selected for use as the
diluting solvent in the remainder of the work presented below. The low WCAs obtained when n-
butanol was employed could result from reaction of the chlorosilane with the alcohol, in addition
to slow precursor diffusion in solution. The dependence on precursor evaporation rate could lead
to variations in film properties with changes in the reservoir design and carrier gas flow rate. A
fixed reservoir design and constant gas flow rate (see Figure 6.1) were employed to help avoid
such difficulties.

As has been previously reported,?®® the deposition of organotrichlorosilanes from the vapor
phase was found to be strongly dependent upon the relative humidity (RH) of the environment
within the deposition chamber. It is believed that the moisture dependence of film growth results
from the participation of surface-adsorbed water in cross-linking of the trichlorosilane
precursors.?®* 25 In order to identify the optimum level of moisture required for efficient film
deposition, 3 mm x 3 mm square n-octyltrichlorosilane pads were plotted at a series of different
relative humidities, with all other factors held constant. Figure 6.2A, B shows the plot of the SAM
film thicknesses and WCAs measured from these pads as a function of RH. These data show that
the highest WCAs were obtained at humidities above ~ 30% RH. The film thickness data also
provide clear evidence of humidity dependent variations in the SAM film surface coverage. The
mean film thickness fell from ~ 1 nm at humidities above 50% RH to ~ 0.7 nm at a humidity of ~
23% RH. A full monolayer of well-packed octylsilane molecules is expected to be ~ 1.1 nm
thick.2®® On the basis of these results, all films described in the remainder of this report were

prepared at humidities of ~ 45 + 5% RH.
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Figure 6.2 A) Film thickness for n-octyltrichlorosilane monolayers prepared under different
relative humidities. B) WCAs measured for the same films. The concentration of silane in the
deposition reservoir was 10 vol % in toluene solution. The capillary-substrate separation was 30
pm. The step time during raster scanning was fixed at 3.6 s. C) WCA measured as a function of
n-octyltrichlorosilane concentration (vol %) in toluene. The SAM pads characterized were
deposited at ~50% RH with a capillary-substrate separation of 30 um and a stage speed ~ 0.44
mm/min. D) WCA as a function of stepper motor step time (top axis) and 1/stage speed (bottom
axis). Both the step delay and stage speed correspond to motion along the fast raster-scanning
axis. The solid lines have been added to better depict trends in the data. The fast rise in WCA at
short step times is consistent with a fast-kinetic process for the initial reaction with the surface.
The error bars depict the 95% confidence interval on each value forn=12, 5, 5 and 5 in panels A)
- D), respectively.
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The distance between the capillary and substrate was found to impact both the plotting
resolution and the ultimate SAM surface coverage under otherwise identical conditions. Here, the
capillary-substrate distance was adjusted using the linear stage upon which the sample was
supported (see Figure 6.1) and was measured from magnified images of the junction obtained
using a CCD camera. In these experiments, several square SAM pads (3 mm x 3 mm in size) were
again plotted and the WCAs measured for each. Figure 6.3 shows that the WCA was greatest (~
71°) at a capillary-substrate separation of ~ 30 um. The WCA decreased slightly (by ~5 — 10°) as
the capillary was moved either closer to, or further away (out to ~ 90 um) from the substrate. The
decrease in WCA at shorter capillary-substrate separations is attributed to the increased velocity
of the vapor exiting the capillary as it is brought closer to the surface. This effectively reduces the
substrate exposure time and decreases the degree of modification. At greater distances, the
effective concentration of precursor in the vapor phase is reduced by removal and dilution of the
precursor by the convective air currents created by the blower, again leading to a reduction in
surface coverage. On the basis of these results, a separation of 30 pm was selected for use in all

experiments.
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Figure 6.3 Water contact angle as a function of capillary-substrate separation. The solid line was
added to better depict the trend in the data. The error bars depict the 95% confidence interval on
each value for n = 3 measurements.
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As noted above, the precursor silanes were diluted in a suitable solvent prior to deposition.
Without dilution of the liquid precursor, its delivery to the capillary and substrate surface was
frequently too rapid, leading to visible condensation of the precursor in the capillary and on the
substrate surface. Therefore, the concentration of organotrichlorosilane in the toluene solution is
also a critical parameter that must be optimized to obtain good films in a reasonable amount of
time. Figure 6.2C plots the WCA values measured for a series of 3 mm x 3 mm square SAM pads
printed using a range of m-octyltrichlorosilane concentrations. The concentration is given in
volume percent, with toluene as the solvent. The WCA values were found to increase with
increasing precursor concentration from ~ 1 vol % (WCA ~ 50°) to 100 vol % (WCA ~ 92°).
Control experiments performed with pure toluene in the reservoir produced surfaces with WCAs
of <10°.

Finally, the reaction of the organotrichlorosilane with the substrate surface occurs at a finite
rate,!'® and hence, the length of time the substrate is exposed to the vapor also plays an important
role in determining the surface coverage and the WCA achieved. The influence of reaction kinetics
on the surface coverage was explored by varying the rate at which the capillary was raster scanned
across the surface during silane deposition. Square SAM pads 3 mm x 3 mm in size were again
printed in these studies. The pads were printed as a square array on individual substrates to produce
patterned surfaces. As stepper motors were used to move the plotting stage (see Figure 6.1), the
rate of capillary motion was adjusted by simply changing the time between motor steps. The time
between steps in the fast-scan direction was varied between 9 ms and 3.6 s. The WCAs obtained
for SAM pads deposited from 10 vol % octyltrichlorosilane are plotted as a function of the step
time in Figure 6.2D (top axis) and as a function of reciprocal stage speed in minutes per millimeter

(bottom axis). Here, the stage speed corresponds to the rastering speed along the fast-scan
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direction. Replicate measurements are included in Figure 6.2D to demonstrate the reproducibility
of the WCA values obtained. These data reveal a biexponential rise in the WCA as the time
between steps increased. This observation is consistent with an initial fast reaction of the silanes
with the substrate surface, followed by a much (~ 50-fold) slower deposition occurring at longer
times. Indeed, early studies of chlorosilane reaction kinetics on silica surfaces show similar
behavior, with the kinetics exhibiting a ~ 1.5 order dependence on the density of reactive surface
sites.!'® The complex deposition kinetics are also consistent with what has been observed for other
silanes deposited in a time-dependent manner from solution.?* °

It is noteworthy that the WCA values shown in Figure 6.2 never reach the ~ 105° value
reported previously for octylsilane monolayers deposited by vapor diffusion methods.?*® Rather,
films that exceed a monolayer in thickness (> 1.1 nm) were found to yield WCAs of ~ 90° (see
Figure 6.2C). The exact origins of the lower WCAs observed for films prepared by vapor-phase
plotting are unknown at present but are believed to reflect molecular disorder in the films caused
by the rapid delivery and removal (i.e., short residence times) of the silanes on the substrate. The
kinetics of silane removal are likely similar to the surface reaction rate and this would result in the
initial attachment of silanes at relatively low surface coverages. In this case, the hydrocarbon
chains are likely to be oriented randomly, leading to films that are more disordered than ideal
SAMs 2%

The rate of precursor deposition was also investigated for the 3-cyanopropyltrichlorosilane
precursor. For this purpose, square pads 3 mm x 3 mm in size were again plotted using a series of
different raster scanning rates. Figure 6.4 shows the WCAs obtained. In this case, they approached

~ 57°, as has been observed previously for vapor deposited cyanopropylsilane films.?*
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Figure 6.4 Water contact angle as a function of stepper motor step time (top axis) and 1/stage
speed (bottom axis) for 3-cyanopropyltrichlorosilane monolayers. Both the step delay and stage
speed correspond to motion along the fast raster scanning axis. The solid line was added to
better depict the trend in the data. The fast rise in WCA at short step times is consistent with a
fast-kinetic process for the initial reaction with the surface. The error bars depict the 95%
confidence interval on each value for n = 5 measurements.

It should be noted that both the octylsilane and cyanopropylsilane films were characterized
as deposited and were not rinsed prior to WCA, thickness, or XPS measurements. However, in
each case, characterization of the films was delayed for at least 3 h after film preparation. Film
stability was verified by several methods. In one set of experiments, the plotted films were
sonicated in 18 MQ-cm water for 3 min, at a temperature of 65 ° C. They were subsequently rinsed
with water and blown dry in a stream of nitrogen. In another case, the films were sonicated in
isopropyl alcohol for 3 min, then in acetone for 3 min, then rinsed with acetone and blown dry
with nitrogen. Finally, some films were soaked in room temperature water for a minimum of 16 h.

In all cases, the plotted silane films yielded similar or slightly higher (increased by ~ 6°) WCAs

after these treatments, while neighboring (unmodified) regions yielded WCAs of < 10°.
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6.3.3 Plotting of Organosilane Gradients

Organosilane gradients were plotted using the conditions determined in the above
experiments. The previous data were used to select the optimum humidity, silane concentration,
and capillary-substrate separation. For both precursors, humidities of 45 + 5% RH were used.
Organotrichlorosilane precursor concentrations of 10 vol % were employed except when otherwise
noted. The capillary was maintained at a distance of 30 um above the substrate in all cases.
Gradients were obtained by gradually decreasing the step time from several seconds to a few
milliseconds. The step time was held constant as each line was plotted along the fast-scan (gradient
width) direction and was gradually decreased along the slow-scan (gradient length) direction. The
variations in step time along each gradient were determined separately for the octylsilane and
cyanopropylsilane precursors, as described in Supporting Information. Gradients plotted using the
n-octyltrichlorosilane were 7.5 mm in length and 3 mm in width, while those prepared using 3-
cyanopropyltrichlorosilane were 9 mm in length and 5 mm in width. Larger area gradients were
plotted in the case of the cyanopropylsilane to facilitate XPS data collection.

Figure 6.5 shows plots of film thickness and the associated WCAs for the n-
octyltrichlorosilane and 3-cyanopropyltrichlorosilane gradients. Two replicate gradients were
prepared and characterized to verify the reproducibility of vapor plotting for each precursor (see
blue and red data points in Figure 6.5). Note that values are only shown for the gradient portion
of each coated substrate. As expected, the film thickness and WCA values are greatest at the highly
modified end of each gradient, with their values decreasing monotonically as a function of position

along the gradient length.
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Figure 6.5 Ellipsometric film thickness and sessile drop WCA measured along the same gradient
films plotted using A), B) mn-octyltrichlorosilane and C), D) 3-cyanopropyltrichlorosilane
precursors. The optimum plotting conditions identified above were used in preparing these films.
The blue and red data points depict results from two replicate gradients in each case. All gradients
shown here were plotted from 10 vol % silane in toluene. The solid lines have been added to better
depict trends in the data. The error bars depict the 95% confidence intervals for n = 3
measurements in panels A) - D).

Water droplets placed either at the very top of the gradient (i.e., the highly modified end)
or along the two sides (i.e., the edges) of each gradient spontaneously moved away from the
gradient towards unmodified substrate regions. In fact, the highly modified ends and sides (i.e.,

edges) of each gradient comprise gradients of their own, having very steep profiles over 1-2 mm

distances (see below for a discussion of plotting resolution).
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XPS mapping experiments were performed to confirm that the surfaces actually comprised
gradients in the expected functional groups. XPS studies were performed only for the gradients
derived from 3-cyanopropyltrichlorosilane, for which the N(1s) peak produced by the nitrile
nitrogen could be detected. It was concluded that too much adventitious carbon was present to
allow for mapping of the gradients prepared from n-octyltrichlorosilane.

Figure 6.6 plots the XPS results obtained from a gradient prepared using 100% 3-
cyanopropyltrichlorsilane. Figure 6.6A shows the associated N(1s) XPS spectra as a function of
position along the gradient. These data reveal the presence of two N(1s) peaks. The largest peak,
centered at ~ 400 eV, decreased with position along the gradient, while the smaller peak, centered
at~402 eV, showed little variation with position. The former is attributed to the nitrile nitrogen>**
207 while the latter is assigned to adventitious nitrogen contamination. In order to better assign the
peak positions and to quantify the amount of nitrile nitrogen present, all spectra were fit to two
Gaussian functions.’”® Figure 6.6B depicts the two components obtained by fitting the data
acquired near the low nitrile end of the gradient. This analysis yielded a nitrile nitrogen binding
energy of 400.2 + 0.5 eV, with a binding energy of 402.3 + 0.7 eV for the adventitious nitrogen.

Figure 6.6C shows a plot of the area (in arbitrary units) under the nitrile N(1s) peak (400.2
eV). This gradient was plotted so that its highly modified end was positioned at 5 mm, with the
gradient extending to the 14 mm position. The gradient profile depicted in Figure 6.6C is different
from that obtained by ellipsometry in Figure 6.5C. Although the causes of this difference are
presently unknown, possible reasons are discussed further, below. It is noteworthy that the
precursor reservoir was filled with 100 vol % cyanopropyltrichlorosilane during preparation of the

film shown in Figure 6.6C, whereas 10 vol % silane was used for the one in Figure 6.5C. A
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higher concentration of silane was required to produce a film that could be adequately

characterized by XPS.
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Figure 6.6 N(1s) XPS data for a vapor plotted 3-cyanopropyltrichlorosilane gradient. The
reservoir was filled with 100% cyanopropylsilane during plotting. A) N(Is) spectra recorded
along the gradient, starting from the highly modified end (top, 5 mm position). Each spectrum
was fit to a two-component Gaussian. Each is shifted by 1500 counts/s from its neighbors to aid
in viewing. B) N(1s) spectrum at the low cyanopropyl end of the gradient and its two-component
fit (blue and black lines). C) Nitrile nitrogen (400.2 eV) peak area as a function of position along
the gradient, which begins at ~ 5 mm and ends at ~ 14 mm. Error bars depict the error in peak area
obtained by fitting each spectrum. The solid line and gradient model have been added to better
depict the trend in the data. Data acquired by Dr. Anna Forzano, Dept. of Chemistry, Virginia
Commonwealth University.
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An initial quantitative estimate of the spatial resolution achievable by vapor-phase plotting
may be obtained from the data shown in Figure 6.6. Positions between 0 and 4 mm correspond
to the nominally unmodified silica base-layer-coated substrate. As expected, an abrupt increase in
nitrile peak area was observed at ~ 5 mm, with a gradual decrease in nitrile coverage occurring
from that point out to ~ 17 mm. The transition from unmodified base layer to fully modified surface
at the high nitrile end of the gradient spanned ~ 4.8 mm (see Figure 6.6C). The spatial resolution
was taken to be one half this distance, or ~ 2.4 mm. The finite resolution of vapor plotting also
leads to the observed extension of the gradient beyond the predicted 14 mm position. The plotting
resolution is expected to depend on capillary diameter and its distance from the substrate surface,
see Figure 6.3. The millimeter resolution observed here represents only an initial demonstration
of what might be achieved by vapor-phase plotting. Modifications to the method expected to
improve the resolution are already under development. These modifications include
implementation of capillaries having smaller inner diameters, and the development of methods to
more quickly remove residual precursor from the capillary-substrate junction. It is expected that
as much as a 100-fold improvement in resolution could be achieved in the future.

A primary advantage of vapor phase plotting is its ability to prepare gradients of arbitrary
profile. For example, gradients that yield a linear decrease in WCA with position could be
produced, as could gradients that instead exhibit a linear decrease in film thickness, as reflected
by either the ellipsometry data or XPS peak area. Achieving the desired profile in a particular
parameter requires careful calibration of the results obtained under a range of different plotting
conditions (e.g., step time). An appropriate expression relating e.g., WCA to step time can then
be developed and implemented during the plotting process to achieve the desired gradient profile.

Indeed, the data shown in Figure 6.5 were obtained from experiments in which this process was

114



tested. The exact functional form of the step time profiles employed along the slow-scan direction
in preparation of the octylsilane and cyanopropylsilane gradients are shown in Appendix D. The
curved (rather than linear) appearance of the WCA plots shown in Figure 6.5 reflect the
complexities of the calibration process. Similar problems lead to the curved appearance of the XPS
data in Figure 6.6C. Obtaining a linear gradient here would require prior calibration of the XPS
peak area with respect to step time. The different profiles observed in the ellipsometry and XPS
data (compare Figures 6.5C and 6.6C) for the cyanopropyl gradients may reflect the need for a
different calibration at different precursor concentrations. However, it is most likely that the linear
decrease in film thickness observed by ellipsometry is simply an artifact of enhanced averaging

and reduced spatial resolution, as the ellipsometer employs a 2 mm x 5 mm elliptical spot of light.

6.4 Conclusions

The vapor-phase plotting of reactive organochlorosilanes was demonstrated for the first
time. This method allows for patterned SAMs and chemical gradients to be prepared from
organosilane precursors in a direct-write manner. The films thus prepared were characterized by
spectroscopic ellipsometry, sessile drop water contact angle measurements, and by XPS mapping.
The results demonstrated that monolayer-to-submonolayer films and gradients can readily be
obtained. This study represents only an initial demonstration of the method. Work to improve the
plotting resolution and to afford better control over gradient profiles is presently underway. A
broader range of precursors will also be tested in the future. Vapor phase plotting affords a new
route to producing patterned and chemically graded SAMs of arbitrary size and shape over pre-
defined regions of larger substrates. The films obtained have myriad potential applications in
controlling the motions and assembly of living cells, liquid droplets, vesicles, and nanoparticles.

Vapor phase plotting may also be useful in the production of patterned coatings for lab-on-a-chip,
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optical, and microelectronic devices as well as in the preparation of catalysts to explore organic

transformations.
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Chapter 7 - General Conclusions and Future Directions

7.1 General Conclusions

In this dissertation, the synthesis and use of a new Nile Red derivative incorporating a
reactive aldehyde group (NR-Al) was reported (Chapter 3) for aldol reactions. Aldol reactions
were studied at the ensemble (Chapter 4) and single molecule levels (Chapter 5) employing
fluorescence spectroscopy methods.

In Chapter 4, the fluorescence shift in ensemble aldol reactions of NR-Al with acetone or
acetophenone catalyzed by heterogeneous catalysts (MgO, and Mg-Zr-Cs/Si02) was followed in
situ, while amorphous SiO> was employed as a control. A clear isoemissive point was observed in
aldol reactions catalyzed by MgO, while a gradual fluorescence shift was observed in reactions
catalyzed by Mg-Zr-Cs/SiOz. The results of HPLC-MS experiments revealed that aldol product
formation is catalyst-dependent. Commercial MgO, having strong basic sites (revealed from TPD
of CO»), catalyzed aldol addition (alcohol) product formation. The synthesized Mg-Zr-Cs/Si10-
catalyst, incorporating both basic and acidic sites (revealed from TPD of CO; and NH3), catalyzed
the subsequent aldol condensation (olefin) product formation. As a control, SiO> did not catalyze
aldol product formation due to insufficient catalytic sites.

In Chapter 5, SMS methods were employed to analyze spectral differences in the products
of aldol reactions doped on thin catalyst films (Mg-Zr-Cs/TMOS), while NR- and NR-Al-doped
films were employed as controls. As an initial test to check if aldol products display spectral
differences compared to NR-Al, bulk fluorescence spectra in DMSO were taken and showed that
alcohol products are shifted to the blue (~13 nm) compared to NR-Al, while olefin products are

subtly shifted to the blue (~2-4 nm). In contrast, bulk spectra showed that NR-Al is shifted to the
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red (~18 nm) compared to NR. It was then imperative to check if the spectral shifts exhibited by
aldol products in bulk solution can be readily detected in a quantitative manner in SMS studies.
This is important because it is likely that in the bulk mixture, fluorescence spectra from aldol
products in solution and not on the catalyst surface is being probed. In this case, aldol product
spectra may be altered by solvent effects from the ketone/DMSO mixture. On the contrary, the use
of SMS methods allows for nanoscale environments to be probed in real time. In this case, distinct
fluorescence spectra of single aldol product molecules on the catalyst surface may be elucidated
providing important information on catalyst activity. Therefore, for the SMS studies described in
this dissertation, some spectral information on the above molecules doped on catalyst films at
nanomolar concentrations was assessed by two-color SMS imaging (572-646 nm, and 646-700
nm). While, the measured shift in E values was not statistically different between NR-Al and aldol
products, the Navg of E was only statistically significant between NR-Al and the aldol addition
product from the aldol reaction of NR-Al with acetone (at 90% C.1.). In contrast, the E value shift
between NR and NR-Al was statistically significant (at 90% C.1.). A better method to quantify a
spectral shift would be to employ confocal spectroscopy to measure the spectra of a single aldol
product molecule and compared it to that of a single NR-Al molecule.

SMS studies were also employed to evaluate aldol reaction events by following individual
NR-Al molecules doped on the catalyst film while exposed to the ketone reactant across several
video frames. Films were exposed to acetone vapor in an otherwise dry nitrogen atmosphere and
consecutive videos were taken for 1h around a ~0.5 cm radius from the center of the film.
Preliminary SMT studies of these in situ aldol reactions revealed that 2.9% of spot trajectories had
a real change in E based on the criteria for an aldol reaction event (spot trajectories >14 video

frames long, and an abrupt E shift > 0.25 units, (signal noise is 0.1 units)). Trajectories showed a
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red shift followed by a blue shift, which may be indicative of a different micropolarity environment
being probed (by deposited acetone vapor) followed by an aldol reaction (blue shift).

This dissertation also introduced a new method based on vapor phase plotting (Chapter 6)
to pattern chemical pads and gradients on glass surfaces. Plotting parameters such as ambient
relative humidity, chemical concentration, raster scanning speed, and capillary-substrate
separation were all found to influence surface coverage and plotting resolution. The optimized
plotting parameters were employed for an initial demonstration to plot chemical pads and gradients
of two organosilanes. With certain modifications to the current system, this vapor phase plotting
method can likely be used in the production of patterned coatings or gradients for biological,
optical, and microelectronic devices as well as in the preparation of catalysts for aldol reactions.

For example, it has been shown that cells efficiently interpret the positional information
provided by biological gradients.?%®: 2 The ability to control the chemical pattern/gradient on
surfaces enables tuning the biological environment under study to better mimic biological
processes or to aid in the development of materials used for biological applications. For example,
Stefonek-Puccinelli et al. showed that quadratic and power law gradients of immobilized growth
factors (GFs) consistently induced greater keratinocyte cell migration than linearly immobilized
GF gradients.?” The use of immobilized gradients of various GFs have also enabled investigations
on their cooperative effects for tissue engineering applications (i.e. bone-cartilage interface in the
knee).210-212

Another likely application for the vapor phase plotting method developed in this
dissertation is for the production of organic thin films of small molecular semiconductors for
molecular detection of low chemical concentrations®!* or to produce microelectronics.?'* !> For

example, Yilmaz et al. deposited a thin film of a,w-diperfluorohexylquaterthiophene from the
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vapor phase on a silicon surface and demonstrated that this superhydrophobic (150° WCA)
semiconductor film enhanced the Raman signal up to 3.4 X 10° for the methylene blue probe
molecule (107> M) without any additional plasmonic layer. This is an enhancement factor of ~100x
to ~1000x compared to most inorganic semiconductor-based SERS platforms.?!* Regarding
microelectronics, Forrest’s and Yoo’s research labs employed organic vapor jets to produce
patterned thin films of light emitting diodes (OLED) and thin film transistors (OTFT) which can
find applications in full-color displays and transistor circuits for consumer electronics.?'*2!°

Pertaining to employing the vapor plotter method developed in this dissertation for the

preparation of patterned coatings or gradients for catalysis applications, future directions for the

preparation of catalysts for aldol reactions will be discussed below.

7.2 Future Directions

The use of a new molecular probe allowed for aldol catalysis studies on heterogeneous
catalysts and thin catalyst films. This dissertation provided clear evidence that the presence of
basic and weakly acidic sites enhanced the subsequent aldol condensation reaction when Mg-Zr-
Cs/Si102 was employed. Although the mechanism as to how the cooperative effect between the
bifunctional catalytic sites occurs was not explored, possible reaction mechanisms were discussed
according to the literature. Some new questions that were identified from the studies in this
dissertation need to be addressed in the future as analytical methods evolve. Some studies that
might be helpful to do are outlined below.

In Chapter 4, fluorescence spectra of ensemble aldol reactions catalyzed by heterogeneous
catalysts were too complex to extract robust kinetic information from aldol condensation (olefin)

product formation. High-resolution analytical techniques such as 'H NMR will allow for this
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information to be obtained. When employing this technique, characteristic proton peaks unique to
NR-Al and aldol products (i.e. alcohol, and olefin) can be directly analyzed. In an aldol reaction,
the proton peak from the aldehyde (in NR-Al) would decrease in time while proton peaks of the
alcohol and C-C double bond in olefin would increase at a different rate. However, these
experiments would need to be run ex situ due to the nature of the solid catalysts employed. Sample
aliquots of aldol reactions would need to be removed from the reaction mixture, filtered, and run
in the NMR, while keeping track of the time at which the aliquot was removed and prepared for
analysis. In order to maintain the same reaction volume, the same aliquot amount from a concurrent
aldol reaction (with the same catalyst) may be introduced into the reaction system. Alternatively,
the use of single molecule spectroscopic methods will allow the microkinetics of catalysts to be
studied in situ. Here, aldol reaction events occurring on a specified area at a fixed time can be
counted to calculate reaction microkinetics, see below for work towards this vision.

In Chapter 5, possible aldol reaction events were observed by plotting the E values vs.
fluorescent spot trajectories and detecting an abrupt change in E greater than the noise level (>0.1
units). Very few reactions events were observed over the course of 1h, indicating that more work
needs to be done to optimize the catalyst film and perhaps the detection method. The actual Cs
loading was about a third compared to the theoretical loading (2.1 + 0.5 wt. % vs. 6 wt. %). Even
though XPS showed that Cs was well dispersed, the density of active sites may be too low for
effective catalysis. It is well known that desired concentrations of catalytically active sites are
between 2-10% in heterogeneous inorganic catalysts.**** 45 Therefore, future studies should focus
on systematically varying the loading of active sites and running in sifu aldol reactions. By simply
counting the number of aldol reaction events per area (um?) at a fixed time (sec), the microkinetics

will provide important information for optimizing the catalyst films. Another option to increase
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catalyst density is to employ SBA-15 instead of silica gel as it has a larger surface area.*!> *% 132

Catalyst films of SBA-15 would not only allow for larger catalyst loading, but they would also
introduce micropore and mesopore defects, which would allow further studies on how the catalytic
activity is influenced by surface defects and diffusion barriers introduced by the micropores.

A question that was raised in in situ aldol reactions was whether the red to blue shift in the
E value during acetone exposure, in an otherwise dry nitrogen atmosphere, was due to changes in
the micropolarity environment of NR-Al (introduced by deposited acetone vapor) followed by an
aldol reaction or if it was due to a retro-aldol reaction followed by an aldol reaction, where the red
shift would indicate re-formation of NR-Al. In order to get more information, it would be helpful
to have a concurrent program analyzing the E value in real time. In that case, when a red shift is
observed, acetone vapor exposure would be stopped, solely leaving a dry nitrogen atmosphere
(upon equilibration). If the E value returns to the value before the red shift was observed, it may
indicate that the shift is due to the NR-Al chromophore probing acetone-induced changes in the
micropolarity environment before the aldol reaction occurs (blue shift). Otherwise, if the E value
remains red shifted, it would indicate that the product of the retro aldol reaction (i.e. NR-Al) or a
more polar environment (silica) is being probed. However, this study may not be feasible due to
the fast kinetics of aldol reaction (red to blue shift occurs in <30 sec).

In Chapter 6, vapor phase plotting of organosilanes was reported for the first time, and the
plotting parameters were optimized for two organosilanes. The plotter employed a 1.5 mm ID glass
capillary, which yielded a spatial resolution of ~2.4 mm (from XPS). One way to improve the
plotting resolution (up to 80-fold) would be to employ capillaries with smaller inner diameters.
For these experiments, capillaries with inner diameters between 30-100 pm can be used to plot

organosilane chemical pads. The plotting resolution can be analyzed by XPS employing a smaller
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X-ray spot size (30 um). Capillaries with smaller inner diameters down to 10 pm may also be
readily employed, however the lack of sensitive methods for determining spatial resolution would
make it difficult to robustly measure the plotting resolution of such capillaries.

The increased plotting resolution would allow this method to be better employed in various
applications including catalysis. A simple and time-efficient systematic study of how varying the
catalytic site density within a thin film influences the kinetics of aldol conversion would be to plot
chemical gradients on a single substrate. However, this method is limited to organic molecules
with high vapor pressure that self-assemble onto the surface (i.e. glass). In this regard,
aminosilanes are great candidates, where their basic functional group (i.e. NH2) has been
previously exploited for aldol catalysis studies.’” 3 21 However, its catalytic behavior towards
aldol reactions has not yet been studied in thin films.

The vapor phase plotter introduced in this dissertation would be employed to plot amine
chemical gradients at a predefined region where amine densities would gradually increase along
the substrate. SMS methods such as the ones employed in this dissertation would be employed to
image and track individual i situ aldol reaction events. Reaction events would be counted per area
(um?) at every 0.5-1 mm along the gradient (9 mm long) for a fixed period each time. These studies
would allow for optimization of amine density for catalysis of aldol reactions in a systematic and
time-efficient manner.

Unlike common vapor phase methods where the gradient profile is not easily controlled,
vapor phase plotting would allow a larger region of the same aminosilane density to be plotted on
the same substrate, therefore more reaction events can be analyzed in the same chemical
environment. This would be achieved by simply employing the plotting parameters used to pattern

the area with the optimized aminosilane density (from SMS studies of in sifu aldol reactions on
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the aminosilane gradient). For example, instead of the automated program (LabView) plotting the
low amine end first (by fast raster scanning), it would be set to start plotting a mid-higher density
of amine right away (by mid-slow raster scanning). This process would create a chemical pad (with
adjustable length scales) in desired amine density and at virtually any location on the substrate
without modifying surrounding regions.

The ease of control of the vapor plotting process can also be employed to study cooperative
effects between basic and acidic catalyst sites in aldol reactions. For example, 3-
aminopropyltrimethoxysilane (APTMOS) and 2-(4-chlorosulfonylphenyl)ethyl trichlorosilane can
be employed as the base (-NH2) and acid (-SO3H) sources, where the chlorosulfonyl group may
be protonated by Si-O-H groups on the silica or by exposure to water vapor. By employing these
organosilanes, patterned chemical surfaces with varying functional groups and catalytic densities
can be systematically formed at localized positions, opening a window for chemical and position-

dependent catalysis studies.
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Appendix A - Supplementary Information for Chapter 3

1. Characterization of 5-hydroxy-2-naphthoic acid (1):
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Figure A.1.2. *C NMR, 400 MHz, DMSO-d6.
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2. Characterization of S5-hydroxy-2-naphthoic acid methyl ester (2):
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Figure A.2.1. '"H NMR, 400 MHz, DMSO-dé6.
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Figure A.2.3. EI-MS (M + 1): C12H1103: 203, C12HoO2: 185, C11H702: 171, C10H70: 143.
EI-MS was acquired in the Analytical Core Laboratory, University of Kansas Medical Center.

3. Characterization of 5-(Hydroxymethyl)naphthalen-2-ol (3):
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Figure A.3.3. EI-MS (M + 1): C11H1102: 175, C11HoO: 157, C10HoO: 145, C1oHoO: 129.
EI-MS was acquired in the Analytical Core Laboratory, University of Kansas Medical Center.
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4. Characterization of 5-Diethylamino-2-nitrosophenol (4):
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Relative Intensiy

Figure A.4.3. EI-MS (M + 1): C10H1502N2: 195, C1oH130N2: 177, C10H1502N2: 195, CsH4O2N2:
122. EI-MS was acquired in the Analytical Core Laboratory, University of Kansas Medical

Center.

5. Characterization of 9-Diethylamino-2-hydroxymethyl-5H-

benzo|a]phenoxazine-5-one (5):
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6. Characterization of 9-Diethylamino-5-o0xo0-SH-benzo[a]phenoxazine-2-

carboxaldehyde (6):
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Figure A.6.1. '"H NMR, 400 MHz, DMSO-dé6.
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Figure A.6.3. EI-MS (M + 1): C21H1903N3: 347, C17HgO3N: 274, C11H702: 171.
EI-MS was acquired in the Analytical Core Laboratory, University of Kansas Medical Center.
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Appendix B - Supplementary Information for Chapter 4

1. Aldol Reaction Product Mass Spectra
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Figure B.1. HPLC-MS data from aldol addition and condensation products obtained after 3-day
reactions of (A, B) NR-Al and acetone and (C, D) NR-Al with acetophenone using the Mg-Zr-
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Cs/Si0O» catalyst stirred at RT. (A) Aldol addition product, 405 amu; (B) aldol condensation
product, 387 amu; (C) aldol addition product, 467 amu; (D) aldol condensation product, 449 amu.
HPLC-MS of aldol addition products from 3-day reactions of (E) NR-Al with acetone and (F) NR-
Al with acetophenone using the MgO catalyst stirred at RT. (E) aldol addition product, 405 amu;
(F) aldol addition product, 467 amu. Note that the mass resolution in the instrument employed is
+1 amu.

2. Aldol Reaction Kinetics and Product Formation

Based on kinetic data from Figure 4.5, it appears the Mg-Zr-Cs/Si0O; catalyzed reactions
with acetone and acetophenone were nearly complete at ~ 2 h and ~ 24 h, respectively. Analytical
HPLC was again used to confirm completeness of the reactions and to further characterize the
products formed. These reactions were again run at high NR-Al concentration (1 mM) and under
identical reaction conditions to those described in the main body. Product mixtures obtained from
the acetone and acetophenone reactions after arbitrarily selected times of 8 h and 17 h, respectively,
were compared to those obtained after 3 days. The HPLC data showed that the product mixtures
obtained from the acetone reaction after 8h and 3 days were very similar. Figures B.2.A, B show
these results. Only a small amount of NR-Al remained after 8h and that amount was significantly
lower after 3 days. Greater conversion of the aldol addition product to the condensation product
was also observed after 3 days. The acetophenone reaction was once again found to be much
slower. Figures B.2.C, D show that after 17 h, a significant amount NR-Al remained in the
mixture. After 3 days, more NR-Al had been converted to the aldol addition product. However,
the longer reaction time did not appear to result in higher conversion of aldol addition product to
the condensation product. It is uncertain why more condensation product was not found in the

reaction mixture after 3 days.
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Figure B.2. HPLC chromatograms (575 nm absorbance) of aldol products for the NR-Al (1mM)
reaction with acetone at 8h and 3D (A, B), and acetophenone at 17h and 3D (C, D) in the presence
of MgZrCs/SiO; at room temperature. The chromatograms show unreacted NR-Al (¥), the aldol
addition product (+), and the aldol condensation product (o). Aldol reactions at 8h and 17h had a
higher amount of unreacted NR-Al than 3-day reactions. The peak area ratio of unreacted NR-Al
to aldol condensation product was ~ 4 and ~ 1.5 for acetone and acetophenone 8h and 17h
reactions, respectively. While that peak area ratio was ~ 0.2 and ~ 0.8 for acetone and
acetophenone 3-day reactions, respectively. Note that aldol reactions with acetone are faster than
those with acetophenone due to the greater number of acidic hydrogens on the former. Allowing
the NR-Al-acetone reaction to run for 3 days yielded a higher conversion of aldol addition to aldol
condensation products, yielding peak area ratios of ~ 31 and ~ 7 in 8h and 3-day reactions,
respectively. However, in the NR-Al-acetophenone reaction, the peak area ratio of aldol addition
to aldol condensation products remained the same (~2) even after 3-days. Note that the peak area
ratio of unreacted NR-Al to aldol addition product was lower after 3-days (i.e, ~ 0.5 compared to
~ 0.8 in the 17h reaction). For A, B, the mobile phase gradient comprised H>O and acetonitrile
mixtures at 0.800 mL/min flow rate with the following compositions: 0-10 min: 95-40% H>O; 10-
15 min: 40-20% H2O; 15-17 min: 20% H20. For C, D the mobile phase compositions were: 0-35
min: 95-45% H>0; 35-36 min: 45-20% H>0; 36-38 min: 20% H>0. A Thermo Scientific Hypersil
GOLD C18 column (100 X 3 mm?, 3 um particle size) was employed.

162



3. Perylene Carboxaldehyde Fluorescence Spectra and Aldol Reaction

Results
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Figure B.3. Normalized fluorescence excitation (green) and emission (red) spectra of 1 uM 3-
perylene carboxaldehyde in DMSO. The excitation spectrum is peaked at 476 nm with a vibronic
band appearing at 456 nm respectively. The emission spectrum is centered at 523 nm.
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Figure B.4. A) -B) Fluorescence from 3-perylene carboxaldehyde as a function of time in the
presence of the catalysts listed with acetone employed as the ketone. C) - D) Fluorescence from
3-perylene carboxaldehyde as a function of time in the presence of the catalysts listed with
acetophenone employed as the ketone. The fluorescence was excited at 465 nm in each experiment.
DMSO was employed as the solvent. All reactions were stirred at room temperature. Aldol
reactions with acetone yielded nearly identical fluorescence spectra for the two different catalysts.
While aldol reactions of the dye with acetophenone and MgO catalyst gave slightly different
fluorescence spectra where it appeared that a very small shoulder peak centered at ~480 nm arose
after 2 days. In contrast, very distinct fluorescence spectra were observed after only a few hours
in aldol reactions with the reactive NR-Al dye and the same catalysts, Figure 4.8. ESI-MS
confirmed the formation of aldol products under the above experimental conditions employing a
higher concentration of 3-perylene carboxaldehyde (1 mM), see below.
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Figure B.S. HPLC-MS data from aldol products obtained after 3-day reactions of (A) NR-Al and
acetone and (B) NR-Al with acetophenone using the Mg-Zr-Cs/SiO; catalyst stirred at RT.
(A) Aldol condensation product, 321 amu; (B) aldol condensation product, 383 amu. Note that the
mass resolution in the instrument employed is +1 amu.
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Appendix C - Supplementary Information for Chapter 5

1. Error Analysis for Single Molecule Emission Ratio Data

The individual fluorescent spots produced by single molecule emission are fit to Gaussian
intensity profiles to determine the location of each molecule, the spot width, and its peak emission.
The fits yield the signal amplitude for each spot and these values are used directly as /550 and 510
to calculate the emission ratio, E. The width of the spot is obtained as the standard deviation and
is designated as ®, below. Accounting for shot noise in the photon signal and in the background,

b, the variance in the fitted amplitude, 6%/, can be estimated for each channel as follows->!

5, 2(I+b)

o°r= (CI)

Tw?

Assuming the noise in the 650 nm and 610 nm channels is uncorrelated, the variance in E

value is then estimated as-!’

b 4

_ 2 2 2 2
O e et lor)? (61097, T I65001,,) (C2)

The average background, b, was estimated to be 100 counts. The spot width, ®, is ~ 1.3
pixels. Given the above values, the standard deviation in E is estimated to be ok ~ 0.062, for
nominal peak signals, /579 and Is50 of ~ 100 and ~ 54 counts respectively. The 0.1 unit fluctuation

in E during a spot trajectory is within the noise level, whereas an abrupt E shift of > 0.25 units is

statistically significant.
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Appendix D - Supplementary Information for Chapter 6

1. Predicting Stepper Motor Step Time

Vapor phase plotting potentially allows for the gradient profile to be preprogrammed by
simply altering the raster scanning rate of the capillary above the substrate surface. As an initial
demonstration of the process required, the step times needed to achieve a linear WCA gradient
were calculated and employed in plotting the gradients shown in Figure 6.5B, D. In making this
determination, the data shown in Figure 6.2D and in Figure 6.4 were fit to double exponential
functions. The step times expected to produce a linear WCA gradient were then numerically
determined from the double exponential fit. The step time profiles are plotted in Figures D.1. and

D.2. for n-octyltrichlorosilane and 3-cyanopropyltrichlorosilane, respectively.

Step Delay (s)

100f°
8ol
60}
40

Predicted WCA (*)

20

Position (mm)

Figure D.1. A) Stepper motor step time predicted to yield an n-octyltrichlorosilane gradient
exhibiting a linear decrease in the water contact angle. The step time was predicted from the data
shown in Figure 6.2D. B) Linear water contact angle gradient predicted from the step times in A)
and from the data shown in Figure 6.2D. The actual water contact angles obtained from gradients
plotted using the step time profile in panel A are shown in Figure 6.5B. Reprinted with permission.
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Figure D.2. A) Stepper motor step time predicted to yield a 3-cyanopropylsilane gradient
exhibiting a linear decrease in the water contact angle. The step time was predicted from the data
shown in Figure 6.4. B) Linear water contact angle gradient predicted from the step times in A)
and from the data shown in Figure 6.4. The actual water contact angles obtained from a
representative gradient are shown in Figure 6.5D. Reprinted with permission. Copyright © 2018
American Chemical Society.!!’
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