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 The objective of this research project is to develop new triptycene-containing polyimide 

membranes with the potential for high performance gas separation.  Polymer membrane gas 

separation capabilities are judged by their combination of permeability and selectivity.  

Permeability determines how easily the gas molecules pass through the membrane, while the 

selectivity is a measure of the sieving capabilities of the membrane.  Ideally, a membrane would 

have high selectivity and high permeability, but generally a trade-off exists between these two 

properties, in which a high permeability results in a low selectivity and vice versa.  This project 

sought to overcome this trade-off by tuning the membrane fractional free volume through the 

careful design of the polymer backbone structure.  Triptycene, a rigid and bulky molecule with 

high internal free volume, was incorporated into a polyimide backbone structure in order to 

simultaneously enhance permeability and selectivity.  In this project, amine functionality was 

introduced directly onto the triptycene skeleton to create a highly rigid and contorted backbone 

structure. 

 The triptycene diamine monomer was synthesized from benzoquinone and anthracene.  

The Diels-Alder reaction produced a 1,4-triptycene skeleton, which was first reduced to 

hydroquinone and then oxidized to conjugated quinone.  This product was then converted to a 

dioxime, which was further reduced to the diamine functionality, the final triptycene monomer. 

The reaction scheme is shown below.  Each step of this monomer synthesis was monitored with 
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proton nuclear magnetic resonance (1H NMR) spectroscopy to confirm that right chemical 

structure and high purity was obtained.  See below for sample spectra.  

 

  

 

 

 

 

 

 

 

To obtain the triptycene-based polyimide, the diamine monomer was polymerized with 

commercially available 4,4’-hexafluoroisopropylidine bisphthalic dianhydride (6FDA), as shown 

below.  Several different polymerization methods were attempted to form the polyimide, 

including chemical imidization, thermal imidization, and an ester-acid method.  Membranes were 

fabricated using the resulting polyimides.  To do this, the polymer fibers were dissolved in N-

methyl-2-pyrrolidone (NMP), filtered to remove any impurities, and poured onto a leveled glass 

HO OH O O HON NOH H2N NH2

NH2OH/HCl

EtOH

Pd/C
Hydrazine

AlcoholKBrO3, HOAc

Scheme1. Synthesis of triptycene-1,4-diamine 
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plate.  Drying overnight under an infrared lamp then formed the film.  For all the trials, the 

membrane film casting was unsuccessful.  The membrane cracked into thin strands that would 

not be serviceable for gas separation.  The poor membrane formation was most likely due to a 

low polymer molecular weight.  While no useable films were obtained, proton NMR was used to 

confirm that the expected polyimide structure was obtained with good purity.  Therefore, the 

next step for this project is to further improve the monomer purity to facilitate condensation 

polymerization to obtain a higher molecular weight polyimide product. 
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Scheme 2. Synthesis of triptycene-polyimides via condensation polymerization 
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Ionic liquids can bind selectively and reversible with CO2. This allows ionic liquids to be an 
effective and environmentally friendly way to reduce CO2 emissions. The important chemical 
properties of ionic liquids that allow for CO2 capture are caused by its electronic structure. The 
goal of this research is to better understand the electronic structure of ionic liquids, in order to 
predict the relative strength of CO2 capture. To do this, Natural Bond Orbital analysis is used. 
NBO analysis is an effective computational method which can represent a complicated electronic 
structure as “Lewis-like” orbitals. This allows for a localized understanding of charge and energy. 
This research uses the NBO analysis on a one ion pair module of several different ionic liquids, in 
order to determine the effects that orbital energy and charge have on CO2 binding. While it was 
previously reported that an anion only module was unable to predict relative CO2 binding 
enthalpy, the ion pair module is able to predict the relative CO2 binding enthalpy. It was found 
that the anion’s orbital energy and charge depended on the cation, as well as the distance between 
the cation and anion, further showing the importance of the cation’s role in CO2 binding. The 
orbital energy and charge of the CO2 reaction site were found to be linearly related to the CO2 
binding enthalpy. 
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Interaction between Elasticity and Heat Transfer in Thermoacoustic Waves in Multi-Dimensional Solids 
 
Project Description: This mode of heat transfer is largely unexplored, but understanding the interaction 
between elasticity and heat transfer could realize several energy harvesting technologies that do not 
exist today. For example, we could develop devices that utilize solid-state refrigeration, control heat 
transfer by acoustic waves and take non-intrusive temperature measurements in 3D solids.    The 
skeleton of the theory has been derived, and I intend to expand it into multi-dimensions. After acquiring 
theoretical results, I will quantify these effects via a numerical simulation by investigating them in a solid 
at a known uniform temperature. My results will provide insight on how to control the heat transfer by 
thermoacoustic waves. Finally, we will use a simple experiment to apply our theory to a solid-state 
refrigerator. It is also worth noting that this project will build on the numerical and experimental results 
that were obtained by another undergraduate researcher supported by Slatt Fellowship 2013. 
 
Project Results: I spent this year designing and testing a “refrigerating shoe”. The shoe converts 
mechanical energy of walking in to thermal energy, of the wearer’s comfort. Once the design phase was 
completed, we proceeded to complete a series of tests on the shoe. The purpose of testing this shoe was 
to show that the refrigeration effect, which was previously demonstrated on a larger scale, could still work 
on a smaller scale. I think our results were encouraging. We were able to produce a temperature 
difference by only utilizing two small chambers (one of which was hardly compressible).  However, I think 
that for a manufacturer to be totally convinced that they should further develop this idea into a product, 
they are going to want to know the following: 
 
1. How incorporating other chambers will improve the performance of the shoe. 
2. How the fluid dynamics within the chambers will be regulated, so that, if a person wants to harness 

warmth, for example, the warm air can come in contact with his foot. 
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Redox activity and π bonding in a tripodal seven-
coordinate molybdenum(VI) tris(amidophenolate)†

Travis Marshall-Roth and Seth N. Brown*

A tris(aminophenol), tris(2-(3’,5’-di-tert-butyl-2’-hydroxyphenyl)amino-4-methylphenyl)amine, MeClampH6,

is prepared in three steps from tri-p-tolylamine. The ligand reacts with dioxomolybdenum(VI) bis(acetyl-

acetonate) to form an oxo-free heptadentate complex, (MeClamp)Mo, with a capped octahedral geome-

try. The molybdenum is formally in the +6 oxidation state, with significant π donation of the

amidophenolates, as judged by intraligand bond distances. Two ligand-based oxidations and one metal-

centered reduction are observed by cyclic voltammetry. Analysis of the optical spectrum of the com-

pound gives an estimate of the energetic stabilization of the ligand π orbitals by bonding to the molyb-

denum of approximately 0.9 eV, corresponding to about 40 kcal mol−1 per π bond.

Introduction

Tripodal ligands contain a central donor atom, typically nitro-
gen or phosphorus, attached to three arms that contain
additional donor atoms. These strongly chelating ligands are
capable of stabilizing unusual geometries such as trigonal
monopyramids,1 but are also often observed in trigonal bipyra-
midal or octahedral geometries. They have been used to
protect metal centers against hydrolysis,2 to maintain mono-
nuclearity throughout complex catalytic cycles,3 to promote
metal–metal bond formation in homo- and heterobimetallic
complexes,4 and to control the nature of the second coordi-
nation sphere.5

We were interested in combining the high stability of the
tripodal framework with the redox activity of amidophenolate
ligands. Amidophenolates have attracted attention for their
ability to engage in ligand-centered redox activity, forming
monoanionic iminosemiquinonate or neutral iminoquinones
when bonded to transition or main group metals. Such
ligands have been used as electron reservoirs to enable oxi-
dative addition6 or reductive elimination7 reactions of early
transition metals.

We have previously studied molybdenum complexes of the
2,2′-biphenyl-bridged bis(amidophenoxide) ligand tBuClip4−

(tBuClipH4 = 4,4′-di-tert-butyl-N,N′-bis(3,5-di-tert-butyl-2-hydroxy-

phenyl)-2,2′-diaminobiphenyl) containing ancillary terminal
oxo, bridging nitrido, and alkoxide ligands.8 These com-
pounds do undergo ligand-centered oxidation reactions. More
significantly, the high-lying ligand orbital responsible for the
redox-activity is also capable of strong π donation to molyb-
denum(VI). This has important structural consequences, for
example determining the isomers favored in oxo9,10 and
nitrido complexes. The π donor ability also appears to have
chemical consequences, for example allowing the replacement
of all oxo ligands in oxomolybdenum(VI) reagents.11,12

Here we describe the preparation of a novel tripodal ligand,
tris(2-(3′,5′-di-tert-butyl-2′-hydroxyphenyl)amino-4-methylphenyl)-
amine, MeClampH6, in which the three arms emanating from
the central triarylamine donor are o-aminophenols. The fully
deprotonated MeClamp6− forms a very stable seven-coordinate
tris(amidophenolate) complex with molybdenum(VI) which
undergoes ligand-centered oxidations. Furthermore, the spec-
troscopy of the complex can be used to make a rare semiquan-
titative estimate of the stabilization of the complex due
specifically to π bonding.

Experimental
General procedures

Unless otherwise noted, all procedures were carried out on
the benchtop without precautions to exclude air or moisture.
NMR spectra were measured on Varian VXR-300 or Bruker
Avance DPX 400 spectrometers. Chemical shifts for 1H and
13C{1H} spectra are reported in ppm downfield of TMS, with
spectra referenced using the known chemical shifts of the
solvent residuals. Infrared spectra were recorded by ATR on a
Jasco 6300 FT-IR spectrometer. UV-Visible spectra were

†Electronic supplementary information (ESI) available: Energy and Cartesian
coordinates for calculated structures of (Clamp)Mo and (Clamp)Mo+ and TDDFT
calculations for (Clamp)Mo. CCDC 1023169–1023170. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c4dt02936d

Department of Chemistry and Biochemistry, 251 Nieuwland Science Hall; University

of Notre Dame, Notre Dame, IN 46556-5670, USA.

E-mail: Seth.N.Brown.114@nd.edu; Fax: +1 574 631 6652; Tel: +1 574 631 4659

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 677–685 | 677

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ot
re

 D
am

e 
on

 1
9/

01
/2

01
5 

18
:4

4:
47

. 

View Article Online
View Journal  | View Issue

www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c4dt02936d&domain=pdf&date_stamp=2014-12-05
http://dx.doi.org/10.1039/c4dt02936d
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT044002


recorded in 1 cm quartz cells on a Beckman DU-7500 or a
ThermoFisher Evolution Array diode array spectrophotometer.
ESI mass spectra were obtained using a Bruker micrOTOF-II
mass spectrometer, and peaks reported are the mass number
of the most intense peak of isotope envelopes. Elemental ana-
lyses were performed by Robertson Microlit Labs (Ledgewood,
NJ) or M-H-W Laboratories (Phoenix, AZ).

Syntheses

Tris(2-nitro-4-methylphenyl)amine, N(C6H3-2-NO2-4-CH3)3.
This compound is prepared by a variation of a previous pro-
cedure13 that avoids chromatography and produces the desired
material in high yield. Into a 250 mL Erlenmeyer flask is
weighed tri-p-tolylamine (TCI, 1.85 g, 6.44 mmol). Acetic anhy-
dride (75 mL) is added and the mixture stirred until most of
the solid dissolves. To the stirred mixture is added Cu-
(NO3)2·2.5 H2O (3.00 g, 12.9 mmol, 2.00 equiv.) and the flask is
sealed with parafilm. The solution is initially blue and then
turns a brownish green with a green precipitate. After stirring
2 h, the mixture is poured into 300 mL H2O and stirred over-
night. The brownish-orange solid is isolated by suction fil-
tration on a glass frit, washed thoroughly with 2 × 30 mL H2O
and 3 × 20 mL CH3OH, and air-dried 1 h to yield 2.20 g tris(2-
nitro-4-methylphenyl)amine as a yellow powder (82%). 1H
NMR (CDCl3): δ 2.37 (s, 9H, CH3), 7.05 (d, 8 Hz, 3H, ArH-6),
7.29 (dd, 8, 1.5 Hz, 3H, ArH-5), 7.61 (d, 1.5 Hz, 3H, ArH-3).
13C{1H} NMR (CDCl3): δ 20.88 (CH3), 126.49, 128.20, 134.77,
136.33, 136.80, 143.62. IR (cm−1): 3066 (w), 2922 (w), 1614 (w),
1564 (w), 1526 (vs, νas, NO2), 1499 (s), 1453 (w), 1403 (w), 1385
(w), 1346 (vs, νsym, NO2), 1281 (s), 1250 (s), 1218 (w), 1189 (w),
1154 (m), 1092 (w), 1038 (w), 919 (w), 889 (w), 829 (m), 801
(m), 763 (w), 706 (w), 601 (w). ESI-MS: 445.1107 (M + Na, calcd
445.1124). Anal. Calcd for C21H18N4O6: C, 59.71; H, 4.30; N,
13.26. Found: C, 59.78; H, 4.49; N, 13.11.

Tris(2-amino-4-methylphenyl)amine, N(C6H3-2-NH2-4-CH3)3.
In a 50 mL round-bottom flask, 158.0 mg tris(2-nitro-4-methyl-
phenyl)amine (0.374 mmol) is dissolved in 4 mL THF. 15 mL
methanol is added and upon stirring, a precipitate forms. To
the stirred slurry is added 344.6 mg CuCl (3.48 mmol, 9.3
equiv.) in a single portion, followed by 430.4 mg KBH4

(7.98 mmol, 21.3 equiv.) in small portions over 5 min. After
vigorous gas evolution, the solution turns brown, but becomes
colourless with a coarse black precipitate about 6 min after
complete borohydride addition. After stirring 25 min, the
mixture is suction filtered and the precipitate washed with
20 mL ethyl acetate. The filtrate is stripped down on the rotary
evaporator and partitioned between 30 mL each of ethyl
acetate and water. After removing the water layer, the EtOAc
layer is washed with dilute aqueous sodium dithionite fol-
lowed by brine and dried over MgSO4. After removing the
EtOAc on the rotary evaporator, the residue is slurried in 5 mL
CH3OH and isolated by suction filtration. Washing the solid
with 5 mL CH3OH and air-drying 20 min furnishes 78.3 mg tri-
amine as a grey-white solid (62%). 1H NMR (CDCl3): δ 2.24 (s,
9H, CH3), 3.64 (br s, 6H, NH2), 6.50 (sl br dd, 8, 2.5 Hz, 3H,
ArH-5), 6.53 (s, 3H, ArH-3), 6.79 (d, 8 Hz, 3H, ArH-6). 13C{1H}

NMR (CDCl3): δ 21.28 (CH3), 117.21, 119.74, 125.40, 130.55,
135.27, 141.09. IR (cm−1): 3455 (m, νNH), 3368 (m, νNH), 2952 (w),
2916 (w), 2859 (w), 1736 (w), 1611 (m), 1574 (w), 1506 (s), 1455 (w),
1427 (w), 1304 (m), 1234 (s), 1195 (w), 1172 (w), 1137 (w), 951 (w),
865 (w), 850 (w), 808 (m), 739 (w), 596 (w). ESI-MS: 333.2119
(M + H, calcd 333.2080). Anal. Calcd for C21H24N4: C, 75.87; H,
7.28; N, 16.85. Found: C, 76.19; H, 7.04; N, 17.00.

Tris(2-(3′,5′-di-tert-butyl-2′-hydroxyphenyl)amino-4-methyl-
phenyl)amine, MeClampH6. In a 50 mL round-bottom flask,
403.7 mg tris(2-amino-4-methylphenyl)amine (1.21 mmol) and
809.9 mg 3,5-di-tert-butylcatechol (Aldrich, 3.64 mmol, 3.0
equiv.) are added to 20 mL hexanes and 200 μL glacial acetic
acid. The flask is sealed with parafilm and the mixture is
stirred for 2 d. The dark brown slurry is filtered on a glass frit
and the solid washed thoroughly with 6 × 6 mL CH3OH to
remove colored impurities. The solid is air-dried 1 h to yield
829.2 mg MeClampH6 (72%). 1H NMR (CDCl3): δ 1.09 (s, 27H,
tBu), 1.36 (s, 27H, tBu), 2.20 (s, 9H, CH3), 5.38 (br s, 3H, NH),
6.02 (s, 3H, OH), 6.40 (d, 1.5 Hz, 3H, ArH-3), 6.49 (d, 2 Hz, 3H,
ArH-4′), 6.67 (dd, 8, 1.5 Hz, 3H, ArH-5), 6.98 (d, 8 Hz, 3H, ArH-
6), 7.10 (d, 2 Hz, 3H, ArH-6′). 13C{1H} NMR (CDCl3): δ 21.56
(ArCH3), 29.76, 31.62 (C(CH3)3), 34.41, 35.13 (C(CH3)3), 116.81,
121.26, 121.42, 121.91, 124.91, 128.09, 131.42, 135.63, 136.44,
140.87, 142.45, 149.09. IR (cm−1): 3456 (w, νOH), 3374 (w, νNH),
2952 (m), 2868 (w), 1608 (w), 1577 (w), 1510 (w), 1485 (m),
1460 (w), 1420 (m), 1391 (w), 1362 (m), 1336 (w), 1309 (m),
1254 (w), 1213 (m), 1196 (m), 1161 (w), 1121 (w), 1023 (w),
978 (w), 880 (w), 818 (w), 798 (m), 739 (w), 712 (w), 660 (m),
624 (m), 595 (w). ESI-MS: 941.6319 (M+ − 3H, calcd 941.6309).
Anal. Calcd for C63H84N4O3: C, 80.04; H, 8.96; N, 5.93. Found:
C, 79.81; H, 8.72; N, 5.82.

κ7-[Tris(2-(3′,5′-di-tert-butyl-2′-oxyphenyl)amido-4-methyl-
phenyl)amine]molybdenum(VI), (MeClamp)Mo. In the drybox,
0.1131 g MeClampH6 (0.1196 mmol) and 0.0595 g MoO2(acac)2
(0.184 mmol, 1.5 equiv.) are dissolved in 4 mL CH2Cl2 and
allowed to stand 36 h at room temperature. During this time
the solution changes from dark brown to deep purple. In the
air, the solvent is removed on the rotary evaporator and the
black residue is slurried with 5 mL acetonitrile and vacuum fil-
tered through a glass frit. The solid is washed with 5 mL
CH3CN and air-dried 15 min to yield 46.1 mg (MeClamp)Mo
(37%). 1H NMR (CDCl3, with added trace of Cp*2Fe): δ 1.22 (s,
27H, tBu), 1.31 (s, 27H, tBu), 2.29 (s, 9H, CH3), 6.56 (sl br dd, 8,
2 Hz, 3H, ArH-5), 6.81 (d, 8 Hz, 3H, ArH-6), 6.88 (d, 2 Hz, 3H,
ArH-4′), 7.23 (s, 3H, ArH-3), 7.29 (d, 2 Hz, 3H, ArH-6′). 13C{1H}
NMR (CD2Cl2, with added trace of Cp*2Fe): δ 22.08 (ArCH3),
30.29, 32.01 (C(CH3)3), 35.15, 35.53 (C(CH3)3), 107.51, 119.09,
119.36, 122.33, 123.35, 128.86, 138.06, 140.08, 142.50, 143.63,
144.35, 147.34. IR (cm−1): 2952 (s), 2903 (m), 2867 (m), 1588
(m), 1490 (s), 1457 (m), 1421 (m), 1409 (m), 1388 (w), 1360 (m),
1343 (w), 1305 (s), 1281 (w), 1260 (m), 1232 (m), 1201 (m),
1171 (m), 1000 (m), 945 (m). ESI-MS: 1036.4996 (M + H, calcd
1036.3099). UV-Vis (CH2Cl2): λmax = 295 nm (sh, ε = 19 500 L
mol−1 cm−1), 356 (12 000), 513 (sh, 8500), 563 (10 700), 985 nm
(6900). Anal. Calcd for C63H78MoN4O3: C, 73.09; H, 7.59; N,
5.41. Found: C, 70.19; H, 7.38; N, 5.10.
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Electrochemistry

Cyclic voltammograms were performed at a scan rate of
120 mV s−1 using a BAS Epsilon potentiostat, with glassy
carbon working and counter electrodes and a silver/silver
chloride pseudo-reference electrode. The electrodes were con-
nected to the potentiostat through electrical conduits in the
drybox wall. The sample of (MeClamp)Mo was 1 mM in
CH2Cl2, with 0.1 M Bu4NPF6 as the electrolyte. Potentials were
referenced to ferrocene/ferrocenium at 0 V,14 with the refer-
ence potential established by spiking the test solution with a
small amount of ferrocene.

DFT calculations

Geometry optimizations and orbital calculations were per-
formed using the crystal structure of (MeClamp)Mo as a start-
ing structure, and with all tert-butyl groups and methyl groups
replaced with hydrogens. Calculations used the hybrid B3LYP
method, with an SDD basis set for molybdenum and a 6-31G*
basis set for all other atoms, using the Gaussian09 suite of pro-
grams.15 The optimized geometries were confirmed as minima
by calculation of vibrational frequencies. Plots of calculated
Kohn–Sham orbitals were generated using Gaussview (v. 5.0.8)
with an isovalue of 0.04.

X-ray crystallography

Crystals of (MeClamp)Mo·CH3CN were grown by slow evapor-
ation of acetonitrile solutions while crystals of (MeClamp)Mo·
3C6H6 were grown by layering a concentrated 10 : 1 dichloro-
methane–hexane solution with benzene. Crystals were placed
in inert oil before being transferred to the cold N2 stream of a

Bruker Apex II CCD diffractometer. Data were reduced, correct-
ing for absorption, using the program SADABS. The structures
were solved using direct methods. All nonhydrogen atoms not
apparent from the initial solutions were found on difference
Fourier maps, and all heavy atoms were refined anisotropically.
In the acetonitrile solvate, two tert-butyl groups (those attached
to C28 and C68) were refined in two alternate orientations,
with opposing methyl groups constrained to have the same
thermal parameters. The minor components refined to
12.6(5)% and 12.4(5)% occupancy, respectively. Hydrogen
atoms on the metal complex in the benzene solvate were
located on difference maps and refined isotropically, while all
other hydrogen atoms were placed in calculated positions,
with thermal parameters for the hydrogens tied to the isotro-
pic thermal parameters of the atoms to which they are bonded
(1.5× for methyl, 1.2× for others). Calculations used SHELXTL
(Bruker AXS),16 with scattering factors and anomalous dis-
persion terms taken from the literature.17 Further details
about the structures are in Table 1.

Results and discussion
Synthesis of the tris(aminophenol) MeClampH6

Chelating bis(aminophenol) ligands have been prepared pre-
viously with aromatic (1,2-benzenediyl18 or 2,2-biphenyl-
diyl8,19,20) or aliphatic21 linkers bridging the two nitrogen
atoms. A chelating tris(aminophenol) ligand had not been pre-
viously prepared, but we anticipated that one would be able to
bind to a single metal in a hexa- or heptadentate fashion
based on six- and seven-coordinate molybdenum bis(amido-
phenolate)-catecholates11 and on numerous examples of octa-
hedral tris(iminosemiquinonates).22

The tris(aminophenol) ligand designated MeClampH6 is
prepared in three steps from commercially available tri-p-tolyl-
amine (Scheme 1), with the three aminophenols attached to
the ortho positions of the tritolylamine. Tris(2-aminophenyl)-
amine has been prepared previously23 and has been success-

Table 1 Crystal data for (MeClamp)Mo·CH3CN and (MeClamp)-
Mo·3C6H6

(MeClamp)Mo·CH3CN (MeClamp)Mo·3C6H6

Molecular formula C65H81MoN5O3 C81H96MoN4O3
Formula weight 1076.29 1269.56
T/K 120(2) 120(2)
Crystal system Monoclinic Rhombohedral
Space group P21/c R3̄
λ/Å 0.71073 (Mo Kα) 0.71073 (Mo Kα)
Total data collected 194 202 48 841
No. of indep reflns 24 403 5931
Rint 0.1778 0.0255
Obsd refls [I > 2σ(I)] 13 890 5380
a/Å 20.1764(12) 17.2078(5)
b/Å 46.334(3) 17.2078(5)
c/Å 12.7362(7) 17.2078(5)
α/° 90 60.5230(10)
β/° 94.734(4) 60.5230(10)
γ/° 90 60.5230(10)
V/Å3 11 866.0(12) 3645.56(18)
Z 8 2
μ/mm−1 0.269 0.229
Crystal size/mm 0.35 × 0.14 × 0.04 0.58 × 0.35 × 0.21
No. refined params 1361 372
R1, wR2 [I > 2σ(I)] R1 = 0.0574,

wR2 = 0.1137
R1 = 0.0308,
wR2 = 0.0826

R1, wR2 [all data] R1 = 0.1305,
wR2 = 0.1400

R1 = 0.0360,
wR2 = 0.0874

Goodness of fit 0.986 0.969 Scheme 1 Synthesis of MeClampH6.
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fully elaborated into tripodal ligands.24 The use of the methyl
substituent para to the central nitrogen in the present syn-
thesis allows one to avoid the cumbersome nucleophilic aro-
matic substitution used to assemble the unsubstituted
compound. Furthermore, para-substitution of triarylamines is
known to greatly increase the stability of their radical
cations,25 which may be important if the ligand or its com-
plexes are to be investigated under oxidative conditions.

Tri-p-tolylamine is readily nitrated with excess copper(II)
nitrate in acetic anhydride to furnish the trinitro compound
N(C6H3-2-NO2-4-CH3)3. This nitration was previously described
by Fry and coworkers to give the compound as a mixture that
required chromatographic separation from products of partial
nitration.13 We find that use of a modest excess of copper
nitrate (2 mol per mol triarylamine) suffices to drive the reac-
tion to completion, and the desired product can be isolated by
filtration of the reaction mixture in good yield and high purity.
Reduction of the nitro groups to the triamine is accomplished
using KBH4/CuCl,

26 a method that has previously been
employed for the reduction of o-nitro-N-arylanilines.27 Hydro-
genation over 10% Pd/C is also successful, but the reaction is
slower and yields are lower. Condensation of the triamine pro-
ceeds smoothly in the presence of catalytic acetic acid to afford
the desired tris(aminophenol), MeClampH6, in good yield
after filtration and washing with methanol. Triethylamine has
been more commonly used as a catalyst in this condensation
reaction,8,20,28 but is ineffective here.

Synthesis and structure of (MeClamp)Mo

Commercially available oxomolybdenum(VI) bis(acetyl-
acetonate), MoO2(acac)2, has been used as a convenient start-
ing material for the preparation of catecholate and
amidophenolate complexes containing zero,11,12 one10,29 or
two8 remaining oxo groups. The hexaprotic ligand MeClampH6

reacts with MoO2(acac)2 over the course of 36 h to produce
oxo-free, air-stable, dark purple (MeClamp)Mo (eqn (1)),

ð1Þ

which can be isolated by precipitation from acetonitrile. Pro-
duction of free Hacac is observed in situ by 1H NMR spec-
troscopy. Loss of both oxo ligands is suggested by the mass
spectrum (which shows a parent ion at m/z = 1036) and the
lack of an oxo stretch in the IR spectrum. 1H NMR spectra of
the as-prepared material are appreciably broadened, as we30

and others31 have sometimes observed in complexes with
easily oxidized ligands, where a minute amount of the radical
cation can rapidly undergo electron transfer with the neutral
compound and broaden the entire spectrum. Addition of a
trace of decamethylferrocene reduces any adventitiously oxi-

dized material, and results in sharp 1H and 13C{1H} NMR
spectra with peaks corresponding to a symmetrical ligand at
normal, diamagnetic chemical shifts.

The solid-state structure of (MeClamp)Mo was determined
by X-ray crystallographic analysis of the complex as both a
benzene and an acetonitrile solvate (Table 1). The molecular
structure of the complex is essentially identical in both crystals
(Fig. 1, Table 2), and is seven-coordinate, adopting a C3-sym-
metric, capped octahedral structure with the triarylamine
nitrogen supplying the capping ligand. This is very similar to
the structure adopted by (3,5-tBu2Cat)3Mo(py),32 and the Mo–
NAr3 distance of 2.28 Å (Table 2) is close to the Mo–py distance
of 2.274(2) Å in the tris(catecholate) structure. Heptadentate
coordination of anionic tripodal ligands is well known for
lanthanides33 and main group elements,34 but is uncommon
for transition metals.35

The intraligand bond distances in amidophenoxides and
related catecholates have been used extensively to gauge the
degree of oxidation of the ligand.36 Given the diamagnetism of
the compound, a formal oxidation state of +6 for molybdenum
with fully reduced amidophenoxide ligands seems chemically
secure. Analysis of the bond distances using established corre-
lations37 gives an apparent metrical oxidation state (MOS) of
−1.52(9), averaged between the values in the two crystal struc-
tures (Table 2). Such noninteger values of the MOS do not gen-
erally map onto formal oxidation states (which would require a
Mo oxidation state of 4.5 in this case), and instead are most
sensibly interpreted in terms of π bonding,37,38 with the
decrease in electron density in the amidophenolate HOMO
due to π donation to the Mo center causing bond distance
changes akin to those caused by outright oxidation of the
amidophenoxide. The MOS values observed for (MeClamp)Mo
are typical of other molybdenum(VI) amidophenoxides.8,11

Outer-sphere redox chemistry of (MeClamp)Mo

Inner-sphere oxygen atom donors such as amine-N-oxides do
not react with (MeClamp)Mo, in contrast to their behavior
toward Mo(VI) catecholate complexes.10,32 Presumably this is

Fig. 1 Thermal ellipsoid plot (50% ellipsoids) of the metal complex in
(MeClamp)Mo·3C6H6. Hydrogen atoms are omitted for clarity.

Paper Dalton Transactions

680 | Dalton Trans., 2015, 44, 677–685 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ot
re

 D
am

e 
on

 1
9/

01
/2

01
5 

18
:4

4:
47

. 
View Article Online

http://dx.doi.org/10.1039/c4dt02936d


because the heptadentate chelation blocks access to the molyb-
denum. This multidentate chelation stabilizes the metal as
it undergoes outer-sphere redox chemistry, leading to the
observation of three reversible waves in the cyclic voltammo-
gram of (MeClamp)Mo (Fig. 2). The two waves at −0.17 and
+0.55 V vs. Fc+/Fc are attributed to amidophenolate-centered
oxidations, and the reduction at −1.40 V is Mo-centered (free
tri-p-tolylamine oxidizes at +0.33 V,39 but coordination of the
amine to molybdenum will make this oxidation much more
difficult).

The monocation [(MeClamp)Mo]+ is generated in solution
by treatment with chemical oxidants such as ferrocenium
hexafluorophosphate. Titration of (MeClamp)Mo with [Cp2Fe]-
PF6 generates a new optical spectrum with clean isosbestic
points and requires 1.0 equiv. of oxidant for complete reaction
(Fig. 3). EPR spectroscopy of solutions of in situ generated
[(MeClamp)Mo]+ at room temperature shows a strong signal
with no discernible hyperfine coupling at g = 2.016, consistent
with a ligand-centered radical. Similar EPR behavior is
observed in oxidized ruthenium and osmium tris(amidophe-
nolate) complexes.22f,h

π Bonding in (MeClamp)Mo

The intraligand bond lengths in (MeClamp)Mo show evidence
of significant amidophenolate-to-metal π donation. Density
functional theory calculations on (Clamp)Mo (with the tert-
butyl and methyl groups replaced by hydrogen) support the
presence of strong π bonding. Calculations converge on a C3-

symmetric minimum-energy structure whose geometry is strik-
ingly similar to experimental observations (with the exception
of a slight overestimate of the metal–nitrogen distances by
theory, Table 2). In particular, DFT captures the intraligand
distances faithfully, giving an MOS value of −1.47(7), in excel-
lent agreement with experiment.

Table 2 Selected bond distances (Å), metrical oxidation states and angles (°) in (MeClamp)Mo (X-ray), (Clamp)Mo (DFT) and (Clamp)Mo+ (DFT)

X-ray (MeClamp)Mo·3C6H6 X-raya (MeClamp)Mo·CH3CN DFTb (Clamp)Mo DFTb (Clamp)Mo+

Mo–O1 2.0077(9) 1.994(16) 2.016 2.032
Mo–N1 2.0726(11) 2.066(17) 2.102 2.111
Mo–N10 2.2940(19) 2.273(15) 2.340 2.344
C11–O1 1.3300(16) 1.334(6) 1.324 1.312
C12–N1 1.3778(17) 1.381(10) 1.379 1.362
C11–C12 1.4120(18) 1.408(8) 1.424 1.438
C12–C13 1.4076(19) 1.397(9) 1.410 1.419
C13–C14 1.3815(19) 1.384(7) 1.391 1.381
C14–C15 1.413(2) 1.405(7) 1.407 1.419
C15–C16 1.388(2) 1.384(6) 1.389 1.383
C16–C11 1.4168(18) 1.404(8) 1.403 1.408
MOS −1.47(5) −1.58(6) −1.47(7) −1.20(6)
O1–Mo–O1A 83.42(4) 83(3) 84.0 85.4
O1–Mo–N1 74.49(4) 74.6(6) 74.5 74.4
O1–Mo–N1A 157.17(4) 157(2) 157.8 158.8
O1–Mo–N1B 88.32(4) 88(2) 87.9 86.5
O1–Mo–N10 129.80(3) 130(3) 129.4 128.5
N1–Mo–N1A 109.95(3) 110(5) 109.8 110.1
N1–Mo–N10 71.01(3) 71.2(7) 70.9 71.1
C21–N10–Mo 106.00(9) 106.5(12) 105.4 105.4
C21–N10–C21A 112.71(8) 112.3(14) 113.2 113.3
C12–N1–Mo 118.26(9) 118(2) 117.5 117.8
C22–N1–Mo 116.69(9) 117.0(8) 116.0 115.6
C12–N1–C22 124.61(11) 124.8(13) 125.9 126.3
C11–O1–Mo 119.86(8) 119.8(13) 119.7 119.5

a Values represent averages over chemically equivalent examples in the two crystallographically unique molecules of (MeClamp)Mo; esd’s include
the variation among the observations as well as the statistical uncertainty of the fit. b Structure optimization (B3LYP; SDD basis for Mo, 6-31G*
for all others) performed on compound with all tBu and CH3 groups replaced with H.

Fig. 2 Cyclic voltammogram of (MeClamp)Mo in CH2Cl2 (0.1 M
Bu4NPF6, 120 mV s−1).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 677–685 | 681

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ot
re

 D
am

e 
on

 1
9/

01
/2

01
5 

18
:4

4:
47

. 
View Article Online

http://dx.doi.org/10.1039/c4dt02936d


The three ligand-centered redox-active orbitals split into an
E set and an A combination in C3 symmetry (Fig. 4). Of these,
the E orbitals interact strongly with the Mo dπ orbitals and
form a bonding and an antibonding combination. The A sym-
metry ligand-centered combination has little overlap with the
metal dz2 orbital (its only symmetry match among the d orbi-
tals) and is essentially nonbonding. This analysis is essentially
the same as in other threefold symmetric metal complexes
with three (σ + 2π) ligands; familiar examples include (η5-
C5H5)3ZrX,

40 (RCCR)3W(L),41 and (RN)3WL.42

There is thus a formal π bond order of 2 in (MeClamp)Mo,
delocalized over the three amidophenolate ligands. This is in
good agreement with the structural data. For comparison, in
the oxobis(amidophenolate) complex (tBuClip)MoO(3,5-lut),
one amidophenolate must compete with the oxo ligand for π
bonding to the molybdenum and has a π bond order of zero
(MOS = −2.00(9)), while the other amidophenolate donates
into a strictly nonbonding dπ orbital and has a π bond order of
one (MOS = −1.34(12)). The amidophenolates in (MeClamp)-
Mo, with a π bond order of 2/3, have MOS values (−1.52(9))
two-thirds of the way between these two values.

According to the MO analysis, oxidation of (MeClamp)Mo
should cause loss of an electron from the A-symmetry, π non-
bonding orbital and would give a delocalized but ligand-cen-
tered radical. This is consistent with the relatively facile
oxidation of (MeClamp)Mo (E° = −0.17 V vs. ferrocene/ferroce-
nium) and with the EPR spectrum of the cation. It is also sup-
ported by DFT calculations on the cation, which show only
small changes in bond distances and angles (Table 2); the
MOS becomes more positive overall by 0.81, suggesting that
the degree of π bonding has not changed substantially. The
small changes in geometry and delocalization of charge

suggest a small reorganization energy for the (MeClamp)Mo/
(MeClamp)Mo+ redox couple, predicting rapid degenerate elec-
tron transfer, consistent with the experimental observation
that even traces of the cation strongly broaden the NMR
spectra of the neutral species.

If the π bonding is strong enough, one would predict that
the dication would lose the second electron from the A orbital
to form a delocalized singlet bis(iminosemiquinone) species.
The second oxidation (at +0.55 V) is at a low enough potential
to suggest that this is plausible; in (tBuClip)MoO(py), the
π-nonbonding amidophenolate is oxidized at +0.06 V, but the
π-bonded amidophenolate is not oxidized below +1.1 V.8

Unfortunately, we have been unable to generate stable solu-
tions of (MeClamp)Mo2+, so no experimental data are available
to address its bonding.

The π bonding of the neutral (MeClamp)Mo can be
addressed through an analysis of its optical spectrum. In their
seminal study of the optical spectra of iron(III)43 and vanadium(IV)44

tris(catecholates), Solomon and Raymond noted that the
difference in energy in the two lowest-energy charge-transfer
bands, the a2 (Cat πnb) → e (dπ*) and e (Cat πb) → e (dπ*), cor-

Fig. 3 UV-Vis-NIR titration of (MeClamp)Mo (5 × 10−5 M, CH2Cl2) with
[Cp2Fe]PF6. Scans are shown every 0.2 equiv. Cp2Fe

+ from 0 to 1.0
equiv. Inset: Absorbance at 520 nm as a function of added [Cp2Fe]PF6.

Fig. 4 MO diagram of C3-symmetric (MeClamp)Mo, with methyl and
tert-butyl groups replaced by hydrogen. Energies are calculated for the
corresponding Kohn–Sham orbitals (B3LYP, 6-31G*/SDD for Mo). Fre-
quencies are from the experimentally measured optical transitions. Only
one orbital from each E set is pictured.
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responded to the difference in energy of the catecholate orbi-
tals caused by metal–ligand π bonding (a value they called γ).
The bonding picture in (MeClamp)Mo is similar to that of a
metal tris(catecholate), with the exception that dz2, which is
strictly nonbonding in the octahedral D3-symmetric tris(cate-
cholate), is substantially raised in energy in (Clamp)Mo due to
its strong σ* interaction with the central triarylamine. The two
lowest-energy transitions observed in the optical spectrum of
(MeClamp)Mo are at 10 200 and 17 800 cm−1, and TDDFT cal-
culations support their assignment as being due to the a (πnb)
→ e (π*) and e (πb) → e (π*) transitions, respectively, with calcu-
lated transitions at 11 400 and 18 100 cm−1, respectively. Thus,
for (MeClamp)Mo, γ = 7600 cm−1 (0.94 eV), which is in excel-
lent agreement with the difference in the calculated energies
of the respective Kohn–Sham orbitals (0.89 eV). Unsurpris-
ingly, the π bonding in this Mo(VI) tris(amidophenoxide) is
substantially stronger than that seen in Fe(III) (γ = 3600 cm−1)43

or V(IV) (γ = 3900 cm−1)44 tris(catecholate) complexes. The
difference likely originates from greater basicity of amidophe-
nolates relative to catecholates, the higher oxidation state of
molybdenum, and the fact that Mo is a second-row transition
metal.

Equating γ to the stabilization afforded to the ligand by π
bonding to the metal neglects any effects caused by different
electron-electron repulsion terms in the excited states. In
[Fe(Cat)3]

3−, this neglect was justified by the fact that the
donor orbitals were ligand-localized and the acceptor orbital
metal-localized.43 That assumption should still be roughly true
in (MeClamp)Mo, though the increased covalency and orbital
mixing in this compound does make this approximation less
exact. With this caveat in mind, one can translate the one-elec-
tron energy γ = 7600 cm−1 to an estimate that each of the (two-
electron) π bonds formed by the amidophenolates contributes
roughly 40 kcal mol−1 to the overall stability of the molecule.
Such quantitative experimental estimates of the π component
of bonding are extremely rare, especially for strongly π
bonding ligands; they are only possible in this case due to the
presence of analogous ligand nonbonding orbitals to serve as
a sort of internal standard. Computationally, dissecting inter-
actions into σ and π components is more tractable, and has
been carried out by methods such as energy decomposition
analysis, which allows one to partition bonding stabilization
into σ and π components (when these are of different irreduci-
ble representations).45 Such an analysis, when applied to
MoOCl4, furnishes an estimate of 36 kcal mol−1 of stabilization
energy for each Mo–O π bond.46 Since this value is derived
from combination of singlet MoCl4 with an O atom in the
(pσ)0(pπ)4 configuration, it represents a donor–acceptor inter-
action that should be analogous to the experimental estimate
obtained here for amidophenoxides,47 though quantitative
comparison of values obtained by such different methods is
problematic. Nevertheless, based on the data obtained here,
the amidophenoxide ligand is clearly a strong π donor. This is
undoubtedly an important factor in the amidophenolate’s
unusual ability to replace all the oxo groups in molybdenum(VI)
compounds.8,11,12

Conclusions

A C3-symmetric tris(aminophenol) ligand with the amino
groups bonded to the ortho positions of a triarylamine,
MeClampH6, is prepared in three steps from tri-p-tolylamine.
It is metalated by MoO2(acac)2 to form oxo-free (MeClamp)Mo,
in which the ligand is heptadentate, binding through all three
amidophenolates and through the neutral amine nitrogen.
Structural data and DFT calculations indicate that the com-
pound is well described as molybdenum(VI) bound to fully
reduced amidophenolates, with strong π donation to molyb-
denum from the E combination of amidophenolate orbitals.
Analysis of the optical spectrum, using the essentially non-
bonding A combination of amidophenolate orbitals as a
benchmark, allows one to estimate the energetic stabilization
of the ligand donor orbitals due to π bonding as about 0.9 eV,
corresponding to roughly 40 kcal mol−1 for each π bond.
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Understanding Metal-Semiconductor Interactions in Core-
Shell=Shell Au-SiO2-Cds Particle 

 
 
During the 2014-2015 school year, an understanding of the role and the 

effect of methanol in the electrolyte of quantum dot solar cells (QDSCs) was 
explored. Previous researchers have claimed that use of a traditional polysulfide 
electrolyte spiked with methanol promotes higher efficiencies. Once an electron is 
excited in a QDSC, methanol or other compounds can regenerate the charge lost in 
the quantum dot by donating an electron to the valence band of the semiconductor 
particle. This process requires a continuous flow of charges to maintain the 
photovoltaic output and stability of the QDSC. However the issue with methanol is 
that upon donation of an electron it irreversibly decomposes and in the process can 
contribute additional electrons as a result of chemical reactions and not light 
absorption, therefore artificially enhancing the QDSC in an unsustainable way. As 
described, this leads to the gradual consumption of methanol molecules, which is 
why the compound is called a sacrificial donor. The experiments performed 
throughout the last year sought to reveal the true role of methanol in the QDSC 
operation. 
 

Our initial studies involved probing the electron transfer reaction between 
methanol and CdSe quantum dots. The rate of these reactions was compared to the 
standard regenerative processes that occur when using prototypical polysulfide 
electrolyte (S2-/Sn2-).  Using steady state and time resolved photoluminescence 
spectroscopy, we were able to quantify the rate and degree of electron transfer in 
these different electrolyte solutions. The competition kinetics in regenerating 
quantum dot charges shed light on methanol’s activity in the electrolyte solution. 
Following this work, QDSCs were made with and without methanol in the 
electrolyte to study the effects on efficiency and longevity of the cell. The results 
indicate minor, if any, benefits from using methanol in the electrolyte. Additionally, 
long-term tests on the QDSCs showed that with larger amounts of methanol in the 
electrolyte, the current decreased more rapidly than with an aqueous polysulfide 
electrolyte. 
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Advisor: Aimee Buccellato, School of Architecture, University of Notre Dame  
 

Because about 40% of America’s energy is consumed in building operations, great care must be 
taken by architects and engineers to design in an informed and responsible manner. The vast 
majority of design is now undertaken with the aid of computers and so it is imperative that 
architects and engineers be armed with competent software tools for analyzing the potential 
environmental impact of proposed buildings. Unfortunately, the reality of the situation is that 
tools of this nature available today are quite rudimentary. A quality energy analysis tool should 
include several key features, and all currently available tools are missing at least one of the 
following critical attributes; the tool should be reliably accurate and precise, should react 
dynamically and be usable during the design process, should make a holistic assessment of 
impact, and last but not least, it should be user-friendly. Here at the Green Scale Project our own 
new tool is in its testing phases, but in parallel with tool development time has been devoted to 
the analysis of case studies using several of the most popular environmental impact tools 
available. This comparative study is revealing the strengths and weaknesses of these 
commonplace tools and shows examples of the numerical variance between each of their 
respective outputs under a controlled experimental situation. Both the discrepancies discovered 
between these existing applications and the inherent weaknesses identified in this study support 
the need for a new tool. The particular attributes being written into the code of the Green Scale 
Tool respond to the shortcomings found in existing applications and should give designers a 
chance to practice in a more conscientious manner with far more confidence and far less effort. 
Providing this capability to architects everywhere has the potential to fundamentally shift the 
industry towards adopting more sustainable practices as habit, thereby paring down what is now 
an enormous sector of the planet’s energy consumption. In this way, humanity can become better, 
more caring stewards of what is now its only home. 



 
Anna Sliwinski, Department of Chemistry (Slatt Scholar) 

Dr. Haifeng Gao, Department of Chemistry (Faculty Advisor) 
 

Quantification of Side Reactions in SCVcP of A-BIEM and MMA Hyperbranched Polymer 
 
Hyperbranched polymers have many useful properties, including low viscosity and high solubility, 
that translate well to development in the coatings industry, drug delivery, and nanotechnology.1,2 
Traditionally, hyperbranched polymers can be synthesized with a facile one-pot self-condensing 
vinyl co-polymerization (SCVcP), a sharp contrast to the multi-step synthesis of dendrimers, the 
structural analogs of hyperbranched polymers. However, the hyperbranched polymers synthesized 
in the one-pot reaction suffer from poorly defined structure, high polydispersities, and are difficult 
to characterize due to inevitable side reactions. Therefore, quantifying these side reactions can 
make polymer characterization easier and improve the utility of hyperbranched polymerization. In 
this project, 2-(1-(2-((2-bromo-2-methylpropanoyl)oxy) ethoxy)ethoxy)ethyl methacrylate (A-
BIEM) inimer and methyl methacrylate (MMA) were copolymerized to synthesize a degradable 
hyperbranched polymer.  The reaction kinetics were monitored with samples being taken at 
intervals of about 25%, 50%, 75%, 99% conversion.  The samples were then degraded and the 
fragments were analyzed by size exclusion chromatography to identify and quantify the side 
reactions, more specifically radical-radical coupling, occurring in the reaction with increased 
conversion.   
 
[1]Segawa, Y.; Higashihara, T.; Ueda, M. Polym. Chem. 2013, 4, 1746-1759. 
[2] Gao, C.; Yan, D. Hyperbranched Polymers: from synthesis to applications.  Prog. Polym. Sci. 
2004, 29, 183-275. 
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Developing a Practical Characterization Tool to Investigate the Structure of Hyperbranched Polymers 
Anna Sliwinski, Xiaofeng Wang, Robert Graff, and Haifeng Gao 

Department of Chemistry & Biochemistry, University of Notre Dame, Notre Dame, IN 46556 
 
INTRODUCTION: 
 

Hyperbranched polymers (HBP) have many useful properties that include low viscosity and high solubility, and 
could find promising applications in the fields of drug delivery, coatings and additive development, as well as the 
development of lubricants, additives.  Traditionally, hyperbranched polymers are synthesized with a facile one-pot self-
condensing vinyl co-polymerization (SCVcP), a sharp contrast to the multi-step synthesis of dendrimers, which are structural 
analogs of hyperbranched polymers (figure 1).  However, hyperbranched polymers synthesized in the one-pot reaction suffer 
from poorly defined structure, high polydispersities, and are difficult to characterize due to various side reactions.  
Quantifying these side reactions can make polymer characterization easier and improve the utility of hyperbranched 
polymerization. This project was focused on designing a method to characterize the HBP and identify radical termination 
reactions occurring in the SCVcP of 2-(1-(2-((2-bromo-2-methylpropanoyl)oxy)ethoxy)ethoxy)ethyl methacrylate (A-BIEM) 
inimer and methyl methacrylate (MMA) monomer to synthesize a degradable hyperbranched polymer. The reaction kinetics 
were monitored at intervals of about 25%, 50%, 75%, 99% conversion.  They were then degraded and the fragments were 
analyzed by size exclusion chromatography (SEC) to help gain a better understanding of how the molecular weight 
distribution changed before and after degradation. The goal was then to confirm the presence of coupling peaks by 
developing a standard for comparison.   
  
METHOD DEVELOPMENT: 
 

1. Choosing a degradable inimer to allow for analysis after polymerization 
 

 
 

2. Identifying expected termination reactions 

 
 

3. Synthesizing HBP, Analyzing in SEC and Identifying Peaks 
 

 
 

Figure 3. Two Pronged Approach to Analyzing and Identifying Single 
Chain and Coupling Peaks in SEC. While synthesizing various polymer 
samples (green) a single chain standard was also synthesized (red) to compare 
for proper peak selection.  This standard had the same chain length as the 
expected single chain lengths of a given inimer/monomer ratio.   

Figure 1. Reaction Scheme for HBP synthesis and degradation.  HBP 
are difficult to characterize after polymerization due to their exceptionally 
large masses.  Including a degradable polymer in the reaction design 
allowed us to selectively cleave the resulting polymer into smaller 
polymers that could be analyzed by SEC.  The expected results from a 
reaction with no termination are shown at the far right. 

Figure 2. Resultant Products due to one of two types of termination: 
coupling or disproportionation. Termination is the reaction of two active 
radicals in the solution.  This essentially stops the reaction, so the more 
termination that occurs the slower and less productive the reaction becomes.  
Understanding the expected termination reactions reveals a property of these 
polymer products that differs from the non-termination product: they are 
likely to be twice the molecular weight on average, as they are two single 
polymers combined.   Therefore, we can identify these products in SEC 
separately from the non-termination single chain product. 
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RESULTS: 

 
Figure 4. SEC Results. (A-D 1:7 ABIEM:MMA) & (E 1:7 ; F 1:9). A) HBP molar mass evolution with increasing 
conversion. B1) Degraded product (molar mass). B2) Degaded product (elution volume). C1) Deconv. of 48% conv. sample. 
C2) Deconv. of 92% conv. sample. D) % Coupling as function of conversion. Syntheses of 1:3; 1:5; 1:9 had similar results 
of increased coupling with increased conversion. E) The 48%1:14 HEBIB:MMA standard (red) matches expected single 
chain peak in well-defined peak separation of 1:7 ABIEM:MMA at 18% conv. F) The 28%1:14 HEBIB:MMA standard (red) 
matches expected single chain peak in poorly-defined peak separation of 1:9 ABIEM:MMA at 46% conv. 
 
DISCUSION AND CONCLUSIONS: 
 
This project resulted in the development of a practical experimental design to characterize the structure of HBP. The current 
method shows the utility the degradable inimer initiator as well as the benefit of synthesizing a linear standard for 
comparison. However, it is necessary to fine-tune the standard synthesis so that it can better reflect and represent nuances in 
the possible degraded products (figure 5).  A lot of work was done improving the purification procedure after degradation to 
remove the water without disrupting the polymer composition.  Two different methods (extraction and simple evaporation) 
were used. Both were successful (Figure 4 E is a result of extraction Figure 4 F is a results of evaporation method).  The 
evaporation method has shown wider, less distinct peak separation.  There are many factors that could bring about this result.  
For one the evaporation method could be more effective at avoiding fractionation (selective purification of larger polymers) 
and therefore retains polymer fractions that are removed by the extraction purification. Additionally, this could be the result 
of incomplete degradation.  Degradation is checked by observing the disappearance of the acetal hydrogen (4.9 ppm) in 
NMR.  When I took over the project in my second semester, at some points degradation was confirmed by judging the 
opacity of the solutions as well as the amount of time that the solutions had been degrading due to schedule constraints (if the 
solution changes from cloudy to clear then the particles in solution have become smaller, ie been degraded). In the future, the 
NMR should be done for all samples routinely (even within the same batch being degraded every sample should be treated 
individually). A third addition to the experimental design would be to do a chain extension, where the resultant, degraded 
polymers are reacted once more with MMA (1:50 respectively).  This reaction would result in live chains growing by an 
average of 50 MMA units while dead chains will be inactive.  By running SEC analysis after the reaction it will be possible 
to quantify the ratio of dead to living chains after a particular conversion of the initial HBP polymerization.   
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[3]  Higashihara, T.; Segawa, Y; Sinananwanich, W.; Ueda, M. Polym. J. 2012, 44, 14-29. 
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Figure 5. Improvement of standard design. Structures A and B are 
possible products for the non-termination pathway.  B has an extra 
possible addition (blue). Preparing the standard linear chain with 1:X:1 
HEBIB:MMA:Monomer C accounts for this extra addition of molecular 
weight that could be affecting how well the standard represents the 
degraded linear A-BIEM based polymer. 
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Fossil fuels are widely used in the energy sector especially for transportation and the generation 
of electricity. However, reliance on fossil fuels leads to several consequences including CO2 
emission, which would cause environmental damages. To solve this problem, scientists and 
engineers have been trying to find renewable energy sources. One of the renewable energy 
sources is biofuels derived from biomass.  First generation biofuel is derived from corn.  A good 
example is ethanol. An alternative feedstock is lignocellulosic biomass, which is composed of 
cellulose, hemicellulose and lignin.  Zeolites can be used as catalysts to convert these diverse 
feedstocks into fuels and chemicals by increasing the yield and selectivity to aromatic products. 
They can easily be integrated into existing petroleum refineries and are versatile for different 
types of lignocellulosic biomass feedstocks.1 My research focuses on the performance of cerium 
incorporated ZSM-12 and ZSM-5. Both zeolites have different frameworks, pore structures and 
pore sizes. The main chemical property that enables zeolites to improve the selectivity of the 
aromatic products upgrade is their catalytic acid sites. Using catalytic fast pyrolysis, biomass 
feedstocks can be effectively converted into desired aromatic products under rapid heating to 
temperature between 400 to 700 oC in the absence of oxygen.  The products are subsequently 
analyzed using gas chromatography and mass spectroscopy. The results show that the four 
different catalysts (ZSM-5, Ce-ZSM-5, ZSM-12, Ce-ZSM-12) all have a different yield and 
selectivity with respect to the biomass feedstock.  
 
What inspired you to participate in undergraduate research? 
The study of catalysis has always been my interest since I completed my high school Chemistry 
thesis on Monophenolase on the browning process of apples. Coincidentally, Professor Hicks’ 
group also focuses on catalysis and its application on renewable energy like biofuel. 
 
How did you get your research position, and what preparation did you undertake 
for it? 
I contacted Professor Hicks through email and he agreed to meet up with me to discuss about his 
research group and the potential project I would be undertaking. He also recommended me to 
apply for the 2014 Slatt Fellowship for funding for my research and stipend during the summer 
Where was your research experience located? 
“University of Notre Dame” 
 
What did you get out of your research experience? 
I was exposed to different analytical chemistry techniques and specialized organic chemistry 
theories that are pertinent to biofuels. Those are the knowledge that is not covered in classes. I 
also got to know the graduate students in the group better and Professor Hicks through weekly 
group lunch. The most rewarding part is that it allows me to see whether graduate school would 
be a fit for me in the future.  

(1) Hicks, Jason C. "Advances in C–O Bond Transformations in Lignin-Derived Compounds for 

Biofuels Production." The Journal of Physical Chemistry Letters(2011): 2280-282. Web. 
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Project: 

Slow evaporation and Ionothermal reactions  

Objective: 

To gain a better insight into the relationships between topologies of the structural units and the 

interstitial complexes in uranyl compounds at relatively low temperature via slow evaporation in 

aqueous media, or in the absence of excess water by ionothermal reactions. 

Nature: 

We carried out experiments investigating the ionothermal effects on the synthesis of uranyl 

coordination compounds.  We prepared approximately 60reactions. Constituents were typically reacted 

in integral molar ratios with the uranyl salts. Some of the reactions were reacted with ionic liquid BMIM 

Dy(NCS)6, a few of them used AcyIL instead and a lot of the later reactions did not use ionic liquids.  

 

In some of the reactions a precipitate was formed upon the addition of a reactant to a reaction vial. In 

such situations a solvent was added to dissolve the precipitate if possible for example hydrochloric acid 

was used as a solvent. In some cases water and MeCN were added to our reactions to aid dissolution in 

case of AS2O5 it was left in water for a few hours until it dissolved. Some of the reactions were thermal 

reactions so they were put in bombs and placed in an oven either at 120 degrees for five days or 140 

degrees for seven days. This was simply because some of their reactions require high temperatures to 

occur. The rest of the samples were left to react under ambient conditions. 

 

Results: 

We later analyzed all of our results and some of the reactions yielded crystalline products. We could 

easily tell just by looking that no crystal had been formed from all the reactions that did not produce any 

precipitate. We then carried out vacuum filtration on the remaining samples. We then analyzed what we 

had recovered from the filtration on a microscope. 

 

Under the microscope we were able to select a single crystal from each sample. We used these single 

crystals to determine the structural composition of the crystals yielded by our reactions by carrying out 



an x-ray diffraction experiment. The crystals were mounted on a cryoloop and the experiment was left 

overnight while data regarding the crystal was being collected. We then used the Apex 2 software from 

the desktop to refine the unit-cell parameters and collect all the information which was later used to 

derive the formula for the crystal.  

 

Crystals formed: 

During our research we had the opportunity to observe many crystals that had been formed from our 

reactions. Below are some of the crystallographic data and refinement parameters for some of the 

crystals yielded by our reaction. 
 
 

Formula PAS 253 PAS 215 PAS 220 

Bond precision 
Wavelength 
a (A) 
b (A) 
c (A) 
alpha 
Beta 
Gamma 
Temperature 
Volume 
Space group 
Hall group 
Moiety formula 
Sum formula 
Mr 
Dx,g cm-3 
Z 
Mu (mm-1) 
F000 
F000’ 
h,k,lmax 
Nref 

 

C-C = 0.0060 A 
0.71073 
8.1660(15) 
8.1660(15) 
10.752(2) 
90 
90 
90 
296K 
717.0(3)  
P 41 21 2  
P 4abw 2nw   
C4 O7 U  
C4 O7 U  
398.07  
3.688  
4  
22.635  
688.0  
650.65 
10,10,14  
837[ 532]  
 

 

C-C = 0.0143 A 
0.71073 
7.4042(11) 
13.468(2) 
29.066(4) 
94.1880(19) 
92.580(2) 
96.490(2) 
140K 
2868.0(7) 
P -1  
-P 1 :C5 N5 O2 S5 U, 2(C15 H9 
N3), C15 H7 N3, H N O2, C,2(Na) 
 C51 H26 N15 Na2 O4 S5 U 
1357.18  
1.572  
 2  
3.084  
1326.0  
1308.47 
9,17,37  
13332 

C-C = 0.0135 A 
0.71073 
8.5103(7) 
12.1693(11) 
13.4350(12) 
99.977(1) 
104.554(1) 
100.504(1) 
183K 
1288.6(2) 
P-1 
P-1 
C24 Cl2 N8 O12 U2, 2(C2 F6N O4 S2) 
C28 Cl2 F12 N10 O20 S4 U2 
1699.58 
2.190 
1 
6.664 
788.0 
770.13 
11,15,17 
6039 

 



     A)                                                   B)                                      

                                                                                                                                                                                        

A)                    B)

A are some of the images which are showing PAS 253 while B is representing images showing PAS 220. 

The two crystals are not the same as represented by the images. The top B image shows that there was 

another element present in the uranium crystal other than the crystal itself. The bottom images show 

that there were more uranium atoms in A than in B. 

Conclusion 

I had an opportunity to learn a lot about uranium crystals. I learned about how crystals form, the 

filtration process and how to determine the structure of the crystals using the x-ray diffractometer. 
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