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SUMMARY

This thesis examines the syasiis, photophysical properties, and sensory
responses of hydroxgubstituted 14istyryl-2,5bis(arylethynyl)benzenes (Cruciforms,
XFs). These twalimensional crossonjugated materials possess spatially separated
frontier molecular orbitals (FMOs). Thepatial separation allows the HOMO and LUMO
to be addressed independently by anajytdsch leads to significant changes in their
absorption and emission. These properties ak®s to be utilized for the detection of
various analytes.These studies higight the benefits of utilizing XFsfor the

development of advanced functional solid state matdoaksensory applications
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Chapter 1

Cruciform Fluorophores: Background and Focus of Dissertation

1.1Introduction

Conjugated organic materials have attracted much attention as fluorescent sensors
and components in organic electronics. In order for dyes to exhibit ratiometric sensory
responses, the interaction of the a®alyte
LUMO gap. This implies that one frontier molecular orbital (FMO) must be
disportionally affected by analyte interaction. The HOMO and LUMO of a majority of
organic fluorophores ar e Acongruent o, i
magnitude. A a consequence, one would not expect large spectral shifts in color or
emission wavelengths upon binding to an analyte. The position of the HOMO and LUMO
should be more or less equally affected, resulting in only small changes in the HOMO
LUMO gap.

A sedictive strategy to develop responsive fluorophores is to design molecular
architectures possessing spatially separated FMOs. Due this design, electronic
information becomes spatially encoded as recognition elements can be incorporated into
the fluorophore gch that analyte binding independently influences the FMOs. Interest in
materials possessing s$j@dly separated FMOs has protad the exploration of new two
dimensional conjugated materfals including spiro compounds,paracyclophane$,
swivektype dimes;! bisoxazole derived cruciforns, tetraethynylethenés, and
tetrasubstituted tolands.Subsets of these compounds are constructed from two

perpendicular pconjugated linear arms connected through a central aromatic core;



HOMO LUMO

Figure 1.1 General structure of an XF (top). The bottom depicts the FMO distribution

of a donoracceptor substituted XF, illustrating the FMO separation induced

upon donotacceptor substitution of the XF.
examples include tetrakis(arylethynyl)benzehestetrakis(styryl)benzenées, and
tetrasubstituted thiophen&s.

Motivated by the desire to design new tdinensional molecular architectures,

the Bunz group has actively investigated the photophysical properties-odisty4d2,5
bisarylethynylbenzenes (miforms, XFs)' XFs are composed of two linear-
conjugated arms, a perpendicular distyryl branch and an arylethynyl branch, connected to
a central benzene core. Analysis of the electronic structure of XFs has revealed that donor
and acceptor substitutioresults in compounds possessing spatially disjoint molecular
orbitals; in these cases the HOMO and L UMC
XFs (Figure 1.1). This separation of the FMOs has significant consequences for the

photophysics of XFs andak led to their use as building blocks in supramolecular
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assemblie$? components in molecular electronfésand most notably as responsive

cores in sensory schem#s.

1.2 Origin of Cruciforms

XFs have emerged from the Bunz groups extensive researgoly(para
phenyleneethynylene)s (PPEs), a class of conjugated polymers related to
poly(phenylenevinylene)s (PPV5).Although their chemical and thermal properties
make them attractive candidates for many devices, PPEs do not share the balanced
performance of PPVs in organic device applications; hole injection is a particular
problem. Attempts to solve this problem by introducing vinyl groups into the main chain
did not improve performance 4s3resembled.1 much more thad.2 with respect to its
optical and solid state semiconducting propertfel a second attempt to introduce PPV
character in to PPE architectures, we synthesized polymers ol e incorporating
styryl groups in the side chalfln these systems, the solution and solid staied gap
shrinks froml.4ato 1.4c Hole injection is considerably facilitated, particularlylidg
which was explored in a photodiotigoe applicationl.4cis more electron rich than PPV
17 Cyclic voltammetry revealed that increasing donor strengtthé distyrylbenzene
arms (froml.4ato 1.4¢ exclusively affects the HOMO position. Only later would we
come to understand the significance of this discovehgse crossonjugated

architectures permit the spatial separation of FMOs.



Figure 1.2 Structure of several classes of conjugated polymers, including BRREs (
PPVs (L.2), and hybrid polymer&.3 andl.4a-c.
1.3 Synthetic Methodology

XFs are constructed from a common tetrahalideys®r, 2,5bis(bromomethyh
1,4-diilodobenzenel(.7, Schemel.l). This compound is produced in a two step synthetic
sequence fronpara-xylene. lodination ofl.5 following bromination of1.6 with N-
bromosuccinimide produces the tetrahalide precuis@’® This radical bromination
typically produces an inseparable mixture of-Bi&bromomethybl,4-diiodobenzene
(90%) and the halogen exchangembdo-4-broma2,5-bis (bromomethyl)benzene (10%).
Although this halogen exchange material is present, this reixtam still successfully be
utilized in the synthesis of XFs.

1.7 can be reacted with triethylphosphite in an Arbuzov reaction to form the
bisphosphonatel.8 A Horner® olefination of bisphosphonat.8 with any suitable
aromatic aldehyde and potassiuertbutoxide in THF can produce the diiodideo.
These diiodides are typically obtained as brilliant yettovorange crystalline powders.
Subsequently, a Sonogashiagihard>?° coupling with any suitable alkyne can be

performed to complete the syntitzetequence to give the XFBhis can be achieved by
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Scheme 1.1General synthesis of XFs.

utilizing a (PhsPLPdCL/Cul catalyst systerwith piperidine as the base and THF as the
solvent. Due to the versatility of both Horner and Sonogashira reactosisyhthetic
sequence allows for the construction of any conceivablelX¥)(so long as the desired

aldehydes and alkynes are available.

1.4 Photophysical Properties
Utilizing the synthetic scheme shown in the previous section, we have prepared
and studied the photophysics of XAs11-1.16 (Figure 1.3)'" We discovered that the
photophysical properties of these XFs can be tuned by varying the substitution of the XF
traverses. When dissolved in dichloromethane, XA4-1.16 display distinct emissio
colors ranging from blue to orange (Figure 1.4).
XFs 1.11-1.13 display strong absorptions in hexanes at approximately 325 nm

with a second feature appearing as shoulder at roughly 350 to 360 nm. Introducing donor
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Figure 1.4.Emission of XFsl.11-1.16in dichloromethane under blacklight irradiation
(Bmax =365 nm)
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Figure 1.5. Normalized absorption (left) and emission (righit)XFs 1.11(dark blue),

1.12(light blue),1.13dark green)1.14light green),1.15yellow), and

1.16orange) in hexanes.
(1.19 or donoracceptor 1.15and1.16) substituition, we observe a chargenster band
at lower energy around 430 nm (Figure 1.5). In the emission spectral . XF%.13
display vibrant blue emissions with well defined vibronic structure. Dibutylamino
substitutedl.14 displays a similar vibronic structure but with a +sdfted enission
maximum around 469 nm. Upon doramceptor substituition1(15 and 1.16), the
emission becomes increasingly fghifted and the vibronic coupling disappears. The
guantum vyields for these XFs are robust and range from 0.09 to 0.70 in halogenated
solvents. XFs are considered to be distyrylbenzene derivatives. However, the emissive

lifetimes are usually no longer thdh 4ans, atypical for distyrylbenzene derivatives,

which normally display shorter lifetimes of approximatély 1&s>*

FMO Structure of XFs
Varying substitution of the XF framework results in differemthspectroscopic
properties. In effort torationalize their optical properties, we performed quantum
chemical calculations on simplified analogues of XE47 and 1.18 B3LYP 6

31G**//6-31G** calculations provide an understanding of ground state properties and
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HOMO-LUMO gaps when examining trends a series of related compounds. In the
unsubstituted parent XE17, t he HOMO and LUMO are -evenly
system, with larger coefficients on the central benzene ring and smaller ones on the
peripheral phenyl rings (Figure 1.6 This di st r i {fcanjugatedn i s
hydrocarbons. Doneacceptor suftitution of the XF framework elicits a large change in

the coefficient distribution of the FMOs. In the case 1018 possessing donor
substituents on the distyryl axis of the XF and acceptor substituents on the arylethynyl

axis of the XF, HOMO and LUMGhow a spatiallgisjoint distribution. The donor and

acceptor substituents localize the FMOs on the respective arylethynyl and styryl

branches

Figure 1.6. Top: Frontier moleculaorbitals of1.17(Spartan, B3LYP @1G**//6-
31G**); left: HOMO (-5.17 eV), right: LUMO {2.00 eV).Bottom: Frontier
orbitals of1.18(Spartan, B3LYP 81G**//6-31G**); left: HOMO (-4.63
eV) and right: LUMO {2.07 eV) are now localized on the different
brarches of the molecule.
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Figure 1.7. Normalized absorption and emission spectra of Class €C.XKleft) and
Class D XF1.16(right) in hexanes (blue trace) and dichloromethane (green

trace).

The ability of substitutin to tune the FM@listribution,and as aesult the optical
propertiespf XFs allows us to divide these chromophores into two sub&ttss DXFs
show adisjoint FMO structure as a consequence of deameptor substitution of the
framework. On the other hand, crucif@nthat are not significantly donor/acceptor
substituted possess spatially superimposable FMOs; we propose to callldsss€EXFs
in reference to their spatiallgongruentFMO arrangement.  The distinction between
Class C and Class D XFs is rigidly defd; 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 speétigure 1.7)

1.6 Focus of Dissertation
This dissertation aoprises an extensive examination of hydrexypstituted XFs,
including their synthesis, investigation of their photophysical properties, and evaluation
of their sensory responses upon exposure to aliphatic amines. In an effort to fully
understand the speascopic responses generated by hydroxy XFs, this dissertation also

explores the fundamental photophysical properties of hyedsokgtituted



distyrylbenzenes and bisarylethynylbenzenes. The following distinct projects will form
the body of my thesis:

Photghysical properties of hydroxycruciforms

Anomalous photophysics of bis(hydroxystyryl)benzenes

1
1
1 Hydroxycruciforms: amine responsive fluorophores
1 Cruciformsilica hybrid materials

1

Acidochromicity of bisarylethynylbenzenes: hydroxy versus dialkylamino

substitients

1 Hydroxy-dialkylamino cruciforms: dual reponse to protons, base, selected

metal ions and aliphatic amines

These research endeavors have uncovered the spectroscopic responses of hydroxy
XFs towards various analytes, highlighting their ability toused to create functional

solid state materials for sensory applications.
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Chapter 2

Photophysical Properties of Hydroxy Cruciforms

2.1 Introduction

Cruciform fluorophores (tetrd,2,4,5vinyl- or -ethynylsubstituted benzenes,
XFs) are’ -systems with unusual frontier molecutabitals (FMOSs). If one of the axes is
donor substituted and thether axis is acceptor substituted, species wgplatially
separatedFMOs can result. The HOMO is localized on the donor part ofhtblecule,
while the LUMO is localized on the acceptor part of thwlecule. This FMO
arrangement leads to a situation in whiekectronic information can be addressed
spatially and for whiccHOMO and LUMO are manipulated by metal cations or by
protons. Wé and other$® haveshown that dialkylanilineand pyridine-containing XFs
display unusually large bathochromic bypsochromic shifts when exposed to zinc,
magnesium, calciurand manganese salts or protdAghe reason for the large shifts
absorption and emission the independently addressabBle@eMO and LUMO, enforcing
large changes in the HOMQUMO gap? Up to now, HOM@ LUMO of XF-typeshave
beenaddressed by cationic species, binding to the free electron pgmgidihes and
dialkylanilines. In this chapter, wedemonstratehat XFs carrying strategically placed
phenol functionalities showunusual photophysical effects upon deprotonation and

exposure t@amines.

2.2 Results and Discussion
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2.2.1 Synthesis of Hydroxy XFs

The synthesis of hydrox}{Fs starts withthe reaction of phosphonafel6 with
either the protected aldehy@e? or 2.3 to give the distyrylbenzene derivativest and
2.51in 77% and 68% vyield, respectively, after chromatography reodstallization.
Coupling of 2.4 or 2.5 with 4-tertbutylphenyacetylene in the presence of Cul
(PhPLPdCh under standard HetkassarSonogashiraHagihara conditiors in
piperidine furnished the target XRs7 and 2.8, after aqueous workup, chromatography
and subsequent deprotection with trifluoroacetic acief@t’C in dichloromethaneas
yellow or yellowish brown solids in 41% and 40% yield respectively (Scheme 1). The
relatively low coupling yield (44 and 48% respectively) is due to losses during the
chromatography of the intermediate. Nevertheless, the tafgetre easily available on
a 100 200 mg scale. 1R.4 is coupled t02.9, we obtain an intermediate in 53% vyield,

which is deprotected in 85% vyield to gi2elQ

i, (PH3P),PdCl,
Cul, Piperidine
ii. CF3CO,H

21

@
P—(OEt),
| | NaH
>:< THF
(EtO)z—ﬁ
O

26
i, (PH3P),PdCl,

Cul, Piperidine OH
ii. CF3CO,H O HQ
\) 211 \ 212

Scheme 2.1Synthesis of hydroxy XF2.7, 2.8 and2.10
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2.2.2 Spectroscopic Propertiegand Titration Studies of Hydroxy XFs

Table2.1 shows the pertinent photophysical dat2af 2.8 and2.10 The XFs
2.7 and 2.8 are similar to each other, as they show blue emission with robust quantum
yields. Attachment of CF; groups on the aryleneethynylene axi2ia0 decreases the
band gap and leads to significantly +&gdfted absorption and emission. The Stokes shifts
in these XFs are similar and around 3000'cifhe vibronic progression &8is in the
expected range, lile that of2.7is smaller. The fluorescence spectrundfOdoes not
show any vibronic bands, suggesting that its excited state is structliffdhgnt from its

ground staté.

Table 2.1 Photophysical data ofFs 2.7, 2.8, and2.10in dichloromethane

Compound 2.7 2.8 210
Absorption (nm) 380 376 404
Emission (nm) 432 423 456
Vibronic Progression 876 1219 None
(cm™)
Stokes Shift (cr) 3167 2955 2822
Uq (Quantum yields) 0.41 0.72 0.57
g (ns) 1.42 2.99 Na

We titrated $eeFigures 2.1 &2.2) 2.7 and2.8in a methandlwater mixturewith
agueous base (KOH). kige 1 shows absorption and emissimn 2.8. Upon addition of
hydroxide there is no signi€ant change in the absorption spectrun2d; the emission
of the phenolate oR.8 is largely quenched. A very weak emission band for the
deprotonatedorm of 2.8 is observed at 515 nm. The invariance of the absorption

spectrum is surprising and persisggon addition of a large excest hydroxide. In the
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case of2.7, upon deprotonation (Figur@.2), the absorption spectrum shows an
appreciable red shift, as would brpected for a phenolate, with a prominent absorption
appearingat 416 nm. At the samenrte, the emission changes from 476 nm (blue) to 580
nm (yellow). Addition of an excess of KOH solution does not change the emission
wavelength further. From the titrations, the;mélues for2.7 and2.8 were determined to

be 9.9 and 10,0espectively

500000 -

o = 366 NmM

pH
—6.6
—8.6
—094
—10.0

10.6
—11.0
—115
—12.0
—12.7
>13

400000 +

300000 4

Intensity

200000 -

Absorbance

100000 -

m—u

300 350 400 450 500 400 450 500 550 600 650
Wavelength, nm Wavelength, nm

Figure 2.1. Uv-vis (left) andemission (right) spectra of XE8in a 2:1 vol. methanel
water mixture at different phalues.

0.30 - 600000 A pH
o =385Nm — 83

—8.8

—93

—99

0.25 4 500000 A

0.20 400000 - — 1&;
] < 106
S 015 g 3000001 —_— 12:?
5 5 115
2 200000 - 121

0.10 1

>13

100000 4
0.05 4

0 .

T T T
400 450 500 550 600 650 700
Wavelength, nm

0.00 T T T T T T T T T =
275 300 325 350 375 400 425 450 475 500 525

Wavelength, nm

Figure 22. Uv-v i s ( | e fqhixdepratohated form) aad emission (right, 474 nm,
596 Huspestraof XR2.7in a 2:1 vol. methanelvater mixture at
different pHvalues.
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Changes in spectroscopic prajes are not only observed upaleprotonation of
the XFs2.7 and 2.8 in methandlwater mixtures but also when solutions of XFs in
dichloromethane are exposedaimines. Figre2.3shows a photograph of the XB<,

2 5 6 7 8 9 11 12 13
i HREERRSEAEF
— - 3

3 4 10

Figure 2.3. Photograph of the cruciform8.7, 2.8 and 2.10 in DCM: 1) reference;
exposure to 2) pyrrole-), 3) quinoline (4.90), 4) pyridine (5.25), 5)
imidazole (6.96;8max. 7 = 551 nm), 6) morpholine (8.33; 555 nm), 7)
piperazine (9.83; 556 nm), 8) ethylenediamine (10.7; 579 nm), 9) piperidine
(10.8; 564 nm), 10) triethylamine (10.8; 555 nm), 11) diethylamine (11.0;
562 nm), 12) diispropylamine (11.1; 558 nm), and 1B)-diazabicyclo-
[5.4.0lundec7-ene (DBU, ~12; 572). The numbers in parenthesis are the
pK, values of the corresponding ammonium ions.

800 1 — Standard
- Triethylamine
. —TEA 700 4 Piperidine
.3 1 — Piperidine _PY"OIE _
DEA 600 A Diethylamine
N DispA — Diisopropylamine
1 ” Imidazole 500 o In.'lidazo.le
3 Piperazine 5 — Piperazine
o - " .
S 2 9 EDA 2400 4 — Ethylenediamine
2 ~— Morph E — Quinoline
2 0.15 4 == — Pyridine Y200 Morpholine
-2 . = DBU = Pyridine
— Standard — DBU
o 0 \
E \ 100 A
0.05 < N
0 0 — T $ y T —=
300 325 350 375 400 425 450 475 500 400 450 500 550 600 650 700

Wavelength, nm Wavelength, nm
Figure 2.4 Absorption spectra (lefof solutions o2.7in DCM upon addition of amine
(0.1 mL). Emissiongectra (right of solutions o2.7in dichloranethane
(DCM, 15 mL, vial) upon addition of amine (0.1 mL).
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2.8 and 2.10 exposedto a panel of different amines, ordered by their increasing pK
values, while Figure 2.ghows the corrg®nding emissiospectraor 2.7.

Interestingly, the magnitude in shift and thewdlues of theamines do not
correlate particularly well, as ethylenediam{p&, = 10.7), i.e. not the most basic amine,
displays the largest reghift. In the case of thexposure oR.7to quinoline or to pyridine,
fluorescence is quenched, possibly due to a back electron trdobésving proton
transfer to the basic nitrogérnf the amine undeconsideration is not very basiychas
pyrrole and imidazole, eithethere is no change inhe emission or a mixed color
(imidazole) isobserved. Similar trends are observed for XEQ even though the
emission intensities are much lowas expected from the energy gap.faw

Exposure of the XR2.8 to amines in dichlorometha results imquenching (see
experimental for spectraf the emission, similar to thabserved on exposure 2f8 to
KOH. The above observationdemonstrate tha.7 and 2.8 are different from
hydroxystilbenes2.11 and 2.12 The phenolate of stilben211 is weakly fluorescent,
while that of the met@ompoundl2 is quite fluorescent In 2.11and2.12the excited
state acidity of the phenolic function is significanglyhanced, that &.12more so than
that of2.11 Neither the XR2.7 nor 2.8, on the aber hand, shows dramatically enhanced
photoacidity inmethanal water mixtues with up to 50% vol. watéf which makes them
comparable to the weak photoaciti@hthol with gpK.* of 2.82

The absorption and emission spectr& gfshow a more complex baviorin the
presence of amines (Figure4). On the one hand, except for -1,8
diaza[5.4.0]bicycloundecene (DBU, pk 12), the absorption maxima show a shift of ca.

20 nm and are consistent with a hydroggemded compleX’ Upon addition of DBU a
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red-shifted feature is observed, which we attribute to the fully bisdeprotonated ground
state species, as it is identical to that observed in the-gi©ORoted deprotonation of

2.7. On the other hand, all of the amine complexes exhibit efficient emission from the
fully deprotonated (ion pair) state. From these observatiaes conclude that in
dichloromethane solutions the difference iny[{&r G of the proton transfer) between
2.7 and amines is sufficient to produce solveeparated ion paifé.In the ground stat

the observedpK, results in the formation of hydrogdéronded complexes.

The observation of different amitependent emission characteristics is of
potential importance since Lavigret al."® have shown that carboxylaseibstituted
polythiophenes cardiscern biogenic amines when the absorption spectra of the
complexes are compared. Our approach is complementary as we use more sensitive

fluorescence spectroscopy.

Figure 25. Density of the frontier molecular orbitals (HOMO and LUMO) of the
bisphenolate anions of modelsa and of2.8 as calculated by B3LY4B-
31G**//B3LYP-6-31G** using SPARTAN.
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What is the reason for the dramatic differences in the oggroglerties o2.7 and
2.8 upon interaction with bases, i.e. protissociationinduced red shift vs. quenching?
A DFT calculation(Figure2.5) of the FMQdistribution of2.7 and2.8 sheds light on this
issue. In the dianion dt.7, HOMO and LUMO show spatiaverlap in the central ring
and both absorption and emissionFsanck Condon #owed. In the case o2.8 the
situation is differentDue to the disjoint orbital structune which the HOMO is localized
only on the two phenolate rings, while the LUMO is strictly localized on the
bisarylethynyl axis, there is a vanishingly small spladverlap between the two frontier
molecular orbitals, resulting in a Frantkondon forbidden transition. Without the
quantum chemical calculations, the different spectroscopic propertigsrofand 2.8
would be very hard to rationaliz&ince the 340hm transition is both invariant with
respect to deprotonation asttongly allowed, we conclude that this is a HOMOMO
transition in2.8 but a HOMO LUMO + n-transition in thedeprotonated form 02.8,
while the weaker HOMOLUMO transition of the dianiorof 2.8 is hidden in the
baseline’ The allowed transition in the dianion must have a similar gap td-HB&Oi
LUMO-transition in the neutral compound, explainitize lack of change in the

absorption spectra.

2.3 Conclusiors
In conclusion we have preparetthe two XFs2.7 and 2.8 andinvestigated their
photophysical properties upon depratan andexposure to amines. We see dramatic
differences between thpara (2.7) and themeta (2.8) XF as a consequence of the
different FMO distribution. The dianior2.8 suffers from a FrandélCondondisallowed

HOMOi LUMO-transition, which is responsible ftre observed fluorescence quenching.
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Potential applications aduch materials with separated FMOs include exciton collection
andsplitting in photovoltaic devices antlibrescence sensors in casdgere the XFs are

equipped with additional binding elements.

2.4 Experimental

Materials and Methods: All chemicals were purchased from Aldrich Chemical, Acros,
TCl America, or Fisher Scientific and used without purificationess otherwise
specified. Column chromatography was perforrasithg Standard Grade silica gel 60 A,
326 3 em (230 x 450 mesh) from Sorbent Techr
of cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points
were obtained using a M@&lemp apparatus fittewith a Fluke 5&J digital thermometer.
All IR spectra were obtained using a Simadzu FB®O0s spectrometer. Unless
otherwise specified, NMR spectra were recorded at 298 K on a Bruker (500 MHz) or
Varian Mercury spectrometer (300 MHz). Chemical shifts eeported in parts per
million (ppm), using residual solvents (chlorofedn or (THFd5) as an internal
standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet), coupling t@amt, and integration. Mass
spectral analyses were provided by the Georgia Institute of Technology Mass
Spectrometry Facility.

All absorption spectra were collected using a Shimadzu-2401PC
spectrophotometer. All emission spectra were acquired usingnaa&zu RF5301PC
spectrofluorophotometer. Lifetime data were collected using a LifgspdEdinburgh

Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
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(Hamamatsu). Data were fit to single exponential decay so as to aptimizquared
values. Quantum yields for all cruciforms were measured using standard procettures.

all cases, quinine sulfate was used as a standard.

Synthesis of THP Aldehydes

0&O~°
p O
g
o=

Synthesis of 2.2:4-hydroxybenzaldelde (5.8, 47.5 mmol) and 3;dihydro-2H-pyran
(6.4 g, 76.1 mmol) was dissolved in dichloromethane (100 mL) in a 250 mL round
bottom flask. Par#oluenesulfonic acid (0.43 g, 2.5 mmol) was added to the reaction
mixture along with pyridine (1 mL). The pyriddgnwas added drop wise over a 5 min
period. The crude reaction mixture was washed three times with water, dried with
magnesium sulfate and reduced until a dark brown oil was obtained. The product was
washed with a solution of dilute NaOH and water to rentbeestarting material. The
final product was obtained as a dark brown oil. Yield: 84%NMR (500 MHz, CDG):
d = 9. 90-CHO®y, 7.841dHA2H, A, i =9 Hz), 7.17 (d, 2H, AH, }14 = 8.5
Hz), 5.56GH),s,3.1#H5CH)mM, 3.HGAL-H)m, 211 1CH)m, 1H,
1.90 (RGH)2H,. 74 -G , 2H. 6 A-C-HMC NMR (1254Hz,

CDChk):d = 191. 19, 162. 48, 132. 11, 130. 77, 116¢€

Synthesis of 2.3:3-hydroxybenzaldehydé€5.8, 47.5 mmol) and 3;dihydro-2H-pyran

(6.4 g, 76.1 mmol) was dissolved in dichloromethgda00 mL) in a 250 mL round
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bottom flask. Pargoluenesulfonic acid (0.43 g, 2.5 mmol) was added to the reaction
mixture along with pyridine (1 mL). The pyridine was added drop wise over a 5 min
period. The crude reaction mixture was washed three tim#s water, dried with
magnesium sulfate and reduced until a light brown oil was obtained. The product was
washed with a solution of dilute NaOH and water to remove the starting material. The

final product was obtained as a light brown oil. Yield: 8%3BNMR (500 MHz, CDG):

U = 9. 97-CH®,,7.561(H 1H, AH,), 7.50 (dt, 1H, AH, J4 = 7.5 Hz,with

long range coupling 7.44 (t, 1H, AfH, 3,4 = 8 Hz), 7.31 (md, 1H, AH, }11 = 8 Hz,

with long range coupling , 5. 4 9C-H),8.88 (b, HHICH ) 3. 6 £-Hf, m, 1H,
2.01 (46H)1H1.®O0CH)M,1.2MHL -Odh),, 21H,6 AC-H)AC 1H, b
NMR (500 MHz, CDG): i = 192.19, 157.90, 138.10, 13¢C

96.59, 62.21, 30.47, 25.40, 18.92.

General procedure for compounds 2.4 and 2.5 An oven dried Schlenk flask cooled
under nitrogen was charged with NaH (2.5 eq), and dry THF. The flask was closed
with a septum, a nitrogeiilled balloon was fitted to the arm and the stopcock was
opened. With mild heatingtQ°C), the solution turned a vivid purpled. The aldehyde

was introduced in small portions over 1 h with a syringe as a pure oil. The reaction was
allowed to stir overnight before wotkp. The small excess of NaH was quenched with
water and the mixturevas extracted three times with dichloromethane. The organic layer
was washed three times with water, dried with magnesium sulfate, filtered and reduced
until a precipitate was formed. The precipitate was recrystallized from chloroform and

collected by suabn filtration and dried under vacuum.
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Note: Compounds2.4 and 2.5 both contain traces of previously reported halogen
exchange materia(4aand2.5a) from the precursa?.1,which is inseparable but can be

used for further reactions.

Synthesis of 2.4 Following the general procedur24 (0.500 g, 0.681 mmol), NaH (60

mg, 2.50 mmol), and THF (50 mL) were combined(tetrahydropyras2-yloxy)-
benzaldehyde (0.409 g, 1.98mol) was then added. Work up and recrystallization

yielded (0.448 g, 77%) of bright yellow crystaldP: 268-270 °C. IR: 2933, 2869, 1600,

1508, 1234, 1170, 1107, 1035, 970, 8#9.NMR (500 MHz, CDG): U = 8.07 (s,
Ar-H), 7.58 (d, 4H, AH, 3, = 8.5 Hz), 7.10 (d, 4H, AH, J; 1 = 8.5 Hz), 7.09 (d, 2H,

C=CH, }y4 = 16.5 Hz), 6.95 (d, 2H, CH=CHud= 16. 5 Hz) ,.CH), 3989 (s,
(m, ZLH),03.658H)mM, 22H,4CH)mMa 2(Hm, -GAH.71 (m,
4H,CHi) , 1. 64-CHmPC NMR (125MHz, CDCk: 4 = 157.73, 14
136.44, 132.17, 130.63, 129.05, 128.57, 117.14, 100.62, 96.69, 62.47, 30.70, 25.59,

19.13.

Synthesis of2.5: Following the general procedu5 (0.500 g 0.681 mma), NaH (60

mg, 2. mmol), and THF (50 mL) were combined. -Getrahydr@yran2-yloxy)-
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benzaldehyde (0.409, d..98 mmao] was then added. Work up and recrystallization

yielded (0.399 g, 68%) of pale yellow crystaigP: 216-218 °C.IR: 2947, 2873, 1581,
1488, 1251, 1120, 1037, 1014, 970, 904, 869, HMNMR (500 MHz, CDG}): 8.09 (s,
2H, Ar-H), 7.33 (t, 2H, AfH, 41 = 8 Hz), 7.27 (s, 2H, AH), 7.22 (d, 2H, AH, 4 4= 5

Hz), 7.20 (d, 2H, C=6H, 34y =16 Hz), 7.05 (d, 2H, AH, 3y = 85 Hz), 6.97 (d, 2H,

C=CH, Ju= 16 Hz), BH?9 Bs95eHm, U2 H650GH)mM, 2H,
2.04 (AGH)2H,1.801-CHM, 1 4H] -GHn),, 4MH.,64CHmM, 2H,
%C NMR (125MHz, CDCh): i = 157.86, 141. 180 131.1®8. 36,
130.13, 120.87, 116.94, 115.39, 100.69, 96.90, 62.59, 30.81, 25.62, 19.25.
Compounds4a-4b
E\S CF,
A
|l Il
T™MS
2.6 29a
Compound2.6 has been previously reportéd.
Compound2.9a:'H NMR (300 MHz, CDG): i = 7 . 7 2-H)(7%2 (d IHHArH,A r
Jn = 7.7 Hz), 7.56 (d, 1H, AH, 31y = 8.4 Hz), 7.42 (t, 1H, AH, Jiy = 7.3 Hz), 0.26
(s, 9H,-CHs). *C NMR (125MHz, CDCk): U = 134.98, 130.90( m),

124.93(m), 124.14, 121.91, 118.30, 103.28, 96\8. (El, 70SE) (G2H15F3Si): m/z =

242.

Compounds2.13-2.15were produced by the Sonogashira coupling of either the

free alkyneda,bor by in-situ deprotection of TMS with potassium hydroxide and ethanol
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as a cesolvent. The reaction progress could be monitored by the develbomhéme

fluorescent products which were isolated by precipitating twice in non solvents.

B v
\
I @ = /)= i
\
2.7a

Synthesis of XF2.7a:2.4 (0.297 g, 0.404 mmol) was combined wil6 (0.192, g, 1.21

mmol), (PPRB),PdCL (5 mg, 7.1e mo | ) , Cul (5 mg, 33 emol ) a
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 dichlorometiea washed three times with water and dried

with magnesium sulfate and reduced until a yellow powder was formed, which was
purified by chromotagraphy eluting with 70:30 dichloromethane and hexanes yielding
150 mg of yellow crystals. Yield: 4791P: 186-188°C. IR: 2939, 2866, 2250, 1602,

1508, 1236, 1170, 1035, 1018, 960, 919, 831, B1AMR (500 MHz, CDG): i = 7. 90
(s, 2H, AFH), 7.59 (d, 2H, C=€H, 34 = 16.5 Hz), 7.57 (d, 4H, AH, J, = 8 Hz), 7.54

(d, 4H, ArH, Jyn= 8 Hz), 7.45 (d, 4H, AH, 34 = 8.5 Hz), 7.25 (d, 2H, C=@, Jyu=

16.5 Hz), 7.10 (d, 4H, AH, Jyu= 8.5 Hz) , -CH), 89 5( s(,mCHR,H,U U
3.65 (mMmH)2H,2.04-CHm, 2H91-6HM, 14H]L -GH), 4H,

1. 64 ( AC;H), 2.37,(s, I8H,-butyl). °C NMR (125MHz, CDCE): i = 156. 97,
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151.80, 137.22, 131.29, 130.97, 129.91, 128.43, 127.90, 125.50, 1732806, 120.18,
116.67, 96.24, 95.47, 87.38, 62.01, 34.85, 31.18, 30.29, 25.18, M&/(FAB, 76SE)

(C56H5so4)Z m/z = 794.

8 )

\ Y
L /N — /N — //\ |
=/ /= /]

2.8a

Synthesis of XF 2.8a: 2.§0.399 g, 0.543 mmol) was combined wil6 (0.258 g, 1.63

mmol), (PPh),PdCL( 5 mg, 7.1 emol ), Cul (5 mg, 33 ¢
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 withiathloromethane, washed three times with water and dried

with magnesium sulfate and reduced until a yellow powder was formed, which was
purified by chromotagraphy eluting with 70:30 dichloromethane and hexanes yielding

190 mg of yellow crystals. Yield: 449%P: 266268 °C.IR: 2947, 2869.8, 2220. 1,

1583.4, 1512.1, 1452.3, 1257.5, 1157.21, 1020.27, 956.6, 831.2, TH5NMR (500

MHz, CDCE: U = 7. 9 3-H)( 772 (d,2H, C=@A, = 16.5 Hz), 7.60 (d, 4H,

Ar-H, 341 = 8.5), 7.45 (d, 4H, AH, 314 = 8.5), 7.36 (s, 2H, AH), 7.32 (t, 2H, AH,

Jin= 8 Hz), 7.27 (d,2H, 4 = 16.5 Hz, CH=CH), 7.23 (d, 2Hn4 = 8 Hz ArH), 7.02
(d,2H,yy=8Hz, AkH) , 5. 4 9C-H)s,, 32H,5-Clli)m, 2H650I( m, 2F

H), 2. 04CH)m, 2.H9 1:CH)m, 1 .4M1 -Odt),, 41H,6 4C-H)m, 2H,
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1.37 (s, 18H,-butyl). *C NMR (125MHz, CDCE: i = 157. 92, 152. 27,
131.68, 130.82, 130.08, 129.06, 126.40, 125.93, 122.85, 120.99 120.62, 116.83, 114.74,
96.82, 96.82, 87.73, 62.41, 35.30, 31.65, 30.90, 25.73, 19/86.(FAB, 70SE)

(C56H5so4)Z m/z = 794.

\
\ CF3
2.10a

Synthesis of XF 2.10a: 2.40.403 g, 0.549 mmol) was combined wi2Ba (0.399 g,

1.64 mmol), (PP§.PdCL (5 mg, 7.1e mo | ) , Cul (5 mg, 33 egmol)
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. Tpeoduct was extracted with dichloromethane,
washed three times with water and dried with magnesium sulfate and reduced until a
yellow powder was formed, which was purified by chromotagraphy eluting with 60:40
dichloromethane and hexanes yielding 280 mgetibw crystals. Yield: 53%MP: 246

248 °C.IR: 3035, 2943, 2875, 2235, 1600, 1508, 1330, 1240, 1164, 1122, 958, 919, 800.
H NMR (500 MHz, CDG): i = 7. 9 2-H)( 7590 (s, 2H AH)A7t79 (d, 2H, Ar

H, Jin= 8 Hz), 7.66 (d, 2H, AH, 31 = 8 Hz), 7.56 (t, 2H, AH, 3= 8 Hz), 7.54 (d,

2H, C=GH, 44 = 16.5 Hz), 7.54 (d, 4H, AH, =9 Hz), 7.26 (d, 2H, C=E, Jin=
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16.5 Hz), 7.14d, 4H, ArH, Jiu= 9 Hz ), 5:HH9 (3s,952-H),B860 2H, U
(m, 2H), U2. 04CH)M, PH9 ILCBH)M, 1 .4HL -3 1644, U

2 H,-C-H). 1*C NMR (125MHz, CDCk): i = 157.66, 138.01, 134.
131.09, 12%1, 129.14, 128.78 (m), 128.39, 125.49 (m), 125.21, 124.51, 123.76, 123.06,
122.13, 117.18, 96.75, 94.27, 89.88, 30.73, 25.61, 19F5.(FAB, 70SE) (GoHao

FGO4): m/z = 818.

General procedure for deprotection of XFs 2.7a, 2.8a, and 2.10a XFs 2.7a, 2.8,

and 2.10awere deprotected by trifluoroacetic acid in a dry ice acetone bath. The
products were obtained by extracting with dichloromethane or ethyl ether. The vyields
reported reflect the amount of pure material that was recovered after deprotection and

recrystallization.

Synthesis ofXF 2.7: 2.7a(0.080 g, 0.128 mmol) was dissolved in dichloromethane (30

mL) and trifluoroacetic acid (1 mL) was added into a-bil0round bottom flask kept in

a dry ice acetone bath. The solution was allowed to stiv&fC for 2 h. The crude

reaction mixture was washed three times with water, dried with magnesium sulfate,
filtered and reduced until a brown powder was formed. The resulting brown powder was
recrystallized by dissolving in hot chloroform and adding an exeesount of hexanes

yielding brown crystals. Yield: 88%4P: 236238 °C.IR: 3321, 2956, 2852, 2195, 1604,

1512, 1440 1168, 1016, 958, 833, 845.NMR (500 MHz, CDG): i = 7. 89- (s, 2
H), 7.57 (d, 4H, AH, 3,1 = 8.5 Hz), 7.56 (d, 2H, C=@, ;1 = 16.5 Hz), 7.50 (d, 4H,

Ar-H, 311 = 9 Hz), 7.45 (d, 4H, AH, J, = 8.5 Hz), 7.24 (d, 2H, C=@, J;n = 16.5

Hz), 6.88 (d, 4H, AiH, 3= 9 H2. °C NMR (125MHz, CDCk): i = 155. 97, 15
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137.64, 131.72, 130.82, 130.29, 128.93, 128.65, 125.93, 12422460, 120.61, 116.15,

95.89, 87.80, 35.30, 31.30IS (FAB, 76SE) (GeH4.0,): m/z = 626.

Synthesis ofXF 2.8 2.8a(0.102 g, 0.163 mmol) was dissolved in dichloromethane (30
mL) and trifluoroacetic acid (1 mL) was added into a-bil0round bottom thsk kept in

a dry ice acetone bath. The solution was allowed to stiv&t’C for 2 h. The crude
reaction mixture was washed three times with water, dried with magnesium sulfate and
reduced until a green powder was formed. The resulting green powdesomgstallized

by dissolving in hot chloroform and adding an excess amount of hexanes yielding green
crystals. Yield: 90%MP: 238-240 °C.IR: 3319, 2954, 2862, 1784, 1683, 1591, 1506,
1450, 1265, 1151, 1016, 962, 833, 7HNMR (500 MHz, CDG): i = (3, 2HB A¢

H), 7.65 (d, 4H, C=EH, Jyn = 16.5 Hz), 7.57 (d, 4H, AH, 344 = 8.5 Hz), 7.45 (d, 4H,

Ar-H, Jyu= 8.5 Hz), 7.26 (t, 2H, AH, 344 = 8.5 Hz), 7.22 (d, 2H, C=€l, }11= 16.5

Hz), 7.16 (d, 2H, AiH, 314 = 7 Hz), 7.07 (s, 2H, AH), 6.82 (d 4H, Ar-H, Ji1= 7 Hz).

¥C NMR (125MHz, CDCk): i = 156.41, 152.40, 139. 40,
130.37, 129.30, 126.56, 125.96, 122.81, 120.47, 119.97, 115.57, 113.77, 96.21, 87.57,

35.30, 31.61MS (FAB, 765E) (GeH420,): m/z = 626.

Synthesis of XF2.10 2.10a(0.120 g, 0.184 mmol) was dissolveddichloromethane
(30 mL) and trifluoroacetic acid (1 mL) was added into a-a0round bottom flask
kept in a dry ice acetone bath. The solution was allowed to sti8atC for 2 h. The
product was extracted with ethyl ether and washed three timbswaier, dried with
magnesium sulfate and reduced until a yellow powder was formed. The resulting yellow

powder was recrystallized from methanol yielding yellow crystals. Yield: BB%6236-
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238 °C.IR: 3309, 2923, 2852, 1784, 1697, 1604, 1512, 1328, 1PH56, 1122, 962,
806."H NMR (500 MHz, THRlp) i = 8 . 5 7-OK)s7,99 (8 BHH, AiA)r7.97 (s,

2H, Ar-H), 7.87(d, 2H, ArH, 3y = 8 Hz), 7.72 (d, 2H, AH, J14= 8 Hz), 7.64 (t, 2H,

Ar-H, 344 = 8 Hz), 7.52 (d, 2H, C=@1, Jiy; = 16.5 Hz), 7.46 (d4H, Ar-H, 14 = 8.5

Hz), 7.34 (d, 2H, C=aH, J44 = 16.5 Hz), 6.77 (d, 4H, AH, 3,1 = 8.5 Hz).}*C NMR

(125MHz, THRdg): i = 156.86, 136.23, 133.27, 129. 77
126.95, 126.61 (m), 123.55 (m), 122.83, 121.46, 120.05, 11919505, 91.96, 87.94.

MS (FAB, 7QSE) (Q0H24F602): m/z = 650.

Absorption and emission spectra oXFs 2.8 and 2.10 with aminesTo investigate the
sensory ability of hydroxy cruciforms towards amines, X2 and 2.10were tested
Approximatdy 0.1 mL of amine was added to each 15 mL vial and its optical properties

were measured. The absorption and emission data are shown in Rigt2eks
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Figure 2.6. Absorption spectrum &.8with amines in dichloromethane.
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Chapter 3

Anomalous Photophysic®f Bis(hydroxystyryl)benzenes

3.1 Introduction

In an effort to better understand the photophysical properties of hydroxy XFs, we
elected to prepare anexamine hydroxysubstituted distytrylbenzenes&tilbenes and
distyrylbenzenes represent the first tel@omersleading to polyg-phenylenevinylene)
(PPV) and thusare important model compounds for conjugated polyrheks. a
consequence, there is a significant fundamental interebie exciteestate behavior of
these materials. Curiouslirans-stilbene(TS) is poorly fluorescent, the result of its well
known propensity for isomerization in the excited statt contrast, trans,trans
distyrylbenzene TTSB) and certainderivatives resist isomerization and are strongly
fluorescent* Recently, Lewiset al® investigated e photoinduced processés 4-
hydroxystilbene 3.8), 3-hydroxystilbene §.9), and several of their derivativesThe
authors observed strikingly different behavior upon excitation concluding3t@as a
strong photoacid in watemwhile 3.8 does not undergo efficient excitsthte proton
transfer(ESPT) because of much fastphotoisomerization. As a result, both compounds

exhibit veryweak fluorescence in agueous solutions.

) O” i
O

Figure 3.1.Structures of bihydroxystyryl)benzenes and hydroxystilbenes.
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Given the stronger emissive propertiesTofSB vs. TS, we speculated that
hydroxyarenes based upon the form@ght show interesting ESPT properties. In this
chapter we demonstrate that the excigtdteproperties of the homologues6 and 3.7
are different bottirom each otheand from those 0f3.8 and of3.9, coincidingwith the
differences betweeS and TTSB in some respectisut not in others. Specifically, we
show that neitheB.6 nor 3.7 is a photacid Surprisingly, there is npublished literature

on the spectroscopy and photoinduced phenomena of 8i6ar3.7.

3.2Results and Discussion

3.2.1 Synthesis of Bis(hydroxystyryl)benzenes

7\ _/
\/©/\P°(0Et)2 © SN TFA N
(Bt0),0P t-BuOK, THF X bCM

> o
—
341 R/ R
3.2 R =4-OTHP 3.4 R = 4-OTHP (62% yield) 3.6 R =4-OH (70% yield)
3.3 R=3-OTHP 3.5 R =3-OTHP (65% yield) 3.7 R =3-OH (76% yield)

Scheme 3.1Synthesis of E(hydroxystyryl)benzenes6and3.7.

3.4 and 3.5 were readily synthesized by a Horner reaction tife 4-
(tetrahydropyrafR-yloxy) (3.2) and3-(tetrahydropyras2-yloxy)-benzaldehyd¢3.3) with
tetraethylpara-xylenediphosphonat€3.1). Both 3.4and3.5were then deprotected using
trifluoroacetic acid in dichloromethane (DCM) to prod3céand3.7. The resulting dyg

werereadily isolatedy recrystallization yielding pale yellow crystalliselids.
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3.2.2 Spectroscopic Properties and Titration Studiesf @is(hydroxystyryl)benzenes

In methanol, bot3.6 and 3.7 display intensive, singl@eakblue fluorescence

wi t hy ofdd.37Wand 0.62, respectively. Upon preparative photolysis with 355 nm light

for one hour, 3% of the compouBd interconverted into its cis, trasisomer, while3.7

remained unchanged. Similar to hydroxystilbenes, thedes isomer3.6 has somewhat

red-shifted spectroscopic features in absorption and emission compared toetae

derivative 3.7 (see Table 3.1). BotB.6 and 3.7 are soluble in methanol but begin to

aggregate in solutions with more than 50 vol % of water.obtain pk, values, all

measurements were performed in a 2:1 methanol/water (v/v) mfkinreyhich both

compounds were soluble without apparent aggregation. Figure 3.2 shows the absorption

and emission spectra 8f6 and3.7. Upon addition of KOH, the abgption maximum of

3.6 shifts from 362 nm in the neutral compound to 393 nm in theldpsotonated form

0f3.6(3.6°) W hyix bf 8.7 shifted from 355 to 363 nm.

Table 3.1. Thermodynamic andhmtophysical properties &6and3.7in

methanol/water (2:4/v) at 298 K.

Compound 3.6 3.7
PKay, pKa 10.1+0.1,12.08.1 10.6+0.1,11.26.1
Species HoA, HA", A H.A, HA", A%
Absorption maxima (nm) 362, 388, 393 355, 359, 363
Emission maxima (nm) 428, 575, 533 412, quenched
Uq (Quantum yields) 0.34, n/d, 0.26 0.46 <0.001
U(ns) 0.91, n/d, 1.0 0.91, n/d, 1.0
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Figure 3.2 Absorption (left column) and emission (right column) spectra ®{top

row) and3.7 (bottom row) in the 2:1 mixture of MeOH#B (v/v) at

different pH values.

To obtain more information about the deprotonation dependent properties of the

two distyrylbenzene8.6 and3.7, we analyzed the obtained absorption daté &nd3.7)
using the principal component ansily program SPECFITFigure 3.3 shows the results.
The pk, values for3.6 are pKy;=10.1 +(0.1) and a2 = 12.0 £(0.1), while those foB.7
are Ka= 10.6 £(0.1) and Ka2= 11.2 £(0.3). The absorption data shdhat the first
deprotonation 0B.6is eaier thanthat of 3.7, however, the seconp of 3.6 is almost
0.8 units higher than that of3.7. The difference must be due to tleenjugative,

mesomeric interactions effective iB.6 and its anions, as opposed to the purely

electrostatic interactions B17, which render itstwolg;6 s mor e al i ke.

-38-



. 0.6 - g
2 8
g B
0.2 ] =
0~0 ] T 1 1 T I | G ] T T I : I L G | l ! BB B IT--I. T T [ T 1 ¥ I ¥ ¥ O
300 350 400 450 8 9 10 11 12 13
wavelength [nm] pH
0.8 —
N b) .‘.”'/ \\l — H2 A B 1 00
_ / \ — N —_
2 0.6 . \ jiod 9
- [ 8
g 50 &
e -
0.2 ] =
O~O ¥ T T I T I I | P N | I T T | b I 3 A I | | ] I_T._I‘ I T { g I i [ | o
300 350 400 450 8 9 10 11 12 13

wavelength [nm] pH

Figure 3.3 Deconvoluted absorption spectra (left) and species distribution diagram
(right) for compound$.7 (row a) and3.6 (row b).

The Ku* of 3.6 estimated using a modified Ee method® however, is1.9,
and unlike in more condensettydroxyarenes, such madée thermodynamic
photoaciditydoes not lead to detectable ESPT in neutral methanol/water solutions that
can compete effectively with the 0.9% decay. Therefore, for3.6 we do not see any
appreciableESPT, and thep6 s det er mi ned f pHbtnatiantsieplyf | uor e
reflects the groundtate aciebaseequilibrium. From Figure 3,2t is clear that upon the
first deprotonatiorof 3.6 an absorption spectrum results tisatlose in appearancte that
of the dianiorB.6%. However, inthe emission, thenonoaniorB.6 emission is redhifted
(575 nm) from bottthe neutral compound (428 nm) and the diar8#7 (533nm). In

contrast to the emission, the monoanior3df exhibits a blueshifted absorption from
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that of 3.6°. We assume that the anion experiences and intramolecular charge transfer
stabilization in the excitedtate as the monodeprotonated species is formally a -donor
acceptor system, leading to the observeestafied emission.

The same experiment, i.e. deprotonatior8af (amax 355 nm) to 3.7% leads to a
broadening of the absorption andshght red shift to 363 nm with a reshifted
absorption edgelhe emission of neutrd.7 is centered at 412 nrilpon deprotonation
its fluorescence is not shifted but quench&deliable determination of* for 3.7 is
problematic due téthe complete absence of anion fluorescembtese observations, i.e.,
the quenching of the fluorescenaie3.7 upon deprotonation anti¢ large reeshift of the
fluorescence 0B.6 upon exposte to aqueous base are in stadatrast to the effects
visible upon deprotonation &.8 and3.9.°> On the one hand3.6 shows a much larger
red shift upondeprotonation and its diania®.6” is higHy fluorescent. Orthe other
hand, dianiorB.7% is weakly fluorescent but itabsorption spectrum does not show a
significant shift uponexposure to base, similar to the observation for otimer
hydroxybenzylidene derivatives (-hydroxystilbeng® and m-
hydroxybenzylideneimidazolinor®. It is tempting toconclude that the reason for the
fluorescence quenchingvolves twisting about the formal double bond. However,
Sandrod and Motoyoshiyahave observed that distyrylbenzengslergo adiabatic one
way cisfrans isomerizatiorproducing emission spectra corresponding toBieforms
only. More recently, timeesolved studies indicate tfi@mation of an intermediate but
largely planar excitedtate' Thus, we conclude that twisting leading to quenchiogs

not occur. In the case of stilbenéwisting leads to suctlecay pathways.
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Figure 34. LUMO (top) and HOMO (bottom) d3.6".

In order to investigate this phenomenon furtherpedormed quantum chemical
calculations (B3LYP/&311+G(2d,2p)// B3LYP//&811+G(2d,2p)) upon3.6, 3.7, and
their respective dianion3.6° and 3.7°. Figures 3, 3.5 and Table 3.8how the most
salient results. While the neutral compouBddand 3.7 show frontier molecular orbitals
(FMO) that are similar to those calated br distyrylbenzeneshe FMOs for3.6 show
larger amplitudes in the two peripheral rings, as a consequence of the delocalized
phenolate moieties. According to these calculations, the HOMMO gap decreases

upon deprotonation from 3.27 to 2.48 eV.

Figure 3.5 LUMO (top) and HOMO (bottom) c8.7%.
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Table 3.2. Gasphase computational data for compouridDDFT/B3LYP/6
311+G(2d,2p)//B3LYP/811+G(2d,2p) level of theory.Oscillator strength
in parenthese$.Major canponent of the CI descriptiohExperimental
vertical absorption energyFrom excitation spectrum.

Compound 3.6 3.7
Species H.A, A° H.A, A”
S (eV) 3.18, 2.48 3.25,1.91

7By- 7A/° (2.33), (2.39§ (2.21), (0.061¥
S (eV) - -, 3.13

6By- 7A,° - -, (1.74%

Exp (eVY 3.42 (S), 3.15(8) 3.49(S), 3.04(3)%-3.42(S)
HOMO (eV) (7B) -5.22,0.73 -5.50,0.44
LUMO (eV) (7A) -1.96, 3.21 -2.18, 2.69

HOMO-LUMO Gap (eV) 3.27,2.48 3.32,2.26

In the case oB.7, the situ#ion is dramatically differentThe HOMO and the
HOMO-1 are almost degenerate alogalized on the two phenolate rings. In valence
bond termsthe two phenolates are disjdihand are electronically onkyeakly coupled,
while the LUMO is extended over the whdlesystem but has larger coefficients in the
central ring*® Given the poor orbital overlap, the HOMQMO transitionleading to the
lowest singlet excitedtate % is expectedto exhibit a negligible oscillator strength

despite the fact that B, -> A, transition is symmetry allowed in th&y, pointgroup.
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Figure 3.6 Excitedstate manifold for dianioB.7> based on TEDFTcalculations
(B3LYP/6-311+G(2d,2p)//B3LYP/6311+G(2d,2p)).Upon excitation intosS
nonradative deactivation may occur through rapid intersystem crossing
(ISC) to the¥(n-" *) states F and T.. The surface plots to the right illustrate
the” -" *and n” * nature of §, S5, and $ with the corresponding electron
detachment (blue) and attachment (red) densities.

A closer inspection ofthe exciteestate manifold obtaineffom time-dependent
density functional theory (TIDFT) calculations indeed revealed a strongoScillator
strengthfor neutral3.6 and3.7 as well as3.6” but not themetasubstitutecdianion3.7*
(Table 3.2. The later is prefeentially excited intoSs, while all the lower states exhibit
neglible oscillator strengths. Although the quantum chemical calculations offer only
estimates for gas phase vertical excitation energies at 0 K, the dominant lowest energy

transitons scale linearly with the solution phase experimental data (correlation

coefficient 0.994, mean unsigned error 0.01 eV). In agreement with the experiment, the
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calculations predict a strong bathochromic shift upon deprotonati@6obut only a
small shift for 3.7 due to excitation into Srather $ (Table 3.3. The TDDFT results
furthermore indicate a possible nonradiative deactivation pathway through a lower lying
triplet 3(n-" *) state (Figure 3)6 According to the EBayed rulé? intersystem crossing
from 1("-"*) to 3(n-"*) is rapid and typically results in fluorescence quenching due to an
increased nonradiative deactivation ratés illustrated with the electron detachriien
attachment densiti€§ in Figure 3.6 the triplet statessland T, together with their parent
states $and S exhibit " * character involving excitation of @onbonding oxygen lore

pair electron, thus offering an efficient nonradiative deactivatiammél from % through

T; and T.. Because the calculations indicate that the e’ *) states lie above the
lowest energy("-"*) state, this nonradiative pathway should not be accessible upon
excitation into $ Excitation at the reédge in the absorpin spectrum 08.7% revealed
indeed a weak emission band centered around 541 nm, which was not visible with
excitation at the absorptionaximum The corresponding excitation trace acquired at 541
nm peaked at 407 nm and lacked the major higher energiyvisible in the absorption
spectrum, thus confirming thaxcitation into $ results in nonradiative deactivation

without detectible emission from.S

3.3 Conclusions
In conclusion we have demonstrated that the two bis(hydroxystyryl)benZ:6es
and 3.7 show photophysical properties that are distinct from each other and also distinct
from the smaller 3and 4hydroxystilbenes3.8 and3.9. It is remarkable that the dianion

of 3.6 is highly fluorescent, while the dianion of its ison@7 is completely non
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fluorescent. The large quantum yield of fluorescenc8.@fand its dianion presumably
reflects a planarized and quite rigid excisgdte with quinoidal resonance contributions,
% while the quenching of the dianion 8f7 may be explained by the presenof an
intermediate®(n-"*) state combined with a poor Fran€ondon overlap between the
HOMO and LUMO of this double phenolate.Overall, we find it remarkable that a
consanguine group of styrplased phenols3.6-3.9 display such disparatnd
fundamendlly interestingphotoinduced effects, not easily predicted by simply examining
the structural motifs involved. Sudffects, when understood, help illuminate the rather
unusual properties of the related hydroxy crucifdfmsdmay aid in the design of lnér

conjugated fluorophore.

3.4 Experimental
Materials and Methods: All chemicals were purchased from Aldrich Chemical, Acros,
TCl America, or Fisher Scientific and used without purification unless otherwise
specified. Column chromatography was perfedhusing standard grade silica gel 60 A,
326 3 em (230 x 450 mesh) from Sorbent Techi
eluent. Elution of the fluorophores was readily monitored using a handheld UV lamp
(365 nm). Melting points were obtained using alVWlemp apparatus fitted with a Fluka
51K/J digital thermometer. All IR spectra were obtained using a Shimadzu84DEs
spectrometer. Unless otherwise specified, NMR spectra were recorded at 298 K on a
Bruker (500 MHz/400 MHz) or Varian Mercury spectrdere(300 MHz). Chemical
shifts are reported in parts per million (ppm), using residual solvents (chlordjoom

(THF-d5) as an internal standard. Data are reported as follows: chemical shift,
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multiplicity (s = singlet, d = doublet, t = triplet, g = quetrtm = 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-24@81PC
spectrophotometer. All emissigpectra were acquired using a Shimadzu5B61PC
spectrofluorophotometer. Lifetime data were collected using a LifgspdEdinburgh
Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
(Hamamatsu). Data were fit to singlepexential decay so as to optimize -shjuared
values. Quantum yields for all cruciforms were measured using standard proc¢thures.
all cases, quinine sulfate was used as a standard.

Synthesis of intermediates 3.4 and 3.5:
General Procedure: An oven dred Schlenk flask cooled under nitrogen was charged
with 3.1 (0.500 g, 1.32 mmol), potassiuert-butoxide (60 mg, 2.5 mmol), and THF (50
mL). The flask was closed with a septum, a nitrefiged balloon was fitted to the arm
and the stopcock was openétpon addition of the potassiutart-butoxide, the solution
turned purpleed. 4(TetrahydropyrafsR-yloxy)benzaldehyde3(2) (0.409 g, 1.98 mmol)
or 3-(tetrahydr@yran2-yloxy)-benzaldehyde3(3) (0.409 g, 1.98 mmol) was then added
dropwise over a 10 mingpiod. The reaction was allowed to stir overnight before work
up. The small excess potassitent-butoxide was quenched with water and the mixture
was extracted three times with dichloromethane. The organic layer was washed three
times with water and drietvith magnesium sulfate and reduced until a pale yellow
precipitate was formedlhe yellow precipitate was purified by chromotagraphy eluting

with 80:20 dichloromethane/hexanes to give yellow crystals.

-46-



Compound 3.4 Yield: 62%.MP: 270272 °C.IR: 2923, 2867, 1600, 1514, 1234, 1174,
1108, 964, 837H NMR (500 MHz, CDG): U = 7 . 5 0-H)( %48 (d,4H, AHA r

Jn= 8.5 Hz), 7.11 (d, 2H, C=@, }14= 16.5 Hz), 7.08, (d, 4H, AH, J;1 = 8.5 Hz),

7.01(d, 2H, C=eH, Jyu= 16.5 Hz) ,-CH). ,493 .(S5CHB65@EH, U
2H,CH) , 2. 04CH)M9 12 Hm;CeHHH,1 .97 1 -CtHp 1.644rk 2H, i

b-C-H). ®*C NMR (25MHz, CDCh):i = 156.9, 136.9, 131.3, 12

116.9, 96.56, 62.2, 30.1, 25.5, 18.9.

O A O O/(Oj
(@) 0] X
J U,
Compound 3.5 Yield: 65%. MP: 248250 €. IR: 2924.8, 2871.8, 1593.5, 1574.7,

1446.9, 1201.1, 1158.1, 1108.9, 1003.4, 96413.NMR (500 MHz, CDG): i = 7.52 (s
4H, Ar-H), 7.30 (t, 2H, AH, J,1= 8 Hz), 7.26 (s, 2H, AH), 7.18 (d, 2H, AiH, J,1= 8

Hz), 7.12 (s, 4H, C=), 7.00 (d, 2HAr-H, lijuy= 8.5 Hz) , -CH) 387 (s,
(m, ZH),U03.67CH)m, 2.H),6CH)Mm, RHY IGBHM73(MH, o
4H-CH) , 1. 65CHK)mMCN@R(125MHzCDCEL):0 = 157.8, 139.1

129.9, 128.9, 127.2, 120.5, 116144.7, 96.7, 62.4, 30.8, 25.6, 19.1
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Synthesis of bis(hydroxystyryl)benzenes 3.6 and 3.7:

Compounds 3.4 and 3.5 were deprotected by trifluoroacetic acid in

dichloromethane. The products were obtained by extracting with ethyl ether or ethyl

acetate. The vyields reported reflect the amount of pure material that was recovered after

deprotection and recrystallization.

1,4-Bis(p-hydroxystyryl)benzene 3.6 3.4 (0.200 g, 0.414 mmol) was dissolved in

dichloromethane (30 mL) and trifluoroacetic acldnfL) was added into a 160L round

bottom flask. The solution was allowed to stir for 2 h. The product was extracted with

ethyl ether, washed three times with water, dried with magnesium sulfate and reduced

until a dark green powder was formédhe powderwas washed with dichloromethane
and collected by suction filtration and dried under vacuum. Yield: ’0P6.300 °C.IR:
3278, 3010, 1676, 1602, 1514, 1448, 1377, 1249, 960,'BBNMR (500 MHz, THF
d5):0 = 8. 3 6-OH),s7.45 (& BH, AtR,r7.36 (d, 4H, AH, J4 4= 8.5 Hz), 7.08

(d, 2H, C=GH, Ji1= 16.5 Hz), 6.94 (d, 2H, C=6, J; 1= 16.5 Hz), 6.72 (d, 2H, AH,

Jin=85Hz)®C NMR (25MHz, THRdg: 4 = 159. 7, 138.828331.

127.07, 117.4MS (E| 70-SE) (GoH150,): m/z = 314.

1,4-Bis(m-hydroxystyryl)benzene 3.7. 3.5 (0.200 g, 0.414 mmol) was dissolved in
dichloromethane (30 mL) and trifluoroacetic acid (1 mL) was added into-anLG@und

bottom flask. The solution vgaallowed to stir for 2 h. The product was extracted with

1,

ethyl ether, washed three times with water, dried with magnesium sulfate and reduced

until a yellow powder was formed. The powder was recrystallized by dissolving in hot

-48-



ethyl acetate and adding @axcess amount of hexanes. Yield: 76%. MP: 240 °C IR:
3345.7, 3025.4, 1645.2, 1590.2, 1447.4, 1301.2 1157.6, 962.4, BONSRIR (400 MHz,
DMSOdg): i = 9. 4 3-OH),s7.61 (£ #H, A, 17.21 (d, 2H, C=CH, Jyn= 16.5

Hz), 7.18 (t, 2H, AH, 4y = 8.5 Hz),7.16 (d, 2H, C=EH, Jyn= 16.5 Hz), 7.05 (d, 2H,

Ar-H, iy = 7.5 Hz), 6.99 (s, 2H, AH), 6.70 (d, 2H, AfH, Ji1 = 8.5 Hz).2°*C NMR
(125MHz, THF-dg): = 158. 4, 139. 2, 137. 23, 129. 5,
113.3.MS (El, 76SE) (Cx2H150,): m/z = 314.

Determination of pKa Values:Measurementwere performed with a combination glass
microelectrode (Orion, Thermo Electron Corp, Waltham). The electrode was
precalibrated in aqueous buffers at pH 4, 7, and 10. Solution pH measurevasnts
performed in 2/1 viv methanelater mixtures. For the determination of §hi€.0 s |, a
series of UVvis spectra were acquired for whiclog[Hz0'] was varied between 5 and

12. It was demonstratétthat the pH can be measured directly in alcekalermixtures

using glass electrodes precalibrated in aqueous buffers. In this case for 2/1 v/v
methanol/water mixtures the observed pH values are 0.18 pH units higher than the real
ones for this mixture. The raw spectral data were processed Waeankast squares

fit analysis using the SPECFIT software packageoviding deconvoluted spectra for
each species present as waB the acidity constants for the relevant protonation
equilibria.

Computational Methods: Quantum chemical calculations were performed using the Q
Chem computational package.Ground state (§ equilibrium geometries for each

compound were optimized usirdgnsity functional theory with the B3LYP functional
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and the triple split valence polarized basis s&16+G(2d,2p) with added diffuse

functions for improved accuracy of theation structures.

Table 3.3. Cartesian atomic coordinates for neug#&l (S, B3LYP/6-311+G(2d,2p),
Con, E =1999.9174577%.u.)

Atom X (A) Y (A) ZA)

H 8.190388 -2.027408 0.000000
C 7.537830 -1.162661 0.000000
C 5.852421 1.039759 0.000000
C 6.159437 -1.334101 0.000000
C 8.075818 0.120288 0.000000
C 7.222379 1.224806 0.000000
C 5.278915 -0.243655 0.000000
H 5.755633 -2.338069 0.000000
o} 9.421003 0.366356 0.000000
H 7.649409 2.217519 0.000000
C 3.839281 -0.491297 0.000000
H 5.216231 1.912979 0.000000
C 2.853885 0.424400 0.000000
H 3.571002 -1.542231 0.000000
H 3.120898 1.475555 0.000000
C 1.415964 0.175381 0.000000
C -1.415964 -0.175381 0.000000
C 0.838568 -1.103817 0.000000
C 0.534075 1.270723 0.000000
C -0.838568 1.103817 0.000000
C -0.534075 -1.270723 0.000000
H 1.469432 -1.981180 0.000000
H 0.944386 2.272408 0.000000
H -1.469432 1.981180 0.000000
H -0.944386 -2.272408 0.000000
C -2.853885 -0.424400 0.000000
C -3.839281 0.491297 0.000000
H -3.120898 -1.475555 0.000000
H -3.571002 1.542231 0.000000
C -5.278915 0.243655 0.000000
C -8.075818 -0.120288 0.000000
C -5.852421 -1.039759 0.000000
C -6.159437 1.334101 0.000000
C -7.537830 1.162661 0.000000
C -7.222379 -1.224806 0.000000
H -5.216231 -1.912979 0.000000
H -5.755633 2.338069 0.000000
H -8.190388 2.027408 0.000000
H -7.649409 -2.217519 0.000000
o} -9.421003 -0.366356 0.0000@

H -9.907432 0.463425 0.000000
H 9.907432 -0.463425 0.000000
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Table 3.4.Cartesian atomic coordinates for-disprotonate®.6” (So, B3LYP/6-
311+G(2d,2p), &, E =1998.77466214A.u.)

Atom X (A) Y (A) Z A

H 8.202461 -2.053109 0.000000
C 7.558534 -1.181180 0.000000
C 5.912279 1.057413 0.000000
C 6.187937 -1.321974 0.000000
C 8.202498 0.110293 0.000000
C 7.277020 1.224496 0.000000
C 5.300876 -0.219936 0.000000
H 5.760865 -2.321038 0.000000
o 9.458358 0.262081 0.000000
H 7.707866 2.219344 0.000000
C 3.874781 -0.442546 0.000000
H 5.281360 1.939095 0.000000
C 2.862560 0.464247 0.000000
H 3.598983 -1.494805 0.000000
H 3.117790 1.519514 0.000000
C 1.432478 0.197043 0.000000
C -1.432478 -0.197043 0.000000
C 0.853651 -1.087804 0.000000
C 0.518261 1.272336 0.000000
C -0.853651 1.087804 0.000000
C -0.518261 -1.272336 0.000000
H 1.494125 -1.959865 0.000000
H 0.912553 2.28531 0.000000
H -1.494125 1.959865 0.000000
H -0.912553 -2.282531 0.000000
C -2.862560 -0.464247 0.000000
C -3.874781 0.442546 0.000000
H -3.117790 -1.519514 0.000000
H -3.598983 1.494805 0.000000
C -5.300876 0.219936 0.000000
C -8.202498 -0.110293 0.000000
C -5.912279 -1.057413 0.000000
C -6.187937 1.321974 0.000000
C -7.558534 1.181180 0.000000
C -7.277020 -1.224496 0.000000
H -5.281360 -1.939095 0.000000
H -5.760865 2.321038 0.000000
H -8.202461 2.053D9 0.000000
H -7.707866 -2.219344 0.000000
O -9.458358 -0.262081 0.000000

-51-



Table 3.5.Cartesian atomic coordinates for neu8al (Sy, B3LYP/6-311+G(2d,2p),
Con, E =1999.91750715%a.u.)

Atom X (A) Y (A) Z A

H -1.604277 -1.876594 0.000000
C -0.913069 -1.045581 0.000000
C 0.913069 1.045581 0.000000
C 0.444978 -1.305180 0.000000
C -1.397647 0.271181 0.000000
C -0.444978 1.305180 0.000000
C 1.397647 -0.271181 0.000000
H 0.790118 -2.331721 0.000®M0
H -0.790118 2.331721 0.000000
H 1.604277 1.876594 0.000000
C -2.815610 0.615632 0.000000
C -3.857395 -0.234014 0.000000
H -3.014612 1.680827 0.000000
H -3.663218 -1.300048 0.000000
C 2.815610 -0.615632 0.000000
C 3.857395 0.234014 0.000000
H 3.014612 -1.680827 0.000000
H 3.663218 1.300048 0.000000
C 5.276894 -0.121179 0.000000
C 8.034079 -0.677247 0.000000
C 5.740870 -1.447650 0.000000
C 6.220172 0.912961 0.000000
C 7.584061 0.639344 0.000000
C 7.099788 -1.711613 0.000000
H 5.042114 -2.270996 0.000000
H 5.896697 1.945374 0.000000
H 7.446984 -2.735884 0.000000
H 9.094634 -0.895843 0.000000
C -5.276894 0.121179 0.000000
C -8.034079 0.677247 0.000000
C -5.740870 1.447650 0.000000
C -6.220172 -0.912961 0.000000
C -7.584061 -0.639344 0.000000
C -7.099788 1.711613 0.000000
H -5.042114 2.270996 0.000000
H -5.896697 -1.945374 0.000000
H -7.44698 2.735884 0.000000
H -9.094634 0.895843 0.000000
o) -8.434834 -1.713118 0.000000
0 8.434834 1.713118 0.000000
H -9.346301 -1.406724 0.000000
H 9.346301 1.406724 0.000000
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Table 3.6.  Cartesian atomic coordinates for-isgotonated3. 7> (S, B3LYP/6-
311+G(2d,2p), &, E =1998.75867344.u.).

Atom X (A) Y (A) Z A

H -1.593934 -1.882857 0.000000
C -0.907323 -1.047007 0.000000
C 0.907323 1.047007 0.000000
C 0.454670 -1.297360 0.000000
C -1.411849 0.264387 0.000000
C -0.454670 1.297360 0.000000
C 1.411849 -0.264387 0.000000
H 0.804517 -2.323551 0.000000
H -0.804517 2.323551 0.000000
H 1.593934 1.882857 0.000000
C -2.832891 0.602387 0.000000
C -3.882571 -0.24320 0.000000
H -3.035988 1.667582 0.000000
H -3.685018 -1.311460 0.000000
C 2.832891 -0.602387 0.000000
C 3.882571 0.243920 0.000000
H 3.035988 -1.667582 0.000000
H 3.685018 1.311460 0.000000
C 5.306983 -0.099107 0.000000
C 8.064326 -0.633663 0.000000
C 5.763484 -1.433798 0.000000
C 6.235826 0.944660 0.000000
C 7.665446 0.749973 0.000000
C 7.137377 -1.666594 0.000000
H 5.069243 -2.262166 0.000000
H 5.882261 1.970686 0.000000
H 7.494337 -2.692940 0.000000
H 9.127716 -0.845638 0.000000
C -5.306983 0.099107 0.000000
C -8.064326 0.633663 0.000000
C -5.763484 1.433798 0.000000
C -6.235826 -0.944660 0.000000
C -7.665446 -0.749973 0.000000
C -7.137377 1.666594 0.000000
H -5.069243 2.262166 0.000000
H -5.882261 -1.970686 0.000000
H -7.494337 2.692940 0.000000
H -9.127716 0.845638 0.000000
0] -8.492208 -1.713939 0.000000
0] 8.492208 1.713939 0.000000
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Chapter 4

Hydroxycruciforms: Amine Responsive Fluorophores

4.1 Introduction

In this chapter, we investigate the synthesis, photophysics and amine responsive
optical properties in absorption and emission of thugiguely designed cruciform (XF)
chromophore4.6-4.8. The detection and quantification of lawolecularweight amines
is critical in the medical field, in environmental science, anbad safety. The enhanced
presence of lownolecularweight amines in beath can mark disease states in patients
and infoods it indicates spoilage. The detection and quantificatfoamines has been
achieved by antibodidsmolecularlyimprinted polymer$, enzymes singlemolecule
and arraysensor$,and chromatographic rifeds® Recently Lavingeat the University
of South Carolina,elegantly demonstrated that the interplay of planarizatod
aggregate formation in a water soluble polythiophederivative is a powerful
colorimetric tool to detect histaminm food, prediting spoilage in fish sampleS.
Inspired by Lavignes work, we have tailored a novel class of cruciform
fluorophores/chromophoreéXF), 1,4distyryl-2,5-bis(arylethynyl)benzenes, containing
strategically placed phehfunctionalities as modgirobes for arimes! While these small
XF-fluorophores donot display aggregation or distinct planarization behavitreir
specifically engineered frontier molecular orbit@#10s) should allow signal generation
and amplification omineprobingfunctions sich as phnols. The phenoksxhibit either
full or partial proton transfer to the amine nitrogatom, resulting in observable

spectroscopic changes.
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4.1.2 Chromophore Design

Chromophore design centers around different fundamental paradigms: 1) Choose
or constructa suitable (aromatic) carbocyclic or heterocyclic skeleton, then 2) attach the
necessary auxochromic groups, that is, elecha@repting or electron releasing
substituents to the skeleton to tune the absorption and emibsiomst chromophores
donor andaccepobr substituents are attached to the skeleton into positiowgich both
FMOs have thie largest orbital nodes, ensuring the maximum conjugative effect of the
auxochromes to the dye skelefonAuxochromes enlarge the -system and
stabilize/destabilize both the HOMO and LUMO, but to a different degree, leading to

red-shifted absorption.

LUMO

e

T HOMO T HOMO

Scheme 4.1Modulationof the HOMOLUMO gap in cruciform fluorophores by
interaction with metal cation®) and pH changéB).

We and others have designed dyes in which the georoggrtap of HOMO ad
LUMO is minimized. These dyes, XFsgonsist of twoindependent but centrally
connected molecular axes, which carry electtonating and electrorwithdrawing
substituerd respectively; this arrangemdetaids to a situation in which the HOMO is
spatiallyconfined on the electrench branch, while th€ UMO is confined on the branch

that carries the electremithdrawing substituents. One consequence of the spatially
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localized FMOsis a surprisingly large auxochromic effect; that is, absorp#aod
emission are more strongly influenced by substitutr@s waild be generally expected,
allowing to tune theemission of a carbocyclic skeleton from blue to red. THede®-
separatedluorophores should allow biomolecular or environmestisingass XFs might
be able to probe metal catioimscell compartment® Outined in Scheme 4.is a two
stage metalloresponsive, orangsnitting model fluorophoreA. Upon exposure to
magnesium or zinc ions the fluorescenae A changes to blue, but upon further
increasing themount of metal salt the fluorescence color changes iue to yellow
green. The unusual color changes are expldiyeal consecutive stabilization of first the
HOMO and then the LUMO of the metabmplexed XHScheme 41

While we have investigated the stabilization of the FM@s,can also induce
destaliization of the HOMO by introductiof negative charges as in the hydroxy XFs
B (Schemet.1), and indeed, deprotonation led to aséift in emission:* The LUMO of
B is not affectedaccording toDFT calculations. In this contribution we examine the
emissiveproperties of three different hydrosspbstituted XFgl.6i 4.8 and their emissive
properties upon deprotonation amgon exposure to a panel of amines in different
solvents.These studies are of interest as it is possible, just by chatigirsplvent to

identify specific amines by the analysistoé fluorescence color of a single XF8.

4.2 Results and Discussion
4.2.1 Synthesis of Hydroxy XFs
The synthesis of hydroxy XF.6-4.8 begins with a ldrner reaction of..1 with

the aldehyded.2a or 4.2b to furnish the distyrylbenzene derivativé8a and4.3o in 77
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and 64 % vyield, respectivelyafter chromotagraphy (Scheme W.&ubsequently, a
Sonogashira coupling with eithdr4a or 4.4b gave rise to the formation @5 a-c in

yields from 61 to 77%At a temperature of 78 °C, trifluoroacetic acid (TFA) neatly
deprotectedt.5 a-c in dichloromethane to give XF&6-4.8in yields around 882 % as

air and water stable yellow powders.

OR?
R'O. OR?
Et,O5R | |
4.4 a,b TFA
| | —_— e
(Ph3P),PdCl,
Cul/THF -78°C
PO,EL, piperidine
4.1 R20 OR!

4.5a R'= THP R2= Me
43ab OR!' bR'= Me R2=THP
¢ R'=THP R2=THP

O OH O OMe O OH
N = N = N =
@ - -
= \ = \ = \
2o ¥ ¥ oQq

4. 4.7 o

Schemed4.2. Synthesis ohydroxyXFs4.6-4.8

4.2.2 Spectroscopic Properties and Titration Studies of Hydroxy XFs
Figure 4.1 displaysthe absorption and emission spectradddi 4.8 in different
solvents (see also Tablédi 4.3). The spectra of tetr@ther8c are given for comparison.

Solvatochromic behavior o#.6-4.8 and 4.5¢c was investigatef Kamlet Taft solvent

-59-



parameters can account for the contribution of selective (syabirsigo-point hydrogen

bonding interactions) versus nonselec(s@luté solvent dipole interactions) s@ition to
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Figure 4.1 Absorption and emission spectradobc and4.6-4.8in different solvents.
The color coding is the identical for all graphs. MW is 1:9 vol.
methanol/water.
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the electronic spectra of the hyakyaromatic molecules. Fdr5c the absorbance spectra
depend weakly on solvent polaritydicatinga small grounestate dipole moment. The
emissionspectra o#d.5c exhibit stronger bathochromic shifts polar solvents due to the
increase in dipole momemiponexcitation (Table 41). All four compounds4.5c, 4.6-
4.8) are is@lectronic. We assume that their dipole moments igtbend and the excited
states are similar. Therefore, additiobathochromic shifts in the -dand tetrahydroxy
cruciforms are related to hydrogebonding between theéhydroxy groups of the
chromophores and basic solvents, suctDMSO or DMF. However, these shifts are
small, indicatingweak acidity of phenol moieties in both ground and excitates. A
weak shoulder located at ®3m in the emission &f.8in 90 % water/methanol solvent
mixtures might be associated with the excited state ptiotmsfer product. For all dyes
the fluorescence quantum yield in methanol was in the range-87 B6 (Table 4.5).
Compound4.7 has the ghest quantum yield and the longest emissive lifetiove 1.6

ns). It is not clear what the reason is for the differences in structurally similar XFs.

Table 4.1.Absorption and emission maxima #:6in different solvents.

Solvent - - Stokes Shift Vibrqnic
axabs axem [cm™] Progression [cif]
Methanol 336, 365 sh 451 7589, 5224 -
Acetonitrile 337, 370 sh 451 7501, 4854 -
DMF 340, 375 sh 463 7813, 5068 -
DMSO 343, 380 sh 468 7787, 4948 -
THF 339, 370 sh 431, 453 6297, 3825 1127
DCM 342,380sh 428, 451 5875, 2951 1192
Ether 336, 370 sh 423, 447 6121, 3386 1269
Toluene 339, 375sh 424, 449 5914, 3082 1313
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Table 4.2.Absorption and emission maxima #i7 in different solvents.

Solvent o o Stokes Shift Vibrqnic
axabs axem [cm Progression [cT]

Methanol 338,370sh 428, 450 6221, 3663 1142
Acetonitrile 337, 370sh 433, 452 6579, 3932 971
DMF 344,375sh 437, 458 6186, 3783 1049
DMSO 346, 380 sh 441, 462 6226, 3640 1031
THF 341,370 sh 428, 453 5961, 3663 1289
DCM 339, 375sh 431, 453 6297, 3465 1127
Ether 338,370sh 422, 448 5889, 3330 1375
Toluene 339,380sh 426, 452 6024, 2842 1350

Table 4.3.Absorption and emission maxima #:8in different solvents.

Solvent

Stokes Shift

Vibronic

Otnax abs Stnax em [cm™ Progression [ci]
90:10

HsCOH/H,O 334 458 8106 -
Methanol 337 435, 456 6685 1059
Acetonitrile 335 438, 450 7020 609

DMF 343 464 7602 -

DMSO 345 467 7572 -
THF 340 432, 456 6264 1218
DCM 332 428, 450 6756 1142
Ether 337,370sh 424, 449 6089, 3442 1313
Toluene 336 424, 448 6177 1263

Table 4.4.Absorption and emission maxima #5cin different solvents.

Solvent - - Stokes Shift Vibro_nic
axabs axem [cm™ Progression [cT]
Methanol insoluble 427, 448 - -

Acetonitrile 331, 370sh 433, 451 7116, 4854 922
DMF 338,3% sh 436, 455 6650, 4689 958
DMSO 332,3Dsh 441, 458 7445, 5193 842
THF 338, 375sh 427, 451 6167, 4494 1246
DCM 336, 370sh 428, 450 6397, 4805 1142
Ether 335, 375sh 421, 446 6098,4245 1331
Toluene 340,380sh 426, 451 5938, 4143 1301
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Table 4.5.Photophysical data @.6-4.8in methanol.

Compound 4.6 4.7 4.8
Abs (nm) 336, 365 338, 370 337

Em (nm) 433, 451 430, 451 435, 456
U5 (Quantum yields) 0.17 0.37 0.16
U(ns) 0.80 1.60 0.89

The compoundgl.6 and 4.7 were poorly soluble in pure water at neutral pH,
demonstrating formation of rezhifted aggregates in the absorbance spectra. A
comparative study of the aelmhse behawor of 4.6-4.8 was performed in a 2:1 volume
ratio of methanol/water (Figure 4.2). However, the absorbance specd iof these
solvents at neutral pH differed from that in various organic solvents. Thus the absorbance
titration data of 4.7 should be ealuated with cautionsince it reflects not only
deprotonation, but also the dissolutiinits aggregates. Thaggregation phenomenon at
neutral pH is observed also fdr6, but to a much lesser extefthe three compounds
responddifferently towards hyrbxideions in absorption and emissidn.the case o#.6
a new baneémerges (416 nm, UV/Visyhich is fully developed gtH 12. Visually, the
almost colorlessolution turns yellow. Simultaneousky,new band a00 nm appears in
the emissionspectra, nilar to that describedy us for B (Scheme4.1l), while the
emission at 460 nrdisappears due to full grourstatedeprotonation. At highepH the
long-wavelength emissioexhibits a small hypsochromghift. The titration of XF4.7
did not lead to the fonation of the characteristic reshifted phenolate band in the
absorbancspectra, and thBuorescence spectra were quenched without appearance of a
new lowenergy bandOn the basis oMO calculations we have demonstrated that the
HOMO and LUMO orbitalsof such molecules have a vanishimgerlap, which makes

the SIS, electronic transition forbiddenAs a result, bathochromic shifts in the
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absorbance spectravere not observed upon deprotonation; the emis$éiom the
deprotonated species is so weak tihatan not berecorded. The XH.8, with four
hydroxy groups, featuresdiffuse isosbestic point around 346 nm; upon deprotonation
prominent feature develops at 370 nm. We assumedstlibaterminal spectra at the
highest pH value for each XBelongto the fully deprotonated form of the respective
chromophore. The absorbance spectra of the-asiien of 4.8 can be viewed as a
superposition oft.6 and4.7 dianion bandsTo understand these effects, we analyzed the
photometric absorption data usinthe SPEFIT software’® Figure 4.3 displays the
relative amounts of the corresponduhgprotonated@pecies present and the deconvoluted
spectra of theaeutral compound and all of the phenolate anions up ttetreanion for
4.8. Upon increasing the pH the abgton profiles of the formed monodi-, tri-, and
tetraanion are deconvoluted. Their absorption maximum is consecutivelghried

from 335 to 370 nm.
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When traversingrom pH 7 to pH 10 we observe a significantgd-shifted (588
nm) emission band of lower intensity 4.8 Upon further increase of the pH, the
fluorescence intensitgf 4.8 increases again and the emission maximum bluesbiig5
nm. The results of the fit demonstrate the coexistaricgeveral polyaniamn of 4.8 at
different pH regimes. Its surprisingthat in contrast to polyphendfsthe pks of four
hydroxyl groups differ by not more than one unit. pdssible explanation for this
phenomenon is the weak electromteracton between two pairs of hydegs located on
the distyrylbenzene and arylethynyl axes of the molecukesother important
observation from the data fitting thepH mismatch in the existence areas of the different
acid base species for the grourahd the excitedtate titrationsSuch spectral behavior

is aclassical example of the phaitdity in the hydroxyaromatic molecul&sWe note
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that the apparent shifts between the greuamt excitedstate pKs are only about one
unit, demonstratinga small but detectable increase of theotgiacidity in aqueous
solutions.
4.2.3 Amine Sensing Using XFs 4.4.8

With these resultén hand we set out to explore the fluorescence change of the
XFs 4.6/ 4.8 upon exposure towards different amines. We prepdi@dricromolar
solutions of the respeeg XFs in eight differensolvents. These were then distributed
into 13 vials eaclo obtain a matrix of 12 amines plus reference in 8 soltergsre 104
samples per XF. The amine (0.1 mL per samaiegxcess, corresponditga 0.77.2
mM concentrationrange) was then added and a picture of the 13 samplesl1@ith
different amines for each of the eight solvents was tdkegure 4.4). These reablor
photographs were taken in the dark upon irradiation with a-hattd UV-lamp at an

emission wavelengthf@66 nm.
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Figure 4.4. Photographs of solutions 416 (left), and4.8 (right) upon addition of amines
1-13 (left to right) 1) XF, 2) histamine (6.9), 3) imidazole (6.9), 4)
morpholine (8.3), 5) piperazine (9,®) putrescine (9.9),)71,3
diaminopropane (10.5), &hylenediamine (10.7), 9) piperidine (10.8), 10)
triethylamine (10.8), 11.) diethylamine (11.0), 12.) diisopropylamine (11.1),
13.) 1,8diazabcyclo[5.4.0]lunde€/-ene (DBU~12; numbers in parentheses
are the pKa values of the corresponding ammonium ions in water) in
different solvents (top to bottom): A) methanol, B) acetonitrile, C) DMF, D)
DMSO, E) THF, F) DCM, G) ether, and H) toluene. The samples were

I ¢ m m O O W »
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excited by using a haraeld UV-lamp at an emission wavelength of 366 nm.

While the XF4.6 gives colorchanges in emission, the X7 mostly experienes
guenching(see 4.4 experimental¥imilar to the titration ina methanol/water mixture.
The XF 4.8 however, experiencedpectacular changes in fluorescenggon the
combination ofamines, with the emissiooolors ranging from blue to rettaversing
yellow and greengcoveringthe full visible spectrarange.Ground and exciteestate
acid base interactions betweerdihydroxycruciforms and variousamines in
dichloromethanewere studiedand the fluorophoregxhibit emission fromthe fully
deprotonated (ionpair) state. From these observatiomge concluded that in
dichloromethan¢he difference irpK, (or qiG of the proton transfefetween the excited
dihydroxycruciformsand amines arsufficient to produce the solveséparated ion pair
with theemission around 550 nf.In the ground state the observegKs, results in the

formationof the hydrogerbondedcomplexes.
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e XF
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Figure 4.5. Absorption and emission of X&8in acetonitrile upon addition of different
amines. Note that only DBU gives a significant red shift in absorption, while
almost all amines give a signiéint shift in emission.
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Generally, a similar behavior df6 and4.8is observed in thpresent work for an
array of solvents and amines. The oaiyine that quantitatively deprotonates the XFs in
the ground state is the most basic DBU; significant chamgeur both in absorption as
well as in emission (Figurd.5). While only DBU leads to a significant shift in
absorptionalmost all amines lead to a retift in the emission of.8.

We were successful in utilizing the KamiBaft method® to analyze the
solvatochromic behavior of the ESPT product emission maxima, which are the vertical
columns in Figure 4.4. For X#.8the solvent dependence of the emission maxinga)
the longwavelength ban in the presence of ethylenediamine can be presented as equation
(2):

g(cm?)=198-2.770.9bh + 0.7U (r = 0.95)

I n this ’ecgfnalt i b na fTaft stdventsl parameters reflecting the
polarity, basicity, and acidity, respectively, of the solvent (r = residual). From this
analysis one can see that the increase of solvent polarity and basicity causes the
bathochromic shift of the emission, whileethcidity of the solvent works in the opposite
direction. The magnitudes of the coefficients demonstrate the dominating role of the
polarity in the solvatochromic behavior of the fluorescence. Interestingly, the data from
the horizontal rows in Figure 4did not have a straight forward correlation with the.pK

While the photographs give good indication to discern 12mines by4.8 we
converted theolor into RGB values and subtracti@ RGB value of theeference using
the programContrast Analyzet’ Two independenteadings yielded RGBalues for the

XF 4.8that weresubjected to an LDA analysigith the program SYSTATFigure4.6).:
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With 24 differentdata points for each amin8YSTAT reduces the data inéo2D LDA
plot containingonly two factors.The 12 amines areleanly separated according the
analysis of their RGBalues, allowingus to discerrdiethylamine and triethylaminer
diethylamine and diisopropylaminénterestingly, theamines are not grouped in this
LDA plot accordingto their pK, values; however, the -dimines (green) with exception
of piperazine are grouped togetheand secondary aminesuch as piperidine,
diethylamine,and diisopropylamingyellow-orange) are also groupedgether at the

bottom ofthe plot.
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Figure 4.6. Linear discriminant analysis (LDA) of the differential RGB values (left) and
ratio intensities (right) of.8obtained from the righand side Figure.4. The
data on the left were extracted from the matrix geadray the RGB values
measured for the photographs of the&X&dissolved in eight solvents in the
presence of each different amine. The data on the right were extracted from
the ratio of he intensities of each amine from the emission data. All of the
amines are separated when in the 2D LDA. The two factors do not seem to
represent a specific chemical property of the amines, such,aspi,
chemical structure or other obvious chemical properties in either case.

4.3 Conclusions
In conclusion, we have synthesizénlee phenolic XFg.6-4.8. XFs 4.6 and4.8
display redshifted absorption and emission upaseprotonation n methanol/water

mixtures and were investigatéor amine sensing. Aeries of 12 different aminesuld
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be discerned by the specificiorescence response 418 based on excitedtate proton
transfer in eight different solvent3hese experiments implthat one can create a
i chemiocseeld bogly onessensay molecule, but in differemvironments, that
is, solvents. The emission wavelengthXét 4.8 is exquisitely sensitive towards different
amines, andhat ina solvent dependent fashion. The selgty and responsivityf one
fluorophore suffices to constitute a sms#hsor array just by changing the solvent. Using
solutions of4.8 would not be the most effective way to design a sepsor or a similar
applicationoriented gadget, but th@od of principle is important, as XFs could easily
be incorporatedinto grafted, conjugated polymers, in which the appendeuy
conjugated polymer chains should be ablesubstitute for the solvent. Such materials
could be spin castnto silanized silica g and their color response be obserupdn
exposure towards amines in air or water. The heatestribed experiments serve as a
valuable guide for thdesign and execution of such polymeric materials, wplich we
will report in the future. The colorfulydroxy XFs4.6 and4.8 display large and unique
ratiometric shifts upon exposute amines and are fascinatidpjects,fit for further
evaluation exploitinghe principles of spatial separationfiMOs and the mechanisms of

the photoinduced protanander.

4.4 Experimental
Materials and Methods: All chemicals were purchased from Aldrich Chemical, Acros,
TCl America, or Fisher Scientific and used without purification unless otherwise

specified. Column chromatography was performed using Standard Giadegsi 60 A,

326 3 em (230 x 450 mesh) from Sorbent Techr
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of cruciforms was readily monitored using a handheld UV lamp (365 nm). Melting points
were obtained using a Mdélemp apparatus fitted with a Fluke 51K/J thgi
thermometer. All IR spectra were obtained using a Simadzu-BAMRs spectrometer.
Unless otherwise specified, NMR spectra were recorded at 298 K on a Bruker (500 MHz)
or Varian Mercury spectrometer (300 MHz). Chemical shifts are reported in parts per
million (ppm), using residual solvents (chlorofedn or (THFd5) as an internal
standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet), coupling constant, and integratiass M
spectral analyses were provided by the Georgia Institute of Technology Mass
Spectrometry Facility.

All  absorption spectra were collected using a Shimadzu-24@81PC
spectrophotometer. All emission spectra were acquired using a Shimadz80RFC
spectréluorophotometer. Lifetime data were collected using a Lifeggse¢Edinburgh
Instruments), pulsed diode laser (PicoQuant, 372 nm excitation), and PMT detector
(Hamamatsu). Data were fit to single exponential decay so as to optimizquetned
values. Quatum yields for all cruciforms were measured using standard procéedumes.

all cases, quinine sulfate was used as a standard.
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Compounds 3ab:

) B

The general procedure for compoudd3a and4.30 has been préously reported’*

Compounds 4.4a and 4.4b

:—@—OMe :—@—o—@
4.4a 4.4b

Compound4.4a has been previously report&d.

Synthesis of4.4b: To the mixture of A4-iodophenoxy)tetrahydr@H-pryan (3.12 g,

0.0103 mol) with trimethylsilyl acetylenet.35 mL, 0.0308 mol) in BN (5 mL) and

THF (10 mL) was added catalyticamount Pd@®i,( 5 mg, 7.1 emol ), ar
33 emol) » ainmosphere. Théhneixtuié was stirred at room temperature under

N, atmosphere for 18 h and then filtered. Titteate was dried by vacuum to yield the

light yellow solid. The light yellow solid was dissolved in methanol (20 mL) as@Q%

(6.00 g, 0.0434 mol) was added. The mixture was stirred at room temperature for 6 hours.
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Water (100 mL) was added to the midwand extracted with dichloromethane (150 ml).
The organic layer was dried over magnesium sulfate and the residue was isolated by a
column on silica gel using hexane and dichloromethane (v/v, 1:1) solvent mixture to give
a colorless solid (1.30 g). Yiel#66.'H NMR (300 MHz, CDG): i = 7. 43-H,(d, 2H
Jn=8Hz),7.01(d, 2H, AH, liy= 8 Hz), B5CHY2 (3s.,86LH)M,U 1H,
3.61 (M@H)1H2.04-CHmMm, 1H91-6HM, 12H1 -GH), 2H,
1.64 ( m:H). FHNMRELBE MHz, CDC): 4 = 157.26, 133.30, I
95.97, 83.53, 75.82, 61.78, 30.04, 24.96, 18.47.

Compounds 4.%-c:
Compounds4.5a-c were produced by the Sonogashira couplingtdfa or 4.4b. The
reaction progress could be monitored by the developmiettieofluorescent products

which were isolated by precipitating twice in non solvents.

O

.

MeO—@: ! = @—OMe

4.5a
N\

o
O
Synthesis of4.5a: 4.3a(0.335 g, 0.456 mmol) was combined witlla (0.181 g, 1.37
mmol), (PPB),PdCL( 5 mg, 7.1 e@B@&I )e,moCyYyl am® mg,ssol ve

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
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product was extracted with dichloromethane (100 mL), washeee 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: 779P: 209 °C. IR: 2933, 847, 2206, 1603, 1512,

1244, 1172, 1035, 961 ¢ém'H NMR (500 MHz, CDG):ti = 7. 8 7-H)(757 (d,2 H, A
4H, Ar-H, 3y = 9 Hz), 7.56 (d, 2H, C=¢1, };4= 16.5 Hz), 7.53 (d, 4H, AH, Jy = 9

Hz), 7.24 (d, 2H, C=H, J, 1= 16.5 Hz), 7.11 (d, d, 4H, Ad, Ju = 9 Hz), 6.95 (d, 4H,

Ar-H, 3u= 9 Hz), B:HE9 9(4s ,( n2Z-H),B.BB (s, &H, AOMe), 3.66

(m, 2H), U2. 04CH)M, R.H9 LCH)m, 1 .4H]1 -Qdth 1.644mH, U

2 H,-C-H). °C NMR (125MHz, CDCk): i = 160.24, 157.41, 137.
130.29, 128.80, 128.31, 124.42, 122.487.13, 115.79, 114.57, 96.72, 95.75, 87.23,

62.47,55.77, 30.74, 25.62, 19.15.

OMe

\

MeO
Synthesis of4.5b: 4.3b(0.345 g, 0.581 mmol) was combined withib (0.352 g, 1.74

mmol), (PPB).,PACL( 5 mg, 7.1 e mol ))andCigsblved ibB THR@EGOD 33 ¢
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 times with water
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(100 mL), dried with magnesium sulfate and reduced until a green powder formed, which

was purified by recrystallization adding hot dichloromethane and an excess of hexanes,
yielding a light green powder. Yield: 61%IP: 198 °C. IR: 2916,2847, 2201, 1602,

1511, 1242, 1172, 1035, 957, 919 ¢nmH NMR (500 MHz, CDG):&i = 7. 87- (s, 2
H), 7.55 (d, 2H, C=€H, ;= 16.5 Hz), 7.55 (d, 4H, AH, Jy = 9 Hz), 7.54 (d, 4H, Ar

H, Jun= 9 Hz), 7.24 (d, d, 2H, C=6l, J;1 = 16.5 Hz), 7.1qd, 4H, ArH, Jy = 9 Hz),

6.95(d, 4H, ArtH, }Jju= 9 Hz), KH1 (3s ,9 42-H),B.8Us26H,Ar U
OMe), 3.66H)Y m, 22614CH)m, 2H9 IGBH)M, 1 .4H], -Gom, 4H,
H) , 1. 64-CHm’C NMR,(125MHz, CDC}): U = 159.95, 157.74, 137.55,

133.34, 130.65, 130.26, 128.80, 128.41, 124.15, 122.45, 116.95, 116.60, 114.66, 96.68,

95.74, 87.29, 62.49, 55.76, 30.67, 25.56, 19.07.

\

Sx
Synthesis of4.5c: 4.3 (0.302 g, 0.411 mmol) was combinedth 4.4b (0.250, g, 1.24
mmol), (PPB),PdCL( 5 mg, 7.1 emol ), Cul (5 mg, 33 ¢
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 withiathloromethane (100 mL), washed three times with water
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(100 mL), dried with magnesium sulfate and reduced until a yellow powder formed,
which was purified by recrystallization adding hot dichloromethane and an excess of
hexane, yielding a bright yellow palsr. Yield: 61%.MP: 201 °C. IR: 2941, 2872,
2206, 1604, 1514, 1239, 1201, 1173, 1050, 96I'ctii NMR (500 MHz, CDG): U =
7.88 (s, 2H, AH), 7.56 (d, 2H, C=€H, ;= 16.5 Hz), 7.55 (d, 4H, AH, J1 1= 9 Hz),
7.53 (d, 4H, AtH, J = 9 Hz), 7.24 (d, d, 2H, C=6l, }14 = 16.5 Hz), 7.11 (d, d, 4H,
Ar-H, Jyn=4 Hz), 7.09 (d, 4H, AH, lju= 4 Hz ), B5CH5 0 3(.s9,4 4(Hn, W H
CH), 3.66CH)Mm, 24.H)4CKmM, HBH9I1®BH)mM,1.8HL -Qom, 8H,
H) , 1. 64-CHm'*C MR ,(125MHz, CDCk): & = 157.73, 157. 4
133.36, 131.45, 130.27, 128.79, 128.33, 124.40, 122.48, 117.14, 116.94,, 9668,
95.80, 87.33, 62.52, 30.69, 25.63, 19MS (FAB, 76SE) (GgHss0s): m/z = 882.
Compounds 4.64.8

Compounds1.6-4.8 were deprotected by trifluoroacetic acid in a dry ice acetone
bath. The products were obtained by extracting with dichlorcanetior ethyl ether. The
yields reported reflect the amount of pure material that was recovered after deprotection

and recrystallization.

OH

HO
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Synthesis of 4.64.5a (0.095 g, 0.166 mmol) was dissolved in dichloromethane (60 m
and trifluoroacetic acid (2 mL) was added into a-b@l0round bottom flask kept in a dry

ice acetone bath. The solution was allowed to st#7&t°C for 2h and then thawed to
room temperature. The reaction mixture was washed three times with wateani(J,00
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). YieldM#8%228
°C.IR: 3357, 2915, 2834, 2198, 1603, 1512, 1244, 1170, 958.¢k NMR (500 MHz
THFRdg): i = 8. 4 2-OHKl)s7,88 (8 BH, AtA),r7.53 (d, 4H, AH, 31 = 9 Hz),

7.51 (d, 2H, C=€H, ;1= 16.5 Hz), 7.44 (d, 4H, AH, 311 = 9 Hz), 7.29 (d, 2HC=C-

H, Jin = 16.5 H2, 6.96 (d, 4H, AiH, 3y = 8.5 H2, 6.75 (d, 4H, AiH, 31 = 8.5 H2),

3.82 (s, 6H, AlOMe). °C NMR (125MHz, THRdg): i = 160. 59, 158. 42,
130.77, 129.30, 128.35, 128.30, 122.52, 122.33, 115.86, 115.67, 114.43, 85H%

54.99.MS (E|, 70-SE) (GoH3004): m/z = 574.

OMe

HO—@ =\ T-, \\_/=/>—0H

\

MeO
Synthesis 0f4.7: 4.5b (0.070 g, 0.111 mmol) was dissolved in dichloromethane (50 mL)

and trifluoroacetic acid (2 mL) was added into a-b@l0round bottom flask keph a dry
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ice acetone bath. The solution was allowed to st#7&t°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 orange powddomvae.

The powder was recrystallized by dissolving in hot chloroform and adding an excess
amount of hexanes, yielding orange crystals (64.0 mg). Yield: 94P%6.198 °C.IR:

3380, 2916, 2837, 2185, 1603, 1512, 1248, 1173 1029, 955. ¢hh NMR (500 MHz
JTHF-dg): 0 =8. 77 (s -OH),rr7.88(g 2H, AH), A.56 (8, 2H, C=CH, } 4

= 16.5 Hz), 7.53 (d, 4H, AH, 3, = 8.5 Hz), 7.43 (d, 4H, AH, J, 1= 8.5 Hz), 7.33 (d,

2H, C=GH, Jyn = 16.5 Hz), 6.92 (d, 4H, AH, J;n= 8.5 H2, 6.79 (d, 4H, AH, Jyn=

8.5 H2), 3.79(s, 6H, AlOMe). °C NMR (125VIHz, THRdg): i = 158. 44, 156 .

131.36, 128.74, 128.46, 126.49, 126.29, 121.63, 120.67, 114.01, 112.53, 112.33, 94.20,

84.40, 53.02.

OH

HO—Q: 7 = )-OH

\ 4.8

HO

Synthesis 0f4.8 4.5¢ (0.090 g 0.102 mmol) was dissolved in dichloromethane (50 mL)
and trifluoroacetic acid (2 mL) was added into a-b@l0round bottom flask kept in a dry
ice acetone bath. The solution was allowed to sti7&t°C for 2h and then thawed to

room temperature. The r&@#n mixture was washed three times with water (100 mL),
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dried with magnesium sulfate, filtered and reduced until a dark brown powder was
formed. The powder was rinsed with dichloromethane and dried yielding dark brown
crystals (82.8 mg). Yield: 929%P: 212 °C.IR: 3383, 2136, 1601, 1362, 1221, 1091,
901 cm™ 'H NMR (500 MHz ,THFg): U = 8. 6 9-OH)s8,40 (&, BH, AGH),

7.86 (s, 2H, AH), 7.50 (d, 2H, C=€H, ;= 16.5 Hz), 7.43 (d, 8H, AH, 314 = 9 Hz),

7.28 (d, 2H, C=EH, 344 = 16.5 Hz) 6.79 (d, 4H, AiH, 314 = 8.5 H2), 6.75 (d, 4H, Ar

H, J31=8.5H) .'®C NMR (125MHz, THRdg): 4 = 158. 77, 158. 38,
130.61, 129.34, 128.26, 122.63, 122.40, 115.86, 114.28, 95.90, 86S3¢| 70-SE)
(C3gH2604): m/z = 546.

General exgerimental procedure for 4.7: To investigate the sensory ability of hydroxy
cruciforms towards amines, a solvatochromism study was conducted using 10
micromolar solutions the following solvents: methanol, acetonitrile, dimethylformamide,
dimethylsulfoxide tetrahydrofuran, dichloromethane, ether, and toluene. Approximately
0.1 mL (0.71.5 mM range) of amine was added to each 15 mL vial and its optical
properties were measured. A picture of the fluorescent respong€ wiith amines
irradiated under a UMamp is also shown below (séggure 4.7. The emission and

absorption spectra for all hydroxy XB<-4.8 can be found in the supporting information

21
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1 2 3 4 5 6 7 8 9 10 11 12 13

7

8

Figure 4.7. Exposure o#.7 to different amines in various solveni®p to bottom: 1.)
methanol, 2.) acetonitrile, 3.) DMF, 4.) DMSO, 5.) THF, 6.) DCM, 7.) ether,
and 8.) tolueneLeft to right: 1.)4.7, 2.) histamine (6.90), 3.) imidazole
(6.90), 4.) morpholie (8.33), 5.) piperazine (9.83), 6.) putrescine (9.90), 7.)
1,3-diaminopropane (10.47), 8.) ethylenediamine (10.70) , 9.) piperidine
(10.80), 10.) triethylamine (10.80), 11.) diethylamine (11.00), 12.)
diisopropylamine (11.10), 131)8-diazabicyclo[5.4.0]Jundec-ene
(DBU~12). The numbers in parentheses are Kgvplues of the
corresponding ammonium ions.

Titration Spectra and determination of pKa Values: Measurementsvere performed

with a combination glass microelectrode (Orion, Thermo Electron Corp, Waltham). The
electrode was precalibrated in aqueous buffers at pH 4, 7, and 10. Solution pH
measurements were performed in 2/1 v/iv metharmde mixtures.  For the
determination of thepK0 s , a s e-vis spectra avere ddquired for whidh
log[HsO'] was varied between 5 and 12. It was demonstratbat the pH can be
measured directly in alcoh@later mixtures using glass electrodes précated in
aqueous buffers. In this case for 2/1 v/v methanol/water mixtures the observed pH values

are 0.18 pH units higher than the real ones for this mixture. The raw spectral data were
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processed via nelinear least squares fit analysis using the SPEGoftware package,
providing deconvoluted spectra for each species present as well as the acidity constants
for the relevat protonation equilibria.

Results from principal component analysis:

1,4b i sHydraxystyryl)-2,5b i s-fiydraxyphenylethynyl)benzeney.6. pKa,= 8.67
+/- 0.39; pk= 10.02 +/0.01

1 - 100 1
0.9 90
0.8 80 1
07 — Neutral S 01 —nNeutral
© 0.6 Mono g 60 1 Mono
£ 05 —Di g 504 —Di
204 5 401
0.3 < 30 4
0.2 20 4
0.1 10 1
0 T T T T T J 0 T T T T T
300 350 400 450 500 550 600 6.8 7.8 8.8 9.8 10.8 11.8
Wavelength (nm) pH

Figure 4.8.Spectrophotometric pH titration of fluorophate&in MeOH/H,O (2:1, v/v).
Left: deconvoluted UWis spectra for the neutral (blue), monoprotonated
(green) and fully deprotonated (red) species. Right: Calculated species
distribution diagram.

1,4b i srhethéxystyryl)-2,5b i s-liydraxyphenylethynyl)benzene) 4.7 pKa=
10.8 +£0.1; pKy=10.8 +0.3

11 100 4
0.9 90 1
0.8 80 1
Y 0.7 1 — Neutral = 70 1 —Neutral
2 061 Mono % 60{ —Mono
I ) 2 —Di
£ 05 4 —Di S 50 4
9 k=]
2041 5 401
03 -/\ < 30 A
02 20
0.1 10 A
0 T T T T T J 0 ; - ; . .
300 350 400 450 500 550 600 72 8.2 9.2 10.2 11.2 122

Wavelength (nm) pH

Figure 4.9.Spectrophotometric pH titration of fluorophate’ in MeOH/H,O (2:1, v/v).
Left: deconvoluted UWis specta for the neutral (blue), monoprotonated
(green) and fully deprotonated (red) species. Right: Calculated species
distribution diagram.
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Table 4.6 Linear discriminant analysis (LDA) data set obtained from the R&&eg of
4.8 with amines.

R G B
A2 21 -11 -36
B2 37 -21 0
Cc2 11 -34 -21
D2 -18 60 -23
E2 55 -13 -54
F2 0 4 -64
G2 -36 -21 -142
H2 -18 -41 -202
A3 65 47 0
B3 14 -100 -227
C3 49 -9 1
D3 27 104 0
E3 77 -3 -169
F3 187 151 58
G3 4 -20 -198
H3 -2 8 -32
A4 95 18 -57
B4 42 -84 -252
C4 80 -49 -37
D4 46 65 -10
E4 107 52 -220
F4 213 217 83
G4 34 89 -150
H4 41 93 3
A5 94 26 -45
B5 13 -100 -228
C5 74 1 21
D5 4 82 -2
ES 110 49 -121
F5 22 26 -63
G5 37 91 -170
H5 -21 -29 -201
A6 166 98 -181
B6 8 -97 -211
C6 132 -130 -158
D6 82 -75 -189
E6 143 39 -255
F6 175 117 13
G6 79 57 -225
H6 164 85 -224
A7 173 106 -240
B7 94 -93 -255
c7 160 -159 -231
D7 95 -108 -252
E7 148 33 -255
F7 225 151 -71
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G7
H7
A8
B8
C8
D8
ES8
F8
G8
H8
A9
B9
C9
D9
E9
F9
G9
H9
A10
B10
C10
D10
E10
F10
G10
H10
All
B11
Cl1
D11
Ell
F11
G11
H11
Al2
B12
C12
D12
E12
F12
G12
H12
A13
B13
C13
D13
E13
F13
G13
H13

72
108
141

40
163
120

91
157

98
104
144
124
139

55
122
248

61
107
113
136

51

20

72
122

49

71
137
117

92

40

91
231

39

66
106
146

52

17

57
191

42

54
113

48

71

93

44

44

75

98

42
38
81
-100
-153
-111
13
106
21
39
80

-125
16
56

227
104
127

177
91
90
81

-117
-176
-114

21
60
53

-255
-243
-246
-255
-231
-255
-255

-255
-214
-236
-255
-160
-67
-255
-22
-202
-106
-123
-207
24

-67

-60
-158
-237
-255
-133

-73
-251

-32
-186
-105
-243
-248

-19

-53
-127

-52
-105
-118
-233
-255
-231
-255
-255

-78
-252
-252
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Table 4.7 Linear discriminant analysis (LDA) values 48 obtained from themax Of the
emission and relative fluorescence intensities in the prescence of amines.

histamine -3 1 -2 0 -2 0 1 0
histamine -3.2 111 -17 -033 -1.87 -044 0.63 041
imidazole -6 0 -4 0 0 97 1 6
imidazole -6.1 -0.3 -375 001 -0.212 96.72 0.23 59
morpholine -1 100 -3 -1 91 91 83 10
10.0
morpholine -1.5 9996 -2.63 -0.98 90.69 90.47 83.05 1
piperazine -3 109 -2 0 -3 0 85 0
piperazine -3.25 109.01 -165 0.01 -3.21 -0.16 84.64 0.26
putrescine 89 29 0 0 93 106 88 82
105.3
putrescine 88.7 29.25 055 -0.47 9257 3 87.78 824
1,3
diaminopropane 96 134 137 142 103 108 100 90
1,3 142.0 102.7 107.3 100.1 90.0
diaminopropane  95.6 134.26 137.3 1 1 9 1 1

ethylenediamine 100 140 142 141 104 108 101 93
142.1 141.2 103.7 108.1 100.4 93.3

ethylenediamine  99.9 140.01 4 7 9 2 3 1
piperidine 94 116 -3 -1 90 98 86 73
73.0

piperidine 94.23 116.21 -2.7 -0.99 89.78 97.61 85.63 1
triethylamine -3 113 -4 -1 -1 100 74 65
64.9

triethylamine -28 1129 -356 -1.154 -1.21 99.72 73.63 3
diethylamine 90 122 -3 -2 90 100 83 71
70.6

diethylamine 89.9 122.01 -2.7 -1.99 8954 9991 82.25 3
diisopropylamine 91 120 -2 -1 90 97 80 60
60.1

diisoproylamine  91.1 119.63 -1.88 -1.2 89.79 96.65 79.63 8
DBU 86 113 141 136 97 111 97 85
141.7 136.0 110.7 85.0

DBU 85.9 112.96 1 1 96.48 2 96.91 1
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Chapter 5

Cruciform -Silica Hybrid Materials

5.1 Introduction

Functional chromophoresnd 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 diophores 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 environmentadnd biodiagnostic sensory applications, it is
desirable if the fluorophores or chromophores utilized for analysis are immolbilized
temporarily or permanentliy on a solid support. Such solid supports can either be just a
scaffold for the dye(s) undeowgsideration, 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 anray 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 tec@neentrate gaseous
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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.

Coordination of metal cations to XFs results in either-red blueshifted
emission if pyridines or dialkylanities are incorporated!f both are present, a twatage
mechanism, where there is first a blue shift followed by a red shift is observed that results
from the complexation of an XF such & with increasing amounts of zinc or
magnesium ions. If weincpror at e hy dr o x y-$ystegnrofothegedunciional o t h ¢
fluorophores, we observe fluorescence shifts upon deprotonation. These compounds can
alsoserve as fluorescent probes for the differentiation of amine Bases.

In this chapter, we examine theardction ofXFs5.1-5.7 with mesoporous SBA
15 silica materialsA-D containing acidic sitesA(), basic sites K), hydrophobic
trimethylsilyl sites C), and bare, unfunctionalized silica containing silanbls(Scheme
5.1). We investigate the resultinguciform-silica hybrid materials by opticaand
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, thiee support of XFs on silica would allow the XFs to
maintain their fluorescence properties in the solid state, and if theseststédadsorbed

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

5.2 Results and Discussion

5.2.1Synthesis of Mesoporous Silica @ports.
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Mesoporous silica SBAS5 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 thik,&BA-15 with an average pore
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c|>H c|>H OH OH OSiMe; OSiMe; OSiMe;

| SiO, | | SiO,

Bare Silica (D) Capped Silica (C)
Loading (mmol/g) = 1.030

O O

S S— NH, NH,
S/OMe iSI/OMe Si/OMe Si/OMe
l |
(lj/ \(ID (|)/ \(l) (l)/ \(l) (l)/ \cl)
| SiO, | | Si0, |
Sulfonic Acid Silica (A) Basic Silica (B)
Loading (mmol/g) = 0.030 Loading (mmol/g) = 1.458

Scheme 5l. Structure of XF$.1-5.7 and a schematic representation of the surface
functionality of silicasA-D.
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diameter of 57 A and a surface area of ~70fyrwvas prepared via standard metfid

After calcination to remove the block copolymer template, the material was
functionalized by standard silane grafting techniques to introduce Lewis basic
aminopropyl group8, Brgnsted acidic sulfonic acid groupsor hydrophobic
trimethylsilyl groups®® Changes in surface properties were verified by nitrogen
physisorption and thermogravimetric analysis.

5.2.2. Spectroscopic Properties of the XFs 55817 inthe Presence of Microstructured
Functionalized Silica Supports.

XFs 5.1-5.7 emit vibrantly n organic solutions. We have detailed their sensory
responses towards metalticas, protons, and amings’ Emissions of the XFs in the
solid state are generally red shifted, broadened, and less intense, limiting their potential
use as sensory materiafsthe solid state (Figurg.1l). 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) uner consideration; they may also suppress aggregation/excimer formation
or preconcentrate analytes.

XFs5.1-5.7 were dissolved in toluene and dry mesoporous silica was added. The
resulting suspensions were incubated in the dark foo2#4shat which pmt the samples
were photographed under UV light (ex = 365 nm) to qualitatively examine the resulting
fluorescence of the cruciforsilica hybrid materials. As Figurg.2 shows, the solid
silica settled to the bottom of the vials and was highly fluordsceifo more
guantitatively assess the fluorescent of thesesi€a hybrid materials, we recorded the
fluorescence spectra of suspensions of these hybrid materials in toluene using a triangular

cuvetteto minimize scattering (Figurg.3 and Tablés.1). When compounds.1-5.7 are
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exposed to capped silica, the emission of theskiEa hybrids ranges from 424 (58:7)

to 548 (XF5.49 nm. In addition, the intensity asdape of the observed emissions are
reminiscent of those observed in solution, not thasserved in the solid state. Thus,
mesoporous SBAS5 silica appears to be a promising platform to enhance and/or

modulate XF fluorescence.
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Figure 5.1. Normalized emission spectra®fl-5.7 in toluene (top) and the solid state
(bottom). In the solidtate, 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 5.2. Vials containing XF$.1-5.7 in toluene incubated with silicab & Bare
silica, C = Capped SilicaA = Acidic Silica,B = Basic Silica) for 24 hours.
For comparison, column F shows X#:4-5.7 in toluene exposed to
trifluoroacetic acid%.1-5.5) or n-hexylamine §.6,5.7). Column E shows
XFs5.1-5.7in a tduene solution. Photos were taken under blackliight=

365 nm) and photographed using a Canon EOS Digital Camera equipped
with an EFS 1&5mm lens.
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Table 51. Tabulated emission data ¥fFs5.1-5.7 in the solid state, solution, and
complexed with functionalized silica. For reference, emissiobsles.7
upon exposure to trifluoroacetic acid antlexylamine in toluene solution
are included MAxlerhissien values are reported in nm.

XF Solid Toluene Bare Capped Acidic Basic TFA Hexylamine
515 434 508 434 537 434 530 n/a

5.1
£, 515 446 513 446 555 446 555 nia
£ 615 492 426,492 492 427 492 424 nla
£, 625 547 428,547 548 433 546 432 nla
£ 605 531 468 531 523 531 532 nia
£ 515 473 475 475 473 476,550 n/a 561
£, 550 424 425 424 426 513 nja 454,497

XFs 5.1-:5.5 171 all of which possess Lewis base moietieshow large shifts in
fluorescence upon exposure to acidic silichede shifts can be rationalized by assuming
protonation 06.1-5.5 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 spatiagparated FMOs. In the casetof and5.2, the
LUMO is localized primarily on the accepteubstituted axis of the molecule while the
HOMO resi desswmsttiteut@mddn branch of the XF
pyridine, the LUMO is stabilized whilthe HOMO remains largely unaffected, resulting
in large bathochromic shifts il (434 to 537 nm) an8.2 (446 to 555 nm) in emission
(Figure74, A).

In the case of5.3 and 5.4, we observe large hypsochromic shifts upon

protonation. Upon incubationith acidic silica, we oberve blue shifts in the emission of
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5.3 (492 to 427 nm) an®.4 (547 to 433 nm). This is a consequence of the FMO

structure of these donor/accepsubstituted XFs. In XFs.3and5.4, the HOMO is
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Figure 5.3. Normalized emigsn spectra 0b.1-5.7 supported on bare (green), capped

(dark blue), acidic (orange), and basic (light blue) silica. For comparison, the
emission of XF$.1-5.7in toluene (black)5.1-5.5with trifluoroaceic acid
(yellow), and5.6-5.7 with n-hexylamine (yellow) are shown in black. Spectra
were taken of the suspended silica particles in toluene using a triangular
cuvette. Emission maxima areosim in Table 5.1.
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Figure 5.4. Schematic representation of the effect of protonation upon the FMOs and
emission of XF®$.1 (A, top left) ands.3 (B, top right). C (bottom) shows
the effect of deprotonation on the FMOs and emissidntof
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localized on the electromich 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 (FiguteB).

We also obserr a small blue shift (53323 nm) upon incubation d&.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 reactiof.5ofvith
trifluoroacetic acid®® In the case 05.5, the HOMO lies on the donubstituted
distyryl axis of5.5, 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 ad the LUMO, resulting in a slight net blue shift. As the digital
photograph indicates, the toluene supernatant was completelfluoogscent upon
incubation 0f5.1-5.5 with A, presumably because the acidic support adsorbs all the basic
XFs from solution. In all cases, the emissions observed for complex&sles.5 with A
are similar to emissions recorded upon addition of excess trifluoroacetic &ciia®;
5.6 and5.7 show no change in emission upon exposum.tdrhis can be rationalized by
assummg 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 05.1-5.7 to basic silica, an opposite response is observed. The
composites of Lewis basic substituted X3-%-5.5 with basic silicaB display the same
emission ash.1-5.5 with C. This is readily rationalized by assumingat the basic

surface functionality oB does not interact with these XFs and affect the photophysics of

-99-



5.1-5.5. In the case d&.6 and5.7, the chromophores possess hydroxy substituents which
interact with the amindunctionalized surface dB. We havepreviously reported that
hydroxy-functionalized XFs such as.6 and 5.7 can display shifts in emission upon
exposure to amines and other bases. Similar effects are observed here upon complexation
of 5.6 and 5.7 with B. Reaction withB deprotonates theydroxy functionalities
destabilizing the HOMO 05.6 and5.7 while the LUMO remains relatively unperturbed
(Figure54, C). As a result, bathochromic shifts are observed upon complexation of
hydroxy-functionalized XFs wittB. In the case db.6, a largeredshift is readily visible

in Figure5.2; this is observed as a large shoulder in the emissién 6f Actered near

550 nm. Some of the unreacted X6 also remains in the silica, which appears
dominant due to the relatively low emission intensityhaf sample as well as the higher
guantum yield of the blue species relative to the red species. Upon expoSireods,

we observe a similar redshift from 424 nm to 513 nm.

Complexation of XF$.1-5.7 with bare silicaD also generates fluorescent higbr
materials. The surface chemistry @fis mildly acidic; therefore, one might expect to
observe similar responses to those observed for the sulfonic acid functionalized.silica
Upon exposure o6.6 and 5.7 to bare silica, solids are formed which metahe
fluorescence 06.6 and5.7 in solution. As in the case &, no large shifts in emission
are observed upon formation ®f 6 Ard5. 7 AlBthe case of the complex &8 with
D, we observe little change in emission qualitatively. Spectrosammination of
5. 3 Aeleals a small amount of a blueshifted species present in the hybrid material at
426 nm, corresponding to the emission of the protonated. XFHoweverthe majority

of the XF is deposited in the complex as the native unprotobadedesponsible for the
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dominant emission at 492 nm. A similar result is observed in the casebfAHEre we
observe a dominant emission at 547 nm originating from unprotobatetiowever, a
small blueshifted band is observed at 428 nm, contridaestotonated.4.

Upon reaction of XF5.5, 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 dteies @nd is
consistant with the emission observed in previous titrations.ofvith trifluoroacetic
acid.When5.1 and5.2 are exposed tbare silica, bathochromic shifts are observed upon
formation of hybridss. 1 Ardl5. 2 AlB the case 08.1, a shif from 434 to 508 nm is
observed; irb.2, the emission shifts from 446 to 513 nm. These bathochromic shifts are
consistent with an interaction which stabilizes the LUMOSs of the XFs while leaving the
HOMOs unpreturbed (i.e. protonation); however, the ntagei of the shift is
considerably smaller in both cases as compared with shifts observed upon addition of
sulfonicacid functionalized silica or trifluoroacetic acid. We attribute this to hydrogen
bond formation rather #n 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 nitrogénslindnd5. 2 A D
appears more favorable than protonation of tkgl@mino nitrogens irb. 3 Ard5. 4 A 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 5.5. Fluorescence response 5fl supported on functionalizeslilica scaffold
upon exposure to vapor analytes. The top spectra displays the emission of
5.1 supported on bare (green), caped (dark blue), acidic (orange), and basic
(blue) silicas. Upon exposure to NHEimiddle) and trifluoroacetic acid
(bottom) vapos, notable fluorescence responses are observed.
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5.2.3. Sensory Responses of XEnctionalized Silica Microstructures Towards
Representative Volatile Organic @mpounds (VOCSs).

Functionalized mesoporous silica microstructures provide an attractive platfor
for the solidphase support of XFs. We were anxious to assess the potential of these
fluorophores to respond to the presence of vgbase analytes. We exposbd
supported on all four functionalized silicas to representative vapor phase analytes of
interest.  This proebf-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 fluoreswgicls
(Figure5.5, A).

Figure 55 shows the responses observed upon exposur&.lof(A) to
triethylamine (B) and trifluoroacetic acid (C) vapors. In the dry solid state, the hybrid
materials resulting from the exposure of BR to both basic and capgesilica display
emissions of approximately 460 nm. Incorporation5df into/onto bare and acidic
particles generates materials with emissions of 550 and 555 nm respectively. Upon
exposing these solids to NRtapors for five minutes, large hypsochromstufts 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 exgoduifioroacetic
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 emissiorisranging from 560 to 580 niiin all four cases.

These responses can be rationalized by considering the protonation states of XF

5.1 when depositedn silica scaffolds and when exposed to vgpuaise analytes. The
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emissions of hybrids. 1 Ar@5. 1 Addtered at 460 nm indicate theegpence of the
nonprotonated XP.1. Emissions of 550 and 555 nm recorded Sor1 Ami5. 1 A A
respectively correspond to the expected protonated forrh.lof Upon exposure to
ambient NEj vapors, we observe large bathochromic shifts.inl Anal5. 1 Aiidle 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 NBtapor causes the deprotonationsdf supported in/ors.1 A A
and5. 1 Adtoring 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®f 1 AMB80-570 nm) and. 1 ME0-560 nm)while acidic

and bare hybrids ob.1 remain unchanged. This finding is consistent with the
protonation of5.1 in the basic and capped hybrids, resulting in the observed redshift in
these samples.

The shifts observed upon exposure of thesesi€a hylrids 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 hybiinils.
application, the silica scaffolds serve two functiomstst, 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 partislenodulates the photophysics of the XFs as
well as their reactivity towards the simple VOCs employed in this gbpfinciple

assay.
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5.3. Conclusions

Microstructured mesoporous silica possessing varied functionalities were
successfully employed as sffls 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 irggrated into the silica scaffold can be utilized to modulate
the photophysical behavior of the incorporated dyes. The resultingiliX& hybrid
materials display reactivity towards representative amines and organic acids which is
modulated by the functi@lization present on the silica scaffold. Future contributions
will more thoroughly examine the potential of sikisapported XFS as well as the
hybrid materials generated from the XFs metallated and protonated analo@ges
fluorescent dyes for theetkction 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.

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 68643 32 m
(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 Mdlemp apparatus fitted with a Fluke 51K/J digital

thermometer. All IR spctra were obtained using a Simadzu F8H0s spectrometer.
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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 (chloform-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 Institat of Technology Mass Spectrometry Facility.

All  absorption spectra were collected using a Shimadzu-24@81PC
spectraphotometer. The emission spectra of solutions and suspensions were acquired
using a Shimadzu RB301PC spectrofluorophotometer or a PTua@QtaMaster
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 peskwere removed by subtracting feuorescence ectra 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 SilicMaterials. SBA-15 was prepared similarly teported
literature procedures A copolymer template of poly(ethylene oxidalpck-
poly(propylene oxideplock-poly(ethylene oxide) (18 g) was dissolved in a solution of
cHCI (103.5 g) and deionized water (4F) Tetraethyl orthosilicate (38.4 g) was added

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 wasdied and washed with several portions of deionized

water to remove residual copolymer and give SEBAas a white powder. The material
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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 85C at 1.2 °C/min, and hold at 550 °C for 6 h. The
calcined SBA15 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 687grand a BJH adsorption pore diameter of 57 A.
Synthesis of capped SBAS5. In order to remove surface silanol groups and reduce
surface acidity, 1,1,1,3,3/3xamethyldisilazane (1.0 g) was added to a solution of
calcined SBA 15 (1.0 g) in hexanes. T8@ution 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 experimensfiowed the material to have a BET surface area of
332 nf/g and a BJH adsorption pore diameter of 49 A.

Synthesis of sulfonic acid functionalized SBAS5. The sulfonic acid functionalized
SBA-15 was prepared similarly toreported literature procedurts 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 vac@ui€at 5
Thermogravimetric analysis indicated a loading of 0.57 mmol SH/g. Sike residual
surface silanols groups on the thiol functionalized SERAwere capped by adding the
material (1.0 g) to 1,1,1,3,3[8&xamethyldisilazane (1.0 g) in hexanes and irsgrr
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 SiCFinally, the capped, thiol functionalized matéria
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(1.0 g) was oxidized by adding it to a solution of methanol (10 g) and 3@4 (R0 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 expsriment
showed the material to have a BET surface area of 4&pand a BJH adsorption pore
diameter of 50 A.

Synthesis of amine functionalized SBA5. The amine functionalized SBA5 was
prepared similarly to repted literature procedure$ *? 3-aminopropitrimethoxysilane

(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. Tép@vimoetric analysis
indicated a loading of 1.7 mmol Nig Si0,. Nitrogen physisorption experiments showed
the material to have a BET surface area of 18@ @mnd a BJH adsorption pore diameter

of 38 A.

Silica material characterization. Thermogravimetrianalyses (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 wmegdormed on a
Micromeritics ASAP 2010 at 77 K. SBA5 samples were degassed at 150 °C under
vacuum overnight prior to analysis, and functionalized SB/samples were degassed at

50 °C under vacuum overnight prior to analysis. Analysis of the pordsitye @rganie
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.
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Synthesis of XF5.7. Scheme 5.2 outlines tlgeneral synthetic approach used to obtain
XF 5.7. From the previously reported diiodi8e8,> a Sonogashira coupling is utilized to
affix the arylethynyl substituents. Incorporation of hydroxy functionatgguires
tetrahydropyran (THP) protection of-i/droxybenzaldehyde prior to the Horner
olefination used to synthesizB.8. Following the Sonogashira coupling, deprotection
with trifluoroacetic acid readily yieldS.7 from 5.1091% yield The synthesis of XFs

5.1-5.6have been previously report&* >

OTHP OTHP OH
CF,
=@ ke \ oFs Fic \ oFs
| 50 T2 N = =y e IN=C =)
Pd-cat Cul = \ \_7 DCM =
piperidine/THF F;C \ CF, F;C \ CF;
THPO THPO HO
7
5.8 5.10 S

Scheme 2. Synthetic route for XB.7.

Synthesis ofcompound 5.10.5.8 (0.450 g, 0.613 mmol) was combined wit¥* (0.572

g, 1.84 mmol), (PPH.PdCL (5 mg, 7.1emol), Cul (5 mg, 3Zmol), KOH (0.500 g, 8.90

mmol) and dissolved ipiperidine (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. Theduct 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 chromotagraphy eluting with 70:30
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dichloromethane and hexanes, yie2b2 mg of yellow crystals. Yield: 53%IP: 242
°C.IR: 2929, 2852, 2214, 1507, 1374, 1280, 1245, 1181, £&80'H NMR (500 MHz,
CDCly): Ui = 8.05 (s, 4H, AH), 7.94 (s, 2H, AH), 7.90 (s, 2H, AH), 7.53 (d, 2H, Ar

H, JH,H = 8.5 Hz), 7.49 (d, 2H, C=B, JH,H =16.5 Hz), 7.27 (d, 2H, C=8, JH,H
=16.5 Hz), 7.11 (d, 4H, AH, JH,H = 8.5 Hz), 5.49 (s, 2H}C-H), 3.95 (m, 2H3C-H),

3.65 (m,2H, UC-H), 2.05 (m, 2HP-CH), 1.91 (m, 4Hp-C-H) 1.72 (m, 4H[C-H), 1.65

(m, 2H, b-C-H). **C NMR (125MHz, CDC}):ti =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, 9282, 91.60, 62.53, 30.71, 25,59, 19.10

Synthesis of XF 5.7. 80 (0.095 g, 0.166 mmol) was dissolved in dichloromethane (50
mL) and trifluoroacetic acid (2 mL) was added into a lOround bottom flask kept in

a dry ice acetone bath. The solution waevedid to stir at78 °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 formEte powder was recrystallized by dissolving

in hot methanol, yielding yellow crystals (76.4 mg). Yield: 91#:292 °C. IR: 3356,
2923, 2858, 2213, 1606, 1514, 1373, 1280, 1126'ctH NMR (500 MHz , THF): Ui =

8.53 (s, 2H, AiH), 8.30 (s, 4H, AH), 8.12 (s, 2H, AfOH), 8.09 (s, 2H, AH), 7.57 (d,

2H, C=GH, }i4= 16.5 Hz), 7.52 (d, 4H, AH, 3,4 = 8.5 Hz), 7.39 (d, 2H, C=E, J1n

= 16.5 Hz), 6.81 (d, 4H, AH, J;4 = 8 Hz) *C NMR (125MHz, THRds): Ui = 157.03,
136.50, 130.18 (m), 127.17, 126,9026.67, 125.04, 124.19, 122.88, 120.71, 120.47,

119.81, 119.62, 118.58 114.07, 90.70, 89.65.

-110-



5.5 References and Notes

. (@)Pond, S. J. K.; Tsutsumi, O.; Rumi, M.; Kwon, O.; Zojer,BEEedasJ. L.;

Marder, S. R.;Perry, J. WJ. Am. Chem. So2004 126 92919306 (b) Wang, B.;
Wasielewski, M. RJ. Am. Chem. So&997, 119 12-21. (c) BangcuyoC. G.;
RampeyVaughn, M. E.; Quan, L. T.; Angel, S. M.; Smith, M. Bynz, U. H. F.
Macromolecules2002 35, 15631568. ¢l) Pautzsch, T Klemm, E.Macromolecules
2002 35, 15691575. (e) Nielsen, M. B.; Diederich, Zhem. Rev2005 105 1837
1867. (f) Kivala, M.; DiederichF. Acc. Chem. Re2009 42, 235248.(qg) lyer, P.
K.; Beck, J. B.; Weder, C.; Rowa8, J. Chem. Commur2005 319321. (h)
Knapton, D.; Rowan, S. J.; Weder, acromolecule2006 39, 651-657.(i) Beck, J.
B.; Ineman, J. M.; Rowan, S. Macromolecule2005 38, 50635068.

. (a)Rakow, N. A.; Sustk. K. S.Nature 200Q 406, 710713. (b) Rakow, N. A.; Sen,
A.; Janzen, M. C Ponder, J. B.; Suslick, K. Angew. Chem. Int. EQR0O05 44,
45284532. (c) Suslick, K. S.; Rakow, N. ASen A. Tetrahedron2004 60, 11133
11138. (d) M. C. Janzen, J. B. Ponder, D. P. Bailey, C. K. Ingison, K. S. Suslick.
Anal. Chem.2006 78, 359:3600. (e)hang, C.; Suslick. S.J. Am.Chem. Soc.
2005 127, 1154811549. (f) ZhangC.; Suslick K. S J. Agric. Food Chem2007,

55, 237%242. (g) ZhangC.; Bailey,D. P.;Suslick K. S. J. Agric. Food Chem2006
54, 49254931.

. (@)Wilson, J. N.; Bunz, U. H. B. Am. Chem. SoQ005 127, 41244125. (b)
Zucchero, A. J.Wilson, J. N.; Bunz, U. H. FI. Am. Chem. So2006 128 11872
11881. (c) Tolosa, J.; Zucchero, A.Bunz, U. H. F.J. Am. Chem. So2008§ 130,
64986506. (d) Brombosz, S. M.; Zucchero, A. J.; Phillips, R. L.; Vazquez, D.;
Wilson, A.; Bunz, U. H. FOrg. Lett.2007, 22, 45194522. (e) Hauck, M.;
Schonhaber, J.; Zucchero, A. J.; Hardcastle, K. |.; MilleJ. J.; Bunz, U. H. E.
Org. Chem.2007, 72, 6714-6725. (f)Wilson, J. N.; Hardcastle, K. I.; Josowicz, M.;
Bunz, U. H. F. Tetrahedron.2004 60, 71577167. (Q)

. (a)Wilson, J. N.; Josowicz, M.; Wang, YBunz, U. H. FChem. Commun2003
29622963.

. (&) McGirier, P. L.; Solntsev, K. M.; Mia&.; Tolbert, L. M.; Miranda, O. RRotello,
V. M.; Bunz, U. H. FChem. Eur. J2008 14, 45034510. (b) McGrier, P. L;
Solntsev, K. M.; Schénhaber, J.; Brombosz, S. M.; Tolbert, L. M.zBUnH. F.
Chem. Commur2007, 21271 2129.

. Zhao,D.; Feng,J.; Huo,Q.; Melosh,N.; FredricksonG. H.; ChmelkaB. F.; Stucky,
G. D. Sciencel1998 279 548552.

. Zhao, D.;Huo, Q.; Feng, J.; Chmelka, B. Btucky, G. D.J. Am. Chem. Sod 998
120 60246036.

. Yokol, T.; YoshitakeH.; Tatsumj T. J. Mater. Clem. 2004 14, 951-957.

-111-



9. (a) Van RhijnW. M.; De Vos, D. E.; Sels, B. FBossaertW. D. Chem. Commun.
1998 317318. (b) WilsonB. C.;JonesC. W. Macromolecules2004 37, 9709
9714.

10. AnwanderR.; Nagl, I.; WidenmeyerM.; EngelhardtG.; GroegeyO.; Paim,C.;
Roser T. J. Phys. Chem. BR00Q 104, 35323544.

11.Stein,A.; Melde,B. J.;SchrodenR. C Adv. Mater.200Q 12, 14031419.

12.Kallury, K. M. R.; MacdonaldP. M.; Thompson M. Langmuir1994 10, 492499.

-112-



Chapter 6

Acidochromicity of Bisarylethynylbenzenes: Hydroxy versus Dialkylamino
Substituents

6.1 Introduction

Reactive chromophores or fluorophores that change color, emission wavelength,
and/or emission intensity upon exposure to analytes and ametipthy useful as sensors.
They cont ai n -aonjugdted eareowptrhembedded functionality possessing
free electron pairs before or after addition of an andlyfEhe interaction of the free
electron pairs of functional fluorophores with shitaanalytes or stimuli influences the
position of the HOMO, the LUMO, or both and elicits changes in absorption and emission.

The concept of isolobality of molecules was set forth by Hoffrhand asserts that
molecules of similar Frontier Molecularri@tal (FMO) structure geometry and electron
count display similar reactivity and properties. It is a qualitative model that guides the
understanding of properties and reactivities of analogous molecules. One should be able to
use the isolobal principle tpredicti at least qualitatively the expected responses of
classes of consanguine fluorophores towards change of pH or metal coordination.
Superficially, one might expect hydroxy substituents should be isolobal to amino groups.
However, a simple apgiation of the isolobal principle will not always suffice in such
organic systems, as the relative orbital ordering results in systems where (in a formal sense)
free electron pairs interact predominately with either tha r  tshistem. “ If the free
electron pairs are energetically low lying, we expect them to interact predominately with
t h esystém, while energetically higher lying electron pairs should have a larger

i nteracti-gystemwi th the
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A simple test bé for this hypothesis would be compounés4 and 6.5
bis(arylethynyl)benzenes functionalized with dibutylamino and  hydroxy groups,
respectively. Though synthetically simple, their sensory responses have not been
examined Comparison 0B.4 and6.5 with their analogous distyrylbenzefiés6 and6.7
permit the expansion of this study to investigate differences that arise when alkenyl groups
are exchanged for alkynyl groups. Probing the acidochromicity and photophysical
properties 06.4-6.7 should offe insight into the application of the isolobal principle and

provide an understanding of fundamental physicghnic issues in these systems.

6.2 Results and Discussion

6.2.1 Synthesis of Bisarylethynylbenzenes

R

6.2 R=NB = —_
= { VY~—=*H 6-3R=OHU2/BUZN . 8 —.- NBu,
A PAClFER): HOL)—=—)—=—-)-oH

6.5

Piperidine

D

2¢

Scheme6.1. Synthesis of compoundis4 and6.5from 6.1via Sonogashira coupling of
substituted-iodobenzene6.2and6.3.

Distyrylbenzene compounds6 and 6.7 were synthesized according to literature
procedures?® Surprisingly, 6.5 * has been reported only once aBd! is unreported,
although the dimethyl and dihexylsubstituted compounds are known. HeGassar
Sonogashirddagihara (HCSH) coupling d.2 to 6.1 furnishes6.4. Similarly, 6.5 was
synthesized from the HCSH coupling &@B with 6.1 (Scheme 6.1)° Upon protonation
with trifluoroacetic acid or deprotonation with tetrabutylammonium hydroxide, compounds

6.4a6.7aare obtained.
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BuN-{ p=—C )= )NBu, —2cd . Bu2HNNHBu2
6.4

Base
6.4a
HOXC )—=—C)—=—()-OH :>_BA?;74?§—< OO0« )= )=+00
6.5

6.5a

BuN~<y _ Acid  _ < )-NHBU,
NBu2 ~TBass Bqug®
“° : e

\ ~>ase 4@§ 4
6.7 OH Acid eo0 O 4 6.72

Figure 6.1. Acid/Base equilibrium relationships 6f4-6.7aare shown. Diagonal
isolobal relationships are indicated.

6.2.2 Spectroscopic Properties of Hydroxy/Dialkylamino Bisarylethynylbenzenes and
Distyrylbenzenes

For ease of discussion, isolobal pairs have been placed inté\dets~gure 62).
These compounds were examined through-UW¥ and fluorescence spectroscopy (dilute
solutions in diethyl ether, l.dioxane, chloroform, dichloromethane, methanol, ethanol,
isopropanol,tert-butyl alcohol, acetonitrile, dimethylformamidendca dimethylsulfoxide;
(Figure 6.2).  Figure 6.2 displays the absorption and emission of e in four
representative solvents to permit a qualitative examination of solvent effects upon each
compound. Diethyl ether, methanol, acetonitrile and dimethylsulfoxide were chose
because they represent rawmlar, polar protic, and polar aprotic solvemtsthe case of sets
C andD, with the exception d6.5in the very polar solvent DMSO, the absorption spectra
for both compounds are nearly each superimposable in a rangeeasftsolifhe absorption

spectra ob.4aand6.5are only ~10 nm apart and display similar vibronic features.
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Figure 6.2 Absorption (left) and emission (right) spectra@®#-6.7a in diethyl ether
(blue), methanol (green)cetonitrile (orange) and dimethylsulfoxide (grey).
Compounds are grouped by electronic structure into isolobalAsBtgfar
right).

Similarities are also observed in the emission spectra &f; €edadisplays nearly
overlaped, highly structured em@ss in a range of solvents6.5 exhibits a similarly
featured emission in diethyl ether; however, as solvent polarity increases, the vibronic
features give way to a broadened  d6Gboot h
is similar to that o6.4a SetC behaves in a nearly identical fashionCiphowever, the
absorption and emissiospectra are reghifted approxnately by 30 and 40 nm,

respectively. In set€ andD, the chromophores lack available lone pairs; as a result, we
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would expect ltle solvent dependence in their absapti or eyni Rudhermore, a
the isolobal principle suggests all four chromophores should exhibit similar photophysical
properties. Indeed, this is what is obsen&dprising differences were observed in gets
and B, where the chromophores possesvailable lone pairs. The isolobal principle
predicts that pair$.6 and 6.7a and 6.4 and 6.5a should exhibit similar photophysical
properties; furthermore, we expect sktandB to behave in a similar fashion. While sets
A andB are similar, differeces appear in the paiés6 and6.7aand6.4and6.5a In the
case of dibutylamindunctionalized 6.6 and 6.4, the absorption spectra in variety of
solvents are similarly featured and exhibit a minimal26- nm) solvent dependence.
Greater solvent depeedce is observed in the emission spectra. The emissi&6 ahd
6.4in ether is highly featured; as solvent polarity increases, the emission is redshiited (~
nm) and vibronic definition disappears.

In 6.7aand 6.5 methanol exhibits the highest egg absorption, and dramatic
solvent dependence (~80 nm) is observed in the absorption maxima. Divergence is also
observed in the emission spectra. The emissiof.td and 6.5a in diethyl ether is
considerably redshifted relative to their alkylamino rdewparts (~80-100 nm). Little
solvent dependence is observed in the emissidgh 7at (~ 20 nm), while in the case of
6.53 a large solvent effect is seen. Here, the emissiérbalvaries by more than 15tm,
ranging from MeOH at the highestergy toethyl ether at the loweshergy.

The compounds in se@G andD behave as isolobal pairs; however, the suprising
| ack of 06i sol oA antB reguies an expiatione Preveusly, we Have

analyzed solvent dependent absorption and emnisgiectra of similar compounds utilizing

the LipperiMataga equatiof® A s ol vent 6s dielectric const
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used to calculate an orientation polarizab

plotted against the energy of tBgokes shift for each measured solVéniGenerally, a

linear plot is obtained with the magnitude of the slope reflecting the change in a

fluorophoreds di pole moment wupon excitatior
A Lippert-Mataga analysis 08.4-6.7aproved difficult; whereas theilzltylamino

compounds .4, 6.4a 6.6, and6.68 were well corelated, the phenolic compoundss

6.5a 6.7, and6.78 showed no meaningful relationship. The Lipgddtaga equation only

considers nospecific effects related to solvent reorganizatiomlvéhtfluorophore

interactions may, however, play a critical role in understanding the behavior of the

phenolates.

6.2.3 KamletTaft Analysis of Hydroxy/Dialkylamino Bisarylethynylbenzenes and
Distyrylbenzenes

We subjected6.4-6.7a to a KamletTaft (KT) solvent analysisaccounting for
solventspecific interactions due to hydrogen bonding or acid/base reattid(s. relies
on a multivariate linear regression analysis of the absorptignof a chromophore in a

variety of solvents (Eq. 1).
Eq 1. KamletTaft multivariate approach:
vV (1000/cm)= Vo +s-m"+a-a+b-f

The KT approach correlates the solvdné pendent spectral shi ft:
chromophore with three solvedependat par amet er s (odqrresponds a n d

to the absorption or emission energy of the chromophore in a vacuunsyajiendb are

fitted coefficients obtained from thenBar regression analysis (see 6.4 experimenidie

index "~ *hexpbédsey ©f the solvent to stabi
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dipole via nonspecific dieléic interactions. U and b i nhcosolpe®r at e
i nteractions; b describes the proton accep
to the hydogen donating character of the solvent. By analyzing the coefficients, it is
possible to determine the degree to which e
a b s or pytofiachmomephore.

Table6.1 shows the results tiie KamletTaft aralysis. The calculatesgh values
range from 25.1 to 31.2 x 1@8m™; the compounds within isolobal s&thave similars,
values as do those in sd&8s C andD. As one would expect, the valuesffor the
styryl isolobal sefA are slightly lower, indiciing a redshift in the gas phase absorption
relative to their arylethynyl congeners in ®tThe red shift is a consequence of the
hybridization change (sp sp) in the bridge carbons when going from alkynes to
alkenes. This more electrgith system abws the phenyl groups to interact somewhat
more strongly through the conjugative briddéie same relationship holds true for the

styryl compounds i€ relative to their arylethynyl analoguesin

Table 6.1. Coefficient Values Obtained from Kam{€aft Analysis
Isolobal Sets A B C D

Compound 6.6 6.7a 6.4 6.5a 6.6a 6.7 6.4a 6.5

30" 251 254 274 268 288 279 312 307
S -1.2 -1.4 -1.5 -2.5 -0.76 -0.76 -0.26 -0.52
A 029 27 0.17 29 060 052 -0.07 0.32
B 0.16 -2.7 0.14 -15 -063 -0.31 030 -0.55
R° 09 090 095 080 083 077 058 0.80
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AUni t garedrf10cm3. PRis the correlation coefficient.

The s coefficient oft he “~* term reflects the contri
interactions of the solvent with the fluorphore and is somewhat analagous to the slope
obtained from a Lippetilataga analysis; itsi r el at ed to the fl uor or
cases, this term is negative, inducing a spectral redshift. Isolobal pairs behave similarly and
as we would expect. In sefsandD, electron pairs are involved in proton bonding. As a
consequencss is les significant, suggesting a smaller dipole. In setsxdB, where free
electron pairs are more availaldés larger, suggesting a greater dipole.

The a and b coefficients for the isolobal se@ and D are modest. The lack of
availabile free electro pairs results in minimal solvespecific interaction. Similarly, in
the case oflibutylamino compound§.4 and 6.6, thea and b values are also relatively
small. Thesterm is thepredominat influence on the observed absorption. However, in
the caseof the deprotonated phendisbaand 6.7a a andb become significant, witla
inducing a hypsochromic shift afresulting in a bathochromic shift. This results in the
divergent photophysical behavior observed6iba and 6.7a relative to their isolobal
counterparts.

Why is this pronounced solvent effect observed exclusive5aand6.7aand
not in their isolobal counterpaés4 and6.6? One might attribute this differential behavior
to the increased basicity of a phenolate(pKLO)"* as compare to a dialkylamino group
(PKa~ 6.6)* A look into the Hammet-values is instructive, as here thealues® of -O
, -N(CsH7)2, -OH and-NMe,H" ares = -0.81,s = -0.93,s =-037,ands & 0. 70,

respectively> The Hammett values testify to the apparent electronic similarity of the
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phenolate to the dialkylaminoarps but of course do not take into account the hydrogen
bonding contributions that will undoubtly be much stronger in the case of a phenolate than
in a neutral amine. More surprising is the similarity of the spectroscopic properties of the
phenols and # ammonium salts (where hydrogen bonding apparently does not play a
significant role), given the larger differences in their respective Hammett parameters.
While the correlation with Hammett, parameters is appealing and correct, they clearly
cannot explain the subtleties in this interesting system.

An important additional point are the quantum yields of these eight compounds,
which we determined in acetonitrile. Generally, in the p&i@ndB, the aniline always
has a significantly higher quantum yield than the phenolate. In the ca&®&apthe
guantum vyield is below 0.01. For the parsandD, the differences are much smaller and
the quantum yields are generally quite substantiabdth cases, the ammonium species
display a higher quantum yield than the phenols. The differences in the quantum yields are
somewhat intransparent, as it is often observed, the only rough trend is that the higher the
emission wavelength, the lower thaission quantum yield is; a notable exceptiof.&a
with its vanishing emission. Generally, the amines do better with respect to emission
guantum vyield than the phenols and phenolates, for subtle reasons that are not easily

divined.

6.4 Conclusions
We haveexamined the photophysical properties and acidochromicity of hydroxy
and dibutylamingunctionalized distyrylboenzenes and arylethynylbenzenes. Whil€sets

andD exhibit similar photophysical behavior as expecge] do not possess effectivedon
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pairs,setsA andB 7 possessintpnepairsthat interact effectively with thp-system of the
fluorophoré show different behavior in absorption and emission. These differences stem
from fluorophoresolvent interactions which disproportionally affechet phenolate
substituted dyes.

The true electronic similarity d.4-6.7a can be appreciated when viewing their
absorptionand emission in acetonitriea s ol vent possessing s mal
parameters (Figuré.3, Table 6.2. The contribution b solutespecific effects is
minimized; the isolobal similarity ofA and B as well asC and D becoms readily
apparent. Although the phenolate and dibutylamino groups are isolobal, the difference
in their pK; and the presence of thenic phenolate restsl in dyes that are electronically
isolobal. However, they behave very differently in practice, particularly in hydrogen

bonding solvents

Table 6.2. Selected photophysical data of compoudss.7ain CH;CN.
Isolobal Sets A B C D

Compound 6.6 6.7a 64 6.5a 6.6a 6.7 6.4a 6.5

amaxAbsorption(nm)410 431 378 408 353 364 321 328
amax Emission(nm) 494 542 466 496 414 426 351 380
A (omh 7774 175156799 9632 4712 24191 6089 10230

a 0.60 0.13 051 <001 073 043 054 043
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Figure 6.3. Absorpton (left) and emission (right) spectra 6#4-6.7a in acetonitrile.
Top: 6.4 (blue), 6.5a (green),6.6 (orange),6.7a (grey). Bottom:6.4a
(blue),6.5(green) 6.6a(orange) 6.7 (grey).

Interesting and somewhat unexpected is the findingfteatelectron pairs in the
hydroxy compound$.5 and 6.7 are not available for conjugation with thp-system.
Apparently, these electrons are too low in energy to permit efficient interaction. The
other, somewhat expected trend is that dyes containing alkene bridges display redshifted
spectral features when compared to analogous fluorophores featlksyng groups. We
note that the change in hybridization ¢spspf) increases the electron donating character
of the distyryl compounds as compared to the bisarylethynyl compounds. While the gas
phase absorption3,, is redshifted in all of the alkene comymuls relative to the
corresponding alkyne compounds, the degree to which a solvent effects the absorption of

a molecule is nearly identical among an alkalig/ne pair as can be seen through similar
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values ofs, a, andb. Therefore, we recommend acetotetras the preferred solvent for
the comparison of a series of consanguine fluorophores. In addition, our study gives
design guidelines showing how to engineer absorption and emission wavelengths in

distyrylbenzene and bisarylethynylbenzdike dyes.

6.3 Experimental
Materials and Methods All chemicals were purchased from Aldrich Chemical, Acros, or
Fischer Scientific and used without purification unless otherwise specified. Column
chromatography was performed using Standard Grade silica gel 60688 ( 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 MelTemp apparatus fitted with a Fluke*8Xdigital thermometer.All IR spectra
were obtained using a Shimadzu FI8&00s spectrometer. Unless otherwise specified,
NMR spectra were recorded at 298 K on a Bruker DRX spectrometer (500 MHz).
Chemical shifts are reported in parts per million (ppm), using residual s¢hdmtoform
d, DMSO-d6 or THFRd8) 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 gudwdhe Georgia Institute of
Technology Mass Spectrometry Facility. All absorption spectra were collected using a
Shimadzu UVW2401PC spectrophotometer. The emission spectra of solutions were
acquired using a PTlI QuantaMaster spectrofluorophotometéttexlitwith a xenon arc

lamp and series 814 PMT detector.
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Synthesis of 6.4To a stirring solution of @50 g of 1,4diethynylbenzene6(l) (1.19

mmol, 1 eq.) in 10 mL of degassed THF/Piperidine (3:1 v/v) under nitrogen was added
0.867 g 0f6.2(2.62 mmol 2.2 eq.), 8.3 mg of Pd&PPh), (0.012 mmol, 0.01 eq.) and 2.3

mg of Cul (0.012 mmol, 0.01 eq.). The vessel was sealed and allowed to stir for 24 hours.
The solution was then poured into dichloromethane, followed by extraction with brine (X2)
and water(X2). The organic layer was dried with magnesium sulfate, filtered and
concentrated under reduced pressure. The crude compound was then purified by column
chromatography utilizing DCM:Hexane (2:3) furnishiég in 54% vyield (0.342 g, 0.643
mmol). *H-NMR (500 MHz, CDG) d 0.96 (t, 12H J=9 Hz), 1.36 (m, 8H), 1.57 (m, 8H),
3.28 (t, 8H J=12 Hz), 6.57 (d, 4H J=9 Hz), 7.35 (d, 4H J=9 Hz), 7.42 (s 2GHNMR

(125 MHz, CDC}) 114.41, 20.74, 51.10, 87.61, 92.87, 108.99, 111.60, 123.53, 131.43,
133.29, 148.41IR (KBr) 6 3798 (w), 3333 (w), 3196 (w), 3092 (w), 3043 (w), 2953 (s),
2868 (s), 2727 (W), 2561 (W), 2207 (s), 2160 (m), 1902 (w), 1884 (w), 1688 (w), 1609 (s),
1523 (s), 1468 (m), 1400 (m), 1371 (m), 1285 (m), 1198 (m), 1144 (s), 1109 (m), 926 (m),

833 (s), 8149), 525 (m).

Spectroscopic Data of Compound6.4-6.7a
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Figure 6.4. Absorption (left) and emission (right) spectrebotin a variety of solvents.
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Figure 6.5 Absorption (left) and emission (right) spectrebofain a variety of solvents.
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Figure 6.8. Absorption (left) and emission (right) spectreéddin a variety of solvents.
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Chapter 7

Hydroxy -Dialkylamino Cruciforms: Dual Response to Protons, Base, Selected Metal
lons and Amines

7.1 Intoduction

In this chapterwe investigate the photophysical, amine and metalloresponsive
properties of hydroxylibutylaniline cruciforms (XFs)’.6 and 7.7. Metalloresponsive
fluorophores are of interest as it may be possible for them to detect metal cations in
compartmentalized biologit systems such as eukaryotic céllgletal cations such as
Zn**, Mg*, c&*, and Mt exhibit important biological functions in cefls. The
detection and quantification of amines is critical in food safety as the prescence of amines
can indicate spoilage Because amines are commonly used in the preparation of
pharmaceuticals, surfactants, and fertilizers, they often become pollutants in landfills and
the aqueous environment. The detection amine® Hmen achieved by antibodfes,
molecularly imprinted plymers? enzymes, singlemolecule and array sensérgnd
chromatographic methodsHowever, most of tree methods are costly ared more
efficient approach for detectios desired

Up to now, XFs have been reported containing basic nitrogens, pyridines,
phenolates as functional appendages attached to a perpendicular distyryl or an
arylethynyl branch both connected to a central benzene core. If pyridines or
dialkylanilines are incorporated, either a red or blue color change in emission is observed
upon coordination of metal cations. If both functional groups are present, -stage
metalloresponsive fluorophore results as a ishié is observed upon addition of Zn

followed by a reeshift upon addition of excess Zif If hydroxyl groups are
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incorpoa t e d i 1system, spaceoscopic changes are observed upon deprotonation;
particularly upon exposure to amine bases.

The following work focuses on incorporating dialkylaniline and hydroxyl
substituents onto one XF in an effort to create adt@geprobe that is responsive not
only to protons and base, but also to metal cations and amines. The changes in absorption
and emission elicited by these analytes are induced by the destabilization and
stabilization of the HOMOof the XFs, respectively. Inripcipal, the approach of using
one fluorophore to detect such analytes would be more feasible than using multiple
fluorophores.  Surprisingly, there is no published literature on chromophores or
fluorophores that exhibit this twstage responsive capatyli The specifically engineered
FMOs of hydroxydibutylanline XFs allow protons and metal cations to interact with the
free electron pairs of the dibutylanilines)d the phenols to exhibit hydrogen bonding or

proton transfer tamines, all resulting inteactivespectroscopic changes.

7.2 Results and Discussion
7.2.1 Synthesis of HydroxyDialkylamino XFs
The synthesis of hydroxgibutylaniline XFs7.6 and 7.7 begins with a Horner
reaction of7.2a or 7.2b to produce the distyrylbenzene derivative8a and7.3b in 77
and 71 % vyield, respectively after recrystallization (Scheme 7.1). Subsequently, a
Sonogashira coupling with eith@rda or 7.4b gave rise to the formation @t5a andb at
66% yield. At a temperature of8 °C with trifluoroacetic aciTFA) 7.5a and7.5 were

deprotected to afford XF&6and7.7 at 84 and 82 % vyield, respectively.
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Scheme7.1. Synthesis of hydroxgibutylamino XFs7.6and7.7.

7.2.2 Spectroscopic Properties of Hydroxpialkylamino XFs

Figures 7.1 and 7.2 display the absorption and emission spedidhoXFsin
different solvents. The absorbance spectrd.6fdisplay broad absorption maximums
ranging from 35872 nm. XF7.7 exhibits a significant charge transfer band in all
solvens around 42345 nm and a single more intense absorption at ~ 338 nm. The
absorbance spectra for both compounds depend weakly on solvent polarity indicating a
small grounestate dipole moment. However, the emission spectra of both XFs display
stronger batbchromic shifts in polar solvents due to the increase in the dipole moment

upon excitation. The emission spectra of the XFs are broad and featureless and range
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from 461 to 540 nm. The only exceptions/ in the presence of ether and toluene,

which displg vibronic progressions at 992 and 1177 ‘cmespectively. We assume that

the large bathochromic shifts observed in the more polar solvents is attributed to

hydrogen bonding with the hydroxyl groups of the chromophores, especially with the

more basic soknts DMF and DMSO. The fluorescengeantum yield in methanol was

~ 14% for both compounds. XF6 exhibited the longest emissive lifetime at 5.56 ns

(Table7.3).
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Figure 7.1.Absorption (top) and emission (bottom) spectrd.6in differert solvents.
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Table 7.1 Absorption and emission maximums #6in various solvents.

Solvent dmaxabs(nm)  amaxem(nm) Stokes Shift Vibronic
(cm™) Progression
(cm™)

Methanol 363 508 7863 -
Acetonitrile 364 537 8851 -
DMF 369 521 7906 -
DMSO 372 538 8294 -
THF 364 485 6853 -
DCM 364 501 7512 -
Ether 359 461 6163 -
Toluene 363 464 5996 -
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Table 7.2 Absorption and emission maximums 0 in various solvents.
Solvent dmaxabs(nNm)  amax €m(nm) Stokes Shift Vibronic

(cm™) Progression
(cm™)
Methanol 339, 431 523 10378, 4081 -
Acetonitrile 340, 440 535 10720, 4035 -
DMF 339, 434 533 10736, 4279 -
DMSO 340, 445 540 10893, 3953 -
THF 337,430 499 9633, 3215 -
DCM 339, 433 517 10156, 3752 -
Ether 337,423 480, 504 8840, 2807 992
Toluene 338, 433 482,511 8838, 2347 1177
Table 7.3.Photophysical data at.6and7.7in methanol
Compound 7.6 7.7
Abs (nm) 363 339, 431
Em (nm) 508 523
U7 (Quantum yields) 0.14 0.13
U(ns) 5.56 1.45

7.2.3 AcidBase and Titration Studies of HydroxyDialkylamino XFs

To see if XFs7.6 and7.7 display changes in absorption and emission upon the
addition of acid and base, we performed qualitasivelies by adding an excess FA
and tetrabutylammonium hydroxide (TBAOH) to both compounddifferent solvents.
Figures 7.3 and 7.dhow reaicolor photographs of both XFs upon the addition of TFA
and TBAOH. In the case of.6, a twostage response in abption and emission is
observed in methanol, acetonitriend dichloromethane (Figure ¥.3n methanol, the
absorbance maximum experiences a smalsteft from 363 nm to 377 nm upon the
addition on TBAOH. The addition of excess TFA causes a-$tifé to 330 nm
accompanied by a shoulder at ~ 368 nm. In the emission spectra, we observe a vibrant

green emission at 507 nm followed by a béiéft to 481 nm then a reshift to 545 nm
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upon the addition of TFA and TBAOH, respectively. We attribute these gbiftse
stablization of the HOMOupon protonation of the dialkylanilines attached to the
arylethynyl branch, and destablization of the HOMO upon deprotonation of the phenols
attached to the distyryl branch (Scheme 7.2). Similar spectroscopic changeseavewb

in the absorbance spectra of acetonitrile and dichloromethane, but to a much greater
extent in the emission spectra as the addition of TBAOH leads to a red emission (~ 600
nm) in acetonitrile, and an orange emission in dichloromethane (~ 585 nn)6X40
displays red emissions in DMSO and DMF upon addition of TBAOH, but no change in
emission color is observed upon addition of excess TFA. For7XFwe observe
guenching upon the addition of excess TBAOH in all solvents. We have shown that
simple hydroxy-substituted bisarylethynylbenzenes typically display weak emissions in
organic solvents upon deprotonatidrThis premise may be explained by a change in
hybridization that occursvhen transitioning from an alkene bridge s an alkyne

bridge (sp), which decreases the electron donating character. In most cases, this event
dramatically clanges the excitestate propertieof these compounds and leads to
guenching upon deprotonation. However, the addition of excessd FA leads to blue

shifts in methanol, acetonitrile, ether, and toluene. In DMSO and DMF, addition of
excess TFA leads to a red shift in emission possibly due to competition with the more
basic solvents leading to maguotonation of the dialkylanilines. This situation leads to a

donoracceptor system, which typically displays-sHiftedemissions’®
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Scheme 7.2Modulation of HOMGLUMO gap in hydroxydialkylamino XFs by
interaction with acid and base.

Figure 7.3. Exposure o7.6to acid and base in various solvents. Top to Bottom: A)
tetrabutylammonium hydroxide, B)6, C) trifluoroacetic acid. Left to Right:
1.) methanol, 2.) acetonitrile, 3.) DMF, 4.) DMSO, 5.)H,#.) DCM, 7.)
diethyl ether, and 8.) toluene. The samples were excited by using-aéldnd
UV-lamp at an emission wavelength of 366 nm.
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Figure 7.4.
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XFs 7.6 and 7.7 were poorly soluble in pure water at neutral pH. In order to
further investigate their acidase behavior, we elected to perform titrations of both
compounds in a 2:1 volume ratio of methanol/water. Titrations of 7XF proved
ineffective due tgoor solubility in 2:1 methanol/water mixture&lthough 7.6 displayed
moderate solubility, spectrophotometric titration data for the compound was attainable.
However, one should proceed with caution as the data reflects not only protonation and
deprotomation, but also the dissolon of its aggregates (Figure Y..6Upon protonation
with aqueous hydrochloric acid (HCI)7.6 experiences a hypsochromic shift in
absorption and emission. A new band emerges at 330 nm along with a shoulder at ~370
nm. In the enission spectrum, a new fully developed band emerges at pH4Y.80m),
while the band at pH 6.08 (531 nm) disappears due to full ground state protonation of the
dialkylanilines. Upon the addition of aqueous KOH, there is no significant change in the
aborption spectrum of.6. The small bathochromic shifts in absorption is surprising and
persists upon addition of excess KOH. Similar behavior is observed in the emission
spectrum with a small ~20 nm shift from 529 nm (pH 4.80) to a new low energy band at
549 nm (pH 13.7). This band is fully developed and does not change upon the addition
of excess KOH. It is not clear why small bathochromic shifts are observ@défopon
increasing amounts of base, which is atypical for hydroxy XFs.

7.2.4 Interaction of Hydroxy-Dialkylamino XFs with Metal Salts

The exposure of hydroxgibutylaniline XFs to acid leads to hypsochromic shifts
in absorption and emission. With this in mind, we set out to examine the reaction of both
XFs upon the addition of diffent metal cations. Previous investigations have shown that

XFs containing pyridines, anilines, and phenothiaZire® capable of
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Figure 7.7. Normalized absorption (left) and emission (rightyddin acetonitrile(top)
and DCM (bottom) in the presence of different metal cations.

Figure 7.8 Exposure of7.6to different metal cations in acetonitrile and
dichloromethaneTop to bottom:A) acetonitrile, and B) dichloromethane.

Left to right: 13 7.6,2.) Zrt*3.) M¢?*,4.) Mrf*, 5.) C&*, 6.) SA*, 7.) B&",
8.) Hf*, 9.) Cd", 10.) Li*, 11.) Ag.
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