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An approach to the development of fluorescent probes to follow polymerizations in situ using fluorinated
cross-conjugated enediynes (Y-enynes) is reported. Different substitution patterns in the Y-enynes result in
distinct solvatochromic behavior. β,β-Bis(phenylethynyl)pentafluorostyrene 7, which bears no donor substituents
and only fluorine at the styrene moiety, shows no solvatochromism. Donor substituted β,β-bis(3,4,5-trimethoxy-
phenylethynyl)pentafluorostyrene 8 and β,β-bis(4-butyl-2,3,5,6-tetrafluorophenylethynyl)-3,4,5-trimethoxystyrene 9
exhibit solvatochromism upon change of solvent polarity. Y-enyne 8 showed the largest solvatochromic shift (94 nm
bathochromic shift) upon changing solvent from cyclohexane to acetonitrile. A smaller solvatochromic response
(44 nm bathochromic shift) was observed for 9. Lippert–Mataga treatment of 8 and 9 yields slopes of �10,800
and �6,400 cm�1, respectively. This corresponds to a change in dipole moment of 9.6 and 6.9 D, respectively. The
solvatochromic behavior in 8 and 9 supports the formation of an intramolecular charge transfer (ICT) state. The
low fluorescence quantum yields are caused by competitive double bond rotation. The fluorescence decay time of 9
decreases in methyltetrahydrofuran from 2.1 ns at 77 K to 0.11 ns at 200 K. Efficient single bond rotation in 9 was
frozen at �50 �C in a configuration in which the trimethoxyphenyl ring is perpendicular to the fluorinated rings.
7–9 are photostable compounds. The X-ray structure of 7 shows it is not planar and that its conjugation is distorted.
Y-enyne 7 stacks in the solid state showing coulombic, actetylene–arene, and fluorine–π interactions.

Introduction
Solvatochromism is the response in the absorption or emission
spectrum of a molecule upon changing the solvent polarity.2

The emission maximum of molecules with relatively low dipole
moments in the ground state but large dipole moments in the
excited state, due to intramolecular charge transfer (ICT), shift
to longer wavelengths (bathochromic shift) as the polarity of
the solvent increases. This is due to the fact that stabilization of
the dipolar excited state is larger in more polar solvents.3,4

Polymerization processes lead to large changes in the mobility
of the medium. As a result, compounds whose fluorescence is
sensitive to such changes can be used as indicators of the degree
of polymerization.5c Fluorescent probes have been extensively
used in our laboratory to monitor polymerization,3,5 and cer-
tain solvatochromic molecules have been used in radiation cure
technology.6 As polymerization increases, the viscosity of the
environment increases leading to a blue shift in the emission of
the probe.3,4

Cross-conjugated enediynes (Y-enynes) have recently
attracted considerable attention because they display reduced
π-electron delocalization and this affects the degree of
electronic communication. They are therefore useful in several
electronic and photonic applications.7,8 Introduction of more
than one fluorine atom into the Y-enyne skeleton results in a
highly sensitive system exhibiting extraordinary photonic prop-
erties, i.e. solvatochromism.4,9–11 Recently the polarity depend-
ent emission of substituted tetraethynylethene was reported.12

In this paper, we report the first approach to develop fluorescent
probes from fluorinated cross-conjugated systems.

† This paper is dedicated to Professor Dr J. W. Neckers on the occasion
of his 100th birthday.

Experimental

General

All manipulations were performed under argon. Reagents
were purchased from Aldrich and used without further purifi-
cation. Spectroscopic solvents were purchased from Aldrich
and VWR and used without further purification. Methylene
chloride was dried over CaH2; THF was dried over sodium. 1H
and 19F NMR spectra were recorded with either a Varian
Gemini 200 NMR or a Varian Unity plus 400 NMR spec-
trometer. Chemical shifts are reported in ppm with TMS as
the internal standard (1H NMR) or CFCl3 as the external
standard (19F NMR). MS measurements were carried out on a
Shimadzu GCMS-QP5050 mass spectrometer equipped with
a DI-50 direct sample inlet device. UV–VIS spectra were
recorded on a HP 8452A diode array UV–VIS spectro-
meter. High-resolution mass spectra were obtained from
the Mass Spectrometry Laboratory in the University of Illinois
at Urbana-Champaign. Element analysis was performed at
Atlantic Microlab, Inc. Thin-layer chromatography was per-
formed on Sorbent Technologies plates (layer thickness 250 µm,
particle size 5–17 µm, pore size 60 Å). Silica gel chrom-
atography was performed using silica gel (40 µm, 32–63 µ)
purchased from Sorbent Technologies Inc. Melting points
were determined using a capillary melting point apparatus
(Uni-melt, Arthur H. Thomas Co., Philadelphia, PA) and were
uncorrected.

Fluorescence spectra were recorded with a Spex Fluorolog
2 equipped with both excitation and emission double-beam
monochromators. All spectra were corrected and were
measured in perpendicular geometry using 1 cm quartz
cuvettes. Fluorescence quantum yields are relative to
anthracene in ethanol as the external standard (φf = 0.27 in
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ethanol 13) for 7 and 8 and 9,10-dimethylanthracene (φf = 0.9 in
cyclohexane 14) for 9. All solutions were degassed with argon for
6 minutes.

Synthesis

�,�-Dibromopentafluorostyrene [2]. This compound was
synthesized using a modification of a literature procedure.15

Pentafluorobenzaldehyde 1 (10.0 g, 51.0 mmol) and triphenyl-
phosphine (28.1 g, 107 mmol) were dissolved in 150 ml freshly
distilled CH2Cl2. CBr4 (18.6 g, 56.1 mmol) was dissolved in 50.0
ml CH2Cl2 and placed in a dropping funnel. The setup was
degassed with argon. The CBr4 solution was added at a steady
rate into the reaction mixture which was stirred under argon for
three hours at 0 �C. The reaction mixture was then stirred for
two hours at room temperature, poured in 500 ml of petroleum
ether, filtered and evaporated on a rotary evaporator. The
residue, β,β-dibromopentafluorostyrene 2 contaminated with
triphenylphosphine oxide, was stirred with hexanes (to separate
2 from triphenylphosphine oxide), filtered and then evaporated.
This process was repeated until no more 2 was present in the
residue. Alternatively, 2 could be purified by running through a
column of silica gel. 9.50 g of β,β-dibromopentafluorostyrene 2
(53%) were isolated. This compound was used without further
purification. 1H NMR (200 MHz, CDCl3): δ 6.03 (br s, 1 H). 19F
NMR (376 MHz, CDCl3): δ �137. 97 (br s, 2F), �153.39 (br s,
1F), �162.12 (br s, 2F).

1-Ethynyl-4-butyltetrafluorobenzene [3]. This compound was
synthesized using a modification of a literature procedure.16

β,β-Dibromopentafluorostyrene 2 (6.00 g, 17.0 mmol) was dis-
solved in 100 ml freshly distilled THF. In a dropping funnel,
n-BuLi (20.0 ml, 51.0 mmol, 2.50 M in hexanes) was placed.
The reaction vessel was placed in a Dewar flask (�78 �C) and
degassed with argon. n-BuLi was added slowly and the reaction
mixture stirred under argon at �78 �C for three hours, then at
room temperature for two hours. The reaction mixture was
poured then into 100 ml of saturated NH4Cl and extracted with
3 × 100 ml of diethyl ether. The ether layers were combined
and evaporated to yield 1-ethynyl-4-butyltetrafluorobenzene 3,
which was then distilled at 8 × 10�3 Torr; 3.33 g were isolated
(85%). The compound was used without further purification.
1H NMR (200 MHz, CDCl3): δ 0.90–0.97 (t, 3 H), 1.26–
1.46 (septet, 2H), 1.51–1.66 (pentet, 2H), 2.69–2.78 (t, 2H), 3.58
(s, 1 H). 19F NMR (376 MHz, CDCl3): �138.42 (t, 2F),
�154.17 (t, 2F).

�,�-Dibromo-3,4,5-trimethoxystyrene [5]. The title compound
was synthesized by the same method as was 2 however 3,4,5-
trimethoxybenzaldehyde 4, was used as starting material. The
product was used without further purification. 1H NMR (200
MHz, CDCl3): δ 3.87 (s, 9 H), 6.80 (s, 2 H), 7.41 (s, 1 H).

1-Ethynyl-3,4,5-trimethoxybenzene [6]. The title compound
was synthesized using the same method as was 4 however
β,β-dibromo-3,4,5-trimethoxystyrene 5, was used as the start-
ing material. The compound was used without further purifi-
cation. 1H NMR (200 MHz, CDCl3): δ 3.04 (s, 1H), 3.86
(s, 9 H), 6.74 (s, 2 H).

�,�-Bis(phenylethynyl)pentafluorostyrene [7]. This compound
was synthesized using a modification of a literature procedure.17

β,β-Dibromopentafluorostyrene 2 (1.00 g, 2.86 mmol) was dis-
solved in 100 ml THF–NEt3 (1 : 1). Pd(PPh3)2Cl2 (200 mg, 0.280
mmol) and CuI (110 mg, 0.570 mmol) were then added. The
reaction mixture was stirred under argon for 10 minutes. Phenyl-
acetylene (700 mg, 6.86 mmol) was added slowly over a period
of 1 hour to the reaction mixture through a septum. The reac-
tion mixture was stirred under argon for 24 hours at 70 �C in an
oil bath. After aqueous workup, the compound was subjected

to a short column, then run over another column using hexane–
ethyl acetate as eluent (Hex–EA; 9 : 1). The title compound
(yellow solid) was isolated in 55% (622 mg): mp 135–137 �C.
1H NMR (200 MHz, CDCl3): δ 6.92–6.93 (dd, 1 H, J1 = 2.4 Hz,
J2 = 1.1 Hz), 7.32–7.45 (m, 8 H), 7.54–7.59 (m, 2 H). 19F NMR
(376 MHz, CDCl3): δ �136.2 (multiplet appearing as singlet,
2F), �154.2 (m, 1F), �162.9 (multiplet appearing as singlet,
2F). 13C NMR (50 MHz, CDCl3): δ 84.95 (C), 87.03 (C),
90.58 (C), 93.67 (C), 95.53 (C), 110.79–111.52 (C, dt, J1 = 3.3,
J2 = 17.3 Hz), 121.97–122.07 (C, d, J = 5.45 Hz), 126.61
(CH), 129.08 (CH), 129.21 (CH), 129.41 (CH), 131.74 (CH),
131.88 (CH) and a series of broad peaks in the aromatic region
(Ar C–F). HR–MS: calcd for m/z 394.078092, found m/z
394.077464.

�,�-Bis(3,4,5-trimethoxyphenylethynyl)pentafluorostyrene [8].
The title compound was synthesized using the same pro-
cedure as was 8 however β,β-dibromopentafluorostyrene 2
and 1-ethynyl-3,4,5-trimethoxybenzene 6, were used as starting
materials. After aqueous workup, the compound was subjected
to a short column, then run over another column using hexane–
ethyl acetate as eluent (Hex–EA; 2.5 : 1). The title compound
(greenish solid) was isolated in 35% yield: mp 160–161 �C. 1H
NMR (400 MHz, CDCl3): δ 3.86–3.90 (m, 18 H), the vinyl
hydrogen was assigned to the broad singlet at 6.97 ppm (this is
consistent with the vinyl hydrogen in 7). The four aromatic
hydrogens appear in repeated synthesis as singlets at 6.65, 6.76
and 6.80 ppm. 19F NMR (376 MHz, CDCl3): δ (�136.00)–
(�135.96) (d, 2F, J = 18 Hz), (�154.24)–(�154.12) (t, 1F),
(�163.13)–(�163.03) (t, 2F).13C NMR (100 MHz, CDCl3):
δ 56.19 (CH3), 56.32 (CH3), 61.09 (CH3), 84.28 (C), 86.13 (C),
90.87 (C), 95.85 (C), 108.98 (CH), 109.26 (CH), 109.78 (C),
116.67 (C), 116.89 (C), 116.99 (C), 126.71 (CH), 153.26 (C).
Anal. Calcd for C30H23F5O6: C, 62.72; H, 4.04. Found: C, 62.84;
H, 4.30%. HRMS (M� � 1). Calcd for C30H24F5O6: 575.149305.
Found: 575.149500.

�,�-Bis(4-butyl-2,3,5,6-tetrafluorophenylethynyl)-3,4,5-tri-
methoxystyrene [9]. The title compound was synthesized using
the same procedure as was 8; however β,β-dibromo-3,4,5-
trimethoxystyrene 5 and 1-ethynyl-4-butyltetrafluorobenzene 3,
were used as starting materials. The title compound (green
solid) was isolated in 31%: mp 137–138 �C. 1H NMR (400
MHz, CDCl3): δ 0.93–0.97 (t, 6H), 1.34–1.43 (sextet, 4H), 1.56–
1.63 (pentet, 4H), 2.73–2.77 (t, 4H), 3.88 (s, 6H), 3.91(s, 3H),
7.207 (br s, 2H), 7.213 (br s, 1H). 13C NMR (50 MHz, CDCl3):
δ 13.66 (CH3), 22.30 (CH2), 22.86 (CH2), 32.29 (CH2),
56.11(CH3), 61.02 (CH3), 96.84 (C), 99.55 (C), 100.04 (C),
106.83 (CH), 114.05 (C), 130.15 (C), 140.18 (C), 145.95 (CH),
153.1 (C), 156.76 (C) and a series of broad peaks in the
aromatic region (Ar C–F). 19F NMR (376 MHz, CDCl3):
δ �154.40 (sm, 2F), �144.84 (sm, 2F), (�138.32)–(�138.24)
(t, 2F), �137.80 (sm, 2F). Anal. Calcd for C35H30F8O3: C,
64.61; H, 4.65. Found: C, 64.80; H, 4.71%.

Fluorescence decay time measurements

All fluorescence decay times were measured by Time Correlated
Single Photon Counting (TCSPC). A mode locked Ti:sapphire
laser (model 3955, Spectra-Physics) was pumped with a fre-
quency doubled Nd:YAG laser (Millenia Vs, Spectra-Physics)
to produce the tunable fundamental beam (wavelength range
from 710–980 nm) with a pulse width of about 80–100 fs and a
repetition frequency of 80.2 MHz. The fundamental beam
was directed into a pulse selector (APE, Berlin) to reduce the
repetition frequency to 1 MHz. The fundamental beam output
of the pulse selector was directed into the Flexible Harmonic
Generator (FHG, Spectra-Physics) resulting in a spectral out-
put for the SHG at 400 nm. A part of the fundamental beam
triggered the TCSPC spectrometer FLS 920 from Edinburgh
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Instruments (equipped with single-beam monochromator)
using a trigger diode (OCF 400, Becker & Hickel). The FLS 920
is equipped with a TCC 900 card, which incorporates all of the
timing electronics for TCSPC. A disk-anode MCP-PMT
(ELDY, Europhoton) was used as detector. All fluorescence
decay curves were measured in L-geometry. With the setup
described, the instrumental response was 100 ps. The fluor-
escence decay times were calculated by iterative convolution.
The software was provided from Edinburgh Instruments as part
of the FLS 920. All low temperature measurements were
performed using an Oxford Cryostat.

X-Ray crystallography

Preliminary examination and data collection were carried out
with Ag-Kα using a Bruker AXS SMART platform diffract-
ometer. Intensity data were collected using three different φ

settings and 0.3� increment ω scans, 2θ < 40�, which corre-
sponds to more than a hemisphere of data. Data inte-
gration was carried out with SAINT,18 and corrections for
absorption and decay were applied using SADABS.19 Solution
was by direct methods and refinement by full matrix least
squares 20 on F 2 using all 3144 unique data. The final refine-
ment included anisotropic thermal parameters for non-
hydrogen atoms and all hydrogen atoms with isotropic
thermal parameters. The refinement converged to wR2 = 0.1480
(for F 2, all data) and R1 = 0.0545 (F, 3144 reflections with
I > 2σ(I )). The crystal data and structure refinement of 7 is
presented in Table 1. The bond lengths and angles are shown in
Table 2.

Results and discussion
The nature and type of substitution are key factors in deter-
mining the emission characteristics of Y-enynes. Therefore,
Y-enynes 7–9 were prepared from pentafluorobenzaldehyde
and 3,4,5-trimethoxybenzaldehyde (Scheme 1). Pentafluoro-
benzaldehyde 1 and 3,4,5-trimethoxybenzaldehyde 4 were con-
verted to β,β-dibromopentafluorostyrene 2 and β,β-dibromo-
3,4,5-trimethoxystyrene 5, respectively, via the Corey–Fuchs
reaction.21 Reaction of 2 and 5 with n-BuLi lead to 1-ethynyl-4-
butyltetrafluorobenzene 3 and 1-ethynyl-3,4,5-trimethoxy-
benzene 6, respectively.16 Sonogashira 22 couplings of 2 and
phenylacetylene, 2 and 6, 5 and 3 resulted in β,β-bis(phenyl-
ethynyl)pentafluorostyrene 7, β,β-bis(3,4,5-trimethoxyphenyl-
ethynyl)pentafluorostyrene 8 and β,β-bis(4-butyl-2,3,5,6-

Table 1 Crystal data and structure refinement for 7

Empirical formula C24 H11 F5

Formula weight 394.33
Temperature 150(2) K
Wavelength 0.56086 A
Crystal system, space group Monoclinic, P21

Unit cell dimensions a = 7.6530(4) Å α = 90 deg.
 b = 13.4288(8) Å β = 94.340(2) deg.
 c = 8.9323(2) Å γ = 90 deg.
Volume 915.35(8) Å3

Z, Calculated density 2, 1.431 Mg m3

Absorption coefficient 0.071 mm�1

F(000) 400
Crystal size 0.3 × 0.2 × 0.25 mm
Theta range for data collection 1.80 to 20.00 deg.
Limiting indices �9 ≤ h ≤ 9, �16 ≤ k ≤ 15,

�10 ≤ l ≤ 9
Reflections collected/unique 5804/3144 [R(int) = 0.0374]
Completeness to θ = 20.00 99.9%
Refinement method Full-matrix least-squares on F 2

Data/restraints/parameters 3144/1/302
Goodness-of-fit on F 2 1.099
Final R indices [I > 2σ(I )] R1 = 0.0545, wR2 = 0.1480
R indices (all data) R1 = 0.0674, wR2 = 0.1714
Absolute structure parameter 0.2(17)
Largest diff. peak and hole 0.590 and �0.200 e Å�3

tetrafluorophenylethynyl)-3,4,5-trimethoxystyrene 9, respec-
tively.

In Y-enyne 7, the pentafluorophenyl substituent functions as
an electron withdrawing moiety not mesomerically incorpor-
ated into the conjugated system. Y-enynes 8 and 9 bearing
additional methoxy groups as electron donating substituents
were constructed in which the substitution pattern is approxi-
mately mirrored allowing comparison in the function of
the substituted Y-enyne moiety regarding formation of an
intramolecular charge transfer state (ICT). Multiple fluorine
substitution is important for ICT-formation particularly if the
compounds are to be used as fluorescent probes.9

X-Ray investigations of 7 showed it is not planar.8a,23 The
X-ray crystal structure of 7 (Fig. 1) confirms its chemical struc-
ture. This structure shows that the pentafluorophenyl ring is
almost parallel to one of the two remaining phenyl rings
(dihedral angle of the mean plane of the pentafluorophenyl
ring and that having C19 is 1.3�) and almost perpendicular to
the third phenyl ring (dihedral angle of the mean plane of the
pentafluorophenyl ring and that having C11 is 94.1�).

Coates et al.24 have reported that phenyl-perfluorophenyl
stacking interactions can be used to align molecules in
crystals for the topochemical [2 � 2] photodimerization and

Scheme 1 Synthesis of Y-enynes 7, 8 and 9. (a) CBr4, PPh3, CH2Cl2,
0 �C, argon, 5 h; (b) n-BuLi, THF, �78 �C, argon, 5 h; (c) Pd(PPh3)2Cl2,
CuI, THF, NEt3, 70 �C, argon, 24 h.
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Table 2 Bond lengths [Å] and angles [�] for 7

F(1)–C(2) 1.336(4) F(2)–C(3) 1.342(5) F(3)–C(4) 1.341(4)
F(4)–C(5) 1.328(5) F(5)–C(6) 1.339(4) C(1)–C(2) 1.389(6)
C(1)–C(6) 1.395(6) C(1)–C(7) 1.472(4) C(2)–C(3) 1.384(5)
C(3)–C(4) 1.382(6) C(4)–C(5) 1.359(6) C(5)–C(6) 1.384(5)
C(7)–C(8) 1.330(5) C(8)–C(9) 1.435(5) C(8)–C(17) 1.445(4)
C(9)–C(10) 1.216(5) C(10)–C(11) 1.404(6) C(11)–C(12) 1.405(6)
C(11)–C(16) 1.409(6) C(12)–C(13) 1.356(7) C(13)–C(14) 1.387(8)
C(14)–C(15) 1.396(8) C(15)–C(16) 1.352(7) C(17)–C(18) 1.196(4)
C(18)–C(19) 1.442(4) C(19)–C(24) 1.383(6) C(19)–C(20) 1.391(6)
C(20)–C(21) 1.408(6) C(21)–C(22) 1.373(8) C(22)–C(23) 1.365(8)
C(23)–C(24) 1.392(6)     
      
C(2)–C(1)–C(6) 116.2(3) C(2)–C(1)–C(7) 119.0(4)   
C(6)–C(1)–C(7) 124.7(4) F(1)–C(2)–C(3) 117.9(3)   
F(1)–C(2)–C(1) 119.9(3) C(3)–C(2)–C(1) 122.2(3)   
F(2)–C(3)–C(4) 119.8(3) F(2)–C(3)–C(2) 120.8(4)   
C(4)–C(3)–C(2) 119.4(4) F(3)–C(4)–C(5) 119.9(4)   
F(3)–C(4)–C(3) 119.8(4) C(5)–C(4)–C(3) 120.3(3)   
F(4)–C(5)–C(4) 120.6(3) F(4)–C(5)–C(6) 119.6(4)   
C(4)–C(5)–C(6) 119.8(4) F(5)–C(6)–C(5) 118.3(3)   
F(5)–C(6)–C(1) 119.5(3) C(5)–C(6)–C(1) 122.1(3)   
C(8)–C(7)–C(1) 125.6(4) C(7)–C(8)–C(9) 121.9(3)   
C(7)–C(8)–C(17) 121.5(3) C(9)–C(8)–C(17) 116.5(3)   
C(10)–C(9)–C(8) 179.1(4) C(9)–C(10)–C(11) 175.9(4)   
C(10)–C(11)–C(12) 119.5(4) C(10)–C(11)–C(16) 122.6(4)   
C(12)–C(11)–C(16) 117.9(4) C(13)–C(12)–C(11) 120.7(4)   
C(12)–C(13)–C(14) 120.9(5) C(13)–C(14)–C(15) 119.2(5)   
C(16)–C(15)–C(14) 120.4(5) C(15)–C(16)–C(11) 121.1(4)   
C(18)–C(17)–C(8) 174.4(4) C(17)–C(18)–C(19) 177.6(4)   
C(24)–C(19)–C(20) 119.2(3) C(24)–C(19)–C(18) 119.7(4)   
C(20)–C(19)–C(18) 121.1(4) C(19)–C(20)–C(21) 119.5(4)   
C(22)–C(21)–C(20) 120.2(4) C(23)–C(22)–C(21) 120.4(3)   
C(22)–C(23)–C(24) 120.1(5) C(19)–C(24)–C(23) 120.6(4)   

photopolymerization of olefinic compounds, as well as the
polymerization of diynes.25 The X-ray structure of 7 reveals
face-to-face stacking interactions between the phenyl and per-
fluorophenyl groups of different molecules. These interactions
result in high order stacking of the molecules in the solid state.
The pentafluoro phenyl ring of one molecule stacks above a
phenyl ring of another molecule forming a “ladder” (Fig. 2a).
The distance between the stacked rings is 3.7 Å. Several “lad-
ders” stack so that a phenyl ring is stacked between two penta-
fluorophenyl rings while a pentafluorophenyl ring is stacked
between two phenyl rings (Fig. 2b). This stacking results in the
formation of channels along the aromatic rings, 2.76 Å in
diagonal (Fig. 2c).

Moore and co-workers 26 first reported acetylene–arene π–π
interactions as a driving force for aggregation of phenylacetyl-

Fig. 1 ORTEP of 7 at 150 K (ellipsoids at 50% probability).

ene macrocycles. These authors reported that π–π interactions
maximized when the triple bond lies parallel to the aromatic
plane (tilt angle, θ, is 90�), and the distance between the aro-
matic centroid and the center of the carbon–carbon triple bond
lies within 10 Å.26 Solid stacking of Y-enyne 7, as revealed by
the X-ray measurement, predicts such interactions. One of the
two acetylene carbon–carbon triple bonds in molecule A has a
tilt angle θ1 = 88.7� with respect to the pentafluorophenyl ring
of molecule B 27 (Fig. 3); this triple bond has the same tilt angle
with the molecule above it (not shown for simplicity). The other
carbon–carbon triple bond in molecule A has a tilt angle θ2 =
30.2� with the pentafluorophenyl ring of molecule B and tilt
angle θ3 = 31.5� with the phenyl ring of molecule C. Further-
more, we propose attractive interaction between the fluorine
atoms (the most electronegative atoms in the periodic table) in
molecule B and the p-orbitals (electron rich) of the acetylene in
molecule A also contribute to the solid stacking. Therefore, the
coulombic interactions and the acetylene–arene π–π inter-
actions, in addition to the fluorine–π interactions, contribute to
the high order stacking of 7.

The X-ray structure confirms that the conjugation of the
chromophore of 7 is distorted in the solid state. The hydrogen
bonded to C7 (H7) is 45� out of the plane (Fig. 2b) of the
pentafluoro ring (dihedral angle of (H7C7C1) and the mean
plane of the pentafluorophenyl ring is 135�). This requires the
p-orbital of C7 to be at 45� with that of C1 (Fig. 4). Therefore,
the pentafluoro ring is in “semi” conjugation with the rest of
the chromophore.

The absorption spectra of 7, 8 and 9 in CH3CN are plotted in
Fig. 5. The shape of the absorption spectra of 7 and 8 appear
similar. The additional methoxy substituents of 7 (as in 8)
resulted in a slight bathochromic shift of the absorption maxi-
mum indicating stabilization of the excited state. Compound 9,
though the general structure of the absorption is similar to 8 is
different in both ε and λmax

abs, Table 3. Though 9 has fewer
methoxy substituents than 8, its absorption spectrum exhibits
the largest bathochromic shift (45 nm). Presumably, Y-enyne 9
is less sterically hindered than 8 resulting in more stabilization
of the π-system of 9.28
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No significant solvatochromic behavior was observed for the
absorption spectra when switching from the more polar
acetonitrile to the less polar cyclohexane for 7 and 9; however, a
blue shift (hypsochromic shift) of 20 nm was observed for 8 on
going from cyclohexane to acetonitrile (Table 3). This is the
result of better ground state solvation in nonpolar solvents and

Fig. 2 Stacking of 7. (a) Line of molecules; (b) a layer of molecules;
(c) view of the unit cell along the a axis.

Fig. 3 Acetylene–arene π–π and fluorine–π interactions in 7; a1, b1 and
n1 are the axis and normal of molecule A.

solvent induced geometry changes. In other words, the π-system
may become more planar by changing the surrounding solvent.
Y-enynes 7–9 are photostable.

Fluorescence measurements in different solvents showed no
solvatochromism for 7 (Fig. 6a) but significant bathochromic
shifts for 8 (Fig. 6c) and 9 (Fig. 6b), Table 4. Y-enyne 8, which
bears two electron donating phenyl groups on the acetylene
moiety, exhibits the largest bathochromic shift, Fig. 6c and
Table 4, indicating both the Y-enyne bridge and the number of
electron donating substituents affect the strength of solvato-
chromism. The distinct substitution pattern in 8 and 9 affects
the photophysical behavior because the electron density of the
aromatic system differs.

The solvatochromism observed for 8 and 9 supports ICT-
formation. Dipole moment changes (∆µ), evaluated from the
slope of the Lippert–Mataga equation, are the largest for 8,
Table 4. Both the solvatochromic slope and ∆µ are reasonable
when compared with other solvatochromic fluorophores.11 Our
results clearly show that the structural donor–acceptor pattern
of 8 is more appropriate in order to get a larger solvatochromic
slope as compared to 9. In other words, fluorescent Y-enynes
with solvatochromic properties should bear the electron-
donating moiety at the aromatic attached to the acetylene bond

Fig. 4 The distorted conjugation of 7.

Fig. 5 Absorption of 7, 8 and 9 in CH3CN.

Table 3 Absorption data for 7, 8, and 9 in acetonitrile (CH3CN) and
cyclohexane (CH)

Compound Solvent λmax
abs/nm ε/M�1 cm�1

7 CH3CN 305 26600
 CH 309 28600
8 CH3CN 323 29700
 CH 343 27800
9 CH3CN 368 32100
 CH 373 35800
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Table 4 Emission data, solvatochromic slope of the Lippert–Mataga equation (1/hc2πε0(µe(µe � µg)/ρ
3)) and change of dipole moment between S0

and S1 (∆µ) for 7, 8, and 9 in cyclohexane (CH) and acetonitrile (CH3CN)

Compound Solvent φf λmax
fl /nm 1/2hcπε0(µe(µe� µg)/ρ

3) /cm�1 ∆µ (D)

7 CH 0.004 410 0 0
 CH3CN 0.006 410   
8 CH 0.015 456 �10,800 9.6
 CH3CN 0.011 550   
9 CH 0.005 439 �6,400 6.9
 CH3CN 0.006 483   

while the aromatic attached to the double bond should have
electron withdrawing groups.

Effective nonradiative deactivation competes either with
ICT-formation or radiative deactivation of the locally excited
state (LE). Low fluorescence quantum yields were measured for
7–9 in ordinary solvents at room temperature, Table 4. Isomeriz-
ation of the double bond is the main pathway for nonradiative
deactivation. The efficiency of this can be reduced in frozen
organic glasses because this process suffers from increasing
viscosity and results in an increase of the fluorescence decay
time-τf, Fig. 7. The fluorescence decay time of 9 decreases in
methyltetrahydrofuran (MTHF) from 2.1 ns at 77 K to 0.17 ns
at 160 K and finally to 0.11 ns at 200 K. These data clearly show
the competition between radiative and nonradiative processes.
The higher the temperature of the surrounding solvent, the
lower the solvent viscosity and therefore the better the efficiency
for nonradiative deactivation. The latter is caused by double
bond rotation in the excited state.

Furthermore, temperature dependent 1H-NMR (400 MHz)
measurements of 9 in CDCl3 (freezing point = �63.5 �C) indi-

Fig. 6 Normalized emission of 7 (a; top), 9 (b; middle) and 8
(c; bottom) in solvents of different polarity (CH = cyclohexane, THF =
tetrahydrofuran, MeCN = acetonitrile). λexc (7) = 320 nm; λexc (8) =
335 nm; λexc (9) = 375 nm.

cated efficient single bond rotation. At 25 �C, rapid rotation of
the trimethoxyphenyl ring of 9 averages the chemical shifts of
the two meta OCH3 groups (3.88 ppm, 6 H) and differentiates
them from the para OCH3 (3.91 ppm, 3H). The three MeO
groups in 5 collapse into one peak at 3.87 ppm. The MeO
groups in 6 coalesce at 3.86 ppm. However, the para and meta
MeO groups in 9 differ due to the extended conjugation with
the fluorinated rings. When the temperature is lowered, the
rotation around the single bond of the trimethoxyphenyl
ring slows moving the OCH3’s closer in chemical shift until, at
�50 �C, all OCH3’s have the same chemical shift, 3.93 ppm
(Fig. 8). We attribute this to the absence of conjugation due to
frozen rotational conformation in which the trimethoxyphenyl
ring is perpendicular to the fluorinated rings (Fig. 9). Therefore
it is not affected by the fluorinated rings and behaves as it does
in starting material 5.

The general photophysical scheme for the Y-enynes 8 and 9 is
depicted in Scheme 2. The LE competitively decays either into a
radiationless decaying component of biradicaloid nature
(formed by double bond rotation) or a species exhibiting ICT-
properties. These compounds are therefore viscosity (sensitive
response upon change of viscosity) and polarity (sensitive
response upon change of polarity) dependent fluorescent
probes.

The dipole moments of the excited states were determined
using the Lippert–Mataga treatment, eqn. (1).29 Ground state
dipole moments were used as obtained from quantum chemical
calculations by using the AM1 Hamiltonian. Most of the sol-
vents, with the exception of toluene, resulted in a reasonable
correlation between the emission energy and the solvent polar-
ity function ∆f, Fig. 10. Toluene can π-stack with the fluorinated
moiety of the fluorophore and may result in an additional ener-
getic stabilization that is not included in the Lippert–Mataga
theory.

Equation (1) states that the emission wavenumber νCT in
a specific solvent is proportional to the solvent polarity

Fig. 7 Fluorescence decay of 9 in methyltetrahydrofuran at 77 K and
200 K.

(1)
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Scheme 2 Possible reaction pathways in the excited state of donor–acceptor substituted Y-enynes 8 and 9.

Fig. 8 1H-NMR of 9 in CDCl3 at different temperatures: (a) 25 �C; (b) �35 �C; (c) �45 �C; (d) �50 �C; (e) �55�C.

parameter ∆f, which is defined by Eqn. (2), in which ε is the
relative permitivitty and n is the optical refractive index of the
solvent. In equation (1), ε0 is the permittivity in vacuum, ρ is the
Onsager radius,30 h is the Planck’s constant, µCT

exc is the dipole
moment of the CT in the excited state, and µCT

GS(FC) is the
dipole moment of the ICT in the ground state with Franck
Condon geometry.

Conclusions
An approach to the development of fluorescent probes from
fluorinated Y-enynes is reported. Different substitution pat-
terns in the Y-enynes result in distinct solvatochromic behavior.
Donor substituted Y-enynes 8 and 9 exhibit solvatochromism

(2)

upon change of solvent polarity. Y-enyne 8 showed the
largest solvatochromic shift (94 nm bathochromic shift) upon
changing solvent from cyclohexane to acetonitrile. A smaller
solvatochromic response (44 nm bathochromic shift) was
observed for 9. The solvatochromic behavior in 8 and 9 sup-
ports the formation of an intramolecular charge transfer (ICT)
state. Compounds 8 and 9 are viscosity and polarity depend-
ent fluorophores. Y-enyne 7 stacks in the solid state due to
coulombic, actetylene–arene, and fluorine–π interactions. The
conjugation of 7 is distorted.
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