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ABSTRACT: A fluorescence behavior controllable conjugated polymer (CP)-based fluorescent film was
developed by chemical attaching poly(2,5-dihexadecyloxyphenyleneethynylene) (M-PPEs) onto a glass plate
surface. It was revealed that the profile of the fluorescence emission spectrum of the film depended upon the
polarity of its medium. This dependence has been attributed to the alteration of the conformation of the side
chains of the polymer in immobilized state. In “poor” solvents or vapors, the side chains may adopt a compact
coil conformation, resulting in aggregation of the immobilized polymers, and thereby fluorescence emission
of the film is reduced because of the so-called aggregation-induced fluorescence quenching effect. Whereas in
“good” solvents or vapors, the side chains tend to be swollen and adopt extended or loose coil structure,
thereby preventing aggregation of the polymers, coupled with increasing of the fluorescence emission.
Interestingly, this alteration process is fully reversible, and the retention time for each equilibration is less than
1 min. The film is also responsible for the changes in the compositions of mixture solvents, such as THF/
methanol. In particular, two-input INH and OR logic gates were presented on the basis of the film. No doubt,
this finding can be taken as a new strategy for the design of CPs and self-assembled monolayer (SAM)-based

fluorescent sensing films and will definitely expand their applications.

Introduction

Surface functionalization plays a great role in the production
and creation of electronics, catalysts, chemical sensors, and
nanoscale- and molecule-level devices.' Presently, much attention
has been devoted to modulating the microstructures of chemical
assembled surfaces and the functional properties of SAM-based
films.'%? Tailoring of interface or surface-confined phenomena
requires precise control of such interface or surface with pre-
defined structures. For advanced applications, reversible external
alteration of the interface or surface structures is a necessity.>

Recently, fluorescent sensing films via chemical assembly of
low-molecular-weight fluorescent compounds on the functional
terminus of surface-supported surfaces have received a great deal
attention, mainly because this methodology offers several ad-
vantages in generating sensing films: (1) fast response based on
the design strategy of directly exposing fluorophores to the testing
solution, (2) high stability coming from the chemical bond among
the components, (3) diverse film structures by varying the
combinations of spacers, fluorophores and substrates, and (4)
multiple measurable photophysical parameters.'“* Such a strat-
egy was extensively utilized by both Reinhoudt and co-workers
and our group in developing fluorescent SAM sensors and
exploring their potential applications. These fluorescent films
have been reported to be sensitive and selective to the presence of
metal cations, neutral chemicals, and even organic metal salts.>®
Interestingly, the interface or surface properties of these films
have been proved to be regulable not only by means of changes in
the nature of the functional molecules or their geometry but also
by the conformational changes in the spacers connecting the
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fuorophores and the substrate, which plays a great role in
mediating the fluorescence sensing properties.

Compared to these small-molecule fluorophores, conjugated
polymers (CPs) or oligomers are not only fluorescence active but
also possess the so-called superquenching effect since their back-
bone can act as a molecular wire, enabling the rapid propagat-
ion of an exciton throughout the individual polymer chain.®
Although CPs have been extensively utilized in preparing highly
sensitive film sensors, most of the reported work has been limited
to using spin coating or casting to prepare CP films.” Our group
started to explore the combination of CPs and SAM technique to
prepare highly sensitive and stable film sensors a few years ago.®
On the basis of the strategy, several CPs-based film sensors have
been prepared and exhibited excellent responses for nitro-aro-
matic compounds (NACs) either in vapor or in solution and
formaldehyde vapor.' Just following the philosophy that “every-
thing is divided into two”, utilization of CPs as fluorescent
sensing elements brings SAMs-based fluorescent films superior
sensitivity, but coupled with difficulties in immobilization of the
CPs and in varying the structures of the spacers connecting the
CPs and the substrate, which seriously limits the creation of more
fluorescent film sensors based on SAMs and CPs. Therefore, new
strategies for creation of this type of fluorescent film sensors with
superior performances are desperately needed.

Considering the facts that CPs are “rigid” molecules'' and
their fluorescence behaviors depend upon their physical states,
itis reasonable to presume that variation in the conformation
of the side chains of a CP may result in changes of the
photophysical property of such a CP-functionalized fluores-
cent SAM.'? To prove the feasibility of such a concept, a long
flexible alkyl, hexadecyl, was introduced as side chains of
poly(p-phenyleneethynylene) (PPEs) in fabricating a PPE-
functionalized film sensor.
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Scheme 1. Schematics for the Synthesis of PPEs and Its Coupling onto a Glass Plate Surface
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Experimental Section 1 h. The activated glass plate was placed in flask charged with a

toluene solution (20 mL) of 4-iodo-N-3-(trimethoxysilyl)pro-

. : 0 - 1 -
Materials. Diphenylacetylene (Acros, 97%), (3-aminopro pylbenzamide (0.67%, v/v), and the solution was refluxed for 4

pyDtrimethoxysilane (Alfa Aesar, 97%), 4-iodobenzoyl chloride

(Alfa Aesar, 98%), 1,4-diiodobenzene (Alfa Aesar, 98%), Pd- h. After cooling to room temperature, the plat.e was removed
(PPhs), (Alfa, 99%), and Cul (Alfa, 98%) were use d’as received from the flask, successively Washgd with a copious amount of
4 ’ > > ’ toluene and ethanol, and then dried under a gentle stream of

All manipulations for the preparation of the samples were
performed using standard vacuum line and Schlenk techniques
under a purified argon atmosphere. THF and toluene were
distilled from sodium benzophenone ketyl under argon prior
to use. 1,4-D1hexadecyloxy-2,5-d¥1odobenzene and 4-iodo-N- solution step-growth polymerization reaction.'® 1,4-Diethynyl-
3-(trimethoxysilyl)propyl benzamide were synthesized accord- benzene (25 mg, 0.2 mmol), 1,4-dihexadecyloxy-2.5-diiodoben-
ing to a literature method.'*'* All manipulations for the pre- zene (159 mgg’O 196 mmc;l)’ Cul (1.86 )I/ng y9 ] gmol), and
paration of the samples were performed using standard vacuum Pd(PPhs), (11f3 rﬁg 98 um(;l) were dissolved in a mixture of
line and Schlenk techniques under a purified argon atmosphere. 14 mL of toluene a1;d 6 mL of diisopropylamine. The mixture

Instruments. Both steady-state and time-resolved fluores- was heated at 70 °C for 24 h, and ammonium iodide was formed
cence measurements were performed at room temperature on immediately. The mixture is highly fluorescent, and the color of
a time-correlated single pho'ton counting Edinburgh FLS 92,0 the emission turns from blue to green along with the progress of
fluorescence spectrometer with a front-face method. The fabri- the reaction. After cooling the mixture to room temperature, the
cated film was inserted into a quartz cell with its surface facing functionalized film was removed and washed with plenty of
the excitation li.ght source. The cell was fixed in the solid sample toluene and ethanol. The free polymers within the reaction
holder of the instrument. The position of the film was kept mixture were precipitated by dropwise addition of the mixture
constant during each set ofmeasurem;nts. Contact angles of the into plenty of acetone (400 mL) under vigorous stirring. The
films were measured on a dataphysics OCA20 contact-angle precipitate (M-PPEs) was collected and washed repeatedly with
system at ambient temperature. X-ray photoelectron spec- acetone, hot ethanol, and n-hexane and then dried overnight
troscopy (XPS) measurements were carried out on an ESCA- at 50 °C. M, = 1.94 x 10* by GPC (PDI = 1.53). '"H NMR
PHI5400 photoelectron spectrometer using a monochromatic (CDCl5) d 7.54 (br, 4H), 7.34 (d, 2H), 7.02—7.00 (m, 2H), 3.92
Mg Ko X-ray source. The ellipsometric thicknesses of the (m, 4H), 1.79 (br, 4H), 1.49 (br, 4H), 1.26 (br, 48H), 0.88 (t, 6H).

nitrogen.'

Chemical Coupling of M-PPEs onto a Glass Plate Surface.
Chemical coupling of poly(dihexadecyloxyphenyleneethyny-
lene) (M-PPEs) on a glass plate surface was performed using

layers on glass plgte S}lbstrate were measured on SpecEl-2000- The stability of this film in THF was confirmed by monitoring

VIS spectroscopic ellipsometer (Mikro Pack). "H NMR spec- the fluorescence emission as a function of time (cf. Figure S1).

tra were measured on Bruker AV 300 NMR spectrometers. The side-chain-free polymer, poly(phenyleneethynylene) (N-

GPCwas performed at 35 °C using THF as the eluent at a flow PPEs), functionalized film was fabricated in a similar way.

rate of 1.0 mL min~'. The GPC instrument was equipped with The films fabrication process is shown in Scheme 1.

a Waters 717 plus autosampler, a Waters 1515 HPLC pump,

three u-Styragel columns, and a Waters 2414 refractive index Results and Discussion

(RI) detector. The columns were calibrated using polystyrene )

standards. Characterization of the Films. The films have been char-
Activation and Silanization of the Glass Plate Surface. A glass acterized by XPS, wettability, and thickness measurements.

plate (0.9 cm x 2.5 cm) was treated in a “piranha solution” (7/3, Figure 1 shows the XPS spectra of the substrate of various

v/v, 30% H,0,/98% H,S04)"> (warning: piranha solution should surface compositions, of which the chemical structures changed

be handled with extreme caution since it can react violently with from hydroxyl groups, aryl iodide groups, to M-PPEs or

organic matter) at 98 °C for 1 h, then rinsed thoroughly with N-PPEs along with the treatments (cf. Scheme 1). It can be

plenty of water, and finally dried at 100 °C in a dust-free oven for seen that the signal of C 1s became much stronger, and the
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Figure 1. X-ray photoelectron spectra of the glass plates of various
surface structures: (2) plate with activated surfaces, (3) plate with an aryl
iodide surface, (4) plate with a M-PPEs-coated surface, and (5) plate
with a N-PPEs-coated surface.
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Figure 2. Advancing contact angles (0) of various glass plate surfaces
to water: (1) the original clean glass plate, (2) plate with activated
surfaces, (3) plate with an aryl iodide surface, (4) plate with a M-PPEs-
coated surface, and (5) plate with a N-PPEs-coated surface.

signals of N s and I 3d appeared after silanization, a direct
evidence for the successful coupling of the silanizing reagent on
the glass plate surface. Immobilization of M-PPEs on the
surface made C 1s signal even stronger, while the signals of I
3d became significantly weaker due to reaction of the end iodine
groups, an indication of successfully coupling of M-PPEs (cf.
Figure 1). The corresponding conversion efficiency is about
35%, which was calculated by using the XPS data according to
amethod reported by our group earlier.'°® Nevertheless, remain
of the weak I 3d signal in the final film indicates that the reactive
sites on the glass plate surface had not been fully occupied by
the conjugated polymers. Coupling of M-PPEs on the substrate
surface was further confirmed by the results from surface
wettability measurement.

Contact angles (0) of the surfaces of the substrate to water
at ambient temperature were monitored at different stages of
the functionalization process, and the results are shown in
Figure 2. Reference to the figure reveals that the contact
angles decrease significantly from 27.1 £ 1.6° to 10.5 £ 0.4°
after activation with the “piranha solution”. Further treat-
ment with 4-iodo-N-3-(trimethoxysilyl)propylbenzamide re-
sults in a sharp increase in the data (76.2 £ 0.8°), indicating
that the wettability of the surface has reversed. The angle
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Table 1. Ellipsometric Thickness of the Fluorescent Films on Oxidized

Silicon Wafer
samples thickness (£0.5), A
glass plate with iodine surface 24
glass plate with M-PPEs-coated surface 143

increases further with the introduction of M-PPEs or
N-PPEs and reaches a value of 94.2 £ 1.1° or 101.3 £
0.6°, typical hydrophobic surfaces. These results are con-
sistent with the expectation from the chemical composi-
tions of the surfaces, as shown in Scheme 1 and revealed by
XPS measurement.

Ellipsometry is a widely used optical technique for mea-
suring the thickness of thin films. In this study, the measure-
ments of the layers were made on glass plate assuming a
refractive index of 1.5 for the layer over the substrate surface.
Average values for the adlayers are summarized in Table 1. It
is clear that the adlayer with iodine as their end groups are
not true monolayer because the thickness (24 A) measured is
much thicker than that predicated theoretically by calculat-
ing the molecular length of 4-iodo- N-3-(trimethoxysilyl)pro-
pylbenzamide and angles of the chemical bonds in the
silanizing reagent. The difference between the experimental
result and that predicted may be attributed to the use of
trialkoxysilane as a coupling reagent, which is known to
form polysilanols readily, resulting in multilayer structures
on the surface. After coupling M-PPEs, the thickness of the
film increased to 14.3 nm, a net increase of 11.9 nm, whichisa
value significantly shorter than 18 nm, a theoretical data
obtained by modeling the oligomer with Materials Studio
3.0. This is not a surprising result considering that M-PPEs
could not stand perpendicularly on the substrate surface.

Steady-State Excitation and Emission Spectra of the Film.
The excitation and emission spectra of both the long-alkyl-
side-chain-modified PPEs (M-PPEs) in THF and film based
upon M-PPEs (film 1) in dry state are shown in Figure 3. The
maximum excitation of M-PPEs in THF appeared at415 nm,
and the emission centered at 445 nm with a shoulder
appeared at 475 nm. Whereas, as to film 1 in dry state, its
maximum emissions shifted to 465 and 510 nm, respectively,
and the emission centering at 510 nm is broader and stronger
than that peaking at 465 nm. The variation in the position
and profile of the emission spectra might be originated from
variation of the conformation of M-PPEs in different micro-
environments. The emission appearing at longer wavelength
should be the one from aggregated state and the other at
shorter wavelength from free monomolecular state. Thus,
the molecules of M-PPEs on the film in dry state are mainly
aggregated because their emission is dominated by the longer
wavelength emission. In contrast, in solution state, they
prefer to stay in monomolecular state. The loading density
of fluorophore on the substrate surface was determined by a
literature method,*™!® and the result is ~28% (1.6 molecules
per 100 A?) relative to the theoretical value (5.8 molecules per
100 A%). The aggregation phenomenon of M-PPEs was
carefully studied in miscible solvents by steady-state and
time-resolved fluorescence techniques, which confirmed that
itis the aggregation that resulted in the change in the profiles
of the fluorescence emission spectra.

Aggregation of M-PPEs in Mixture Solvents. To investi-
gate the aggregation behavior of M-PPEs in solution, mis-
cible solvents were employed to adjust the solubility of the
polymer in the solvents. For M-PPEs, THF is a “good”
solvent, but ethanol and water are “poor” solvents. Ac-
cordingly, the fluorescence emission spectra of M-PPES in
THF —ethanol mixtures were recorded, and the results are
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Figure 3. Excitation and emission spectra of M-PPEs in THF and film 1 in dry state (Aex = 415 nm, Ae, =
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Figure 4. Fluorescence emission spectra of M-PPEs in THF:ethanol
(v:v) (dex = 380 nm). Insets are the photos of the emission under UV
irradiation and the composition dependence of the ratio of the emission
intensity centered at 512 nm and that centered at 447 nm.

presented in Figure 4. It can be seen that M-PPEs in pure
THF shows a blue emission under UV irradiation, but in
contrast the emission turns to green when the composition of
the mixture solvents is dominated by ethanol (cf. inset of
Figure 4). Reference to the emissions shown in the figure
reveals that the emission is dominated by the one centering at
445 nm or within 430—460 nm when the content of ethanol in
the mixture does not exceed 50% (v/v). Further addition of
ethanol to the mixture is accompanied by a decrease in the
blue emission, an indication of inner-filtering effect resulted
from aggregation of the polymers, a well-reported aggrega-
tion induced fluorescent quenching phenomenon for con-
jugated organic polymers.'” Meanwhile, green emission
(500—530 nm) is becoming significant, not due to its increase
but due to the decrease of the blue emission. It is worth well
to mention that the aggregates of the polymer formed in the
mixture solvent can be observed directly by the naked eye (cf.
Figure S2). Interestingly, the profile of the emission of film 1
in dry state is similar to that of M-PPES in a specific THF:
ethanol mixture (3:7) (cf. Figure S3), suggesting that the
packing degree of M-PPEs in immobilized state is close to
that of the polymer in the mixture solvent.

Furthermore, the aggregation behavior of the polymer in
another mixture of solvents, THF:water, was also studied,
and the results are shown in Figures S4 and S5. The details
are described in the relevant section of the Supporting
Information.

Fluorescence Lifetime Measurements. Fluorescence life-
time of a conjugated polymer in monomolecular state should
be very different from that in aggregated state, and thereby,
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Figure 5. Semilog plots of fluorescence intensity vs time for M-PPEs in
THF:ethanol mixtures of different compositions and that in dry film
state (Aex = 380 nm, A, = 500 nm).

the aggregation of M-PPEs in the mixture solvent can be also
interrogated by conducting lifetime measurements. Figure 5
depicts the fluorescence decays of M-PPEs in THF:ethanol
of different compositions and that in dry film state. Refer-
ence to the figure reveals that the decay depends upon the
composition of the mixture solvent. Clearly, the decay is
becoming slower and slower with increasing the ratio of
ethanol in the mixtures. The average lifetime of the polymer
in the mixture solvent increased from 1.21 to 1.54 ns with
increasing ethanol from 0 to 70% (v/v). Furthermore, the
decays could be reasonably fitted by using a double-exponen-
tial function. For comparison, the fluorescence decay of film 1
in dry state was also recorded. Reference to the decays, it is
seen that the decay of film 1 is close to one of the M-PPEs’
decays recorded in its THF—ethanol mixture solvents, of
which the ratio of THF to ethanol is 3 to 7, indicating again
that M-PPEs in the two systems have aggregated in a similar
way and a similar level provided the substrate shows little
effect to the decay process, whlch Is the main reason for people
to adopt silica as a substrate."® Once the presence of the
aggregate both in mixture solvent and in immobilized
state was confirmed, the next step is to determine whether
the aggregate is formed prior to the excitation (static
aggregate) or after the excitation (dynamic aggregate, forms
via a mechanism similar to that described by Birks’ scheme)."”
This information is important for the deeper understanding of
the aggregate structure and for the real-life applications of the
finding. To this end, time-resolved (fluorescence) emission
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Figure 6. Time-resolved emission spectra of film 1 in air (a) and those
of a controlled system of M-PPEs in THF:ethanol mixture (30:70, v/v)
(b) (Aex = 380 nm).

spectroscopy measurements (TRES) were conducted for some
typical systems.

TRES Measurements. Figure 6 lists the TRES spectra of
film 1 in dry state recorded at different time gates (0—1, 12,
2—3, and 3—10 ns) and those of M-PPEs in THF:ethanol
mixture (30:70, v/v) recorded at the same time gates. It is to
be noted that time 0 corresponds to the time at which the
excitation pulse reaches its maximum intensity. Reference to
the spectra shown in Figure 6a, it is clearly seen that the
profiles of the spectra at different time gates are varying from
each other. The earliest time gate spectrum is characterized
by the monomolecular emission of the polymer immobilized
as revealed by steady-state measurement (cf. Figure 3,
M-PPEs in pure THF), but this character is getting lost with
the time gate moving to longer time. In contrast, a new broad
emission is becoming stronger and stronger, which is the
characteristic emission of the polymer in aggregated state (cf.
Figure 4). The facts that no aggregate emission at the earliest
time gate and increased aggregate emission appearing at later
time gates indicate incontestably that the excited state of the
aggregate in the film state is formed in a way similar to that
described by Birks’ scheme. In other words, the aggregation
and disaggregation are dynamic or reversible. However, the
TRES spectra of the polymer in the mixture solvent present
different results (cf. Figure 6b). It is seen that the profiles of
the spectra at different time gates shown in this figure are
similar. The characteristic emission of the aggregate appear-
ing at the very early time gate indicates that the aggregate is
dominantly formed before the excitation and that it follows a
mechanism (static aggregate) different from Birks’ scheme.
The less intensity of the monomolecular emission in the later
time gate is mainly due to its faster decay or short lifetime. It
is the dynamic nature of the aggregation of the polymer in
film state that lays the foundation for sensing application, an
important application as will be presented later. The differ-
ences observed for M-PPEs in two different states may be
understood by considering the peculiarity of molecules at
interfaces. It is known that in physics an interface can be
considered as an inherent perturbation to the inversion
symmetry of space and thereby introduces a new spatial
director for molecules confined in it.'®>2° This may magnify
the minor structural differences that have negligible influ-
ences in a homogeneous medium when the molecules are
confined in an interface. It is surmisable that the finding
described above is of great importance for extending the
sensing applications of CPs, of which synthesis and immo-
bilization are not easy to be conducted.
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Figure 7. Fluorescence emission spectra of film 1 in benzene vapor of
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Figure 8. Reversibility of the response of film 1 to the presence of
benzene vapor (dex = 380 nm, A¢,, = 500 nm).

Response of Film 1 to Benzene. Figure 7 shows the fluor-
escence emission spectra of film 1 in the presence of benzene
vapor of different densities. It is seen that the intensity of the
monomolecular emission increased significantly and blue-
shifted a few nanometers along with increasing the density of
the vapor. However, the emission does not increase further
when the density of the benzene vapor exceeds a certain value
(50 mmol/L). The sensitization of benzene to the fluores-
cence emission of the film can be understood by considering
the fact that benzene is a good solvent for the polymer. In
other words, the film is wettable in benzene, and thereby the
balance of aggregation to disaggregation moves to the latter
side, as demonstrated by the increase in the monomolecular
emission. Drying of the film leads to rebuilding the original
profile of the fluorescence emission. This process can be
repeated for many times, and the results are depicted in
Figure 8. The measurements have been conducted at room
temperature, and 20 uL of benzene was used to build an
organic environment (50 mmol/L) in a sealed cell. Before
each measurement, the solvent was injected into a stan-
dard cell, in which the film was allied on one side. A stable
emission was reached within 1 min, and the intensity of the
emission was recorded. Removal of the organic vapor was
realized by gently blowing the film and the cell with a
nitrogen stream.

It is to be noted that the film is not only responsible to
benzene vapor but also to other organic vapors, including
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toluene, THF, chloroform, dichloromethane, etc. In con-
trast, acetone, methanol, ethanol, and water barely have
any influence on the emission of the film.

To confirm the function of the side chains to the perfor-
mance of film 1, film 2 was specially fabricated, in which
PPEs, possessing the same backbone as M-PPEs but with no
side chains, was utilized as the fluorescent polymer instead of
M-PPEs. The response of this film to benzene vapor was also
evaluated, and the result is shown in Figure S6. It is seen that,
compared with film 1, benzene vapor shows little effect on
the fluorescence emission of the film, indicating that the side
chains did have played a crucial role to the precious perfor-
mance of film 1.

The detection limit of the film to benzene vapor was also
determined by employing a standard method as described in
the Supporting Information, and the result is 1.3 mmol/L.

Response of Film 1 to Mixed Solvents. It is imaginable that
film 1 can be also used for sensing the compositions of some
mixture solvents provided each of them consists of a “good
solvent” and a “poor solvent”, and the two solvents are fully
miscible. As an example, Figure 9 shows the reversible
response of film 1 to the changes of the compositions of
the THF —ethanol mixture solvent.

Theoretical Simulation of the Aggregation Behavior. To
make a deeper understanding of the aggregation to disag-
gregation process of the conjugated polymers immobilized
on the glass plate surface, molecular dynamics (MD) were
employed to simulate the possible structures of M-PPEs
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Figure 9. Plot of the fluoroescecne intensity (451 nm) of film 1 as a
function of the composition of THF:ethanol mixtures. Insets: fluores-
cence spectra of film 1 in the mixture solvents (Ax = 380 nm). Notes:
step 1: THF increases; step 2: THF decreases.
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in different atmospheres, of which one is vacuum and
another is THF.

To be simple, only the dependence of the distance between
the ring plains of two OPES, which is a model compound of
M-PPEs with only 5 monomer units, molecules, and the
length of the side chains of the molecules on the medium
nature was simulated. The results are shown in Figure 10. It
is seen that in vacuum the distance between the two mole-
cules is about 3.2 A, but the distance increases to 4 to 5 A
when the medium changes to THF, a good solvent for the
polymer, a result in support of the findings that poor solvent
or medium results in more emission from aggregated state of
the polymer, but good solvent or medium results in more
emission from lonely or free state of the polymer. Further-
more, the average length of the side chains of the polymer
also depends upon the nature of the medium. As expected,
replacing vacuum with good solvent, THF, of the polymer
results in significant extension of the side chains, a result
reveals the reason why the distance between the ring plains of
the two molecules increases when their medium is changed to
good solvent. This tentative conclusion is supported by the
result from another simulation. At this time, OPE5’ was
employed as a model polymer, of which no side chains were
attached. The results are shown in Figure S7. Itis clearly seen
that medium nature shows little effect upon the distance
between the two molecules, in support of the statement that
side chain plays important role for the sensitivity of M-PPEs
to its medium.

Conformational Behavior of Film 1 in Both Dry and Wet
States. The unusual rich and colorful fluorescence behaviors
of film 1 in both dry and wet states have been experimentally
and theoretically studied and are schematically shown in
Scheme 2. It can be seen that each state in solution or vapor
corresponds to a specific dry state provided a freezing drying
method is used to prepare the dry films. It is believed that
only in this way that the conformations of the polymers
immobilized on the substrate surface can be farthest main-
tained during the elimination of the solvent or vapor.
According to the results shown in Figures 7—10, it should
be not difficult to understand that “a”, “b”, and “c” stand for
the possible conformations of the polymers of film 1 when it
is put in a “poor”, a “good”, or a mixture solvent or vapor
(two miscible solvents or vapors, one “good” + one “poor”),
respectively. As demonstrated already, one of the three states
can be transformed into another by simply changing the
solvent or vapor as indicated in the Scheme. Furthermore,
“a’”, “b’”, and “c¢’” stand for conformations of film 1 in
dry state corresponding to “a”, “b”, and “c”, respectively.

14
1.8
1.6 —— vacuum 124 (b)
--- THF
1.4 1.0
1.2
0.8-
© 1901 -
@ 0.8 > 06
0.6
0.4
0.4
0.2 0.2
0.0 0.0
T T T T ’ T T T T T
0 2 4 6 8 10 5 6 7 8 9 10 1

Radius of gyration (Angstrom)

Figure 10. Radial distribution function (RDF) of OPES in vacuum and THF: (a) center-to-center distance between two OPES molecules and (b) the

side chain length of OPES.
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Scheme 2. Schematic Representation of the Conformations of Film 1 in Different Conditions and the Relationships among Them
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The tentative hypothesize is greatly supported by the results
from fluorescence emission measurements (cf. Figure S8).
Upon inspection of the figure, it is seen that both intensities
and profiles of the emissions are different from each other.
Furthermore, state a’ can be changed into state a, and
similarly, b’ to b, and ¢’ to ¢, provided they are put in a
suitable ambience or solvent as indicated in the Scheme 2.
Clearly, fully understanding of the relationships shown in the
scheme is meaningful for searching new applications of the
film as fabricated. As an example, some molecule logic gates
can be generated as described below.”!

Logic Gates Studies. As one of molecular devices, the
fluorescent logic gates based upon covalent immobilization
of CPs on solid surface play a pivotal role not only because
they can simultaneously treat multiple inputs but also be-
cause they can provide the chemical stability and suitability
for practical applications.”> Therefore, some logic gates
based upon film 1 were principally generated. On the basis
of the results shown in Figures 7 and 9, it is clear that the
emission of film 1 can be reversibly modulated by changing
the identity of its medium both in solution and in air. As
examples, a molecular INH gate and an OR gate are
presented in Figure 11 and Figure S9, respectively. The truth
table for the INH gate is shown in Figure 10b, in which THF
(inputl) is 0 mL (low, binary 0) or 1.5 mL (high, 1) and
ethanol (input2) is 0 mL (low, binary 0) or 1.5 mL (high, 1).
Herein we regard a fluorescence intensity of 1.75 as the
threshold value and the output = 0 when the intensity of
the emission at 450 nm is low ( < 1.75), whereas the output = 1
when the intensity of the emission is high (> 1.75). Thus, a
strong fluorescence signal of the film is observed when THF
alone is present. In contrast, a weak fluorescence is obtained
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Figure 11. Fluorescence spectra of film 1 without or with presence of
THF and/or ethanol. The truth table and scheme for an INH logic gate
(THF: 1.5 mL; ethanol: 1.5 mL; a: no input; b: ethanol; c: THF;
d: ethanol + THF).

when ethanol is present. Namely, only inputl = 1 results in
output = 1. This resulting pattern mimics the function of an
electronic INH gate with a low output state occurring in the
simultaneous presence of the two inputs. Similarly, an OR
logic gate can be also generated. The details can be found in
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Figure S9 and the relevant descriptions in the Supporting
Information. It is to be noted that this should be the first
report of fluorescent molecular logic gate based upon im-
mobilized CPs.

Conclusions

In summary, a novel stimulus-responsive, CP-based fluores-
cent film has been developed by chemical attaching a structurally
modified CP onto a glass plate surface via a short spacer. The film
shows reversible, supersmart response to some external stimulus,
such as presence of toxic volatile organic solvents, including
benzene, toluene, chloroform, THF, dichloromethane, etc., and
changes in the compositions of suitable mixture solvents. Fluor-
escence and MD modeling studies revealed that the long, flexible
alkyl chains have played crucial role on the smart performances
of the CPs functionalized film. Interestingly, both an INH and an
OR logic gates can be simply generated by employing the smart
film as created. It is believed that the strategy proposed in
this work may provide a new way for the design of SAMs and
CP-based fluorescent sensing films.
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