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Abstract

This dissertation describes two separate projects. First is a convenient synthetic method
for the conversion of ketones and aldehydes to unsymmetrical carbonates in refluxing dialkyl
carbonate solvents using sodium borohydride in a single step. This one-pot method utilizes
“greener” carbonate solvents and eliminates the need for toxic alkyl chloroformate reagents.
An extensive substrate scope and reaction optimization are presented. The second part
describes the development of flexible and printable calcium ion-selective electrodes (ISEs) and
the use of commercially available conductive CNT inks as the ion-to-electron transducer.
These electrodes were evaluated potentiometrically with the aim of retaining sensitivity while
also evaluating the surface impedance. We found that ionophores were compatible and equally
selective when printed with conductive ink, yet the binding agents were not compatible and
needed to be added separately following jet-printing. This led to the synthesis of a novel
ionophore-inspired monomer and its polymerization both in various copolymer blends and in
bulk on surfaces using activators regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP). The polymerization blends were used to explore the potential
of replacing common binding agents found in solid contact ISEs with ionophore based binding
agents. The ARGET ATRP polymer brushes were developed with the goal of growing the ion-
sensing polymers directly onto carbon nanotubes (CNTS) as potential ion-sensing components
to known CNT inks. Ultimately, it was found that the total average bond distances of the novel
ionophore analog were within 0.5% difference of that of the known calcium ionophore
ETH129, yet the stoichiometry differed. Overall, ionophore compatibility in jet-printing,

sensing, and the monomer as a potential polymer candidate for device design were explored.
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Chapter 1: One-Pot Carbonyl Reduction and Carbonate Formation Using Sodium
Borohydride in Dialkyl Carbonate Solvents
Chapter 1 is a more detailed adaptation of a published manuscript:
Osumah, A.; Waynant, K. V.; Magolan, J. Tetrahedron Letters 2019, 60 (44), pp 151203-5
Abstract
Borohydride reduction of carbonyl derivatives in refluxing dialkyl carbonate solvents

provides mixed alkyl carbonates directly from ketones and aldehydes via a facile one-pot, two-
step sequence. The substrate scope of this reaction is demonstrated with twenty-one examples.
It is hypothesized that residual borohydride reagents facilitate the second step in this reaction
sequence. Therefore, the preparation of carbonates in high yields from alcohols using catalytic
sodium hydride was also demonstrated and optimized. These two facile and general
methodologies are efficient synthetic procedures for carbonate formation without the need for
alkyl chloroformates.

Keywords: Carbonates, One-pot, Carbonyl reduction, Carbonate formation; green chemistry

1.1. Introduction

Concerns of step economy and synthetic efficiency have long been ubiquitous in multi-
step, target-directed organic synthesis.>2 From the perspective of efficiency, it is advantageous
whenever more than one sequential transformation can be achieved in one-pot without isolation
or purification of intermediates.>® We were particularly interested in the reduction of steps in
the formation of mixed carbonates directly from carbonyl derivatives. Organic mixed
carbonates, often used as versatile alcohol protecting moieties, have received interest of late
both as reagents and solvents for many catalytic reactions,%® and have even been studied as co-

solvents in Li-ion batteries.® Our laboratory has sought to develop procedurally advantageous



reaction methodologies characterized by simple, and usually filtrative, work-ups. In general,
the aims of green chemistry can be fulfilled by the development of any vital chemical
transformation that achieves multiple steps in a single pot, is catalytic, and uses commonly-
sourced materials in atom-economical and mass-balanced manners.!® Furthermore, for
industrial applications, the minimization of reagents, short reaction times (under eight hours),
and the use of green solvents are all desirable attributes.

In multi-step reaction sequences, it is not uncommon to see ketones or aldehydes
reduced with borohydride followed by subsequent conversion of the resulting alcohol to an
alkyl carbonate with the use of an alkyl chloroformate. The most common reagents for
carbonate formation in this context are toxic and corrosive methyl- or ethyl chloroformates and
these reactions have been extensively used in synthetic methods development!'*3, total
syntheses!® 1 15 active pharmaceutical ingredients production®, and in multiple patents even
though the formation of mixed carbonates using milder dimethyl or diethyl carbonate solvents
is well-established in the literature.!”-?® This observation led us to consider a borohydride-
facilitated reduction of carbonyls in a dialkyl carbonate solvent as the optimal strategy for the
direct one-pot formation of a mixed carbonate from a ketone or aldehyde.

Herein we report our investigation of a sodium borohydride-mediated carbonyl
reduction and carbonate formation strategy that converts ketones and aldehydes directly to alkyl
carbonates (methyl or ethyl) in a one-pot two-step strategy. This reaction requires minimal
work-up and proceeds in good yields. Secondly, towards a more thorough mechanistic insight
into this one-pot reaction procedure, a second reaction scheme was investigated on the

conversion of alcohols directly to mixed carbonates in the presence of sub-stoichiometric



amounts of sodium hydride. This substrate scope and study, while left unpublished, helped

determine the mechanism of this reaction, as described in Figure 1.6.

O Common Method This Study 0

Et\o)ko et L

o]
1. NaBH,, MeOH NaBH, O” "O  One-Pot
X X — > Green Solvent
2. EtOCO,CI Diethylcarbonate X' Minimal Wk-Up
reflux 6h

Two Steps; Toxic Reagent X=H,R
Figure 1. 1. The overall scheme of the study

1.2. Results

As illustrated in Table 1.1, the study began with the optimization of stoichiometry and
temperature in the reduction of acetophenone 1-1 with NaBHa in diethyl carbonate. First, the
use of one molar equivalent of NaBH4 at room temperature gave only unreacted starting
material and alcohol 1-2 after 24 h. Increasing the temperature to 90°C gave a mixture of
carbonate 1-3 and alcohol 1-2 after 6 h (entry 2). However, a complete conversion to the
carbonate was observed after 17 h. Performing the reaction in refluxing diethyl carbonate
(boiling point 128 °C) in the presence of air gave immaculate conversion to the mixed carbonate
1-3in 6 h (entry 4) with an isolated product yield of 89 % on a 1 mmol scale. Unsurprisingly,
a control reaction performed in the absence of NaBH4 resulted in the recovery of unreacted
starting material (entry 5), while 0.5 molar equivalents of NaBH3 resulted in an inferior yield
of the desired product (entry 6). When the amount of sodium borohydride was reduced further,
carbonate product yield dropped, and the reaction took a longer time. Therefore, the reaction
was evaluated at 1.0 equivalent of NaBH4 under reflux conditions for 6 h. At completion, the
content of the flask was cooled to room temperature, diluted with diethyl ether, filtered through
Celite, and concentrated under reduced pressure to give carbonate products with a high degree

of mass transfer and purity.



Table 1. 1. Optimization of direct conversion of acetophenone to carbonate 1-3.

0
o OH o)koa
NaBH,
©)\ e @/K ' ©)\
1-1 1-2 1-3
Entry | NaBHas(equiv) | Temp (°C) | Time (h) |1-1 (%) | 1-2 (%)! | 1-3 (%)}
1 1.0 25 24 43 31 0
2 1.0 90 6 45 0 38
3 1.0 90 17 0 0 100
4 1.0 reflux 6 0 0 100 (89)2
5 0 reflux 6 100 0 0
6 0.5 reflux 6 5 0 84

! Yields determined via *H NMR with 1-methyInaphthalene as internal standard
2 |solated yield after chromatography

A variety of ketones and aldehydes were subjected to these optimized reaction
conditions yielding carbonates 1-4 to 1-18 as shown in Figure 1.2. The reaction was repeated
at least twice for each of the substrates. Dihydrocinnamaldehyde and naphthaldehyde gave good
yields under the stoichiometric one-pot conditions (1-13 and 1-14). Aromatic aldehydes
resulted in variable yields. For example, conversion of furfural to carbonate 1-15 in 43 % vyield
was in strict contrast to benzothiophene-3-carbaldehyde converting to carbonate 1-16 in 70%
yield. Carbonates 1-17 and 1-18 were formed from the corresponding aliphatic ketone and
aldehyde. The reaction was not compatible with substrates containing acidic protons such as
phenols and carboxylic acids. Furthermore, a,3-unsaturated aldehydes gave mixtures of the
corresponding alkyl carbonates and fully saturated carbonates formed via olefin reduction.
Lastly, tetralone was unsuitable for these conditions yielding mixtures of carbonate and

dihydronaphthalene elimination products.



NO, OCO,Et OCO,Et OCO,Et OCO,Et OCO,Et
1-4 1-5 1-6 1-7 1-8
o yie b yie b yie b yie b yie
61% yield 80% yield 82% yield 78% yield 75% yield
OCO,Et OCO,Et OCO,Et OCO,Et
@f Re ﬁ D) SRt
cl o] Br OCO,Et
1-9 1-10 1-11 112 113
58% yield 51% yield 76% yield 80% yield 72% yield
OCO,Et OCO,Et
OCO.Et /@ OCO,Et
___OCO,Et N
S
1-14 1-15 1-16 117 1-18
69% yield 43% yield 70% yield 70% yield 89% yield

Figure 1. 2. Scope of representative examples of mixed carbonates formation from refluxing
diethyl carbonate conditions.

0CO,Me

0OCO,Me OCO,Me OCO,Me
OCO,Me
-5 >oco,Me /\Mg\/
Br
1-19 1-20 1-21 1-22 1-23 1-24
83% yield 68% vyield 83% vyield 59% yield 49% vyield 76% yield

Figure 1. 3. Scope of mixed methyl carbonates from refluxing dimethyl carbonate conditions.

When the solvent was changed to dimethyl carbonate, as shown in Figure 1.3 (reflux
temperature at 90°C), acetophenone was converted to the carbonate 1-19 in 83% yield over 6 h
period. A variety of mixed methyl carbonates were formed from various ketones and aldehydes

in 49 - 83% yield.

(@) OH O (o)
Oy @ @* @ij
HO OH OH

Figure 1. 4. Substrates that are unsuitable for the reaction condition.



The experimental protocols, 'H NMR, and *C NMR data for these are included in the
Appendix to Chapter 1.

Sodium borohydride is commercially produced from the reaction of borane with sodium
hydride. Therefore, during one-pot reaction development, the formation of mixed carbonates
from alcohols was investigated using catalytic amounts of sodium hydride. Benzyl alcohol (1-
25) was treated with NaH (60% dispersion in oil) in dimethyl carbonate with varying
temperatures to examine yields of carbonate product 1-26 as shown in Table 1.2. Complete
consumption of starting material was observed in 6 hours under refluxing dimethyl carbonate
conditions in the presence of 1, 0.5, and 0.1 equivalents of sodium hydride (entries 1-3). The
isolated yield of the desired methyl carbonate was 89% on a 2 mmol scale and 84 % on a 10
mmol scale. Lowering the amount of NaH to 5 mol % gave a reduced yield (entry 5). Removal
of NaH from the reaction, unsurprisingly, gave no product. The carbonate product from this
reaction could also be obtained in high purity via ether filtration through a pad of Celite and
silica, followed by evaporation of the solvent. Included in Figure 1.4 is a wide range of alcohols
converted to mixed carbonates providing decent to excellent yields.

Table 1. 2. Reaction scope for carbonate formation with NaH in Dimethyl carbonate.

©/\OH NaH @ooowm
(Me0),CO
1-25 reflux, 6 hrs 1-26
Entry | NaH (equiv) | NMR vyield (%)! | Mass recovery (%) | Isolated yield (%)
1 1.0 78 100 62
2 0.5 82 100 79
3 0.1 92 100 89
4 0.1 88 93 85
5 0.05 71 - -
6 0 0 0 0

1 Yields determined via *H NMR with 1-methylInaphthalene as internal standard
210 mmol scale




Overall, many primary and secondary alcohols tolerated the reaction conditions, and the

Celite/silica work-up yielding the carbonate as the sole product.

OCO,Me OCO,Et A
©/\ ) ©/\/\ , \/\OCOZMe A 0CO,Me

1-26 1-27 1-28 1-29
89% yield 68% yield 75% yield 82% yield
X

MeO,CO0™ ™ N~ @ OCO,M

/\/OC02MG OCOzEt o/\/ ovie

1-30 1-31 1-32
83% yield 68% yield 97% yield
OCO,Et
-~ Y0CO,Me
1-33 N
80% vyield 1-34
80% yield

Figure 1. 5. Scope of mixed methyl carbonates formation from alcohols using NaH in refluxing
dimethyl carbonate conditions.

Mechanistically, it is hypothesized that after the carbonyl reduction or formation of the
alcohol, carbonate formation proceeds from the residual hydride abstracting a hydrogen from
the alcohol (Figure 1.5). The resulting alkoxide attacks the dialkylcarbonate solvent to form
the mixed carbonate. To test this theory, benzyl alcohol in diethyl carbonate was reacted with
both sodium borohydride and borane (THF complex). While the former successfully facilitated
the mixed carbonate formation, borane, although a powerful reductant, is less likely to act as a

base, and thus the reaction did not proceed.

‘NaBH4 —> NaH + BH3’

0] OH Na® 0

S)
NabH, NeH N . oo
Et‘(yJk OEt

Figure 1. 6. The mechanistic hypothesis behind the reduction/carbonate formation strategy.



1.3. Conclusion

The one-pot reduction-protection strategy for carbonyl compounds directly to
carbonates was well-tolerated for many ketones and aldehydes. It should be a welcomed
protocol over the habit of reduction followed by alkyl chloroformate protection. The mass
recovery, limited work-up procedures, and the overall ease of these reactions should lend well
to the synthesis of mixed carbonates and the continued pursuit for facile conditions and fewer
steps. Secondly, residual hydride and ultimately 10 mol % sodium hydride delivered good to
excellent yields of unsymmetrical carbonates through refluxing DEC or DMC solvent/reagent
and this reaction was very comparable to the other reported procedures. The green value of this
reaction was delivered through the high mass recovery, good to excellent yields, and low
loading amounts of hydride and open-to-air reaction conditions. With the continued use of
carbonate solvents, there is high value in one-pot reactions where the solvent is ultimately a

reagent.

1.4. Experimental

1.4.1. Materials and Methods

Sodium borohydride, dimethyl carbonate and diethyl carbonate were purchased from Acros
Organics and used as received. Sodium hydride (60% immersion in oil) was purchased from
Sigma Aldrich and used as received. All ketones, aldehydes, and alcohols were purchased from

Sigma-Aldrich, Acros Organics, or AK Scientific and were used as received.

General procedure for the synthesis of carbonate from ketone/aldehyde: A 25 ml round
bottom flask was charged with 1 mmol of the carbonyl compound, 1 mmol of NaBHsand 5 ml
of diethyl carbonate. The mixture was refluxed and monitored by TLC until the reaction was

complete over 6 h. The reaction was then cooled to room temperature, washed with 25 mL of



diethyl ether through a bed of Celite on silica in a fritted funnel and the solvent was removed
at reduced pressure. The product was purified with column chromatography using EtOAc and

hexanes.

General procedure for the synthesis of carbonates from alcohols: A 25 mL round bottom
flask was charged with a stir bar, alcohol (1 mmol), NaH - 60% in oil dispersion (0.1 mmol)
and diethyl carbonate (5 mL). The mixture is then refluxed for 6 hours while monitoring by
TLC until the reaction is complete. The reaction was cooled to room temperature and washed
with ~ 20 mL diethyl ether through a bed of Celite on silica in a fritted funnel. The solvent is
then removed under reduced pressure to yield the pure product or a mixture that is purified by

column chromatography using EtOAc and hexanes.

Characterization of carbonates 1-3 to 1-34

(@]
2
)31\0/\ 1

Ethyl (1-phenylethyl) carbonate 1-3: The general procedure for ketone/aldehyde was used
and compound 1-3 was obtained (0.173 g, 89% yield) as a clear oil and matches previously
reported spectra.* *H NMR (500 MHz, Chloroform-d) & 7.40 — 7.28 (m, 5H, Hz-), 5.73 (9, J
= 6.6 Hz, 1H, Hs), 4.22 — 4.12 (m, 2H, H2), 1.60 (d, J = 6.6 Hz, 3H, Ha4), 1.29 (t, J = 7.1 Hz,
3H, H1). BC NMR (126 MHz, CDCls3) § 154.7 C3, 141.3 Cs, 128.7 Cs, 128.2 Co, 126.1 C7, 76.3

Cs, 64.0 C2, 22.5 C4, 14.4 C1.



10

Ethyl (1-(2-nitrophenyl)ethyl) carbonate 1-4: The general procedure for ketone/aldehyde was
used and compound 1-4 was obtained (0.146 g, 61% yield) as a clear oil. R (3:7 EtOAc/hexane):
0.43. *H NMR (500 MHz, Chloroform-d) & 7.96 (ddd, J = 8.0, 1.4, 0.4 Hz, 1H, Hio), 7.70 (dd,
J=8.0, 1.4, 0.4 Hz, 1H, Hs), 7.65 (tdd, J = 8.0, 1.3, 0.5 Hz, 1H, Ho), 7.45 (ddd, J = 8.0, 7.3,
1.5 Hz, 1H, Hv), 6.26 — 6.22 (q, J = 6.5 Hz, 1H, Hs), 4.19 — 4.08 (m, 2H, H2), 1.69 (d, J = 6.5
Hz, 3H, Ha), 1.27 (t, J = 7.1 Hz, 3H, H1). 3C NMR (126 MHz, CDCl3) § 154.2 Cs, 147.8 Cu1,
137.9 Cs, 133.9 Cs, 128.7 Co, 127.2 C7, 124.6 C1o, 71.7 Cs, 64.4 Ca, 22.3 Cs, 14.3 C1. IR (cm’
1): 2982, 1745, 1373, 1260, 1059, 863. MS (ES+) calcd. for C10H1803 m/z [MNa+]: 262.0691,

found: 262.0683.

(0]
J A
2 0”30
Me 6
10 5 74
9 7
8
1-5

Ethyl (1-(m-tolyl)ethyl) carbonate 1-5: The general procedure for ketone/aldehyde was used
and compound 1-5 was obtained (0.167g, 80% yield) as a clear oil. Rf (3:7 EtOAc/hexane):
0.71. *H NMR (500 MHz, Chloroform-d) & 7.42 (ddd, J = 6.0, 2.0, 1.5 Hz, 1H, Hs), 7.21 (td, J
=8.5, 2.0 Hz, 1H, Hu1), 7.18 (dd, J = 7.3, 1.5 Hz, 1H, H7), 7.14 (m, 1H, Ho), 5.94 (q, J = 6.6
Hz, 1H, Hs), 4.21 — 4.11 (m, 2H, H2), 2.39 (s, 3H, H12), 1.56 (d, J = 6.6 Hz, 3H, Ha), 1.29 (t, J

= 7.1 Hz, 3H, H1). *C NMR (126 MHz, CDCls) § 154.7 Cs, 139.8 Cs, 134.6 C1o, 130.5 Co,
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127.9 Cu1, 126.5 C7, 125.3 Cs, 73.2 Cs, 64.0 C2, 21.7 C4, 19.1 C12, 14.4 C1. IR (cm™): 1739,

1262, 1057. MS (ES+) calcd. for C10H1803 m/z [MNa+]: 231.0997, found: 231.0993.

o)
12 2
Me O 307 ™1

Ethyl (1-(o-tolyl)ethyl) carbonate 1-6: The general procedure for ketone/aldehyde was used
and compound 1-6 was obtained (0.171 g, 82% vyield) as a clear oil. R¢ (3:7 EtOAc/hexane):
0.69. 'H NMR (500 MHz, Chloroform-d) § 7.43 — 7.41 (m, 1H, Hio), 7.24 — 7.17 (m, 2H, Ho
H-), 7.15 — 7.13 (m, 1H, Hs), 5.96 — 5.92 (m, 1H, Hs), 4.20 — 4.12 (m, 2H, H2), 2.39 (s, 3H,
Hi), 1.56 (d, J = 6.6 Hz, 3H, Ha4), 1.29 (t, J = 7.1 Hz, 3H, H1). 3C NMR (126 MHz, CDCls) &
154.7 Cs, 139.8 Cs, 134.6 Cu1, 130.5 C1o, 127.9 Co, 126.5 Cs, 125.3 C7, 73.2 Cs, 64.0 C», 21.7
Cs, 19.1 C12, 14.4 C1. IR (cm™): 2981, 1739, 1456, 1261, 1049, 791. MS (ES+) calcd. for

C10H1803 m/z [MNa+]: 231.0997, found: 231.0986.

1-7
1-(4-bromophenyl)ethyl ethyl carbonate 1-7: The general procedure for ketone/aldehyde was
used and compound 1-7 was obtained (0.213 g, 78% yield) as a clear oil. R¢(3:7 EtOAc/hexane):
0.65. *H NMR (500 MHz, Chloroform-d) & 7.48 (d, J = 8.4 Hz, 2H, H7), 7.25 (d, J = 8.4 Hz,
2H, Hs), 5.67 (g, J = 6.6 Hz, 1H, Hs), 4.17 (m, 2H, H2), 1.56 (d, J = 6.7 Hz, 3H, Ha), 1.29 (t, J

= 7.1 Hz, 3H, H1) C NMR (126 MHz, CDCI3) § 154.5 Cs, 140.3 Cs, 131.8 Cg, 127.9 C7,
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122.1 Cg, 75.5 Cs, 64.1 C2, 22.4 Cs, 14.3 C1. IR (cm™): 2984, 1740, 1490, 1372, 1260, 1032,

791. MS (ES+) calcd. for C10H1803 m/z [MNa+]: 294.9946, found: 294.9944,

1-(4-chlorophenyl)ethyl ethyl carbonate 1-8: The general procedure for ketone/aldehyde was
used and compound 1-8 was obtained (0.171 g, 75% yield) as a clear oil. Spectra matched that
of known compound.?® *H NMR (500 MHz, Chloroform-d) § 7.34 — 7.30 (m, 4H, Hr-s), 5.68
(q, J = 6.7 Hz, 1H, Hs), 4.22 — 4.11 (m, 2H, H2), 1.57 (d, J = 6.6 Hz, 3H, Ha), 1.29 (t, J = 7.1
Hz, 3H, H1). *C NMR (126 MHz, CDCl3) § 154.6 Cs, 139.8 Cs, 134.1 Cg, 128.9 Cg, 127.6 C7,

75.6 Cs, 64.2 C2, 22.4 C4,14.4 C1.

2-chlorobenzyl ethyl carbonate 1-9: The general procedure for ketone/aldehyde was used and
compound 1-9 was obtained (0.124 g, 58% yield) as a clear oil. R (3:7 EtOAc/hexane): 0.67.
'H NMR (500 MHz, Chloroform-d) & 7.47 — 7.44 (m, 1H, H7), 7.40 — 7.38 (m, 1H, Ho), 7.29 —
7.26 (M, 2H, Hs Hio), 5.28 (s, 2H, Ha), 4.24 (q, J = 7.1 Hz, 2H, H2), 1.33 (t, J = 7.1 Hz, 3H,

H1). *C NMR (126 MHz, CDCl3) § 155.1 Cs, 133.7 Cs, 133.3 Cs, 129.9 Cg, 129.8 C1o, 129.7
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C7,127.1 Cg, 66.7 C4, 64.5 C2, 14.4 C1. FTIR (cm™): 2985, 1744, 1447, 1381, 1260, 1008. MS

(ES+) calcd. for C10H1803 m/z [MNa+]: 237.0294, found: 237.0294.

2
o)g,ko/\ 1

3-chlorobenzyl ethyl carbonate 1-10: The general procedure for ketone/aldehyde was used
and compound 1-10 was obtained (0.109 g, 51% yield) as a clear oil. R (3:7 EtOAc/hexane):
0.61.*H NMR (500 MHz, Chloroform-d) & 7.38 (m, J = 2.0, 0.6 Hz, 1H, Hio), 7.32 — 7.26 (m,
3H, He-s), 5.12 (s, 2H, H4), 4.22 (q, J = 7.1 Hz, 2H, H2), 1.32 (t, J = 7.1 Hz, 3H, Hs). ®°C NMR
(126 MHz, CDCl3) 8 155.1 Cs, 137.5 Cs, 134.6 Co, 130.0 C7, 128.8 Cs, 128.4 Ci1o, 126.3 Cs,
68.6 Cs, 64.5 C2, 14.4 C1. FTIR (cm™): 2983, 1741, 1575, 1243, 1005, 784. MS (ES+) calcd.

for C10H1803 m/z [MNa+]: 237.0294, found: 237.0284.

4-chlorobenzyl ethyl carbonate 1-11: The general procedure for ketone/aldehyde was used
and compound 1-11 was obtained (0.163 g, 76% yield) as a clear oil. Rf (3:7 EtOAc/hexane):
0.61.'H NMR (500 MHz, Chloroform-d) & 7.35 — 7.31 (m, 4H, He H7), 5.11 (s, 2H, Ha), 4.21

(@, J = 7.1 Hz, 2H, H2), 1.31 (t, J = 7.1 Hz, 3H, H1). *C NMR (126 MHz, CDCls) & 155.2 Cs,
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134.6 Cs, 134.0 Cs, 129.8 Ce, 128.9 C7, 68.7 Ca, 64.4 C2, 14.4 C1. FTIR (cm™): 2980, 1742,

1493, 1262, 1094, 845. MS (ES+) calcd. for C10H1803 m/z [MNa+]: 237.0294, found: 237.0283.

o)

2
o)sko/\1
7 2 4
5
Br~ s 6
7
1-12

4-bromobenzyl ethyl carbonate 1-12: The general procedure for ketone/aldehyde was used
and compound 1-12 was obtained (0.207 g, 80% vyield) as a clear oil. R (3.7 EtOAc/hexane):
0.60. 'H NMR (500 MHz, Chloroform-d) & 7.50 (d, J = 8.5 Hz, 2H, H7), 7.27 (d, J = 8.3 Hz,
2H, He), 5.10 (s, 2H, H4), 4.22 (q, J = 7.1 Hz, 2H, Hz), 1.32 (t, J = 7.1 Hz, 3H, H1). 3C NMR
(126 MHz, CDCI3) 6 155.1 Cs, 134.5 Cs, 131.9 Cs, 130.1 Cv7, 122.7 Cs, 68.7 Cs, 64.4 C2, 14.4
Ci. FTIR (cm): 2985, 1741, 1489, 1258, 1071, 799. MS (ES+) calcd. for CioH1503 m/z

[MNa+]: 280.9789, found: 280.9800.

Ethyl (3-phenylpropyl) carbonate 1-13: The general procedure for ketone/aldehyde was used
and compound 1-13 was obtained (0.150 g, 72% vyield) as a clear oil. Rt (3:7 EtOAc/hexane):
0.54. *H NMR (500 MHz, Chloroform-d) § 7.31 — 7.27 (m, 2H, Hg), 7.22 — 7.18 (m, 3H, Hs
Hio), 4.21 (q, J = 7.1 Hz, 2H, Ho), 4.16 (t, J = 6.5 Hz, 2H, Ha4), 2.74 — 2.70 (m, 2H, He), 2.04 —

1.98 (M, 2H, Hs), 1.32 (t, J = 7.1 Hz, 3H, H1). 13C NMR (126 MHz, CDCl3) 5 155.4 Ca, 141.2
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C7, 128.6 Co, 128.5 Cs, 126.2 C1o, 67.3 Cs, 64.0 Cz2, 32.1 Cs, 30.4 Cs, 14.4 C1. FTIR (cm™):
1739, 1454, 1368, 1262, 1013. MS (ES+) calcd. for C10H1803 m/z [MNa+]: 231.0997; found:

231.0995.

12 14 4 2
115 O):J”\O/\ !
10 6
9 8 7
1-14

Ethyl (naphthalen-2-ylmethyl) carbonate 1-14: The general procedure for ketone/aldehyde
was used and compound 1-14 was obtained (0.159 g, 69% vyield) as a clear oil. Rf (3:7
EtOAc/hexane): 0.61. *H NMR (500 MHz, Chloroform-d) & 7.87 — 7.83 (m, 4H, H7 Hg Hi>
Hu4), 7.52 — 7.48 (m, 3H, He H1o H11), 5.33 (s, 2H, Ha), 4.24 (g, J = 7.1 Hz, 2H, Hz), 1.33 (t, J
= 7.1 Hz, 3H, H1). 3C NMR (126 MHz, CDCls) § 155.3 C3, 133.4 Cs, 133.3 Cg, 132.9 Cus,
128.6 Ci12, 128.2 Co, 127.8 C7, 127.6 C11, 126.5 Ci10, 126.4 C14, 125.9 Cs, 69.7 C4, 64.3 Co,
14.4 Ci. FTIR (cml): 1747, 1258, 998, 855. MS (ES+) calcd. for C1oH1s03 m/z [MNa+]:

253.0841, found: 253.0834.

Ethyl (furan-2-ylmethyl) carbonate 1-15: The general procedure for ketone/aldehyde was
used and compound 1-15 was obtained (0.073 g, 43% vyield) as a clear oil. Ry (3:7
EtOAc/hexane): 0.61. *H NMR (500 MHz, Chloroform-d) & 7.42 (dd, J = 1.8, 0.8 Hz, 1H, Hg),

6.45 — 6.44 (dd, J = 3.3, 1.8 Hz 1H, H7), 6.36 (dd, J = 3.3, 0.8 Hz, 1H, He), 5.11 (s, 2H, Ha),
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4.21 (g, J=7.1Hz, 2H, H2), 1.30 (t, J = 7.1 Hz, 3H, Hz1). 3C NMR (126 MHz, CDCls3) § 155.1
Cs, 149.0 Cs, 143.6 Cg, 111.3 C7, 110.7 Ce, 64.4 Cs, 61.2 C2, 14.4 C1. FTIR (cm™): 2981, 1743,
1377, 1256, 1054, 791. MS (ES+) calcd. for CioH1803 m/z [MNa+]: 193.0477; found:

193.0481.

1-16

Benzo[b]thiophen-3-ylmethyl ethyl carbonate 1-16: The general procedure for
ketone/aldehyde was used and compound 1-16 was obtained (0.165 g, 70% yield) as a pink oil.
Rf (3:7 EtOAc/hexane): 0.61. *H NMR (500MHz, Chloroform-d) § 7.89 —7.85 (m, 2H, Hg H11),
7.54 (s, 1H, He), 7.40 (m, 2H, Ho H1o), 5.41 (d, J = 0.8 Hz, 2H, Ha), 4.22 (g, J = 7.1 Hz, 2H,
H2), 1.31 (t, J = 7.1 Hz, 3H, H1). 3C NMR (126 MHz, CDCl3) & 155.3 Cs, 140.6 C12, 137.9 C7,
130.5 Cs, 127.2 C10, 124.8 Co, 124.6 C11, 123.0 Cs, 122.0 Cs, 64.4 C4, 63.4 C2, 14.4 C1. FTIR
(cm™): 2981, 1740, 1462, 1257, 1032, 1008. MS (ES+) calcd. for CioH1803 m/z [MNa+]:

259.0405, found: 259.0398.

2,6-dimethylheptan-4-yl ethyl carbonate 1-17: The general procedure for ketone/aldehyde
was used and compound 1-17 was obtained (0.151 g, 70% yield) as a colorless oil. R (3:7

EtOAc/hexane): 0.95. *H NMR (500MHz, Chloroform-d) § 4.87 (td, J = 8.4, 4.3 Hz, 1H, Ha),
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4.17 (g, J = 7.2 Hz, 2H, Hy), 1.66 (dddd, J = 13.2, 12.2, 8.4, 6.5 Hz, 2H, Hs/Hs), 1.59 — 1.53
(m, 2H, Hs/Hs), 1.34 — 1.28 (m, 5H, H1He), 0.92 (t, J = 6.7 Hz, 12H, H7). *C NMR (126 MHz,
CDCls) 8. 155.3 C3, 75.8 Ca, 63.8 C2, 44.1 Cs Cs, 24.7 Cg, 23.2 C7, 22.5 C7, 14.4 C1. FTIR
(cmY): 2960, 1734, 1468, 1254, 1013. MS (ES+) calcd. for C12H240s m/z [MNa+]: 239.1623;

found: 239.1634.

Ethyl octyl carbonate 1-18: The general procedure for ketone/aldehyde was used and
compound 1-18 was obtained (0.180 g, 89% vyield) as a colorless oil. Spectra matched that of
the known compound.?® *H NMR (500MHz, Chloroform-d) § 4.19 (q, J = 7.1 Hz, 2H, H2), 4.12
(t, J = 6.7 Hz, 2H, Ha), 1.66 (dg, J = 8.0, 6.7 Hz, 2H, Hs), 1.38 — 1.26 (m, 13H, Hs— Hio, H1),
0.87 (t, 3H, Hi1). § C NMR (126 MHz, CDCls) & 155.5 Cs, 68.2 Cs, 63.9 C2, 31.9 Cg, 29.3

Cr, 29.3 Cg, 28.8 Cs, 25.9 Cs, 22.8 C1o, 14.4 Cy, 14.2 C11.

O
A
O 20
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7
1-19

Methyl (1-phenylethyl) carbonate 1-19: The general procedure for ketone/aldehyde was used
and compound 1-19 was obtained (0.150 g, 83%o yield) as a clear oil. Spectra matched that of

the known compound.?” *H NMR (500 MHz, Chloroform-d) § 7.29 — 7.39 (m, 5H, He— Huo),
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5.73 (q, J = 6.6 Hz, 1H, Hs), 3.76 (s, 3H, Hu), 1.60 (d, J = 6.6 Hz, 3H, Ha). 3C NMR (126

MHz, CDCl3) 6 155.3 C2, 141.2 Cs, 128.7 Cv, 128.3 Cs, 126.2 Cs, 76.6 Cs, 54.8 C1, 22.5 Ca.

1-20

2-Bromobenzyl methyl carbonate 1-20: The general procedure for ketone/aldehyde was used
and compound 1-20 was obtained (0.167 g, 68% vyield) as a clear oil. Rt (3:7 EtOAc/hexane):
0.63.'H NMR (500 MHz, Chloroform-d) & 7.57 (dt, J = 7.8, 1.5 Hz, 1H, He), 7.44 (dt, J = 7.6,
1.6 Hz, 1H, Ho), 7.32 (tt, J = 7.8, 1.5 Hz, 1H, H7), 7.20 (t, J = 7.6, 1.6 Hz, 1H, Hs), 5.26 (d, J
= 1.6 Hz, 2H, Hs), 3.82 (d, J = 1.6 Hz, 3H, H1). 3C NMR (126 MHz, CDCl3) 5 155.6 C2, 134.8
C4, 133.0 Cs, 130.0 C7, 129.9 Cg, 127.7 Cg, 123.4 Cs, 69.1 Cs, 55.1 C1. FTIR (cm™): 2956,
1745, 1441, 1258, 1029, 943. MS (ES+) calcd for CoHoBrOs m/z [MNa*]: 266.9633; found:

266.9634.

3 0 (0]
8/8' 2\|4
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1-21

Cyclooctyl methyl carbonate 1-21: The general procedure for ketone/aldehyde was used and
compound 1-21 was obtained (0.155 g, 83% yield) as a clear oil. Rf (3:7 EtOAc/hexane): 0.74.
'H NMR (500 MHz, Chloroform-d) & 4.79 (dt, J = 8.6, 4.4 Hz, 1H, Ha), 3.75 (s, 3H, H1), 1.90

— 1.67 (m, 6H, Ha H1o Heie Hsis?), 1.58 — 1.46 (m, 8H, Hs H7 Hee Hais' He). 3C NMR (126
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MHz, CDCI3) 6 155.5 Cz, 79.6 C3, 54.5 C1, 31.5 C4 Cao, 27.2 Ce6> Csss’, 25.5 C7, 22.9 Cs Co.
FTIR (cm™): 2923, 2856, 1739, 1442, 1317, 1268, 1045. HRMS (ES+) calcd. for C1o0H1s03 m/z

[MNa+]: 209.1154; found: 209.1150.

Cyclohexyl methyl carbonate 1-22: The general procedure for ketone/aldehyde was used and
compound 1-22 was obtained (0.093 g, 59% yield) as a clear oil. Spectra matched that of the
known compound.?® *H NMR (500 MHz, Chloroform-d) & 4.61 (m, 1H, Hs), 3.76 (s, 3H, H1),
1.91 (dg, J = 13.2, 4.2 Hz, 2H, Ha/Hs), 1.74 (dp, J = 13.3, 4.5 Hz, 2H, Hs/H4), 1.57 — 1.22 (m,
6H, Hs Hes H). 13C NMR (126 MHz, CDCls) § 155.4 Ca, 76.9 Cs, 54.5 C1, 31.7 C4Csg, 25.4 Cs

C7, 23.8 Cs.

Hexanyl methyl carbonate 1-23: The general procedure for ketone/aldehyde was used and
compound 1-23 was obtained (0.079 g, 49% yield) as a clear oil. Spectra matched that of the
known compound.?® *H NMR (500 MHz, Chloroform-d) & 4.13 (t, J = 6.7 Hz, 2H, Ha), 3.77 (s,
3H, H1), 1.69 — 1.63 (M, 2H, Ha), 1.32 — 1.29 (m, 6H, Hs- H7), 0.89 (t, 3H, Hs). 3C NMR (126

MHz, CDCl3) 6 156.1 Cz, 68.4 Cs, 54.7 C1, 31.5 Cs, 28.8 Ca, 25.5 Cs, 22.7 C7, 14.1 Cas.
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Methyl octan-3-yl carbonate 1-24: The general procedure for ketone/aldehyde was used and
compound 1-24 was obtained (0.143 g, 76% yield) as a clear oil. R (3:7 EtOAc/hexane): 0.74.
IH NMR (500 MHz, Chloroform-d) § 4.66 — 4.60 (m, 1H, Hs), 3.76 (s, 3H, H1), 1.64 — 1.57
(m, 3H, Ha Hese), 1.33 — 1.26 (M, 6H, Hee H7 Ho Hsss), 0.95 — 0.87 (m, 7H, Hsss* Ha Hio). °C
NMR (126 MHz, CDClz) 6 156.0 C2, 80.4 Cs, 54.6 C1, 33.6 Cere’, 31.8 Csis, 27.0 Ca, 25.0 Cy,
22.7 Co, 14.1 C1o, 9.6 Cs. FTIR (cm™): 2957, 1737, 1443, 1269. HRMS (ES+) calcd. for

C10H2003 m/z [MNa+]: 211.1310; found: 211.1315.

1-26

Benzyl methyl carbonate 1-26: The general procedure for alcohols was used, and compound
1-26 was obtained (0.141 g, 85% mass yield) as a clear oil. Spectra matched that of the known
compound.’TH NMR (500 MHz, Chloroform-d) & 7.40 — 7.33 (m, 5H, Hs— Ho), 5.17 (s, 2H,
Hs), 3.80 (s, 3H, H1). 3C NMR (126 MHz, CDCl3) § 155.9 Cz, 135.4 Ca, 128.7 Cs, 128.7 C7,

128.4 Cs, 69.8 Cs, 55.0 Ca.
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(E)-ethyl styryl carbonate 1-27: The general procedure for alcohols was used and compound
1-27 was obtained (0.196 g, 95% yield) as a clear oil after chromatography (3:7 EtOAc/hexane).
Spectra matched that of the known compound.®® *H NMR (500 MHz, Chloroform-d) & 7.41 —
7.26 (M, 5H, Hs— Hio), 6.69 (dt, J = 15.9, 1.4 Hz, 1H, He), 6.30 (dt, J = 15.9, 6.4 Hz, 1H, Hs),
4.79 (dd, J = 6.4, 1.4 Hz, 2H, Ha), 4.23 (g, J = 7.1 Hz, 2H, H2), 1.33 (t, J = 7.1 Hz, 3H, H1).
13C NMR (126 MHz, CDCls) § 155.2 Cs, 136.3 C7, 134.8 Cs, 128.7 Cg, 128.3 Cuo, 126.8 Cs,

122.7 Cs, 68.3 Cs, 64.2 C2, 14.4 C.

But-3-yn-1-yl methyl carbonate 1-28: The general procedure for alcohols was used and
compound 1-28 was obtained (0.096 g, 75 % mass yield) as a clear oil. Rt (3:7 EtOAc/hexane):
0.56. *H NMR (500 MHz, Chloroform-d) & 4.26 — 4.22 (m, 2H, Hs), 3.79 (d, J = 1.7 Hz, 3H,
H1), 2.57 (ddg, J = 7.1, 4.6, 2.3 Hz, 2H, Ha), 2.03 — 1.99 (m, 1H, He). 3C NMR (126 MHz,
CDCl3) § 155.6 C2, 79.5 Cs, 70.4 Cs, 65.6 C3, 55.0 C1, 19.2 Ca. IR (cm™): 3294.25, 2959.63,
1744.78, 1442.54, 1386.04, 1255.11, 981.34. MS (ES+) calcd. for CeHgO3z m/z [MNa™]:

151.0371, found: 151.0368.
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Methyl (3-methylbut-2-en-1-yl) carbonate 1-29: The general procedure for alcohols was used
and compound 1-29 was obtained (0.118 g, 82% mass yield) as a colorless oil. Spectra matched
that of the known compound.®* *H NMR (500 MHz, Chloroform-d) § 5.39 — 5.35 (m, 1H, Ha),
4.64 —4.62 (m, 2H, Ha), 3.77 (s, 3H, H1), 1.76 (s, 3H, Hese), 1.72 (5, 3H, Here). 3C NMR (126

MHz, CDCl3) 6 156.0 Cz, 140.2 Cs, 118.2 C4, 64.8 Cs, 54.8 C1, 25.9 Cess’, 18.2 Cese.

O
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But-2-yne-1,4-diyl dimethyl carbonate 1-30: The general procedure for alcohols was used
and compound 1-30 was obtained (0.168 g, 83 % mass yield) as a clear oil. Rf (3:7
EtOAc/hexane): 0.41. *H NMR (500 MHz, Chloroform-d) & 4.77 (s, 4H, Hs), 3.81 (s, 6H, H1).
13C NMR (126 MHz, CDCls) & 155.3 C2, 81.1 C4, 55.5 Cs, 55.3 C1. IR (cm™): 2958.43,
1753.29, 1445.10, 1375.01, 1257.54. MS (ES+) calcd. for CsH100s m/z [MNa*]: 225.0375,

found: 225.0377.
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Ethyl hex-5-yn-1-yl carbonate 1-31: The general procedure for alcohols was used and
compound 1-31 was obtained (0.119 g, 70 % yield) as a clear oil after chromatography (3:7
EtOAc/hexane). Rr (3:7 EtOAc/hexane): 0.68. *H NMR (500 MHz, Chloroform-d) & 4.19 (q, J
= 7.3 Hz, 2H, H2), 4.15 (t, J = 6.4 Hz, 2H, H4), 2.23 (td, J = 7.0, 2.7 Hz, 2H, H7), 1.95 (t, J =
2.7 Hz, 1H, Ho), 1.83 — 1.77 (m, 2H, Hs), 1.66 — 1.59 (m, 2H, Hs), 1.30 (t, J = 7.1 Hz, 3H, Hx1).
13C NMR (126 MHz, CDCl3) § 155.4 C3, 83.9 Cs, 68.9 C4, 67.4 Co, 64.0 C2, 27.9 Cs, 24.8 Cs,
18.2 C7, 14.4 C1. IR (cm™): 3307.25, 2959.80, 1739.27, 1467.74, 1368.92, 1256.55, 1016.39.

MS (ES+) calcd. for CoH1403 m/z [MNa*]: 193.0841, found: 193.0844.

1-32

Methyl (2-phenoxyethyl) carbonate 1-32: The general procedure for alcohols was used and
compound 1-32 was obtained (0.190 g, 97 % mass yield) as a clear oil. *H NMR (500 MHz,
Chloroform-d) & 7.26 — 7.30 (m, 2H, H7), 6.97 (t, J = 7.4 Hz, 1H, Hs), 6.91 (d, J = 8.1 Hz, 2H,
He), 4.49 (t, J = 5.5, 2H, H3), 4.20 (t, J= 5.5, 2H, Ha), 3.81 (s, 3H, H1). 3C NMR (126 MHz,
CDCI3) 6 158.5 Cs, 155.8 Cz, 129.6 C7, 121.4 Cs, 114.8 Cs, 66.3 C4, 65.7 Cs, 55.1 C1. MS

(ES+) calcd. for C10H1204 m/z [MNa*]: 219.0633, found: 219.0632.
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Cyclohexylmethyl ethyl carbonate 1-33: The general procedure for alcohols was used and
compound 1-33 was obtained (0.149 g, 80% vyield) as a clear oil after chromatography (3:7
EtOAc/hexane). Rr (3:7 EtOAc/hexane): 0.74. *H NMR (500 MHz, Chloroform-d) & 4.18 (q, J
= 7.1 Hz, 2H, H2), 3.94 (d, J = 6.6 Hz, 2H, Ha), 1.78 — 1.63 (m, 6H, Hs He H7"), 1.30 (t, J =
7.1 Hz, 3H, H1), 1.27 — 1.14 (m, 3H, H77), 1.03 — 0.94 (m, 2H, Hs). 13C NMR (126 MHz,
CDCl3) § 155.5 Cs, 73.1 C4, 63.9 C2, 37.3 Cs, 29.6 Cs, 26.5 Cg, 25.8 C7/7, 14.4 C1. IR (cm™):
2927.71, 2855.51, 1738.04, 1450.43, 1262.75, 1009.07. MS (ES+) calcd. for C1oH1803 m/z

[MNa*]: 209.1154, found: 209.1150.

L-Menthylmethyl carbonate 1-34: The general procedure for alcohols was used and
compound 1-34 was obtained (0.210 g, 98 % mass yield) as a clear oil. Spectra matched that of
the known compound.?® *H NMR (300 MHz, Chloroform-d) & 4.51 (td, J = 10.9, 4.5 Hz, 1H,
Hs), 3.77 (s, 3H, H1), 2.12 — 2.04 (m, 2H, Ha Heig), 1.73 — 1.64 (m, 2H, H7 Hsss), 1.54 — 1.35
(m, 2H, Ho Hs/s"), 1.11 — 0.98 (m, 2H, Hs/s* Hese), 0.93 - 0.89 (M, 7H, Hee Hio), 0.79 (d, J =
7.0 Hz, 3H, H12). 3C NMR (126 MHz, CDCls3) § 155.7 Cz, 78.6 Cs, 54.6 C1, 47.2 C4, 40.9

Css’, 34.3 Ces67, 31.6 C7, 26.2 Co, 23.5 Css5°, 22.1 C10, 20.9 Cao, 16.4 C12.
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Chapter 2: Development of a Printable Calcium lon Sensitive and Conductive Carbon
Nanotube Ink for Additive Manufacturing

Chapter 2 is part of a NASA EPSCoR funded project entitled Space Grade Flexible Electronics
with a current manuscript in preparation for submission.
Abstract

Additive manufacturing technologies are conducive for space travel (especially for
extended missions) as needs can be met in real-time with the use of specially designed 2D and
3D printing technologies. Wearable sensors for monitoring health (glucose, Ca?*), as well as
potential hazards (UV, low O: levels) on such missions, are advantageous for further
understanding of human health in space. Carbon materials represent a potential viable class of
non-toxic and conductive materials for electrodes. For this study, a printable carbon nanotube
(CNT) ink (Nink®, nanolab) was investigated for the development of flexible electrodes in the
monitoring of calcium. CNT inks have been formulated with known calcium ion-sensitive
compounds (calcium ionophore |1, aka ETH129) and both drop-casted onto glass slides and
ink-jet printed onto flexible Kapton polyimide materials. The printed materials were studied for
their calcium sensitivity, selectivity, and durability to provide a realized example of this
technology. The sensitivity was reported at 10° M, reported as an Electromotive Force Test
(EMF), providing a Nernstian slope of 29.58 mV/decade, and selectivity for calcium over other
cations is comparable with other known systems. The printed layers gave similar selectivity and
EMF tests when more than 30 layers of CNT ink were been printed. Electrochemical impedance
spectroscopy supported this claim. Overall, the ionophore materials are compatible with jet-

printing technologies.

Keywords: Calcium lon Sensitive Electrode; ETH129, Carbon Nanotube; Contact Layer
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2.1. Introduction

Electrodes act as transducers converting the activity of a specific ion in solution using
the principles of molecular recognition chemistry, into electrical potential and are more
commonly referred to as lon-Selective Electrodes (ISE).! These chemical sensors can determine
the concentration of specific ions by simple comparison to the magnitude of electrical potentials
from a voltmeter.2 The Nernst equation (Equation 2.1) is used to express the dependence of the

voltage to the logarithm of the ionic activity.

E = E° + 222 |gg, o 0% 2.1)

QARed

Where E is the electromotive force; E° is the standard half-cell reduction potential; n is the
number of electrons; a,, and ag., are the activities of the oxidized and the reduced species
respectively.

lon-selective membranes (ISM) are defined as materials that sense ions and are the key
sensing component(s) of an ISE. The first example of an ISE electrode dates to 1906, with Max
Cremer’s discovery of pH-sensitive glass.® Cremer observed with astonishment an increase in
the potential difference of 360 mV on addition of sodium hydroxide to a 0.6% aqueous solution
of sodium hydroxide in contact with a glass membrane.* This led to the availability of the
commercial pH electrode in the 1930s by Arnold Beckman,® ¢ and the introduction of sensing
materials based on crystalline compounds like AgCI, As,S, or LaFzin the early 1960s. These
ISEs were extremely useful but subsequent development of these designs have limited
selectivities,” and suffers from the poor ionic conductivity of most crystalline compounds.
Further development of ISEs slowed down as their applications seemed promising for a finite

chemical species of interest, which led to the introduction of ion-binding receptors (aka ion
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carriers or ionophores), and a complete transformation of ISEs due to the significant impact on
the host-guest chemistry of chemical sensors.?

Moore and Pressman inspired the early works on electrically neutral ionophores as ISEs.
They observed that valinomycin K*-1 (Figure 1), effected the movement of K* into and that of
H* out of mitochondria.? The first examples of the ISEs used the ammonium-selective receptors
nonactin (NH4*-1) and monactin (NH4*-11), but the valinomycin based ISE that was reported
later,® is one of the best known ISEs because of its high K* selectivity, enabling its use in the

measurement of K* in biological samples.

NHo N o | O Ry
“\K‘( T H O
ﬁ o N o NH,*I Ry, Ry, R, Ry =CHjy
NH4*Il R, Ry, Ry = CHy; Ry = C,Hs
o)
K*I

Figure 2. 1. Structures of valinomycin (K*-1), nonactin (NH4*-1), and monactin (NH4*-I1) that
are early examples of ionophores used in ISE membranes.

Host-guest chemistry advanced significantly in the 1960s. Part of the successes was the
Nobel prize awarded to Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen for the
development of crown ethers and the budding science of supramolecular chemistry.'® This
encouraged an increase in the development of synthetic, ion-specific compounds, ionophores,
and led to the switch from flame atomic emission spectroscopy to ion-selective potentiometry

techniques for the measurement of blood and urine electrolyte ions in the 1980s. The subject
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areas in which articles on ISEs were published increased greatly to and included fields such as
medicine, environmental science, engineering, food science and technology, and more.?

Early designs of ISEs, in the form of liquid contact electrodes, resembled the glass
electrodes but were followed by other types like microelectrodes,'* 12 integrated enzyme layer
ISEs, and ISEs modified with gas-permeable membranes for the detection of electrically
neutral, volatile species like CO, and ammonia.®® These designs were associated with
experimental limitations because of the inner filling solution (storage vessel requirements)
made up of an aqueous solution of chloride ions with commonly Ag/AgCl metal reference
electrode and the ISM. The drawback to this design in the form of a wearable device is its
bulkiness, poor diffusion of ions and molecules from the ISM into test solution and solvent
evaporation.> ** Alternatively, ISM-coated metals, as solid contact ISEs (SC-ISE) were then
proposed and investigated.: 117

Coated wire electrodes (CWE) were the first reported type of SC-ISEs.*® The CWE is
typically a metallic conductor coated with a sensing polymeric membrane. CWEs exhibited
limited long-term stability and saw restricted use in areas like flow injection analysis®*® and
capillary electrophoresis.?° The flux in their measured potential was attributed to the “blocked”
interface between the metallic conductor and the sensing membrane, which has poorly defined
phase boundary potential which is dependent on oxygen and other redox-active components of
the sample,'” 2! and also the formation of a water layer at the metal-membrane interface.? This
problem was not successfully solved as one of the attempts was the use of inner Ag/AgCI
reference electrode, and the replacement of the inner electrolyte solution with a hydrogel-based
electrolyte.?> 2 However, ISEs based on/in hydrogels have water uptake/release and

corresponding volume change limitations.?* Improvements to the metal-ISM interface was
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achieved by the use of electronically and ionically conducting polymers between the ISM
membrane and the metal or graphite electrodes.™ 2> Some benefits of this type of solid-contact
ISEs are relative ease of preparation and their very low limits of detection, by the elimination
of transmembrane fluxes resulting from the formation of a water layer at the metal-ISM
membrane interface.

Presently, carbon materials with large surface area like three-dimensionally ordered
microporous (3DOM) carbon?’ or carbon nanotubes (CNT)¥® 26 27 shown in Figure 2.2 are
widely used in ISEs as ion-to-electron transducers. The ISM is coated directly onto the carbon
material resulting in a high interfacial capacitance making it hard to polarize the interface
because of the very large surface area between the two materials.t” The chemical structure of
CNTs confers exceptional properties which renders them very suitable for electrochemical
sensing because of the mobile surface electrons, large surface area, and their ability to

translocate electrons between heterogeneous phases.*®

Figure 2. 2. (a) scanning electron microscope image of 3DOM carbon (b) schematic
representation of carbon nanotube.

The use of carbon-based materials for ISE transduction continues to grow and has led
to further devices and to new allotropes of carbon.?® 2 That said, Cheng and coworkers at the
University of Idaho have recently been exploring their own carbon-based material (GUITAR)

for a variety of electrochemical processes.3% 3
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2.2. Calcium ISEs

Calcium is one of the essential elements for human metabolism and is an abundant
mineral in the body.*? It is important for bone growth, nerve transmission, blood clotting,
cardiac functions, and muscle contraction.®® Some ailments linked to an excessive imbalance in
calcium levels in the body biofluid are renal failure, cirrhosis, acid-base imbalance,
normokalaemia and hyperparathyroidism.®> 34 3 Furthermore, bone loss or loss of skeletal
mineral is a health issue known to astronauts on long-duration (>3 months) spaceflight. The
human skeleton is adapted for strength and to support mechanical loads in human daily
activities under the earth’s gravity. In microgravity environments, weightlessness results in
changes in the load support requirements and consequently, the spatial distribution of bone
minerals, which results in bone degradation and a slight increase in the plasma level of
calcium.®® Recently, a study performed by NASA on twin astronauts Scott and Mark Kelly
revealed the effects of an extended (340 day) space mission on numerous cellular and metabolic
processes in addition to cognitive function.®’

Measurement of free Ca?* in the body is most often performed in laboratory settings on
fluids such as urine, sweat or blood for disease diagnoses.®* 3% While these fluids contain
markers for various diseases, sweat analysis is of great interest to the wearable technologies as
it involves a non-invasive method of sampling.®® Electrochemical devices with sensors printed
on flexible surfaces offer an approach to non-invasive on-body monitoring.3® %° In addition to
electrochemical sensors, different types of calcium sensors have been reported, such as optical
sensors,*! and other calcium ion-selective sensor designs for biological applications and health

assessment,?% 32 4244 put a rapidly deployable jet-printable design has not yet been realized.
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There are many commercially available calcium ion-sensitive materials on the market,
including ionomycin, and other small molecules termed calcium ionophores. These compounds
are sold commercially as calcium ionophore I, 11, I11, IV and others, as shown in Figure 2.3.
For this study, calcium ionophore Il was chosen for its high prevalence in the literature, its
known ability to translocate Ca?* across biological membranes* ¢ and, as Chapter 3 involves

the synthesis of an ionophore-inspired monomer, it is the most promising candidate to mimic.

| o calcium ionophore Il

L
@H ooj\Nw
NN

calcium ionophore I calcium ionophore IV

Figure 2. 3. Various structures of the small molecule ionophores commercially available
towards calcium,.

The main goal of this study was to investigate the compatibility of a known
commercially available jet-printable CNT ink (Nink®, nanolab) to act as a transducing layer
for a calcium ionophore sensing cocktail. The ionophore cocktails were prepared and tested
with pre-printed CNT ink and with the cocktail mixed into the ink. By testing the jet printability
of the pre-mixed ink-cocktail highlights the rapid accessibility of these ink-mix sensors as
resultant printed layers were evaluated. As part of this project, calcium selectivity of the

ionophore mix CNT ink was measured for both drop cast on glass slides and prints on Kapton
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(polyimide). The research question in this investigation aimed to determine if ionophore based
inks are reliable calcium ion-sensitive electrodes for incorporation into a flexible device. Jet-
printed CNT inks show high potential for patterned conductive materials. Low toxicity of CNTs
makes them suitable for use in wearable electrodes. To this end, there are numerous reports on
the use of conductive CNT inks, and there are many commercially available CNT inks with
varying aqueous dispersants. However, the use of a calcium ion-sensitive material formulated
in a CNT ink could prove valuable as a printable electrode material for flexible and wearable

devices to monitor micromolar quantities of calcium.

Nink 1000 Calcium lonophore Cocktails

Calcium ionophore I

-COOH functionalized MWCNTs plus Sodium tetraphenylborate
plus SDS in water (CNT ink) o-Nitrophenyl octyl ether - '
in THF solution Printed on Kapton® surface

Figure 2. 4. a) Components of the calcium ISE electrode (b) actual print (c) drop cast on glass
slide.

Herein is described a CNT ink formulation cast onto surfaces and printed to a flexible
polyimide material that displays sensitivity to calcium and provides the possibility of an in-

space manufactured calcium ion sensor.

2.3. Methods and Experimental Procedures

Preparation of the drop-cast solutions and slides: The calcium ion-selective membrane was
prepared by mixing calcium ionophore II, o-nitrophenyl octyl ether (NPOE), sodium
tetraphenylborate (NaTFB) and poly(vinyl chloride) (PVC) in the weight ratio 1 :65.8 :0.2 : 33,

in THF solvent. The solvent fraction was measured to be approximately 85% (w/w) of the total
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mixture. The membrane solution (100 pl) was drop cast on a layer of dried conductive CNT ink
as the working electrode of the device. On a glass slide, a line was drawn with a silver
conductive ink pen 2/3 down the slide lengthwise as the connector for the working electrode.
The slide was transferred to a hot plate at 55 °C to cure for 15 minutes. Once the silver ink was
cured, approximately 200 pL of NINK® solution was drop cast onto the glass slide in a line
starting from the end of the silver ink to the end of the slide. The ink was allowed to dry before
adding three more layers. When the ink layers are dry, 100 uL of calcium ionophore membrane
was added to the top of the ink layer and let dry. The reference electrode is a standard Ag/AgCl
electrode, and the working electrode is the line with NINK and the calcium ionophore
membrane. The electrodes were conditioned in a 10° M solution of CaCl; for 3 hours for the
emf step test. For water layer tests, the electrodes were conditioned in 10 M solution of CaCl,
for 24 hours before use.

Preparation of ink-jet printed NINK®: The NINK was first drop tip sonicated for 30 minutes
to break up carbon nanotube clusters present in the solution. The sonicated NINK was then
centrifuged for 30 minutes so that the larger carbon nanotube materials settle to the bottom and
the top colloidal part of the centrifuged solution is collected and transferred into the printer ink
cartridge for printing on Kapton. Jet-printing was performed on a Fujifilm Dimatix 6800D
printer using an average droplet size of 20 pL in multiple layers to make rectangular patterns of
1.2 cm? and 2.4 by 3.6 cm? on Kapton. The Kapton was heated at 155 °C for 30 minutes to cure
the ink.

2.4. Results

Initially, the CNT ink calcium ionophore cocktails solutions were evaluated for sensitivity and

compared against literature reports. Drop-casted CNT inks were coated with a solution of
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calcium ionophore cocktail in THF as prepared above and allowed to dry. The screen cast
electrodes were conditioned in 10 M CaCl, solution for 3 h and then were tested at different
concentrations of calcium ions (as CaCl). Figure 2.4 shows the Potential (in mV) vs. the Log
Ca?" activity. The concentration increases with a Nernstian slope of 29.58 mV/decade, an ideal

slope for an ion with a valence of 2.

EMF (mV)

-2.0 -1.5 -1.0 -0.5 0.0 05 1.0
log o

Figure 2. 5. The emf responses of the drop cast mix at different Ca** concentrations.

Figure 2.6 shows a typical curve for the electromotive force against time for the
electrode. Normally, the serum calcium levels range from 0.5 to 3 mM.® The electromotive
force response was measured for calcium ion concentration between 10*7 to 1014 M which
covers the biological range for the human body fluid calcium ion concentrations. Dynamic
change in the electromotive force from the electrode with increase in calcium ion concentration
shows that the electrode can respond to changes in calcium ion momentarily and can be used to

monitor instantaneous change in calcium concentrations.
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Figure 2. 6. Plot of the EMF response of the drop cast mix at different Ca* concentrations. The
negative values are the logarithms of calcium ion activities of the solution.
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Figure 2. 7. EMF measurement with increasing Ca®* concentration
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Figure 2. 8. Water layer tests for the Calcium ISE in 102 M CaCl. (A) and 102 M MgCl. (B)

Potentiometric water layer test was performed on the electrode drop cast on glass slide
to determine if the formation of a thin water layer exists between the transducer layer and the
membrane.*’ Equally, the water layer test can display selectivity for the ion. As shown in Figure
2.8 the electrode is placed in a 102 M solution of CaCl; and registering a constant voltage, the
electrode is then transferred into a similar solution of magnesium chloride and the response
weakens by over 30 mV but returns once the electrode is replaced in the original calcium
solution. As a result of the minimal drift observed on return to the original solution, it was
determined that water layer did not form in between the ISM and the transducer layer. The
selectivity test in Figure 2.9 shows the sensitivity of the electrode to calcium ions in the
presence of other counter ions. After addition of 32 mM of various counter ions to the 1 mM
calcium solution, there was no significant change in the electromotive force, it dropped by 18
mV, compared to a change in calcium ion concentration of 0.49 mM that increased the emf by

12.6 mV (Figure 2.7). This shows that the electrode is selective for calcium ions.
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Figure 2. 9. Selectivity Test showing the response of the electrode to other counter ions.
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Figure 2. 10. EIS test for the various number of NINK layer prints in 10 M CaCl solution.

To design the flexible electrodes, various number of layers of NINK were printed on
Kapton, and evaluated with Electrochemical Impedance Spectroscopy (EIS) for calcium ion
sensitivity. The EIS experiment of the various number of layers (Figure 2.10) shows that the

20-layer print exhibited the highest impedance to conductivity of the ionophore membrane in
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solution. 30-layer print showed conductivity close to that of 60 layers, superior to that of 40-
and 50-layers prints. The result shows that more than 20 layers of the CNT ink is necessary for
good conductivity of the calcium ISM. Electromotive force test of the electrode printed on
Kapton (Figure 2.11) over calcium ion concentration range of 10°° to 107 M shows a
dynamic change in electromotive force with increase in calcium ion concentration. The print
displayed good sensitivity in the biological region (0.5 — 3 mM), with a limit of detection of
0.01 mM. After addition of higher concentrations of different counter ions to 1 mM Ca?*
solution in the presence of the electrode print (Figure 2.12), there was no significant change in

the electromotive force of the electrode. The selectivity test shows that the print is selective for

calcium ions.
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Figure 2. 11. EIS test for the various number of NINK layer prints in 10 M CaCl, solution.
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Figure 2. 12. Selectivity test of the print.
AFM image of the 30-layer print on Kapton (Figure 2.13) shows that 30 layers give a

height of around 3 um. Kapton surface is in the top right corner of the image and the CNT uniformity

is in the far left of the image. 30 layers gave enough uniformity in the print to give a reliable conductance.

pm/div
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Figure 2. 13. AFM tapping mode of the edge of the CNT ink print.
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2.5. Conclusions

The adaptation of CNT based printable inks with calcium ionophore cocktails were
evaluated and deemed mostly compatible. Drop-casted CNT inks with added ionophore ink
cocktails performed excellently on both glass slides and on Kapton polyimide. When the ink
was mixed with ionophore cocktails, binding agents — for numerous reasons needed to be left
out of the solution and therefore needed to be added back before testing. Printable ionophore
CNT ink mixtures showed optimal performance after 30 layers ink (20 picoliter droplet sizes)

of jet-printing.
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Chapter 3: Development of a Calcium lonophore Inspired Monomer from Binding
Studies to Polymerizations and Structural Properties
Chapter 3 is part of a NASA EPSCoR funded project entitled Space Grade Flexible Electronics

with a current manuscript in preparation for submission.

Abstract:

lonophores, ion sensing compounds, are critical components to ion-sensitive electrodes
(ISEs), providing high sensitivity and good selectivity for analytes of interest. As electrodes
have evolved from solution-based to solid contact, the lipophilic ionophore and resultant
formulations have proved more rugged and portable while affording sensitivity. These
formulations usually require a polymeric binding agent that keeps the system intact for testing.
Based on known calcium ionophore ETH129, (2,2'-oxybis(N,N-dicyclohexylacetamide), a
nitrogen analog was synthesized and evaluated for sensitivity. The nitrogen analog was selected
as it allows for conjugation to a polymerizable 3-bromopropyl methacrylate appendage.
Following the synthesis of the monomer, crystallization studies, potentiometric evaluations of
calcium sensitivity and selectivity, and polymerizations were performed. Both the N-analog and
monomer bind calcium in a 2:1 stoichiometry with similar bond distances, as seen with the
known ETH129. Co-polymerizations with various concentrations of methyl methacrylate
through free radical techniques gave polymer blends in high yields. These polymers gave low
average molecular weights (Mn, 2447 — 2864), polydispersities of 1.03 — 1.05, and glass
transition temperatures of 62 — 91 °C. Polymer blends were evaluated as potential binding agents
and ionophore/binding agent combinations for solid contact electrodes. Lastly, homo-
polymerization of ionophore inspired monomers via ARGET ATRP was accomplished to grow

ion-sensitive molecules directly onto carbon nanotubes (CNTSs). Functionalized CNTs were
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characterized via TEM and FT-IR and then incorporated into commercially available CNT inks
to evaluate as potential jet printable solutions for advanced manufacturing of smart inks.
Ultimately, the stoichiometric limitations of the ionophore inspired monomer dictated a lower
sensitivity and selectivity to calcium.

Keywords: ionophore, ionophore-inspired monomer, co-polymerization, CNT inks

3.1. Introduction

lon sensitive electrodes (ISEs) have become commonplace in potentiometric chemical
analysis.! Many ion-sensitive compounds, termed ionophores, are either found in nature or have
been discovered to be selective for various ions.? 3 For example crown ethers have been found
to be compatible molecular recognition compounds with various cations (18-Crown-6 fits
potassium cations preferentially; 15-crown-5 fits sodium selectively)*. Similarly, boronic acids
have shown affinity in binding sugars such as glucose through covalent bonds of the boronic
acids to the sugar alcohols.® These recognition phenomena have been built into polymeric units
such as those shown in Scheme 3.1 using a polymeric styrene derivative of benzo-18-crown-6,
3-4 for the detection of potassium and the commercially available acrylamide derivative (4-
methacrylamidophenyl)boronic acid, 3-5 for the detection of glucose.® Sequel to our
investigations of the incompatibility of the calcium ionophore 11, 3-3 (ETH129) formulations
with printable CNT inks (Chapter 2) a study was proposed to probe the possibility of creating
a polymeric calcium ion sensor that mimics a key known molecular recognition event.

The simple structure of the known calcium ionophore (3-3), ETH129, and its prevalence
in calcium sensing materials serves as an excellent substrate to emulate, especially as many of
the calcium ionophores are quite complex (i.e. valinomycin) and arduous to synthesize.’

Furthermore, the crystal structure of ETH129 bound to calcium is known and can be compared
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easily if crystals of analogs pre-polymerization can be prepared.® Yet overall, the ionophore has
to interact with both the analyte of interest and the conductive material if a reliable sensor is to
be built. While there have been known examples of polymeric membranes,® the envisioned
application of a polymeric derivative of ionophore 3-3 would be to: 1) incorporate the polymer
as both binding agent and ionophore in formulations for solid contact layers of ISEs; 2)
incorporate the polymers into the commercially available printable CNT based inks to add the

ISE to a fully compatible system.

o e
Molecular O(\ /j) OH O\ N J\/O\)J\ N

Recognition (\ J @Bf
Host o o \OH
_/

3-1 18-Crown-6 3-2 phenylboronic acid 3-3 ETH-129

, OH
Polymeric e}
Derivtive of (\ /H OH

s A

34 3-5
Scheme 3. 1. Representative examples of analyte sensitive materials that have been built into

polymeric derivatives and the goal of this chapter; to synthesize a polymeric ion-sensitive
derivative to ETH129.

Incorporation of the polymers into the inks can be accomplished via multiple pathways,
including simple addition of the polymer to the mixture yet as solubility of lipophilic polymers
in aqueous printed inks may be an issue, we wondered if the polymer could be incorporated
directly onto the conductive surfaces. For example, a variety of methods have been reported for
preparing CNTSs surfaces for modification with a wide range of chemical/biological molecules.

These include covalent approaches by amidation or esterification of oxidized CNTs with
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functionalized hydroxyl groups or amines and by addition chemistry (1,3-dipolar cycloaddition,
carbene addition, diazonium coupling etc.).!® Many of these methods result in non-uniform
functionalization and their harsh conditions tarnish the surface framework of the CNTSs.
Another method to functionalize CNTSs is through encapsulation with organic polymers via in-
situ polymerization of monomers and wrapping of the CNTs.’ This theory was encouraged by
a recent report from the Matyjaszewski group in which uranium ions were trapped and sensed
from seawater utilizing a methacrylate-based polymer grown directly from a CNT as shown

below in Figure 3.1.18 19

CNTs-PDA-PGMA-EDA CNTs-PDA-PGMA

Figure 3. 1. CNTs platform for U(VI) capture via anchoring ATRP initiations and PGMA
functionalization.

Encapsulation with polydopamine (PDA) has been found to be desirable due to mild
dconditions, biocompatibility, and hydrophilicity of PDA.*° It is formed from the oxidative
polymerization of dopamine under alkaline conditions.? It is a hydrophilic adhesive layer that
can be formed on the surface of nanomaterials.?® It is proposed that following cyclization of
dopamine to indole-5,6-diol, polymerization occurs through the aromatic rings as shown in

Scheme 3.2.
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3-8 PDA (poly(dopamine)
Scheme 3. 2. A proposed schematic pathway in the formation of polydopamine

While the mechanism of the self-polymerization of dopamine and the 3D structure of
PDA is not fully known, the presence of the phenolic hydroxyl groups allows for
functionalization. Polymerization initiators can be anchored to the catechol groups of the PDA
layer for further functionalization of the coated nanomaterials. Towards the application of
calcium ion sensing through a conductive and printable ink material, a hypothesis of growing
calcium ion sensing polymers onto PDA wrapped CNTs was proposed. While the ability to
functionalize CNTSs directly and provide -OH, -NH2, and -COOH groups on the CNTSs, the
integrity of the sp? structure of the CNT is compromised.?? Our hypothesis was to coat the CNTs
with PDA as to leave the CNT sp? structures unaffected and then functionalize the CNTs with
a polymerization initiator. By varying the time of PDA coating provides a tunable feature in
that thinner or thicker coatings could be established.?® Furthermore, formulating ion sensing
CNTs with printable CNT based inks then allows for an ink-jet printable medium towards the
additive manufacturing of ion sensitive electrodes and lab-on-chip devices. To evaluate this
hypothesis, a series of steps were undertaken 1) synthesis of a calcium ion-sensitive monomer;
2) evaluation of the monomer and monomer analog’s sensitivity to calcium; 3) the

polymerization of the monomer in radical polymerization strategies; 4) the growth of polymer
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onto the PDA-wrapped CNTs and/or surfaces. Lastly, the optimized polymer-wrapped CNTs
can then be formulated and tested for calcium sensitivity.

Towards mimicking the calcium ionophore Il as a potential monomer it was proposed
that the ether “O” bridge of the ionophore 3-3 could be replaced with isosteric atom to build an
analog with a polymerizable moiety such as a methacrylate. This option, (replacing the oxygen)
was chosen over breaking the symmetry of the compound (leaving the ether intact and building
a functionalizable unit into one of the amides. As for a similarly sized (isostere) atom that allows
for further attachment, the most direct choices are CHz or NH. As shown in Scheme 3.3, a
nitrogen atom was chosen to replace the ether “O” with a secondary amine that can then easily
undergo an Sn2 reaction to afford a monomer. The nitrogen atom, with a coordinating lone pair
was thought to be more beneficial over a carbon atom (methylene) isostere as the crystal
structure reported of ETH129 and calcium ion displayed coordination from all 9 oxygen atoms
of 3 ETH129 molecules and thus the benefit of the added electron density. Similarly, 3-
bromopropyl methacrylate (3-BPM) was selected as the primary alkyl halide of choice to
provide the Sn2 reaction’s coupling partner. 3-BPM was chosen as the 3-carbon length was
hypothesized to provide reasonable space for methacrylate polymerization.?* The retrosynthesis
and ionophore comparison are shown in Scheme 3.3. Monomer 3-12 could be formed by an N-
alkylation with 3-bromopropyl methacrylate, 3-9, and the deprotected diamide 3-11, which will
be obtained from the protection and amide formation of readily available iminodiacetic acid 3-
8 (based on 12/2019 pricing iminodiacetic acid is $0.09/g when 500 g was purchased). 3-
bromopropyl methacrylate, 3-9, can be derived from DCC coupling of methacrylic acid and 3-
bromopropanol. Following the synthesis of the monomer, a series of polymer blends with

poly(methyl methacrylate) were undertaken under radical polymerization conditions. These
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blends were then tested as replacements for the binding agent polymer in CISE as to provide a
more robust and selective ISM. PMMA was chosen as the co-polymer due to the numerous

examples of 10:1 PMMA/n-BA binding agents in the literature.?®

002,01 Q. %0 a0
oJeN el S AinticINe

3-3 ETH 129

3-12
Q0| - U
Ao ) )
0 .
== DCC Coupling H
; N
Y =NH, CH, 3-10
Isostere of Calcium lonophore I 3-9 Iminodiacetic Acid $0.09/g

Scheme 3. 3. Comparison of the ETH129 and the potential isosteres; Retrosynthesis of the
lonophore-inspired monomer 3-12 from commercially available iminodiacetic acid 3-10.

The development of compatible CNT ink ionophore technologies that can be printed
either in an additive manufacturing technique or co-printed simultaneously with conductive ink,
either an organic soluble polymeric calcium ionophore will need to be created for ISE electrode
formulations or a covalently attached ionophore to the CNT. Our hypothesis is that a calcium
ionophore methacrylate-based polymer will have a stimulus response in the presence of calcium
that will induce a change in resistance to the CNT ink and give a detectable and quantitative
signal. This hypothesis was explored in two ways; through creation of an organic soluble
ionophore-inspired monomer for incorporation as a conductive layer on top of multiple prints /
drop casts of CNT inks and; grown from multi-wall CNTs (MWCNTS) after PDA and initiator
coating. To probe these hypotheses, we have synthesized a calcium ionophore mimic

methacrylate monomer, have probed its selectivity as an analog, as a polymer, and covalently



55

linked this polymer to the PDA that coats the CNT through ATRP controlled living
polymerization techniques. These technologies could then be extended towards other analytes
of interest for a multi-sensor system. Chapter 3.2 results will be discussed in 3 parts — 1)
synthesis of monomer and comparison to known ETH129 ionophore; 2) development of
copolymers of ionophore-inspired monomer and the electrochemical testing with calcium; 3)
the development of ionophore-inspired monomer coated MWCNTS for potential incorporation

as inks in jet printing additive manufacturing.

3.2. Results and Discussion
3.2.1 Synthesis of Monomer

The initial synthesis commenced with the carboxy benzoyl protection of the nitrogen of
iminodiacetic acid 3-10 through reaction with benzyl chloroformate in alkaline conditions to
give 3-13 in excellent yield (Scheme 3.4). Attempts to make the amide bond via the acid
chloride intermediate of the protected diacid were unsuccessful, however the diacid was
effectively converted to the succinimide diester 3-14 which was subsequently converted to the
bis(dicyclohexyl)acetamide with N,N’-dicyclohexylamine in 1,4-dioxane under reflux.
Deprotection of the Cbhz group gave the ionophore analog 3-11, which could then be pushed
forward to the ionophore inspired monomer 3-12 on reflux with 3-bromopropyl methacrylate.
This initial strategy took five steps and proceeded with a low overall yield. Through synthetic
route optimization, it was discovered that the succinimide step was unnecessary. Scheme 3.4
illustrates the shorter and more economical sequence beginning from similar protected diacid

3-13 underwent DCC coupling but was sensitive to the order of addition of the reagents.
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Initial Pathway
HOSu, DCC o O Cbz O °
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HOKN\AOH W HOJK/N\)J\OH DCM,?g;;;)tO rt N\O)J\/ QJ\O/
310 95 % 313 o 3-14 °
1. N(Cy),
Optimized Pathway 1. N(Cy),, DCC 1,4-dioxane

DC%I:, rt 470/6 e} H 0 reflux, 15%
3 steps ~ 36 % yield 2. Pd/C H; EtOAc 2. H, Pd/C, EtOAC
rt 80 % N)K/NJLN rt, 80%

Scheme 3. 4. Initial and optimized synthetic schemes for Nitrogen analog 3-11 of the calcium
lonophore.

Overall, this reduced the sequence to four steps and an overall 36% yield to obtain N-
analog 3-11 of ETH129. At this juncture, 3-11 was compared for calcium ion sensitivity and
selectivity against known ionophore ETH129 (3-3). Stoichiometry of 3-11 with calcium was
examined through a crystallization experiment of 3-11 with Ca(ClO4)2¢4H20 in MeOH. Slow
evaporation of methanol gave monoclinic crystals of a 2:1 stoichiometry of 3-11 with calcium
as shown in X-Ray crystal structure Figure 3.2 (Full crystal structure data can be found in
Appendix to Chapter 3). A key difference between the known calcium ionophore ETH129
and the NH analog crystallization studies with calcium found that the latter binds in a 2:1
stoichiometry contrary to the 3:1 stoichiometry of the former, as observed by Neupert-Laves
and Dopler. The report also studied ETH129 with magnesium and found a 2:1 stoichiometry,
yet only 5 coordination sites between the 2 ligands as the central ether O did not give a
particularly close bond distance (3.01(3) A). This may suggest why ETH129 is more selective
for calcium. For synthesized nitrogen analog, while a 2:1 stoichiometry was found, the bond
distances from both nitrogen atoms to the calcium were on the same order as the oxygen

carbonyls and most likely contributed to the coordination. Secondly, as the two water molecules
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did bind to the calcium in a cis fashion, this suggests that potentially in solution, the ionphore

could bind in a 3:1 fashion as seen in some Zn:phen species.?®

Figure 3. 2. X-ray crystal structure of A) ETH129 with calcium as reported by Neubert-Laves
and Dobler in a 3:1 stoichiometry and B) the Nitrogen analog 3-11 in a 2:1 stoichiometry with
calcium.

Coordination bond lengths obtained from the crystal structure of 3-11, 3-12, and
ETH129 (taken from Neupert-Laves and Dobler)® to calcium (taken from Neupert-Laves and
Dobler) are shown in Table 3.1. Coordination to 3-11 appears to utilize both the amide
carbonyls and the central amine of the ligand while pushing the hydrogen of the NH away from
the coordination sphere and, therefore amenable to functionalization with a moiety for
polymerization yet still reliably provide binding. Two water molecules were found trans to each
other in the coordination sphere. When the N-analog, 3-11 with Ca(ClO4)2¢4H>0, was analyzed,
it was found that the average bond length from carbonyl oxygen to calcium was 2.4623 A, and
slightly shorter than the average Ca-O bond length in ETH129 at 2.470 A. The average nitrogen
to calcium bonds in 3-11 were slightly shorter (2.5182 A) than the average ethereal Ca-O (02,

02’, 02”) bonds in ETH129 (2.578 A). Overall, the percentage difference in bond lengths to
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Ca for the N-analog vs. ETH129 was less than 0.5 percent (calculated to 0.34%) yet the marked

difference in crystal structure stoichiometry may hinder the ligand’s selectivity to calcium.

O ;
\[HJ\OH Q 3-11, DIPEA
HO” >"gr \H)ko/\/\Br CH5CN Q
315 DCC, DMAP 45 % O_\_/
rt 16 h 64% 3-9
" 12 O

Scheme 3. 5. Synthesis of 3-bromopropyl methacrylate and completion of lonophore-inspired
monomer.

Figure 3. 3. X-Ray crystal structure of monomer 3-12 with calcium.

As highlighted in the retrosynthesis, synthesis of monomer 3-12 begins with the
synthesis of 3-bromopropyl methacrylate, 3-9, by DCC coupling of methacrylic acid and 3-
bromopropan-1-ol 3-15 as shown in Scheme 3.5. This methacrylate was purified, fully
characterized, and then coupled to the nitrogen analog 3-11 through an Sn2 reaction in

acetonitrile in the presence of Hiinig’s base. The monomer 3-12 was then purified through



59

chromatography and fully characterized. Characterization data (NMRs) of all compounds can
be found in Appendix to Chapter 3.

The monomer 3-12 crystallized with Ca(ClO4)2¢4H20 in methanol as orthorhombic
crystals to give a 2:1 stoichiometric ratio of the monomer to calcium as shown in Figure 3.3,
with two water molecules cis to each other in the coordination sphere. Bond distances were
compared to the precursor analog 3-11 and ETH129 as shown in Table 3.1. Average Ca-O
bond lengths (excluding water molecules), were found to be shorter than ETH129 at 2.4058 A
and the Ca-N average bond lengths however were longer at 2.6662 A. The percent difference
was calculated at 2.5% when compared to ETH129 bond distances.

Table 3. 1. X-Ray Diffraction Bond Lengths of Analog 3-11, Monomer 3-12, and ETH 129
with Calcium

Analog 3-11 Monomer 3-12 ETH129
Bond Length (A) Bond Length (A) Bond Length (A)
Cal-O1  2.4904(18) | Cal-O1 2.409(5) Cal-O1 2.389(6)
Cal-O1'  2.4903(18) | Cal-O2 2.403(6) Cal-02  2.550(5)
Cal-02 2.4325(17) | Cal-03 2.353(5) Cal-03 2.469(6)
Cal-O02'  2.4325(17) | Cal-O4 2.456(6) Cal-O1' 2.383(5)
Cal-03 2.408(20 | Cal-09 2.471° Cal-02' 2.627(5)
Cal-03' 2.408(2 | Cal-010  2.446(6)° Cal-03' 2.405(5)
Cal-N1 2.518(2) Cal-N2 2.638(7) Cal-O1"  2.434(5)
Cal-N1' 2.518(2) Cal-N5 2.693(7) Cal-02"  2557(6)
aWater molecules Cal-03" 2.417(5)

While there was some disorder in the crystal on the cyclohexyl groups and in the
methacrylate (methylene/methyl groups were found in both positions and therefore difficult to
resolve), the overall stoichiometry in the crystal structure held to 2:1. Multiple attempts at

recrystallizing these mixtures in various solvent systems resulted in similar crystal structures.



60

An evaluation of the bond angles between the amide oxygens to the calcium atoms to the central
isosteric atom (O, N) gave more insight as shown in Table 3.2. The angles between the ETH129
and Calcium are slightly smaller than those with the nitrogen analogs which may describe why
these structures exhibit a 2:1 stoichiometry over the 3:1. At this juncture the N-analog was
deemed an excellent candidate to evaluate as a potential ion selective ionophore as the bond
distances to calcium were very similar to those in ETH129 and selectivity studies proceeded.
Similarly, with the monomer now synthesized, a series of polymerizations and materials testing
could be accomplished.

Table 3. 2. Bond Angles of Amide Oxygen to Calcium to Central Isosteric Atoms

ETH129 with Ca Analog 3-11 Monomer 3-12

Ligl | Lig2 | Lig3 Ligl | Lig2 Ligl | Lig?2

01-Ca-02 | 61.1° | 59.6° | 60.9° | O1-Ca-N1 | 63.3° | 63.3° | N2-Ca-O1 | 63.4° | 62.7°

03-Ca-02 | 60.9° | 59.4° | 61.1° | O3-Ca-N1 | 65.1° | 65.1° | N2-Ca-O2 | 62.9° | 61.5°

Ca2+ Ca2+
b /

|\/ AN UI\_)\
o1 %, o3 01 6110,

e I )me

Figure 3. 4. Schematics of the bond angles in the molecules.
3.2.2. Evaluation of N-analog 3-11 as lon-sensitive lonophore

Initial calcium sensitivity tests of 3-11 were prepared in a similar fashion as ETH129
(in Chapter 2) yet replacing ETH129 for 3-11 in the same ratio. As described, a typical ion
sensitive formulation for a solid contact sensor consists of ionophore, plasticizer, ionic salt, and
binding polymer which can be administered in an organic solvent onto a pre-printed conductive
electrode. When such a formulation was prepared and tested, ion selective membrane (ISM)

mix of 3-11 produced an emf measurement that was less sensitive to calcium and with a higher
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limit of detection (Figure 3.5) compared to the ETH129 mix. This was justified as the
stoichiometric ratio of 3-11 to calcium is a third less and therefore should be less sensitive to
changes in calcium. It is hypothesized that the nitrogen atom being less electronegative and
larger in size, and bite angle cannot conform to the 3:1 stoichiometry and give optimal

selectivity of calcium.

Emf (mV)

T T T T T T T T T
0 500 1000 1500 2000 2500
Time (s)

Figure 3. 5. EMF experiment with increasing Ca?* concentration. Initial test of the calcium
ionophore analog substituting it for CI2 in the drop cast mix.

Selectivity tests (Figure 3.6). were then performed utilizing a starting concentration of
1 mM Ca?* and sequentially adding potentially interfering cations such as NH4*, Mg?*, K*, and
Zn?*, An addition of NH4* gave only a slight rise in drift (18 mV) indicating a slight drop in
selectivity. However, the addition of Mg?*, NH4*, and Zn?* unfortunately caused further rise

in signal indicating that the N-analog is not as selective to calcium as ETH129.

3.3. Development of Polymer blends of 11M for potentiometric investigations
Following the synthesis of ionophore inspired monomer 3-12, a series of random block

copolymer blends were synthesized using methyl methacrylate (MMA) as copolymer using
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AIBN initiated free radical polymerization (full experimental procedures are found at the end
of this chapter). Table 3.3 displays the various percentages and physical properties of the
polymers synthesized. Polymers were characterized to their amount of ionophore monomer
using *H NMR (integrating methoxy peak of MMA against the broad singlet for the CH2 groups
in the acetamide against each other) to provide a ratio as shown in Figure 3.7. These ratios
were confirmed using CHN analysis as the only nitrogen component of each blend came from
the ionophore inspired monomer. Each blend was synthesized in triplicate to give an accurate

account of polymerization yields and percentages.
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Figure 3. 6. Selectivity Test for N-analog 3-11.
Table 3. 3 Copolymer blend percentages of 3-12 and physical properties of polymers

Sample xifeed vyield xiNMR xi CHN Mn T, C
APO 0 99 0 0 38800 100
AP7,9 0.05 99 0.04 0.03 2447 82.9
AP4.10 0.09 85 0.07 0.06 2854 77.8
AP8,11 0.12 83 0.1 2739 65.3
APG6,12 0.2 83 0.25 0.21 2668 61.7
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Figure 3. 7. Schematic representation of poly(methyl methacrylate-co-2-(bis(2-
(dicyclohexylamino)-2-oxoethyl)amino)propyl methacrylate showing the integration of
PMMA methyl peak at 3.57 ppm vs that of the IIM -CH>- peaks 3.46 ppm used to calculate
percentages of each monomer in the copolymer.

As all polymerizations were run for equal times, the average molecular weights (Mp),
and weight average molecular weights are relatively the same over the blends. Interestingly,
GPC (to determine M,) was unreliable and gave poor elution times. M, was therefore
determined based on ESI-MS. The polydispersity was quite good for a free radical
polymerization especially compared to that of PMMA. The glass transition temperatures (Tg)
decreased with increase in the amount of ionophore inspired monomer in the blend, an
indication that the addition of the bulky lipophilic unit adds less rigidity to the polymer. These
low molecular weight polymers could also be investigated as potential gelating agents.

The polymer blends were then tested as potential binding agents in calcium ionophore

mixtures. Similar to the drop-cast experiments in Chapter 2, poly(methyl methacrylate-co-2-
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(bis(2-(dicyclohexylamino)-2-oxoethyl)amino)propyl methacrylate (from now referred to as
co-pMMAV/IIM), were added to ionophore mixtures as potential binding agents and binding
agents/ionophores, and applied to commercially available electrodes (Pine Instruments) as
shown in Figure 3.7 for testing in Electrochemical impedance spectroscopy (EIS) for
sensitivity to Ca®* ions (Figure 3.8). From EIS of the various electrode mixtures, the blend of

17% was chosen for selectivity testing due to weak EIS signal and indicating low resistance.

Applied lonophore Polymer Cocktail

Figure 3. 8. Picture of commercially available screen-printed electrode with added copolymer
cocktail to test for calcium sensitivity using EIS.
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Figure 3. 9. A representative EIS for the copolymer cocktail (12% IIM in copolymer blend)
on pine electrode in 10 M calcium solution.
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3.2.3 - Development of Polymer-coated CNTSs for ink-jet printing

Lastly, as part of the NASA EPSCoR Flexible Hybrid Electronics project, ion-sensitive
polymer-coated CNTs were attempted as proposed for potential materials to be added to
conductive CNT inks for direct jet printing of sensors in an additive manufacturing concept for
flexible hybrid electronics. To achieve this goal, the non-covalent poly(dopamine) wrapping of
MWCNTSs was chosen. Wrapped CNTs could then undergo addition of ATRP initiator bromo-
isobutyryl bromide through attachment at the catecholic end groups on the polydopamine and

finally ARGET ATRP polymerization of monomer 3-12 as the ultimate concept figure as shown

in Scheme 3.6.

CuBr,
Ascorbic Acid 00

AGET ATRP T (\ N\‘./(o
r

Scheme 3. 6. Conceptual figure for the synthesis of ion sensitive polymer coated CNTs
Optimal methods for coating MWCNTSs with PDA, initiator addition, and methacrylate
polymerization needed to be determined. Starting with commercially available MWCNTSs
(nanolabs), dopamine solutions in Tris buffer were explored over various time intervals to
attempt to explore the thickness of coating of PDA on the tubes. TEM images of our CNTs bare

compared to variable time lengths of exposure to dopamine solutions indicated that average
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CNT width increased from ~35 nm bare to around 50 nm when coated with PDA and then
average 90 nm following an ARGET ATRP polymerization with 2-hydroxyethyl methacrylate
for 6 h as shown in Figure 3.10. Poly(2-hydroxyethyl) methacrylate (PHEMA) was chosen as
a representative monomer to test ARGET ATRP conditions on PDA coated CNTs while
synthesis of monomer 3-12 was in progress. Analysis of the CNTs with transmission electron
microscopy (TEM) showed a progressive increase in thickness after each stage of the process
from wrapping it in PDA to polymerization of hydroxyethyl methacrylate on the CNTs. FTIR

comparison as shown in Figure 3.11 indicated that pHEMA successfully grew on the

MWCNTs.

Figure 3. 10. TEM Images of; (A) MWCNTSs; (B) MWCNTs-PDA; (C) MWCNTSs-PDA-
BiBB; (D) CNTs-PDA-PHEMA

With confidence of ARGET ATRP polymerization method following successful
pHEMA growth on PDA wrapped CNTs, monomer 3-12 was substituted for HEMA and
polymerization of ion-sensitive monomers on CNTs was explored. At this juncture, both
MWCNTs and COOH-end group MWCNTSs were both wrapped with PDA, esterified with 2-
bromoisobutyrate and subjected to ARGET ATRP conditions. The -COOH-end group

MWCNTSs were also chosen as they are known to disperse more readily in water.
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Figure 3. 11. FT-IR spectrum of (A) MWCNT (B) MWCNT-PDA (C) MWCNT-PDA-
PHEMA.

3.3. Experimental Procedures.

Synthesis of 3-bromopropyl methacrylate (3-9). To a solution of the acid (5 g, 58.08 mmol)
and bromoalcohol (8.07 g, 58.08 mmol) in 150 mL of anhydrous dichloromethane DCM, a
solution of 1,3-dicyclohexylcarbodiimide DCC (11.98 g, 58.08 mmol) in DCM (50 mL) was
slowly added followed by addition of a catalytic amount of DMAP (0.709 g, 0.58 mmol). The
resulting mixture was stirred at room temperature for 16 h. After filtration, the filtrate was
washed with 5% NaHCO3 (100 mL), brine and dried over MgSOa4. After removing the solvent,
chromatography (10% EtOAc: hexane) gave a pure compound 6.43 g, 53% yield. *H NMR (500
MHz, Chloroform-d) 6 6.11 (dq, J = 2.0, 1.0 Hz, 1H, H~), 5.58 (g, J = 1.6 Hz, 1H, H7), 4.29 (t,
J=6.0 Hz, 2H, Hs), 3.48 (t, J = 6.5 Hz, 2H, H1), 2.23 (tt, J = 6.5, 6.0 Hz, 2H, H2), 1.95 (dd, J
= 2.0, 1.0 Hz, 3H, Hs). 3C NMR (126 MHz, CDCI3) & 167.3 Cs, 136.3 Cs, 125.8 Cs, 62.6 Cs,

31.9 C1,29.5 C2, 18.4 Cs.
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Synthesis of 2,2’-(((benzyloxy)carbonyl)azanediyl)diacetic acid (3-13). Using an established
procedure,?” iminodiacetic acid (5 g, 0.0375 mol) was dissolved in 2 M NaOH (37.5 mL) and
the resulting solution was cooled in an ice bath. Benzyl chloroformate (7 g, 5.86 mL, 0.041
mol) and 2 M NaOH (22.5 mL) were subsequently added to the stirred solution, the reaction
mixture was stirred at room temperature for 6 h. The reaction mixture was transferred to a
separatory funnel and washed with Et2O (2 x 25 mL). The aqueous phase was acidified with
conc. HCI to pH 1-2 and extracted with Et2O (3 x 40 mL). The organic extract was dried over
Na>SO4 and evaporated. The product 9.74 g was used in the subsequent reactions without
further purification (colorless oil). *tH NMR (500 MHz, Chloroform-d) § 7.37 — 7.29 (m, 5H,
Hz-9), 5.17 (s, 2H, Hs), 4.21 (s, 2H, Hx3'), 4.15 (s, 2H, Ha). 3C NMR (126 MHz, CDCl3) &
175.1 Ca, 173.4 Ca22, 156.2 Cy4, 136.8 Cs, 128.8 Cs, 128.5 Cy, 128.1 C7, 68.8 Cs, 50.1 Ca/3’,

50.0 Cs/3.
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3-14

bis(2,5-dioxopyrrolidin-1-yl) 2,2°-(((benzyloxy)carbonyl)azanediyl)diacetate (3-14). To a

solution of the diacid (9.74 g) and N-hydroxysuccinimide (72.86 mmol) in 120 mL of anhydrous
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dichloromethane DCM, a solution of 1,3-dicyclohexylcarbodiimide DCC (72.86 mmol) in
DCM was slowly added followed by addition of a catalytic amount of DMAP (7.29 mmol). The
resulting mixture was stirred at room temperature for 16 h. After filtration, the filtrate was
washed with 5% NaHCO3 and dried over MgSOa. After removing the solvent, the product was
purified by column chromatography using EtOAc and hexane (white solid) 5.04 g, yield 30%
over 2 steps. *H NMR (500 MHz, Chloroform-d) & 7.40 — 7.30 (m, 5H, Hio-12), 5.22 (s, 2H,
Hs), 4.59 (s, 2H, Hur), 4.48 (s, 2H, Hu), 2.85 (d, J = 4.4 Hz, 8H, Has). 3C NMR (126 MHz,
CDCl3) 6 168.5 Ca/2’, 165.1 Ca/37, 164.9 Ca/3>, 155.3 C7, 135.5 Co, 128.7 Cu1, 128.5 C12, 128.4

Cio, 69.1 Csg, 47.4 Cuyrv, 47.2 Cu1v, 25.7 Cusa.
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benzyl bis(2-(dicyclohexylamino)-2-oxoethyl)carbamate. To a solution of the diacid (8.24 g)
and dicyclohexyl amine (11.18 g, 61.68 mmol) in 120 mL of anhydrous dichloromethane DCM,
a solution of 1,3-dicyclohexylcarbodiimide DCC (12.73 g, 61.68 mmol) in DCM was slowly
added followed by addition of a catalytic amount of DMAP (1.50 g, 12.34 mmol). The resulting
mixture was stirred at room temperature for 16 h. After filtration, the filtrate was washed with
5% NaHCOs3 and dried over MgSOs. After removing the solvent, the product was recrystallized
in 20% EtOAc and hexane to give the pure compound 8.69 g, 39% yield over 2 steps. 'H NMR

(500 MHz, Chloroform-d) 6 7.31 — 7.28 (m, 5H, Hs-11), 5.10 (s, 2H, H7), 4.30 (s, 2H, Hur),
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4.16 (s, 2H, Hur), 3.50 — 3.20 (m, 2H, Has3), 2.39 (s, 2H, His3°), 1.84 — 1.15 (m, 40H, Hya —
Hess?). °C NMR (126 MHz, CDCl3) § 167.9 C2, 156.0 C12, 136.7 Cs, 128.4 C1o, 128.1 C1s,
127.9 Cy, 67.7 C7, 56.9 C22, 56.3 C2r2>, 50.8 C11°, 50.1 Cu1°, 31.4 Ca4>, 30.3 Caa°, 30.2 Cuasa’
26.7 Csss°, 26.0 Cs5, 25.9 Csi5°, 25.6 Cers, 25.5 Cers’, 25.4 Cere’, 25.3 Ces6>. C3sHesN3O4

(593.85): requires C, 72.81; H, 9.34; N, 7.08; found C, 72.51; H, 9.; N, 6.97.
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2,2’-azanediylbis(N,N-dicyclohexylacetamide) (3-11). To solution of the protected diamide
(4 g, 6.74 mmol) in EtOH (50 mL) was added slowly Pd/C 5% (1.30 g) under an N atmosphere
at room temperature. The vessel was evacuated, filled with H», evacuated a second time and
filled with H, and left to stir overnight. After this period, the H> was expelled, the solution
filtered through a celite pad with EtOH, and the solvent removed under reduced pressure to
yield pure product as a white solid (2.78 g, 90%). *H NMR (500 MHz, Chloroform-d) & 3.49
(s, 4H, H1), 3.37 — 2.85 (m, 5H, H1 H3 H7), 2.51 — 2.34 (m, 4H, Ha), 1.91 — 0.94 (m, 36H, Ha-
6). °C NMR (126 MHz, CDCl3) & 168.9 C2, 56.8 C3, 56.2 C3, 51.3 C1, 34.1 Cs4, 31.4 C4, 31.1

C4, 30.2 C4, 26.8 Cs, 26.1 Cs, 25.5 Cs, 25.4 Ce.
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3-(bis(2-(dicyclohexylamino)-2-oxoethyl)amino)propyl methacrylate (3-12). To a solution
of the amine (0.82 g, 1.79 mmol) and 3-bromopropyl methacrylate (0.37 g, 1.79 mmol) in
acetonitrile (150 mL), was added diisopropylethylamine (0.311 mL, 1.79 mmol). The solution
was stirred at reflux overnight. The reaction was stopped when TLC showed no sign of the
starting material. The reaction was evaporated to dryness, the residue dissolved in water,
extracted with EtOAc (3 x 30 mL) and dried over MgSO4. The product was purified with
column chromatography using EtOAc and hexane to get the pure product as a white solid (0.46
mg, 43% yield). *H NMR (300 MHz, Chloroform-d) § 6.07 (s, 1H, Ha), 5.52 (s, 1H, Ha#"), 4.19
(t, 3 = 6.5 Hz, 2H, Hg), 3.47 (s, 4H, How’), 2.90 (t, J = 7.4 Hz, 2H, Hs), 2.50 — 52.37 (m, 4H,
Hiar), 1.92 (s, 3H, H1), 1.89 — 0.98 (m, 42H, H7 Hi212’ - Hisns). °C NMR (75 MHz, CDCls)
0 169.9 Cs, 167.6 Cione, 136.7 C2, 125.3 Cs, 63.4 Cs, 57.0 Cuiar, 56.7 Cuinr, 56.1 Cunr,
52.0 C7, 34.1 Ci2n12>, 31.5 Ca2n2, 30.3 Cuznz, 27.7 Cizns, 26.8 Ciane, 26.1 Ciana, 25.5 Cas,

25.1 Ci3, 18.4 Ca.

Polymerizations

As blends with PMMA: AIBN (0.0041 g, 24.9 pmol), 2-(bis(2-(dicyclohexylamino)-2-
oxoethyl)amino)propyl methacrylate (292. 5 mg, 0.50 mmol), methyl methacrylate (0.451 g,

4.5 mmol) and 1,2-dichloroethane (5.5 mL) was added to an oven dried 30 mL glass pressure
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vessel. The reaction vessel was sealed and degassed via three freeze-pump-thaw cycles and
brought to room temperature. The solution was heated to 70 °C for 12 hours and then cooled to
room temperature. Polymerization was stopped by exposure to air. Precipitation into tenfold
excess hexanes yielded white polymer precipitate, which was isolated via filtration and dried to

constant weight under reduced pressure at room temperature.

Preparation of Polydopamine (PDA) coated CNTs: CNTs (100 mg) was added to a solution
of ethanol (40 mL) in water (30 mL) and sonicated for 10 minutes. Dopamine (80 mg) was
under to the CNT solution under magnetic stirring. After 5 minutes, 20 ml of 25 mM Tris buffer
solution was added dropwise. The reaction was stirred at room temperature for 24 hours. The
product was washed with ethanol 3 times, separated by centrifugation, and dried in a vacuum

oven at 60 °C for 24 hours to give a black powder.

Preparation of CNTs-PDA-BiBB macroinitiator: CNTs-PDA (40 mg) was suspended in
DMF (40 ml) and sonicated for 12 minutes. Triethylamine (2.0 ml, 14.4 mmol) was added
dropwise with stirring under N2 atmosphere. After 10 minutes, a solution of BiBB (1.80 mL,
14.4 mmol) in DMF (20 mL) was added dropwise. The reaction was stirred under N2
atmosphere for 24 hours at room temperature. The product was washed repeatedly with acetone,

ethanol and water respectively and dried in a vacuum oven at 60 °C for 24 hours.

ARGET ATRP growth of PHEMA brushes: CNTs-PDA-BiIBB (60 mg, 0.09 mol initiator)
was suspended in ethanol (10 mL) and sonicated for 30 minutes. HEMA (8.73 ml, 72 mmol),
CuBr, (0.00132 g, 0.006 mmol) and HMTETA (0.00822 mL, 0.03 mmol) were added
sequentially under stirring. The vial was sealed and purged with N2. After 10 minutes, a solution
of Ascorbic acid sodium salt (0.04752 g, 0.24 mmol) in ethanol (1 mL) was added via syringe.

The molar ratio of monomer: macroinitiator: catalyst: ligand: reducing agent = 12000: 1: 5: 40.
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The reaction was stirred at room temperature for 6 h. The product was successively washed

with dichloromethane, ethanol and water, and dried in a vacuum oven at 60 °C for 24 hours.

3.4. Materials and Methods

1,2-dichloroethane was purchased from Fischer Chemical and used as received. 2,2’-Azobis(2-
methylpropionitrile) AIBN was obtained from Sigma-Aldrich and used as received. Methyl
methacrylate was purchased from Sigma-Aldrich. Inhibitor was removed by distillation under
vacuum at room temperature immediately before use. 2-hydroxyethyl methacrylate (HEMA)

was purchased from Sigma-Aldrich.

3.5. Conclusions

This multifaceted project began with the successful synthesis and crystallization study
of a novel monomer designed to mimic a known ionophore of calcium to test for potential
polymeric systems for calcium sensing. The synthesis was readily accomplished in 5 steps and
this compound is now synthesized on the multi-gram scale (>50 g) starting from a readily
available iminodiacetic acid ($0.09/g). The crystallization studies with calcium provided a
mixed response as the stoichiometric ratio of both the monomer and the NH-analog precursor
to the monomer gave a undesirable 2:1 stoichiometry yet favorable bond distances that
mimicked known calcium ionophore ETH129. Moving forward, this part of the project could
diverge in two separate directions: 1) using the 2:1 calcium: monomer 3-12 stoichiometry to an
advantage and the possible incorporation of this salt as a cross-linker for degradable polymers
as seen in various drug delivery hydrogels or; 2) as the stoichiometry was unfavorable, perhaps
a non-symmetric diglycolic acid derivative may be more advantageous to synthesize although
potentially more complex of a synthesis. As for potential cross-linking agents, the N-analog 3-

11 could be utilized directly with longer chain primary alkyl halide methacrylates/acrylates to
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explore the structure/function relationships of potential cross-linked polymers as shown as a

future direction of this work in Figure 3.12. The synthesis of more complex non-symmetric.

Potential Cross-linker Potential for Surface Sensing Modifications Potential CNT ink Additive
Oy O
~ o = A i R of
vy N‘.:u o= p—y . . IL’ ;0 i I/l P L T‘Jo
= s N N e ( o2 oy
P e Y- o 3 Mg~me L ) ),\ o
o (S ) — o={ L"D’\w‘”‘a\ if 0P Noy S YL
O {1 = SN <
(N N ) A — s = , -
~ = — ({)g ATRP Conotions ¢ ¢
[ ) (s O
n=0,2,8/Y=H,Me = — BN

Figure 3.12: Future directions of this project leading to (a) cross-linkers (b) surface
modifications and (c) mixed CNT compatible inks.

Secondly, the monomer readily polymerized when mixed with poly(methyl
methacrylate) in excellent yields at various percentages. These copolymers were then evaluated
as potential binding agents for calcium ion sensitivity. MMA copolymers over 7% of ionophore
inspired monomer gave good sensitivity to calcium as measured by EIS experiments and were
selected as potential candidates for further developments for devices. What is more, this
highlights how a thin layer of ionophore inspired monomer can affect the physical properties
of the system. Moving forward, this technology could be advanced to thin-film polymer brushes
as the 3-BPM monomer can be grown from the surface and then undergo the Sn2 reaction with
3-11 to create the monomer on the surface of these brushes in a post-polymerization
modification as shown in the middle section of Figure 3.12.

Finally, the synthesized monomer was polymerized on PDA coated MWCNTS as to
evaluate the potential for polymer coated CNT compatibility with conductive CNT inks for
additive manufacturing technologies. These polymer coated CNTs can now move forward for
testing in printable CNT devices. Results here indicate that CNT coating is possible and next
steps could evaluate the many variables that will realize coated ionophore CNTs with printable

CNTs.
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AFTERWORD

This dissertation included both a novel method for a one-pot green transformation of
carbonyls to mixed carbonates and the beginning of a polymer-derived supramolecular
coordination research program and the potential applications.

Carbonates represent a commonly utilized protecting group and essential building block
in organic synthesis. While the investigated transformation required reflux temperatures to
reach substantial amounts of product at a reasonable time (6h), the celerity of the
functionalization and the simplicity of the work-up allowed for numerous substrates to be
sampled. Further investigations of these reactions may include other methods, including solid-
supported borohydrides or microwave assistance, other carbonate solvents, and different
functional groups (i.e., imines). Perhaps the development of green Lewis acids may help lower
the activation energy needed for the carbonates to react and allow for lower temperatures and
more delicate substrates.

The second 2/3 of this dissertation was dedicated to a NASA funded project on the
integration of polymer-based calcium ion sensors for potential incorporation with conductive
ink technologies to make an array of electrode sensors on a flexible substrate. For this project,
we chose commercially available CNT ink as our inkjet printing collaborators were very
familiar with this product. We found that the ink was very compatible with calcium ion
membranes when added directly to the CNT ink drop cast. The print design, when printed with
over 30 layers of CNT ink on Kapton, gave reliable impedance measurements and were
compatible with the ionophore membranes yet with less sensitivity. This was most likely due

to the non-uniformity in the jet printing process. In the future, hopefully, a variety of inks or
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larger droplet sizes of ink cartridges will be recommended as the 60 layers of ink still showed
inconsistencies in the prints.

In the original proposal to NASA, we suggested the use of polymer brushes as potential
calcium ion sensors, grown from the surface of the flexible electrode. There were two instances
where this proposed idea seemed less feasible. Firstly, attempts to oxidize the Kapton surface
as easily as we oxidized the silicon wafer and glass slide for attachment of the initiators were
unsuccessful. Secondly, the calcium ionophore cocktail, needing a quantitative amount of
plasticizer to allow for the binding agent to hold onto the solid contact ISE for it to be functional,
was not compatible with the aqueous conductive inks. Therefore the option to build our calcium
ion-sensitive monomer, test its selectivity and sensitivity to calcium, and then either attach the
monomer directly to the conductive ink or mix with the ion-selective membrane as a copolymer
was much more attractive. By switching iminodiacetic acid for diglycolic acid, we quickly
created our nitrogen analog, and, with the addition of 3-bromopropyl methacrylate, our
monomer. Crystallization with calcium produced coordinating complexes, and the sensitivity
in an electrochemical cell was agreeable. Unfortunately, the iminobis(acetamide) was not as
selective for calcium; it is sensitive to Zn?* and NH4" as well. While this was not as favorable a
result as we expected, we were still able to characterize the calcium sensitivity and grow a
copolymer of our monomer with poly(methyl methacrylate) at various concentrations. The
polymers created are low molecular weight blends yet represent a potential substitute for the
non-compatible PVC and PMMA:PtBMA mixes that serve as binding agents in ISEs. The
research group will continue to explore these polymers for further applications such as metal

coordination studies for water purification or further sensing entities.
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OCOzMe

Compound 1-24

13C NMR spectrum (CDCls, 500 MHz)
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0OCO,Me
Compound 1-26

'H NMR spectrum (CDCls, 500 MHz)
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0OCO,Me
Compound 1-26

13C NMR spectrum (CDCls, 500 MHz)
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X OCO,Et
Compound 1-27

'H NMR spectrum (CDCls, 500 MHz)
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X OCO,Et
Compound 1-27

13C NMR spectrum (CDCls, 500 MHz)
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'H NMR spectrum (CDCls, 500 MHz)

OCO,Me Compound 1-28
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