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Abstract: N-phenyl-1H-Indole-5-carboxamide (Ind-CA) exhibits previously unknown
room-temperature phosphorescence (RTP) when immobilized in poly (vinyl alcohol) film
(PVA film). High-fluorescence anisotropy of Ind-CA in PVA suggests that the fluorophores
are strongly immobilized in a polymer matrix, while a relatively low (ca. 0.1) quantum
yield indicates a strong non-radiative singlet excited state deactivation. With an increased
triplet-state population, Ind-CA can be used for various phosphorescence studies. The
room-temperature phosphorescence (RTP) capability of Ind-CA indicates that there is an
intricate balance between RTP and the structure of the indole-containing luminophore, as
an isomeric N-1H-indole-5-ylbenzamide (Ind-BA) does not show any appreciable levels of
RTP. Moreover, the phosphorescence lifetime of Ind-CA is about two orders of magnitude
longer than many other 5-substituted indoles. These results further highlight the prospects
for the potential rational designs of small molecules with desired triplet-state configuration
and RTP characteristics.

Keywords: N-phenyl-1H-Indole-5-carboxamide; room-temperature phosphorescence;
polyvinyl alcohol; structure—property relationships

1. Introduction

Room-temperature phosphorescence (RTP) has been commonly observed from inor-
ganic materials [1]. RTP has been employed for safety uses, information encryption and
decryption, and anti-counterfeiting [2—4]. In order to improve and extend its applications,
the use of organic molecules has been of interest, particularly for physical/chemical sens-
ing [5] and biological imaging [6]. Recently, RTP obtained from direct triplet excitation
has paved new avenues to study large protein conformational studies [7,8]. Moreover,
long-wavelength excitation has the potential to enable the study of optically dense samples
and limit unwanted background such as autofluorescence and scattering [9]. Due to the
relative ease of synthesis and access to various structural motifs, small organic molecules
play an integral part in the quest for new materials with desired photophysical properties.
Arguably, the prospect of introducing RTP capabilities using efficient, facile, and potentially
modular approaches to make structurally and functionally diverse small organic molecules
should ultimately establish structure—property relationships that will aid in the guided
design of all-organic RTP materials [10-14].
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Indole is one of the most prevalent organic motifs, found in numerous applications in the
chemical, biological, and materials areas of modern sciences. The RTP of indoles, including
tryptophan, has already been extensively studied in deoxygenated solutions [15-18] and in
PVA by our group and others [19-25]. In view of the demonstrated RTP by indole and several
substituted indoles, such as 5-bromoindole, 5-chloroindole, and 2-phenylindole, we decided
to investigate the effect of an amide functionality on RTP. Amide groups could be efficiently
installed under mild conditions, as many amine and acid derivatives are readily available,
thus providing opportunities for establishing structure-property relationships. Here, as an
initial entry to this venue, N-phenyl-1H-Indole-5-carboxamide (Ind-CA) and the isomeric
N-1H-indole-5-ylbenzamide (Ind-BA) were synthesized using conventional amide coupling

methodology (Scheme 1).
NH,
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Scheme 1. Synthesis of Ind-CA (top) and Ind-BA (bottom) used in this study.

To achieve efficient RTP of an organic dye, the fluorophore of interest should be isolated
from oxygen (efficient quencher of the triplet state) and placed in an environment that
increases spin-orbit interaction. This is necessary to facilitate spin-forbidden transitions
(intersystem crossing and triplet-singlet as well as singlet—triplet). The immobilization
of fluorophores in a polymer matrix, like PVA, effectively fulfills these requirements.
Non-covalent bonds formed between the polymer’s functional groups and those from
fluorophores effectively restrict molecular motion in a solid matrix [26-28] and reduce
oxygen diffusion, promoting the forbidden transitions [29-35]. Transparent and flexible
polymer films have often been used to enhance RTP in practical applications [2,3,36-38].
The cost and ease of making polymer films have made it a viable way to detect RTP from
novel and existing fluorophores.

2. Materials and Methods
2.1. Synthesis

All reagents and solvents were purchased from commercial sources (Sigma-Aldrich,
Acros, St. Louis, MI, USA, and TCI, Portland, OR, USA) and were used as received.
NMR spectra were acquired on a Bruker (Billerica, MA, USA) Ascend 400 (400 MHz)
spectrophotometer, and the chemical shifts are reported in ppm (8) from the residual
solvent peak (acetone: 2.05 ppm). Multiplicities are reported as follows: s—singlet,
d—doublet, dd—doublet of doublets, t—triplet, tt—triplet of triplets, and m—multiplet.



Photochem 2025, 5, 14

3o0f14

The synthesis of Ind-CA [39]: A 50 mL round bottom flask was sequentially charged
with a stirring bar, 1H-indole-5-carboxylic acid (0.30 g, 1.86 mmol), dimethylaminopy-
ridine/DMAP (0.24 g, 1.88 mmol), 1-(3-dimethylaminopropy)-3-ethylcarbodiimide hy-
drochloride/EDC (0.36 g, 1.88 mmol), CH,Cl, (10 mL), and aniline (0.17 mL, 1.86 mmol)
and stirred under room temperature for 48 h. Next, the reaction mixture was diluted
with CH,Cl, (40 mL) and washed with water (40 mL), 1 M HCI (40 mL x 2), 1 M NaOH
(40 mL x 2), and brine (40 mL x 2). The organic fraction was dried over Na;SO;, and
volatiles were removed in vacuum. The residue was dissolved in ethyl acetate and filtered,
and volatiles were removed in vacuum to give Ind-CA (0.25 g, 57% yield) as a beige solid.

I'H NMR (400 MHz, acetone-dg): & 10.54 (s, 1H), 9.42 (s, 1H), 8.30 (m, 1H), 7.90 (dd,
J = 8.4Hz, 1.0 Hz, 2H), 7.81 (dd, ] = 8.8, 1.8 Hz, 1H), 7.51 (d, ] = 8.4 Hz, 1H), 7.45 (m, 1H),
7.34 (m, 2H), 7.08 (tt, ] = 7.4, 1.0 Hz, 1H), 6.60 (m, 1H).

13C NMR (100 MHz, acetone-dg): 5 166.48, 140.06, 138.08, 128.53, 127.66, 126.61, 126.38,
123.13,121.05, 120.34, 119.96, 111.03, 102.63.

Synthesis of Ind-BA [40]: A 50 mL round bottom flask was sequentially charged with
a stirring bar, benzoic acid (0.23 g, 1.86 mmol), DMAP (0.24 g, 1.88 mmol), EDC (0.36 g,
1.88 mmol), CH,Cl, (10 mL), and 5-aminoindole (0.24 g, 1.86 mmol) and stirred under
room temperature for 48 h. Next, the reaction mixture was diluted with CH,Cl, (40 mL)
and washed with water (40 mL), 1 M HCI (40 mL x 2), 1 M NaOH (40 mL x 2), and brine
(40 mL x 2). The organic fraction was dried over Nay;SOy4, and volatiles were removed
in vacuum. The residue was dissolved in ethyl acetate and filtered, and volatiles were
removed in vacuum to give Ind-BA (0.32 g, 73% yield) as an off-gray solid.

'H NMR (400 MHz, acetone-dg): & 10.20 (s, 1H), 9.37 (s, 1H), 8.14 (d, ] = 1.6 Hz, 1H),
8.02 (m, 2H), 7.51 (m, 4H), 7.39 (d, ] = 8.4 Hz, 1H), 7.33 (t, ] = 2.8 Hz, 1H), 6.46 (m, 1H).

13C NMR (100 MHz, acetone-dg): & 165.02, 136.04, 133.49, 131.60, 131.02, 128.29, 128.11,
127.33,125.47,115.95, 112.09, 110.94, 101.64.

2.2. PVA Film Preparation

Polyvinyl alcohol (PVA) [MW 130,000, 98% hydrolyzed] obtained from Sigma-Aldrich
was used for film preparation. The PVA films with and without Ind-CA and Ind-BA were
made from PVA-containing solutions following the literature procedures [41].

2.3. Absorption Measurements

Room-temperature absorption spectra were measured using the Varian Cary 60 UV-
Vis Spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA, USA). The baseline
signal correction was performed with PVA film as the blank.

2.4. Steady-State Fluorescence Measurements

A Varian Cary Eclipse Spectrofluorometer (Agilent Technologies, Inc., Santa Clara, CA,
USA) was used to conduct steady-state fluorescence measurements in square geometry.

2.5. Fluorescence Anisotropy Measurements

For fluorescence anisotropy measurements, the Varian Cary Eclipse spectrofluorometer
was fitted with a UV grid polarizer on the excitation and a plastic sheet polarizer on the
observation. The anisotropies were calculated using the following expression:

_ Iy —Glvy 1)
Iyv + 2Glyyg

where the Iyy and Iy components are the fluorescence intensities when excited with
vertical polarization (V) and observed with horizontal and vertical polarization, respectively.
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The G-Factor, represented as G, was used to compensate for the uneven transmission of
different polarizations through the detection path.

2.6. Fluorescence Quantum Yield Measurements

To calculate the fluorescence quantum yield (QY) of Ind-CA-doped PVA film, a solu-
tion of quinine sulfate (QS) in 1 N H,SO, (with a quantum yield of 0.54 [42]) was used as
a standard for relative QY measurements. The absorbance spectra of both samples were
measured with the absorbances of the reference and sample being equal at 335 nm. In this
case, the quantum yield of Ind-CA in PVA film was obtained using the following equation:

2

Iha—ca [ M™N H,S0

QYmg—ca = QYgs: InI A. R (2)
Qs Npya

where QY g = 0.54 is the quantum yield of QS in 1 N HySOy4 [42], Ijng—ca and Igs are the
integrated intensities of Ind-CA in PVA film and QS in 1 N H»5O;, fluorescence emissions,
and n%N H,80, and nIZ,VA are the refractive indexes of 1 N H,SOy (1.35) and PVA film (1.48).

2.7. Fluorescence Lifetime Measurements

Fluorescence lifetime measurements were conducted using an FT200 fluorometer
(PicoQuant GmBH, Berlin, Germany) equipped with a time-correlated single-photon count-
ing module capable of a 4 ps time resolution (PicoHarp 300, PicoQuant GmBH, Berlin,
Germany). For the excitation, a UV pulsed LED (PicoQuant GmBH, Berlin, Germany) with
a repetition rate of 5 MHz was employed. The time-dependent data were subsequently
analyzed by FluoFit4 (PicoQuant GmBH, Berlin, Germany) to fit the appropriate decay
models. The collected time-dependent intensities were fitted to a multi-exponential model:

I(t) =1y Z ocie%i 3)

where the «; term represents the amplitude for the ith intensity decay component at a time
tp, and T; represents the lifetime of that component.

For calculating the intensity (< T >i,;) and amplitude (< T >amp) average decays, the
following formulas were used:

< T >int—= ZfiTi (4)

<T>amp= Z“iTi (5)
o Ty

Yo (6)

The applicability of the appropriate average values has been described in [43].

2.8. Phosphorescence Spectra Measurements

Phosphorescence excitation and emission spectra were measured using the time-gated
phosphorescence detection mode of the Varian Cary Eclipse. The following parameters
were used unless otherwise specified: Total Decay Time—1.0 s, Number of Flashes—10,
Delay Time—0.2 ms, and Gate Time—5 ms. These phosphorescence mode parameters were
set to remove short-lived emission components such as fluorescence background signals
and scattering, which include but are not limited to Raleigh and Raman scattering.

Phosphorescence anisotropies were measured in a similar manner to the
fluorescence anisotropy.
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2.9. Phosphorescence Lifetime Measurements

For phosphorescence lifetime estimation, an Apple iPhone 14 Pro Max in slow-motion
video mode (240 fps, 1080 p) was used to record the emission decay of the Ind-CA-doped
PVA film following UV excitation. The film was kept in focus and framed consistently.
The resulting video, consisting of 1321 frames (with the first frame at t = 0), spanned
approximately 5.5 s and was exported as individual images.

A fixed region of interest (ROI) covering the sample was defined and consistently
applied across all frames. The mean grayscale intensity of each ROI was measured, yielding
a dataset of relative intensity versus frame number.

Frame indices were converted to elapsed time by dividing the frame number by the
acquisition rate (240 fps). A constant background offset derived from the intensity plateau at
later times when emission had ceased was subtracted from all intensity measurements. The
background-corrected decay data were then fitted using a single-exponential decay model:

v 7)

where I represents the initial amplitude of the decay, and T corresponds to the phosphores-
cence lifetime.

3. Results and Discussion
3.1. Absorption and Fluorescence Spectra of Ind-CA

The absorption of Ind-CA in PVA film occurs in the UV region, below 350 nm (Figure 1).
The shape of the absorption spectrum indicates the presence of closely overlapping excited
states. Similar absorption profiles were observed in water and ethanol (Figure S1).

1.0
Ind-CA in PVA Film, 20°C

0.8
®
2
06 \
2 N
o
» 0.4 H
Q
<C

0.2

5 I

0oLb—
250 300 350 400 450 500
Wavelength (nm)

Figure 1. Absorption of Ind-CA in PVA film.

The fluorescence spectrum of Ind-CA-doped PVA film is broad, and spans from 330 nm
to 580 nm (Figure 2), exhibiting a strong blue phosphorescence at room temperature, and is
substantially stronger than several other 5-substituted indole derivatives. Excited at equal
absorbances (Figure S2), Ind-BA shows its fluorescence to be red-shifted but comparable in
intensity to Ind-CA (Figure S3).
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Figure 2. Fluorescence emission and excitation spectra of Ind-CA in PVA film.

The fluorescence excitation spectrum (Figure 2) does not exactly mimic the absorption
spectrum (Figure 1), as only the band corresponding to absorption to the first excited
state is observed. This suggests that higher excited states are effectively quenched by a
non-radiative pathway.

3.2. Fluorescence Anisotropy

The involvement of a higher excited state in the fluorescence emission should be evident
in the fluorescence excitation anisotropy, since its transition moment is typically orthogonal.
Indeed, at shorter wavelengths, the fluorescence excitation anisotropy spectrum of Ind-CA
indicates the participation of a higher excited state (Figure 3). This is not surprising, as indoles
are known to possess closely overlapping electronic excited states [30,44].

1000 0.4
Ind-CA in PVA Film, 20°C —VV
Fluorescence .. o— VH

800 | Obs. 390 nm 4 0.3
:. ...... 02 >
5 o
g 600 - e
= 01 9
@ 2
400 - C
Q
= 0.0 <
2 o
00 -0.1
-0.2

300 . 320 . 340 . 360
Wavelength (nm)

Figure 3. Fluorescence excitation anisotropy of Ind-CA in PVA film.
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The fluorescence emission anisotropy slightly decreases at longer wavelengths (Figure 4).
A high value of fluorescence anisotropy suggests that fluorophores are effectively immobilized
in the polymer matrix.

0.4
Ind-CA in PVA Film, 20°C wW
800 Fomitmicn . . Exc. 350 nm —VH.
N o : . o3
—~ SRS
S 600 102 =,
' o
U o
= 101 B
% 400 @
C
L <
E 10.0
200
1-0.1
1 1 1 1 _0-2
400 440 480 520 560

Wavelength (nm)

Figure 4. Fluorescence emission anisotropy of Ind-CA in PVA film.

3.3. Fluorescence Quantum Yield

The fluorescence efficiency of Ind-CA-doped PVA was estimated by comparison
with the fluorescence of quinine sulfate (QS) in 1 N H,SO;, (Figure 5). At an excitation
wavelength of 330 nm, the absorbances of Ind-CA and QS are equal (Figure S4). The
estimated quantum yield of Ind-CA in PVA is 0.11, which is more than twice as low as that
of indole in PVA film [22].

Exc. 330 nm Ind-CA in PVA Film

400 - 20°C —— QS in 1N H,SO,
-
3 300 -
L
>
:':
n 200 +
C
(O]
)
£

100 |+

0 1 1 1 n ]
350 400 450 500 550 600

Wavelength (nm)

Figure 5. Comparison of fluorescence emissions of Ind-CA in PVA film and quinine sulfate in 1 N H,SO,.
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3.4. Fluorescence Lifetime

The fluorescence intensity decay of Ind-CA in PVA film is shown in Figure 6. The
decay is slightly heterogeneous and reveals a mean lifetime of about 5 ns, comparable to
that of indole [22].

4 =
10 Ind-CA in PVA Film, 20°C —— Decay
— Fit
2 1001
% <t>,=5.23ns
o <T>pme= 4.83 18
O
~ 2|l
=10
byt
[7)]
|
2 10
£
10°
0
©
>
S
n
)
e
10 20 30 40 50
Time (ns)

Figure 6. Fluorescence lifetime decay of Ind-CA-doped PVA film analyzed with a double exponential
model with recovered parameters, 11 = 5.85 ns and 7, = 2.94 ns, and amplitudes a; = 0.65 and
ay = 0.35. Instrument response function (IRF) graphed in red.

3.5. Room-Temperature Phosphorescence

The phosphorescence of Ind-CA in PVA film can be observed with the naked eye on
the UV illuminator, as the blue glow emitted by the Ind-CA-doped PVA persists for several
seconds after the UV illuminator is turned off (Figure 7).

Figure 7. Phosphorescence of Ind-CA on the UV illuminator. The first photograph (upper left) was
taken with the UV illuminator ON, followed by snapshots captured at approximately 1 s intervals
with the UV illuminator OFF.
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3.6. Phosphorescence Spectra

The phosphorescence excitation and emission spectra of Ind-CA in PVA film reveal a
bell-shaped phosphorescence emission profile, spanning from 350 nm to 600 nm, with a
peak centered at about 450 nm (Figure 8). The excitation phosphorescence spectrum mimics
the fluorescence excitation spectrum, except for the long-wavelength range above 350 nm.
The direct singlet-triplet absorption measurements at room temperature are beyond our
instrument’s capabilities, as the absorbance for such transitions is extremely low and falls
within the noise range of any detector. However, the phosphorescence is easily observable.

800

| Ind-CA in PVA Film, 20°C —— Obs. 460 nm
700 | Phosphorescence Exc. 315 nm

600

Intensity (a.u.)

400 450 500 550

Wavelength (nm)

300 350

Figure 8. Phosphorescence excitation and emission spectra of Ind-CA in PVA film.

The phosphorescence of Ind-CA can be observed with excitation wavelengths well
above those corresponding to the absorption peaks. However, the phosphorescence of Ind-
BA is orders of magnitude weaker than that of Ind-CA (Figures S5 and S6). It is possible that
Ind-CA interacts more strongly with the polymer, increasing the spin—orbit perturbation
and altering the spin-forbidden transitions (S-T and T-S). Also, it might be that, in PVA,
these two compounds adopt slightly different conformations. Such a drastic difference
could potentially be explained by the ability of Ind-CA to adopt a sufficient degree of
distortion in the PVA matrix between the indolyl and phenyl moieties, which amounts to
efficient RTP. On the other hand, Ind-BA appears to adopt a more planar conformation in
PVA, which might favor non-radiative processes, which suppress spin—orbit coupling. This
is consistent with the fact that fluorescence emission of Ind-CA is at ca. 415 nm, whereas
fluorescence emission of Ind-BA is at 460 nm (Figure S3).

3.7. Phosphorescence Anisotropy

The phosphorescence excitation anisotropy spectrum indicates that, at shorter excita-
tion wavelengths corresponding to the singlet excited state (absorption), the anisotropy
is low, approximately 0.1 (Figure 9). This behavior is anticipated, as the triplet state is
populated through an intersystem crossing process, resulting in differing directions of ab-
sorption and emission (phosphorescence) moments. At longer wavelengths, above 340 nm,
the phosphorescence anisotropy increases to about 0.3, resembling the anisotropy observed
in fluorescence (Figure 3). This also alludes to the possibility of direct excitation to the
triplet state of the Ind-CA fluorophore.
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0.4
Ind-CA in PVA Film, 20°C —W
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Figure 9. Phosphorescence excitation anisotropy of Ind-CA in PVA film.

The phosphorescence emission anisotropy (Figure 10) remains low and steady within
the emission spectrum, suggesting that the triplet-singlet transition is orthogonal to the
singlet-singlet transition.

1000 0.4
— W Ind-CA in PVA Film, 20°C
r—— VH Phosphorescence ]
800 L Exc. 315 nm 40.3
-
35 102 >
5 _ Q
I 600 o
= 101 B
@ 2
400 | o
O
= 100 <
200 | 1 0.1
0 - 1-0.2

360 400 440 480 520 560
Wavelength (nm)

Figure 10. Phosphorescence emission anisotropy of Ind-CA in PVA film.

3.8. Phosphorescence Lifetime

The phosphorescence lifetime of Ind-CA in PVA film is relatively long and has been
estimated by continuous monitoring with a cell phone after UV excitation (Figure 11).
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Figure 11. Phosphorescence intensity decay of Ind-CA in PVA film.

The images within the graph are of the PVA film at 0.5 s intervals. The initial frame
corresponds to the moment when the excitation is still on. Subsequent frames depict
emission decay after excitation is switched off. The single-exponent fit (---) reveals a mean
lifetime of about 1.5 s (Figure 11), as the triplet state of Ind-CA can be populated directly
with long-wavelength light excitation. The spectral region above 400 nm offers stronger
laser excitation, which is not easily accessible in UV. Moreover, the phosphorescence
anisotropy with long-wavelength excitation is high (Figure S7), enabling the eventual
steady-state and time-resolved study of slower molecular processes.

Another advantage of direct triplet excitation is the possibility of using samples in
a conventional square geometry configuration. For this reason, it is convenient to use
multiple strips of dye-doped polymer immersed in an index-matching fluid, which reduces
reflections and makes strips invisible (see Figures S8 and S9). The UV excitation results in
a saturated phosphorescence signal because of increased sample absorbance (inner filter
effect type I). However, the long-wavelength excitation is not being significantly absorbed
(see Figure 510).

The possibility of exciting virtually within a non-absorbing region and observing at
a longer wavelength emission (not reabsorbed) enables the use of high optical density
samples. This significantly extends the possible applications of RTP. Also, this enables easy
anisotropy measurements (Figure S7). The long-wavelength excitation and extremely long
lifetime of Ind-CA make this fluorophore an ideal donor in triplet-singlet FRET measure-
ments. Such triplet-singlet FRET measurements do not involve intersystem crossing and
can be used for the estimation of triplet-state parameters [45].

4. Conclusions

The results of this study unambiguously highlight the importance of the structure of
the small-molecule scaffolds in modulating room-temperature phosphorescence (RTP) in a
polymer matrix. We investigated the properties of two amide-containing indole scaffolds,
i.e.,, Ind-CA and Ind-BA, which differ only in the type of amide linker connecting the
indolyl and phenyl moieties (see Scheme 1). Both Ind-CA and Ind-BA embedded in PVA
film fluoresce in the visible region with Ind-BA being slightly red-shifted.
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Interestingly, Ind-CA exhibits a long-lived, strong blue phosphorescence at room
temperature (~1.5 s) and is substantially greater than that of Ind-BA. This may be attributed
to the stronger interaction that Ind-CA has with the polymer, enhancing the spin—orbit
coupling and altering the spin-forbidden transitions (S-T and T-S). This result also implies
the slightly different conformations that these two compounds have with the polymer
matrix, where Ind-BA adopts a planar structure, promoting non-radiative pathways and
inhibiting spin—orbit perturbation. Ind-CA embedded in PVA film also exhibits higher
phosphorescence anisotropy with direct triplet excitation when compared to that of UV
excitation. We believe that the possibility of direct triplet-state excitation will expand the
repertoire of spectroscopic and imaging techniques to elucidate macromolecular dynamics.
Further studies on indole derivatives, including the regioisomers of Ind-CA, as a viable
scaffold for the structure—property relationship responsible for efficient RTP properties, are
underway in our laboratories.
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