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CONSPECTUS

In optoelectronic devices, chromophores can be designed
at the molecular level to create materials with proper-
ties desired for advanced applications. Organic fluoro-
phores in particular can be constructed with macroscopic
properties that arise from two distinct contributions: (i) the
collective impact of the molecular backbone and substit-
uents and (ii) the connectivity within the molecule (that is,
the spatial molecular architecture). Accordingly, the explo-
ration of novel conjugated architectures is a productive
area of current research. i '

Different two-dimensional, “X-shaped” conjugated '
materials have been synthesized for a variety of applica- + 7n(OT, +2n(0T),
tions. They include spiro compounds, paracyclophanes, —_— —_—
swivel-type dimers, bisoxazole-derived cruciforms, tetra- |
ethynylethenes, and tetrasubstituted tolanes. A subset of L% o
these compounds are constructed from two “perpendicu- s
lar” z-conjugated linear arms connected through a cen-
tral aromatic core; examples of these include tetrakis(arylethynyl)benzenes, tetrakis(styryl)benzenes, and tetrasubstituted
thiophenes.

In this Account, we evaluate 1,4-distyryl-2,5-bis(arylethynyl)benzenes or cruciforms (XFs). Electronic substitution of
this “X-shaped” cross-conjugated scaffold tunes both the energy levels of the frontier molecular orbitals (FMOs) and
their spatial distribution in XFs. The resulting fluorophores exhibit FMO separation, imbuing XFs with unusual yet desir-
able properties for sensory applications.

Using model analytes, we examine how the underlying FMO arrangement and the nature of analyte interaction elicit
observable responses. These studies provide a foundation for accessing functional responsive ratiometric cores, demon-
strating the importance and unique potential of FMO-separated fluorophores.

We also highlight the essential contribution of serendipity in materials development. Moving beyond one-dimensional molec-
ular wire-type fluorophores to two-dimensional “X-shaped” materials provides access to materials with unexpected and exciting
properties. XFs represent such novel conjugated architectures, and their successful development has frequently has hinged on inspi-
ration from structural components and principles developed in diverse research areas.

Introduction frontier molecular orbital (FMO) must be dispro-

. . ) portionally affected by analyte interaction. In the
Conjugated organic materials have attracted

interest as fluorescent sensors and components
in organic electronics. For dyes to exhibit ratio-
metric sensory responses, the interaction of an ficients are of similar magnitude. One would not
analyte must elicit a change in the fluorophore’s ~ expect large shifts in color or emission wave-
HOMO-LUMO gap. This necessitates that one  length upon binding to an analyte; the position

majority of organic fluorophores, the HOMO and
LUMO are “congruent”; that is, their orbital coef-
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SCHEME 1. Generalized Synthetic Pathway Providing Access to
Cruciforms
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SCHEME 2. Synthesis of Hydroxy-Functionalized Cruciforms 12—14
via Sequential Horner and Sonogashira Couplings
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of the HOMO and LUMO should be more or less equally
affected, resulting in only small net changes in the
HOMO-LUMO gap.

A seductive strategy to develop responsive fluorophores
would be to design molecular architectures possessing spa-
tially separated FMOs. Here, electronic information becomes
spatially encoded; recognition elements can be incorporated
into the fluorophore such that analyte binding independently
influences the FMOs. Therefore, analyte binding affects the
energetic position of either HOMO or LUMO to a different
degree, inducing a significant change in emission and absorp-
tion spectra. As a result, conjugated frameworks exhibiting
FMO separation are intrinsically important as responsive
materials.

Interest in materials possessing spatially separated FMOs
has prompted the exploration of new two-dimensional,
“X-shaped” conjugated materials,"? including spiro com-
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pounds,? paracyclophanes,* swivel-type dimers,> bisoxazole-
derived cruciforms,® ’cetraethynylethenes,7 tetrasubstituted
tolanes,® etc.? A subset of these compounds are constructed
from two “perpendicular” z-conjugated linear arms connected
through a central aromatic core; examples include tetrakis-
(arylethynyl)benzenes,'®'" tetrakis(styryl)benzenes,'* '3 and
tetrasubstituted thiophenes.'*

This Account chronicles our investigation of specific two-
dimensional conjugated architecture: 1,4-distyryl-2,5-bis(aryl-
ethynyl)benzenes (cruciforms, XFs).'>~2¢ While the term
“cruciform” is often used to refer to other x-shaped materials,
herein, the term cruciform refers exclusively to 1,4-distyryl-
2,5-bis(arylethynyl)benzenes. We explore the design of XFs
and examine their analyte-induced changes in fluorescence.
XFs are composed of two linear sw-conjugated segements, a
perpendicular distyryl branch and an arylethynyl branch, con-
nected via a central benzene core. Analysis of the electronic
structure of XFs has revealed that donor and acceptor substi-
tution results in compounds possessing FMOs spatially dis-
joint from one another; in these cases, the HOMO and LUMO
localize on the “orthogonal” arms of XFs. How are the XFs dif-
ferent from Haley’s tetraethynylbenzenes? Distyrylbenzenes
are more electron-rich and have red-shifted absorption and
emission compared with bis(phenylethylbenzene)s; their com-
bination in the XFs generates a system where the inherent
properties of the attached substituents are magnified when
electron-donating substituents are attached to the distyrylben-
zene axis and acceptor substituents are located on the aryl-
ethynyl axis. The large cation-induced changes in fluorescence
displayed by XFs are observed to a far lesser extent in the tet-
rakis(arylethynyl)benzenes with identical substituent pattern.
Fluorophores possessing spatially separated FMOs are uncom-
mon in organic materials; however, this has significant con-
sequences for the photophysics of XFs and has led to their use
as building blocks in supramolecular assemblies,*>%* compo-
nents in molecular electronics,'> and most notably as respon-
sive cores in sensory schemes,'”~19:21.22,25.26

Our examination of XFs highlights the importance of ser-
endipity in the development of functional materials. The struc-
tural components and principles developed in diverse research
areas serve as the inspiration for the construction of advanced
materials. For example, Mdllen’s examination of the intramo-
lecular [4 + 2]-cycloaddition reactions of phenylenevinylenes
as well as Vollhardt’'s exploration of the cyclotrimerization of
1,2-diphenylethynes provided the synthetic underpinnings for
the examination of a wealth of remarkable polycyclic aromatic
hydrocarbons.?” Similarly, our inspiration for XF architectures
arose from examinations of cross-conjugated polymers. Our



efforts to probe the responsivity of XFs highlight the utility of
FMO-separated materials as ratiometric cores in sensory
applications.

The PPE Problem

The cruciform z-systems have grown out of a long-standing
research interest in poly(para-phenylene ethynylene)s (PPEs,
1), a class of conjugated polymers related to poly(phenylene
vinylene)s (PPVs, 2).28 Unfortunately, PPEs do not share the
balanced performance of PPVs in organic device applications;
hole injection is a particular problem. Attempts to remedy this
shortcoming by introducing vinyl groups into the main chain
did not significantly improve performance; 3 resembles 1
much more than 2 with respect to its optical and solid state
semiconducting properties.?° In a second attempt to induce
PPV character in PPEs, polymers of the type 4a—c, incorporat-
ing styryl groups in the side chain, were studied.?° In these
polymers, the solution and solid state band gap shrinks from
4a to 4c. Hole injection is considerably facilitated, particu-
larly in 4¢, which was explored in a photodiode-type applica-
tion; 4¢ is more electron-rich than PPV.3° Cyclic voltammetry
revealed that increasing donor strength in the distyrylben-
zene arms (from 4a to 4¢) exclusively affects the HOMO posi-
tion. Only later would we come to understand the significance
of this discovery: these cross-conjugated architectures permit the
spatial separation of FMOs.

Synthesis of XFs
To better understand PPE—PPV hybrid polymers, we prepared
a series of 1,4-distyryl-2,5-bisarylethynylbenzenes. The syn-
thesis of XFs is simple. Starting from 5 (Scheme 1), bromina-
tion affords 6, which is reacted with triethylphosphite to give
7 in an Arbuzov reaction. A subsequent Horner reaction with
an aromatic aldehyde furnishes a diiodinated distyrylbenzene
(DSB). Sonogashira alkynylation completes the synthetic
sequence to give the cruciforms (XF).

Because both Horner and Sonogashira reactions are versa-
tile, this synthetic sequence allows the construction of virtu-

X 4a X = H; b X = OMe; ¢ X = NEt,
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FIGURE 1. Emission of XFs 15—20 in dichloromethane under
blacklight irradiation (Amax = 365 nm).

ally any conceivable XF, as long as the desired aldehydes and
alkynes are available. The introduction of hydroxyl function-
alities necessitates protection because the Horner reaction
must proceed under exclusion of water and oxygen. The syn-
thesis of XFs with phenolic OH groups is shown in Scheme 2.
Their synthesis is completed with the cleavage of the acetal
protecting groups to furnish 12—14. Other XFs containing
phenothiazine, terpyridine, and phenylimidobisacetic acid
units have also been prepared by this flexible two-step
method. Figure 1 displays the distinct emission colors of a
small selection of XFs as obtained by digital photography.

Spectroscopic Properties of XFs

Initially, XFs were viewed as model compounds for PPEs
4a—4c. However, we discovered that the photophysical prop-
erties of 15—20 could be tuned to a surprising extent by vary-
ing the substitution of the XF traverses. XFs 15—17 (Figure 2)
display strong absorptions in hexanes at approximately 325
nm with a second feature appearing as a shoulder at slightly
higher wavelengths (350—360 nm, Table 1). Upon introduc-
tion of donor (18) or donor—acceptor (19 and 20) substitu-
tion, we observe a charge transfer band at lower energy
(~430 nm).

Even more dramatic trends are observed in the emission
spectra of 15—20. XF 15, possessing no significant donor or
acceptor substituents, displays a vibrant blue emission with a
well-defined vibronic structure. Upon acceptor substitution, 16
and 17 retain the featured blue emission observed in the
unsubstituted parent XF. Dibutylamino-substituted 18 displays
a similar feature but red-shifted emission (Amax €m = 469 nm).
Upon donor—acceptor substitution (19 and 20), the emission
becomes increasingly red-shifted and the vibronic coupling
disappears. XFs can be considered distyrylbenzene deriva-
tives; 19 and 20 must possess significant charge transfer
behavior. Also, greater positive solvatochromism is evident in
the emission of the donor—acceptor XFs (Figure 3).
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FIGURE 2. Normalized absorption (left) and emission (right) of XFs 15—20 in hexanes.

TABLE 1. Absorption and Emission Data of XFs 15—20 in Dichloromethane and Hexanes

Amax absorption in Amax €Mission in Amax absorption in Amax €Mmission in vibronic progression, cm!, quantum yield fluorescence lifetime,
XF CHyCl, (nm) CHydly (nm) hexanes (nm) hexanes (nm) (solvent) in CHCl; 7 (ns),? in CHCl3
15 396 sh 419 390 sh 409 1191 (CH,Cl)
1302 (hex.)
16 361 sh 444 353 422 1225 (hex.) 0.67 3.8
17 395sh 456 390 sh 427 1097 (hex.) 0.70 4.0
18 436 519 447 sh 469 1242 (hex.) 031 17
19 472 sh 567 461 sh 516 0.09 43
20 472 sh 567 460 sh 496 0.11 43
43

9 The lifetimes were monoexponential and fitted with a single decay function.

1 4 + 1000 1 T+ 1000
g o051 t50 2 £ o5 1500 =
o g o 3 ]
A g £ I c
0 v T -0 0 - 0
300 375 450 525 300 400 500 600 700
A{nm) A(nm}

FIGURE 3. Normalized absorption and emission spectra of class C XF 15 (left) and class D XF 20 (right) in hexanes (blue trace) and
dichloromethane (green trace).

Acceptor-substituted XFs 16 and 17 and donor-substituted ranging from 0.70 (17) to 0.31 (18). Upon donor—acceptor
18 exhibit fluorescent quantum yields in halogenated solvents  substitution, the quantum vyields of 19 and 20 drop
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FIGURE 4. Frontier molecular orbitals of (top) 15b (Spartan, B3LYP 6-31G**//6-31G**) showing (left) HOMO (—5.17 eV) and (right) LUMO
(=2.00 eV) and (bottom) 20b (Spartan, B3LYP 6-31G**//6-31G**) showing (left) HOMO (—4.63 eV) and (right) LUMO (—2.07 eV), which are

now localized on the different branches of the molecule.
(0.09—-0.11). Qualitatively, the quantum vyield of these XFs
appears inversely correlated with Amax €mission. This is not
unexpected as compounds with smaller HOMO—LUMO gaps
possess more accessible nonradiative mechanisms to relax to
ground state. With the exception of 18 (r = 1.7 ns), the emis-
sive lifetimes of the cruciforms are = ~ 4 ns, atypical for
distyrylbenzene derivatives, which normally show shorter life-
times of approximately = ~ 1 ns.

FMO Structure of XFs

Varying substitution of the XF framework results in differen-
tiated spectroscopic properties. To rationalize their optical
properties, we performed quantum chemical calculations on
simplified analogues of XFs 15 and 20 (15b and 20b). B3LYP
6-31G™//6-31G™ calculations provide an understanding of
ground state properties and HOMO—LUMO gaps when exam-
ining trends in a series of related compounds. In the unsub-
stituted parent XF 15b, the HOMO and LUMO are evenly
distributed over the z-system, with larger coefficients on the
central benzene ring and smaller ones on the peripheral
phenyl rings (Figure 4). This distribution is typical of zz-conju-
gated hydrocarbons. Donor—acceptor substitution of the XF
framework elicits a large change in the coefficient distribu-
tion of the FMOs. In the case of 20b, possessing donor sub-
stituents on the distyryl axis of the XF and acceptor
substituents on the arylethynyl axis of the XF, HOMO and
LUMO show a spatially disjoint distribution. The donor and
acceptor substituents localize the FMOs on the respective aryl-
ethynyl and styryl branches.

The ability of substitution to tune the FMO distribution, and
as a result the optical properties, of XFs allows us to divide
these chromophores into two subsets. Class D XFs show a dis-

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

Metallo- and Acidochromicity of XFs

Responsive fluorophores consist of a binding element capa-
ble of interacting with the target analyte affixed to a conju-
gated core, which affords an optical response. If recognition
elements are suitably integrated into FMO-separated fluoro-
phores, analyte binding can independently affect the energy
level of either the HOMO or LUMO, resulting in a large observ-
able spectroscopic change. XFs possessing Lewis-basic nitro-
gens incorporated into the m-electron system provide an
opportunity to probe the sensory responses of XFs when
exposed to model analytes such as trifluoroacetic acid (TFA)
or Zn(OTf),.

XFs Exhibiting a Two-Stage Fluorescence Response: A
Case Study. We exposed 20 to both TFA and Zn?*. Upon
addition of increasing equivalents of Zn?* ions to 20 in chlo-
roform, a rare two-stage fluorescence response is observed:
the emission color changes from orange to blue and then to
green (Figure 5). A similar response is observed upon addi-
tion of TFA to 20.3'

A spectrophotometric titration of 20 with Zn(OTf), in
dichloromethane was performed (Figure 6). The absorption

Vol. 43, No. 3 = March 2010 = 397-408 = ACCOUNTS OF CHEMICAL RESEARCH = 401



Cruciform Fluorophores Zucchero et al.

+Zn{0Tf),

FIGURE 5. Emission of 20 in chloroform (left vial, orange
emission), upon addition of a small amount of Zn(OTf), (center vial,
blue emission), and upon addition of a large excess of Zn(OTf),
(right vial, green emission).

of 20 consists of a high-energy band at 335 nm and a
charge transfer peak centered at 440 nm. Upon addition of
Zn?*, the charge transfer feature disappears accompanied
by a small shift (335 — 350 nm) in the high-energy band.
In the emission, upon addition of a small quantity of
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Zn(0Tf),, a large blue shift (570 — 420 nm) occurs; subse-
quent addition of Zn2* results in a bathochromic shift (420
— 530 nm).

This two-stage response can be rationalized by examin-
ing the sensory response of 17 and 18; these XFs are bona
fide models of 20 possessing either pyridyl or dibutylamino
substituents. In the case of 18, only a hypsochromic shift
(527 — 430 nm) is observed upon addition of Zn?* (Fig-
ure 7). Consideration of the FMO arrangement in 18 offers
an explanation; B3LYP 6-31G™//6-31G™ calculations sug-
gest that the HOMO is localized primarily on the distyryl
axis of the XF. Binding of Zn?" to the aniline nitrogens of
18 lowers the HOMO energy while leaving the LUMO
largely unperturbed. As a result, a blue shift in emission is
observed (Figure 9a). XF 17 contains exclusively the pyridyl
binding functionalities on the arylethynyl axis. Upon reac-
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FIGURE 6. Absorption (left) and emission (right) of 20 in dichloromethane upon exposure to increasing equivalents of zinc triflate.
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FIGURE 7. Absorption (left) and emission (right) of 18 in dichloromethane upon exposure to increasing equivalents of zinc triflate.
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FIGURE 8. Absorption (left) and emission (right) of 17 in dichloromethane upon exposure to increasing equivalents of zinc triflate.
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FIGURE 9. Schematic representation of the effect of metalation or
protonation upon the FMOs and emission of XFs 18 (top) and 17
(bottom).

FIGURE 10. Schematic representation of the effect of metalation or
protonation upon the FMOs and emission of XF 20.

tion with zinc triflate, a red shift in emission (457 — 564
nm) is observed (Figure 8). Zinc coordination of the pyridyl

Cruciform Fluorophores Zucchero et al.

nitrogens lowers the LUMO energy of 17, which lies along
the arylethynyl axis of the XF scaffold, while the HOMO is
unaffected (Figure 9b).

The two-stage fluorescence response of 20 can be under-
stood in light of models 17 and 18 (Figure 10). Upon addi-
tion of Zn* to 20, coordination first occurs at the anilines,
lowering the HOMO energy while leaving the LUMO unaf-
fected, generating the initial blue shift. Subsequent addition of
Zn* coordinates the pyridyl nitrogens of 20; this interaction
lowers the LUMO energy, causing the second bathochromic
shift.

Comparing Metals and Acid: Elucidating the Nature of
Analyte Interaction. The responses observed upon expo-
sure of XFs to metal ions raises questions as to the locus
and stoichiometry of analyte interaction. In the case of
alkylamino-functionalized XFs, it is of interest to determine
whether the metal cation coordinates to the aniline nitro-
gen or to the electron-rich z-face of the aromatic ring.3% In
addition, it is important to determine whether the sensory
response results from the coordination of one or both avail-
able nitrogens on an XF branch. In the case of protons, both
the stoichiometry and locus of binding are known: an
excess of TFA added to 16—20 will protonate all available
nitrogens. Comparing the spectroscopic responses observed
for Zn?* with those found for TFA will reveal whether a sim-
ilar mode of analyte interaction with the XF exists. The
absorption, emission, fluorescence quantum yield, and flu-
orescence lifetimes of 16—20 were measured upon addi-
tion of excess zinc triflate and trifluoroacetic acid (Table 2
and Figure 11). In all cases, similar changes are observed in
the spectroscopic properties of 16—20 upon addition of either
TFA or Zn®*. This suggests that the metal cations are coor-
dinating through the Lewis-basic nitrogens and not via the
arene rings.

We conducted 'H NMR studies of representative XFs (Fig-
ure 12). Similar shifts in the proton NMR spectra occur upon
addition of either Zn** or TFA, offering further confirmation
that both analytes interact via the Lewis-basic nitrogen. Upon
analyte addition, we observe only one set of sharp signals

TABLE 2. Spectroscopic Properties of XFs 16—20 upon Addition of Excess Trifluoroacetic Acid or Zinc Trifluoromethanesulfonate

excess TFA

excess Zn(0Tf),

Amax absorption Amax €Mission quantum yield

fluorescence lifetime,

Amax absorption Amax €EMission quantum yield fluorescence lifetime,

XF in CHyCl, (nm) in CH,Cl, (nm) in CHCl3 7 (ns), in CHCl5® in CH,Cl, (nm) in CH,Cl, (nm) in CHCl3 7 (ns), in CHCl5®
16 339 532 0.06 72 339 543 0.18 6.9
17 350 555 35 356 580 0.31 39
18 330 425 0.44 2.8 328 429 0.62 3.0
19 337 430 0.68 3.0 336 429 0.84 2.8
20 343 509 0.06 2.0 340 518 0.11 2.1

9 The lifetimes were monoexponential and fitted with a single decay function.
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FIGURE 11. Comparison of the observed photophysical responses of XFs 16—20 (beige bar) toward TFA (dark orange bar) and Zn(OTf),
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FIGURE 12. 'H NMR spectra of 18 (CDCl5): top, after addition of an excess of zinc triflate; middle, after addtion of an excess of
trifluoroacetic acid; bottom, no additives. All spectra were taken at 400 MHz.

consistent with a symmetrical, doubly bound species. In the ~ asymmetric product. Apparently, metal cations bind to these
event that only the monoprotonated/metalated species was ~ XFs via alkylamino nitrogens, and the observed spectral
formed, we would expect to observe either broadened sig- response results from the coordination of all available Lewis-
nals or a more complex series of signals consistent with an basic nitrogens.
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FIGURE 13. Spectrophotometric titration of 14 with sodium hydroxide in 2:1 MeOH/H,O.
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FIGURE 14. Photograph of solutions (Amax €x = 365 nm) of 14
upon addition of amines 2—13 (left to right)—(1) 14, (2) histamine
(6.9), (3) imidazole (6.9), (4) morpholine (8.3), (5) piperazine (9.8), (6)
putrescine (9.9), (7) 1,3-diaminopropane (10.5), (8) ethylenediamine
(10.7), (9) piperidine (10.8), (10) triethylamine (10.8), (11)
diethylamine (11.0), (12) diisopropylamine (11.1), and (13) 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU, ~12) [numbers in parentheses
are the pK, values of the corresponding ammonium ions in
water]—in different solvents (top to bottom)—(A) 90:10
water/methanol, (B) methanol, (C) acetonitrile, (D) DMF, (E) DMSO, (F)
THF, (G) dichloromethane, (H) diethyl ether, and (I) toluene.

Response of Hydroxy XFs toward Amines

The detection and quantification of aliphatic amines is impor-
tant in environmental science, the pharmaceutical industry,
and dye manufacturing. Amines pollute soil, landfills, manu-
facturing sites, and aqueous environs. Biogenic amines (his-
tamine, putrescine) form by enzymatic decarboxylation of
amino acids and indicate food spoilage for fish products.®*
Their detection has been achieved by a variety of
methods.?*37 To further examine the potential utility of XFs
as sensory cores, we examined 12—14, possessing strategi-
cally placed phenol functionalities.>>2°

XFs 12—14 display blue emission (Amax 450—475) and
quantum vyields in the range of 0.16—0.37. Titration of
12—14 with KOH demonstrated that in the case of 12, depro-
tonation results in a new band at 416 nm in the absorption
spectra and a shift in the emission spectra (460 — 600 nm).
Deprotonation of 13 led to quenching. Upon deprotonation of
14, an isosbestic point is visible at 346 nm and a new absorp-
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FIGURE 15. LDA results demonstrating the identification of 12
amines using 14 in nine different solvents. The plot was extracted
from the RGB values measured from the photographs of 14 with
amines in nine solvents (Figure 14).

tion maximum develops at 370 nm. When pH is changed
from pH 7 to 10, we observe an even more red-shifted (588
nm) emission band of lower intensity. Upon further increase
of the pH, the fluorescence intensity of 14 increases again and
the emission maximum shifts to 565 nm (Figure 13).

Solutions of 12—14 were prepared in nine different sol-
vents, and representative amines were added. While some
shifts in emission were observed in the case of 12, exposure
of amines to 14 resulted in solutions with emission colors
ranging from blue to red traversing yellow and green, span-
ning the full visible spectral range (Figure 14). From these
observations, we concluded that the difference in pK, between
hydroxy-XFs and amines is sufficient to produce a solvent-
separated ion pair in the excited state.?® In the ground state,
the observed ApK, results in the formation of hydrogen-
bonded complexes. Utilizing the Kamlet—Taft method,?® we
determined that the increase of solvent polarity and basicity
causes the bathochromic shift of the emission, while the acid-
ity of the solvent works in the opposite direction. While it is
not clear why each amine displays different shifts in emis-
sion, it is dependent upon the structure of the amine and the
chemical environment.

The results obtained for 14 exposed to amines in varied
solvents was analyzed by linear discriminant analysis (LDA)
using matrices derived by simply extracting the RGB values in
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FIGURE 16. Schematic representation of the potential sensory responses elicited by the binding of cationic or anionic species or both to
symmetrically functionalized XFs. Eight different binding scenarios are conceivable resulting in five unique fluorescence responses. The
dotted lines indicate the position of the frontier molecular orbitals of the parent XF, while the solid lines indicate the changes to the FMOs

upon binding of a cation or an anion to the XF.

Figure 14 (Figure 15). Surprisingly, all 12 amines can be dis-
cerned. These experiments imply that a “chemical nose” need
not involve large numbers of unique sensors; rather, variable
responsivity can be achieved by employing one sensor mol-
ecule in different chemical environments. We note that this
phenomenon has important implications for the future design
of simple yet powerful differential sensor arrays.

Conclusions

Moving beyond one-dimensional molecular wire-type fluoro-
phores to two-dimensional X-shaped materials provides access
to conjugated architectures with unexpected and exciting
properties. XFs represent such novel conjugated architectures.
Donor—acceptor substitution results in materials that have
been employed as building blocks in supramolecular coordi-
nation assemblies®>#* and used as switches in molecular elec-
tronics;'®> however, their FMO architecture makes XFs
attractive for sensing applications as demonstrated in the case
of amines.

FMO-separated XFs provide an opportunity to develop
responsive materials; by spatially separating HOMO and
LUMO on a conjugated framework, analytes can indepen-
dently address these FMOs, translating electronic into spatial
information. Large changes in optical properties result upon
analyte recognition. Figure 16 schematically represents the
possible responses for pair wise symmetrically substituted XFs.
If both positively and negatively charged species are allowed
to interact with functionalized XFs, eight different electronic
responses (A—H) exhibiting unique emission colors will result. In
case A, coordination of an electron-deficient analyte (i.e., a
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proton or metal cation) with the HOMO branch of an XF low-
ers the energy of the HOMO, yielding a blue-shifted emission.
In case B, binding to the LUMO-containing axis of the XF elic-
its a red-shifted emission. These effects are reversed in cases
D and E where an anion or an electron-releasing species inter-
acts with the XF; here, the position of the HOMO or the LUMO
energies are raised, leading to a red shift in case D and an
expected quenching in case E. If all four termini are bound by
an analyte (cases C and F), only slight net shifts should be vis-
ible. In principle, either a blue or a red shift could be observed;
however, in the case of C (20), we observe a slight net blue
shift, while in case F we observe a significant red shift.

Thus far, we have successfully constructed and explored
cases A—F. Future efforts will examine further functional-
ization of the XF core to achieve the interesting and chal-
lenging cases G and H. In the case of G, addition of an
electron-releasing analyte to the HOMO branch and an elec-
tron-deficient species to the LUMO branch, the position of
the LUMO is raised while that of the HOMO is lowered; a
dramatic blue shift is expected. In case H, we predict the
opposite effect, where LUMO is lowered and HOMO is
raised; emission in the red or near-IR will result. These final
examples will fully unveil the potential responses of the
XFs. Additional responsive diversity can be introduced with
XFs if the distyryl and arylethynyl branches are asymmetri-
cally substituted, highlighting the importance of new con-
jugated architectures.
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