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This manuscript presents the development of fluorescent materials capable of detecting di-(2-
ethylhexyl)phthalate (DEHP) vapors, which is an important concern for the airspace industry, as during
the preparation and on-orbit life of satellites and other spacecraft, phthalate vapors deposit on sensitive
optical systems, hampering their proper functioning. Here we present a novel approach for the
detection of this contaminant, with a rational design of the materials supported by DFT computations.
Our main approach involved the solid-state optical detection of DEHP via photoinduced electron
transfer, as a novel phthalate detection strategy. While the pursued response was gratifyingly observed
for most of the investigated fluorophores, the detection capabilities of materials containing fluorescein
were discovered to be unique, significantly outperforming the other fluorophores. Furthermore, an
unanticipated solid-state ratiometric response towards DEHP was observed for fluorescein, displaying a
particularly high contrast that allowed a naked-eye detection of the contaminant. The molecular
mechanism behind the unique response of fluorescein was investigated in detail both experimentally
and theoretically, allowing us to propose a detection mechanism for fluorescein through a DEHP-
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Introduction

Phthalates are a class of plasticizers used in the production of
polyvinyl chloride (PVC) based plastics that make up a great
variety of daily-use goods, from bags and construction materials
to food packages and drinking-water bottles.! Inclusion of phtha-
lates brings significant improvements to plastics, helping
overcome the rigidity and thermal instability of pure PVC.?
Unfortunately, due to their noncovalent attachment, these plasti-
cizers are slowly released into the environment. Because of the
toxicity that has been demonstrated for various phthalates,
including carcinogenic, teratogenic and endocrine-disrupting
properties,” these chemicals have been at the focus of diverse
regulatory agencies across the globe, leading to one of the most
used phthalates, di-(2-ethylhexyl)phthalate (DEHP) being formally
classified as a CMR1B (Carcinogenic Mutagenic or Reprotoxic)
substance.® In spite of these efforts, alarming contamination
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induced tautomerization between the zwitterionic and the lactoid tautomer of the fluorophore.

levels continue to be found in drinking water and food-contact
materials.” This has raised significant interest in the develop-
ment of sensors and analytical assays for the detection and
quantification of these contaminants, which compared to instru-
mental methods such as HPLC/GC/MS, can be less expensive
and easier to transport and operate, among other practical
advantages, depending on the physicochemical property trans-
duced by the sensor.®

Due to the need of minimizing human exposure to phtha-
lates, most sensors target phthalate detection and quantification
in aqueous samples. Nonetheless, vapors of these contaminants
also pose serious problems which are significantly less acknowl-
edged. Indeed, phthalate vapors constitute important contami-
nants for the airspace industry, affecting the proper functioning
of spacecraft and diverse on-board devices as they deposit on the
surface of critical components. In this context, contamination by
phthalates can occur during all the life of spacecraft, from the
diverse ground preparation stages where they are subjected to
repeated vacuum cycles, to on-orbit flight where these devices
are exposed to the extreme hostile conditions of outer space. The
situation is particularly problematic for optical components such
as solar cells” and charge-coupled device (CCD) cameras,® which
are critical for research and for orientation and navigation. It is
therefore of utmost importance to assess surface contamination
of spacecraft to ensure that these critical optical components
remain operative during long periods of time. Before launch, the

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0001-9602-5082
https://orcid.org/0000-0001-6295-0739
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tc01078k&domain=pdf&date_stamp=2025-05-27
https://doi.org/10.1039/d5tc01078k
https://doi.org/10.1039/d5tc01078k
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01078k
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC013025

Open Access Article. Published on 19 May 2025. Downloaded on 12/6/2025 4:40:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

most common approach for the assessment of surface contam-
ination is the use of Quartz Crystal Microbalance (QCM) devices,
which although highly precise, involve sequential unitary opera-
tions which can become impractical and time-consuming.

In this context, the development of optical sensors for con-
tamination by phthalate vapors can potentially help overcome
these limitations by enabling a continuous and real-time assess-
ment of the surface contamination in spacecraft. Unfortunately,
optical sensors for the detection of phthalate vapors remain
largely unexplored, which may in part be due to their poor optical
properties, with both an absorption restrained to the UV region
and a negligible fluorescence, making it difficult to develop
sensitive optical sensors. Only recently a study has delved into
the subject, using a detection system based on the fluorescence
enhancement induced by phthalates due to the restriction of
motion on a nanostructured fluorenyl derivative.” Even though
the fluorescence enhancement was modest, with the system
exhibiting a single emissive band, the analytical response of the
material allowed a very sensitive detection of phthalates even from
complex samples.

In this contribution we report on the results of a research
program directed towards evaluating photoinduced electron trans-
fer (PET) as an alternative detection mechanism for phthalate
vapors. The screening, selection and testing of various fluoro-
phores revealed an outstanding fluorescent response for fluores-
cein, which displayed an unexpected solid-state dual emission that
allowed a ratiometric detection of DEHP, which was used as
a representative phthalate throughout the study. Fluorescent
materials built from fluorescein allowed not only a sensitive
detection of the contaminant, but also a naked-eye detection
thanks to a remarkable visual contrast provided by its ratio-
metric response. The manuscript is organized as follows: first,
we will present the screening and validation of the various
fluorophores involved in the PET detection strategy, including
both experimental and computational investigations that
demonstrate the viability of these fluorophores for participating
in PET with DEHP. This is followed by a discussion on their
solid-state performance towards the detection of DEHP from
organic solutions and vapors, with a focus on the remarkable
response observed for fluorescein. The manuscript finishes by
presenting a potential mechanism explaining the interesting
ratiometric response of fluorescein, which is proposed to occur
due to a DEHP-induced tautomerization of the fluorophore.

Results and discussion
Experimental design and validation of the detection method

As a first approach towards the detection of phthalate vapors,
PET was targeted as a potential detection mechanism. This
approach was selected to overcome the difficulties caused by
the poor optical properties of phthalates, which preclude their
direct visual detection. An alternative approach based on PET
would exploit the optical properties of fluorophores with strong
optical absorption and emission, as well as their capacity to
transfer an electron to the phthalate upon photoexcitation. This
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process would compete with the emission of the fluorophores,
leading to a quenching of their emission in the presence of
phthalate vapors, thus offering an indirect visual detection of
these contaminants.

The investigation commenced with an examination of fluor-
ophores that exhibited the requisite electronic properties for
the detection of phthalates by PET. As previously stated, DEHP
was selected as a model phthalate throughout this study due to
its high relevance as a contaminant in spacecraft. As illustrated
in Fig. 1(a), the proposed PET detection process involves DEHP
acting as the electron acceptor, while the different fluorophores
are employed as donors. The search for suitable fluorophores
was initially conducted computationally, with a large group of
molecules screened using DFT computations at the M06-2X/6-
31+G(d,p) level of theory. Our investigation was centered on the
relative energy of the frontier molecular orbitals (FMOs) of the
fluorophores (Efiomo/Lumo) With respect to those of DEHP. The
most crucial selection criterion was the presence of a lowest
unoccupied molecular orbital (LUMO) in the fluorophore above
that in DEHP, allowing for an electron transfer (ET) to occur
between these orbitals.

Following an inspection of the Efgpmo/Lumo €nergies, along
with some practical considerations (e.g., commercial availabil-
ity), five fluorophores were selected from a large library of
candidates. The selected fluorophores were 9H-fluorene (F),
9,9-dioctylfluorene (FO), 9-methylcarbazol (C), pyrene (P), and
fluorescein in its lactoid tautomer (FL). It is important to clarify
the rationale behind the selection of FL, as this tautomer of
fluorescein and closely related derivatives are frequently
referred to as nonfluorescent.'® This choice may thus appear
counterintuitive. However, as will be discussed in detail subse-
quently, our present study challenges this notion by presenting
a comprehensive characterization of the optical properties of
FL, which we have found to exhibit blue fluorescence.

The computational screening described above was also
employed to investigate the fluorophores selected for their
potential relevance to PET. This involved corroborating the
energy of their FMOs, which was identified as being of para-
mount importance for PET. It should be noted that both the
experimental and computational inspection of the energy of the
FMOs were carried out in acetonitrile, which is a common
solvent in PET studies due to its high polarity, which helps to
stabilize significantly polarized species, such as those produced
during PET." The experimental investigation was conducted by
determining the redox potentials of these molecules using
cyclic voltammetry (CV) measurements.'” The results are pre-
sented in Fig. 1(b) and Table 1. It is noteworthy that the DFT
method employed consistently overestimated the energy band-
gap (Ey"") when compared to the electrochemical values (Eg").
Notwithstanding the typical constraints associated with DFT,"?
the overall concordance between the experimental and compu-
tational trends is nonetheless satisfactory. It is of particular
significance that the energy of the LUMO level of the fluor-
ophores was indeed satisfactorily found to be higher than
that of DEHP. Notwithstanding the apparent exception for P,
whose LUMO level is predicted by DFT to be located 0.33 eV
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Fig. 1 (a) Schematic representation of the proposed photoinduced electron transfer (PET) process between the target contaminant (DEHP) and the
different fluorophores (b) Frontier molecular orbital (FMO) energy diagram derived from cyclic voltammetry (black lines) and DFT computations (M06-2X/
6-31+G**/PCM, gray lines) in acetonitrile. Some FMO energies (for FL and DEHP) could not be estimated electrochemically.

below that of DEHP, experimental findings indicate that it lies and DEHP (0.07 eV). Although electrochemical data for FL
energetically above by approximately 0.09 eV. A comparable could not be recorded in acetonitrile to eliminate this uncer-
scenario is also predicted by DFT for FL, however, with a tainty due to chemical instability (see ESIt Section S2), the
considerably lower energy difference between the LUMO of FL  difference was deemed not significant.

Table 1 Oxidation and reduction potentials (E%/eq. vs. SCE), frontier orbital energies (EG&mosLumo) and energy bandgap (Egv) in acetonitrile determined
from CV measurements. Values computed by DFT at the M06-2X/6-31+G(d,p)/PCM level of theory (EBomosLumo. Eg T) are presented in parentheses

EOV EQyv Eriomol(Eriomo)/eV Erumo(ELomo)/eV B (Bg™")/ev
DEHP — —2.045 —“(—8.88) —2 35 (—0.82) —~(8.06)
FL - - —(=7.77) —" (~0.89) —" (6.88)
F 1.58 —-3.02 —5.98 (—7.43) —1.38 (—0.39) 4.60 (7.04)
FO 1.63 —2.80 —6.03 (—7.38) ~1.60 (—0.46) 4.43 (6.92)
C 1.12 —-2.78 —5.52 (—6.94) —~1.62 (—0.41) 3.90 (6.53)
P 1.24 —2.14 —5.64 (—6.87) —2.26 (—1.15) 3.38 (5.72)

“ Outside of the voltage window of acetonitrile.  Not determined due to chemical instability.
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To further validate the PET detection approach, an investiga-
tion was conducted on the viability of forming favorable supra-
molecular interactions between DEHP and the fluorophores. This
was done with consideration of the fact that ET rates are strongly
dependent on intermolecular distances and orbital overlap.'* Due
to significant problems found on growing co-crystals of the
analyte and the fluorophores, the investigation of these molecular
adducts was undertaken using DFT. The results, detailed in ESI,}
Section S3, evidence the possibility of forming stable aggregates
between DEHP and all the fluorophores, exhibiting n-stacking
interactions with relatively short intermolecular distances, held
together by moderate to strong interaction energies. Furthermore,
the change in Gibbs energy associated with the PET process
(AGpgy) was conveniently estimated obtained using the Rehm-
Weller equation (eqn (1)):*

AGper = F{EL(D) ~ Eiy(A)} — Epo+C (1)
where F is Faraday’s constant, E. (D) is the oxidation potential of
the electron donor (the fluorophore), El.q(A) is the reduction
potential of the acceptor (DEHP), E,, is the zero-vibrational
excitation energy of the fluorophore and C is a coulombic
interaction term (ca. 0.03 eV in acetonitrile)."® This robust meth-
odology was successfully applied to fluorophores F, FO, C, and P,
for which the redox potentials could be recorded. The AGpgr
values are shown in Table 2, along with optical data required to
determine the E,, (optical absorption and emission spectra can
be consulted in ESLi Section S4). As can be observed, the
obtained AGpgy values clearly indicate that PET between DEHP
and these fluorophores is thermodynamically favored and should
occur upon photoexcitation. It is important to clarify, however,
that the optical properties of DEHP and the fluorophores also
indicate the possibility of an inner filter effect occurring alongside
PET. Indeed, the optical absorption of DEHP extends up to ca. /1 =
290 nm, overlapping with the optical absorption of the fluoro-
phores (see ESL T Fig. S22), thus suggesting potential difficulties in
discriminating the origins of the intended fluorescence quench-
ing. Exceptions to this are C and P, whose optical absorption
extends up to 4 = 340-360 nm and could potentially be excited
outside the optical window of DEHP.

In this section, we have presented our strategy for the
detection of phthalate vapors, which was based on the use of
PET as a sensing mechanism. A computational screening
helped us identify five potential fluorophores, well-suited for
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participating as electron donors in PET with DEHP as a model
acceptor. The investigation employed a combination of compu-
tational and experimental techniques, with a primary focus on
the energy of the frontier molecular orbitals of the fluorophores
in relation to DEHP. Additionally, the formation of stable
supramolecular aggregates with significant orbital overlap with
this phthalate was also unveiled by DFT. Ultimately, the Rehm-
Weller equation was employed to ascertain the PET Gibbs free
energy for most of the selected fluorophores, thereby demon-
strating that the process is thermodynamically favored. While no
further experiments were conducted to confirm the occurrence
of PET, the presented evidence suggests that this phenomenon
can be operative under photoexcitation of these fluorophores in
the presence of DEHP. The following sections will present the
fluorescence response towards DEHP as well as a detailed
discussion on FL, which exhibited an exceptional response due
to its distinctive structure, allowing it to switch between different
tautomers with different optical properties in the presence of the
phthalate.

Fluorescent response towards phthalate vapors

Having delineated our strategy for the detection of phthalate
vapors, we will now present the optical response of the selected
fluorophores to DEHP. We will initially present the response of
fluorophores F, FO, C and P, for which similar responses were
recorded when exposed to the contaminant. We will then
present our findings on FL, which exhibited a distinctive
response associated with the possibility for this molecule to
tautomerize among different forms. The employed methodol-
ogy was based on the utilization of DEHP-indicating test
papers, following recent reports on the efficacy of this techni-
que for the detection of TNT."**'” To this end, test papers were
prepared by absorbing diluted solutions of each fluorophore in
filter papers, followed by their subsequent exposure to either
solutions or vapors of DEHP. The fluorescence spectra were
subsequently recorded to evaluate the extent of fluorescence
quenching in the presence of DEHP, as anticipated by our PET
detection approach.

Prior to examining the response of the fluorophores to
DEHP vapors, calibration curves for each fluorophore were
constructed using DEHP solutions with the objective of subse-
quently extrapolating quantitative data regarding the quantity
of DEHP vapors deposited on the test papers. The calibration
curves allow correlating DEHP concentration with fluorescence

Table 2 Optical absorption and emission properties, zero-vibrational electronic excitation energy (Eqg) and PET Rehm—Weller Gibbs energies (AGpgy) in

acetonitrile
A3bs /nm (e/M~! em™) A8 /nm A/nm Avjem™* EqoleV AGppr/K] mol ™
DEHP 223 (25 800) — — — — —
FL* 275 (7300) 425 150 13104 3.54 —b
F 262 (19 900) 315 53 6422 4.30 —62.23
FO 264 (16 600) 317 53 6333 4.27 —54.51
C 292 (15 000) 368 76 7072 3.76 —54.51
P 334 (44 400) 372 38 3058 3.48 —15.91

“ Data recorded from a freshly prepared analytical sample of the compound as an acetone solvate (FL-Me,CO). ® Not determined due to chemical

instability during CV measurements.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

Influence of the DEHP surface contamination on the fluorescence quenching in the solid state for fluorophores F, FO and P at Acxc = 285 nm. The

fluorescence quenching is given by the /y/! ratio, where Iy is the fluorescence intensity in the absence of DEHP and / is the fluorescence intensity in the

presence of a given DEHP surface contamination value.

quenching, as indicated by the I,/I ratio, where I, and I represent
the fluorescence intensity in the absence or presence of a given
concentration of DEHP, respectively. The calibration curves were
obtained by depositing 5 puL drops of pentane solutions of DEHP
at varying concentrations on a single test paper, followed by
measuring the fluorescence spectra using a custom-built optical
setup (ESLt Fig. S23). It should be noted that, in the context of
our research project, our objective was to estimate surface con-
tamination values rather than DEHP concentrations. Accordingly,
the discussion of surface contamination is presented in terms of
micrograms per square centimeter, as opposed to molar concen-
trations. The surface contamination values were calculated
assuming a perfectly circular dispersion of the drops within the
papers. Although this constitutes a potentially significant approxi-
mation, we deemed it an appropriate exploratory approach to
evaluate the efficacy of the fluorophores in signaling the degree of
contamination by DEHP on a surface.

As previously stated, fluorophores F, FO, C, and P exhibited
comparable behavior, with fluorescence becoming increasingly
quenched as DEHP surface contamination values increased.
However, an analytical issue was identified for C, which, despite
displaying a favorable qualitative response, yielded unstable
fluorescence spectra during the measurements. Consequently,
the results for this fluorophore will not be discussed in this
context. On the other hand, the responses observed for F, FO and
P are shown in Fig. 2, where an increasing quenching of the
fluorescence is observed in the 4.42 to 26.55 mg cm™ 2 interval,
with uncertainties in the I,/I value between 2.6 and 7.6%. The
best response was observed for P, which showed the highest
sensitivity and up to ca. 30% fluorescence quenching at the

12894 | J Mater. Chem. C, 2025, 13,12890-12902

highest DEHP concentration. Test papers embedded with these
fluorophores were also subjected to an atmosphere of DEHP
vapors. Although clear differences in the fluorescence spectra
were observed in the presence of DEHP vapors, the /I values
were too low (around I,/I = 1.01 for P and 1.08 for F and FO)
implying that although these materials might be useful for the
detection of DEHP vapors, they could hardly be used to quantify
them, especially considering the uncertainty observed in these
measurements. Nonetheless, our interest at this point lied on
screening the various fluorophores to eventually select the most
sensitive, while the various experimental conditions that cause
these analytical issues will be addressed in the future.

These experiments were also performed for fluorescein,
whose optical response towards DEHP was gratifyingly found
to outperform all the other fluorophores. The results are pre-
sented in Fig. 3, depicting the dual emission observed for this
fluorophore with emission maxima around A, = 413 and
517 nm. The band centered around Ae;,, = 413 nm can be readily
associated with the lactoid tautomer of fluorescein (FL) which as
mentioned before displays a blue emission in acetonitrile (Zep, =
425 nm). The second band is responsible of a yellow emission
centered a Ae,, = 517 nm, and originates from a different
fluorescein species, assigned to the zwitterionic tautomer (FZ),
according to a series of experimental and theoretical investiga-
tions that will be discussed in detail in the following section. It is
noteworthy that the yellow fluorescent band undergoes a pro-
nounced quenching as the surface contamination increases
(Fig. 3(a)), whereas the effect is considerably less pronounced
on the blue band. This can be considered a ratiometric fluores-
cence response, a topic that has attracted considerable research

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Ratiometric fluorescent response towards DEHP and proposed detection mechanism for fluorescein test papers at Zexe = 285 nm. (a)
Representative example of the evolution of the fluorescence spectra with increasing DEHP surface contamination (b) Calibration curve built by plotting
the ratio of fluorescent intensity at the two emission maxima (/s17/1413) versus the DEHP surface contamination; the red line corresponds to an asymptotic
decay fit of the data, y = 2.156 + 0.682 x 0.937%, with R?> = 0.77 (c) Comparison of the fluorescence spectra and photograph of a test paper (under
illumination with a 4 = 254/365 nm handheld UV lamp), when not exposed and exposed to DEHP vapors (0.95 mbar, 13 days).

interest in recent years due to diverse analytical advantages,"®
including a more sensitive detection that frequently permits
a naked-eye detection.'” Furthermore, ratiometric sensors are
self-calibrated, with the relatively unaltered fluorescent band
serving as an internal reference for the concentration of the
sensor. The measured property is consequently not monitored
by the fluorescence intensity at either wavelength, but by their
ratio. In the present case, the DEHP surface contamination is
monitored by the ratio of the intensity of the yellow and blue
bands (I517/1413)-

It is important to highlight the significance of the above-
mentioned self-calibration in the context of our research

This journal is © The Royal Society of Chemistry 2025

project. Potential variations in the fabrication of the test papers
could produce inhomogeneities in the amount of fluorophore
absorbed in different parts of the material. For classical fluor-
ophores such as F, FO, P and C, such inhomogeneities can lead
to changes in the fluorescence intensity not associated with the
presence of the analyte, leading to erroneous DEHP surface
contamination readings. The self-calibration in the case of FL
ensures that variations in the fabrication of the test papers do
not affect the DEHP surface contamination readings. Its ratio-
metric response is not dependent on the concentration of the
fluorophore, but on the modulation of the Is;,/I,;5 value, thus
overcoming this problematic. Interestingly, the variation of

J. Mater. Chem. C, 2025, 13,12890-12902 | 12895
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Is17/1,13 with the DEHP surface contamination (from 0.74 to
26.55 ug cm %) leads to an apparent asymptotic decay (Fig. 3(b)).
This implies that in the presence of DEHP, a portion of the
zwitterionic species isomerizes to the lactoid tautomer (FL).
Although the uncertainty in these measurements continue to be
significant (0.9 to 10.0%), the isotherm for FL clearly demon-
strates a higher sensitivity of this fluorophore towards DEHP,
when compared to the other fluorophores studied in this work.

Once the calibration curve for the fluorescein test papers had
been obtained, they were tested for the detection of phthalate
vapors under the same conditions previously discussed for the
other fluorophores. The results are illustrated in Fig. 3(c), depicting
the identical ratiometric response observed when the materials
were exposed to solutions of the contaminant, thereby providing
compelling evidence of the efficacy of our materials for the visual
detection of DEHP vapors. Moreover, thanks to the ratiometric
response a color change is clearly observed by the naked eye,
demonstrating the potential for real-time detection of the con-
taminant through visual observation, utilizing a handheld UV
lamp to examine the material. In order to quantify the amount
of DEHP vapors deposited on the test paper, the aforementioned
asymptotic fit can be solved for the DEHP surface contamination,
denoted as [DEHP], leading to eqn (2). The observed value
obtained from the exposure to DEHP vapors is I517/I413 = 1.69,
which is below the minimum value required for direct use in this
expression. Nevertheless, it can be stated with certainty that when
exposed to DEHP vapors under these conditions, the surface
contamination of the test paper is above 26.5 pg cm™ 2, which
represents the limit of the calibration curve.

55 156

DEHP 2 =1 Ik 2
[ ]/Hg cm 080.937 0.682 (2)

To summarize, this section presented the fluorescent response
of the selected fluorophores to DEHP, which were identified as
potential indicators of this contaminant by PET. With the excep-
tion of C, which exhibited an unstable fluorescent signal, all the
fluorophores demonstrated the potential for application in the
detection of the contaminant. This was evidenced by the record-
ing of fluorescence changes using paper tests and a custom-built
optical setup. The fluorescent response was found to align with
the anticipated fluorescent quenching in the presence of DEHP,
both in solution and as a vapor. The most notable optical
response to DEHP was observed for FL, which exhibited a
distinctive dual emission, enabling a ratiometric quantification
and the potential for naked-eye detection, as significant advan-
tages over the other fluorophores. Such response cannot possibly
be attributed exclusively to PET and is associated with a DEHP-
induced tautomerization of fluoresceine, a phenomenon that will
be elaborated upon in the subsequent section.

It seems important to remark that while the determination
of a precise limit of detection (LOD) value for the materials
would be valuable, at present our developed methodology
towards the detection of DEHP suffers from significant analy-
tical limitations, as reflected in the important uncertainties in
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the calibration curves presented in Fig. 2 and 3(b). Due to this,
the present investigation is limited to presenting a proof of
concept for the new phthalate detection mechanisms, while
refraining to report on LOD values. The analytical limitations of
our methodology can be accounted to inhomogeneities in
DEHP deposition and to experimental variations during data
collection. Resolving these issues will require the use of alter-
native specialized equipment, such as that reported elsewhere
for related materials targeting TNT detection."*

Mechanistic insights and potential further applications for
fluorescein

Fluorescein exists not only as the lactoid structure (FL) discussed
in the previous sections, but also as two other tautomers
(Scheme 1). These are the quinoid tautomer (FQ) where the
fused tricyclic system adopts a xanthenone configuration, and
the zwitterionic tautomer (FZ) with a negatively charged carbox-
ylate and a positive charge delocalized within the fused tricyclic
system. Considering the significant research interest and appli-
cations that fluorescein and its derivatives continue to attract,
long after its first synthesis by von Baeyer in 1871,"° it seems
intriguing that its precise molecular structure, debated meticu-
lously during the previous centuty,* continues to be scrutinized
nowadays.>! In this section we will briefly discuss some aspects
of this complex topic, with the intention of clarifying and
supporting our previous discussions on the DEHP sensing
mechanism exhibited by fluorescein in the solid state, which
was accounted to a tautomerization between the FL and FZ
tautomers.

Our initial hypothesis regarding the dual blue/yellow (413/
517 nm) emission observed during the investigations with this
fluorophore using test papers was that the blue band originated
from the FL tautomer while the yellow band from either FQ or
FZ. The idea is supported by the fact that FL contains only small
and poorly polarized n-systems isolated from each other due to
interruption of electronic conjugation at the spirocyclic carbon.
Consequently, its absorption and emission should be highly
blue-shifted when compared to FQ and FZ, which feature an
extended m-delocalization within the fused tricyclic submole-
cular fragment and a clear push-pull character in the case of
FQ, where the hydroxyl and ketone groups act as electron
donating and withdrawing groups, respectively.

In order to gain evidence for the above spectral assignments,
an investigation was carried out aiming at isolating these
tautomers in solution to compare their optical properties.
The starting material was commercial fluorescein, which is
sold as a red solid whose molecular structure is typically

/0
COOH O o ©
U, LD
HO' (o) No HO o OH  HO” (o] “OH
FQ FL

FZ

Scheme 1 The three different tautomers of neutral fluorescein: quinoid
(FQ), lactoid (FL) and zwitterionic (FZ).
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Type Il (FL-MeCN)

Fig. 4 Micrograph of crystals obtained from the slow evaporation of a saturated acetonitrile solution of the acetone solvate of fluorescein (FL-Me,CO).
Two types of colorless crystals, covered by a sticky yellowish solution, were obtained and diffracted. The crystal structures are shown in the right,
corresponding to the solvent-free lactoid tautomer of fluorescein (FL) and its acetonitrile solvate (FL-MeCN). Thermal ellipsoids were drawn at 50%
probability for every atom other than hydrogen. Selected bond lengths [A] and angles [°] for FL: C3—01 1.3616(15), C5-02 1.3724(15), C7-04 1.5093(14),
C14-05 1.2159(15), O4-C7-C6 108.70(10). For FL-MeCN: C3-0O1 1.3507(11), C5-02 1.3674(12), C7-04 15110(12), C14-0O5 1.2087(11), N1-

03 2.8420(18), N1-H3-03 177.2(4), 04-C7-C6 107.02(7).

assigned to the FQ tautomer.?”*' Considering the transpar-

ency of acetonitrile in the near-UV region and for consistency
with the rest of the study, the optical properties of fluorescein
were first investigated in this solvent. Unfortunately, commer-
cial fluorescein was found insoluble in acetonitrile, which was
overcome by synthesizing an acetone solvate (FL-Me,CO) that
was gratifyingly found to be more soluble. The synthesis was
carried out following a previously informed methodology** with
minor modifications, and the procedure was further extrapo-
lated to other unpublished solvates with dimethylformamide
(FL-DMF) and dimethylsulfoxide (FL-DMSO) (details in ESIL
Section S6). In good agreement with previous research by the
Jones group,>** the syntheses involved a color change from
red to yellow, due to a concomitant FQ — FL tautomerization.
Besides the FT-IR/ATR and elemental analyses of these materi-
als which confirmed their identity, we crystallized the FL-
Me,CO solvate by slow evaporation in acetonitrile, leading to
two different types of crystals, which were studied by single-
crystal X-ray diffraction (SXRD) and found to contain exclusively
the FL tautomer (Fig. 4 and ESI,T Section S7). The first type of
crystal corresponded to the solvent-free FL while the second
was an acetonitrile solvate (FL-MeCN). It seems important to
remark that to this appears to be the first report on the elusive
crystal structure of FL, previously considered unlikely to exist
due to thermodynamic instability in the absence of guest

This journal is © The Royal Society of Chemistry 2025

molecules.”® While the bulk solids are indeed unstable when
heated, as FL switches back to the FQ tautomer as solvents are
removed, the phenomenon is different in the crystalline mate-
rial, where the various strong supramolecular interactions
(ESL{ Fig. S28 and S29) help stabilize the presence of solvent-
free FL molecules.

With these two different types of fluorescein samples, ie.
commercial FQ and the various yellow FL solvates, a screening
was performed to search for solvents where the optical properties
of the different tautomers could be recorded. The identity of the
fluorophore in various solvents was studied out using multi-
nuclear "H/*C NMR analyses. For clarity reasons, the details
and further discussions of the NMR data are included in the ESI}
(Section S8). The NMR studies on FL-Me,CO, which was found
soluble in CD;CN, DMSO-d; and acetone-dg, revealed the exclu-
sive presence of the FL tautomer in solution, as evidenced by the
signal for the spirocyclic carbon resonating around d = 83.08-
83.92 ppm. On the other hand, FQ was soluble in DMSO-ds and
acetone-de and partially soluble in CD;OD; NMR spectra in the
former solvents were readily ascribed as well to the FL tautomer,
implying a fast FQ — FL in these solvents. Contrastingly, the
NMR spectra of FQ in CD;OD was more complex, displaying
an interesting temperature-dependent equilibrium between
the FL and FZ tautomers. While at low temperature (T < 298 K)
FL is again the only detectable species, at room and higher

J. Mater. Chem. C, 2025, 13,12890-12902 | 12897
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Fig. 5 Optical absorption (a) and emission (Lexc = 285 nm) (b) spectra for fluorescein as its lactoid (FL) and zwitterionic (FZ) tautomers and (c) emission
changes upon addition of up to 16.6% methanol to an acetonitrile solution of FL, inducing an FL — FZ tautomerization. As shown in the photographs, the
change is observable by the naked under illumination using a 4 = 254/365 nm handheld UV lamp. Spectra for FZ were recorded dissolving quinoid
fluorescein (FQ) in methanol, while FL was recorded in acetonitrile from a freshly prepared analytical sample of the compound as an acetone solvate

(FL-Me,CO).

temperatures (T > 298 K) FL becomes undetectable, giving rise to
a new C,-symmetric species, which was assigned to the FZ
tautomer, considering that the only alternative possibility would
be FQ, but the C,-symmetry is not expected for this tautomer and
is indeed not observed for structurally-related fluorophores that
are ‘locked’ in the same xanthenone configuration as FQ.>
These findings allowed a separate investigation of the opti-
cal properties of FL and FZ in solution, which to the best of our
knowledge have never been published. Following our above
discussions, spectra for FL were recorded from FL-Me,CO in
acetonitrile, while FZ was measured from methanol solutions
of FQ. The results are presented in Fig. 5(a) and (b), where clear
differences between both tautomers can be observed. In the
case of FL, optical absorption and emission maxima are cen-
tered at A, = 275 nm (¢ = 7300 M~ ' em ™) and e, = 425 nm,
respectively, whereas FZ displayed strong bathochromic shifts,
with absorption and emission maxima at A,ps = 484 nm (¢ =
20000 M " em ™) and e, = 525 nm, respectively. These results
constitute compelling evidence supporting the hypothesis that
the DEHP sensing mechanism by fluorescein involves a tauto-
merization from a yellow-emissive (FZ) tautomer towards the
blue-emissive FL. Indeed, the dual emission in the test papers
(413 and 517 nm) lies extremely close to the values recorded for

12898 | J Mater. Chem. C, 2025, 13,12890-12902

the individual tautomers in solution (425 and 525 nm), thus
supporting the FZ — FL tautomerization as the ratiometric
DEHP detection mechanism.

These fundamental findings also suggest additional inter-
esting applications for this fluorophore. Indeed, the opposite
tautomerization (FL — FZ) in solution can be envisioned to be
applied for the fluorescent detection of alcohols, which is an
area of current research interest.>* An exploratory demonstra-
tion is shown in Fig. 5(c), where increasing amounts of metha-
nol were added to an acetonitrile solution of FL, giving rise to
the expected yellow emission from FZ, with the same effect
being qualitatively observed when performing the test with
ethanol. On the other hand, a FL —» FQ tautomerization takes
place in the solid state when the different FL solvates are
heated, in good agreement with the first observations by the
Jones group on the FL-Me,CO solvate.”" Interestingly, the color
change that accompanies this transition could potentially be
employed for the development of thermochromic materials,
some of which benefit from irreversible thermochromic
transitions® such as those provided by the solid state FL —
FQ tautomerization. Furthermore, the thermogravimetric ana-
lyses for the different solvents, presented in ESIL,f Fig. S27,
show that the thermochromic transition is tuned depending on

This journal is © The Royal Society of Chemistry 2025
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the guest solvent, suggesting that the materials could be
engineered to meet specific needs.

To finalize this section, we will present a brief discussion on
the molecular mechanism behind these interesting equilibria.
Although the experimental evidence discussed above explains
the origins of the dual emission of fluorescein, which is
modulated in the solid state by the presence of DEHP, these
results were obtained in solution while detection of DEHP
occurred in the solid state. Unfortunately, low fluorophore
concentration renders instrumentally prohibitive to extend
these analytical studies to the test papers to confirm that the
same FZ — FL tautomerization induced by DEHP takes place
also in the solid state. Nonetheless, a theoretical examination
can provide the needed support for the molecular mechanism
behind this transformation. In this sense, it is important to
address first the implications surrounding the dissolution of
commercial quinoid fluorescein (FQ) that leads to FL in most
solvents or to a FL <> FZ equilibrium in methanol, while FQ is
not found in solution in any of the organic solvents tested.

The first important observation is that switching from FQ to
the other two tautomers implies a change in connectivity that
cannot be explained without proton transfers. Fig. 6 depicts a
potential mechanism accounting for these processes, along
with a DFT-computed potential energy surface (PES) scan for
the reaction. After getting solvated, FQ undergoes a solvent-
mediated proton transfer through transition state TS1 to reach
the FZ tautomer, with methanol protonating the carbonyl
group in FQ, while another proton is concertedly transferred
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from the carboxylic acid to methanol. It should be noted that the
FZ tautomer was found unstable during the optimizations except if
an explicit molecule of methanol was included. Consequently, this
tautomer was computed as a methanol adduct (FZ-MeOH), which
can finally tautomerize to FL without any proton transfer. The low
computed activation energy to reach TS1 (ca. 34.5 k] mol ') agrees
well with the fact that the whole process is experimentally observed
at room temperature right after dissolving FQ. Additionally, the
proposed mechanism is in line with the fact that the FL < FZ
equilibrium is also observed at room temperature, with FL being
the dominant species at low temperature. Indeed, the PES scan
shows FL as the most stable tautomer, separated to FZ by a low
energy barrier (ca. 29.5 k] mol '), which is accessible at room
temperature and consequently in excellent agreement with the
experimental evidence.

The most valuable information obtained from the above
computational investigations is that the rapid equilibrium
observed in the NMR experiments in CD;OD can indeed be
accounted to an interplay between the blue-emissive FL and the
yellow-emissive FZ, and that room temperature is enough to
shift the equilibrium towards FZ from the thermodynamically
favored FL tautomer. Regarding the extrapolation of these
results to the solid state, it seems plausible that the same
equilibrium occurs within the test filter papers because these
materials are mainly built from cellulose, which contains
ubiquitous alkoxy groups that can play the same role of
methanol in the stabilization of FZ. According to this, the
DEHP sensing mechanism would involve a phthalate-induced

—

FZ-MeOH "~ . >
SO 9.3

~
~
~
~

FL + MeOH

Reaction coordinate

Fig. 6 Mechanism proposed for the tautomerization of commercial red quinoid fluorescein (FQ) towards the zwitterionic (FZ) and lactoid (FL) tautomers
in methanol. A potential energy surface scan is shown in the bottom, as computed at the M06-2X/6-31+G(d,p)/PCM:Methanol level of theory. Energies
are relative to that of FQ and a molecule of methanol computed at the same level of theory. Discontinuous red lines are indicative.
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+ DEHP

FZ-cell FL-cell-DEHP

Fig. 7 Optimized molecular structure for adducts of zwitterionic fluor-
escein with a p-glucose dimer (FZ-cell) and of lactoid fluorescein with a p-
glucose dimer and DEHP (FL-cell-DEHP). The potential energy change
associated with this transformation, proposed to occur during the paper
tests, is presented as computed at the M06-2X/6-31+G(d,p) level in
vacuum. Hydrogens attached to carbon atoms are omitted for clarity.

FZ — FL tautomerization occurring within the test papers, as
represented in Fig. 7, which shows DFT optimized models for
the involved species. To reduce computational cost, a p-glucose
dimer was used to represent cellulose, with the initial atomic
coordinates extracted from the reported crystal structure.>®
These computations show that cellulose is indeed capable of
stabilizing the zwitterionic tautomer, as demonstrated by the
obtention of a stable structure for the adduct (FZ-cell), resembling
the results described above for the FZ-MeOH adduct. The
proposed transformation of FZ-cell towards a DEHP adduct where
fluorescein tautomerizes to FL (FL-cell- DEHP) is indeed found to
be significantly favored energetically by about 107 k] mol *, thus
providing theoretical support for the proposed DEHP sensing
mechanism in the solid state.

Conclusion

This work was aimed at developing optical materials capable of
detecting and quantifying DEHP, a plasticizer used in the
manufacture of a myriad of daily-use goods and whose release
from plastics has raised serious environmental and health
concerns. Moreover, this contaminant also poses important
problems for the proper functioning of optical devices in
satellites and other spacecraft, on which it deposits as vapors
and affects their performance. While several instrumental
methods and sensors have been informed for the detection of
DEHP and other phthalates in solution, optical sensors for
vapors of these contaminants remain largely unexplored. We
propose the use of fluorescence quenching through PET
between DEHP and a given fluorophore as a sensing strategy.
This process would compete with the emission of the fluor-
ophore and thus result in fluorescence quenching in presence
of the contaminant. Diverse computational and experimental
investigations were carried out, leading to five potential fluor-
ophores whose electronic properties were well-adapted for
transferring an electron to DEHP upon photoexcitation. These
fluorophores were subsequently tested against DEHP solutions
and vapors using test papers, resulting in the anticipated
quenching for three of them: 9H-fluorene, 9,9-dioctylfluorene
and pyrene, with the latter showing the highest sensitivity
among the three fluorophores. Although these results satisfac-
torily correlated with the pursued response of the materials, the
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sensitivity towards DEHP vapors was too low to allow practical
applications.

The response of fluorescein, initially also envisioned for
fluorescent detection by PET, was drastically different to that
of the other fluorophores, offering an unparalleled sensitivity
as well as an unanticipated naked-eye detection of the con-
taminant. These outstanding properties were associated with
the dual emission of the materials, allowing a ratiometric
detection with a higher visual contrast and sensitivity. Under-
standing the origins of this behavior required a thorough
experimental and computational investigation that led to the
conclusion that the dual emission stemmed from two different
tautomers of fluorescein, the zwitterionic tautomer (FZ) and the
lactoid tautomer (FL) with yellow and blue emission, respec-
tively. Concurring experimental and computational evidence
pointed towards a detection mechanism for the fluorescein-
based materials involving an interesting solid-state FZ — FL
tautomerization, accessible at room temperature and induced
by DEHP. Besides our targeted applications for the detection of
DEHP, the fundamental knowledge reported herein regarding
the tautomerization of fluorescein could potentially prove use-
ful for other applications, such as the detection of alcohols and
the development of thermochromic materials.

Current work is being performed by our team for building a
compact device implementing FL materials for the real-time
monitoring of DEHP contamination in airspace missions.
These compact devices will be comprised by a spectrometer, a
light source, FL materials and a mechanical system to allow a
quick and easy analysis in real time. The device will be tested in
cleanrooms for monitoring molecular contamination before
launch and possibly for in-flight experiments.

Regarding ratiometric fluorescent detection using materials
built upon FL, the use of optical filters or other instrumenta-
tion allowing the isolation of each fluorescent band during data
collection could be significantly beneficial for real-time mon-
itoring of molecular contamination by phthalates.
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