
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 7
/1

6/
20

25
 4

:1
5:

22
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Multi-luminescen
aDepartment of Materials Science and Engin

Michigan 48109, USA. E-mail: jinsang@um
bDepartment of Chemical Engineering, Univ

48109, USA
cMacromolecular Science and Engineering

Michigan 48109, USA
dDepartment of Biointerface Institute, Univ

48109, USA
eDepartment of Chemistry, University of Mic
fMaterials and Process R&BD Group, Ko

(KITECH), South Korea
gMadrid Institute for Advanced Studies – IMD

Universitaria de Cantoblanco, 28049, Madr

† Electronic supplementary informa
10.1039/c5sc03986j

Cite this: Chem. Sci., 2016, 7, 2359

Received 20th October 2015
Accepted 25th December 2015

DOI: 10.1039/c5sc03986j

www.rsc.org/chemicalscience

This journal is © The Royal Society of C
t switching of metal-free organic
phosphors for luminometric detection of organic
solvents†
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Metal-free organic phosphors can be an attractive smart optical sensing materials since, in such

compounds, intersystem crossing (ISC) and the phosphorescence process are placed in subtle

competition with fluorescence, internal conversion (IC), and non-radiative decay pathways. Here, we

report a unique environment-dependent multi-luminescence switching behavior of metal-free organic

phosphorescent materials. Through combined photophysical measurements and computational

electronic structure analysis, we systematically investigated how physicochemical properties of organic

solvents affect the photophysical pathways of the metal-free organic phosphors. By rationally adapting

the finding into phosphor-doped electrospun polymer fibers, we developed a new luminometric sensory

platform and achieved selective detection of eight different common organic solvents. The presented

finding provides new possibilities for metal-free organic phosphors to be a novel class of smart optical

sensory materials.
Introduction

Controlling the luminescent properties of organic materials in
response to external stimuli such as light, temperature, pres-
sure, magnetic or electric elds, and chemical analytes serve
a crucial role in a wide range of applications including displays,
optical devices, lasers, biological imaging probes, and sensors.1

Key material classes that can be used for such smart materials
are uorescent organic molecules and polymers and phospho-
rescent metal–organic complexes.2 The luminescent switching
mechanisms in these materials are changes in electron and/or
energy transfer,3 excimer/exciplex via charge transfer (CT)
complex formation,4 and HOMO–LUMO gap alternation5

caused by a chemical reaction and the alteration of molecular
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stacking and/or conformation. Although much effort has been
devoted to these material classes, development of a new mate-
rial class having novel luminescent transduction mechanisms
can signicantly improve the desired properties and extend the
potential application of smart luminescent materials.

Metal-free organic phosphorescent materials are photo-
physically distinct from conventional uorescent materials and
phosphorescent organometallic complexes. Only certain classes
of organic emitters having particular moieties (for example,
aromatic carbonyls, nitrogen heterocycles, and aromatic
suldes)6 show room temperature phosphorescence (RTP)
because spin–orbit coupling (SOC) is typically inefficient
without heavy-metal atom. In such compounds, intersystem
crossing (ISC) from S1 to Tn and the phosphorescence process is
not fast enough (kP < 102 s�1) and, thereby, those processes are
placed in subtle competition with uorescence, internal
conversion (IC), and non-radiative decay pathways (Scheme 1b).
Therefore, the emission properties of metal-free organic phos-
phors are sensitively dependent on (1) the nature of excited
electronic states (i.e. the nature of S1, Tn, and T1) and (2) radi-
ationless deactivation pathways, which are susceptible to envi-
ronmental conditions like the presence of oxygen, rigidity of
matrices, and temperature.7 Despite the fact that these photo-
physical properties make metal-free organic phosphors attrac-
tive smart optical sensing materials, metal-free organic
phosphorescent materials have been rarely explored for sensing
except for recent oxygen sensors.8,9e

Here, we report environment-responsive multi-luminescence
switching behavior of metal-free organic phosphorescent
Chem. Sci., 2016, 7, 2359–2363 | 2359
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Scheme 1 Multi-luminescent switching of metal-free organic phos-
phors (a) chemical structures of metal-free organic phosphors and
polymers. (b) A general Jablonski diagram of organic emitters. (c)
Photoluminescence images of composite fiber mats before (left) and
after exposure of polar (middle) or nonpolar (right) organic solvents.
General rules for efficient RTP emitters are given in the gray box.

Fig. 1 Fluorescence spectra of (a) Br6A and (b) G1 in various solvents
are presented. Inset shows the fluorescence images of luminophores
in solution under a 365 nm handheld UV lamp.
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materials. The phosphors described in Scheme 1a, Br6A and G1,
exhibit strong green phosphorescence in specic polymer
matrices while they show either blue uorescence or no lumi-
nescence in solutions depending on solvent polarity (Scheme
1c). Through combined experimental analysis and quantum
chemical (QC) calculations, we thoroughly investigate the pho-
tophysical pathways of metal-free organic phosphors to under-
stand the observed multi-luminescence switching. Moreover,
we develop a new sensory platform for luminometric detection
of organic solvents based on the multi-luminescence switching
behavior of the phosphors. Combinations of three different
types of polymer composite ber mats produce unique lumi-
nescence color patterns, which makes it possible to successfully
differentiate eight different common organic solvents.
Results and discussions

The phosphors, Br6A and G1, show strong green RTP in specic
amorphous polymer matrices, i.e. isotactic poly(methyl meth-
acrylate) (iPMMA) and poly(vinyl alcohol) (PVA), at ambient
conditions (Scheme 1c). As we reported previously, this is due to
the combined characteristic molecular features of the phos-
phors and of the host polymer matrices.9 The phosphors
promote ISC via SOC by the creation of a np* type triplet (Tn)
state through the benzaldehyde moiety as well as by the intra-
and intermolecular heavy atom effect of bromine through direct
participation in the relevant frontier p/p*-type MOs, providing
efficient solid-state phosphorescence (see below for details).
The rigidity, high triplet energy, and oxygen barrier properties
of host polymer matrices can greatly suppress the radiationless
deactivation processes of triplet excitons, resulting in efficient
RTP in host–guest polymer composites (Table S1†).8–10

The phosphors (Br6A and G1) also show interesting solvent-
dependent photophysical properties in solution. In polar
solvents, e.g. methanol (MeOH) and water, the molecules show
strong blue uorescence. In other solvents like chloroform
(CHCl3), uorescence is effectively switched off (Fig. 1). No
2360 | Chem. Sci., 2016, 7, 2359–2363
phosphorescence is observed under gated conditions at room
temperature in their deoxygenated solutions. On the other
hand, cooling the phosphor solutions to 77 K or introducing
them into solid matrices of iPMMA or PVA, result in noticeable
phosphorescence (Scheme 1c and Table S1†).9 Photophysical
analysis, combined with time-dependent density functional
theory (TD-DFT) calculations, were conducted to elucidate the
process.11 Chloroform solution of Br6A showed detectable
uorescence so that we could quantify uorescence quantum
efficiency (QY) and lifetime and we thus successfully compared
with the values in methanol solution of Br6A (Table 1), allowing
for the quantitative analysis of the observed multi-lumines-
cence switching. However, unfortunately, it is technically very
difficult to quantify these values in some non-polar solvents
such as ether since the molecules are barely uorescent as one
can see in Fig. 1.

The main characteristics of the photophysical processes
were analyzed by UV-vis absorption and steady-state and time-
resolved photoluminescence (PL) spectroscopy (Table 1 and
Fig. 1 and S1 in the ESI†). In MeOH, the radiative rate (kF) from
S1 to S0 is 0.053 ns�1, while in CHCl3 it is only 0.010 ns�1. Thus,
the oscillator strength of the emitting state (f) must be signi-
cantly different in the two solvents. The oscillation strength is
accessible via the Strickler–Berg equation,12,13 which relates f
with kF, giving fMeOH ¼ 0.11, whereas fCHCl3 ¼ 0.017. On the
other hand, f of the main absorption extracted by integration of
the absorption spectrum is f ¼ 0.09 (Table 1). This compares
well with the photophysical data in MeOH, and thus indicates
that in this case emission originates from an allowed transition
from S0 to S1 which gives rise to the main absorption. Contrary,
in CHCl3, an essentially dark S1 state has to be proposed. Thus,
from the experimental data we suggest a solvent-dependent state-
switching mechanism.

The alternative deactivation pathways for uorescence (knF)
are internal conversion (kIC) and ISC (kISC to the triplet manifold
with consecutive phosphorescence, kP, or ISC to S0, kTS, or
quenching processes to S0, kq); knF is considerably slower by
a factor of six in MeOH (0.363 ns�1) compared to CHCl3 (1.990
ns�1), see Table 1. Considering that no phosphorescence is
observed at room temperature in neither solvents, at least
one of the radiationless deactivation pathways (kIC, kISC, kTS,
This journal is © The Royal Society of Chemistry 2016
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Table 1 Photophysical data of Br6A. Measured absorption and fluorescence maxima, fluorescence quantum yields (FF) and lifetimes (sF), rate
constants for radiative (kF) and radiationless deactivation (knF), extracted via FF ¼ kFsF ¼ kF/(kF + knF), where knF includes both, internal conversion
(kIC) and intersystem crossing (kISC1). Oscillator strength (f) extracted from the absorption spectrum, via the Strickler–Berg relation and from TD-
DFT

System 3m/M
�1 cm�1 labs/nm lem/nm FF

17 sF
17/ns knF/ns

�1 kF/ns
�1

f

Absa SBb QCc

MeOH 5812 352 457 0.128 2.4 0.363 0.053 0.09 0.111 S1: 0.16, S2: 0
CHCl3 5490 355 419 0.005 0.5 1.990 0.010 0.09 0.017 S1: 0.00, S2: 0.13

d

a From f ¼ 4.319 � 10�9 [M�1 cm2]
Ð
3m(n)dn.

b From the simplied Strickler–Berg relation.12,13 c From QC calculations (TD-DFT). d In vacuum.
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kq), must be very fast relative to kF under these conditions
(Scheme 1a).

In order to understand the solvent-dependent state-switching
and the impact on radiationless deactivation, we performed TD-
DFT calculations.14 In vacuum, the S1 state, calculated at 3.66 eV
(339 nm), is of np* nature (Fig. 2 and Table S2 in the ESI†) and
is thus forbidden (f ¼ 0),15 whereas the bright S2 state of pp*
nature state is calculated at 3.77 eV (329 nm) with f ¼ 0.13. In
MeOH, the np* character is essentially unchanged (3.78 eV; 328
nm), while the pp* state is signicantly stabilized (3.61 eV; 343
nm) and becomes the emissive state, which is in agreement
with experiment. It should be noted, however, that although TD-
DFT accurately predicts the qualitative behavior, i.e. the state-
switching by a solvent effect, it does not capture all details. In
fact, state-switching is predicted already for CHCl3.16

Radiationless processes cannot be drawn from QC calcula-
tions as long as the excited state hypersurfaces are not known in
detail, which are not properly accessible with TD-DFT. However,
some basic statements can be made. Firstly, the decrease in knF
in polar vs. non-polar solvents cannot be due to ISC from T1 to
Fig. 2 (a) Equilibrium structure and frontier MOs of Br6A. (b) Term diagram
states are indicated, while the other states are all of pp* character. Ener

This journal is © The Royal Society of Chemistry 2016
S0 because the nature of T1 is the same in both cases, and the
relative change in the state energy is small (Table 1 and Fig. 2b).
Although a solvent-dependent change of the IC pathway (S1 /
S0) cannot be excluded since the nature of S1 changes, the
peculiar solvent-dependent state ordering suggests an alterna-
tive explanation. InMeOH, ISC from S1(pp*) to the energetically
close T3(pp*) state is El-Sayed forbidden and is only promoted
by SOC through the heavy-atom effect of bromine, while ISC in
vacuum is El-Sayed allowed, i.e. a transition from S1(np*) to
T3(pp*). The T2(np*) state on the other hand, which could serve
for an El-Sayed allowed ISC process in MeOH, is signicantly
lower in energy and is thusmuch less efficient for ISC compared
to the situation in vacuum. Finally, the phosphorescence
process in Br6A is only promoted by the heavy atom effect, and
is not El-Sayed allowed, e.g. as in benzophenone.5,6 Thus,
alternative deactivation pathways, i.e. ISC and quenching
processes from T1 to S0, can effectively compete with phos-
phorescence at ambient conditions (Scheme 1a and Fig. 2b).

We prepared polymer composites to study the feasibility of
an array-based selective detection of common organic solvents.
s of Br6A in vacuum andmethanol as calculated by TD-DFT; np*-type
gies are given in eV.

Chem. Sci., 2016, 7, 2359–2363 | 2361
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Array-based detection is a potentially powerful method for the
detection of various chemical analytes.18,19 Since sensor arrays
produce a distinct pattern of responses based on cross-reactive
sensor elements, they may provide a characteristic ngerprint
for analytes having similar chemical and physical properties.
We selected Br6A–iPMMA, G1–PVA80, and G1–PVA100 polymer
composites as cross-reactive sensor elements (Fig. 1a and 3).
Phosphors act as a signaling unit in the detection platform due
to their environment-dependent multi-luminescence. Polymer
matrices offer a rigid environment for efficient solid-state
phosphorescence of embedded phosphors, serve as an oxygen
barrier, and confer additional selectivity through distinct solu-
bility toward different organic solvents. Once the embedded
phosphors are exposed to a solvent, they can undergo a distinct
luminometric transition: (1) maintain green phosphorescence,
(2) change from green phosphorescence to blue uorescence or
(3) become non-luminescent. To prepare polymer composites,
electro-spinning was chosen because it allows rapid and cost-
effective fabrication of brous polymer composites with large
surface areas, resulting in fast and reproducible differentiation
of solvents.

Electrospun ber mats were fabricated from three different
viscous polymer solutions containing the phosphors, Br6A or
G1. Polymer solutions were pumped through a syringe needle
charged to a high voltage. The resultant microbers were
collected on a high speed rotating drum collector covered with
aluminum foil. Scanning electron microscope (SEM) images
conrm the successful formation of microbers by the elec-
trospinning method (Fig. 3a). The detailed fabrication condi-
tions of the polymer composite bers are given in the ESI.†

The resulting composite ber mats show strong green
phosphorescence at ambient conditions, which corresponds
Fig. 3 (a) SEM images of the Br6A–iPMMA (upper), G1–PVA80
(middle), and G1–PVA100 electrospun polymer fiber mats. (b) Photo-
graphs of the Br6A–iPMMA (upper), G1–PVA80 (middle), and G1–
PVA100 electrospun polymer fiber mats before (CTRL) and after
exposure to various organic solvents under a 365 nm hand-held UV
lamp.

2362 | Chem. Sci., 2016, 7, 2359–2363
well with conventional drop-cast lms in terms of emission
wavelength and phosphorescence intensity (Fig. 3b). This
implies that electrospinning is an efficient method to make
phosphorescent polymer ber composites. Pipette drops (ca. 50
ml) of organic solvents were placed onto the three different ber
mats and the resulting luminescence color change was moni-
tored aer 5 min. The polymer mats show distinctively different
luminometric responses upon exposure to the organic solvents.
For example, the Br6A–iPMMA composite polymer mats dis-
played the green phosphorescence to blue uorescence transi-
tion when it was exposed to polar solvents like MeOH, ethanol
(EtOH), and isopropanol (IPA). Alcoholic solvents can dissolve
the polymer matrix and therefore efficiently break the halogen
bonded luminophore networks, resulting in phosphorescence
quenching and blue uorescence emission, like in solution.
Solvents with medium polarity such as dimethyl sulfoxide
(DMSO), acetone, CHCl3, and tetrahydrofuran (THF) can also
dissolve the polymer matrix and thus induce the transition from
green phosphorescence to non-luminescence. Since water and
ether cannot dissolve the polymer matrix, the polymer mats
maintain their original green phosphorescence emission
properties. G1–PVA80 and G1–PVA100 also show their own
characteristic luminescence patterns in response to solvents
because the polymers have different solubility parameters in the
solvents. THF and IPA dissolved PVA80 well and, thus, phos-
phorescence was efficiently quenched, while phosphorescence
was maintained in PVA100 for both solvents. Based on the
combination/patterns of responses, we successfully differenti-
ated eight different solvents by simply monitoring the emission
color patterns.

More interestingly, MeOH and EtOH, which show exactly the
same emission color patterns, were further distinguished by
response time. Much faster emission color change (from green
phosphorescence to blue uorescence) was observed in MeOH
compared to EtOH (Movie S1 in the ESI†). We attribute this
difference in response time to the different solubility of iPMMA
for MeOH and EtOH.
Conclusions

In conclusion, we report a unique environment-dependent
multi-luminescence switching of metal-free organic phospho-
rescent materials by controlling competing photophysical
pathways. Through combined photophysical and electronic
structure analysis, we reveal that the observed multi-lumines-
cence switching is due to subtle changes in the photophysical
pathways of the metal-free organic phosphors, e.g. solvent-
dependent state-switching. By rationally adapting the nding, we
developed a new optical sensory platform, the phosphor-doped
electrospun polymer bers, for the luminometric detection of
common organic solvents, and achieved selective detection of
eight different common organic solvents. Moreover, MeOH and
EtOH were successfully distinguished by emission color change
response time. We believe that our results provide new possi-
bilities for metal-free organic phosphors to be a novel class of
smart optical sensory materials.
This journal is © The Royal Society of Chemistry 2016
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