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SUMMARY

The design of chromophores targets materials with optoelectronic properties
necessary for advanced applications. Organic materials possess properties which emerge
from the collective impact of the constituent backbone and substituents as well as their
connectivity (i.e. molecular architecture), necessitating the exploration of novel
conjugated architectures. This thesis chronicles our examination of 1,4-distyryl-2,5-
bis(arylethynyl)benzenes (cruciforms, XFs). Electronic substitution of this ‘X-shaped’
cross-conjugated scaffold tunes both the energy levels and the spatial distribution of the
frontier molecular orbitals (FMOs) in XFs. The resulting fluorophores exhibit FMO
separation, imbuing XFs with desirable properties for sensory applications. Using model
analytes, we examine how the underlying FMO arrangement and the nature of analyte
interaction elicit observable responses. These studies provide a foundation for future
access of functional responsive ratiometric cores. This case study demonstrates the

importance and unique potential of FMO-separated fluorophores.
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CHAPTER 1

Cruciforms in Context

1.1 Introduction

Conjugated organic materials have attracted interest as fluorescent sensors and
components in organic electronic devices. Chromophore design targets materials with
the electronic and optical properties necessary for these advanced applications. The
properties of organic materials emerge from the collective impact of the constituent
backbone and substituents as well as their connectivity (i.e. molecular architecture).
Thus, the development of advanced materials necessitates the exploration of novel
conjugated architectures.

Motivated by a desire to develop novel functional materials, the Bunz group has
actively engaged in the exploration of new molecular architectures. Many of these efforts
have probed the suitability of organic materials to exhibit sensory responses. There is
tremendous interest in the development of fluorescent sensors for a variety of a variety of
targets, including metal ions,* chemical warfare agents,® explosives,® biomolecules,* and
bacteria.> For dyes to serve as sensors and exhibit ratiometric responses, the interaction
of an analyte must elicit a change in fluorophore’s the HOMO-LUMO gap. This
necessitates that one frontier molecular orbitals (FMO) must be disproportionally affected
by analyte interaction. In the majority of organic fluorophores, HOMO and LUMO are
‘congruent’, i.e. the orbital coefficients are similar in the respective FMOs. One would

not expect large shifts in color or emission wavelength upon binding to an analyte; the



position of HOMO and LUMO should be more or less equally affected, resulting in only
small changes in the HOMO-LUMO gap.

A seductive strategy to develop fluorescent cores with more impressive
responsivity is to design molecular architectures possessing spatially separated FMOs. In
these systems, electronic information becomes spatially encoded; recognition elements
can be incorporated into the fluorophore such that analyte binding independently
influences the FMOs. Therefore, binding largely stabilizes either the HOMO or LUMO,
inducing a significant change in emission and absorption spectra. As a result, the design
of fluorophores possessing spatially separated FMOs has important implications for the

design of advanced sensory cores.

1.2 Serendipity at Work: The PPE Problem

In spite of the obvious potential of FMO-separated fluorophores in sensory
applications, relatively few organic materials have been described possessing these
orbital arrangements. As is often the case in the development of functional materials, a
serendipitous discovery led to our investigation of FMO-separated fluorophores. The
Bunz group has long maintained an active research interest in poly(para-
phenyleneethynylene)s (PPEs, 1.1, Figure 1.1), a class of conjugated polymers related to
PPVs (1.2).° Though PPEs possess many desirable properties, they do not share the
balanced performance of PPVs in organic device applications; hole injection is a
particular problem. Attempts to remedy this shortcoming by introducing vinyl groups
into the main chain did not significantly improve performance; 1.3 resembles 1.1 much

more than 1.2 with respect to its optical and solid state semiconducting properties.” In a



second attempt to induce PPV-character in PPEs, we synthesized a series of cross-
conjugated polymers of the type 1.4a-c, incorporating styryl groups in the sidechain.? In
these systems, the solution and solid state band gap shrinks from 1.4a—1.4c. Hole
injection is considerably facilitated, particularly in 1.4c which was explored in a
photodiode-type application; 1.4c is more electron rich than PPV.%° Cyclic voltammetry
revealed that increasing donor strength in the distyrylbenzene arms (from 1.4a to 1.4c)
exclusively affects the HOMO position. Only later would we come to fully appreciate
the significance of this discovery: these cross-conjugated architectures permit the spatial

separation of FMOs.

Figure 1.1. Structure of several classes of conjugated polymers, including PPEs (1.1),
PPVs (1.2), and hybrid polymers 1.3 and 1.4a-c.
1.3 From Polymers to Small Molecules
To better understand PPE-PPV hybrid polymers 1.4a-1.4c, we prepared a series of
‘x-shaped’ 1,4-distyryl-2,5-bisarylethynylbenzenes (cruciforms, XFs). Though initially
intended as model compounds, we quickly discovered these XFs are fascinating and

useful in their own right.



HOMO LUMoO

Figure 1.2. Generalized structure of an XF (top). The bottom depicts the FMO
distribution of a donor-acceptor substituted XF, illustrating the FMO
separation induced upon donor-acceptor substitution of the XF scaffold.

There has long been an interest in chromophores possessing linear 1-dimensional
n-systems, ranging from small molecules (i.e. distyrylbenzenes or oligophenylene
ethynylenes) to conjugated polymers. However, the exploration of new conjugated

architectures has recently yielded a variety of 2-dimensional, ‘X-shaped’, conjugated

1

materials, including spiro compounds,’® paracyclophanes,** swivel-type cruciforms,*

bisoxazole-derived cruciforms,*® tetraethynylethenes,™ tetrasubstituted tolanes,* etc.**’

A subset of these compounds are constructed from two ‘perpendicular’ m-conjugated

linear arms connected though a central aromatic core; examples include

18,19 20,21

tetrakis(arylethynyl)benzenes, tetrakis(styryl)benzenes, and tetrasubstituted

thiophenes.?



Our 1,4-distyryl-2,5-bis(arylethynyl)benzenes are another fascinating example of
such a 2-dimensional cross-conjugated architecture increasingly investigated for their
attractive electro-optical properties (Figure 1.2). XFs are composed of two linear 7-
conjugated segments — a perpendicular distyryl branch and an arylethynyl branch —
connected via a central benzene core. Analysis of the electronic structure of XFs has
revealed that donor and acceptor substitution results in compounds possessing FMOs
spatially disjoint from one another; in these cases the HOMO and LUMO localize on the
‘orthogonal’ arms of XFs. This induced separation of the FMOs in XFs has significant
consequences for their photophysics and has led to their use as building blocks in
supramolecular assemblies,?® components in molecular electronics,* and most notably as
responsive cores in the sensory schemes.”

It is worth noting that spectroscopy clearly indicates the contribution of other
transitions contributing to the photophysical behavior of XFs — particularly in the case of
donor-acceptor substituted XFs. For the purposes of simplicity and clarity, this thesis
will discuss spectroscopic transitions exclusively as transitions from HOMO to LUMO.
The thesis of Nisan Siegel (Perry Group, School of Chemistry and Biochemistry, Georgia
Institute of Technology) as well as a manuscript in preparation will more rigorously
examine the photophysics of these molecules. However, for the purposes of
understanding the responsive behavior of these cores, the simplified model of HOMO-

LUMO transitions will be used.



1.4 Scope of Dissertation
This dissertation comprises a preliminary examination of XFs, including their
synthesis, investigation of their photophysical properties, and evaluation of their sensory
responses. Several distinct projects will form the body of my thesis:
e Synthesis and photophysical properties of XFs
e Cruciforms as functional fluorophores: response to protons and selected
metal ions
e Synthesis and characterization of phenothiazine-substituted cruciforms
e Water-soluble cruciforms
e Self-assembled supramolecular cruciforms
e Cruciform-silica hybrid materials
These research efforts have probed the responsivity of XFs, highlighting the utility

of FMO-separated materials as ratiometric cores in sensory applications.
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CHAPTER 2

Synthesis and Photophysical Properties of Cruciforms

2.1. Introduction

Organic materials possess properties which emerge from the collective impact of
the constituent backbone and substituents as well as their connectivity (i.e. molecular
architecture), necessitating the exploration of novel conjugated architectures. The
construction of novel molecular geometries provide the opportunity to develop advanced
functional materials with new and unique properties. Though initially envisioned
exclusively as model compounds, 1,4-bisarylethynyl-2,5-distyrylbenzenes are in fact a
class of remarkable and versatile fluorophores.

To examine the properties and potential of these XFs, we elected to prepare a
series of XFs with varied donor and acceptor substitution of the aromatic periphery.
Herein, we detail the synthesis and study of a small library of XFs containing Lewis basic
functionalities (Figure 2.1). We elected to prepare this series of these fluorophores to
probe the photophysical properties of XFs possessing variable electronic substitution. In
addition, these Lewis basic XFs are quintessential examples of functional chromophores,
as they contain embedded recognition elements as integral parts of their n-system.l As
such, these chromophores are innately qualified to serve as active elements in sensors or
sensor arrays and in advanced materials applications. To fully understand and appreciate
the subtleties of these cruciform chromophores and lay the groundwork for future study,

we examined the steady state photophysics of 2.1-2.8a. The observed photophysics can
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be explained by the position and the spatial arrangement of the FMOs in these

fluorophores.

Figure 2.1. Structure of XFs 2.1-2.8.

2.2. Synthetic Methodology
Cruciform fluorophores are n-systems in which two alkene and two alkyne arms
are placed in a 1,4-2,5-relationship on a central benzene ring. All XFs are constructed
from a common tetrahalide precursor, 2,5-bis(bromomethyl)-1,4-diiodobenzene (2.11,

Scheme 2.1). This was furnished in a two step synthetic sequence from para-xylene.
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lodination? of 2.9 provided 2.10 in a 78 % yield; subsequent bromination with N-
bromosuccinimide yielded tetrahalide 2.11.> These radical bromination conditions
afforded an inseparable mixture of 2,5-bis(bromomethyl)-1,4-diiodobenzene (90 %) and
the halogen-exchanged 1-iodo-4-bromo-2,5-bis(bromomethyl)benzene (10 %). This
mixture was successfully used for all subsequent reactions as both materials are reactive

under the coupling conditions employed for XF synthesis.

CHs;
KlOg, I2 NBS
—_— I
12%?44 CHCI3
c =1 (90%)
HsC H3C or Br (10%)
2.9 2.10 2.11
Ar Ar
Et,O3R \ \
ArCH=0 Ar'CCH
P(OEt)3 2.13a-c 2.15a-f _ — .
— > | X — | X > Ar'—— \ / ——Ar
KO'Bu (Ph3P),PdCl,
THE Cul/piperidine
POsEt, N N
Ar Ar
2.12 2.14a-c 2.1-2.8a

Scheme 2.1. Synthesis of XFs 2.1-2.8a.

2.11 was reacted with triethylphosphite in an Arbuzov reaction, forming
phosphonate 2.12 in nearly quantitative yield. A Horner® olefination of bisphosphonate
2.12 with aromatic aldehydes 2.13a-c and potassium tert-butoxide in THF formed the
arylenevinylene branch of the XFs. Diiodides 2.14a-c were obtained as brilliant yellow-
to-orange crystalline powders; *H NMR confirmed the stilbenoid double bonds were

exclusively trans-configured, as expected for Horner olefinations.> Subsequently, a
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Sonogashira-Hagihara coupling® was performed to form the aryleneethynylene arm. 1,4-
diiodo-2,5-distyrylbenzenes 2.14a-c were reacted with alkynes 2.15a-f in piperidine/THF
with a (Ph3P),PdCl,/Cul catalyst system to give XFs 2.1-2.8a in good-to-excellent yields.
It is noteworthy that as both Horner and Sonogashira reactions are robust, this synthetic
sequence allows the construction of virtually any conceivable XF, as long as the

necessary aldehydes and alkynes are accessible.

2.3. Photophysical Properties of 2.1-2.8a
Cruciforms 2.1-2.8a were obtained as yellow-to-red crystalline powders; when
dissolved, all XFs are vibrantly fluorescent in organic solvents. Figure 2.2 displays the
distinct emission colors, ranging from blue to orange, of representative XFs in

dichloromethane as obtained by digital photography.

Figure 2.2. Emission of XFs in dichloromethane under blacklight irradiation (Amax 365
nm).
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Table 2.1.

Absorption and Emission Data of XFs 2.1-2.8a in Dichloromethane and

Hexanes.
Dichloromethane Hexanes
Amax Amax Amax Amax Vibronic
XE absorption emission absorption emission progression
(nm) (nm) (nm) (nm) (cm™)
2.1 330 456 324 427 1097
370 365 448
395 sh 390 sh
2.2 330 444 325 422 1225
361 sh 353 445
2.3 336 519 332 469 1242
436 422 498
447 sh
2.4 337 561 334 509 -
352 348
443 418
479 sh 470 sh
25 296 567 296 516 -
331 333
348 345
433 416
472 sh 461 sh
2.6 340 590 321 514 -
361 344
427 355
478 sh 415
460
2.7 295 567 288 496 -
333 330
346 341
437 425
472 sh 460 sh
2.8a 331 419 327 409 1302
374 441 369 432
396 sh 390 sh
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Table 2.2. Quantum yield and fluorescence lifetime of 2.1-2.7 in chloroform. All
fluorescence lifetimes were monoexponential and fitted with a single decay

function.
Quantum Yield Fluorescence Lifetime
XF CHCl3 T (ns) CHCl3
2.1 0.70 4.1
3.9
3.9
2.2 0.67 3.8
2.3 0.31 1.7
2.4 0.15 4.2
4.4
2.5 0.09 4.4
4.2
2.6 0.05 3.9
4.0
2.7 0.11 4.3
4.3

The steady state photophysics of 2.1-2.8a were carefully probed. The absorption
and emission spectra and the radiative lifetimes of 2.1-2.3, 2.5 and 2.7 are discussed here
in detail. The spectra and results for 2.4 and 2.6 are included but are similar to those of
2.5 and do not warrant separate discussion. Figure 2.3 displays the absorption and
emission spectra of 2.1-2.7 in dichloromethane and hexanes. The absorption spectra of
the either donor or acceptor-substituted cruciforms 2.1-2.2 are similar in shape,
possessing one main transition at 300-350 nm and a second one at higher wavelengths
that appears as a shoulder. The donor and the donor-acceptor cruciforms 2.3-2.7
(discussed here are 2.3, 2.5, and 2.7) show a prominent, broad absorption feature around
450 nm and a second one with an additional shoulder at lower wavelengths. The low

energy band is intense in 2.4-2.7 and is due to a charge-transfer interaction of the donor
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and the acceptor groups. The emission spectra of cruciforms 2.1-2.7 in dichloromethane

are broad and featureless with emission maxima ranging from 444-590 nm. The strongly

donor-acceptor substituted cruciforms 2.4-2.7 show red-shifted emission (561-590 nm)

when compared to that of 2.1-2.3 (444-519 nm).

1000 1 2.1 - 1000 - 22 .
500 A /\ F 0.5 500 - F 0.5
0 T — v 0 0 . T 0

250 450 650 250 450 650
Wavelength (nm) Wavelength (nm)
2.3 .

1000 1 r 1 1000 A 24 r 1
500 A \/\ L 0.5 500 L 0.5
0 T T 4] 0 T * 4]
250 450 650 250 450 650

Wavelength (nm) Wavelength (nm)

1000 1 25 r 1 1000 - 26 1
500 A F 0.5 500 A F 0.5
0 T r o] 0 T T 0
250 450 650 250 450 650

Wavelength (nm) Wavelength (nm)
1000 - 2.7 1
500 1 0.5
0 T T 0
250 450 650

Wavelength (nm)

Figure 2.3. Normalized absorption and emission spectra of 2.1-2.7 in hexanes (blue) and

dichloromethane (green).
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The quantum yield (Table 2.2) of 2.1-2.3 in halogenated solvents is in the range
of 0.3-0.7, while the donor- acceptor substituted cruciforms 2.4-2.7 display quantum
yields that are lower and range from 0.05-0.11. The quantum yield is qualitatively
inversely correlated with Aynax €mission in these species — the lower energy the emission,
the lower the quantum yield. The decrease of emission quantum yield upon red shift of
the emission is not unexpected, as nonradiative pathways by vibronic coupling are more
accessible in compounds with a smaller band gap.> However, in 2.1-2.7, there is no clean

numerical correlation between gap and emission quantum yields.

1000 A

0.5 A

|

Absorbance
Intensity (a.u.)

0 . T . T T T T — i 0 +=
300 350 400 450 500 550 375 425 475 525 575 625
A (nm) A (nm)

Figure 2.4. Normalized absorption (left) and emission (right) of XFs 2.8a(dark blue),
2.2(light blue), 2.1(dark green), 2.3(light green), 2.5(yellow), and 2.7(orange)
in hexanes.

The normalized absorption and emission spectra of 2.1-2.3, 2.5, 2.7, and 2.8a in
hexanes are displayed in Figure 2.4. Their emissions appear blue-shifted in hexanes
relative to those recorded in dichloromethane; their Stokes shifts are also smaller than the

corresponding Stokes shifts in dichloromethane. Increasing positive solvatochromism is

observed upon increasing donor-acceptor substitution.
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The cruciforms 2.1-2.3 and 2.8a show a vibronic progression ranging from 1097-
1302 cm™, associated with the C=C-stretching mode of the distyrylbenzene arms. In
these cruciforms, this numerical value is somewhat smaller than in simple aminostilbenes
(130080 cm™), probably due to increased conjugation.® In 2.1-2.3, the intensity of the
main band is larger than the intensity of the vibronic progression while in 2.8a. A classic
interpretation would assert that the 0,0 transition is more prevalent than the 0,1 transition;
concomitantly, in the excited state the distortion around the stilbene double bonds would
be only modest, because distortion correlates with an increased intensity of the vibronic
progression. It is not clear if the classic picture holds for 2.1-2.3 and 2.8a; their Stokes
shifts are quite large and the main band might already be the vibronic 0,1 or 0,2
transition. Cruciforms 2.1-2.3 and 2.8a feature spatially delocalized HOMOs and
LUMOs and the emission spectra in hexanes are similar to those observed for stilbenes
with analogous substituent patterns.

Upon examination of the emission spectra of 2.5 and 2.7 in hexanes, one notices a
bathochromic shift and a loss of the vibronic fine structure. The more red shifted the
emission, the less vibronic fine structure is visible. The increasing donor-acceptor
character in 2.4-2.7 and the concomitantly increased internal charge transfer character of
the excited state renders it more distorted and explains the observed features (or the lack
thereof). We hypothesize that the local separation of the FMOs in 2.4-2.7 is
characterized by a loss of fine structure in their fluorescence spectra taken in nonpolar
solvents — a convenient heuristic instrument to characterize novel cruciforms.

The fluorescence lifetimes of 2.1-2.7 were determined in chloroform. In all cases,

lifetimes were found to be mono-exponential and were fitted with a single decay function
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(Table 2.2). With the exception of 2.3, (t = 1.7 ns) the emissive lifetimes of the
cruciforms are T = 4 ns. These lifetimes are atypical for distyrylbenzene derivatives
which normally show shorter lifetimes of approximately t ~ 1 ns.” The same is true for

bis(phenylethynyl)benzenes, which also feature short radiative lifetimes.?

2.4. FMO Structure of XFs

Varying substitution of the XF framework results in differentiated spectroscopic
properties. To rationalize the optical properties of these XFs, we performed quantum
chemical calculations on simplified analogues of XFs 2.8a and 2.7 (2.8b and 2.7b).
B3LYP 6-31G**//6-31G** calculations provide an understanding of ground state
properties and HOMO-LUMO gaps when examining trends in a series of related
compounds. In the unsubstituted parent XF 2.8b, the HOMO and LUMO are evenly
distributed over the m-system, with larger coefficients on the central benzene ring and
smaller ones on the peripheral phenyl rings (Figure 2.5). This distribution is typical of «-
conjugated hydrocarbons. Donor-acceptor substitution of the XF framework elicits a
large change in the coefficient distribution of the FMOs. In the case of 20b, possessing
donor substituents on the distyryl axis of the XF and acceptor substituents on the
arylethynyl axis of the XF, HOMO and LUMO show a spatially disjoint distribution. The
donor and acceptor substituents localize the FMOs on the respective arylethynyl and
styryl branches.

The ability of substitution to tune the FMO distribution — and as a result the
optical properties — of XFs allows us to divide these chromophores into two subsets.

Class D XFs show a disjoint FMO structure as a consequence of donor-acceptor
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substitution of the framework. On the other hand, cruciforms that are not significantly
donor/acceptor substituted possess spatially superimposable FMOs; we propose to call
these Class C XFs in reference to their spatially congruent FMO arrangement. The
distinction between Class C and Class D XFs is rigidly defined; however, the gradual
transition between the two coincides with the appearance of a charge transfer band in the
absorption spectra and a loss of vibronic features in the emission spectra. The stark

spectroscopic differences in Class C and Class D XFs is highlighted in Figure 2.6.

Figure 2.5. Top: Frontier molecular orbitals of 2.8b (Spartan, B3LYP 6-31G**//6-
31G**); left: HOMO (-5.17 eV), right: LUMO (-2.00 eV). Bottom: Frontier
orbitals of 2.7b (Spartan, B3LYP 6-31G**//6-31G**); left: HOMO (-4.63
eV) and right: LUMO (-2.07 eV) are now localized on the different
branches of the molecule.

Generally, a disjoint FMO structure permits the independent tuning of the
oxidation and reduction potential (or HOMO and LUMO) of such fluorophores. If one

examines pars pro toto the disjoint FMOs of 2.7, one notes that there is orbital overlap in
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the central benzene ring, but the overall overlap integral is not large; the HOMO-LUMO
transition is symmetry-allowed and not degenerate in the one electron approximation.
The disjoint FMOs explain the unusually long emissive lifetime as a consequence of a
weakly Franck-Condon allowed transition. The large Stokes shifts in the disjoint
cruciforms likewise support the assumption of a poor overlap of the ground with the

excited state, and corroborate the results obtained from the lifetime measurements.
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Figure 2.6. Normalized absorption and emission spectra of Class C XF 2.8a (left) and
Class D XF 2.7 (right) in hexanes (blue trace) and dichloromethane (green
trace).

2.5. Conclusions

Moving beyond one-dimensional molecular wire-type fluorophores to two-
dimensional ‘X-shaped’ materials provides access to conjugated architectures with
unexpected and exciting properties.” XFs represent a prime example of such novel
conjugated architectures; 1,4-bisarylethynyl-2,5-distyrylbenzenes are in a class of
remarkable and versatile fluorophores.

The herein investigated cruciforms 2.1-2.8a are substituted 1,4-distyrylbenzenes;
however, their photophysical behavior is distinct as a result of their 2-dimensional
molecular architecture. Varied substitution of the XF periphery dramatically influences

the FMO distribution in these cores, inducing spatial separation of HOMO and LUMO on
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the XF scaffold. As a result, cruciforms can be categorized as possessing either a
congruent (Class C) or disjoint (Class D) FMO arrangement. These classes exhibit
dramatically different photophysical behavior.

Organic chromophores exhibiting FMO separation are quite rare; however, they
are of increasing interest owing to their unique photophysical behavior and potential in
sensory applications. Examples of other FMO-separated materials include 1,2,4,5-
tetraarylethynylbenzenes,™® donor-acceptor biphenyls (swivel-cruciforms),! and certain
pyrazoline derivatives.”> With this fundamental understanding in place, we move
forward to examine the sensory potential of these functional fluorophores.

This work has been published in the Journal of the American Chemical Society:
Zucchero, A. J.; Wilson, J. N.; Bunz, U. H. F. Cruciforms as functional fluorophores:

response to protons and selected metal ions. J. Am. Chem. Soc. 2006, 128, 11872-11881.

2.6 Experimental
General Methods. All chemicals were purchased from Aldrich Chemical, Acros, TCI
America, or Fischer Scientific and used without purification unless otherwise specified.
Column chromatography was performed using Standard Grade silica gel 60 A, 32-63 pm
(230 x 450 mesh) from Sorbent Technologies and the indicated eluent. Elution of
cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points

were obtained using a Mel-Temp apparatus fitted with a Fluke 51%”

digital thermometer.
All IR spectra were obtained using a Simadzu FTIR-8400s spectrometer. Unless
otherwise specified, NMR spectra were recorded at 298 K on a Varian Mercury

spectrometer (300 MHz). Chemical shifts are reported in parts per million (ppm), using
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residual solvent (chloroform-d) as an internal standard. Data Reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet), coupling constant, and integration. Mass spectral analyses were provided by
the Georgia Institute of Technology Mass Spectrometry Facility.

All absorption spectra were collected using a Shimadzu UV-2401PC
spectraphotometer. All emission spectra were acquired using a Shimadzu RF-5301PC
spectrofluorophotometer. Lifetime data were collected using a Lifespec-ps (Edinburgh
Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
(Hamamatsu). Data were fit to single exponential decay so as to optimize chi-squared
values. Quantum vyields for all cruciforms were measured using standard procedures
using quinine sulfate as a standard.

Synthesis of 2.10. 1,4-Diiodo-2,5-dimethylbenzene. p-xylene (40 mL, 0.324 mol),
acetic acid (300 mL), KlO4 (43 g, 0.187 mol), and ground I, (86 g, 0.339 mol) were
placed in a 1000 mL three neck round bottom flask fitted with an addition funnel and
reflux condenser. The mixture was stirred at 40°C for 15 min after which H,SO,4 (6.5
mL, 0.122 mol) was added dropwise. The mixture was then allowed to stir for 20 hours
at 90°C. The reaction was then allowed to cool to room temperature. Aqueous sodium
sulfite was added and the reaction was stirred until colorless. The reaction mixture was
then extracted three times with dichloromethane. The organic layers were washed three
times with water and dried with magnesium sulfate. The solvent was removed by
vacuum and the resulting solid was recrystallized from chloroform, isolating 2.10 (90.57
g, 78 %) as colorless crystals. MP: 83°C. *H NMR (300 MHz, CDCls): & = 7.589 (s,

2H), 2.278 (s, 6H). IR: v [cm '] = 3062.75, 3014.53, 2973.07, 2945.1, 2911.35, 2893.99,
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2843.84, 2801.41, 2730.05, 2553.58, 2456.18, 2307.67, 2055.98, 1904.57, 1747.39,
1467.73, 1445.55, 1433.98, 1417.58, 1372.26, 1331.76, 1314.4, 1258.47, 1246.89,
1190.00, 1118.64, 1077.17, 1030.88, 980.74, 980.74, 962.41, 876.59, 742.54, 718.43.

Synthesis of 2.11. 2,5-bis(bromomethyl)-1,4-diiodobenzene. 2.10 (20 g, 0.056 mol)
was dissolved in 500 mL chloroform in a 1000 mL round bottom flask equipped with a
reflux condenser. N-Bromosuccinimide (22 g, 0.124 mol) was added and the solution
was heated for 15 min using two 120 watt sun lamps. After 15 min, another 22 g of NBS
was added. The reaction was stirred for 4 hours at reflux while being irradiated with the
sun lamps. The reaction mixture was allowed to cool to room temperature and was
quenched with sodium sulfite until colorless. The organics were washed three times with
water then dried with magnesium sulfate. The solvent was removed in vacuo and the
resulting solids were recrystallized from chloroform, yielding 2.11 (7.48 g, 26 %) as
colorless needles. The product proved to be an inseparable mixture of 2,5-
bis(bromomethyl)-1,4-diiodobenzene (90 %) and the halogen-exchanged 1-iodo-4-
bromo-2,5-bis(bromomethyl)benzene (10 %). MP: 211°C. *H NMR (300 MHz, CDCls):
8§ = 7.834 (s, 2H), 4.483 (s, 6H). *C NMR (300 MHz, CDCls): & = 140.779, 139.413,
100.859, 27.241. IR: v [cm*l] = 3908.48, 3889.19, 3697.29, 3245.01, 3191.97, 3063.71,
3027.07, 3003.92, 2972.1, 2951.85, 2862.17, 2844.81, 2736.8, 2645.19, 2623.01,
2465.82, 2416.64, 2315.38, 2288.38, 2102.26, 1993.29, 1779.21, 1730.99, 1466.76,
1433.01, 1347.19, 1332.72, 1275.82, 1256.54, 1214.11, 1190.96, 1171.68, 1161.07,
1069.45, 1057.88, 1039.56, 1002.92, 951.81, 898.77, 866.94, 810.05, 784.97, 773.4,

668.29.
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Synthesis of 2.12. 2,5-bis(bromomethyl)-1,4-diiodobenzene (10 g, 0.019 mol) and
triethylphosphite (30 mL, 0.175 mol) were combined in a round bottom flask and stirred
for 12 hours at 125°C under reflux. After 12 hours, the reaction was allowed to cool to
room temperature, at which point a colorless precipitate formed. The precipitate was
collected by vacuum filtration and washed thoroughly with hexanes, isolating
bisphosphonate 2.12 (12.232 g, 97 %) as a colorless powder. MP: 133°C. *H NMR (300
MHz, CDCls): & = 7.853 (s, 2H), 4.053 (q, 8H), 3.253 (d, 4H), 1.242 (t, 12H). *C NMR
(300 MHz, CDCl3): 6 = 141.9, 137.6, 103.3, 63.8, 38.0, 37.5, 18.6. IR: v [Cmfl] =
3094.57, 2992.35, 2968.24, 2929.67, 2914.24, 2866.02, 2773.45, 2741.62, 2494.75,
2267.17, 1835.14, 1769.57, 1479.3, 1413.72, 1392.51, 1358.76, 1305.72, 1286.43,
1251.72, 1237.25, 1186.14, 1163.00, 1064.63, 1046.31, 1017.38, 936.38, 892.98, 859.23,
819.69, 811.98, 788.83, 764.72, 725.18, 614.29. ES’ MS calculated for [C1gH2606Px],
630.13; C, 30.50; H, 4.89; found C, 31.23; H, 4.45.

Synthesis of diiodide 2.14a. 2.12 (2.00 g, 3.17 mmol) was placed in a dry 500 ml
Schlenk flask under nitrogen purge. 100 mL of dry THF was added, followed by an
excess of potassium tert-butoxide. Upon addition of base, the reaction turned a deep
maroon. The reaction was capped under nitrogen and stirred for 10 minutes. 4-
isopropylbenzaldehyde (1.18 g, 7.90 mmol) was added dropwise via syringe. The
reaction was heated to 35°C for 8 hours. After 8 hours, the reaction was cooled to room
temperature and 100 mL of water was added. The reaction was filtered and rinsed with
water. The crude solid was dissolved in 50 mL of dichloromethane and precipitated into
300 mL of hexane. 2.14a (1.54 g, 79 %) was isolated via filtration as bright yellow-green

crystals. MP: 205-206°C. *H NMR (300 MHz, CDCls): § = 8.06 (s, 2H), 7.49 (d, Jap =
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8.2 Hz, 4H), 7.25 (d, Jaun = 8.2 Hz, 4H), 7.15 (d, Jspn = 16.2 Hz, 2H), 6.96 (d, Japn =
16.2 Hz, 2H), 3.01-2.87 (m, 2H), 1.28 (d, Ja 1 = 6.87 Hz, 12H). **C NMR (300 MHz,
CDCls): 6 = 149.52, 140.87, 136.30, 134.43, 132.34, 129.84, 127.23, 127.10, 100.65,
34.35, 24.32. IR: v [cm‘l] = 3004, 2950, 2929, 2856, 1628, 1512, 1454, 1355, 1329,
1243, 1052, 1041, 962, 890, 864, 854, 824, 816.

Synthesis of diiodide 2.14b. 2.12 (0.63 g, 1.00 mmol) was placed in a dry 250 ml
Schlenk flask under nitrogen purge. 50 mL of dry THF was added, followed by an
excess of potassium tert-butoxide. Upon addition of base, the reaction turned a deep
maroon. The reaction was capped under nitrogen and stirred for 10 minutes. 4-pyridine
carboxaldehyde (0.236 g, 2.20 mmol) was added dropwise via syringe. The reaction was
heated to 35°C for 8 hours. After 8 hours, the reaction was cooled to room temperature
and 100 mL of water was added. The reaction was extracted with chloroform, rinsed
with brine, and dried with magnesium sulfate. The organics were reduced in vacuo
isolating a crude solid. The crude solid was recrystallized from chloroform/hexanes,
isolating 2.14b (0.413 g, 77 %) as pale yellow crystals. MP: 273°C. 'H NMR (300
MHz, CDCls): & = 8.62 (d, Jann = 3.84 Hz, 4H), 8.09 (s, 2H), 7.40 (m, 6H), 6.93 (d, Jan ~
= 16.2 Hz, 2H). *C NMR (300 MHz, CDCls): & = 150.40, 143.56, 140.62, 136.91,
130.13, 128.32, 121.13, 100.42. IR: v [cmfl] = 3047.4, 3030.7, 3026.6, 1560.1, 1555.6,
1051.9, 956.1, 856.1, 801.9, 731.1, 672.8.

Synthesis of diiodide 2.14c. 2.12 (5.65 g, 8.57 mmol) was placed in a dry 500 ml
Schlenk flask under nitrogen purge. 200 mL of dry THF was added, followed by an
excess of potassium tert-butoxide. Upon addition of base, the reaction turned a deep

maroon. The reaction was capped under nitrogen and stirred for 10 minutes. 4-

27



dibutylaminobenzaldehyde (5.00 g, 21.4 mmol) was added dropwise via syringe. The
reaction was heated to 35°C for 8 hours. After 8 hours, the reaction was cooled to room
temperature and 200 mL of water was added. The reaction was filtered and rinsed with
water. The crude solid was recrystallized from chloroform/hexanes isolating 2.14c (5.18
g, 72 %) as brilliant orange crystals. MP: 165°C. *H NMR (300 MHz, CDCl3): & = 8.00
(s, 2H), 7.40 (d, Jann = 8.78 Hz, 4H), 6.92-6.85 (dd, Jan 1 = 16.2 Hz, 4H), 6.63 (d, Jann =
8.79 Hz, 4H), 3.28 (t, Jan = 7.41 Hz, 8H), 1.60-1.52 (m, 8H), 1.39-1.31 (m, 8H), 0.95 (t,
Janp = 7.13 Hz, 12H). *C NMR (300 MHz, CDCl5): § = 148.16, 140.42, 135.40, 131.89,
128.27, 125.39, 123.78, 111.49, 100.15, 50.77, 29.42, 20.32, 14.01. IR: v [Cm’l] =
2947.0, 2925.8, 2866.0, 1596.9, 1521.7, 1456.2, 1369.4, 1355.9, 1284.5, 1220.9, 1186.1,
1149.5, 1041.5, 954.7, 925.8, 802.3.

Synthesis of alkyne 2.15e. TMS-protected 1-ethynyl-3,5bis(trifluoromethyl)benzene.
3,5-Bis(trifluoromethyl)iodobenzene (2.00 g, 5.88 mmol) was combined with
(PPh3)2PdCI2 (50.0 mg, 72.1 pmol), Cul (50.0 mg, 333 pumol), 2.0 mL THF, and 2.0 mL
piperidine in a nitrogen-purged Schlenk flask. The mixture was degassed and capped
with a septum. Trimethylsilylacetylene (0.635 g, 6.47 mmol) was added via syringe.
The reaction was then heated gently with a heat gun until precipitates formed; the
reaction was then stirred in a warm water bath for 12 hours. The crude reaction mixture
was eluted through a silica plug with hexanes. The hexanes were reduced in vacuo and
2.15e (1.83 g, 83 %) was conveniently crystallized by sublimation in its own container at
ambient temperature. ‘H NMR (300 MHz, CDCls): & = 7.87 (s, 2H), 7.78 (s, 1H), 0.25
(s, 9H). *C NMR (300 MHz, CDCls): & = 132.54-131.53 (q, Jocr = 33.8 Hz), 132.06-

132.03 (q, Jscr = 3.0 Hz), 127.19-119.06 (g, Jicr = 272.9 Hz), 125.66, 122.02-121.9 (g,
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Jacr = 3.76 Hz), 101.7, 98.97, 0.14. IR: v [cm™] = 3087.8, 2960.5, 2900.7, 2173.6,
1834.2, 1807.2, 1786.0, 1608.5, 1460.0, 1409.9, 1373.2, 1300.8, 1249.8, 1181.2, 1130.2,
1107.1, 912.3, 907.7, 896.8, 891.1, 763.8.

Synthesis of XF 2.1. The diiodide precursor 2.13a (500 mg, 0.809 mmol) was combined
with 4-ethynylpyridine (2.15a, 209 mg, 2.02 mmol), (PPhs),PdCl, (5.0 mg, 7.1 umol),
Cul (5.0 mg, 33 pmol), 2 mL Hiinig’s base, and 2 mL THF in a Schlenk tube under
nitrogen purge. The reaction was capped with a septum, placed in a 45°C water bath, and
allowed to react for 24 hours. The crude reaction was poured into a 1 L flask containing
250 mL 5 % aqueous NH;OH and 250 mL of hexanes. The mixture was vigorously
stirred, then filtered, isolating a yellow solid. The solid was collected by filtration,
dissolved in a minimum volume of chloroform, and precipitated into 250 mL of rapidly
stirring hexanes. The solid was collected by vacuum filtration, yielding XF 2.1 (322 mg,
70 %) as a yellow needles. MP: 273-275°C (decomposition). *H NMR (300 MHz,
CDCly): & = 8.67 (bs, 4H), 7.91 (s, 2H), 7.55 (d, J3 un = 16.5 Hz), 7.54 (d, 4H, Js up =
8.24 Hz), 7.45 (d, 4H, J3 44 = 5.5 Hz), 7.25 (m, 6H), 2.99-2.90 (m, 2H), 1.39 (d, 12H, J;
hH = 6.9 Hz). C NMR (300 MHz, CDCls): & = 150.1, 149.6, 137.9, 134.7, 131.5,
129.2, 127.2, 127.0, 125.7, 124.2, 121.9, 93.0, 924, 34.3, 24.3. IR: v [Cm’l] = 3044,
3023, 2957, 2869, 1591, 1538, 1514, 1458, 1404, 1249, 1214, 967, 864, 817, 625.
Analysis: calculated C = 88.69, H = 6.38; found C = 88.41, H = 6.28.

Synthesis of XF 2.2. The diiodide precursor 2.13b (250 mg, 0.466 mmol) was combined
with 1-tert-butyl-4-ethynylbenzene (2.15b, 184 mg, 1.17 mmol), (PPhs3),PdCl; (5.0 mg,
7.1 umol), Cul (5.0 mg, 33 umol), 4 mL THF/piperidine (1:1) in a Schlenk tube under

nitrogen purge. The reaction was capped with a septum, placed in a 45°C water bath, and
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allowed to react for 24 hours. The crude reaction was poured into a 1 L flask containing
250 mL 5 % aqueous NH;OH and 250 mL of hexanes. The mixture was vigorously
stirred, then filtered, isolating a yellow solid. The solid was collected by filtration,
dissolved in a minimum volume of chloroform, and precipitated into 250 mL of rapidly
stirring hexanes. The solid was collected by vacuum filtration, yielding XF 2.2 (214 mg,
77 %) as a pale yellow solid. MP: 264°C. *H NMR (300 MHz, CDCls): & = 8.61 (bs,
4H), 7.91 (s, 2H), 7.87 (d, 2H, Js un = 16.5 Hz), 7.54 (d, 4H, J3 4 n = 8.51 Hz), 7.44 (m,
8H), 7.22 (d, 2H, J3 4n = 16.5 Hz), 1.34 (s, 18H). *C NMR (300 MHz, CDCl3): & =
152.34, 150.22, 144.23, 136.76, 131.31, 129.85, 129.18, 128.06, 125.62, 122.90. 121.20,
119.62, 96.55, 86.53, 34.88, 31.14. IR: v [cm '] = 2960.5, 2868.0, 2358.8, 2208.3,
1593.1, 1506.3, 1461.9, 1363.6, 1267.1, 1217.0, 1103.2, 1016.4, 962.4, 866.0, 833.2,
800.4. MS (DEP, CasHaoN2): m/z = 596.

Synthesis of XF 2.3. The diiodide precursor 2.13c (330 mg, 0.418 mmol) was placed
into a Schlenk tube and purged with nitrogen. (PPh3),PdCl; (5.0 mg, 7.1 umol) and Cul
(5.0 mg, 33 umol) were added, and the reaction mixture was dissolved in 4 mL of
piperidine/THF (1:1). The reaction was stirred under nitrogen at room temperature for 15
minutes. Phenyl acetylene (2.15c, 107 mg, 1.05 mmol) was then added. The reaction
was then allowed to stir at room temperature for 24 hours. The crude reaction mixture
was poured into water and extracted into CHClz. This was then added dropwise to
rapidly stirring methanol, precipitating an orange solid. Recrystallization from methanol
yielded cruciform 2.3 (280 mg, 91 %) as orange crystals. MP: 164-168°C. ‘H NMR
(300 MHz, CDCly): & = 7.84 (s, 2H), 7.84 (d, 4H, Js ypy = 7.7 Hz), 7.44 (m, 12H), 7.19

(d, 2H, J3un = 16.5 Hz), 6.64 (d, 4H, Js 1= 8.8 HZ), 3.31 (t, 8H, J3 = 7.41 Hz), 1.63
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(m, 8H), 1.39 (m, 8H), 0.97 (t, 12H, J3 4 = 7.4 Hz). *C NMR (300 MHz, CDCl3): & =
147.97, 137.29, 131.57, 130.38, 128.38, 128.25, 128.09, 128.07, 124.49, 123.48, 121.41,
120.50, 111.59, 94.78, 88.51, 50.74, 29.46, 20.32, 14.00. IR: v [Cm‘l] = 3033.8, 2929.7,
1795.6, 1600.8, 1521.7, 1461.9, 1400.2, 1367.4, 1257.5, 1220.9, 1147.9, 1109.0, 925.8,
804.3, 752.2, 688.5. MS (DEP, Cs4HgoN2): m/z = 736.

Synthesis of XF 2.4. The diiodide precursor 2.13c (1.00 g, 3.78 mmol) was combined
with 2.0 mL of ethanol and 1.0 g of potassium hydroxide. After 10 minutes, penta-
fluorophenylethynyl-trimethylsilane (2.15d, 789 mg, 1.00 mmol), (PPh3),PdCl;, (5.0 mg,
7.1 umol), Cul (5.0 mg, 33 pmol) and 6.0 mL of triethylamine/THF 1:1 were added while
under nitrogen purge. The reaction was allowed to progress over 24 hours. The crude
reaction mixture was precipitated from dichloromethane into hexane and a second time
from dichloromethane into cold methanol. 'H NMR determined the product still
contained impurities (deemed later to be the addition of ethoxide to the fluorinated
aromatic ring), so the product was purified by flash chromatography
(dichloromethane/hexane, 1:1 as eluent). The resulting brilliant orange powder was
recrystallized by evaporation of dichloromethane from methanol yielding crystals of XF
2.4 (2.38 g, 65 %) suitable for crystallographic analysis which ultimately determined the
source of the additional peaks in the NMR spectrum. **C NMR was not feasible due to
the highly fluorinated ring system producing a forest of peaks. MP: 173-174°C. H
NMR (300 MHz, CDCls): & = 7.88 (s, 2H), 7.47 (m, 6H, Js un = 16.15 Hz), 6.67 (d, 2H,
J3nn = 8.57 HZ), 4.42 (q, 4H, J3 un = 7.02 Hz), 3.34 (t, 8H, J3 i = 7.27 Hz), 1.63-1.56
(m, 8H), 1.46-1.32 (m, 14H), 0.98, 0.93 (t, 12H, J3un = 7.34 Hz). IR: v [cm™] = 3034.8,

2965.4, 2860.2, 2210.3, 1603.7, 1578.6, 1521.7, 1497.6, 1442.7, 1400.2, 1390.6, 1365.5,
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1274.9, 1217.0, 1196.8, 1186.1, 1127.3, 1026.1, 983.6, 956.66, 893.0, 805.2, 683.7.
Analysis for CsgHgoFsN,O,: calculated C = 71.88, H = 6.24; found C = 71.68, H = 6.19.
Synthesis of XF 2.5. The diiodide precursor 2.13c (182 mg, 0.250 mmol) was placed
into a Schlenk tube and purged with nitrogen. (PPhs),PdCl; (5.0 mg, 7.1 umol) and Cul
(5.0 mg, 33 umol) were added, and the reaction mixture was dissolved in 4 mL of
piperidine/THF (1:1). The reaction was stirred under nitrogen at room temperature for 15
minutes. 1-ethynyl-3,5bis(trifluoromethyl)benzene (2.15e, 177 mg, 0.624 mmol) was
then added. The reaction was then allowed to stir at room temperature for 24 hours. The
crude reaction mixture was poured into water and extracted into CHCI3;. This was then
added dropwise to rapidly stirring methanol, precipitating an orange solid.
Recrystallization from methanol yielded cruciform 2.5 (192 mg, 76 %) as orange crystals.
MP: 191°C. H NMR (300 MHz, CDCl5): & = 8.02 (s, 4H), 7.86 (s, 2H), 7.84 (s, 2H),
7.43 (d, 4H, J3p = 8.78 Hz), 7.37 (d, 2H, J3n = 16.2 Hz), 7.19 (d, 2H, J3 1 n = 16.3 Hz),
6.65 (d, 4H, Js yn = 8.51 Hz), 3.32 (t, 8H, J3 1 = 6.59 Hz), 1.58 (m, 8H), 1.39 (m, 8H),
0.97 (t, 12H, J3 un = 7.14 Hz). *C NMR (300 MHz, CDCl3): & = 148.29, 137.80,
132.53-131.53 (m), 131.30, 131.21, 128.22, 128.13, 127.06-118.9 (m), 125.70, 123.98,
121.62,120.82, 119.66, 111.59, 92.07, 91.94. MS (DEP, CsgHssF12N2): m/z = 1008.
Synthesis of XF 2.6. The diiodide precursor 2.13c (683 mg, 0.866 mmol) was combined
with 4-ethynylbenzonitrile (2.15f, 330 mg, 2.60 mmol), (PPhs),PdCl; (5.0 mg, 7.1 umol),
Cul (5.0 mg, 33 umol) and dissolved in 4.0 mL of triethylamine/THF 1:1. The reaction
was stirred for 24 hours at 40°C. The crude reaction mixture was precipitated twice from
dichloromethane into hexane. The resulting orange-red powder was purified by flash

chromatography beginning with hexane and gradually switching to 1:2
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dichloromethane:hexane isolating XF 2.6 (0.532 9,78 %). MP: 239-241°C. 'H NMR
(300 MHz, CDClg): & = 7.84 (s, 2H), 7.68 (m, 8H), 7.42 (d, 4H, J3 s = 8.71 Hz), 7.36
(d, 2H, Jsyn = 16.16 Hz), 7.19 (d, 2H, J3 hn = 16.21 Hz), 6.66 (d, 4H, J3 1 = 8.81 Hz),
3.34 (d, 8H, Jsyn = 7.15 Hz), 1.63 (m, 8H), 1.41 (m, 8H), 1.00 (t, 12H, J3 1 = 7.31 H2).
13C NMR (CDCls): & = 148.37, 137.84, 132.33, 132.21, 131.35, 128.63, 128.42, 128.34,
124.24,121.22,119.92, 118.76, 111.80, 93.06, 51.11, 29.84, 20.74, 14.43. IR: v [Cm_l] =
3037.7, 2952.8, 2927.7, 2925.8, 2918.1, 2859.2, 2222.8, 2205.4, 1600.8, 1550.6, 1521.7,
1509.1, 1465.8, 1457.1, 1427.2, 1399.2, 1367.4, 1314.4, 1284.5, 1252.6, 1221.8, 1183.2,
1149.5, 1109.9, 1104.1, 983.6, 954.7, 924.8, 887.1, 846.6, 835.1, 822.5, 801.3. MS (El,
70 eV): M* 786.6 (36), 434.4 (62), 289.2 (68), 162.1 (100), 106.1 (49), 41.1 (95). HRMS
(El, 70 eV): calculated for CsgHsgN4: 786.46615, found 786.46568.

Synthesis of XF 2.7. The diiodide precursor 2.13c (560 mg, 0.758 mmol) was combined
with 4-ethynylpyridine (2.15a, 300 mg, 2.91 mmol), (PPhs3),PdCl; (5.0 mg, 7.1 pumol),
Cul (5.0 mg, 33 pumol), 2 mL Hiinig’s base, and 2 mL THF in a Schlenk tube under
nitrogen purge. The reaction was capped with a septum, placed in a 45°C water bath, and
allowed to react for 24 hours. The crude reaction was poured into a 1 L flask containing
250 mL 5 % aqueous NH4,OH and 250 mL of hexanes. The mixture was vigorously
stirred, then filtered, isolating a bright orange solid. The solid was collected by filtration,
dissolved in a minimum volume of chloroform, and precipitated into 250 mL of rapidly
stirring hexanes. The solid was collected by vacuum filtration, yielding XF 2.7 (347 mg,
62 %) as a bright orange solid. MP: 201-203°C. *H NMR (300 MHz, CDCls): § = 8.66
(bs, 4H), 7.87 (s, 2H), 7.46-7.41 (m, 8H), 7.35 (d, 2H, Jsnn = 16.2 Hz), 7.18 (d, 2H, Jsnn

= 16.2 Hz), 6.65 (bd, 4H), 3.32 (t, 8H, J3 n = 7.7 Hz), 1.75-1.52 (m, 8H), 1.38-1.33 (m,
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8H), 0.96 (t, 12H, J3 1y = 7.4 Hz). *C NMR (300 MHz, CDCls): & = 149.95, 148.31,
137.85, 131.63, 128.65, 125.74, 124.34, 121.14, 119.92, 111.86, 93.24, 92.51, 51.15,
29.85, 20.75, 14.45. IR: v [em*] = 2956, 2869, 1600, 1589, 1517, 1399, 1366, 1313,
1281, 1218, 1184, 1151, 955, 821, 804. Analysis: calculated C = 84.51, H = 7.91; found
C=84.33,H="7.78.

Synthesis of XF 2.8a. The diiodide precursor 2.13a (1.01 g, 1.63 mmol) was placed into
a Schlenk tube and purged with nitrogen. (PPh3),PdCl; (5.0 mg, 7.1 umol) and Cul (5.0
mg, 33 umol) were added, and the reaction mixture was dissolved in 10.0 mL of
piperidine/THF (1:1). The reaction was stirred under nitrogen at room temperature for 15
minutes. Phenyl acetylene (2.15c, 415 mg, 4.06 mmol) was then added. The reaction
was then allowed to stir at room temperature for 24 hours. The crude reaction mixture
was poured into water and extracted three times into CHCI;. The combined organics
were then washed three times with water, three times with brine, and dried with MgSO..
The crude product was isolated in vacuo as a greenish yellow powder. Recrystalization
from dichloromethane/hexanes yielded cruciform 2.8a (0.61 g, 66 %) as greenish yellow
needles. MP: 234-236°C under decomposition. *H NMR (300 MHz, CDCls): & = 7.91
(s, 2H), 7.67-7.61 (m, 6H), 7.52 (d, 4H, J3 iy = 8.1 Hz), 7.44-7.39 (m, 6H), 7.29-7.24 (m,
6H), 2.99-2.89 (m, 2H), 1.29 (d, 12H, J3 11 = 6.9 Hz). *C NMR (300 MHz, CDCl3): & =
149.24, 137.62, 135.16, 131.85, 130.78, 128.95, 128.80, 128.74, 127.14, 127.05, 124.99,
123.42, 122.40, 95.67, 88.15, 34.21, 24.18. IR: v [cmfl] = 3082.0, 3024.2, 2952.8,

2869.9, 1627.8, 1595.0, 1508.2, 1496.7, 960.5, 860.2, 813.9, 752.2, 686.6.
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CHAPTER 3

Cruciforms as Functional Fluorophores

3.1. Introduction

Functional chromophores contain embedded recognition elements as integral parts
of their m-system. Such chromophores are innately qualified to serve as active elements
in sensors or sensor arrays and in advanced materials applications. Functional
chromophores are different from functionalized chromophores, where recognition
elements are merely appendages affixed to a fluorescent core. Functional chromophores
undergo analyte-induced shifts in absorption and emission; the binding modulates
electronic properties due to the interweaving of =m-system and recognition element.
Prominent examples are Zn-ESIPT sensors and related phores,* bipyridine-containing
conjugated polymers,? tetraethynylethenes (TEEs) and diethynylethenes (DEEs),® and
oligophenyleneethynylene-embedded 2,6-bis(1,9-methylbenzimidazolyl)pyridines.*
Whenever basic nitrogens or phenolates are integral part of a dye, functional
chromophores result.  Pyridines, bipyridines and terpyridines as well as aromatic
dialkylamines, phenolates, and phosphines, inter alia, are good candidates to render a
chromophore “functional”. Embedded bases can be either strongly electron accepting,
such as pyridines, or strongly electron donating, such as dialkylanilines, permitting the
rational design of functional chromophores with modular photophysical responses. If
donor and acceptor units are spatially separated, it will be possible to address HOMO and
LUMO independently by Lewis acids or metal cations. A chromophore system will

result that naturally displays a substantial sensory response upon binding to an electron
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deficient analyte. Cruciforms 3.1-3.7 are functional chromophores, with incorporated

basic nitrogens; they should show potential in the fabrication of functional sensor arrays

for metal ions.”

Bu,N

3.7

Figure 3.1. Structure of XFs 3.1-3.7.

Our previous investigation of 3.1-3.7 revealed the unique photophysical
properties of these Lewis basic XFs. Our examination revealed these properties emerge
as a consequence of the XF skeleton’s ability to exhibit FMO separation. We
hypothesized that the substituent induced separation of the FMOs in XFs 3.1-3.7 might
render these materials extremely responsive towards electron deficient analytes. To fully

understand and appreciate the subtleties and issues associated with the sensory response
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of these cruciform chromophores, we examined the response of XFs 3.1-3.7 to protons
(trifluoroacetic acid, TFA) and the triflate salts of Mg?*, Ca®*, Mn?* and Zn?**. We
selected these metal cations as they are all biologically active, +2 charged ions of similar
size. Large shifts in absorption, fluorescence, quantum yields, and emissive lifetimes are
observed upon the addition of protons or metal cations. The comparison of the results
upon the addition of TFA and metal cation provides a convenient method to probe the
locus and stereochemistry of metal binding. The observed photophysics can be explained
by the position and the spatial arrangement of the frontier molecular orbitals and their

interaction with cations.

3.2. The Importance of FMO Separation

For dyes to exhibit ratiometric sensory responses, the interaction of an analyte
must elicit a substantial change in the fluorophore’s HOMO-LUMO gap. This
necessitates that one frontier molecular orbital must be disproportionally affected by
analyte interaction. In the majority of organic fluorophores, HOMO and LUMO are
‘congruent’, i.e. the orbital coefficients are similar in the respective FMOs. One would
not expect large shifts in color or emission wavelength upon binding to an analyte; the
position of HOMO and LUMO should be more or less equally affected, resulting in only
small net changes in the HOMO-LUMO gap.

In molecular architectures exhibiting spatially separated FMOs, an alluring
alternative is possible. In these situations, electronic information becomes spatially
encoded; if recognition elements are incorporated into the fluorophore such that analyte

binding independently influences the FMOs, large ratiometric sensory responses can be
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observed. In such systems, binding largely stabilizes either the HOMO or LUMO,
inducing a significant change in emission and absorption spectra. As a result, conjugated
frameworks such as the XFs exhibiting FMO separation have intrinsic potential as
responsive materials. XFs possessing Lewis-basic nitrogens incorporated into the z-
electron system provide an opportunity to probe the sensory responses of XFs when

exposed to model analytes such as TFA or metal cations.

3.3. XFs Exhibiting a Two-Stage Fluorescence Response: A Case Study

Our initial examination of the sensory responses of XFs began by exposing 3.7 to
both Zn?* and TFA.° Upon addition of increasing equivalents of Zn*" ions to 3.7 in
chloroform, a rare two-stage fluorescence response is observed: the emission color
changes dramatically from orange to blue and then to green (Figure 3.2). A similar

response is observed upon addition of TFA to 3.7.

+Zn(OTf), +Zn(OTH),

Figure 3.2. Emission of 3.7 in chloroform (left vial, orange emission), upon addition of a
small amount of Zn(OTf), (center vial, blue emission), and upon addition of a
large excess of Zn(OTf), (right vial, green emission).

To more carefully examine this effect, we performed a spectrophotometric

titration of 3.7 with Zn(OTf), in dichloromethane (Figure 3.3). The absorption of 3.7
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consists of a high energy band 335 nm and a charge transfer peak centered at 440 nm.
Upon addition of Zn®*, the charge transfer feature disappears accompanied by a small
shift (335 — 350 nm) in the high energy band. In the emission, upon addition of a small
quantity of Zn(OTf),, a large blue shift (570 — 420 nm) occurs; subsequent addition of

Zn?* results in a bathochromic shift (420 — 530 nm).
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Figure 3.3. Absorption (left) and emission (right) of 3.7 in dichloromethane upon
exposure to increasing equivalents of zinc triflate.

To rationalize this two-stage response, we elected to examine the sensory
response of 3.2 and 3.3; these XFs are bona fide models of 3.7 possessing either pyridyl
or dibutylamino substituents. In the case of 3.3, only a hypsochromic shift (527 — 430
nm) is observed upon addition of Zn®* (Figure 3.4). Consideration of the FMO
arrangement in 3.3 offers an explanation for this result; B3LYP 6-31G**//6-31G**
calculations suggest the HOMO is localized primarily on the distyryl axis of the XF.
Binding of Zn®" to the aniline nitrogens of 3.3 stabilizes the HOMO while leaving the
LUMO largely unperturbed. As a result, a blue shift in emission is observed (Figure
3.6a). XF 3.2 contains exclusively the pyridyl binding functionalities on the arylethynyl

axis. Upon reaction with zinc triflate, a redshift in emission (457 — 564 nm) is observed
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(Figure 3.5). Zinc coordination of the pyridyl nitrogens stabilizes the LUMO of 3.2

which lies along the arylethynyl axis of the XF scaffold while the HOMO is unaffected

(Figure 3.6b).
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Figure 3.4. Absorption (left) and emission (right) of 3.3 in dichloromethane upon
exposure to increasing equivalents of zinc triflate.
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Figure 3.5. Absorption (left) and emission (right) of 3.2 in dichloromethane upon
exposure to increasing equivalents of zinc triflate.
The two-stage fluorescence response of 3.7 can be understood in light of models
3.2 and 3.3 (Figure 3.7). Upon addition of Zn** to 3.7, coordination first occurs at the
anilines, stabilizing the HOMO while leaving the LUMO unaffected, generating the
initial blue shift. Subsequent addition of Zn®* coordinates the pyridyl nitrogens of 3.3;

this interaction stabilizes the LUMO, causing the second bathochromic shift.
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BuyN Bu,N

Figure 3.6. Schematic representation of the effect of metallation or protonation upon the
FMOs and emission of XFs 3.3 (A, top) and 3.2 (B, bottom).

Bu,N Bu,N Bu,N

Figure 3.7. Schematic representation of the effect of metallation or protonation upon the
FMOs and emission of XF 3.7.
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3.4. Response of XFs towards Metal Cations and TFA
Encouraged by the interesting sensory response obtained upon addition of
Zn(OTf), to 3.7, we carefully examined photophysical properties of 3.1-3.7 upon addition
of TFA and a variety of 2 metal triflates. Figure 3.8 displays the emission spectra of
3.1-3.7 in dichloromethane and upon addition of excess TFA, Zn(OTf);, Mg(OTf),,
Ca(OTf),, and Mn(OTf),. Herein, the sensory responses of 3.1-3.3, 3.5, and 3.7 are
discussed in detail. The responses observed in the cases of 3.4 and 3.6 are similar to

those of 3.5 and do not warrant separate discussion.

3.4.1. Spectroscopic data for 3.1-3.7 upon addition of trifluoroacetic acid.

As expected, protonation with excess TFA elicits large changes in the optical
properties of 3.1-3.7 (Table 3.1). Upon protonation, the absorptions of 3.1 and 3.2
experience a red shift, while the absorptions of 3.3-3.7 undergo a significant blue shift ( =
100 nm). These shifts are mirrored in the emission spectra of XFs, where upon
protonation of 3.1 and 3.2 large red shifts are observed, while in 3.3-3.7 blue shifts occur.
In 3.3 and 3.7 the effect is moderate; however, in 3.4-3.6, protonation results in a
dramatic blue shift in excess of 150 nm. These shifts are all in accordance with the FMO
model presented in Section 3.3. Protonation always disproportionately stabilizes one of
the spatially segregated FMOs exclusively, generating large observable spectroscopic
shifts.

The changes in the absorption and emission of the XFs are accompanied by
changes in fluorescence quantum yield; in 3.1 and 3.2 the quantum yields drop from 0.7

to 0.06, while in 3.4-3.6 the quantum yields increase from 0.05-0.15 to 0.4-0.7 upon
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protonation. In the most extreme cases, 3.5 and 3.6, the quantum yields increase by a
factor of 7.5 upon protonation. Overall, there is a crude and qualitative correlation with

the energy gap law.’
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Figure 3.8. Normalized emission of 3.1-3.7 in dichloromethane (purple trace) and upon
addition of excess TFA (black trace), Mg(OTf), (green trace), Zn(OTf), (blue
trace), Mn(OTf), (yellow trace), and Ca(OTf),.

46



The change in radiative lifetime upon protonation varies from moderate for 3.5
(4.4 to 4.0 ns) to significant for 3.7 (4.4 to 1.8 ns). Both increase and decrease of the
radiative lifetimes is observed. The compound 3.2 shows an increase in lifetime from 3.8
to 7.2 ns upon protonation. These significant changes make the cruciforms potentially
useful for fluorescence lifetime imaging (FLIM) applications.® In a broadly general
sense, the emissive lifetimes increase upon decreasing HOMO-LUMO gap and

decreasing orbital overlap in the protonated species.

Table 3.1. Effect of TFA on the photophysical properties of 3.1-3.7.

31 32 33 34 35 36 37

Amax Abs (nm)? 330 330 436 443 433 427 437

Amax EM (nm)? 456 444 519 561 567 590 567

& Quantum Yield" 070 0.67 031 0.15 0.09 0.05 0.11
3.9

I be 42 44 39 43

Fluorescence Lifetime t (ns) ggl) 38 17 A4 42 40 43

Amax Abs (nm)? 339 350 330 336 337 338 343

E Amax EM (nm)? 555 532 425 420 430 430 509

% Quantum Yield" - 0.06 044 065 0.68 0.38 0.06

& 3.7 35 25 18

™ | Fluorescence Lifetime t (ns)*® 3.1 Sg gg 2.9 g? 30 21

3.6 ' ' 3.1 ' 29 20

2 measurements in CH,Cl,. ° measurements in CHCIs. © lifetimes were monoexponential
and fitted with a single decay function. Multiple trials are reported in some cases.

To investigate the effect of protonation on the spectra of 3.7 in more detail, we
performed a titration in THF/methanol; 3.7 is attractive, it contains both pyridine and

dibutylamino substitutents (Figure 3.9). Upon adding acid, the emission of 3.7 (Amax €m
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= 598 nm — note that in THF/methanol, the emission of 3.7 is red-shifted when compared
to the emission recorded in dichloromethane), diminishes and is replaced by an emission
at 445 nm, corresponding to 3.7 with dibutylamino-protonated arms (Amax €m = 445 nm).
At pH 3.6, an approximate 1:1 ratio of the dibutylamino-protonated species (Amax €m =
445 nm) and the non-protonated species (XF 3.7) is found. At a pH of 2.7 all of the non-
protonated 3.7 has disappeared, and only protonated species emitting at 445 nm are
observed.” Diethylaniline has a pK, of 6.67, while pyridine displays a pK, of 5.25; from
the pH-dependent optical data we conclude that a) the dibutylamino group is protonated
first, and b) both dibutylamino groups are protonated independently. If that were not the
case, i.e. if monoprotonation would happen, one would expect the disappearance of 50%

of the neutral species to be complete at pH 6.6 and not at 3.6.

—71
—45
3.6
—27
—12
—0.96
—0.72
—0.61
0.34

051 100 -

Absorbance
Intensity

275 325 375 425 475 525 575
A (nm)

Figure 3.9. Protonation of 3.7 in a THF/methanol mixture with trifluoroacetic acid.
Emission maxima are 598 nm at pH 7.1, 437 nm at pH 2.7 and 542 nm at pH
0.34.
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Upon further protonation, a second isosbestic point is found and an emission
centered at 542 nm grows in. We attribute this species to a cruciform 3.7 that is
protonated at the dibutylamino arms and at the pyridine rings. From the above discussion
we conclude that either one or both pyridine rings could be protonated, depending upon
the difference in pK, values of the mono-protonated pyridine and the di-protonated
pyridine species. In the second case, the pK;, values of all four basic sites would be
largely independent and successive double protonation of the dibutylamino and the
pyridine group would occur. Due to our stoichiometric investigation detailed below
(Section 3.4.2), we conclude that in 3.7 we first doubly protonate the dibutylamino
groups, and then, in a second step, doubly protonate the pyridine units, suggesting that
the pK, values do not change much upon protonation of one end of the respective arm of

the cruciform.

3.4.2. Comparing Zn*" and TFA — Elucidating the nature of analyte interactions.
The exposure of functional cruciforms towards zinc and other metal ions also
elicits chromic changes in absorption and emission (Figure 3.8). It was of interest to
examine more carefully the nature of the cation/cruciform interaction. More specifically,
it was imperative to determine the locus of metal binding. In the case of the pyridines the
binding site must be the lone electron pair. However, in case of cruciforms that contain
dialkylaniline subunits, the metal cations could either bind to the electron-rich aromatic
n-face or directly through the nitrogen of the dialkylamino group. Examples of metal
cations binding to electron rich aromatic n-faces are known; therefore, the question for

the location of the metal cations is not trivial.’> We selected zinc, a metal of importance
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in biology,™* because it is in the d*° configuration and without optical transition in the
visible.

How could one distinguish between zinc binding through the aniline nitrogens or
through the electron rich ring? Reacting cruciforms with TFA, the proton will bind to the
free electron pair of the nitrogen, i.e. protonation will occur either at the pyridine-
nitrogen or at the dibutylaniline. If the photophysical properties of the cruciforms upon
exposure to protons and to zinc triflate are significantly different, one would conclude
that zinc ions and protons would occupy different binding sites. Alternatively, if
comparable spectroscopic responses are observed for Zn?* and TFA, we can conclude

that a similar mode of analyte interaction with the XF exists.

Table 3.2. Photophysical properties of 3.1-3.7 upon addition of TFA and Zn(OTf),.

31 32 33 34 35 36 37

Amax Abs (nm)? 339 350 330 336 337 338 343
E Amax EM (nm)? 555 532 425 420 430 430 509
g Quantum Yield® - 006 044 065 068 038 006
&
* | Fluorescence Lifetime t (ns)b’c gz sg gg 23 g? gg %;3
3.6 3.1 2.9 2.0
& Amax Abs (nm)? 3% 339 328 326 336 336 340
o Jmax EM ()2 580 543 429 421 429 429 518
g Quantum Yield" 031 018 062 080 0.84 058 0.11
S 3.1 3.7
4 | Fluorescence Lifetime (ns)"* ig gg gé g; gg gé gé

2 measurements in CH,Cl,. ® measurements in CHCls. © lifetimes were monoexponential
and fitted with a single decay function. Multiple trials are reported in some cases.
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Table 3.2 details the photophysical properties of 3.1-3.7 upon addition of Zn(OTf),
and compares them to the responses observed upon addition of TFA. To further facilitate
a comparison, Figure 3.10 graphically presents the changes in absorption, emission,
quantum yield, and fluorescence lifetime upon addition of Zn®** and TFA. In all cases,
the changes in spectroscopic properties, quantum yields and emissive lifetimes of 3.1-3.7

are similar upon addition of zinc triflate and of TFA.
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Figure 3.10. Comparison of the observed photophysical responses of XFs 3.1-3.7 (beige
bar) towards TFA (dark orange bar) and Zn(OTf), (light orange bar).

The shifts observed upon addition of zinc cations can be explained (as in the case of

TFA) by considering the influence of analyte binding on the spatially segregated FMOs

in 3.1-3.7. In both cases, the positive charge is the determining issue. Addition of zinc

triflate to the pyridine-containing cruciforms leads to a somewhat larger red-shift in
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emission and to higher fluorescence quantum vyields when compared to the values
obtained for protonation of the cruciforms. These findings may indicate a stronger
binding of the divalent zinc ions than of the protons to the pyridine units of the
cruciforms. However, the overall similarities of the series of photophysical data,
obtained for protonation vs. exposure to zinc ions, suggests that the zinc ions bind
directly through the aniline nitrogens.

In addition to determining the locus of interaction, we also wished to determine the
stereochemical interaction. We assume that addition of excess TFA to solutions of 3.1-
3.7 results in the protonation of all available nitrogens. The similarity between the
responses observed upon addition of zinc and TFA certainly suggest that if TFA
protonates all nitrogens, the metal cations probably complex all available Lewis basic
nitrogens as well.

To further address the issue of the stoichiometry, we investigated the 'H NMR
spectra of 3.2 and 3.3, in deuterated chloroform, upon addition of zinc triflate and TFA.
The results obtained for 3.3 are included here as Figure 3.11; similar results were
obtained for 3.2. Upon addition of TFA to either of the cruciforms we see only one set of
sharp signals assigned to a symmetrical structure, suggesting in both cases that the
respectively formed species is doubly protonated at the aniline or at the pyridine. In the
case of a putative mono-protonated species, we would have expected to see a complex
and/or broadened NMR pattern. From the emission spectra of 3.2 and 3.3, we know that
protonation produces one discrete species each, i.e. the NMR spectra taken under
identical conditions can not represent an equilibrium mixture of different protonated

species. We therefore conclude addition of TFA protonates both Lewis nitrogens in 3.2
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and 3.3. Upon addition of zinc triflate, we observe results that are comparable to those
we have obtained for the protonation of these cruciforms, suggesting again the similarity
of the processes involved. Chemical shifts are very similar in both cases (TFA and zinc),
and greater changes in chemical shift are observed for hydrogens closer in proximity to
the Lewis basic center. Binding of the zinc through the electron-rich aromatic n-face
does not seem to be important in solution; however, in the solid state the situation could
be different. Once again, the nature of the NMR spectra suggests coordination to both

Lewis basic nitrogens.

T T T [ T T T T T T T T T T T T T T T T
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4
Chemical Shift (ppm)

Figure 3.11. *H NMR spectra of 3.3 (CDCls3). Top: After addition of an excess of zinc
triflate. Middle: After addtion of an excess of trifluoracetic acid. Bottom: 3.3
in chloroform-d. All spectra were taken at 400 MHz.
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3.4.3. Fluorescence response of XFs to the triflates of Mg?*, Ca**, and Mn*",

With the effects of the addition of proton acids and zinc ions secured, we were
curious if other metal cations in their +2 oxidation state would affect the fluorescence of
the cruciforms differently. We chose Mg**, Ca?* and Mn?*, all as their triflates as
suitable representatives because they are sufficiently similar in their overall properties to
zinc ions. Manganese and magnesium ions have roughly the same size as zinc ions and
only calcium is somewhat bigger (Zn?* 88 pm, d*°; Mn*" 89 pm, d°; Mg?* 86 pm, d°; Ca?*
114 pm, d°.*2 The main difference is the increase in hardness when going from Zn* to
Mg®* and the presence of five unpaired electrons in Mn?*. We were interested to see if
the presence of the unpaired electrons would lead to a quenching of the fluorescence of
the cruciforms and how increasing hardness and size would influence binding to the
cruciforms.

Figure 3.8 and Table 3.3 show the pertinent results of the binding of all four metal
cations to 3.1-3.7. We will discuss the metal responses of the cruciforms 3.1-3.3, 3.5,
and 3.7 in more detail. Upon exposure to the set of three metals, cruciforms 3.1-3.3 show
large but metal independent shifts, similar to those obtained for zinc ions. In cruciform
3.2 the response is somewhat more varied with the emission maxima ranging from 536
nm to 543 nm upon addition of the metal cations. In 3.1 and 3.2 the addition of Mg*",
Mn%*, and Zn?* transforms all of the fluorophore into a metal bound species, while in the
case of Ca?* only partial binding occurs. One can observe bound and unbound species.
The more electron rich 3.2 binds better to Ca** ions and the ratio of the emission intensity

bound/unbound cruciform is considerably larger than in 3.1
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Table 3.3. Photophysical properties of 3.1-3.7 upon addition of Mg®*, Mn®*, and Ca*".

31 32 33 34 35 36 37

EN Amax EM (nm)? 581 542 429 418 431 422 530
= Quantum Yield® 049 028 079 085 094 086 0.23
% Fluorescence Lifetime t (ns)b‘c 5.0 6.9 3.0 2.9 2.9 3.4 2.1
— Amax EM (nm)? 579 542 429 418 430 421 526
‘(E' Quantum Yield" 046 022 069 086 089 079 -°

% Fluorescence Lifetime T (ns)> 49 70 29 28 29 30 13
o Amax EM (nm)? 576 536 429 419 431 422 433
é Quantum Yield® 44 o7 -4 U a a

e Fluorescence Lifetime T (ns)> 34 64 28 27 27 29 26

3 measurements in CH,Cl,. ° measurements in CHCls. © lifetimes were monoexponential
and fitted with a single decay function. Multiple trials are reported in some cases. “not
available due to the presence of two emitting species in solution

Compound 3.5 with its strongly electron withdrawing trifluoromethyl substituents
shows a different response for Zn** than for Mg**, Mn**, and Ca*", as an additional blue-
shifted feature is visible at 413-417 nm. The Zn**-induced emission is broad, featureless
and centered at 429 nm. Even saturated solutions of Ca(OTf), leave a fraction of 3.5
unbound. The pyridine-dibutylamino cruciform 3.7 shows the most varied metal
response. Both zinc and magnesium fully complex 3.7, but with different emission
maxima (Zn** 518 nm, Mg?** 530 nm). Manganese only partly binds to 3.7. A feature at
418 nm is due to complexation of the dibutylamino groups while the second feature at
526 nm represents the fully, fourfold complexed 3.7. In the case of Ca®" we also see two

different features. One corresponds to the uncomplexed cruciform, while the second one
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IS observed at 414 nm and represents 3.7 in which only the two dibutylamino units are
calcium-bound.

All of the cruciform-metal ion complexes are fluorescent. Their quantum yields
are also shown in Table 3.3. We were not able to determine the emission quantum yield
of the Ca-complexes, because we always (with exception of 3.3) observe bound and
unbound species. Generally, the Mg®*-complexes show the highest quantum yields,
followed by the Mn?*-complexes. The Zn’*-complexes are the least fluorescent, only to
be undercut by the protonated cruciforms. The reason for the metal-based variations in
the fluorescence quantum yield is not clear, and it is not reflected by changes in the
radiative lifetimes. Here all of the different metal complexes of one cruciform show
similar fluorescence lifetimes.

From these results a self-consistent picture emerges. The cruciforms can be
ordered in their metal binding power as 3.3 > 3.2 = 3.5~ 3.7 > 3.1. The electron releasing
quality of the binding element seems to play the largest role. The metals can also be
ranked in the power in which they bind the cruciforms; Mg?* =~ Zn** > Mn** > Ca®". The
lesser binding ability of Ca®* as compared to the other metal cations is due to its
increased size and decreased charge density. Mg®*, Zn?* and Mn?* have all the same size
and charge but are d°, d® and d'® configured respectively. Zn**, the softer metal ion,
binds better to the pyridines than Mn?* as expected. The second row ion, Mg?*, the
smallest and the hardest of all of the investigated ones, binds well both to the pyridine as
well as to the dibutylamino groups. It was surprising for us that the d°-configured Mn**
did not lead to quenching of the fluorescence of any of the cruciforms, because we

expected that unpaired electrons lead to spin-orbit coupling in the metal-cruciform
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complexes. Overall, the responses of the different metal cations to the different
cruciforms are varied and the four cations can be discerned under ideal conditions. This

IS surprising, because the cruciforms were not designed to be metal sensory compounds.

Figure 3.12. Fluorescence of 3.1-3.7 in chloroform. Top row displays 3.1-3.7 without any
additive. Middle row: After addition of trifluoroacetic acid. Bottom row:
After addition of zinc triflate. The difference in the appearance of 3.7 and 3.1
in the presence of zinc triflate as compared to the pictures taken in the
presence of trifluoractic acid is due to the inherent sensitivity profile of the
camera. All pictures were taken under a blacklight at a maximum emission

wavelength of 365 nm.
3.5. Conclusions
Having previously examined the photophysical properties of 3.1-3.7 and
uncovered the ability of XFs to exhibit spatially separated FMOs, we elected to examine
the sensory behavior of these chromophores. As 3.1-3.7 are functional fluorophores
possessing Lewis basic nitrogens, we decided to probe the sensory potential of these

novel fluorescent cores by examining their response to TFA and to the triflates of Mg®",
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Ca**, Mn*" and Zn**. Spectacular sensory responses occur in all cases, as is graphically
demonstrated in Figure 3.12. The locus and stoichiometry of interactions were also
determined. Addition of protons or metal ions results in similar changes in the optical
and NMR spectroscopic properties of all of the investigated cruciforms, suggesting that
the metal ions and the protons bind to the same sites, viz. the free electron pairs of both
dialkylaniline and pyridine nitrogens. The parallel results observed for the addition of
protons and metal ions suggests that protons can be used to qualitatively and
conveniently assess the photophysical sensory responses observed in operationally
functional fluorophores such as cruciforms, when positive charge is the major contributor
to the change in fluorescence. These cruciforms indeed display a wealth of unexpected
photophysical properties which makes them attractive objects of study.
This work has been published in the Journal of the American Chemical Society:

Zucchero, A. J.; Wilson, J. N.; Bunz, U. H. F. Cruciforms as functional fluorophores:

response to protons and selected metal ions. J. Am. Chem. Soc. 2006, 128, 11872-11881.

3.6. Experimental
General Methods. All chemicals were purchased from Aldrich Chemical, Acros, TCI
America, or Fischer Scientific and used without purification unless otherwise specified.
Column chromatography was performed using Standard Grade silica gel 60 A, 32-63 um
(230 x 450 mesh) from Sorbent Technologies and the indicated eluent. Elution of
cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points
were obtained using a Mel-Temp apparatus fitted with a Fluke 51%” digital thermometer.

All IR spectra were obtained using a Simadzu FTIR-8400s spectrometer. Unless
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otherwise specified, NMR spectra were recorded at 298 K on a Varian Mercury
spectrometer (300 MHz). Chemical shifts are reported in parts per million (ppm), using
residual solvent (chloroform-d) as an internal standard. Data Reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet), coupling constant, and integration. Mass spectral analyses were provided by
the Georgia Institute of Technology Mass Spectrometry Facility.

All absorption spectra were collected using a Shimadzu UV-2401PC
spectraphotometer. All emission spectra were acquired using a Shimadzu RF-5301PC
spectrofluorophotometer. Lifetime data were collected using a Lifespec-ps (Edinburgh
Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
(Hamamatsu). Data were fit to single exponential decay so as to optimize chi-squared
values. Quantum vyields for all cruciforms were measured using standard procedures
using quinine sulfate as a standard.

Synthesis of Calcium and Manganese Trifluoromethanesulfonate. The procedure
utilized to prepare calcium and manganese triflate was adapted from a previously
published method.®* The corresponding carbonate salts were suspended in deionized
water and stirred at room temperature. CF3;SO3zH (2 molar equivalents) was added
dropwise to the stirring suspension. The reaction was then allowed to stir overnight at
room temperature. The reaction mixtures were filtered and the triflate salts were isolated
in vacuo. These were subsequently heated to obtain the anhydrous triflate salts. The
resulting triflates were carefully washed multiple times with dichloromethane to remove
any residual triflic acid. The pH of aqueous solutions of both triflate salts was checked to

confirm no triflic acid remained.
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'H NMR Spectra Upon Addition of Zinc Triflate and TFA. A solution of cruciform
3.3 (4 mg/mL) in chloroform-d was prepared. Excess trifluoroacetic acid and zinc triflate
was added to the sample as required. The sample were allowed to equilibrate for 8 hours
before measurement. In order to determine peak assignments, spectra of 3.3 alone and
with excess trifluoroacetic acid were collected using a Bruker DRX 500 MHz NMR. All
other spectra were collected using a Bruker AMX 400 MHz NMR.

Titration of 3.7 with Trifluoroacetic Acid. A stock solution of 3.7 in a methanol/THF
mixture was prepared. A stock solution of trifluoroacetic acid in methanol was also
prepared. All pH measurements were made using a calibrated VWR sympHony SP20
digital pH meter. Upon addition of trifluoroacetic acid in methanol to 3.7, the resulting

pH was measured and absorption/emission spectra were collected.
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CHAPTER 4

Phenothiazine-Substituted Cruciforms: Synthesis and Metallochromic Properties

4.1 Introduction

Previous examinations of XFs as responsive fluorophores have focused on
compounds containing pyridine and/or dialkylamino groups as metal binding sites.!
These initial examinations explored the fundamental photophysical behavior and sensory
potential of these cores. With these basic lessons in hand, we proceeded to expand our
library of XFs by incorporating phenothiazine heterocycles on the cruciform periphery.
As electron rich tricyclic heterocycles, phenothiazines are easily and reversibly oxidized,
as strong electron donors, they have found application in electroactive materials
possessing donor-acceptor character.>®> In this chapter, we report the synthesis,
characterization, and metallochromic properties of five phenothiazine-substituted XFs.
Phenothiazine-containing systems show promise for the synthesis of metallochromic

XFs.

4.2 Results and Discussion
4.2.1. Synthesis.

The robust synthetic protocol employed for the synthesis of XFs permits the
construction of almost any conceivable architecture as long as the requisite aldehydes and
alkynes are available. Starting from 10-hexyl-10H-phenothiazine, Vilsmeier formylation
of 4.1 with phosphorus oxychloride and N-methylformanilide in 1,2-dichloroethane

regioselectively furnishes the aldehyde 4.2 in 71% vyield as bright yellow crystals
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(Scheme 4.1).»* A subsequent Horner reaction® of the diphosphonate 4.3 with the
phenothiazine aldehyde 4.2 afforded 4.4 in 90% yield after recrystallization. Palladium-
catalyzed coupling of the diiodide 4.4 to different alkynes accessed the phenothiazine-

based XFs 4.5-4.9 in 20-61% yield (Figure 4.1).

O PO4E,
Hexy! Et,O4P Hexyl

@% Ty o m e @@

dichloroethane 0 HexyI
reflux, 48h, 71% 90%

Hexyl

= IOl
4 (Ph3P),PdClI, @ O @

Cul, piperidine R HexyI

4.5 4.9

Scheme 4.1. Synthesis of phenothiazine XFs.

The XFs were obtained as yellow-to-red colored crystalline powders that were
identified by their characteristic *H and **C NMR signals. To fully corroborate the
presence of the XF-core, diffraction quality specimens of XF 4.5 were obtained. Figure
4.2 shows the structure and the packing of XF 4.5 in the solid state. The bond lengths
and bond angles are in excellent agreement with expected values and are very similar to
those reported for other XFs.> Contrary to some of the other XFs, 4.5 is fully planarized
in the solid state and forms tilted stacks, typical for aromatic hydrocarbons, where direct
n-m stacking between the aromatic systems is avoided.® In this packing motif the butyl

groups act as molecular insulation.
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Figure 4.1. Synthesized phenothiazine-substituted XFs 4.5-4.9.

4.2.2. Spectroscopic properties and quantum chemical calculations.

All of the isolated phenothiazine XFs form brightly yellow-orange fluorescent

solutions in dichloromethane. Figure 4.3 shows the absorption and emission spectra of

XFs of 4.5-4.9 in dichloromethane. The absorption spectra of XF 4.6-4.9 are similar and

show a significant charge transfer band at around 430-450 nm and a second more intense

absorption at around 325 nm. This charge transfer band is absent in the all-donor-

substituted XF 4.5; it displays a single broad band with a maximum absorption at 392
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FIGURE 4.2. Structure and the packing of XF 4.5 in the solid state. Top left: Molecular
structure of 4.5. Top right: Packing of 4.5 seen along the b-axis. Blue: c-
axis, green: b-axis, red: a-axis. Bottom: View of the packing of 4.5 along
the planar w-system.
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FIGURE 4.3. Normalized absorption (top) and emission (bottom) spectra of the XFs 4.5-
4.9 in dichloromethane.
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TaBLE 4.1. Spectroscopic and quantum chemical data for the cruciforms 4.5-4.9 in
dichloromethane

4.5 4.6 4.7 48 4.9
Amax abs (nm) 392 433 442 437 439
+ | %432 (40 eq.) —422 (2.0 eq.)

hnax @S (M) +H™ 1 a0 1000 eq) 331 (B00€) 349 1a00eq) M M
Amax €mission(nm) 552 563 589 579 590

Amax €Mission(nm) | —577 (40eq.) —447 (800eq.) —q° (2.0eq.) na na

+H* 417 (1000 eq.) 5528 (1400 eq.)

Stokes Shift (Cm'l) 7717 5528 5637 5619 6566
() 0.53 0.36 0.07 0.25 0.16

HO, LU calc. (eV) (4.5°) -4.46, (4.6°) -4.74, (4.7°) -4.91, na na

-1.62 -1.95 -2.32
Band gap calc. (eV) (4.5%)2.84 (4.6°) 2.79 (4.7°) 2.59

a) arrow (—) depicts addition of increasing amounts of acid. b) q: fluorescence is
quenched

The emission spectra of the XFs are broad and featureless and range from 552-
590 nm. The donor-substituted XF 4.5 possesses the highest energy emission. Increasing
donor-acceptor strength substitution leads to increasing red shift of the fluorescence of
the XFs. Table 4.1 shows spectroscopic data for 4.5-4.9 including the quantum vyield.
Increasing donor-acceptor substitution decreases the quantum vyields of the XFs, in good
qualitative agreement with the energy gap law.” In order to rationalize the charge transfer
band present in 4.6-4.9, we performed quantum chemical calculations (B3LYP/6-
31G*//6-31G*) on smaller model systems 4.5°-4.7° that omitted the N-hexyl groups on
the phenothiazine unit. Figures 4.4 and 4.5 show representations of the HOMO and the
LUMO of simplified versions of 4.5-4.7, viz. 4.5°-4.7° in their neutral and doubly
protonated forms. Figure 4.6 shows the calculated orbital positions.
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Our previous analysis has demonstrated that in the case of XFs, HOMO and
LUMO can localize on the distyrylbenzene and the arylethynyl axis respectively, if the
transverses are donor and acceptor substituted.' It was of interest to see if the same type
of “disjoint” orbital arrangement could also be observed in representative phenothiazine-
functionalized cruciforms 4.5-4.7. Inspection of the FMOs of 4.5°-4.7° shows that there
IS some spatial separation between the frontier orbitals but not as significant as in the case
of simpler XFs such as 4.10 and 4.11 (Figure 4.7). In the donor-substituted 4.5 we do
not observe spatial separation of the FMOs. Only in 4.7° is clear FMO separation
enforced by the substituents; the bis(vinylphenothiazine)benzene axis in 4.7 is electron
rich whereas the bis(pyridylethynyl)benzene axis has an electron accepting character.
While 4.5’ and 4.6’ have a more congruent orbital structure,® it might be possible to
induce the “diagonalization” of the FMOs of the C-class XFs 4.5 and 4.6 upon
protonation and/or addition of metal salts. We therefore computationally investigated the
protonation of 4.5-4.7° (Figure 4.5). In the case of 4.6, protonation of the
phenothiazines leads to a species with a disjoint FMO structure. The HOMO of 4.6>-2H"
is located on the bis(arylethynyl) axis while the LUMO is located on the axis containing
the protonated phenothiazines. While these calculations forecast a dramatically different
FMO structure, they do not predict an increase in the band gap upon protonation (Figure
4.6). However, this level of theory may not be sufficient to project spectroscopic
changes. In 4.5, we expect that the alkylanilines would be protonated preferentially. As a
consequence we computed 4.5°-2H", in which the aniline nitrogens in 4.5 are protonated.
In the case of 4.7°, we investigated the protonation of the pyridine units and also

protonation of the phenothiazines.

68



4.7

HO -4.74 eV HO -4.46 eV HO -491 eV
LU -1.95eV LU -1.62eV LU -2.32 eV
Gap 2.79 eV Gap 2.84 eV Gap 2.59 eV

444 nm 437 nm 478 nm

FIGURE 4.4. Molecular orbital plots (LUMOs, Top; HOMOs, Bottom) of cruciforms

4.5°-4.7°. The calculations were performed using B3LYP/6-31G*//6-31G*
as implemented on SPARTAN.
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4.7 -2(H") 4.7-2(H")

4.6'-2(H") 4.5'-2(H")
HO -8.68 eV HO -7.41 eV HO -9.28 eV HO -8.00 eV
LU -6.11 eV LU -5.95eV LU -6.32eV LU -7.54 eV
Gap 2.57 eV Gap 1.46 eV Gap 2.96 eV Gap 0.46

482 nm 849 nm 419 nm 2695 nm

FIGURE 4.5. Molecular orbital plots (LUMOs, Top; HOMOs, Bottom) of the
bisprotonated species 4.5°-(2H)", 4.6>-(2H)", and 4.7°-(2H)". The
calculations were performed using B3LYP/6-31G*//6-31G* as

implemented on SPARTAN.
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Figure 4.6. Absolute HOMO-LUMO positions from (B3LYP/6-31G*//6-31G*)
calculations.

In the case of 4.5°, which is all donor substituted, protonation of the aniline
nitrogens leads to a decrease in the HOMO-LUMO gap and the development of a disjoint
orbital structure, in which the anilinium ions are the acceptors and the phenothiazine-
containing axis localizes the HOMO. When the phenothiazine units of 4.7 are
protonated, the HOMO is localized on the bis(pyridinylethynyl)benzene axis, while the
LUMO is localized on the axis that contains the protonated phenothiazines. A blue shift
of the emission is expected (and found experimentally, vide infra), due to the increase in
the HOMO-LUMO gap by removing the donor character from the phenothiazine-
transverse. Upon protonation of the pyridine, the already pronounced spatial HOMO-
LUMO separation in 4.7 is further amplified and becomes extreme to such a point that
there is no Franck-Condon overlap between the FMOs anymore. At the same time, the
HOMO-LUMO gap shrinks to 0.46 eV.
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Figure 4.7. Structure of XFs 4.10 and 4.11.

4.2.3. Titration studies of 4.5-4.7 using trifluoroacetic acid in dichloromethane.

To see if the qualitative predictions of the quantum chemical calculations were
correct we performed titration studies on 4.5-4.7. Generally, the protonation of
phenothiazine forms oxidized radical cations.*® In our hands (vide infra) protonation
with a strong acid leads to a spectroscopic behavior that is best interpreted by partial
oxidation but mostly simple multiple protonation of the phenothiazine nuclei. We
investigated the absorption and the emission of 4.5-4.7 in the presence of increasing
amounts of trifluoroacetic acid in dichloromethane. The spectra of the titration
experiments are shown in Figures 4.8-4.10. The simplest case is that of 4.6 (Figure 4.9),
where only the phenothiazine groups are present as basic sites. Upon addition of up to 40
equivalents of TFA there is no change in the absorption spectrum and only a small
decrease in fluorescence intensity. After addition of 250 equivalents of TFA, there are
two bands of approximately equal height visible in the emission spectrum. One is the
original band recorded at 563 nm, while the second band is a blue-shifted feature at 447
nm. Upon increasing the amount of TFA, the absorption feature located at 433 nm
decreases and a somewhat blue shifted maximum develops at 331 nm. After the addition
of 1000 equivalents of TFA, the protonation is complete and only the blue emitting
feature at 447 nm remains. In the absorption spectra, a band grows in at around 590 nm
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upon exposure of 4.6 to large amounts of TFA under air. We see this secondary peak
developing at 550-600 nm in all of the phenothiazine-XFs when they are exposed to a
large excess of TFA in air. This absorption band is most probably a consequence from
some oxidation of the XFs to the respective radical cations on each of the phenothiazine
sites. The oxidation of phenothiazines in acidic solution is not uncommon and has been
discussed.®> However, complete oxidation of the XF is unlikely, as we have a strong blue
fluorescence that is located at higher energy than the absorption maximum for the
secondary band in absorption. In addition, a phenothiazine radical cation would in all
probability be non-fluorescent. The presence of some percentage of radical cations is
supported by the massive broadening of the proton NMR signals which additionally are
severely downfield shifted.

Overall, this spectroscopic behavior can be interpreted by considering the FMO
arrangement of 4.6. Upon protonation of the phenothiazine rings, the HOMO of 4.6 is
substantially stabilized while the LUMO is less affected. As a consequence, the observed
blue shift in emission and the disappearance of the absorption feature at 433 nm is not
unexpected. These spectroscopic properties are similar to those reported for the
dibutylamino-XF 4.10, only that the corresponding transitions in 4.10 are red-shifted and
that the protonation of the phenothiazine units is considerably more difficult than that of
the dibutylanilines in 4.10. Our inability to forecast the increase in the HOMO-LUMO
gap of 4.6 upon protonation using the model compound 4.6’ using a B3LYP/631G*//6-
31G™* calculation is probably due to the relatively low level of theory we have to use in

these relatively large molecules.
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Figure 4.8. Absorption and emission spectra of XF 4.5 in the presence of increasing

amounts of TFA.

74



— 0.0 eq.
—10.0 eq.
— 20.0 eq.
—40.0 eq.
—100.0 eq.
— 150.0 eq.
— 200.0 eq.
— 250.0 eq.
300.0 eq.
350.0 eq.
400.0 eq.
500.0 eq.
— 600.0 eq.
— 800.0 eq.
— 1000.0 eq.

Absorption

250 350 450 550 650
Wavelength (nm)

700
— 0.0 eq.

—10.0 eq.
— 20.0 eq.
—40.0 eq.
— 100.0 eq.
— 150.0 eq.
— 200.0 eq.
— 250.0 eq.
300.0 eq.
350.0 eq.
400.0 eq.
500.0 eq.
— 600.0 eq.
— 800.0 eq.
370 470 570 670 —1000.0 eq.
Wavelength (nm)

600

500

400

Emission

300

200

100

Figure 4.9. Absorption and emission spectra of XF 4.6 in the presence of increasing
amounts of TFA.
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Figure 4.10. Absorption and emission spectra of XF 4.7 in the presence of increasing
amounts of TFA.
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After addition of 10 equivalents of TFA to a solution of 4.5, the feature recorded
at 392 nm diminishes in intensity and centers at 432 nm (Figure 4.8). At the same time
we observe a shift in the emission from 552 nm to 577 nm. We attribute these changes to
the protonation of the dibutylaniline moieties in 4.5. Under these conditions we transform
4.5 into 4.5-2H", a donor-acceptor species with a disjoint FMO structure and a decreased
band gap. Upon addition of considerably more TFA (1000 equivalents), the
phenothiazine units are also protonated. Both the absorption and the emission are blue
shifted as the HOMO is now stabilized by the protonation of the phenothiazine nuclei, yet
the LUMO does not seem to be affected. Again, the broad feature that emerges at around
600 nm in the absorption spectrum is attributed to the partial oxidation of the
phenothiazine units under these conditions.

In the case of 4.7 the neutral compound displays an absorption at 442 nm (Figure
4.10). Addition of up to 40 equivalents of TFA leads to a red shift in absorption that is
characterized by a shoulder/tail at 550 nm and a sharp peak at 422 nm. We assign this
signature to the doubly pyridine-protonated XF 4.7. Upon further addition of TFA the
shoulder disappears and a feature at 350 nm dominates the absorption spectrum. The
main emission of 4.7 at 589 nm is quenched after the addition up to 100 equivalents of
TFA. Upon addition of more TFA a new blue shifted emission is observed at 528 nm.
We assume that first the pyridine units are protonated, leading to a species with a very
low band gap, as the LUMO is stabilized by protonation. This species is non-fluorescent
as there apparently are effective paths available for non-radiative excited state
deactivation, in line with the energy gap law.” Upon further addition of TFA the

phenothiazine units are likewise protonated, stabilizing the HOMO. The result is an all
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acceptor-substituted species with congruent FMOs displaying an increased HOMO-
LUMO gap. The 4.7-4H" tetracation is fluorescent and would be best described as a class

C cruciform.

4.2.4 Interaction of the XFs with metal salts.

The study of the interaction of 4.5-4.7 with TFA was illuminating: Absorption
and emission of the XFs are manipulated by protonation. It was of interest if similar
effects could be elicited by the addition of metal cations to the XFs. We investigated
both the absorption and the emission of 4.5-4.9 in the presence of Mg®*, Zn*", and Ca®" in
form of their triflates in dichloromethane solution. From prior experience we are
expecting that the binding affinity for the anilines, pyridines and the phenothiazines
would be Mg*>Zn?*>>Ca?*!  Zinc complexes with promazine hydrochlorides had been
proposed by Gowda et al. The coordination of zinc chloride with the phenothiazinyl
sulfur was inferred from shifts of C-S-valence bands in the IR spectra.’ However,

prominent effects in the electronic spectra of the complexes were not observed.
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Figure 4.11. Normalized absorption and emission spectra of XF 4.5 (light blue trace) in
the presence of different metal cations (Zn?* = green trace, Mg?* = dark blue
trace, Ca”* = orange trace).
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Figure 4.12. Normalized absorption and emission spectra of XF 4.6 (light blue trace) in
the presence of different metal cations (Zn®* = green trace, Mg?* = dark blue
trace, Ca** = orange trace).
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Figure 4.13. Normalized absorption and emission spectra of XF 4.7 (light blue trace) in
the presence of different metal cations (Zn®* = green trace, Mg?* = dark blue
trace, Ca”* = orange trace).
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Figure 4.14. Normalized absorption and emission spectra of XF 4.8 (light blue trace) in

the presence of different metal cations (Zn®* = green trace, Mg?* = dark blue
trace, Ca’* = orange trace).
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Figure 4.15. Normalized absorption and emission spectra of XF 4.9 (light blue trace) in
the presence of different metal cations (Zn?* = green trace, Mg?* = dark blue
trace, Ca®* = orange trace).

The exposure of 4.5 to Ca(OTf), in dichloromethane (Figure 4.11, Table 4.2)
elicits a vanishingly small bathochromic shift in absorption and emission, probably due to
weak binding. In the case of Zn(OTf),, a striking red shift in both absorption and
emission is observed, while Mg(OTf), causes a blue shift in both emission and
absorption. The differences in the spectroscopic behavior can be easily explained if one
assumes that Zn(OTf), binds to the dibutylanilines but does not bind to the phenothiazine
nuclei, transforming the donor XF 4.5 into a donor-acceptor XF with a decreased band
gap. The arylethynyl transverse localizes the LUMO after zinc coordination, while the
HOMO is still localized on the phenothiazine-bearing axis. The binding affinity of
Mg(OTHT), is sufficiently high to coordinate not only to the dibutylanilines but also to the
phenothiazine nuclei, transforming the donor-substituted XF 4.5 into an all-acceptor-
substituted XF with an increased band gap. In this case, the HOMO is more stabilized

than the LUMO to give the blue emitting species.
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Table 4.2. Spectroscopic data of 4.5-4.9 in the presence of divalent metal ions in

dichloromethane.

4.5 4.6 4.7 4.8 4.9
Amax abs (nm) 392 433 442 437 439
Amax @bs (nm) + ZnZ* 431 433 412 440 444
el o I I
Amax abs (nm) + Ca?* 392 433 437 440 439
Amax €mission (nm) 552 563 589 579 590
Amax €Mission (nm) + Zn** | 586 561  Quenched 579 594
Amax €Mission (nm) + Mg? iﬁ a4 513 24213 25
Amax €Mission (nm) + Ca* 557 564 592 579 590
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Figure 4.16. Left: Interaction of 4.7 with increasing amount of Mg(OTf),. Right:
Interaction of XF 4.5 with increasing amounts of Mg(OTf),. Arrows show
increasing concentration of Mg(OTf),
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In the case of 4.6 (Figure 4.12), Ca(OTf), and Zn(OTf), give insignificant
responses, while coordination of Mg(OTf), induces blue shift in both absorption and
emission. XF 4.6 is a model compound for both 4.5 and 4.7 in the sense that it only
contains the phenothiazine moieties and therefore displays an easier to interpret change in
photophysics upon metal salt coordination. In the cases of 4.8 and 4.9, which are in
effect only acceptor-substituted variants of 4.7, the same coordination pattern as in 4.6 is
observed with all three metal triflates.

The XF 4.7 is structurally reminiscent of the donor-acceptor XF 4.11. Are the
same spectroscopic effects observed in 4.7? In 4.11, we find a blue shift in both emission
and absorption when treating with either Zn(OTf), or Mg(OTf)..! Upon addition of an
excess of these salts, we see a second, bathochromic shift that leads to a green emissive
species as the end point. We contend that the dibutylanilines are coordinated first, leading
to a stabilization of the HOMO. The subsequent coordination of the metal salt to the
pyridines stabilizes the LUMO. Figure 4.13 shows the exposure of 4.7 to metal triflates:
Ca(OTf), unsurprisingly does not coordinate. Upon addition of Zn(OTf),, we see a red
shifted but very broad absorption that is tailing beyond 600 nm, while the emission of this
species is quenched. Upon addition of Mg(OTf), to the solution of 4.7, a significant blue
shift is observed both in absorption and emission. The spectral changes induced by
Mg(OTHT), are very similar to those observed upon addition of an excess of TFA to 4.5-
4.7, while the spectral changes observed upon addition of Zn(OTf), to the cruciforms
resemble those observed upon protonation of the non-phenothiazine nitrogens.

The behavior of 4.7 when compared to 4.11 is inverted with respect to the

coordination ability of the ligands on the XF transverses. In 4.7, the pyridines coordinate
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stronger than the phenothiazines, and the addition of Zn(OTf), leads to a highly disjoint
XF with a very small HOMO-LUMO gap. The decrease of the Franck-Condon overlap in
combination with the energy gap law’ leads to a disallowed HOMO-LUMO transition;
radiationless deactivation of the excited state occurs and quenching is observed. In the
case of the stronger coordinating Mg(OTT),, all four binding sites are occupied by metal
ions and an all-acceptor-substituted class C XF with a strong emission in the green
results. To exclude the possibility that Mg(OTf), does only coordinate with two of the
four sites, we performed a titration of 4.7, which is shown in Figure 4.16 (left). Upon
addition of a small amount of a saturated solution of Mg(OTf), to the XF, the
fluorescence is quenched. Upon addition of more Mg(OTT),, a strong emission centered
at 512 nm develops. The same type of titration can also be performed with 4.5, as shown
in Figure 4.16 (right). Here also the fluorescence red shifts and weakens considerably
when a small amount of a Mg(OTf); is added, suggesting that only the dialkylaniline
units are coordinated. Upon further addition of Mg(OTf),, the expected blue emission
appears as all four sites are coordinated. Our results suggest contrary to literature claims
that Zn®* does not strongly coordinate to phenothiazine, even if zinc triflate is used in a

weakly coordinating solvent such as dichloromethane.’

4.3. Conclusions
To expand the diversity of functionality of cruciform fluorophores, we prepared
and examined XFs 4.5-4.9 containing phenothiazine moieties on the arylenevinylene
transverse. Depending upon their substitution pattern, these XFs show either class C

(congruent) or class D (disjoint) FMOs.! Exposure of these XFs to either trifluoroacetic
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acid or to metal salts leads to strong chromic effects in absorption and in emission.® A
small panel of these XFs (Figure 4.17) allows to visualize the observed metallochromic
effects and demonstrates that such simple responsive fluorophores can discern zinc from
magnesium ions in dichloromethane without the interference of calcium ions. The
coordinative ability of Ca®* < Zn®** < Mg®* explains the observed changes in emission and
absorption. Quantum chemical model calculations support the observed trends. When
compared to XFs such as 4.10 or 4.11, the incorporation of the aniline nitrogens into the
phenothiazine framework decreases their basicity and metal coordinating ability as would
be expected from simple hybridization and resonance arguments. The herein presented
XFs display a significantly different pattern of metallochromicity as compared to those

observed in 4.10 and 4.11.

Ref Zn?* Mg?* Ca?* Zn¥* Mg® Zn?*
Ca** Ca*Mg?*
Ca?*

Figure 4.17. Exposure of the XFs 4.5-4.9 to different metal ions in dichloromethane.
The picture is taken on a black background using a hand-held UV lamp
(Amax €x = 365 nm) and represents the metallochromic properties of the XFs
in emission quite well.
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4.4. Experimental

General Methods. All chemicals and solvents were purchased from commercial sources
and were used without further purification unless otherwise specified. Column
chromatography was performed using Standard Grade silica gel 60 A, 32-63 um (Sorbent
Technologies) and the specified eluent. All IR spectra were obtained using a Shimadzu
FTIR-8400s spectrometer. *H NMR spectra were recorded at 298 K on a 300 or 500
MHz spectrometer. Chemical shifts are reported in parts per million (ppm), using
residual solvent as an internal standard. The data is reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad),
and integration. *3C HMR spectra were recorded at 300 or 500 MHz, and **C chemical
shifts (3) are referenced to residual CHCI3 at 77.23 ppm. All absorption spectra were
collected using a Shimadzu UV-2401PC spectrophotometer. All emission spectra were
acquired using a Shimadzu RF-5301PC spectrofluorophotometer. Quantum yields were
measured using standard procedures using quinine sulfate, fluorescein, or 2-
aminopyridine as standards; all solutions were purged with nitrogen prior to
measurement.

Synthesis of aldehyde 4.2. 10-Hexyl-10H-phenothiazin-3-carbaldehyde. In a dry,

nitrogen flushed 500 ml three-necked flask, 14.1 g (0.05mol) of 10-Hexyl-10H-
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phenothiazine and 7.16 g (0.053 mol) N-Methylformanilid were solved in 200 ml of
absolute 1,2-Dichlorethane. The reaction was cooled to 0°C and 8.43 g (0.055 mol)
POCI; solved in 6 ml 1,2-Dichlorethane was added. The reaction was refluxed for two
days and then cooled to room temperature. Then 200 ml of a saturated solution of sodium
acetate was added and the reaction was stirred for two hours. The layers were separated
and the aqueous layer was extracted with ether (3x). The combined organic layers were
dried with magnesium sulfate and the solvents were removed in vacuo. The product was
purified by column-chromatography (SiO,, n-Hexane/Ether 4:1). 11.4 g (0.037 mol, 73
%) as a light yellow oil. *H-NMR (300 MHz, Acetone-d6): J = 0.81-0.87 (m, 3H), 1.24-
1.32 (m, 4H), 1.40-1.51 (m, 2 H), 1.74-1.86 (m, 2H), 4.01 (t, J = 7.1 Hz, 2 H), 6.96-7.25
(m, 5H), 7.59 (d, J = 1.9 Hz), 1H), 7.72 (dd, J = 8.5 Hz, J = 1.9 Hz, 1H), 9.82 (s, 1H).
3C-NMR (75.5 MHz, Aceton-d6): § = 15.2, 24.2, 28.0, 28.4, 33.1, 49.3, 117.3, 118.3,
125.4,126.5, 129.1, 129.5, 129.6, 131.8, 133.4, 145.5, 152.4, 191.4. EI-MS (70 eV, m/z
(%)): 312 (20), 311 ([M]", 100), 241 (12), 240 ([M-CsHy1]", 80), 227 (17) 226 (([M-
CeHas]", 77), 208 (28), 198 (24), 28 (15).

Synthesis of diiodide 4.4. 3,3'-(1E,1'E)-2,2'-(2,5-diiodo-1,4-phenylene)bis(ethene-
2,1-diyl)bis(10-hexyl-10H-phenothiazine). An oven-dried Schlenk flask cooled under
nitrogen atmosphere was charged with dry THF (50 mL), diphosphonate 4.3 (788 mg,
1.25 mmol) and NaH (33.0 mg, 1.38 mmol) until the solution turned a purple-red color.
Aldehyde 4.2 (973 mg, 3.13 mmol) was added to the stirred mixture. The color changed
to orange and a solid precipitated. The reaction mixture was stirred over night at room
temperature. The reaction was quenched with water. Dichloromethane (200 mL) was

added and extracted five times with brine, dried over magnesium sulphate. The solvent
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was evaporated under reduced pressure. The resulting solid was crystallized from
dichloromethane/hexanes yielding (1.06 g, 1.12 mmol, 90 %) of bright orange crystals of
4.4, MP: 178-180°C. H-NMR (300 MHz, CD,Cl,): & = 0.85-0.91 (m, 6H), 1.28-1.34
(m, 8 H), 1.39-1.48 (m, 4 H), 3.85 (t, 4 H, J = 7.2 Hz), 6.83-6.95 (m, 8H), 7.04 (d, 2 H, J
=16.0 Hz), 7.12 (dd, 2H, J = 1.5 Hz, J = 7.6 Hz), 7.14-7.19 (m, 2 H), 7.29-7.34 (m, 4 H),
8.06 (s, 2 H). C-NMR (75.5 MHz, CD,Cl,): & = 14.2, 23.0, 26.9, 27.1, 31.8, 47.9,
100.6, 115.7, 115.8, 122.8, 124.2, 125.16, 125.17, 125.4, 126.8, 127.6, 127.7, 128.8,
131.3, 136.3, 140.8, 145.0, 145.6. IR (KBr): v [cm™] 2953 (m), 2927 (m), 2854 (w),
1625 (m), 1599 (m), 1575 (m), 1495 (m), 1467 (s), 1443 (s), 1404 (w), 1364 (w), 1335
(w), 1290 (w), 1247 (m), 1208 (w), 1041 (m), 955 (m), 746 (m). UV/Vis (CH2Cl,): Amax (
£) 250 nm (60000), 276 nm (39000), 328 nm (36000), 424 nm (50000). Emission
(CH2CLo): Amax 578 NM. MS (FAB*) (m/z (%)): 945 (M-H*, 66), 944 (M*, 100), 899 (10),
898 (13), 896 (13), 873 (10), 860 (14), 859 (17). HR-MS: Calc. for CagHusloN,S;
944.1192, Found: 944.1168.

Synthesis of XF 4.5. 4,4'-(2,5-bis((E)-2-(10-hexyl-10H-phenothiazin-3-yl)vinyl)-1,4-
phenylene)bis(ethyne-2,1-diyl)bis(N,N-dibutylbenzenamine). In an oven dried
Schlenk tube cooled under nitrogen atmosphere, 4.4 (300 mg, 0.317 mmol) was dissolved
in dry THF (8 mL), piperidine (1 mL) and ethanol (2 mL) and combined with
PdCI,(PPh3), (4.5 mg, 6.4 umol, 2 mol %) and Cul (2.4 mg, 13 umol, 4 mol %). N,N-
Dibutyl-4-((trimethylsilyl)ethynyl)aniline (241 mg 0.799 mmol) and potassium hydroxide
(157 mg 2.80 mmol) were added and the reaction was started with a heat gun. Salts
started to precipitate immediately. The reaction mixture was stirred overnight at room

temperature. The crude mixture was diluted with dichloromethane and washed three
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times with water, three times with brine, and once with aqueous ammonia hydroxide.
The organic phase was dried with magnesium sulfate and evaporated under reduced
pressure. The product was purified by column chromatography hexanes/ethyl acetate
(9:1) and crystallization from dichloromethane/hexanes to give 4.5 (223 mg, 0.19 mmol,
61 %) as orange crystals suitable for crystallographic analysis. MP: 162-166°C. *H-
NMR (300 MHz, CD,Cl,): & = 0.86-0.92 (m, 6 H), 1.00 (t, 12 H, J = 7.3 Hz), 1.26-1.49
(m, 20 H), 1.55-1.69 (m, 8H), 1.74-1.88 (m, 4 H), 3.29-3.38 (m, 8 H), 3.86 (t, 4 H, J = 7.1
Hz), 6.68 (d, 4H, J = 8.7 Hz), 6.88-6.93 (m, 6 H), 7.10-7.20 (m, 6 H), 7.32-7.41 (m, 4 H),
7.50 (d, 4 H, J = 8.5 Hz), 7.57 (d, 2 H, J = 16.3 Hz), 7.82 (5, 2 H). *C-NMR (75.5 MHz,
CD.Cly): 6 =14.1, 20.2, 23.0, 26.9, 27.1, 29.7, 31.8, 47.9, 51.0, 86.2, 97.5, 108.6, 111.6,
115.75, 115.77, 122.6, 122.7, 124.4, 125.1, 125.5, 126.3, 127.57, 127.60, 128.3, 129.0,
132.3,133.1, 133.2, 136.9, 145.18, 145.19, 148.6. IR (KBr): v [cm™] 2955 (s), 2929 (s),
2869 (m), 2858 (m), 2192 (m), 1604 (s), 1521 (s), 1496 (m), 1465 (m), 1445 (s), 1402
(m), 1367 (m), 1336 (m), 1289 (m), 1247 (m), 1223 (m), 1193 (m), 812 (m), 746 (m).
UV/Vis (CH.Cl): Amax (£) 252 nm (40000), 278 nm (36000), 312 nm (45000), 348 nm
(56000), 392 nm (90000), 450 nm (47000). Emission (CH,CL,): Amax (£) 532 nm. MS
(FABY) (m/z (%)): 1149 (24), 1148 (56), 1147 (M-H", 95), 1146 (M*, 100), 1145 (34).
HR-MS: Calc.: for C7gHgoN4S; 1146.6607, Found: 1146.6631.

Synthesis of XF 4.6. 3,3'-(1E,1'E)-2,2'-(2,5-bis((4-tert-butylphenyl)ethynyl)-1,4-

phenylene)bis(ethene-2,1-diyl)bis(10-hexyl-10H-phenothiazine). An oven-dried

Schlenk flask cooled under nitrogen atmosphere was charged with dry THF (5 mL) and
piperidine (3 mL); diiodide 4.4 (200 mg, 0.211 mmol) was dissolved and combined with

PdCl,(PPh3),; (3.0 mg, 4.2 umol, 2 mol %) and Cul (1.6 mg 8.4 pumol, 4 mol %). The
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reaction mixture was stirred for 15 min. before 1-tert-butyl-4-ethynylbenzene (83.1 mg
0.53 mmol) was added. After a few minutes salts started to precipitate. The reaction was
stirred at room temperature overnight. The crude reaction mixture was diluted with water,
the organic phase was washed three times with water, two times with brine and two times
with 5% aqueous ammonia hydroxide solution, dried with magnesium sulfate and
concentrated under vacuum. The product was first purified via column chromatography
and then via recrystallization from dichloromethane/hexanes yielding 4.6 (63.0 mg, 0.06
mmol, 30 %) as a yellow powder. MP: 216-218°C. 'H-NMR (300 MHz, CD,Cl,): & =
0.85-0.92 (m, 6H), 1.28-1.40 (m, 24 H), 1.40-1.49 (m, 4H),1.81 (td, 4H, J = 7.6 Hz, J =
14.8 Hz), 3.86 (t, 4H, J = 7.2 Hz), 6.84 -6.96 (m, 6H), 7.10-7.23 (m, 6H), 7.32-7.40 (m,
4H), 7.50-7.62 (m, 6H), 7.87 (s, 2H). *C-NMR (75.5 MHz, CD,Cl,): & =14.1, 23.0,
26.9, 27.1, 31.3, 31.8, 35.2, 47.9, 87.5, 96.0, 115.8, 120.3, 122.4, 122.8, 124.0, 124.4,
125.2, 125.6, 125.9, 126.0, 126.4, 127.59, 127.64, 128.8, 129.6, 131.6, 132.0, 137.5,
145.1, 145.4, 152.5. IR (KBr): v [cm ] 2985 (m), 2929 (m), 2867 (w), 2858 (w), 1629
(m), 1603 (w), 1575 (w), 1515 (w), 1497 (w), 1466 (s), 1444 (s), 1364 (w), 1335 (w),
1269 (m), 1248 (w), 959 (W), 746 (W), 562 (W). UV/Vis (CHyCL): Amax (£) 242 nm
(48000), 280 nm (37000), 328 nm (89000), 358 (60000), 343 nm (60000). Emission
(CH2CLy): Jmax 562 Nnm. MS (FAB™) (m/z (%)): 1008 (22), 1007 (48), 1006 (M-H", 81),
1005 (M*, 100), 1004 (22), 921 (10), 919 (13). HR-MS: Calc. for CzoH7oN,S,
1004.5137, Found:1004.5092.

Synthesis of XF 4.7. 3,3'-(1E,1'E)-2,2'-(2,5-bis(pyridin-4-ylethynyl)-1,4-
phenylene)bis(ethene-2,1-diyl)bis(10-hexyl-10H-phenothiazine). In an oven dried

Schlenk tube cooled under nitrogen atmosphere 4.4 (300 mg, 0.317 mmol) was dissolved
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in dry THF (6 mL) and piperidine (1 mL) and combined with PdCI,(PPhs), (4.5 mg, 6.4
pmol, 2 mol %) and Cul (2.4 mg, 13 pmol, 4 mol %). 4-((Triisopropylsilyl)-
ethynyl)pyridine (208 mg, 0.80 mmol) was added via syringe and the reaction was started
with the addition of tetrabutylammonium fluoride solution (230 mg, 0.88 mmol, 1 M in
THF). Salts started to precipitate immediately and the color changed from bright orange
to red/brown. The reaction mixture was stirred over night at room temperature. The crude
mixture was diluted with dichloromethane and washed three times with water, three times
with brine and once with aqueous ammonia hydroxide solution. The organic phase was
dried with magnesium sulfate and evaporated under reduced pressure. The product was
purified by recrystalization from dichloromethane/hexanes yielding 4.7 (176 mg, 0.20
mmol, 61 %) as an orange-red solid. MP: 186-190°C. 'H-NMR (300 MHz, CD,Cl,): &
= 0.84-0.93 (m, 6H), 1.25-1.36 (m, 8H), 1.38-1.50 (m, 4H), 1.74-1.86 (m, 4H), 3.85 (t,
4H, J = 7.1 Hz), 6.84-6.97 (m, 6H), 7.09-7.21 (m, 6H), 7.29-7.37 (m, 4H), 7.40-7.51 (m,
6H), 7.88 (s, 2H), 8.64 (s, 4H). *C-NMR (75.5 MHz, CD,Cl,): 5 =14.1, 23.0, 26.9, 27.1,
31.8, 47.9, 92.1, 93.2, 115.8, 115.9, 122.0, 122.9, 123.2, 124.3, 125.3, 125.6, 125.7,
126.5, 127.6, 127.7, 129.3, 130.4, 131.2, 131.6, 137.9, 145.0, 145.7, 150.3. IR (KBr): v
[cm™]: 3553 (s), 3548 (s), 3511 (s), 3495 (S), 3456 (s), 3447 (s), 3442 (s), 3436 (s), 3431
(s), 3426 (s), 3420 (s), 3267 (m), 2967 (m), 2957 (w), 2928 (m), 2857 (w), 2207 (W),
1628 (m), 1591 (s), 1575 (w), 1497 (m), 1467 (s), 1443 (w), 1249 (m). UV/Vis
(CH2Cl,): Amax (£) 250 nm (43000), 300 nm (58000), 326 nm (78000), 440 nm (51000).
Emission (CH2Cl,): Amax 590 nm. MS (FAB*) (m/z (%)): 897 (28), 896 (54), 895 (M-H",
100), 894 (M", 90), 893 (17), 810 (15). HR-MS: Calc.: for CgoHs4N4S, 894.3790, Found:

894.3802.
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Synthesis of XF 4.8. 3,3'-(1E,1'E)-2,2'-(2,5-bis((3-(trifluoromethyl)phenyl)ethynyl)-
1,4-phenylene)bis(ethene-2,1-diyl)bis(10-hexyl-10H-phenothiazine). In oven dried
Schlenk tube cooled under nitrogen atmosphere 4.4 (300 mg, 0.317 mmol) was dissolved
in dry THF (7 mL), piperidine (1 mL), ethanol (2 mL) and combined with PdCl,(PPhs),
(4.5 mg, 6.4 pmol, 2 mol %) and Cul (2.4 mg, 13 pumol, 4 mol %). Trimethyl((3-
(trifluoromethyl)phenyl)ethynyl)silane (194 mg, 0.801 mmol) and potassium hydroxide
(157 mg, 2.80 mmol) were added and the reaction was started with a heating gun. Salts
started to precipitate immediately. The reaction mixture was stirred over night at room
temperature. The crude mixture was diluted with dichloromethane and washed three
times with water, three times with brine and once with aqueous ammonia hydroxide
solution. The organic phase was dried with magnesium sulfate and evaporated under
reduced pressure. The product was purified by crystallization from
dichloromethane/hexanes yielding 4.8 (148 mg, 0.14 mmol, 45 %) as an orange solid.
MP: 208-210°C. 'H-NMR (500 MHz, THF-dg): & = 0.86-0.91 (m, 6H), 1.28-1.34 (m,
8H), 1.43-1.51 (m, 4H), 1.81 (td, 4H, J = 7.5 Hz, J = 14.8 Hz), 3.92 (t, 4H, J = 7.1 Hz),
6.89 (dt, 2H, J=1.0Hz, J=7.5 Hz), 6.94-6.97 (m, 4 H), 7.09 (dd, 2H, J=1.5 Hz, J=7.6 Hz),
7.11-7.15 (m, 2H), 7.34 (d, 2H, J=16.3 Hz), 7.40 (d, 2H, J = 1.9 Hz), 7.42 (dd, 2H, J=1.9
Hz, J=8.5 Hz), 7.59 (d, 2H, 16.3 Hz), 7.66 (t, 2H, J = 7.8 Hz), 7.74 (d, 2H, J = 7.9 Hz),
7.89 (d, 2H J = 7.7 Hz), 7.99 (s, 2 H), 8.02 (s, 2H). **C-NMR: Due to the very limited
solubility of 4.8 only an incomplete dataset could be obtained: & = 14.5, 23.7, 27.6, 28.0,
32.6, 48.3, 90.3, 94.8, 116.57, 116.60, 122.9, 123.4, 124.0, 125.4, 125.5, 126.3, 126.4,
127.1, 128.19, 128.23, 129.2, 129.9, 130.6, 131.3, 131.9, 132.1, 132.4, 132.9, 136.0,

138.7, 146.0, 146.5. IR (KBr): v [cm™'] 2958 (w), 2930 (w), 1632 (m),1602 (w), 1575
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(w), 1496 (w), 1468 (m), 1443 (w), 1333 (w), 1247 (m), 1168 (m), 1129 (m), 800 (w),
746 (W), 694 (W). UV/Vis (CH2Cl,): Amax (£) 250 nm (46000), 326 nm (81000), 340 nm
(68000), 440 nm (54000). Emission (CHyCl,): Amax (£) 579 nm. MS (FAB®) (m/z (%)):
1031 (21), 1030 (52), 1029 (M-H*, 89), 1028 (M*, 100), 1027 (15), 957 (12), 944 (14),
943 (19), 942 (17), 941 (40), 940 (58), 939 (39), 938 (40). HR-MS: Calc.: for
CesHssFgN2S, 1029.3711, Found: 1029.3722.

Synthesis of XF 4.9. 3,3'-(1E,1'E)-2,2"-(2,5-bis((3,5-bis(trifluoromethyl)
phenyl)ethynyl)-1,4-phenylene)bis(ethene-2,1-diyl)bis(10-hexyl-10H-phenothiazine).
An oven-dried Schlenk flask, cooled under nitrogen atmosphere was charged with dry
THF (2 mL), piperidine (1 mL) and ethanol (1 mL); potassium hydroxide (94.0 mg, 1.68
mmol), ((3,5-bis(trifluoromethyl)phenyl)ethynyl)trimethylsilane (149 mg, 0.480 mmol)
and 4.4 (150 mg, 0.158 mmol) were added to the flask and were combined with
PdCI,(PPh3); (2.2 mg, 3.2 pumol, 2 mol %) and Cul (1.2 mg, 6.4 pumol, 4 mol %). The
reaction mixture was heated to dissolve the diiodide completely. The reaction was stirred
at room temperature overnight. The crude reaction mixture was diluted with
dichloromethane and washed with brine and two times with 5% agqueous ammonia
hydroxide solution, dried with magnesium sulfate and concentrated under vacuum. The
product was purified via crystallization from dichloromethane/toluene yielding 4.9 (38.0
mg, 0.03 mmol, 20 %) as a sparingly soluble yellow powder. MP: 240-242°C. *H-NMR
(300 MHz, THF-dg): & = 0.88-0.96 (m, 6H), 1.30-1.40 (m, 8H), 1.45-1.55 (m, 4H), 1.79-
1.89 (m, 4H), 3.95 (t, 4H, J = 7.0 Hz), 6.89-7.03 (m, 6H), 7.10-7.20 (m, 4 H), 7.37 (d,
2H, J=16.2 Hz), 7.43-7.49 (m, 4H), 7.62 (d, 2H, J=16.3 Hz), 8.11 (s, 2H), 8.13 (s, 2H),

8.32 (s, 4H). IR (KBr): v [cm™*] 2932 (w), 1630 (m), 1497 (w), 1486 (s), 1445 (w), 1373
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(s), 1280 (s), 1248 (w), 1182 (m), 1137 (s), 894 (w), 746 (w), 698 (w), 684 (w). UV/Vis
(CH2Cl,): Amax (£) 252 nm (42000), 328 nm (70000), 414 nm (40000), 440 nm (43000).
Emission (CH2Cly): Amax (£) 595 nm. MS (FAB™) (m/z (%)): 1165 (M-H", 85), 1164 (M",
100), 1163 (15). - HR-MS: Calc.: for CesHs2F12N,S; 1164.3380, Found: 1164.3342. Bc-
NMR: Due to the insolubility of the cruciform **C-NMR could not be obtained.
Absorption and Emission Spectra of 4.5-4.9. Dilute solutions of cruciforms 4.5-4.9
were prepared in spectroscopic grade dichloromethane purchased from OmniSolv. Solid
triflate salts (zinc, magnesium, and calcium) were added to the cruciform solutions and
samples were allowed to equilibrate overnight before taking optical measurements. All
absorption spectra were collected using a Shimadzu UV-2401PC spectraphotometer;
emission spectra were acquired using a Shimadzu RF-5301PC spectrofluorophotometer.
Absorption and emission spectra were normalized to 1.00 and 1000 respectively.
Solution Photographs. Photographs were taken of the solutions used for optical
measurements to qualitatively demonstrate the changes in fluorescence observed upon the
exposure to metal triflates. Photographs were taken in front of a black background under
illumination at 365 nm using a Canon EOS 30D digital camera equipped with a Canon
EFS 18-55mm zoom lens.

Titration of 4.5-4.7 with Trifluoroacetic Acid in Dichloromethane. Solutions of 4.5-
4.7 were prepared using spectroscopic grade dichloromethane purchased from OmniSolv.
A solution of 4.5 (0.0135 mM) was prepared by dissolving 4.5 (30.9 mg, 0.0027 mmol)
in dichloromethane (200.0 mL). A solution of 4.6 (0.0135 mM) was prepared by
dissolving 4.6 (27.1 mg, 0.0027 mmol) in dichloromethane (200.0 mL). A solution of 4.7

(0.0135 mM) was prepared by dissolving 4.7 (24.1 mg, 0.0027 mmol) in
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dichloromethane (200.0 mL). All absorption spectra were collected using a Shimadzu
UV-2401PC spectraphotometer; emission spectra were acquired using a Shimadzu RF-
5301PC spectrofluorophotometer.  Increasing equivalents of trifluoroacetic acid
(purchased from Acros) were added to solutions of 4.5-4.7 using Eppendorf Reference
variable volume pipettors.

Response of 4.5-4.9 Towards Combinations of Metal Cations. Cruciforms 4.5-4.9 in
CH,Cl, were exposed to mixtures of calcium, magnesium, and zinc triflate. Solutions
were allowed to equilibrate overnight at which point photographs were taken to
qualitatively demonstrate the changes in fluorescence observed upon the exposure to
metal triflate mixtures. Photographs were taken in front of a black background under
illumination at 365 nm using a Canon EOS 30D digital camera equipped with a Canon

EFS 18-55mm zoom lens.
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CHAPTER 5

Synthesis and Characterization of Water-Soluble XFs

5.1. Introduction

Metalloresponsive fluorophores™® and chromophores are of scientific and
practical interest to detect metal cations in compartmentalized biological systems such as
(eukaryotic) cells.>” Metal cations with prominent biological functions in cells are iron,
copper, zinc, magnesium, and calcium but also vanadium and manganese.®® A second
area of interest for metalloresponsive fluorophores is the detection of environmentally
harmful metals such as lead and mercury.’®*® Both of these divergent fields may use
similar design principles for their metallo-phores, yet there are marked differences. For
environmental sensing, a successful metalloresponsive fluorophore would need high
binding constants to ensure detection limits in the ppb range. It is not clear if
metalloresponsive fluorophores can detect environmental pollutants such as mercury ions
at levels that are merely elevated but not (yet) toxic. For fluorophores reporting metal
ions in cells the sensitivity issue is less severe. The local concentration of a specific
metal cation can be high in cellular compartments presenting pools of free metal ions.**
An example is that of zinc ions in neuron slices, which are detected by metalloresponsive
fluorophores. #*°

While metallofluorophores have advanced, their design can still be improved.
High quantum yield in water, robust ratiometric response to metals with large changes of
wavelengths and manipulation of absorption and emission wavelengths are only partially

solved problems. In addition, some metallo-fluorophores are not well soluble in water;
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cell staining experiments have to be performed by pre-dissolving these fluorophores in
DMSO, adding water, and then incubating cells with these dyes. This technique will
almost certainly lead to aggregation or even more interesting/worse to nanocrystal
formation of the employed fluorophores.* Nanocrystals can be endocytized into cell
compartments and may persist there, with all accompanying problems for a successful
sensing experiment. These factors make it imperative to carefully investigate fluorescent
metal sensors in vitro to understand their photophysical properties before undertaking
more complex in vivo cell studies.

Clearly, the design of novel water soluble metalloresponsive probes is a critical
challenge. Previous examinations have examined XFs and explored their potential as
ratiometric probes in organic environs, demonstrating the potential of XFs to exhibit
large sensory responses. Exposure of a dibutylamino substituted XF, such as 5.8, to
metal cations results in large hypsochromic shifts in emission that are convincingly
explained by stabilization of their HOMO, which is localized on the bis(aminostyryl)
axis, through the addition of a positive charge.

Here, we report our investigation of XFs of the type A (Scheme 5.1) to understand
their photophysics and expand this concept to water soluble cruciforms 5.5-5.7
containing phenylimidobisacetic acid, APTRA? or benzo-EDTA receptor units. We
investigate the pH dependant photophysical properties of 5.5-5.7 in absorption and
emission and compared them with the photophysical properties of the XF 5.8. The
results are surprising, as the presence of the anionic charges from the iminobisacetic acid

units modulate the photophysical properties of 5.5-5.7 as compared to 5.8. A fundamental
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change in the interaction paradigm between fluorophores and metal cations is observed

when going from 5.8 to 5.5-5.7.

LUMO

HOMO

Scheme 5.1. Interaction of cruciform fluorophores with metal cations.

5.2. Results and Discussion
5.2.1. Synthesis of XFs.

The literature known aldehydes 5.2-5.4?® are obtained from aniline, ortho-
aminophenol and ortho-phenylenediamine by heating with ethyl bromoacetate in the
presence of potassium carbonate in acetone. The esters are subjected to a Vilsmeier
formylation and 5.2-5.4? are exposed to a mixture of 5.1%° and potassium tert-butoxide in
THF to give partially saponified distyryl-diiodobenzenes (Scheme 5.2).  The
intermediates were not characterized but reacted with phenylacetylene under standard
Sonogashira coupling conditions, isolating 5.5a-5.7a after careful chromatography; 5.5a-

5.7a were fully characterized by NMR and IR spectroscopies as well as mass
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spectrometry. The ester groups in 5.5a-5.7a were cleaved under Zempelen conditions to
give the sodium salts 5.5b-5.7b in 87-95% yield after removal of methanol in vacuo; the
yellow powders of 5.5b-5.7b dissolve easily in water. For the photophysical
investigations, 5.5b-5.7b were taken up in aqueous phosphate buffer (100 mmol) and

titrated to a pH of 7.0.

V(éfp(oxo Et),
(EtO),(O)P:

EtO
i. KOBU,, THF YN

ii. (PhaP)PdCl,|  ©
NEts, Cul ,
Ph-CC-H S

iii. KOH/MeOH

= Et, 19% 5.6a, R = Et, 14% 5.7a,
=Na 5.6b, R =Na 5.7b,

Scheme 5.2. Synthesis of cruciforms 5.5-5.7 by a combination of Horner and
Sonogashira methods.
5.2.2. Spectroscopic properties of cruciforms 5a-7a and 8 in dichloromethane.
Figure 5.1 and Table 5.1 show the absorption and emission spectra of 5.5a-5.7a
and 5.8 in dichloromethane before and after the addition of trifluoroacetic acid. We
investigated the influence of the acetic acid groups on the photophysics of the XFs

without the complications arising from ionic charges and working in water, facilitating
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comparison with the model XF 5.8: The attachment of the ester groups shifts the
absorption spectra of 5.5a-5.7a to the blue when compared to the absorption spectrum of
5.8. The effect is strongest in 5.7a where the distinct low energy band visible in 5.8 at
440 nm is reduced in 5.7a to a shoulder at 394 nm. Addition of triethylamine does not
appreciably change the absorption spectrum of 5.7a, ruling out ground state protonation
as a factor for the loss of the low-energy band. In 5.5a and 5.6a the low energy feature is
blue shifted when compared to the absorption of 5.8. The emission spectrum of 5.5a
(486 nm) is similar to that of 5.8, while that of 5.6a is slightly red-shifted to 506 nm.
Under neutral conditions the emission spectrum of 5.7a is blue-shifted to 438 nm and
shows a distinct vibronic shoulder. Upon addition of triethylamine, the spectra of 5.5a,

5.6a, 5.7a and 5.8 do not change.

Table 5.1. Absorption and emission data of XFs 5.5a-5.7a and 5.8 in CH,Cly, 1 pmolL™
concentration of XF, in neutral, acid and basic conditions.

CHCl, 5.5a 5.6a 5.7a 5.8
absorption (nm) 333,411 338, 405 328 336, 440

emission (nm) 486 506 494 518

TFA added absorption (hm) 330 329 326 331
TFA added emission (nm) 439 443 442 427, 558

NEt; added absorption (nm) 332, 409 338, 404 329 N/A

NEt; added emission (nm) 486 505 495 N/A
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Figure 5.1. Normalized absorption and emission spectra of 5.5a, 5.6a, 5.7a, and 5.8 in
CH,Cl, (black traces) and after addition of 50 uL (0.66 mmol; 66 mmolL™:;
6.6 x 10* equivalents) of trifluoroacetic acid (TFA, blue traces 5.5a, 5.6a,
5.7a, 5.8) or 50 uL (0.36 mmol, 36 mmolL™; 3.6 x 10* equivalents) of
triethylamine (red traces 5.5a, 5.6a, 5.7a). For 5.5a and 5.6a, the
triethylamine and dichloromethane traces in emission are perfectly
overlapping, so that only the red trace is visible. The spectra are taken at a
concentration of 1 umolL™ XF.
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Upon addition of acid, 5.8 shows the well-documented blue shift in absorption
and emission.”® This shift is due to a stabilization of the HOMO (Scheme 5.1) effected
by the protonation of the two dibutylamino-groups. The LUMO energy is not affected by
the protonation. The same effects as for 5.8 are observed for 5.5a, 5.6a, and 5.7a upon
protonation (Figure 5.1). Disappearance of the low energy transition is coupled with a
blue shift in emission. In the case of 5.7a the absorption spectra do not change noticeably
upon either addition of acid or base.

The electron withdrawing acetic acid groups attached to the aniline nitrogen(s)
exert a moderate inductive effect on the overall distyrylbenzene subunit in 5.5-5.7 and
should stabilize their HOMO energy. The general blue shift in emission of 5.5a-5.7a,
with respect to the emission of 5.8, is difficult to explain. It is significant in 5.5a but
small in 5.6a. This shift might be due to the de-stabilization of the excited state of 5.5a
by the meta-positioned ether group. Upon addition of amine, neither the absorption nor
the emission spectra of 5.5a or 5.6a change, being practically superimposable (Figure 1).
Upon addition of trifluoroacetic acid, 5.8 displays a 124 nm blue shift in absorption
under disappearance of the charge transfer band (CT-band) and an 94 nm blue shift in
emission. In 5.5a and 5.6a, we see qualitatively similar behavior in absorption, i.e. a loss
of the CT-band and a blue shift in emission, but this is less distinct in 5.5a and 5.6a than
in 5.8. Again, we presume that particularly in 5.6a the excited state of the protonated
species is stabilized. In the case of 5.7a we see only the slightest change in absorption
upon addition of acid or triethylamine, but in emission we observe a shift from 503 nm to
442 nm when going from an amine-added solution to one to which trifluoroacetic acid

has been added.
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Figure 5.2. Proposed excited state planarization of 5.7.

The lack of change in the absorption spectrum combined with a significant blue
shift in emission upon protonation in 5.7a suggests excited state planarization as possible
explanation;* 5.7a caries two amine groups per styryl unit. Their high steric congestion
forces them into a perpendicular (with respect to the plane of the aromatic system)
orientation, and deconjugates the free electron pair. Upon going into the first excited
state, quinoidal resonance structures will show an increased contribution (Figure 5.2) and
force the para positioned amine (para with respect to the central benzene ring) into
planarity. Different quinoidal resonance structures are possible, and a representative one
is shown in Figure 5.2. The secondary phenyleneethynylene arm is a convenient acceptor
for the negative charge generated when drawing a closed-shell quinoidal resonance
structure. The exact electron distribution in the excited state of 5.7a is difficult to

determine, but this simple resonance argument explains the experimental data.
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5.2.3. Spectroscopic properties of cruciforms 5.5b-5.7b in water.

In Figure 5.3, the absorption and emission spectra of 5.5b-5.7b in 100 mmol
phosphate buffer are displayed. Overlaid are the absorption and emission spectra of 5.8
in dichloromethane. The absorption spectra of 5.5b and 5.6b in water are different from
those of 5.5a and 5.6a in dichloromethane. The charge transfer band (CT-band) is
significantly reduced; the Uv-vis spectrum of 5.7a in water is similar to that of 5.7b in
dichloromethane. A qualitative explanation assumes the repulsion of like (negative)
charges leads to deplanarization of the amine groups in 5.5b and 5.6b with respect to the
n-system of the distyrylbenzene. Enhanced intramolecular hydrogen bonding between the
carboxylic acids, the carboxylates and the anilines leads to a hydrogen-bonded network,
preferring a conformation in which the free electron pairs of the aniline nitrogens of 5.5b
and 5.6b are twisted out of the plane of the distyrylbenzene unit. In the emission spectra
this effect is less pronounced; the emission spectra of 5.5b and 5.6b in dilute solution are
red shifted as compared to that of 5.8. However, in the case of 5.7b the emission is
centered around 450 nm, suggesting that the combination of both the steric hindrance and
electrostatic repulsion decouples the amino groups electronically from the
distyrylbenzene skeleton.

The absorption spectra of 5.5b and 5.7b are concentration independent, while the
absorption spectrum of 5.6b changes with concentration (Figure 5.4). At low
concentration (light green, 5 pmolL™) the CT-band is not visible, while at 100 pmolL™
the CT-band is prominent at 393 nm; the concentration dependent change in the

absorption spectra of 5.6b suggests a ground state interaction of two or more molecules
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of 5.6Db, either acting by mechanical/electrostatic agglomeration-induced planarization or

the formation of electronic aggregates.
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Figure 5.3. Overlaid normalized absorption and emission spectra of 5.5b, 5.6b, and 5.7b
in phosphate buffered (100 mmolL™) aqueous solution and 5.8 in CH,Cl, as
10 umolL™* solutions.

1 microM

0.8 1 m==== 10 microM

=100 microM
0.6 1

0.4 1

0.2 1

0 r r r r .
250 300 350 400 450 500 550

Wavelength (nm)

Figure 5.4. Absorption spectra of 5.6b at concentrations of 1, 10 and 100 umolL™
concentration in phosphate buffered (100 mmolL™) aqueous solution.
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buffer (100 mmolL™Y) at 1, 2, 5, 10, 25, 50 and 100 umolL™ concentrations.
The arrow displays increasing concentration of the respective cruciform.

The concentration effects in emission are more pronounced.

concentration-dependent change in

experience a significant shift in emission when increasing their concentration from 1
umolL™ to 100 pmolL™. While the emission of 5.6b red-shifts from 458 to 537 nm, that
of 5.7b changes from 439 to 524 nm. This concentration dependence suggests excimeric

species in 5.6b and 5.7b but not in 5.5b. Both 5.6b and 5.7b show blue-shifted emission

bands at low concentrations that

protonation, or twisting around the aniline nitrogen. As we work in buffered solution at

pH 7.0, protonation of the aniline nitrogen is rejected. To exclude self-absorption effects

emission is recorded, but both 5.6b and 5.7b

in 5.8 would be indicative for metal binding,
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in the case of 5.6b we performed fluorescence measurements in a triangular cuvette, and
the obtained spectra are identical to those we recorded for 5.6b in regular cuvettes.

The fluorescence quantum yields of 5.5b-5.7b in water are low at physiological
pH (Table 5.2); the XF 5.7b shows the highest quantum yield (® = 4.4 %) in water.
While 5.6b is almost non-fluorescent, 5.5b displays a ® of 0.8%. While these quantum
yields are somewhat dissappointing, they are not unusual for organic chromophores in
aqueous solution. Water as a highly polar solvent stabilizes excited zwitterionic CT-
states which will then efficiently deactivate.

We investigated the emission profiles of 5.5b-5.7b with respect to different
excitation wavelengths. While both 5.5b and 5.7b show only minute changes in their
emission spectra, XF 5.6b experiences significant modulation upon modulating the
excitation wavelength; indeed there is a significant wavelength dependency of the

excitation spectra (Figure 5.6, right).
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Figure 5.6. Left: Emission spectra of 5.6b under excitation at 325, 350, 375, 400, 425,
450, and 475 nm at 50 pmolL™ concentration in phosphate buffered (100
mmolL™) aqueous solution. Scattering peaks and peaks due to lamp profile
are subtracted out. Right: Normalized excitation spectra of 5.6b at different
wavelengths. At an increasing excitation wavelength the feature at 465 nm
increases.
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Table 5.2. Absorption and emission data of XFs 5.5b-5.7b in water (phosphate buffer, 100
mmolL™, pH = 7.0, 10 pmolL ™ concentration of XF).

H,0 pH 7.0 5.5b 5.6b 5.7b
Absorption (nm) 328 329 322
Emission (nm) 546 531 446
Stokes Shift (cm™) 12172 11563 8634
® (%) 0.8 <0.5 4.4

¢ (I mol™* cm™) 53500 48000 54000

We explain this behavior as a consequence of co-planarization of the amine
groups in XF 5.6b. If we irradiate at low wavelengths (high energy) the non-planarized
molecules are preferentially excited and emission from non-planarized excited states is
observed. If irradiated at lower frequencies only planarized molecules are excited and
therefore preferred emission from planar XFs 5.6b is observed as a result. We presume
that in 5.6b, in the ground state, there is a thermal distribution of planarized and non-
planarized forms of the XFs, leading to the wavelength dependant emission spectra. In
5b, 8 and 7b on the other hand, there is either the mostly planarized form (5b, 8) or the
predominantly twisted form (7b) present. The propensity for the twisting of the aniline
unit is a function of the increasing steric hindrance and the electrostatic repulsion of the
negative charges when going from 5b to 7b. The APTRA-type XF 6b seems intermittent
in its ability to planarize. However, the emission spectra taken from very dilute solutions
suggest that isolated 6b is preferentially in its twisted form as it is blue emissive. We
examined the ionic strength dependency of the emissive properties of 6b and 7b by

addition of a large excess of KCIO, and did not see any effect on fluorescence
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wavelength or intensity. Metal sensing with ligand systems such as 6b or 7b will
probably not work by the same mechanism that we have found to be operative for 8, but

instead possibly by breakup of aggregates (vide infra).

5.2.4. Investigation of the pH dependency of absorption and emission in 5.5b-5.7b.
As 5.5b-5.7b have acidic and basic functionalities, their pH-dependent
photophysical properties were of great interest. Figure 7 displays absorption and emission
spectra of 5.5b-5.7b under neutral (pH 7.0), basic (pH 14) and acidic (pH 1.6) conditions.
The spectra are taken at a 5 pmolL™* concentration of the respective XF, with exception
of the black traces marked with a red asterisk. These spectra were taken at 100 pmolL™
concentration of XF for comparison. Upon addition of acid, the fluorescence of 5.5b is
greatly reduced but blue-shifted to 506 nm. We attribute the blue shift to the protonation
of the aniline nitrogen, leading to a significant stabilization of the HOMO. At a pH of
1.6, however, not only the aniline units but also the carboxylic acid units are protonated.
In the structurally similar phenyl imidobisacetic acid the pKa’s are 6.4, 4.6, 3.5 and 3.0.%
In absorption, the expected blue shift and a loss of the CT-band is observed, similar as
reported for the model compound 5.8. In the case of 5.6b, protonation leads to quenching
of the fluorescence of the XF. In absorption, the pH-dependent changes are subtle. Blue
shifts and intensity reductions of the CT-bands of XFs are recorded.
In 5.7b the absorption is almost pH independent, but the emission red-shifts
upon protonation from 437 nm to 476 nm, while at pH 14 the emissive maximum is at
440 nm, i.e. blue, suggesting deplanarization of the aniline lone pairs. The red shift in

emission at pH 1.6 might be due to partial planarization in the excited state, enabled by
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the removal of the electrostatic repulsion between the formerly negatively charged

acetate (now acetic acid) groups.
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Figure 5.7. Normalized absorption and emission spectra of 5.5b (top), 5.6b (middle), and
5.7b (bottom) under neutral (black pH 7.0), acidic (blue pH 1.6), and basic
(red pH 14) conditions. The concentration of the XFs was 5 umolL'l. For the
starred black lines, the XF concentration was 100 pmolL™.
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This hypothesis is borne out by the significant red shift of the emission spectra of
both 5.6b and 5.7b upon a pH increase. This shift is concentration independent, which
excludes excimer formation or other intermolecular mechanisms for the red shift in the
emission of 5.6b and 5.7b. Again, 5.5b as sterically less encumbered species does not

show significant emission shifts upon going from neutral buffered into basic solution.

5.2.5. Metal-responsive properties of 5.5b-5.7b in aqueous buffered solution.

The most enticing aspect of water soluble chromophores and fluorophores is their
interaction with metal cations under physiological conditions. Questions of the quantity
and distribution of pools of free transition metal cations such as zinc or copper in cells are
connected with neurophysiological function and disease states of the central nervous
system and the brain. Zinc cations are suspected to play a role in the formation of
plagues; enhanced levels of Zn®* ions is found in the brains of deceased Alzheimer

patients.'>2

IS MgZ+ Ca2+ A|3+ ng+ Zn2+ Fe2+ CU+ S Mgz+ Ca2+ A|3+ ng+ Zn2+ Fe2+ CU+

5.5b

5.6b

5.7b

5 umol/L 50 umol/L

Figure 5.8. Qualitative results of the sensing of metal cations (0.4 mmolL™) by the three
XFs 5.5b-5.7b in PIPES solution.
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Table 5.3. Emissive liftime data of cruciforms 5.5b-5.7b (pH 7.0 phosphate buffer, 100

mmolL™).
XF  Concentration (uM) Metal Amax €mission (nm) T (ns)
5.7b 2 450 2.4
5 460 2.6
50 531 1.2
100 531 1.4
5 Zn** 455 2.7
50 Zn** 455 2.5
5.6b 2 446 1.5
5 446 1.4
50 519 0.8
100 530 0.7
5 Zn** 471 1.8
50 Zn** 471 1.6
5.5b 2 546 0.8
5 546 0.8
50 546 0.8
100 546 0.8
5 Zn** 535 0.9
50 Zn** 535 0.9

With the water soluble XFs 5.5b-5.7b in hand and armed with the knowledge
gained from the investigation of the model XF 5.8 and its interaction with metal
cations,'®*? we exposed the XFs 5.5b-5.7b to different metal salts (0.4 mmolL™ metal
salt, XF either 5 pmolL™ and 50 pmolL™). We performed these experiments in PIPES
buffer (100 mmolL™, Figure 5.8). The XF 5.5b is quenched upon addition of Hg®*, Cu?*
and Zn**, while for 5.6b its color changes upon exposure to Zn®*. Using a 50 pmolL™
solution of XF gives a significantly enhanced emissive response. For 5.6b, Mg?* and

Ca®" cations respond weakly but Hg?* and Cu?*effectively quench the fluorescence of
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5.6b. Zinc ions induce a significant color shift — from orange to blue, while AI**
increases the fluorescence intensity. The XF 5.7b (50 umolL™) experiences an increase
in fluorescence for the addition of Mg®*, Ca®*, Hg?* and Zn**, while AI*, Fe**, and Cu*
do not lead to a change in the emission at all. If we perform the experiments in a solution
5 umolL™ in XF, only Fe** and Cu** quench the fluorescence of 5.7b, other metal cations

do not have an effect on the fluorescence.
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Figure 5.9. Interaction of metal cations (Mg?*, Ca®*, AI**, Hg?*, Zn*"; 0.4 mmolL™) with
the three XFs 5b-7b at 5 pmolL™ concentration in aqueous PIPES solution at
pH 7.2. Normalized absorption spectra are displayed on the left, normalized
emission spectra are displayed on the right.
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Figure 5.10. Interaction of metal cations (Mg®*, Ca®*, AI**, Hg**, Zn?*; 0.4 mmolL™)
with the three XFs 5b-7b at 50 pmolL™ concentration in aqueous PIPES
solution at pH 7.2. Normalized absorption spectra are displayed on the left,
normalized emission spectra are displayed on the right.

Figures 5.9 and 5.10 display the accompanying spectra to the pictorial description
in Figure 5.8. Important points are gleaned from Figures 5.8-5.10 and Table 5.3, where
the emissive lifetimes of XFs 5.5b-5.7b at different concentrations and in the presence
and the absence of zinc ions are on display. The three seemingly similar compounds

5.5b-5.7b feature metallo-reactivities that are dependent upon their concentration,

particularly in the case of 5.6b and 5.7b. At 5 pumol concentrations, XF 5.6b does not
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show any metal reactivity; however, at a concentration of 50 umolL‘1 the
metalloreactivity, particularly to zinc, is noticeable. A shift from yellow-orange to blue
occurs in the fluorescence. In solutions of 5.6b at 50 pmolL™ concentration, excimers
persist, leading to a red shifted, excimeric emission (Table 5.3) complemented by a
decrease of the emissive lifetime from 1.5 ns to 0.8 ns. Upon addition of zinc cations, but
not upon the addition of Ca** or Mg?*, the blue fluorescence of the monomeric species is
restored and the emissive lifetime is increased to 1.6 ns, suggesting either the
suppression, or the breakup of excimeric species of 5.6b by zincation.

We see a similar effect in 5.7b, which is weakly fluorescent at a 50 pmol
concentration. The addition of mercury, magnesium, calcium or zinc cations leads to a
strong increase in fluorescence intensity but without a large shift in emission
wavelengths. Investigation of the emissive lifetimes of 5.7b in dilute (Table 5.3, t = 2.4
ns) and concentrated (t = 1.2 ns) solution before and after the addition of zinc ions to a
concentrated solution of 57b (tr = 24 ns) suggests the formation and
disruption/suppression of excimers as the mechanism of metalloresponsivity of 5.7b;
however, the ‘excimers’ formed from 5.7b are self-quenching and almost non-fluorescent
instead of red shifted.

In the case of 5.5b excimers do not form, and the lifetime does not change, even if
we inspect aqueous solutions that are 100 umol in concentration. The
metalloresponsivity of 5.5b disappoints. The addition of Mg®*, Ca?*, AI** or Fe** cations
does not change the fluorescence of 5.5b at all, while mercury, zinc and copper simply
quench the fluorescence of 5.5b. When investigating 5.5b in aqueous buffer, Zn**, and

Hg?* change the absorption of 5.5b, leading to a modest weakening of the CT-band.
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The classic explanation of the change in the absorption spectrum and quenching
in the emission spectrum would invoke partial excited state decomplexation,®%3
resulting in species where the metal cation is only loosely bound to the fluorophore but
assists in vibrational or otherwise radiationless deactivation of the excited state.
However, the complexation of the weakly binding XF 5.8 with zinc or magnesium salts
in dichloromethane results in a strong blue shift of the emission, suggesting that, by
analogy, excited state decomplexation is not a probable mechanism for the quenching of
5.5b. We hypothesize that the binding of 5.5b to Zn®** or Hg** ions in aqueous buffered
solution will stabilize the excited state. It is coupled to an overtone vibration of water
molecules coordinated to either Zn?* or Hg®* ions and therefore will promote
radiationless deactivation of the fluorescence. If we examine the emission of 5.5b-5.7b
in D,O as opposed to H,O, the fluorescence intensity increases by a factor of 2-4,
regardless of the presence or absence of metal cations. While this observation suggests
some vibrational coupling of the excited states of 5.5b-5.7b to suitable overtone
vibrations of water, the fluorescence quantum yields in D,O are still not very high,

suggesting that other factors also play a significant role; however, ionic strength (vide

supra) does not seem to be one them.

5.3. Conclusions
The water soluble XFs 5.5b-5.7b were synthesized by a combination of Horner
reaction, Sonogashira coupling and subsequent saponification. The photophysical
properties of 5.5b-5.7b and their metalloreactivity were examined and compared to that

of the model compound 5.8. It is noted that the metalloresponsive properties of 5.5b-
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5.7b in aqueous buffered solution are fundamentally different from those of the model
system 5.8 possessing the same fluorophore core. While the low fluorescence quantum
yields for 5.5b-5.7b in water was not unexpected, the blue shifted emission of 5.6b and
5.7b in the absence of metal ions in water was surprising at first but is explained by a
combination of electrostatic repulsion of the negatively charged carboxylate groups and
the significant steric crowding. In the case of 5.6b, an attractive zinc-specific response
was found, which was based upon the breakup of excimeric species rather than upon the
specific binding of the zinc cations to the lone pair of the aniline nitrogen in the APTRA
motif of 5.6b. While APTRA and similar motifs are popular and successful in the
detection of metal cations in cellular environs and compartments, they may actually act
not by the normally proposed coordination mechanism but also by breakup of aggregates
and even, as suggested in the literature, by interaction of intact dye nanoparticles with
metal cations after endocytosis into the cell.* We note that the investigation of organo-
soluble model compounds such as 5.8 is invaluable to understand the innate properties of
a metallo-responsive species. The attachment of charged appendages and water as
solvent fundamentally changes the fluorescent responses of XFs but in difficult to predict
ways. Without the careful investigation of 5.8 in organic solutions, the interpretation of
the results obtained for 5.5b-5.7b in aqueous environs would have been difficult and
perhaps misleading.
This work has been published in the Journal of Organic Chemistry:

Tolosa, J.; Zucchero, A. J.; Bunz, U. H. F. Water-soluble cruciforms: response to protons

and selected metal ions. J. Am. Chem. Soc. 2008, 130, 6498-6506.
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5.4. Experimental
General Methods. All chemicals were purchased from Aldrich Chemical, Acros, TCI
America, or Fischer Scientific and used without purification unless otherwise specified.
Column chromatography was performed using Standard Grade silica gel 60 A, 32-63 um
(230 x 450 mesh) from Sorbent Technologies and the indicated eluent. Elution of
cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points

were obtained using a Mel-Temp apparatus fitted with a Fluke 51"

digital thermometer.
All pH measurements were made using a calibrated VWR sympHony SP20 digital pH
meter. All IR spectra were obtained using a Simadzu FTIR-8400s spectrometer. Unless
otherwise specified, NMR spectra were recorded at 298 K on a Varian Mercury
spectrometer (300 MHz). Chemical shifts are reported in parts per million (ppm), using
residual solvent (chloroform-d) as an internal standard. Data Reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet), coupling constant, and integration. Mass spectral analyses were provided by
the Georgia Institute of Technology Mass Spectrometry Facility.

All absorption spectra were collected using a Shimadzu UV-2401PC
spectraphotometer. All emission spectra were acquired using a Shimadzu RF-5301PC
spectrofluorophotometer. Lifetime data were collected using a Lifespec-ps (Edinburgh
Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
(Hamamatsu). Data were fit to single exponential decay so as to optimize chi-squared
values. Quantum yields for cruciforms were measured using standard procedures. In all

cases, quinine sulfate was used as a standard and all solutions were purged with nitrogen

prior to measurement.
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Synthesis of Cruciform 5.7a (general procedure for all XFs). A solution of
diphosphonate 5.1 (315 mg, 0.5 mmol) and the corresponding aldehyde 5.4 (481 mg, 1
mmol), in dry THF (15 mL) was stirred at 0°C under Ny. Then, KO'Bu (115 mg, 1.05
mmol) was added in small portions in order to prevent hydrolysis of the esters. After the
addition the reaction mixture was stirred at this temperature for 30 min until TLC
indicated complete reaction of the aldehyde. A saturated solution of NH,CI (10 mL) was
added to quench the reaction and the mixture was extracted with dichloromethane (3 x
20 mL). The combined organic phases were washed with water and brine and dried over
MgSOQO,. The solvent was then evaporated in vacuo. The crude mixture was dissolved in
6 mL of a mixture of dry THF / NEt; 2:1 and PdCl,(PPhs), (2%) and Cul (2%) were
added to the solution. The mixture was stirred for 10 min at room temperature under No.
Phenylacetylene (160 mg, 1.56 mmol) was added, the reaction was warmed to 50 °C and
stirred at that temperature overnight. The reaction mixture was poured into water and
extracted with dichloromethane (3 x 15 mL). The combined organic phases were
collected, dried over MgSO, and evaporated after filtration. The crude mixture was
purified by column chromatography (hexane / ethyl acetate 4:1 to 5:2) isolating 5.7a as
an orange solid (yield 31 %). MP: 169-170 °C. *H-NMR (300Mz, CDCls): & = 1.17 (t,
12H, J = 7.2 Hz); 1,19 (t, 12H, J = 7.2 Hz); 4.09 (c, 8H, J = 7.2 Hz); 4.11 (c, 8H, J = 7.2
Hz); 4.32 (s, 8H); 4.33 (s, 8H); 7.03 (d, 2H, J = 8.4 Hz, Ar-H); 7.16 (d, 2H, J = 16 Hz, A
from AB); 7.20 (d, 2H, J = 7.2 Hz, Ar-H); 7.27 (broad s, 2H); from 7.32 to 7.44 (m, 6H);
7.54 (d, 2H, J = 16 Hz, B from AB); 7.65 (dd, 4H, J, = 1.8 Hz, J, = 7.2 Hz, Ar-H); 7.86
(s, 2H). C-NMR (75MHz, CDCls): § = 171.1, 171.0, 141.8, 141.7, 137.5, 132.3, 11.9,

130.6, 128.7, 124.2, 123.5, 122.2, 122.0, 121.7, 120.6, 95.7, 88.2, 60.9, 52.7, 52.6, 14.4.
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IR: v [cm™] = 2358.8, 2331.8, 1735.8, 1195.8. MS (ESI): 1231 (M-H*). HRMS: Calc:
1231.5482, Found: 1231.5492. Elemental Analysis: C, 68.01; H, 6.13; N, 4.83 (calc. C,
68.28; H, 6.38; N, 4.55).

Synthesis of Cruciform 5.5a. Synthesized using the general procedure described above
with aldehyde 5.2 instead of 5.4. In this case, the pure compound was obtained by
column chromatography (hexane / ethyl acetate 4:1 to 5:2). 5.5a was obtained as a yellow
solid (yield = 19 %). MP: 144-145°C. *H-NMR (300 MHz, CDCls): & =1.27 (t, 12H, J =
7.2 Hz); 4.15 (s, 4H); 4.21 (c, 8H, J = 7.2 Hz); 6.61 (d, 4H, J = 8.7 Hz, Ar-H); 7.16 (d,
2H, J = 16 Hz, A from AB); 7.36 to 7.49 (m, 12H, including B from AB); 7.55 to 7.63
(m, 4H); 7.84 (s, 2H). ®C-NMR (75 MHz, CDCls): § = 170.7, 147.7, 137.3, 131.6,
130.1, 128.4, 128.1, 128.0, 127.7, 123.3, 122.3, 121.7, 120.0, 112.6, 95.1, 88.1, 61.3,
535, 14.2. IR:v [cm’l] = 2360.7, 2341.4, 17455, 1737.7, 1604.7, 1521.7, 1375.1,
1188.0. MS (ESI): 857 (M-H"). HRMS: Calc: 857.3745, Found: 857.3756. Elemental
Analysis: C, 75.45; H, 5.99; N, 3.46 (calc. C, 75.68; H, 6.12; N, 3.27).

Synthesis of Cruciform 5.6a. Synthesized using the general procedure described above
with aldehyde 5.3 instead of 5.4. Yield 15 %. MP: 102-105°C. *H-NMR (300 MHz,
CDCls): & = 1.24 (t, 18H, J = 7.2 Hz); from 4.1 to 4.3 (m, 20H); 4.67 (s, 4H); 6.89 (d,
2H, J = 8.4 Hz, Ar-H); 7.04 (d, 2H, J = 1.8 Hz, Ar-H); 7.15 (dd, 2H, J; = 1.8 Hz, J, = 7.2
Hz, Ar-H); 7.16 (d, 2H, J = 16 Hz, A from AB); 7.32 to 7.44 (m, 6H); 7.50 (d, 2H, J =
16 Hz, B from AB); 7.60 to 7.64 (m, 4H); 7.86 (s, 2H). *C-NMR (75 MHz, CDCls): § =
171.2, 168.7, 149.6, 139.6, 137.2, 131.6, 131.6, 130.0, 128.6, 128.5, 128.5, 123.9, 123.1,
122.0, 121.6, 119.6, 112.8, 95.4, 87.8, 66.3, 61.2, 60.8, 53.8, 52.6, 14.2, 14.2. IR: v [cm’

'] = 2360.7, 2335.6, 1747.5, 1737.7, 1524.0, 1197.7, 1168.8, 1027.9. MS (ESI): 1061
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(M-H"). HRMS: Calc: 1061.4385, Found: 1061.4375. Elemental Analysis: C, 70.03; H,

6.12; N, 2.46 (calc. C, 70.17; H, 6.08; N, 2.64).

Isolation of intermediate 5.9. After a Horner reaction of 5.1 with aldehyde 5.2 (see
above), a saturated solution of NH,4CI (10 mL) was added to quench the reaction and the
mixture was extracted with dichloromethane (3 x 20 mL). The combined organic phases
were washed with water and brine and dried over MgSQO,4. The crude mixture was
purified by column chromatography ethyl acetate / hexane (2:7), isolating 5.9 as a yellow
solid (yield = 23 %). MP: 98-101°C. *H-NMR (300 MHz, CDCls): § = 1.27 (t, 12H, J =
7.2 Hz); 4.15 (s, 4H); 4.21 (c, 8H, J = 7.2 Hz); 6.60 (d, 4H, J = 8.7 Hz, Ar-H); 6.86 (d,
2H, J =16 Hz, A from AB); 6.97 (d, 2H, J = 16 Hz, B from AB); 7.41 (d, 2H, J = 8.7 Hz,
Ar-H); 8.00 (s, 2H). *C-NMR (75 MHz, CDCl;): 5 = 170.8, 148.2, 140.8, 136.0, 131.9,
128.5,127.4,127.2,112.8, 100.4, 61.5,53.8, 14.5. IR: v [cm'l] =2358,8, 1733.9, 1604.7,

1519.8, 1186.1.
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Isolation of intermediate 5.10. After a Horner reaction of 5.1 with aldehyde 5.3, a
saturated solution of NH4CI (10 mL) was added to quench the reaction and the mixture
was extracted with dichloromethane (3 x 20 mL). The combined organic phases were
washed with water and brine and dried over MgSO,. The crude mixture was purified by
column chromatography from ethyl acetate / hexane (1:5 to 1:3), isolating 5.10 as a
green oil (yield = 21 %). 'H-NMR (300 MHz, CDCls): & = 1.24 (t, 18H, J = 7.2 Hz);
from 4.1 to 4.3 (m, 20H); 4.67 (s, 4H); from 6.90 to 6.97 (m, including A from AB, 4H);
7.02 (d, 2H, J = 16 Hz, B from AB); 7.04 (s, 2H); 7.12 (d, 2H, J = 7.2 Hz); 7.99 (s, 2H).
BC-NMR (75 MHz, CDCls): 6 = 171.3, 168.9, 147.1, 141.3, 140.9, 135.2, 131.6, 128.5,
127.4,127.2,121.2, 112.8, 100.4, 66.3, 61.1, 60.8, 53.7, 52.8, 14.3, 14.2. IR: v [Cm'l] =
2358,8, 1733.9, 1604.7, 1519.8, 1186.1.

Isolation of intermediate 5.11. After a Horner reaction of 5.1 with aldehyde 5.4 (see
above), a saturated solution of NH,Cl (10 mL) was added to quench the reaction and the
mixture was extracted with dichloromethane (3 x 20 mL). The combined organic phases
were washed with water and brine and dried over MgSO,4. The crude mixture was
purified by column chromatography ethyl acetate / hexane (1:3), isolating 5.11 as a
yellow solid (yield = 41 %). MP: 136-138°C. *H-NMR (300 MHz, CDCls): § = 1.21 (t,
24H, J = 7.2 Hz); 4.12 (c, 8H, J = 7.2 Hz); 4.13 (c, 8H, J = 7.2 Hz); 4.33 (s, 8H); 4.34 (s,
8H); 6.85 (d, 2H, J = 16 Hz, A from AB); 7.01 (d, 2H, J = 16 Hz, B from AB); 7.02 (d,
2H, J = 8 Hz, Ar-H); from 7.14 to 7.21 (m, 4H); 7.99 (s, 2H). *C-NMR (75 MHz,
CDCl3): 6 =170.8, 141.7, 141.4, 140.6, 136.0, 132.0, 131.5, 129.0, 121.6, 121.5, 120.6,
100.2, 60.6, 52.4, 52.4, 14.2, 14.1. IR: v [Cm'l] = 23435, 1733.9, 1506.3, 1174.6,

1028.0, 970.1.
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Synthesis of saponified XFs 5.5b, 5.6b and 5.7b. In all cases, a suspension of the ester
(60 mg, 0.049 mmol) and NaOH (120 mg, 3 mmol) in methanol was refluxed overnight
and then transferred into a freezer. A precipitate formed overnight which was filtered and
washed with cold methanol and copious hexanes. Solids obtained were completely
soluble in water. 5.5b (brown solid, yield = 91 %); 5.6b (brown solid, yield = 87 %),

5.7b (yellow solid, yield = 95 %).
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CHAPTER 6

Supramolecular Cruciforms

6.1. Introduction

Because of their electrical, optical, and redox properties, conjugated and
fluorescent molecules are candidates for integration into electro-optical and light-emitting
devices (LEDs).!® These functional materials can be based on small molecules,
oligomers, or polymers, each with distinct advantages. Small molecules are monodisperse
and are easier to purify and characterize. On the other hand, polymers and oligomers are
polydisperse. However, polymeric systems are desirable owing to their good mechanical
and film forming properties, rendering them amenable to solution processing.’
Supramolecular polymeric systems based on the assembly of monomeric units via
noncovalent interactions introduce an additional level of control. Such materials have the
potential to combine the processability and mechanical properties of a traditional
polymeric system without the long-range defects and functional group intolerance of
covalent polymerization methodologies.® Self-assembled materials are dynamic systems
with reversible interactions that are responsive to environmental stimuli, permitting the
adjustment of polymeric properties for specific applications.

Intense research in this area has yielded new supramolecular polymeric materials
based on conjugated building blocks with novel applications ranging from tissue
engineering® to electronic applications.® We are interested in preparing functional and
solution processable materials with tailorable physical and optical properties. To

accomplish this, we envisage a discrete toolbox of supramolecular monomers that can be
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polymerized via noncovalent interactions. By readily exchanging monomer components
we can augment the final properties of the materials to fit a specific need via a simple
assembly step, minimizing or obviating more costly and time consuming synthetic steps.
Recently, Rowan and Weder have used metal-ligand interactions to form
supramolecular fluorescent phenylene-ethynylene coordination polymers that can be

11-14

easily processed into films and fibers. We rationalized that cruciforms could

similarly be employed as fluorescent monomer building blocks in functional
supramolecular assemblies.™>

The photophysical properties and tunability of XFs make them attractive for use
as building blocks in supramolecular assemblies. In addition, the 2-dimensional nature of
these chromophores conveys a distinct advantage: one axis can be substituted to drive
non-covelent assembly of the fluorophores while the second axis remains available to
tune the optical properties of the XF and/or control solubility. As such, XFs suitably

functionalized for assembly are ditopic ligands inherently equipped for linear

supramolecular assembly.

E
M = Pd, Pt
7 N\ I\’/I—L E=N,P,S
R/_ L = binding ligand
’ R = Functional tether
E
Monoreceptor
I‘E T:
M = Pd, Pt
L|\‘/| |\‘HL E=N,S

L = binding ligand

E E
Bifunctional receptor
Figure 6.1. Examples of mono- and bismetallic pincer complexes as supramolecular

synthons in which E is a neutral two-electron donor and L can be a functional
recognition unit.
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We decided to employ ditopic metal complexes to assemble XFs via metal
coordination. Metallated pincer complexes are often employed in metal coordination
owing to their chemo-activated coordination, which is both fast and quantitative.?”*
Monoreceptor pincer complexes are tridentate species composed of a central aromatic
core with a carbon-metal bond (C) flanked by two neutral donor atoms (E), giving these
ligands an ECE nomenclature (Figure 6.1). Cyclometallation of these ligands with a Pd
or Pt salt creates a square planar metal complex, which can coordinate basic ligands upon
activation.*** A second cyclometallation para to the first results in bifunctional bis-

metallated pincer complexes.***

These pincer complexes can be activated by the
removal of the fourth ligand — generally a halide atom — through the addition of a suitable
silver salt (AgBF4, AgOTf, AgNOg3). This leads to the abstraction of the halide atom by
Ag" (precipitating AgX(), leaving a cationic complex with open coordination sites and
non-coordinating counterions. The coordination strength of these pincers can be varied
by exploiting several common classes of ligands (nitriles < pyridines < thioureas <
phosphines).

One could envision a toolbox of XFs and pincer complexes combined to generate
highly tunable fluorescent supramolecular assemblies. The fluorescence of these
assemblies could be tuned by varying the substituents conjugated into the XF m-system.
Varying the metal in the pincer complex as well as the XFs mode of coordination
provides the ability to tune the K;, permitting the adjustment of the polymeric properties
of the assemblies.

To examine the potential of this strategy, we elected to perform some proof-of-

principle experiments. We rationalized that pyridyl-substituted cruciforms could be
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assembled into supramolecular aggregates using metal coordination via Pd- and Pt-pincer
complexes. For our first experiments, we chose to use bis-pincer complex 6.2 to illicit
main-chain assembly of XF 6.1 (Scheme 6.1). 6.2 has been used previously to generate
pyrazine and pyridyl coordination polymers. Pyridyl cruciform 6.1 contains two terminal
pyridine moieties, i.e. it serves as a bifunctional ligand that can easily displace the
acetonitrile-coordinated bis-pincer complex 6.2, generating supramolecular complex 6.1P
in a simple step. Subsequently, we expanded our study by investigating the self-
assembly behavior of pyridyl arylethynylene cruciform 6.3 and the bis-platinated pincer
complex 6.4 (Scheme 6.2).

Coordinating cruciforms through a pyridyl unit on either the styryl or
arylethynylene XF axis to either a bis-Pd or bis-Pt pincer complex provides a library of
related polymers having a range of physical and optical properties. The four building
blocks 6.1 — 6.4 should allow for a fine-tuning of the association constants and ultimately
the polymer properties. The K, value of the metal-pyridyl ligand interaction of each
cruciform is expected to vary depending on the para substituent, which is an alkenyl
group in 6.1 or an alkynyl group in 6.3. This electronic effect has been shown to fit the
Hammett equation using the ¢* constant*® of the para substituent.”’ Furthermore, Pt
pincer complexes are known to have a significantly stronger association in comparison to
Pd pincer complexes, allowing us to also control the association via the metal center.*’
Therefore, the uniqueness of each metal-ligand interaction within these structurally
related supramolecular materials should lead to polymers with a set of properties that can

be easily controlled.
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Scheme 6.1. Coordination polymer 6.1P, a fluorescent supramolecular assembly formed
through the coordination of XF 6.1 with bis-Pd pincer 6.2.
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Scheme 6.2. Pyridyl XF 6.3, bis-Pt pincer complex 6.4, and the three additional

supramolecular assemblies (6.2P-6.4P) synthesized using monomers 6.1-6.4.
6.2. Results and Discussion

Monomers 6.1-6.4 were synthesized according to published literature
procedures.™ % 4% |n 6.2 and 6.4, acetonitrile molecules are coordinated to the metal
centers of each respective pincer complex. The weaker coordination of nitriles leads to a
spontaneous and quantitative exchange of the acetonitriles for the pyridyl-functionalized
cruciform ligands to give 6.1P-6.4P in excellent yields. Self-assembly is accomplished
by combining the bis-metallated pincer complexes with the XF of choice. For solubility
purposes all of our physical characterization studies were carried out in DMF with the

exception of fluorescence studies, which were performed in a CHCIl3/DMSO mixture.
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Figure 6.2. Stacked ‘*H NMR spectra (d;-DMF) of the aromatic region depicting
supramolecular assembly of 6.1 and 6.4. A: XF 6.1 (0.006 M). B: 1:1
mixture of 6.1 and 6.4 yielding supramolecular polymer 6.3P (0.006 M).
Using *H NMR spectroscopy, the self-assembly was monitored by shifts of
diagnostic signals pre- and post-coordination in d-DMF. Both 6.2 and 6.4 showed shifts
characteristic of quantitative metal-coordination events. The doublet at 6=8.65 ppm,
representative of the a-pyridyl protons of cruciform 6.1, showed a quantitative upfield
shift to 6=8.50 ppm after coordination to 6.2 and a quantitative downfield shift to 6=9.21
ppm after coordination to 6.4. In the case of XF 6.3, the a-pyridyl protons signal has an

upfield shift from 6=8.80 to 8.63 ppm after coordination to 6.2, and a downfield shift to

8=9.35 ppm after coordination to 6.4.** We observed a broadening of all the signals for
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6.1P-6.4P, which is typical for polymers. As an example, Figure 6.2 shows the formation
of 6.3P, focusing on the aromatic region of 6.1 before and after coordination to 6.4 in d-
DMF. The quantitative shifts of every proton along the distyryl axis are shown; protons
further from the coordinated pyridyl nitrogen have smaller shifts as they experience less
of an electronic perturbation. Additionally, the unaffected doublet of doublets labeled &
and ¢ in the spectra clearly shows the electronically decoupled nature of the cross-

conjugated arylethynylene axis.
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Figure 6.3. Isotherm generated from the titration of 6.4 into 6.1 in DMF to yield 6.3P.

We quantified the strength of our metal-ligand interactions using isothermal
titration calorimetry (ITC) to provide a complete thermodynamic characterization, which
is calculated from the measured enthalpy of binding. For our experiments we assumed
that the K, value of our interaction is independent of the polymer length, that is, Kayerage =
Ki: = K,. By titrating a solution of each bismetallated pincer complex in DMF (10 mM)

into a solution of each XF in DMF (1 mM) at 22 °C an isotherm is generated, from which
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a Ka (Kaverage) Value is calculated. All titrations were carried out in triplicate to validate
the reported K, values. Furthermore, all showed a hyperbolic shape characteristic of a
weaker dynamic on/off binding event as shown in Figure 6.3 for the isotherm of 6.3P

(see Table 6.1).

Table 6.1. ITC K, values and approximate degree of polymerization (DP) of each
supramolecular complex.

Complex Ki[M™] Maximum DP!
6.1P 5.7 (+ 1.6) x 10° 14
6.2P 2.1 (£0.5) x 10° 10
6.3P 44.3 (+ 5.4) x 10° 53
6.4P 15.2 (+2.9) x 10° 31
6.2+Pyr 6.0 (+ 0.5) x 10° -
6.4°Pyr 60.0 (+ 7.8) x 10° -
6.16.5 9.8 (+3.2) x 10° -
6.1+6.6 53.0 (+ 4.8) x 10° -

[a] Maximum DP = (Ks[monomer))*?, based on a total 1:1
(A/B) monomer concentration of 0.033 M in DMF.

The polymer K, values were higher when using 6.4 than 6.2 by approximately an
order of magnitude. Literature reports indicate that the Pt-based coordination using
pincer complexes is significantly stronger than using their palladium analogues,*” which
is in accordance with our results. The range of association strengths available for
coordination events involving cruciforms can be used to control the properties of our
system. However, the assumption that K, = Kayerage Mmust first be validated. To this end,
we carried out small molecule binding studies to pincer complexes 6.2 and 6.4 and to XF

6.1, in which the K, values were measured and compared t0 K, (Kaverage) Values measured
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for the coordination polymer. For pincer complexes 6.2 and 6.4 we measured the K,
values upon the coordination of pyridine, and for XF 6.1 we measured the K, values upon
the coordination of monotopic Pd and Pt pincer complexes 6.5 and 6.6, respectively, all

in DMF (Figure 6.4).

! - i
):._ p \ oTf
- N4
N, \>_| _ —Si — | _
0~ Td--N:C—CHa o—, {Lpl N=C-CH,
3 M
‘?-::’\f T
65 6.6

Figure 6.4. Monotopic Pd pincer complex 6.5 and monotopic Pt pincer complex 6.6.

The close agreement of the small model K; values to the polymeric K, values
strengthens the notion that the assumption Ka = Kaverage IS Valid. We obtain a set of DP
values after inserting these K, values into the multistage open association (MSOA) model
equation.*®>*

After confirming and quantifying the self-assembly of each of our systems using
'H NMR spectroscopy and ITC, we subsequently characterized the polymer properties.
Owing to the weaker K, values of our materials in DMF, size-exclusion chromatography
proved unreliable for determining their molecular weights and polydispersities.
Therefore, we analyzed the materials by viscometry using a Cannon-Ubbelohde semi-
micro type viscometer. Initially, we demonstrated the molecular weight dependence of
6.1P based on monomer feed ratios in DMF, with a maximum relative viscosity (n,) at a

stoichiometric equivalence of 6.1 and 6.2.°° This can be interpreted as the longest

possible length of the polymers in solution, assuming maximum coordination. Deviation
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from a 1:1 monomer feed ratio led to chain termination and a less viscous solution as the

length of the supramolecular polymer decreased.
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Figure 6.5. Top: Plot of relative viscosity of bis-Pd pincer complexed materials 6.1P and
6.2P. Bottom: Plot of relative viscosity of bis-Pt pincer complexed materials
6.3P and 6.4P in DMF.

Next, we investigated the n, at different concentrations in DMF. A linear increase
in n, is generally expected as one increases the concentration of a covalent polymer
solution. However, because our metal-ligand interactions are more favored at higher
concentrations, a nonlinear increase should be observed. Figure 6.5 details our

viscometry results. The expected nonlinear increase is seen for all of our materials. Our

viscosity measurements are also in accordance with the K, values determined by ITC.
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The solution of 6.3P is 70 times more viscous than pure DMF, and both bis-Pt-pincer
complexed polymeric solutions 6.3P and 6.4P significantly more viscous than the bis-Pd-
pincer complexed polymeric solutions 6.1P and 6.2P. Polymers 6.1P and 6.3P,
coordinate to the metal through the more electron-rich pyridyl groups on the distyryl axis
and have a higher relative viscosity as compared to the polymers formed from XF 6.3,
which coordinates along the less electron-releasing arylethynylene axis.

The viscosity results illustrate the inherent control over the polymer properties in
our supramolecular system. By simply switching one monomeric component with an
alternate one from our supramolecular toolbox, we can effectively tune the DP and thus
the viscosity.

We also examined the luminescent properties of these supramolecular materials.
We used fluorescence spectroscopy, comparing the emissions of 6.1P-6.4P to that of
their small-molecule analogues. Unlike the characterizations of our polymer physical
properties, spectroscopic studies in DMF were not possible as the self-assembly was not
readily observed at the dilute concentrations necessary for fluorescence measurements.
As a result, we conducted all spectroscopic studies in a mixture of CHCI;/DMSO
(95:5).>% For each supramolecular material we observed red-shifted emissions compared
to the uncoordinated cruciforms. We also observed a decrease in fluorescence intensity
for each material proportional to the measured K, values of each metal-ligand interaction.
The results of this study are summarized in Figure 6.6 and Tables 2 and 3, and the spectra
are included here as Figures 6.7-6.15.

Uncoordinated 6.1 possesses a vibrant blue emission at 445 nm (Figure 6.6).

Upon the titration of 2.0 equivalents of 6.2, a bathochromic shift (445—515 nm) is
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observed (Figure 6.7). If a large excess (15.0 equivalents) of 6.2 is added, a subsequent
hypsochromic shift (515—485 nm) results. In order to rationalize these changes in
emission, we performed a similar emission study coordinating monotopic Pd pincer
complex 6.5 to 6.1 (Figure 6.8). In the case of this model system, we observed a similar

bathochromic shift (445—491 nm) during the titration of 6.5.

Table 6.2. Summary of the changes in emission observed upon the addition of increasing
equivalents of 6.2 or 6.4 to 6.1 or 6.3. The concentration of XF in all samples
was 0.0445 mM in a mixture of CHCI; and DMSO (95:5).

S B complexpien  Emisp st
1P 445 515 (2.0 eq.) 485 (15.0 eq.) 520
2P 455 560 (3.6 eq.) 512 (20.0 eq.) 544
3P 445 542 (1.4 eq.) N.A. N.A.
4P 455 510 (3.0 eq.) 504 (15.0 eq.) 504

[a] Parentheses refer to the number of equivalents of ditopic pincer complex added to
achieve shift.

Table 6.3. Summary of the changes in emission observed upon the addition of 6.5 or 6.6
to 6.1 or 6.3. The concentration of the cruciform in all samples was 0.0445
mM in a mixture of CHCl3: DMSO (95:5).

Supramolecular Cruciform Supramolecular complex
complex Emission (nm) Emission (nm)
15 445 491
35 455 507
16 445 540
36 455 515
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Figure 6.6. Normalized emission of XFs 6.1 and 6.3, and Amax Of the furthest redshifted
emissions of polymers 6.1P-6.4P (precipitation seen at these maximum DPs)
all at 0.0445mM. A) Emission of XF 6.1 (black trace), and Pd coordination
polymers 6.1P (blue trace) and 6.3P (green trace). B) Emission of XF 6.3
(maroon trace), and Pt coordination polymers 6.2P (yellow trace) and 6.4P

(orange trace).

These emission shifts can be explained by the orthogonal arrangement of the
frontier molecular orbitals in our cruciforms. Coordination in these cruciforms is along
the LUMO axis. As corroborated in the *H NMR, the HOMO axis is largely unaffected.
Therefore, the LUMO is destabilized and the energy band-gap in all our systems
decreases resulting in the observed bathochromic shifts.

This effect partially explains the change in emission observed upon the titration of
6.2 into 6.1. During the early stages of the titration, coordination results in the assembly

of polymer 6.1P with an increasing DP. This material has limited solubility in the
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chloroform:DMSO mixture used for fluorescent measurements leading to aggregation,
which was visually observed in the samples by clouding and formation of a precipitate.
We have previously investigated cruciform aggregates and polymorphs in the solid-state
observing differences in their emissive behavior,’® and we attribute the red-shifted
emission to 515 nm at 2 equivalents of 6.2 from both the LUMO stabilization and
aggregation effects. This conclusion is further supported by the solid-state emission of
6.1P at 520 nm (dropcast film from a 1:2 mixture of 6.1 and 6.2, Figure 6.9). However,
upon the addition of 15 equivalents of 6.2, an excess of pincer complex, the formation of
smaller end-capped oligomers, e.g. 6.2-6.1-6.2 complexes, is favored. Unlike the highly
charged polymer 6.1P, these smaller species are soluble in CHCI3, and therefore the
emission appears at a slightly lower wavelength (485 nm) from the initial uncoordinated
cruciform. This is similar to the emission observed from the soluble model complex
formed upon the addition of monotopic 6.5 to 6.1 (491 nm) solely representing the
emission change from the stabilization of the LUMO after self-assembly.

We observed a similar trend for the self-assembly of 6.2P, detecting a
bathochromic shift (455—560 nm) during the beginning stages of the titration of pincer
complex 6.2 (3.6 equivalents) into 6.3 (Figure 6.10); further addition of 6.2 (20.0
equivalents) results in a blue-shift (560—512 nm). Once again, we see a substantial
bathochromic shift resulting from complexation with 6.2 as well as aggregation of the
growing polymers. This results in a red-shifted emission similar to that observed for 6.2P
in the solid state (544 nm). Addition of 20 equivalents of 6.2 leads to the formation of
soluble oligomers emitting at 512 nm. Again this is comparable to the emission observed

upon the addition of monotopic 6.5 (507 nm) to 6.3 (Figure 6.11).
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Figure 6.7. Emission spectra of 6.1 upon the addition of increasing equivalents of 6.2.
Selected traces are included here for the sake of clarity.
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Figure 6.8. Emission spectra of 6.1 upon the addition of increasing equivalents of mono-
Pd-pincer 6.5. Selected traces are included here for the sake of clarity.
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Figure 6.9. Emission of thin films of polymers 6.1P, 6.2P, and 6.4P after the baseline-
subtraction of a glass slide.
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Figure 6.10. Emission spectra of 6.3 upon the addition of increasing equivalents of 6.2.
Selected traces are included here for the sake of clarity.
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Figure 6.11. Emission spectra of 6.3 upon the addition of increasing equivalents of
mono-Pd-pincer 6.5. Selected traces are included here for the sake of clarity.
Changes in the optical properties of 6.1 and 6.3 are also observed upon assembly
with bis-Pt pincer complex 6.4. In the case of 6.3, a bathochromic shift (455—510 nm) is
observed upon the addition of 3.0 equivalents of 6.4 (Figure 6.12). This emission is
consistent with the observed solid state emission of 504 nm. Further addition of 6.4 (15.0
equivalents) results in a small blue-shift (510—504 nm) corresponding to short-chain
soluble oligomers. This emission is consistent with the emission observed for the model
complex formed from cruciform 6.3 and monotopic Pt pincer 6.6 (515 nm, Figure 6.13).
Assembly of 1 with 4 also resulted in a bathochromic shift (445-542 nm) upon the
addition of 1.4 equivalents of 4 (Figure 6.14). However, further fluorescence
measurements at higher equivalents of pincer complex could not be made due to near
baseline fluorescence intensity. Limited intensity also prevented the measurement of the

solid state emission of 3P.
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The decrease in fluorescence intensity observed upon the self-assembly of each
material also occurred in other cruciform coordination studies. We previously
demonstrated that upon exposure to protons or metal cations, cruciforms 6.1 and 6.3
experience a sharp decrease in fluorescence quantum vyield.’® This effect is greater for
protonation than for binding to metal cations, suggesting that a greater positive charge at
the pyridine nitrogen result in a greater decrease in fluorescence intensity. We suggest
that binding of a proton or metal at the pyridyl nitrogen results in a stronger vibronic
coupling between the ground and excited states, in addition the heavy atom effect exerted
by the Pt-pincer complex. Therefore, as the binding increases, non-radiative relaxation
pathways from the excited state to the ground state become more accessible resulting in a

decreased fluorescence intensity.
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Figure 6.12. Emission spectra of 6.3 upon the addition of increasing equivalents of 6.4.
Selected traces are included here for the sake of clarity.
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Figure 6.13. Emission spectra of 6.3 upon the addition of increasing equivalents of
mono-Pt-pincer 6.6. Selected traces are included here for the sake of clarity.
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Figure 6.14. Emission spectra of 6.1 upon the addition of increasing equivalents of 6.4.
Selected traces are included here for the sake of clarity. Residual
fluorescence was observed at 542 nm upon further addition of 6.4; however,
it could not be measured due to near baseline fluorescence intensity.
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Figure 6.15. Emission spectra of 6.1 upon the addition of increasing equivalents of
mono-Pt-pincer 6.6. Selected traces are included here for the sake of clarity.
6.3. Conclusions

In summary we have assembled four new supramolecular polymers by
coordinating pyridyl functionalized cruciforms 6.1 and 6.3 to either a ditopic bis-Pd or
bis-Pt pincer complex. The fast and quantitative self-assembly process was characterized
by *H NMR spectroscopy, and the association strength of each metal-ligand interaction
was evaluated using ITC. From these values, approximate degrees of polymerization
were calculated. This data indicate that the pyridyl distyryl-Pt coordination is the
strongest and the pyridyl ethynyl-Pd interaction is the weakest. The polymeric properties
in solution were characterized using viscometry, the results from which complement the
association strengths calculated from ITC, in which 6.3P is the most viscous and 6.2P is
the least viscous. Finally, the luminescent properties were measured using fluorescence

spectroscopy. The emissions of the supramolecular materials were significantly red-
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shifted from their uncoordinated cruciforms. The fluorescence intensity increased in the
order 6.3P < 6.1P < 6.2P < 6.4P, inversely proportional to their association strength.

By developing, expanding, and studying the building blocks available for self-
assembly, the strategy employed herein allows for the design and synthesis of a class of
novel functional organometallic polymers with predictable and tunable properties from a
discrete set of monomers, circumventing problems associated with traditional covalent
polymer synthesis. ~ Each component in this system is amenable to further
functionalizations and modification giving us a virtually unlimited pool of monomers to
investigate and exploit.

Future work in this area could focus on coordinating and investigating cruciforms
with different substitution patterns to expand the physical and optical property ranges in
the final polymers. Additionally, efforts should focus on improving the fluorescence
quantum vyields and solubility of the polymers via synthetic modifications to both
monomeric constituents.

This work has been published in Chemistry — A European Journal and Chemical
Communications:

Gerhardt, W. W.; Zucchero, A. J.; South, C. R.; Bunz, U. H. F.; Weck, M. Controlling
polymeric properties through dynamic metal-ligand interactions: Supramolecular
cruciforms made easy. Chem. Eur. J. 2007, 13, 4467-4474.

Gerhardt, W. W.; Zucchero, A. J.; Wilson, J. N.; South, C. R.; Bunz, U. H. F.; Weck, M.

Supramolecular cruciforms. Chem. Commun. 2006, 2141-2143.
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6.4. Experimental
General Methods. All chemicals were purchased from Aldrich Chemical, Acros, or
Fisher Scientific and used as received unless otherwise specified. NMR spectra were
recorded at 298 K on a Varian Mercury spectrometer (*H = 300 MHz, *C NMR = 75
MHz). Chemical shifts are reported in parts per million (ppm), using residual solvent as
an internal standard. Data reported as follows: chemical shift, multiplicity (s = singlet, d
= doublet, t = triplet, g = quartet, dd = doublet of doublets, m = multiplet, br = broad),
coupling constants, and integration. The synthesis of XFs and metalated pincer
complexes was conducted according to previously
General procedures for ITC characterization of coordination complexes. All
measurements were made on a Microcal VP-ITC Microcalorimeter at 22 °C in anhydrous
DMF degassed under reduced pressure.
Bis-metallated pincer complex:cruciform. The bis-metallated pincer complex in DMF
(10 mM) was titrated (5 uL injections over 10 sec followed by an equilibration period)
into a DMF solution of the cruciform (1 mM). A reference run of each bis-metallated
pincer complex solution titrated into pure DMF was subtracted from each measurement
to account for the heat of dilution. Each experiment was done in triplicate to validate all
K, values.
Monotopic pincer complex:cruciform. The monotopic metallated pincer complex in
DMF (20 mM) was titrated (5 pL injections over 10 sec followed by an equilibration
period) into a DMF solution of the cruciform (1 mM). A reference run of each
monotopic metallated pincer complex solution titrated into pure DMF was subtracted

from each measurement to account for the heat of dilution. Each experiment was done in
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triplicate to validate all K, values. The reverse addition was also carried out to
corroborate the data by titrating a DMF cruciform solution (10 mM) into a DMF
monotopic metallated pincer complex solution (1 mM) under identical conditions.
Bis-metallated pincer complex:pyridine. The bis-metallated pincer complex solution
in DMF (10 mM) was titrated (5 pL injections over 10 sec followed by an equilibration
period) into a DMF solution of anhydrous pyridine (1 mM). A reference run of each bis-
metallated pincer complex solution titrated into pure DMF was subtracted from each
measurement to account for the heat of dilution. Each experiment was done in triplicate
to validate all K, values. The reverse addition was also carried out to corroborate the data
by titrating a DMF anhydrous pyridine solution (20 mM) into a DMF bis-metallated
pincer complex solution (1 mM) under identical conditions.

Viscometry. All studies were carried out in HPLC grade DMF, in a Cannon-Ubbelohde
semi-micro type viscometer No. 100 L182, timed with a stopwatch at 25 °C. Initial
solutions of each supramolecular material (0.033 mM) at a 1:1 stoichiometric ratio were
prepared by dissolving 0.033 umol of each component in DMF (1 mL) in the viscometer,
sonicating the sample for 10 min, incubating it for 10 min, and then acquiring three efflux
times. Then the solution within the viscometer was diluted to 0.025, 0.018, 0.012,and
0.006 mM; between each measurement of these concentrations, the solutions were
equilibrated and the efflux times measured in triplicate.

Optical Spectra. All samples for spectroscopic measurement were prepared using
spectroscopic grade solvents purchased from OmniSolv. All fluorescence spectra were
recorded on a Shimadzu RF-5301PC spectrofluorophotometer and acquired in a

triangular quartz cuvette to minimize spectral artifacts (specifically self absorption).
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Solutions were mixed such that the final concentration of cruciform in all samples
measured was 0.0445 mM in a mixture of CHCI; and DMSO (95:5) as described below.
All solution volumes were measured using Eppendorf Reference variable volume
pipettors. Significant noise was present due to near baseline fluorescence intensity in
some cases. In addition, scattering peaks were present. A spectra of the triangular
cuvette filled with solvent was obtained and subtracted to minimize scattering artifacts.
Corrected and uncorrected spectra are included in the Supporting Information of
Reference 25.

Procedure for the preparation of XF 6.1:bis-Pd-pincer 6.2 solutions for fluorescence
spectroscopy. A stock solution of 6.1 (1.78 mM) was prepared by dissolving 6.1 (106.2
mg, 0.178 mmol) in CHCI3 (100.0 mL). A stock solution of bis-Pd-pincer 6.2 (0.0177
M) was prepared by dissolving 6.2 (92.0 mg, 0.086 mmol) in 5.0 mL DMSO. Individual

solutions were then prepared as outlined in Table 6.4.

Table 6.4. Preparation of spectroscopic solutions of 6.16.2.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.2 6.1 (uL) 6.2 (uL) (uL) (uL)
0.0 100 0 200 3700
1.0 100 10 190 3700
1.4 100 14 186 3700
1.6 100 16 184 3700
1.8 100 18 182 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700
15.0 100 150 50 3700
20.0 100 200 0 3700
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Procedure for the preparation of XF 6.3:bis-Pd-pincer 6.2 solutions for fluorescence
spectroscopy. A stock solution of 6.3(1.78 mM) was prepared by dissolving 6.3 (101.0
mg, 0.178 mmol) in CHCI5 (100.0 mL). A stock solution of bis-Pd-pincer 6.2 (0.0177
M) was prepared by dissolving 6.2 (92.0 mg, 0.086 mmol) in 5.0 mL DMSO. Individual

solutions were then prepared as outlined in Table 6.5.

Table 6.5. Preparation of spectroscopic solutions of 6.36.2.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.2 6.3 (uL) 6.2 (ulL) (uL) (uL)
0.0 100 0 200 3700
1.0 100 10 190 3700
1.2 100 12 188 3700
1.6 100 16 184 3700
2.0 100 20 180 3700
2.2 100 22 178 3700
2.6 100 26 174 3700
3.0 100 30 170 3700
3.2 100 32 168 3700
3.6 100 36 164 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700
15.0 100 150 50 3700
20.0 100 200 0 3700

Procedure for the preparation of XF 6.1:bis-Pt-pincer 6.4 solutions for fluorescence
spectroscopy. A stock solution of XF 6.1 (1.78 mM) was prepared by dissolving 6.1
(106.2 mg, 0.178 mmol) in CHCI3 (100.0 mL). A stock solution of bis-Pt-pincer 6.4
(0.0177 M) was prepared by dissolving 6.4 (95.7 mg, 0.086 mmol) in 5.0 mL DMSO.

Individual solutions were then prepared as outlined in Table 6.6.
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Procedure for the preparation of XF 6.3:bis-Pd-pincer 6.4 solutions for fluorescence
spectroscopy. A stock solution of 6.3(1.78 mM) was prepared by dissolving 6.3 (101.0
mg, 0.178 mmol) in CHCI; (100.0 mL). A stock solution of bis-Pt-pincer 6.4 (0.0177 M)
was prepared by dissolving 6.4 (95.7 mg, 0.086 mmol) in 5.0 mL DMSO. Individual

solutions were then prepared as outlined in Table 6.7.

Table 6.6. Preparation of spectroscopic solutions of 6.1¢6.4.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.4 6.1 (uL) 6.4 (uL) (pL) (uL)
0.0 100 0 200 3700
0.4 100 4 196 3700
0.8 100 8 192 3700
1.0 100 10 190 3700
1.2 100 12 188 3700
1.4 100 14 186 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700
15.0 100 150 50 3700
20.0 100 200 0 3700

Table 6.7. Preparation of spectroscopic solutions of 6.3¢6.4.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.4 6.3 (ulL) 6.4 (uL) (pL) (uL)
0.0 100 0 200 3700
0.5 100 5 195 3700
1.0 100 10 190 3700
1.4 100 14 186 3700
1.6 100 16 184 3700
1.8 100 18 182 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700
15.0 100 150 50 3700
20.0 100 200 0 3700
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Procedure for the preparation of XF 6.1:mono-Pd-pincer 6.5 solutions for
fluorescence spectroscopy. A stock solution of cruciform 6.1 (1.78 mM) was prepared
by dissolving 6.1 (106.2 mg, 0.178 mmol) in CHCI; (100.0 mL). A stock solution of
mono-Pd-pincer 6.5 (0.0177 M) was prepared by dissolving 6.5 (51.9 mg, 0.086 mmol)

in 5.0 mL DMSO. Individual solutions were then prepared as outlined in Table 6.8.

Table 6.8. Preparation of spectroscopic solutions of 6.1¢6.5.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.5 6.1 (uL) 6.5 (uL) (pL) (uL)
0.0 100 0 200 3700
1.0 100 10 190 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
20.0 100 200 0 3700

Procedure for the preparation of XF 6.1:mono-Pt-pincer 6.6 solutions for
fluorescence spectroscopy. A stock solution of 6.1 (1.78 mM) was prepared by
dissolving 6.1 (106.2 mg, 0.178 mmol) in CHCI3; (100.0 mL). A stock solution of mono-
Pt-pincer 6.6 (0.0177 M) was prepared by dissolving 6.6 (62.6 mg, 0.086 mmol) in 5.0

mL DMSO. Individual solutions were then prepared as outlined in Table 6.9.

Table 6.9. Preparation of spectroscopic solutions of 6.1¢6.6.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.6 6.1 (uL) 6.6 (uL) (pL) (pL)
0.0 100 0 200 3700
1.0 100 10 190 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
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Procedure for the preparation of XF 6.3:mono-Pd-pincer 6.5 solutions for
fluorescence spectroscopy. A stock solution of 6.3 (1.78 mM) was prepared by
dissolving 6.3 (101.0 mg, 0.178 mmol) in CHCI; (100.0 mL). A stock solution of mono-
Pd-pincer 6.5 (0.0177 M) was prepared by dissolving 6.5 (51.9 mg, 0.086 mmol) in 5.0

mL DMSO. Individual solutions were then prepared as outlined in Table 6.10.

Table 6.10. Preparation of spectroscopic solutions of 6.36.5.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.5 6.3 (uL) 6.5 (uL) (pL) (uL)
0.0 100 0 200 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700
15.0 100 150 50 3700
20.0 100 200 0 3700

Procedure for the preparation of XF 6.3:mono-Pt-pincer 6.6 solutions for
fluorescence spectroscopy. A stock solution of cruciform 6.3 (1.78 mM) was prepared
by dissolving 6.3 (101.0 mg, 0.178 mmol) in CHCI;3 (100.0 mL). A stock solution of
mono-Pt-pincer 6.6 (0.0177 M) was prepared by dissolving 6.6 (62.6 mg, 0.086 mmol) in
5.0 mL DMSO. Individual solutions were then prepared as outlined in Table 6.11.
Solid-State Emission Spectra. Solid-state emission spectra were obtained for 1P, 2P,
and 4P (spectra for 3P could not be obtained due to baseline fluorescence intensity).
Solutions were dropcast onto glass slides and dried under a flow of air. Emission spectra
were acquired on a Shimadzu RF-5301PC spectrofluorophotometer. The spectra of the

glass slides were subtracted to remove minor scattering effects.
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Table 6.11. Preparation of spectroscopic solutions of 6.3¢6.6.

Equivalents of Stock Solution Stock Solution DMSO CHCl;
6.6 6.3 (uL) 6.6 (uL) (uL) (uL)
0.0 100 0 200 3700
2.0 100 20 180 3700
3.0 100 30 170 3700
4.0 100 40 160 3700
5.0 100 50 150 3700
10.0 100 100 100 3700

Solution Photographs. Photographs were taken of the solutions used for optical
measurements to qualitatively demonstrate the changes in fluorescence observed upon
assembly. The concentration of cruciform in all samples measured was 0.0445 mM in a
mixture of CHCI3 and DMSO (95:5). Photographs were taken under illumination at 365
nm using a Canon EOS 30D digital camera equipped with a Canon EFS 18-55mm zoom
lens. These solution photographs are published in the Supporting Information of

Reference 25.
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excess of the pincer complex was titrated into the cruciform solution. As the K; value
increased, precipitation of the respective complex occurred closer to the expected 1:1
stoichiometry.
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CHAPTER 7

Cruciform-Silica Hybrid Materials

7.1. Introduction

Functional chromophores and fluorophores are attractive as sensory and
responsive materials in biology, materials science, organic electronics and analytical
chemistry.® For deployment in biological applications such as the targeted staining of
cell compartments, water soluble fluorophores appended with binding elements are
highly desirable and necessary. To enable charge transport for applications in organic
electronics, chromophores/fluorophores must be capable of forming high quality, ordered
thin films. For many environmental and biodiagnostic sensory applications, it is
desirable if the fluorophores or chromophores utilized for analysis are immobilized —
temporarily or permanently — on a solid support. Such solid supports can either be just a
scaffold for the dye(s) under consideration, or they can perform secondary functions such
as suppressing aggregation/excimer formation or aiding in preconcentration of analytes.
An elegant example of this approach is the work by Rakow and Suslick, who investigated
the response of an array of immobilized porphyrin dyes towards a battery of different
analytes.? The success of their colorimetric approach was rooted in the immobilization of
their dyes onto hydrophobic silanized silica gel which helped to pre-concentrate gaseous
or liquid analytes either from the gas phase or from the aqueous phase onto their solid
support, where it could react with the dye under consideration.

As fluorophore cores possessing spatially separated FMOs, 1,4-distyryl-2,5-

bisarylethynylbenzenes®® display exceptionally large red or blue shifts in absorption and
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emission upon exposure to acids or metal salts. Specifically, coordination of metal
cations to XFs results in either red- or blue-shifted emission if pyridines or

dialkylanilines are incorporated.**®

If both are present, a two-stage mechanism, where
there is first a blue shift followed by a red shift is observed that results from the
complexation of an XF such as 7.5 with increasing amounts of zinc or magnesium ions. If
we incorporate hydroxyl groups into the m-system of these functional fluorophores, we
observe fluorescence shifts upon deprotonation. These compounds can also serve as
fluorescent probes for the differentiation of amine bases.’

We elected to examine the interaction of XFs 7.1-7.7 with mesoporous SBA-15
silica materials A-D containing acidic sites (A), basic sites (B), hydrophobic
trimethylsilyl sites (C), and bare, unfunctionalized silica containing silanols (D) (Scheme
7.1). We investigate the resulting cruciform-silica hybrid materials by optical and
fluorescent spectroscopies. It was of great interest to examine the interactions between
the various XFs and the different mesoporous silica samples, establish what emission
responses would be observed, whether support of XFs on silica would allow the XFs to

maintain their fluorescence properties in the solid state, and if these solid-state adsorbed

XFs could be used to detect amines or organic acids in the gas phase.

7.2. Results and Discussion
7.2.1. Synthesis of mesoporous silica supports.
Mesoporous silica SBA-15 was identified as a good candidate for a porous host
material.® SBA-15 can be easily prepared via block copolymer templating methods and

the size of the mesopores can be controlled. In this work, SBA-15 with an average pore
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diameter of 57 A and a surface area of ~700 m%g was prepared via standard methods.’
After calcination to remove the block copolymer template, the material was
functionalized by standard silane grafting techniques to introduce Lewis basic
aminopropyl groups,® Brensted acidic sulfonic acid groups,” or hydrophobic
trimethylsilyl groups.”® Changes in surface properties were verified by nitrogen

physisorption and thermogravimetric analysis.

7.2.2. Spectroscopic properties of the cruciforms 7.1-7.7 in the presence of
microstructured functionalized silica supports.

XFs 7.1-7.7 emit vibrantly in organic solutions. We have detailed their sensory
responses towards metal cations, protons, and amines.**® 5 Emissions of the XFs in the
solid state are generally red shifted, broadened, and less intense, limiting their potential
use as sensory materials in the solid state (Figure 7.1). A possible method to overcome
these limitations is to employ the fluorophore immobilized on a solid support for
potential environmental and biodiagnostic applications. Solid supports serve as scaffolds
for the dye(s) under consideration; they may also suppress aggregation/excimer formation
or preconcentrate analytes.

XFs 7.1-7.7 were dissolved in toluene and dry mesoporous silica was added. The
resulting suspensions were incubated in the dark for 24 hours, at which point the samples
were photographed under UV light (ex = 365 nm) to qualitatively examine the resulting
fluorescence of the cruciform-silica hybrid materials. As Figure 7.2 shows, the solid
silica settled to the bottom of the vials and was highly fluorescent. To more
quantitatively assess the fluorescent of these XF-silica hybrid materials, we recorded the

fluorescence spectra of suspensions of these hybrid materials in toluene using a triangular
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cuvette to minimize scattering (Figure 7.3 and Table 7.1). When compounds 7.1-7.7 are
exposed to capped silica, the emission of the XF-silica hybrids ranges from 424 (XF 7) to
548 (XF 4) nm. In addition, the intensity and shape of the observed emissions are
reminiscent of those observed in solution, not those observed in the solid state. Thus,
mesoporous SBA-15 silica appears to be a promising platform to enhance and/or

modulate XF fluorescence.
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Figure 7.1. Normalized emission spectra of 7.1-7.7 in toluene (top) and the solid state
(bottom). In the solid state, spectra are broadened, redshifted, and of
dramatically decreased intensity compared to in solution. Spectra of XFs in
the solid state are noisy due to scattering off of the powdered solid as well
as relatively low fluorescence intensity.
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Figure 7.2. Vials containing XFs 7.1-7.7 in toluene incubated with silicas (D = Bare
silica, C = Capped Silica, A = Acidic Silica, B = Basic Silica) for 24 hours.
For comparison, column F shows XFs 7.1-7.7 in toluene exposed to
trifluoroacetic acid (7.1-7.5) or n-hexylamine (7.6, 7.7). Column E shows
XFs 7.1-7.7 in a toluene solution. Photos were taken under blacklight (ex =
365 nm) and photographed using a Canon EOS Digital Camera equipped
with an EFS 18-55mm lens.
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Table 7.1. Tabulated emission data of XFs 7.1-7.7 in the solid state, solution, and
complexed with functionalized silica. For reference, emissions of 7.1-7.7
upon exposure to trifluoroacetic acid and n-hexylamine in toluene solution
are included. All Amax emission values are reported in nm.

XF Solid Toluene Bare  Capped Acidic Basic TFA Hexylamine

7.1 515 434 508 434 537 434 530 n/a
7.2 515 446 513 446 555 446 555 n/a
7.3 615 492 426,492 492 427 492 424 n/a
74 625 547 428,547 548 433 546 432 n/a
7.5 605 531 468 531 523 531 532 n/a
7.6 515 473 475 475 473 476,550 n/a 561
7.7 550 424 425 424 426 513 n/a 454, 497

XFs 7.1-7.5 — all of which possess Lewis base moieties — show large shifts in
fluorescence upon exposure to acidic silica. These shifts can be rationalized by assuming
protonation of 7.1-7.5 occurs upon exposure to the sulfonic acid moieties present on these
silica particles. We have previously established that upon donor and/or acceptor
substitution, XFs can display spatially separated FMOs. In the case of 7.1 and 7.2, the
LUMO is localized primarily on the acceptor-substituted axis of the molecule while the
HOMO resides on the ‘non-substituted’ branch of the XF. Upon protonation of the
pyridine, the LUMO is stabilized while the HOMO remains largely unaffected, resulting
in large bathochromic shifts in 7.1 (434 to 537 nm) and 7.2 (446 to 555 nm) in emission
(Figure 7.4, A).

In the case of 7.3 and 7.4, we observe large hypsochromic shifts upon
protonation. Upon incubation with acidic silica, we oberve blue shifts in the emission of
7.3 (492 to 427 nm) and 7.4 (547 to 433 nm). This is a consequence of the FMO

structure of these donor/acceptor-substituted XFs. In XFs 7.3 and 7.4, the HOMO is
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171



LUMO

HOMO Tl Tl
5 Bu.-Bu BLgBu
: Q)

I _© |

C .
OH é
Co B |

OH @

LUMO

HOMO il_

Figure 7.4. Schematic representation of the effect of protonation upon the FMOs and
emission of XFs 7.1 (A, top left) and 7.3 (B, top right). C (bottom) shows
the effect of deprotonation on the FMOs and emission of 7.6.

172



localized on the electron-rich distyryl axis of the XF while the LUMO lies on the
arylethynyl arms. Protonation of the alkylaniline functionalities stabilizes the HOMO
while the LUMO remains unaffected, resulting in a blue shift (Figure 7.4, B).

We also observe a small blue shift (531-523 nm) upon incubation of 7.5 with
acidic silica. We are able to rationalize this slight blue shift as the consequence of the
two-stage fluoresence response previously observed upon reaction of 7.5 with
trifluoroacetic acid.*® In the case of 7.5, the HOMO lies on the donor-substituted
distyryl axis of 7.5, while the LUMO is localized primarily on the arylethynyl branch of
the XF. Upon exposure to acidic silica, the protonation of all four nitrogens stabilizes
both the HOMO and the LUMO, resulting in a slight net blue shift. As the digital
photograph indicates, the toluene supernatant was completely non-fluorescent upon
incubation of 7.1-7.5 with A, presumably because the acidic support adsorbs all the basic
XFs from solution. In all cases, the emissions observed for complexes of 7.1-7.5 with A
are similar to emissions recorded upon addition of excess trifluoroacetic acid to 7.1-7.5;
7.6 and 7.7 show no change in emission upon exposure to A. This can be rationalized by
assuming that the hydroxy functionalities present in these XFs do not react with the
acidic functional groups of the silica particles. As a result, the emission of the resulting
composites are roughly identical to the emissions observed upon complexation with
capped silica.

Upon exposure of 7.1-7.7 to basic silica, an opposite response is observed. The
composites of Lewis basic substituted XFs 7.1-7.5 with basic silica B display the same
emission as 7.1-7.5 with C. This is readily rationalized by assuming that the basic

surface functionality of B does not interact with these XFs and affect the photophysics of
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7.1-7.5. In the case of 7.6 and 7.7, the chromophores possess hydroxy substituents which
interact with the amino-functionalized surface of B. We have previously reported that
hydroxy-functionalized XFs such as 7.6 and 7.7 can display shifts in emission upon
exposure to amines and other bases. Similar effects are observed here upon complexation
of 7.6 and 7.7 with B. Reaction with B deprotonates the hydroxy functionalities,
destabilizing the HOMO of 7.6 and 7.7 while the LUMO remains relatively unperturbed
(Figure 7.4, C). As a result, bathochromic shifts are observed upon complexation of
hydroxy-functionalized XFs with B. In the case of 7.6, a large redshift is readily visible
in Figure 2; this is observed as a large shoulder in the emission of 7.6°B centered near
550 nm. Some of the unreacted XF 7.6 also remains in the silica, which appears
dominant due to the relatively low emission intensity of the sample as well as the higher
quantum yield of the blue species relative to the red species. Upon exposure of 7.7 to B,
we observe a similar redshift from 424 nm to 513 nm.

Complexation of XFs 7.1-7.7 with bare silica D also generates fluorescent hybrid
materials. The surface chemistry of D is mildly acidic; therefore, one might expect to
observe similar responses to those observed for the sulfonic acid functionalized silica A.
Upon exposure of 7.6 and 7.7 to bare silica, solids are formed which retain the
fluorescence of 7.6 and 7.7 in solution. As in the case of A, no large shifts in emission
are observed upon formation of 7.6eD and 7.7+D. In the case of the complex of 7.3 with
D, we observe little change in emission qualitatively. Spectroscopic examination of
7.3+D reveals a small amount of a blueshifted species present in the hybrid material at
426 nm, corresponding to the emission of the protonated XF 7.3. However, the majority

of the XF is deposited in the complex as the native unprotonated 7.3, responsible for the
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dominant emission at 492 nm. A similar result is observed in the case of 7.4¢D. Here we
observe a dominant emission at 547 nm originating from unprotonated 7.4; however, a
small blueshifted band is observed at 428 nm, contributed by protonated 7.4.

Upon reaction of XF 7.5, containing both alkylamino substituents and pyridyl
substituents, with bare silica particles, we observe a large hypsochromic shift from 531
nm to 468 nm. This emission is attributed to the bisprotonated state of 7.5 and is
consistant with the emission observed in previous titrations of 7.5 with trifluoroacetic
acid. When 7.1 and 7.2 are exposed to bare silica, bathochromic shifts are observed upon
formation of hybrids 7.1-D and 7.2+D. In the case of 7.1, a shift from 434 to 508 nm is
observed; in 7.2, the emission shifts from 446 to 513 nm. These bathochromic shifts are
consistent with an interaction which stabilizes the LUMOs of the XFs while leaving the
HOMOs unpreturbed (i.e. protonation); however, the magnitude of the shift is
considerably smaller in both cases as compared with shifts observed upon addition of
sulfonic-acid functionalized silica or trifluoroacetic acid. We attribute this to hydrogen
bond formation rather than true protonation. It is interesting to note that while the
alkylamino functionalities are considerably more basic than the pyridine moieties, the
experimental results suggest that protonation of the pyridine nitrogens in 7.1<D and 7.2¢D
appears more favorable than protonation of the alkylamino nitrogens in 7.3¢D and 7.4<D.
We attribute this to the steric effects of the dibutyl chains which limit the interaction of

the aniline nitrogens with the silica surface.
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Figure 7.5. Fluorescence response of 7.1 supported on functionalized silica scaffold
upon exposure to vapor analytes. The top spectra displays the emission of
7.1 supported on bare (green), caped (dark blue), acidic (orange), and basic
(blue) silicas. Upon exposure to NEt; (middle) and trifluoroacetic acid
(bottom) vapors, notable fluorescence responses are observed.
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7.2.3. Sensory responses of XF-functionalized silica microstructures towards
representative volatile organic compounds (VOCs).

Functionalized mesoporous silica microstructures provide an attractive platform
for the solid-phase support of XFs. We were anxious to assess the potential of these
fluorophores to respond to the presence of vapor-phase analytes. We exposed 7.1
supported on all four functionalized silicas to representative vapor phase analytes of
interest.  This proof-of-principle sensing experiment was conducted using dried XF-
silica hybrids. After incubation of the desired XF dye with the functional silica scaffold
of choice, evaporation of the solvent in vacuo yields dry, vibrantly fluorescent solids
(Figure 7.5, A).

Figure 7.5 shows the responses observed upon exposure of 7.1 (A) to
triethylamine (B) and trifluoroacetic acid (C) vapors. In the dry solid state, the hybrid
materials resulting from the exposure of XF 7.1 to both basic and capped silica display
emissions of approximately 460 nm. Incorporation of 7.1 into/onto bare and acidic
particles generates materials with emissions of 550 and 555 nm respectively. Upon
exposing these solids to NEt; vapors for five minutes, large hypsochromic shifts in the
emission of the acidic and bare hybrid materials are observed while the emission of the
capped and basic materials remain largely unchanged; the result is nearly identical
emissions of between 460 and 465 nm for all materials. Upon exposure to trifluoroacetic
acid, a large red shift in the emission of the capped and basic hybrid materials is
observed. However, the emission of the acidic and bare composites remain largely intact,

resulting similar emissions — ranging from 560 to 580 nm — in all four cases.
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These responses can be rationalized by considering the protonation states of XF
7.1 when deposited on silica scaffolds and when exposed to vapor-phase analytes. The
emissions of hybrids 7.1+C and 7.1+B centered at 460 nm indicate the presence of the
nonprotonated XF 7.1. Emissions of 550 and 555 nm recorded for 7.1eD and 7.1-A
respectively correspond to the expected protonated form of 7.1. Upon exposure to
ambient NEt; vapors, we observe large bathochromic shifts in 7.1<A and 7.1<D while the
emissions of the capped and basic hybrids remain unchanged; after exposure, the
emissions of all four species appear between 460 and 465 nm. This can be explained by
assuming exposure to NEt; vapor causes the deprotonation of 7.1 supported in/on 7.1-A
and 7.1<D, restoring their emission to the native form. A similar but opposite effect is
observed upon exposure to trifluoroacetic acid vapors. Upon exposure, the bathochromic
shift is observed in the case of 7.1°B (460-570 nm) and 7.1«C (460-560 nm) while acidic
and bare hybrids of 7.1 remain unchanged. This finding is consistent with the
protonation of 7.1 in the basic and capped hybrids, resulting in the observed redshift in
these samples.

The shifts observed upon exposure of these XF-silica hybrids are not readily
reversed upon incubation of the reacted solids under a flow of air. Over 1 hour, no
reversal of these shifts is observed in the emission spectra of the reacted hybrids. In this
application, the silica scaffolds serve two functions. First, the porous particles preserve
the desirable solution properties of the XFs in the solid state hybrids, rendering them
potentially useful for a wider variety of environmental and biodiagnostic assays. In

addition, the functionality of these particles modulates the photophysics of the XFs as
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well as their reactivity towards the simple VOCs employed in this proof-of-principle
assay.
7.3. Conclusions

Microstructured mesoporous silica possessing varied functionalities were
successfully employed as scaffolds for the support of XFs. Whereas crystalline XFs
frequently display weak emission in the solid state, immobilization of XFs in/on these
particles yields solids which retain the highly fluorescent character of the parent
cruciforms. Functionality integrated into the silica scaffold can be utilized to modulate
the photophysical behavior of the incorporated dyes. The resulting XF-silica hybrid
materials display reactivity towards representative amines and organic acids which is
modulated by the functionalization present on the silica scaffold. Future contributions
will more thoroughly examine the potential of silica-supported XFs — as well as the
hybrid materials generated from the XFs metallated and protonated analogues — as
fluorescent dyes for the detection of a variety of volatile organic compounds. Such
materials may prove useful in the future development of fluorescent differential sensory
arrays for the detection of VOCs in the gas phase as well as in aqueous solution.

This work has been published in Chemistry — An Asian Journal:
Zucchero, A. J.; Shiels, R. A.; McGrier, P. L.; To, M. A.; Jones, C. W.; Bunz, U. H. F.

Cruciform-Silica Hybrid Materials. Chem. Asian. J. 2009, 4, 262-2609.

7.4. Experimental
General Methods. All chemicals were purchased from Aldrich Chemical, Acros, TCI
America, or Fischer Scientific and used without purification unless otherwise specified.

Column chromatography was performed using Standard Grade silica gel 60 A, 32-63 um
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(230 x 450 mesh) from Sorbent Technologies and the indicated eluent. Elution of
cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points
were obtained using a Mel-Temp apparatus fitted with a Fluke 51K/J digital
thermometer. All IR spectra were obtained using a Simadzu FTIR-8400s spectrometer.
Unless otherwise specified, NMR spectra were recorded at 298 K on a Varian Mercury
spectrometer (300 MHz). Chemical shifts are reported in parts per million (ppm), using
residual solvent (chloroform-d) as an internal standard. Data Reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constant, and integration. Mass spectral analyses were provided by
the Georgia Institute of Technology Mass Spectrometry Facility.

All absorption spectra were collected using a Shimadzu UV-2401PC
spectraphotometer. The emission spectra of solutions and suspensions were acquired
using a Shimadzu RF-5301PC spectrofluorophotometer or a PTI QuantaMaster
spectrofluorophotometer outfitted with a xenon arc lamp and series 814 PMT detector.
To minimize scattering, spectra of silica suspensions were obtained using a triangular
cuvette. Scattering peaks were removed by subtracting a fluorescence spectra of
suspended silica with no added fluorophores from all spectra. Solid state emission
spectra of XFs and dried functionalized silica materials were acquired using a Spectra
Max M2 plate reader from Molecular Devices.

Synthesis of Mesoporous Silica Materials. SBA-15 was prepared similarly to reported
literature  procedures.” A copolymer template of poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) (18 g) was dissolved in a solution of

cHCI (103.5 g) and deionized water (477 g). Tetraethyl orthosilicate (38.4 g) was added
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to the solution which was subsequently stirred for 20 h at 35 °C, heated to 80 °C, and
held for 24 h at 80 °C. At the end of this period, the reaction was quenched with
deionized water, and the solid was filtered and washed with several portions of deionized
water to remove residual copolymer and give SBA-15 as a white powder. The material
was dried for 3 h at 50 °C and then calcined as follows: ramp to 200 °C at 1.2 °C/min,
hold at 200 °C for 1 h, ramp to 550 °C at 1.2 °C/min, and hold at 550 °C for 6 h. The
calcined SBA-15 was then heated under vacuum at 200 °C for three hours and yielded
approximately 12 g of SBA 15. Nitrogen physisorption experiments showed the material
to have a BET surface area of 687 m?/g and a BJH adsorption pore diameter of 57 A.
Synthesis of capped SBA-15. In order to remove surface silanol groups and reduce
surface acidity, 1,1,1,3,3,3-hexamethyldisilazane (1.0 g) was added to a solution of
calcined SBA 15 (1.0 g) in hexanes. The solution was stirred overnight and then filtered.
The solid material was washed with copious amounts of hexanes and dried under vacuum
at 50 °C. Thermogravimetric analysis indicated a capping of 1.6 mmol silanols/g SiO,.
Nitrogen physisorption experiments showed the material to have a BET surface area of
332 m%g and a BJH adsorption pore diameter of 49 A.

Synthesis of sulfonic acid functionalized SBA-15. The sulfonic acid functionalized
SBA-15 was prepared similarly to reported literature procedures.®  3-
mercaptopropyltrimethoxysilane (1.0 g) was added to a solution of calcined SBA 15 (1.0
g) in toluene. The solution was stirred overnight and then filtered. The solid material was
washed with copious amounts of toluene and hexanes and dried under vacuum at 50 °C.
Thermogravimetric analysis indicated a loading of 0.57 mmol SH/g SiO,. The residual

surface silanols groups on the thiol functionalized SBA-15 were capped by adding the
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material (1.0 g) to 1,1,1,3,3,3-hexamethyldisilazane (1.0 g) in hexanes and stirring
overnight. The capped, thiol functionalized material was then filtered, washed with
hexanes, and dried under vacuum at 50 °C. Thermogravimetric analysis indicated a
capping of 0.55 mmol silanols/g SiO,. Finally, the capped, thiol functionalized material
(1.0 g) was oxidized by adding it to a solution of methanol (10 g) and 30% H,0, (20 g).
The solution was stirred overnight and filtered. The solid material was washed with
deionized water and dried under vacuum at 50 °C. Nitrogen physisorption experiments
showed the material to have a BET surface area of 450 m%/g and a BJH adsorption pore
diameter of 50 A.

Synthesis of amine functionalized SBA-15. The amine functionalized SBA-15 was
prepared similarly to reported literature procedures.™™ *? 3-aminopropyltrimethoxysilane
(1.0 g) was added to a solution of calcined SBA 15 (1.0 g) in toluene. The solution was
stirred overnight and then filtered. The solid material was washed with copious amounts
of toluene and hexanes and dried under vacuum at 50 °C. Thermogravimetric analysis
indicated a loading of 1.7 mmol NH,/g SiO,. Nitrogen physisorption experiments showed
the material to have a BET surface area of 180 m?/g and a BJH adsorption pore diameter
of 38 A.

Silica material characterization. Thermogravimetric analyses (TGA) were conducted
on a Netzsch STA409. Samples were heated from 30 °C to 900 °C at 10 °C/min under an
air blanket. The organic loading was determined from weight loss occurring between 200
°C and 750 °C. Nitrogen physisorption measurements were performed on a
Micromeritics ASAP 2010 at 77 K. SBA-15 samples were degassed at 150 °C under

vacuum overnight prior to analysis, and functionalized SBA-15 samples were degassed at
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50 °C under vacuum overnight prior to analysis. Analysis of the porosity of the organic-
inorganic hybrid materials before and after XF adsorption showed minimal loss of
porosity, indicating that the XFs adsorbed primarily on the outer surface of the particles
or in the pore mouths.

Synthesis of XFs 7.6 and 7.7. Scheme 7.2 outlines the general synthetic approach used
to obtain XFs 7.6 and 7.7. From the previously reported distyrylbenzene 7.8°
Sonogashira coupling is utilized to affix the arylethynyl substituents. Incorporation of
hydroxy functionality  requires tetrahydropyran (THP) protection of 4-
hydroxybenzaldehyde prior to the Horner olefination used to synthesize 7.8. Following
the Sonogashira coupling, deprotection with trifluoroacetic acid readily yields 7.6 and 7.7

from their THP-protected precursors (7.10 and 7.11) in 88% and 91% respectively.

OTHP THP H

=Ar \ \
7.9a-b — TFA —
| > Ar—— =—Ar TP A — ——Ar'
Pd-cat Cul \ 7 W/
piperidine/THF \ \
THPO THPO HO
7.6-7.7
7.8 7.10: Ar' = —@OMe

|

7.11: Ar'

Scheme 7.2. Synthetic pathway providing access to XFs 7.6-7.7.
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Synthesis of compound 7.10. 7.8 (0.335 g, 0.456 mmol) was combined with 7.9a*
(0.181 g, 1.37 mmol), (PPh3),PdCl; (5 mg, 7.1 umol), Cul (5 mg, 33 umol) and dissolved
in THF (50 mL) and piperidine (5 mL) in a nitrogen purged Schlenk flask. The solution
was degassed, capped with a septum and allowed to stir at room temperature for 24 h.
The product was extracted with dichloromethane (100 mL), washed three times with
water (100 mL), dried with magnesium sulfate and reduced until a yellow powder
formed, which was purified by recrystallization adding hot chloroform and an excess of
hexanes, yielding a yellow powder. Yield: 77%. MP: 209 °C. IR: 2933, 2847, 2206,
1603, 1512, 1244, 1172, 1035, 961 cm™. *H NMR (500 MHz, CDCls): & = 7.87 (s, 2H,
Ar-H), 7.57 (d, 4H, Ar-H, Jyn = 9 Hz), 7.56 (d, 2H, C=C-H, Jy 4 = 16.5 Hz), 7.53 (d, 4H,
Ar-H, Jun = 9 Hz), 7.24 (d, 2H, C=C-H, Jupn = 16.5 Hz), 7.11 (d, d, 4H, Ar-H, Jyy =9
Hz), 6.95 (d, 4H, Ar-H, Jyn = 9 Hz), 5.49 (s, 2H, a-C-H), 3.94 (m, 2H, &-C-H), 3.88 (s,
6H, Ar-OMe), 3.66 (m, 2H, &-C-H), 2.04 (m, 2H, B-C-H), 1.91 (m, 4H, y-C-H) 1.71 (m,
4H, 8-C-H), 1.64 (m, 2H, B-C-H). *C NMR (500 MHz, CDCls): & = 160.24, 157.41,
137.54, 133.46, 131.45, 130.29, 128.80, 128.31, 124.42, 122.48, 117.13, 115.79, 114.57,
96.72, 95.75, 87.23, 62.47, 55.77, 30.74, 25.62, 19.15.

Synthesis of compound 7.11. 7.8 (0.450 g, 0.613 mmol) was combined with 7.9b*
(0.572 g, 1.84 mmol), (PPh3),PdCl, (5 mg, 7.1 umol), Cul (5 mg, 33 umol), KOH (0.500
g, 8.90 mmol) and dissolved in piperidine (5 mL), EtOH (10 mL) and THF (25 mL) in a
nitrogen purged Schlenk flask. The solution was degassed, capped with a septum and
allowed to stir at room temperature for 24 h. The product was extracted with
dichloromethane (100 mL), washed three times with water (100 mL), dried with

magnesium sulfate and reduced until a yellow powder formed, which was purified by
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chromotagraphy eluting with 70:30 dichloromethane and hexanes, yielding 252 mg of
yellow crystals. Yield: 53%. MP: 242 °C. IR: 2929, 2852, 2214, 1507, 1374, 1280, 1245,
1181, 1130 cm™. *H NMR (500 MHz, CDCI3): & = 8.05 (s, 4H, Ar-H), 7.94 (s, 2H, Ar-
H), 7.90 (s, 2H, Ar-H), 7.53 (d, 2H, Ar-H, JH,H = 8.5 Hz), 7.49 (d, 2H, C=C-H, JH,H
=16.5 Hz), 7.27 (d, 2H, C=C-H, JH,H =16.5 Hz), 7.11 (d, 4H, Ar-H, JH,H = 8.5 Hz),
5.49 (s, 2H, a-C-H), 3.95 (m, 2H, &-C-H), 3.65 (m, 2H, &-C-H), 2.05 (m, 2H, p-CH), 1.91
(m, 4H, y-C-H) 1.72 (m, 4H, 8-C-H), 1.65 (m, 2H, B-C-H). *C NMR (500 MHz,
CDCI3):6 =157.87, 138.25, 132.65 (m), 131.76, 131.58, 130.80, 129.36, 128.41, 126.60,
125.78, 124.43 123.26, 122.26, 121.84, 117.24, 96.71, 92.82, 91.60, 62.53, 30.71, 25,59,
19.10

Synthesis of XF 7.6. 7.10 (0.095 g, 0.166 mmol) was dissolved in dichloromethane (50
mL) and trifluoroacetic acid (2 mL) was added into a 100 mL round bottom flask kept in
a dry ice acetone bath. The solution was allowed to stir at -78 °C for 2h and then thawed
to room temperature. The reaction mixture was washed three times with water (100 mL),
dried with magnesium sulfate, filtered and reduced until a dark green powder was
formed. The powder was recrystallized by dissolving in hot chloroform and adding an
excess amount of hexanes, yielding dark green crystals (83.6 mg). Yield: 88%. MP: 228
°C. IR: 3357, 2915, 2834, 2198, 1603, 1512, 1244, 1170, 958 cm . *H NMR (500 MHz
THF-dg): & = 8.42 (s, 2H, Ar-OH), 7.88 (s, 2H, Ar-H), 7.53 (d, 4H, Ar-H, Jyn = 9 Hz),
7.51 (d, 2H, C=C-H, Jun = 16.5 Hz), 7.44 (d, 4H, Ar-H, Jun = 9 Hz), 7.29 (d, 2H, C=C-
H, Jun = 16.5 Hz), 6.96 (d, 4H, Ar-H, Jyn = 8.5 Hz), 6.75 (d, 4H, Ar-H, Ju = 8.5 Hz),

3.82 (s, 6H, Ar-OMe). **C NMR (500 MHz, THF-dg): & = 160.59, 158.42, 137.53, 133.13,
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130.77, 129.30, 128.35, 128.30, 122.52, 122.33, 115.86, 115.67, 114.43, 95.51, 86.92,
54.99. MS (EI, 70-SE) (CagH3004): m/z = 574,

Synthesis of XF 7.7. 7.11 (0.095 g, 0.166 mmol) was dissolved in dichloromethane (50
mL) and trifluoroacetic acid (2 mL) was added into a 100 mL round bottom flask kept in
a dry ice acetone bath. The solution was allowed to stir at -78 °C for 2h and then thawed
to room temperature. The reaction mixture was extracted with diethyl ether (100 mL),
washed three times with water (100 mL), dried with magnesium sulfate, filtered and
reduced until an orange powder was formed. The powder was recrystallized by dissolving
in hot methanol, yielding yellow crystals (76.4 mg). Yield: 91%. MP:292 °C. IR: 3356,
2923, 2858, 2213, 1606, 1514, 1373, 1280, 1126 cm . *H NMR (500 MHz ,THF-dg): 6 =
8.53 (s, 2H, Ar-H), 8.30 (s, 4H, Ar-H), 8.12 (s, 2H, Ar-OH), 8.09 (s, 2H, Ar-H), 7.57 (d,
2H, C=C-H, Jyn = 16.5 Hz), 7.52 (d, 4H, Ar-H, Jun = 8.5 Hz), 7.39 (d, 2H, C=C-H, Jun
= 16.5 Hz), 6.81 (d, 4H, Ar-H, Jy 4 = 8 Hz). **C NMR (500 MHz, THF-dg): & = 157.03,
136.50, 130.18 (m), 127.17, 126.90, 126.67, 125.04, 124.19, 122.88, 120.71, 120.47,

119.81, 119.62, 118.58 114.07, 90.70, 89.65.
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CHAPTER 8

Conclusions and Future Directions

8.1. Summary and Conclusions

Moving beyond one-dimensional molecular wire-type fluorophores to two-
dimensional ‘X-shaped’ materials provides access to conjugated architectures with
unexpected and exciting properties.! 1,4-distyryl-2,5-bis(arylethynyl)benzenes represent
a prime example of such a novel conjugated architecture. XFs have been employed as
building blocks in supramolecular coordination assemblies? and used as switches in
molecular electronics;® however, their FMO-architecture makes XFs particularly
attractive for sensing applications as demonstrated in the case of metal ions* and amines.”

This thesis outlines our preliminary investigation of XFs, including their
synthesis, investigation of their photophysical properties, and evaluation of their sensory
responses. This began with the synthesis of a series of XFs and a thorough investigation
of their properties (Chapter 2). To fully understand and appreciate the subtleties of these
cruciform chromophores and lay the groundwork for future study, we synthesized a series
of donor-, acceptor-, and donor-acceptor substituted XFs and examined their steady state
photophysical properties. The observed photophysics can be explained by the position
and the spatial arrangement of the FMOs in these fluorophores.

Analysis of the electronic structure of XFs revealed that donor and acceptor
substitution results in compounds possessing FMOs spatially disjoint from one another;
in these cases the HOMO and LUMO localize on the ‘orthogonal’ arms of XFs. Given

this FMO arrangement, we rationalized that it should be possible to address HOMO and
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LUMO independently upon introduction of a suitable analyte. To examine the
responsivity achievable using this molecular architecture, we exposed a representative
series of XFs — all of which are functional chromophores with incorporated basic
nitrogens — to metal cations and acid. These studies demonstrated the ability of cross-
conjugated XF cores to register substantial sensory responses.

Previous examinations of XFs as responsive fluorophores focused on compounds
containing pyridine and/or dialkylamino groups as metal binding sites. With the lessons
of Chapters 2 and 3 in hand, we proceeded to expand our library of XFs by incorporating
phenothiazine heterocycles on the cruciform periphery. In Chapter 4, we report the
synthesis, characterization, and metallochromic properties of five phenothiazine-
substituted XFs.

In Chapter 5, we report the synthesis and characterization of a series of water
soluble cruciforms containing phenylimidobisacetic acid, APTRA, or benzo-EDTA
receptor units. We investigate the pH dependant photophysical properties of these XFs in
absorption and emission and compare them with the photophysical properties of
organosoluble alkylamino XFs. The results are surprising, as the presence of the anionic
charges from the iminobisacetic acid units modulate the photophysical properties of these
water soluble phores. In addition, a fundamental change in the interaction paradigm
between fluorophores and metal cations is observed when going from alkylamino-
functionalized XFs in organic solution to XFs in aqueous environments.

Chapter 6 outlines the use of pyridyl functionalized XFs as supramolecular
synthons. We explored the assembly of two pyridyl functionalized XFs with ditopic bis-

Pd or bis-Pt pincer complexes to generate four novel supramolecular coordination
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polymers. Both the polymer and optical properties of these assemblies were fully
characterized, revealing that variation of both XF and metal center generates assemblies
with unique polymer and optical properties. The strategy employed herein allows for the
design and synthesis of a class of novel functional organometallic polymers with
predictable and tunable properties from a discrete set of monomers. Each component in
this system is amenable to further functionalizations and modification giving us a
virtually unlimited pool of monomers to investigate and exploit.

Finally, in Chapter 7 we employ functionalized mesoporous silica particles as
scaffolds for the support of XFs. Whereas crystalline XFs frequently display weak
emission in the solid state, immobilization of XFs in/on these particles yields solids
which retain the highly fluorescent character of the parent cruciforms. We also
demonstrate that the functionality integrated into the silica scaffold can be utilized to
modulate the photophysical behavior of the incorporated dyes and that the resulting XF-
silica hybrid materials display reactivity towards representative amines and organic acids
which is modulated by the functionalization present on the silica scaffold.

These examinations reveal the rich potential of XFs. Substituent-induced FMO
separation in XFs provides an opportunity to develop responsive materials; by spatially
separating HOMO and LUMO on a conjugated framework, analytes can independently
address these FMOs, translating electronic into spatial information; large changes in
optical properties result upon analyte recognition. These studies provide a foundation for
future access of functional responsive ratiometric cores and demonstrate the importance

and unique potential of FMO-separated fluorophores.

191



More generally, our examination of XFs also highlights the importance of the
serendipity in the development of functional materials. Frequently, the structural
components and principles developed in diverse research areas serve as the inspiration for
the construction of advanced materials. For example, Miillen’s examination of the
intramolecular [4+2]-cycloaddition reactions of small molecule phenylenevinylenes as
well as Vollhardt’s exploration of the cyclotrimerization of 1,2-diphenylethynes
provided the synthetic underpinnings for the later examination of a wealth of remarkable
polycyclic aromatic hydrocarbons.® Similarly, our inspiration for XFs architectures arose

from earlier examinations of cross-conjugated polymers.

8.2. Current and Future Research Directions

This thesis outlines the examination of a promising new conjugated architecture.
The results presented herein speak to the future potential XF specifically; they show
potential in materials science applications and exhibit vibrant sensory responses. In a
broader sense, this work serves to highlight the potential of FMO-separated conjugated
materials and underscore the importance of exploring new conjugated architectures. In
light of these results, there are numerous possibilities for future studies (many of which
are underway in our laboratories at the current time). A few current and future research

directions are briefly outlined below.

8.2.1. Expanding the color palate: Achieving new fluorescence responses.
Figure 8.1 schematically represents the possible responses for pair wise

symmetrically substituted XFs. If both positive and negatively charged species are
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allowed to interact with functionalized XFs, eight different electronic responses (A-H)
exhibiting unique emission colors will result. In case A, coordination of an electron
deficient analyte (i.e. a proton or metal cation) with the HOMO-branch of an XF
stabilizes the HOMO, vyielding a blue-shifted emission. In B, binding to the LUMO-
containing axis of the XF elicits a red shift emission. These effects are reversed in cases
D and E where an anion or an electron releasing species interacts with the XF; here, the
HOMO or the LUMO are destabilized, leading to a red shift in D and an expected
quenching in E.  If all four termini are bound by an analyte (C and F), only slight net
shifts should be visible. In principle, either a blue or a red shift could be observed;
however, in the case of C, we observe a slight net blue shift, while in F we observe a

significant red shift.
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Figure 8.1. Schematic representation of the potential sensory responses elicited by the
binding of cationic and/or anionic species to symmetrically-functionalized
XFs. Eight different binding scenarios are conceivable resulting in five
unique fluorescence responses. The dotted lines indicate the position of the
frontier molecular orbitals of the parent XF, while the solid lines indicate
the changes to the FMOs upon binding of a cation or an anion to the XF.
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Thusfar, we have successfully constructed and explored cases A-F. Future efforts
will examine further functionalization of the XF core to achieve the interesting and
challenging cases G and H. In the case of G, addition of an electron releasing analyte to
the HOMO branch and an electron deficient species to the LUMO branch, the LUMO is
destabilized while the HOMO s stabilized and a dramatic blue shift is expected. In H
we predict the opposite effect where LUMO is stabilized and HOMO is destabilized,
emission in the red or near IR will result. These final examples will fully unveil the
potential responses which can be registered using XFs. Additional responsive diversity
can be introduced with XFs if the distyryl and arylethynyl branches are asymmetrically
substituted. These studies will serve to expand the library of sensory responses

achievable using XF cores.

8.2.2. Photophysical behavior and sensory responses of distyrylbenzenes and
arylethynylbenzenes: Probing the properties of XF building blocks.’

In order to better understand XF fluorophores, we have begun examining the
photophysical behavior and sensory responses of functionalized distyrylbenzenes and
arylethynylbenzenes. In particular, we have begun a detailed examination of the
acidochromicity and metallochromicity of bis(4-dibutylaminostyryl)benzene (8.1).

Previously, Perry et al. explored the metal binding capabilities of donor-acceptor
substituted distyrylbenzenes as two-photon absorbing fluorophores for the detection of
metal ions.® While these authors did not claim excited state ejection of the bound
magnesium cations, they found large blue-shifts in absorption but only miniscule shifts in

emission upon complexation with magnesium perchlorate in acetonitrile. These findings,
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in combination with similar reports of excited state decomplexation in stilbene dyes, have

relegated aminostyryl fluorophores to the sidelines in sensory development.

In contrast, most XFs exhibit spectacular shifts in absorption and emission upon
treatment with TFA or metal cations.* This is a somewhat surprising result, as XFs are in
effect distyrylbenzene derivatives; however, XFs as well seem to be unhampered by
excited state decomplexation, which has thus far plagued other stilbene and
distyrylbenzene-based fluorophores. This has led us to examine the sensory responses
exhibited by 8.1.

TFA as a model cation provides a uniquely valuable opportunity to quantitatively
assess the sensory responses of 8.1. A detailed study suggests a two-stage response in the
absorption and emission of 8.1 upon exposure to TFA (Figure 8.2). Changes in
absorption are accompanied by concomitant changes in emission, suggesting that excited
state decomplexation will not hinder the performance of all amino-styryl based
fluorophores if the charge-transfer nature of the excited-state is properly designed.
Surprising is the finding of the enhanced photobasicity (or decreased photoacidity) of the
monoprotonated species 1H", which flies in the face of common chemical reasoning and
accentuates the dramatic differences between stilbenes, where cation ejection is observed

and distyrylbenzenes, where other rules seem to apply.
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Figure 8.2. Top: Serial protonation or methylation of 8.1 and change in its emission
color. Bottom: Fluorescence color of 8.1 after addition of TFA in
dichloromethane. Samples contain increasing amounts of TFA and are
illuminated under blacklight (Aex = 365 nm). Solutions were photographed
using a Canon EOS Digital Camera equipped with an EFS 18-55mm lens.
Spectra of solutions 0-7 are available in Reference 7a.

8.2.3. Incorporation of cross-conjugated motifs into water soluble PPEs: Towards
red emissive PPEs.

PPEs are an attractive class of conjugated polymers.” Their attributes — including
high stability and superb photophysical behavior — has led to their deployment in sensory
schemes and material science applications. In particular, we have become interested in
deploying PPEs in biosensing applications.*°

PPEs typically possess vibrant blue/blue-green emissions in solution. Though
suitable for many applications, the blue emission of PPEs is less than desirable for use in
biosensing; the background fluorescence of biological samples limits the efficacy of

typical PPEs in these applications. The performance of PPEs in biosensory applications
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could be improved by designing PPEs with lower energy emissions in solution. Though
potential useful, few examples water soluble PPEs emitting at longer wavelengths have

been reported; to date, all such materials possess vanishingly small quantum yields in

water.
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Figure 8.3. Structure of 8.2 and 8.3.

Previously, we have shown that the introduction of cross-conjugated motifs into
PPEs provides an opportunity to effectively tune the emission of PPEs."> We have also
shown that the incorporation of swallowtail sidechains in PPEs effectively conveys
solubility in a variety of solvents (including water) and helps preserve functional

quantum vyields in water.'%

We rationalized that swallowtail PPEs containing donor-
substituted cross-conjugated motifs should prove to be both red emissive and water
soluble.

To examine the potential of this approach, PPEs 8.2 and 8.3 were synthesized. As
predicted, both PPEs display near red emissions of 540 and 556 nm respectively in

chloroform. 8.3 can also be dissolved in water, where it exhibits an emission of 583 nm.

Efforts are currently underway to fully characterize these polymers and synthesize other
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longer wavelength emitting PPEs. This approach shows potential for the development of

next generation PPEs for biosensing applications.
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