PCCP

Physical Chemistry Chemical Physics

rsc.li/pccp

P
«

-

ROYAL SOCIETY
OF CHEMISTRY

Volume 26
Number 10

14 March 2024
Pages 7933-8560

YEARS

ANNIVERSARY

ISSN 1463-9076

PAPER
Valentine . Vullev et al.

Poly(dimethylsiloxane) as a room-temperature solid solvent Owner Societies
for photophysics and photochemistry



Published on 05 February 2024. Downloaded on 3/21/2024 12:33:57 PM.

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 8062

Received 7th November 2023,
Accepted 5th February 2024

DOI: 10.1039/d3cp05413f

rsc.li/pccp

¥ ROYAL SOCIETY
o OF CHEMISTRY

Poly(dimethylsiloxane) as a room-temperature
solid solvent for photophysics and
photochemistry+
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James B. Derr,“ Luca Croft,® Omar O’'Mari, 22 William H. Grover (22 and
Valentine I. Vulley {2 xabcd

Medium viscosity strongly affects the dynamics of solvated species and can drastically alter the deactivation
pathways of their excited states. This study demonstrates the utility of poly(dimethylsiloxane) (PDMS) as a
room-temperature solid-state medium for optical spectroscopy. As a thermoset elastic polymer, PDMS is
transparent in the near ultraviolet, visible, and near infrared spectral regions. It is easy to mould into any
shape, forming surfaces with a pronounced smoothness. While PDMS is broadly used for the fabrication of
microfluidic devices, it swells in organic solvents, presenting severe limitations for the utility of such devices
for applications employing non-aqueous fluids. Nevertheless, this swelling is reversible, which proves
immensely beneficial for loading samples into the PDMS solid matrix. Transferring molecular-rotor dyes
(used for staining prokaryotic cells and amyloid proteins) from non-viscous solvents into PDMS induces
orders-of-magnitude enhancement of their fluorescence quantum yield and excited-state lifetimes,
providing mechanistic insights about their deactivation pathways. These findings demonstrate the
unexplored potential of PDMS as a solid solvent for optical applications.

Introduction

This publication shows the utility of poly(dimethylsiloxane)
(PDMS) as a solid solvent at room-temperature for exploring
the excite-state dynamics of two molecular-rotor dyes, 3,3'-
diethylthiacyanine (THIA) iodide and thioflavin T (ThT)
(Chart 1), that are principally used as biological fluorescence
stains.'”® The ease of preparing transparent blocks and slabs of
PDMS, along with the mild conditions of loading dyes into
them, makes this spectroscopy method (with unexplored poten-
tials) attractive and highly promising.
Solid-state solvating matrices
dynamics and translational degrees of freedom, permitting
the emergence of excited-state pathways that are undetectable
in liquid solutions. When large-amplitude structural relaxa-
tions drive dominating non-radiative decays in non-viscous
solutions, for example, observing radiative and other parallel
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deactivation pathways requires rigid media. Employing solid
optically transparent solvents has led to important discoveries,
such as the first demonstration of the Marcus inverted
region.” ™"

Flash-frozen organic solutions, where the solvents form
solid glass structures, offer the rigid environment required
for phosphorescence and Stark-spectroscopy measurements,
for example."*"” The rigidity of such frozen solvent media
offers unique insights for charge-transfer and single-molecule
analyses.'®'® Besides the increased complexity of cryogenic
setups, the liquid-nitrogen temperatures are irrelevant to bio-
logical systems and the ambient conditions of every-day life.

Introducing molecular samples into porous solids,
such as zeolites, provides a rigid environment at elevated
temperatures.*’ > Questions about transparency, reliability of
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Chart 1 Structures of THIA and ThT, along with the generic structure of
PDMS.
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loading, and distribution homogeneity of the samples appear
to linger over the utility of zeolites for optical applications.

Sucrose octaacetate (SOA) is a crystalline material that melts
at about 87 °C. When allowed to cool under ambient condi-
tions, molten SOA solidifies into transparent glass. Thus,
dissolving molecular (or other) species in the molten SOA and
letting it cool down results in room-temperature solid-state
solutions.**™"° Due to the formation of the SOA crystalline
phase, however, such glass samples lose their transparency
when kept for extended periods. Also, the elevated temperature
of the molten SOA may compromise the stability of the exam-
ined species.

Dissolving molecular species in prepolymer mixtures, fol-
lowed by polymerization, presents another approach for form-
ing solid solutions.*’™** Modifying the dyes with functional
groups of the monomers allows them to covalently attach to the
polymer chains during the polymerization and/or crosslinking
processes.*®*” Mixing chromophores with a prepolymer and a
curing agent offers a means for doping PDMS with coloured
and fluorogenic agents.*®*! For the fidelity of such methods,
however, the polymerization and curing crosslinking chemistry
must not interfere with the doping species.

Adding dyes to molten thermoplastic polymers or their
room-temperature solutions in volatile organic solvents
and spin-coating or casting them result in solid films with
chromophores incorporated in them.*””**** The impossibility
of melting thermoset polymers or dissolving them in organic
solvents precludes the extension of this doping approach to
them. Nevertheless, while PDMS is thermoset, it is a porous
material.>*” When dye solutions flow through microfluidic
chips made of PDMS, they tend to stain the polymer at the
channel walls.>® Reports by Oki et al. quantify such dye permea-
tion in PDMS.>*% The depth of permeation depends on the
solvent and the hydrophobicity of the dye.®"*** Apart from such
colour staining of PDMS components at micrometre and milli-
metre scales, the potentials of this post-curing doping of solid
thermoset materials are still largely unexplored.

Despite its immense importance for fabricating microfluidic
devices and other microelements with pronounced biocom-
patibility,®*”> PDMS is not compatible with most organic
solvents. A wide range of organic liquids swell PDMS, increas-
ing its volume by a factor of two or more.”* While this swelling
in non-reactive solvents is reversible (i.e., PDMS restores its
shape and size upon removal of the solvent), it presents a
principal limitation for the applicability of devices made of this
polymer. Nevertheless, this disadvantage for microdevices can
be immensely beneficial for loading PDMS with samples dis-
solved in the swelling solvents. Furthermore, PDMS is trans-
parent between 280 and 1650 nm, making it promising for
optical applications.”*”> These considerations give confidence
that PDMS can serve as a valuable solid solvating medium in
molecular spectroscopy and photochemistry.

Herein, we examine the utility of PDMS as a solid-state
solvent (Chart 1). Loading THIA and ThT into a PDMS matrix
(Chart 1) decreases the rates of non-radiative decay of their
electronically excited states by about three orders of magnitude,
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which pronouncedly increases their fluorescence quantum
yields (¢y). This PDMS-induced emission enhancement is com-
parable to that observed for THIA and ThT not only when
placed in a solid SOA glass, but also when taken up by Gram-
positive and Gram-negative bacterial cells.

Results and discussion
How to prepare the PDMS solid solvent?

Known as “silicone rubber,” PDMS is a broadly used material.
It is easy to prepare and mould. Prepolymer PDMS chains
mixed with a crosslinker, ie., a curing agent, form a viscous
liquid that can be poured into a mould of non-silicone-based
material that precludes strong adhesion.”®””® Upon photo- or
thermal curing, following degassing under vacuum, the mould
features imprint on the PDMS surface with sub-micrometre
resolution. This property of PDMS made it widely popular for
fabricating microfluidic devices that strongly impacted biolo-
gical, biomedical, and engineering research at the turn of this
century.®*%*

Employing inexpensive 1-cm polystyrene cuvettes with four
polished sides as moulds allow us to prepare PDMS blocks that
perfectly fit into the 1-cm sample holders of most spectro-
photometers and spectrofluorometers. After pouring it into the
polystyrene cuvettes and degassing it under vacuum, the pre-
polymer mixture (PDMS, SYLGARD™ 184) solidifies at room
temperature in less than 24 hours (Fig. 1(a) and (b)). Breaking
the polystyrene cuvette moulds and removing the broken pieces
leave transparent blocks of PDMS with smooth walls (Fig. 1(c)).

While aliphatic amines and hydrocarbons are the best
swelling solvents for PDMS,”® they can prove reactive or provide
insufficient solubility for many samples of interest. Conversely,
suitable solvents such as DMSO and DMF do not swell PDMS.”
Chlorinated solvents offer a compromise ensuring good swel-
ling and sample solubility.”* We select dichloromethane (DCM)
which also has volatility needed for its expedient and facile
removal from the swollen PDMS blocks.

Initial swelling in neat solvents (and replacing the solvent
several times with fresh ones) allows the removal of the non-
crosslinked polymer chains and other impurities remaining
from the thermosetting process.”> When swollen with organic
solvents, PDMS may lose its transparency because of refractive-
index mismatch (Fig. 1(d), left). Subjecting the DCM-swollen
PDMS blocks to vacuum removes the solvent from them and
restores their size, shape, and transparency (Fig. 1(d), right).

How to load samples in PDMS?

Placing the cleaned PDMS blocks (restored to their original
sizes) in DCM solutions of THIA and ThT doubles their volume
and loads the dyes into them (Fig. 1(e)). After soaking for 5 to
24 hours, we take the blocks out of the dye solutions, wash
them with DCM and allow them to shrink to their original size
by evaporating the solvent out of them (Fig. 1(f)-(h)).

The first and most important observation is that the PDMS
blocks doped with THIA and ThT show strong fluorescence,

Phys. Chem. Chem. Phys., 2024, 26, 8062-8076 | 8063
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Fig. 1 Fabrication of PDMS blocks and loading them with dyes that are soluble in dichloromethane (DCM). (a) PDMS prepolymer mixture poured into
polystyrene cuvettes with four polished sides that serve as molds. (b) Degassing the prepolymer mixture under vacuum and letting polymerize at room
temperature. (c) Breaking a cuvette mold to extract the solidified PDMS block (see ESIf for a movie of this step of the procedure). (d) Images of (left) a
PDMS block swollen with DCM and (right) a PDMS block reshrunk, after swelling and washing, by keeping it under vacuum to remove the DCM from it. (e)
Swelling PDMS blocks in DCM solutions of various dyes. Vials are solutions with THIA ordered from left to right as 1 mM, 1 uM, 10 uM, and 100 uM. (f) and
(g) Bright-field and fluorescence images of PDMS blocks loaded with (f) THIA and (g) ThT. (h) Fluorescence images of PDMS blocks soaked in DCM
solutions of different dyes (from left to right: Ph-ANI, THIA, ThT, CR and blank with no dye added). After the soaking treatment, the blocks were washed
and allowed to dry and shrink back to their original sizes. While Ph-ANI, THIA and ThT were absorbed by the polymer blocks, CR was not taken up. (i) and
(k) Bright-field and (j) and (1) fluorescence images of (i) and (j) 10 pM THIA and (k) and (1) 20 uM ThT in DCM liquid solutions (in 2-mm quartz cuvettes) and
loaded in 4-mm PDMS blocks. (i)-(l) For comparison, cuvettes with neat DCM and blank PDMS blocks with nothing loaded in them are placed on the

back of the dye samples.

while DCM solutions of these dyes with the same concentra-
tions do not (Fig. 1(i)-(1)). Furthermore, the intensity of the
autofluorescence from the UV-illuminated PDMS blocks is
negligibly small in comparison to the emission signals from
the dyes (Fig. 1(j) and (1)).

A close examination of the PDMS blocks soaked in the THIA
and ThT solutions reveals that in some cases their sides and
edges fluoresce stronger than their bulk in the middle
(Fig. 1(f)). Increasing the dye concentration in the DCM
solution and shortening the soaking times enhances this
heterogeneity of PDMS doping. Imaging cross-sections of the
PDMS blocks clearly illustrates the extent of heterogeneity of
the dye distribution (Fig. S5-S7, ESIt). The nature of the
samples also affects their loading distribution. Using this
DCM-soaking method for introducing non-charged dyes, such
as N-phenyl-4-dimethylamino-1,8-naphthalimide (Ph-ANTI),”*°”
yields improved homogeneity of the sample distribution in the
PDMS blocks (Fig. 1(h), leftmost block). Conversely, ionic dyes
with relatively poor solubility in chlorinated solvents, such as
Congo red (CR), do not permeate the PDMS blocks even after
extended soaking (Fig. 1(h)). As catanionic dyes, THIA and ThT

8064 | Phys. Chem. Chem. Phys., 2024, 26, 8062-8076

are better than CR but they are not as good as Ph-ANI for
loading them into PDMS by soaking in DCM solutions.

An inhomogeneous distribution of the chromophores within the
polymer blocks can present challenges in quantifying results from
right-angle emission measurements, for example. Resorting to thin
PDMS blocks with a thickness of a few millimetres (Fig. 1(i)-(1))
allows such challenges to be addressed. While such narrow PDMS
blocks warrant an increased dye loading to ensure sufficient optical
density, they are useful for transmission-mode absorption and
small-angle emission measurements utilizing face-on excitation.

The dye concentrations in the doped PDMS blocks are
comparable or smaller than those in the swelling DCM solu-
tions and depend on the duration of soaking (Fig. 2). When
placed in the DCM dye solutions, the PDMS blocks swell
relatively fast. While the solvent is taken up by the material
within less than an hour, the data show that additional time is
required for the PDMS to reach the desired dye concentration.
It indicates that the solvent quickly permeates the bulk of the
PDMS blocks and solvates the polymer chains. For the dye
(dissolved in DCM) to load in the swollen blocks, it can take up
to 24 hours or longer (Fig. 2).

This journal is © the Owner Societies 2024
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Fig. 2 Loading THIA in PDMS blocks by soaking them in 20 uM DCM solution of the dye for different durations of time. (a) Bright-field and (b)
fluorescence images of the blocks soaked for 1 to 24 hours (lex = 365 nm). The swelling and soaking of all 24 blocks in the same DCM THIA solution was
initiated at the same time. Each hour, one block was taken out, washed with DCM, and allowed to shrink to its original size. (c) Absorption and emission
spectra of THIA in the PDMS blocks soaked for different durations of time. For comparison, the absorption spectrum of the THIA in the DCM soaking
solution is shown. After about six hours of soaking, in this case, the shape of the absorption band starts changing significantly, which warrants using
samples that are soaked for shorter times than that. (d) An increase in absorbance at 424 nm and emission intensity (obtained from integrating the

fluorescence spectra) with the time of soaking. It shows saturation after about 15 hours, corresponding to 14 + 3 uM of THIA in PDMS (see ESI¥).

The doping of PDMS relies on the mass transport of the dye
from the swelling solution into the thermoset elastomer. As the
DCM solvent permeates in the PDMS blocks and swells them
(increasing and filling up the volume of the void space between
the crosslinked polymer chains), it carries some of the dye
molecules into the polymer network. Nevertheless, adsorption
of the dye to the stationary polymer chains retards its transport.
That is, the dye partitions between DCM and the PDMS, and
enhancing its affinity for the latter impedes not only its trans-
port during the initial permeation of the solvent into the blocks
but also the diffusion within the swollen polymer network. This
partition depends on the nature of the dye and accounts for the
drastic differences observed for doping PDMS with Ph-ANI and
CR (Fig. 1(h)).

How does PDMS affect the photophysics of THIA and ThT?

Using optical spectroscopy, we characterize the photophysics of
THIA and ThT in PDMS and compare them with the results not
only for another solid solvent, SOA, but also for non-viscous
aprotic liquid solvents with different polarity, i.e., ethyl acetate

This journal is © the Owner Societies 2024

(EtAc), DCM and N,N-dimethylformamide (DMF) serve as a
comparison (Fig. 3(a) and (b)).

The most critical impact of the rigidity of the solvating media
lies on the fluorescence quantum yields, ¢¢, of THIA and ThT and
on the lifetimes (7) of their emissive excited states. Transferring
from liquid to solid solvating media induces a drastic increase in t
of THIA and ThT that amounts to a 400-to-1000 fold (Fig. 4 and
Table 1). The fluorescence quantum yields of the two dyes follow
the trends of t (Table 1), resulting in minimal variations of their
radiative-decay rate constant, kg for the media with different
viscosity and polarity (Table 1). Nevertheless, solid solvating
media drastically decrease the rate constants of non-radiative
deactivation, k,q, consistent with suppressing the conformational
degrees of freedom of the dye molecule and preventing the
formation of structures leading to the conical intersections
between the excited- and ground-state potential-energy surfaces.

Both THIA and ThT are cationic dyes with conformational
flexibility that drastically affects their photophysics. Nevertheless,
differences in their structural symmetry result in different excited-
state dynamics.

Phys. Chem. Chem. Phys., 2024, 26, 8062-8076 | 8065
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Fig. 3 Solvent dependence of the optical absorption and emission properties of THIA and ThT in different solvents. (a and b) Steady-state absorption
(abs), emission (em), and excitation (exc) spectra. For the fluorescence spectra: (a) Aex = 410 nm, and (b) Aex = 400 nm for CT em and Aex = 350 nm for LE
em (in the case of the latter, the LE emission is mixed with fluorescence from the CT states); for the excitation spectra (a) Lem = 500 nm for PDMS, and Aem
=470 nm for SOA, EtAc, DCM and DMF; and (b) Zem = 500 nm for PDMS and EtAcC, Zem = 500 nm for PDMS, EtAc and DCM, and e, = 470 nm for SOA and
DMF. (c and d) Dependence of the wavelengths of the absorption and fluorescence spectral maxima, A(Amax) and A(Fmax), respectively, on the Onsager
polarity of the solvating medium, fole, n?) = fole) — foln?), where fo(x) = 2(x — 1) (2x + 1)7%,°8°° ¢ is the medium static dielectric constant: eppms = 2.66,1°°
eson = 4.5, eptac = 6.02, epcm = 8.93, epmr = 36.7, and n?is the optical (or dynamic) dielectric constant estimated from the refractive index, n, of the media:

Nppms = 142,10

THIA: a symmetric cyanine dye. Medium polarity and visc-
osity have a negligible effect on the THIA absorption, showing
spectral maxima at around 425 nm not only for PDMS and SOA
but also for the non-viscous aprotic solvents (Fig. 3(a)). For
PDMS and DMF, the THIA fluorescence maxima are around
475 nm, and for the other solvents, they range from 465 to
485 nm (Fig. 3(a)). The lack of solvatochromism is consistent
with the symmetric structure of the dye and is similar to what
we observe for protic solvents with different polarities.'** The
absorption spectra of THIA in alcohols with different polarity
and in water show maxima around 425 nm, too, and the
produced fluorescence is in the same wavelength range as that
for the aprotic solvents we study here.”'**'%> This trend is
consistent with THIA lacking hydrogen-bond accepting groups,
which precludes any effects on its photophysics upon transi-
tioning from aprotic to protic solvent environment.

Considering the orientation of the sulphurs and the nitro-
gens of the two benzothiazolium rings, THIA forms three
planar conformers that are fluorescent.'® In the excited state,
rotation of these rings around the bonds that connect them
allows THIA to assume twisted conformers that undergo effi-
cient non-radiative deactivation to the ground state.'®* Placing
this cyanine dye in viscous media suppresses the ring rotation

8066 | Phys. Chem. Chem. Phys., 2024, 26, 8062-8076

Nsoa = 1466, Ngac = 1.3724, npem = 1.4241, npwr = 1.4304. (d) Emission maxima from the spectra recorded with excitation at 400 nm.

and the transformation to the twisted conformers. As a result,
the non-radiative decay rates decrease substantially and
become comparable to the radiative ones, thus, dramatically
enhancing the fluorescence quantum yield of THIA.'®* Solid
solvating media like PDMS and SOA have the same effect on the
photophysics of THIA (Table 1) consistent with limiting its
conformational degrees of freedom.

Lowering solvent polarity leads to aggregate formation, as
the emergence of an emission band at 620 nm for EtAc reveals
(Fig. 3(a)).'°° This spectral feature of THIA aggregation does not
appear in the solid solvents despite their low polarity. Because
of the suppressed orientational polarization, solid media have
inherently lower polarity than liquid solvents.’®”'*® That is,
while SOA glass and PDMS are less polar than any of the
organic solvents we use for this study (Fig. 3(c)), THIA does
not show a long-wavelength emission band when dispersed at
UM concentrations in either of the two solid media (Fig. 3(a)).
The dye is introduced in SOA at elevated temperatures and in
PDMS via soaking in a DCM solution. Either of these conditions
can prevent the formation of the types of ground-state aggre-
gates responsible for the 620-nm emission. Furthermore, the
solid media precludes excited-state aggregation and formation
of excimers.

This journal is © the Owner Societies 2024
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Fig. 4 Time-resolved-spectroscopy analysis of (a) and (c) THIA and (b) and (d) ThT. (a) and (b) For the dyes in non-viscous liquid solvents the picosecond
lifetimes of their fluorescence excited states are extracted from pump—probe transient-absorption (TA) analysis (ex = 400 nm, instrument-response
function (IRF) yields full-width half maximum, FWHM = 200 fs). (c) and (d) For the dyes in solid solvating media, the nanosecond lifetimes of their singlet
excites are obtained from fluorescence decays recorded using time-correlated single-photon counting (TCSPC) (fex = 406 nm, IRF FWHM = 200 ps).102
(a) and (b) TA spectra of the two dyes in DCM recorded at different times (upper graphs) and the corresponding evolution-associated differential spectra
(EADS) from global-fit analysis (lower graphs). The lifetimes of the fluorescent singlet excited states of the two dyes are extracted from the decay of EADS
| (red lines) since they show pronounced stimulated-emission (SE) signals. The global fits of the TA data yield the flowing time constants: (a) (I — II) =
2.7 ps, t(ll > 1ll) = 28 ps, and z(lll > A_,) = 240 ps; and (b) (I — 1) = 3.4 ps and (Il - Sp) = 29 ps. (c) and (d) Emission decays of the two dyes in SOA and
PDMS recorded at the emission maxima using TCSPC. Multiexponential fits, F(t) = Zjz; exp(—t 7,73), are implemented in deconvoltuion of the decays with
the IRF, and yield: (c) for THIA in PDMS: 7, = 0.579 ns (3 = 0.78), 7, = 1.51 ns (o, = 0.19), 13 = 2.94 ns (a3 = 0.03); and for THIA in SOA: 11 = 1.05 ns (g =
0.30), 7 = 2.38 ns (x; = 0.70); (b) for ThT in PDMS: 7; = 0.836 ns (o = 0.62), 7, = 2.30 ns (a = 0.38); and for ThT in SOA: 7, = 0.826 ns (o, = 0.30), 75 =
2.32 ns (o = 0.70).

Table 1 Photophysical properties of THIA and ThT in different solvation media

THIA ThT
Solvent ¢ x1072 rb/ps k€ x 1078571 kna® x1078/s71 ¢ x 1072 rb/ps k€ x 1078571 kna® x 107871
EtAc 0.058 2.59 2.2 3900 0.16 2.82 5.7 3000
DCM 0.053 2.73 1.9 3700 0.19 3.35 5.2 2400
DMF 0.070 3.64 1.9 2700 0.17 1.68 10 4900
SOA 43 2190 2.0 2.6 54 2170 2.5 2.1
PDMS 20 1170 1.7 6.8 41 1760 2.3 3.4

“ Fluorescence quantum yields are obtained from steady-state absorption and emission spectra,'®® /., =410 nm for THIA and /., = 400 nm for ThT.
b Excited-state lifetimes are obtained: (1) for liquid samples, from TA global fits, ., = 400 nm (Fig. 4(a) and (b)); and (2) for solid samples, from
TCSPC decays, Je, = 406 nm (Fig. 4(c) and (d)). In the cases of multiexponential decays, intensity-average lifetimes are reported, i.e., © = (271,
(27", © Radiative-decay rate constant, k¢ = ¢p¢r~'. ¢ Nonradiative-decay rate constant, knq = (1 — ¢¢)t . Indeed, for weakly fluorescent samples,
ie, when ¢ < 1077, kng & T

Although we do not observe the 620-nm emission band of
THIA in PDMS, soaking the elastomer for an extended period in
DCM solutions with elevated concentrations can perturb the
shape of the absorption spectrum of the dye (Fig. 2). Upon
extensive soaking of the PDMS, the relative amplitude of the
400-nm shoulder in the absorption band of THIA increases
(Fig. 2). This spectral perturbation is consistent with a PDMS-
templated formation of H-type ground-state aggregates. Except
for the inner-filtering effect at high optical density, however, no
changes in the fluorescence spectra of THIA accompany the
PDMS-induced alterations of its absorption spectrum. This
observation agrees with the inherent lack of fluorescence from
H-aggregates.'®® The optical transition from S, to the lowest
excited state of H-aggregates is forbidden.'® It results in the
observed hypsochromic shifts of the absorption bands originat-
ing from transitions to the upper excited states only. Similarly,

This journal is © the Owner Societies 2024

the radiative deactivation of the lowest excited state of H-
aggregates is also forbidden.'®® Thus, the observed THIA
fluorescence originates solely from the non-aggregated dye.
These considerations preclude the assignment of the 620-nm
emission band to fluorescence from an H-aggregate,'*®1012
Concurrently, formation of such H-type aggregates can lead to
an underestimation of the values of ¢¢ and k; for PDMS. Overall,
the 620-nm emission for non-polar liquid solvents originates
from aggregates that are different from those that cause the
perturbation of the absorption of THIA in PDMS.

ThT: an asymmetric charge-transfer dye. Unlike THIA,
ThT is an asymmetric chromophore comprising positively
charged 3,6-dimethylbenzothiazolium and electron-rich 4-
dimethylaminophenyl (Chart 1) that can act as an electron
acceptor and donor, respectively (Scheme 1(a)). Therefore,
ThT forms excited states with a charge-transfer (CT) character
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Scheme 1 Ground- and excited-state CT and conformational dynamics
of ThT. (a) Electron donor—acceptor (D-A) representation of the ThT
cationic structure. The dihedral angle ¢ between the ring planes of the
donor and the acceptor is the key for the dye photophysics.'® (b)
Jablonski diagram showing the ThT photophysics. ¢ ~ (n + %)n represents
all structures with orthogonal donor—acceptor geometries (n is an inte-
gern. ¢ # (n + %)n represents all structures with non-orthogonal donor—
acceptor geometries (n is an integer number). The dotted lines correspond
to the Franck—Condon states formed after each of the optical vertical
transitions: hv represents absorption, and k; — fluorescence. In addition,
kng represents non-radiative decays involving sequential steps of internal
conversion and vibrational relaxation; kct — intramolecular CT involving
hole shift from the acceptor to the donor and ring rotation; ket —
intramolecular CT in the twisted state involving hole shift from the
acceptor to the donor without ring rotation; ktjct — formation of a TICT
state involving ring rotation and enhancement the extent of the hole shift
from the acceptor to the donor.

(Scheme 1(b))."****> Nevertheless, ThT does not display sova-
tochromism, i.e., neither its absorption nor its fluorescence
maxima correlate with the solvent polarity (Fig. 3(b) and (d)).
This lack of solvatochromism extends to protic media, such as
alcohols with different polarity and water,*'** which concurs
with the inability of ThT to form hydrogen bonds.

Rather than undergoing charge separation (CS) and gener-
ating a CT state with an increased dipole, the photoexcitation of
ThT drives a charge shift (CSh) from the cationic acceptor to the
electroneutral donor.""” It warrants considering several factors
that can affect the dependence of the optical transitions on the
medium polarity: (1) the extent of increasing or decreasing the
dipole magnitude of the charged dye upon CSh, which multi-
pole expansions can reveal;"'® (2) the differences between the
delocalization of the positive charge when it is on the donor in
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the CT state and on the acceptor in the locally excited (LE)
state;'*® (3) the location and the mobility of the negatively
charged counterion; and (4) the dynamic interchange between
multiple conformers with different absorption and emission
properties. The last is especially important when considering
medium viscosity and a dye like ThT with dihedral degrees of
freedom that is prone to forming twisted intramolecular
charge-transfer (TICT) states (Scheme 1).

The Born solvation energy depends inversely on the
ionic radii.”*® Hence, enhancing the localization of the
positive charge on the donor upon CSh induces negative
solvatochromism."™ A lack of electrostatic interactions
between ThT molecules and the counterions (when they are
dispersed in the solution and well separated from one another)
is a key assumption for such a purely CSh effect. In solvents
that mediate ion pairing, the negatively charged counterion
affects the CSh dynamics and the energy of the formed CT state.
When the counterion is mobile in non-viscous media, ion
transport is accompanied by the shift of the positive charge
from the acceptor to the donor. If such ion-transport-coupled
CSh increases the dipole of the ion pair, it causes positive
solvatochromism. If it reduces the ion-pair dipole, the solvato-
chromism is negative. When the counterions form ion pairs
with ThT in a viscous medium, the intramolecular CSh can lead
to CS.'" The counterion in such ion pairs is most likely
immobilized next to the cationic acceptor. CSh moves the
positive charge to the donor, away from the negatively charged
counterion, and causes CS. It enhances the overall ion-pair
dipole and induces positive solvatochromism. These different
opposing solvent effects contribute to the lack of distinct
dependence of the absorption and fluorescence maxima on
the polarity and the viscosity of the media (Fig. 3(d)). In
addition, ThT is a molecular rotor (Scheme 1(a)) and can
assume multiple conformers with different absorption and
emission.""®

In contrast to THIA, ThT shows drastic differences between
its absorption and excitation spectra (Fig. 3(a) and (b)). For the
liquid solutions, a 360-nm band emerges in the ThT excitation
spectra that do not match any feature in the absorption
(Fig. 3(b)). Excitation at 350 nm (where no absorption band is
observed) leads to the emergence of a short-wavelength fluores-
cence band at around 400 nm (Fig. 3(b)). These findings are
consistent with small amounts of species (undiscernible on the
absorption spectra) that have considerably higher ¢¢ than the
abundant form of ThT absorbing at around 420 nm.

For SOA, the absorption and the excitation spectra of ThT
show the two peaks at 420 and 360 nm (Fig. 3(b)), suggesting a
sufficient abundance of the short-wavelength absorbing species
in the solid glass. Excitation at the long-wavelength absorption
produces a single-band fluorescence that is quite similar to the
ThT emission for the other solvents (Fig. 3(b)). Exciting the
short-wavelength band at 350 nm, however, shows dual fluores-
cence with emission bands at 407 and 455 nm (Fig. 3(b)). Such
dual-fluorescence behaviour is not uncommon for dyes com-
prising directly linked donors and cationic acceptors when
dispersed in SOA. Donor-acridinium conjugates in SOA show
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450-nm fluorescence from the LE state of the acridinium along
with a broad CT emission band in the red spectral region.*® The
solid solvating medium inhibits conformational transforma-
tions that mediate the CT step, hence, allowing the emission
from the upper, i.e., LE, state to accompany that from the lower,
i.e., CT, state. In addition to medium viscosity, solvent polarity
can also strongly affect such conformationally driven anti-
Kasha behaviour.?* Moderate donor-acceptor electronic cou-
pling in multicomponent dyes offers an alternative means for
attaining broad fluorescence spectra comprising emissions
from CT and LE states.'*'

Some reports ascribe the UV band around 350 nm that
appears in the absorption spectra of ThT in viscous media,
such as glycerol, to impurities or dye aggregates.'** Consider-
ing that the observed hypsochromic absorption originates from
H-aggregates precludes a strong fluorescence signal. Radiative
deactivation of the lowest states of H-aggregates is not allowed
due to the opposing orientation of the transition dipole
moments.'®® While we cannot preclude the presence of impu-
rities (especially for the SOA samples that require heating to
about 100 °C for their preparation), computational studies
provide an alternative explanation about the origin of this UV
band.'*® As a molecular rotor, ThT can form multiple confor-
mers with different dihedral angles of the biaryl linker. Small
energy barriers separate these rotamers and slow the interex-
change between them.'"®

Structures with increased orthogonality between the aro-
matic rings of the electron donor and acceptor of ThT localize
the vertical transitions on the benzothiazolium, resulting in an
optical absorption around 360 nm (kv 5, Scheme 1(b))."*® Gain-
ing planarity between the donor and acceptor rings: (1) stabi-
lizes the ThT ground state and (2) accommodates overlap
between the natural transition orbitals (NTOs) delocalized over
the donor and the acceptor. The latter allows a direct optical
transition to the CT state (hvcr, Scheme 1(b)) that dominates
the absorption spectra of ThT (Fig. 3(b)).

In non-viscous media, the CT excited state efficiently transi-
tions to a TICT state (kricr, Scheme 1(b)). The TICT state decays
non-radiatively (kna,ricr, Scheme 1(b)) since its orthogonal
geometry precludes sufficient overlap between the NTOs for
radiative deactivation. This transition of the CT state to a dark
TICT state results in the large non-radiative decay rate con-
stants, k,q and the minute ¢¢ of ThT in the liquid non-viscous
solvents (Table 1).

The transition from the CT to the TICT state requires a
conformational change involving ring rotation. Solid solvating
media, such as SOA and PDMS, suppress conformational
changes and impede the non-radiative deactivation of the CT
state through the TICT pathway (Scheme 1(b)). This effect of
rigidity of the solvating environment makes k,q comparable to
ke and increases ¢y by orders of magnitude (Table 1).

Photoexcitation of the benzothiazolium LE state in a twisted
ThT conformer can drive hole transfer (HT) to the aminophe-
nyl, ie., CSh leading to the CT or the TICT state. A direct
transition from the LE to the TICT state (kcrr, Scheme 1(b))
does not require conformational changes. Nevertheless, the
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weak donor-acceptor electronic coupling in these twisted
conformers warrants slow HT, i.e., small kcpr, which makes
the LE state strongly fluorescent. Conversely, HT leading to
the CT states (kcr, Scheme 1(b)) requires a conformational
change. Deviations of the biaryl dihedral angle, ¢, from
orthogonality improve the donor-acceptor electronic cou-
pling for CSh. Hence, ring rotation and gaining planarity of
the LE state improves the rates of intramolecular CT (kcr,
Scheme 1). In addition to the biaryl dihedral angle, the
location of the negatively charged counterion in the LE and
CT states further dictates the excited-state dynamics. Mobile
counterions permit CSh coupled with ion transport, as
discussed.’®* Suppose the counterion, however, does not
move along with the CSh. In this case, the generated CT
state has a larger dipole (and higher energy in non-polar
media) than the CT states formed when the anion migrates
from the vicinity of the acceptor toward the donor, accom-
panying the HT.'**"%?

Overall, the relative magnitudes of kcr, kcrr and krcr
(Scheme 1(b)), which depend on medium polarity and viscosity,
govern the appearance of the ThT fluorescence spectra upon
excitation at 350 nm (Fig. 3(b)). In addition to enhancing the
donor-acceptor electronic coupling, the ring rotation leading to
planarity increases the overlap between the NTOs of the CT
state. Gaining sufficient oscillator strength, the CT structure
can undergo radiative deactivation prior to complete
relaxation.'® As a result, for the same solvent the CT fluores-
cence bands obtained upon excitation at 350 nm can be at
shorter wavelengths than the CT emission from 400-nm excita-
tion (Fig. 3(b)). The mismatch between the absorption and
excitation spectra of ThT is also a reflection of this synergy
between conformational dynamics and CT that governs the
radiative deactivation (Fig. 3(b)).

Photoexcitation at 400 nm leads to a Franck-Condon (FC)
CT excited state with sufficient planarity that requires a small
conformational relaxation to the lowest-lying CT state. Thus,
fast vibrational relaxation of the FC CT state ensures that the
fluorescence from its relaxed CT structure dominates the
emission spectra when excitation is at 400 nm. A transition to
the TICT state, however, quenches this fluorescence and results
in small ¢¢.

Following excitation at 350 nm, the transition from the LE to
the CT state involves substantial ring rotation and can undergo
radiative deactivation prior to assuming the relaxed CT geome-
try. The inertia of the ring rotation, however, slows the transi-
tions to the TICT states from such non-relaxed CT structures.
That is, as the rings rotate away from the orthogonal geometry,
the rotation has to stop and turn back in order to form a dark
TICT state with ¢ &~ m/2 or continue through the geometry of
the relaxed CT state toward another TICT structure with ¢ ~
37n/2. Therefore, the CT fluorescence at 350-nm excitation
appears stronger than that from 400-nm excitation. For ThT
in DMF, for example, the excitation spectrum monitored at
470 nm shows a distinct band corresponding to the LE absorp-
tion and only a barely detectable shoulder in the region where
the CT states absorb (Fig. 3(b)).
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The optical spectra of ThT in solid-state solvating media
reveal how the molecular dynamics of this dye affects its
photophysics.

In SOA and PDMS, kcr and kricr are negligibly small, and
kcrr characterizes the only pathway to the TICT state
(Scheme 1(b)). The absorption spectrum of ThT in SOA shows
transitions to the LE and CT state, at 420 and 360 nm, respec-
tively (Fig. 3(b)). Conversely, ThT in PDMS exhibits only a 420-
nm absorption band consistent with direct photoexcitation to
the CT state (Fig. 3(b)). The methods of sample preparation can
account for this difference. For the SOA solid solutions, the dye
needs to be dispersed in the molten medium at around 90 °C.
Upon solidifying, the SOA matrix traps the ThT ground-state
conformational distribution representative of the population at
elevated temperatures. Loading the dye in PDMS, on the other
hand, proceeds at room temperature and yields a conforma-
tional distribution similar to that in the soaking DCM solution.
Hence, the absorption spectrum of ThT in PDMS resembles
those in liquid solutions (Fig. 3(b)).

The LE and CT absorption bands of ThT overlap. Thus, 350-
nm excitation of ThT in SOA produces fluorescence not only
from the LE but also from the CT states even though the solid
solvent suppresses the LE — CT transition. Similarly, the LE
and the CT fluorescence bands are not well separated. There-
fore, the 360-nm LE band emerges in the excitation spectra of
ThT in SOA when monitoring the CT fluorescence.

For PDMS, the excitation spectrum of ThT (monitored at
500 nm) shows only a slight broadening and shoulder-like
extension around 370 nm without a distinct band in that region
(Fig. 3(b)). Even if the twisted ground-state structures are
present in minute amounts in the PDMS matrix (as they are
in the liquid solutions) and photoexcitation produces the ThT
LE state, the rigidity of the polymer environment decreases the
likelihood of a transition to a fluorescent state with improved
planarity. Excitation of ThT in PDMS at 350 nm produces a
single fluorescence band ascribed to the LE emission. The 370-
nm shoulder in the excitation spectrum when monitored at the
CT emission is a manifestation of the overlap between the LE
and the CT fluorescence. Unlike in liquid, non-viscous solvents, the
strong fluorescence of ThT in PDMS (due to the suppression of
TICT) diminishes the contribution from the overlapping LE emis-
sion to the excitation spectra recorded for the CT band. Overall, the
spectral feature of the dye dispersed in PDMS represents its
photophysics where the large conformational changes are sup-
pressed, i.e., kcr and kpcr are negligibly small (Scheme 1(b)). Unlike
SOA, the PDMS samples represent the population distributions in a
liquid solvent at room temperature.

Among the wide range of thermoset
available,’?*'?® PDMS stands out as one of the best choices
for this type of application. (1) It is transparent from the UV to
the NIR spectral regions. (2) It does not stick to most organic
materials, allowing the use of disposable inexpensive moulds

elastomers

made of common plastics. (3) It reversibly swells in a range of
organic solvents allowing facile loading of dyes and other
chemical species into its matrix. These three advantages of
PDMS as solid solvating media are, indeed, indisputable.
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Fig. 5 Staining Gram-positive and Gram-negative bacteria with THIA and ThT
in 2 mM Tris buffer, pH 8. Gram-positive species: Bacillus megaterium (B.
megaterium), Bacillus subtilis (B. subtilis); Gram-negative species: Escherichia coli
(E. coli), Klebsiella aerogenes (K. aerogenes). K. aerogenes is also known as
Enterobacter aerogenes. (a)—(f) Fluorescence images of bacteria with 10 pM: (a)—
(c) THIA and (d)—-(f) ThT. (g) and (h) Absorption, emission and excitation spectra,
and (i) and (j) TCSPC emission decays of 10 uM (g) and () THIA and (h) and (j) ThT
in bacterial suspensions (107 cell mL™Y), /e = (g) 410 nm, (h) 400 nm, (i) and ()
406 nm. Biexponential data fits yield 7; (;): (i) B. subtilis: 1.12 ns (0.66), 3.11 ns
(0.34); B. megaterium: 1.09 ns (0.66), 3.05 ns (0.34); E. coli: 1.04 ns (0.70), 3.04 ns
(0.30); K. aerogenes: 0.953 ns (0.78), 2.71 ns (0.22). (j) B. subtilis: 0.735 ns (0.80),
2.38 ns (0.20); B. megaterium: 0.775 ns (0.82), 2.46 ns (0.18); E. coli: 0.704 ns
(0.81), 2.08 ns (0.18); K. aerogenes: 0.690 ns (0.87), 2.33 ns (0.13).
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Nevertheless, they should not preclude the search for other
elastomeric materials that can broaden the application of this
methodology. For example, alcohols, water and polar organic
solvents do not swell PDMS, which limits the type of dyes and
other samples feasible for this technique. Elastomers that show
reversible swelling in such solvents can complement the utility
of PDMS as a solid medium.

Staining bacterial cells with THIA and ThT

The enormous fluorescence enhancement that medium rigidity
can induce on ThT, along with its high propensity for binding to
B-strand proteins, has made this dye an indispensable fluores-
cence probe for imaging amyloid proteins.”” These same proper-
ties allow ThT to serve as a photoprobe for fluorescence imaging
of bacterial endospores and vegetative prokaryotic cells in biolo-
gical samples.® The abundant B-sheet protein structures in spore
coats and in the S-layers of bacterial cell walls allow them to
selectively bind ThT and drastically enhance its fluorescence.

Cyanine dyes, such as THIA, have a similar affinity for
bacterial cells and have been the foundation for the discovery
of dynamic staining.”"® Instead of testing if a dye stains the cells
or not, the kinetics of fluorescence enhancement (originating
from the dye uptake) correlates with the type of the microbial
species.” It provides opportunities for expanding the staining
analytical techniques beyond their binary “yes/no” nature.

Adding THIA and ThT solutions to suspensions containing
Gram-positive and Gram-negative bacteria allows facile fluores-
cence imaging of the cells (Fig. 5(a)—(f)). The dye taken up by
the prokaryotic cells is strongly fluorescent. Conversely, the
unbound dye in the liquid media does not fluoresce and does
not interfere with the imaging of the microbial organisms.

It eliminates any need for washing and fixing the cells prior
to imaging them, which is one of the greatest advantages of this
method of fluorescence staining of prokaryotes. Furthermore,
this photolabeling of bacterial spores and vegetative cells does
not compromise their vitality and allows for real-time imaging
of sporulation and germination, for example.®

While 7 of THIA and ThT in aqueous media is in the order of a
picosecond, mixing THIA and ThT with the bacterial cells increases t
to about 1 to 2 ns (Fig. 5(i) and (j)). These trends of emission
enhancement in the biological samples are similar to what we observe
when placing these dyes in PDMS solid media (Fig. 4(c) and (d)).

The excitation spectra of ThT bound to Gram-positive and
Gram-negative bacterial cells: (1) show only a band with a
maximum at around 430-450 nm (Fig. 5(h)), which is similar
to the absorption of ThT when bound to amyloid pro-
teins;'***'¢ and (2) lack a 360-nm band, which resembles the
spectra of ThT in PDMS but not in SOA. The PDMS polymer,
therefore, appears to provide a better model of binding such
dyes to proteins than the SOA glass does.

Conclusions

The swelling propensity of PDMS in a range of organic solvents
provides an attractive means for facile loading of molecular
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samples under mild conditions. Its optical transparency, along
with the ease of its preparation and moulding, make PDMS a
promising room-temperature solid-state solvent for a broad
range of photophysical applications. In addition to serving as
a screening tool for photoprobes that undergo viscosity-
induced emission enhancement, PDMS as a solid solvent
medium can provide key mechanistic information about
excited-state dynamics involving conformational changes.
These findings demonstrate the utility of thermoset elastomers
as solid solvents in spectroscopy and other photonic applica-
tions. While PDMS has some of the most attractive optical and
chemical properties for such applications, the search for elas-
tomers that swell in different solvents and can load samples
that PDMS cannot significantly broaden the impactful implica-
tions of this methodology.
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