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ABSTRACT: In indigo, excited state proton transfer (ESPT) is known to be
associated with the molecular mechanism responsible for highly -efficient
radiationless deactivation. When this route is blocked (partially or totally), new
deactivation routes become available. Using new green chemistry procedures,
with favorable green chemistry metrics, monosubstitution and disubstitution of N
group(s) in indigo, by tert-butoxy carbonyl groups, N-(tert-butoxycarbonyl)indigo
(NtBOCInd) and N,N’-(tert-butoxycarbonyl)indige (N,N’tBOCInd), respec-
tively, were synthetically accomplished. The compounds display red to purple
colors depending on the solvent and substitution. Different excited-state
deactivation pathways were observed and found to be structure- and solvent-
dependent. Trans—cis photoisomerization was found to be absent with
NtBOCInd and present with N,N’tBOClInd in nonpolar solvents. Time-resolved
fluorescence experiments revealed single-exponential decays for the two
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compounds which, linked to time-dependent density functional theory (TDDFT) studies, show that with NtBOCInd ESPT is
extremely fast and barrierless—predicted to be 1 kJ mol™' in methylcyclohexane and 5 kJ mol™ in dimethylsulfoxide—, which
contrasts with ~11 kJ mol™" experimentally obtained for indigo. An alternative ESPT, competitive with the N—H--O=C
intramolecular pathway, involving dimer units is also probed by TDDFT and found to be consistent with the experimentally
observed time-resolved data. N,NtBOCInd, where ESPT is precluded, shows solvent-dependent trans—cis/cis—trans photo-
isomerization and is surprisingly found to be more stable in the nonemissive cis conformation, whose deactivation to S, is found to

be solvent-dependent.

1. INTRODUCTION

In recent years, photochromic molecules have witnessed new
exciting developments, with particular emphasis on photo-
switchable systems with broad applications in different
scientific domains.' ™ Photochromic materials undergo light-

interest and many and diversified applications in photo-
responsive systems.

Trans—cis photoisomerizable compounds can convert light
energy into mechanical work and therefore display a lar%e
variety of applications including optical data storage,”’

15,24—26

induced reversible change of color.* The spectroscopy and
photochemistry of indigo had its pioneering studies during the
1950s to 1990s period where it was concluded that, in contrast
to indigo,5 indigo derivatives, such as thioindigo,(’_9
oxindigo,'* selenoindigo,'"'* N,N’-substituted indigo™”"*~""
and hemi-indigo photochroms,”® undergo trans—cis photo-
isomerization. Although this isomerization process was present
in some of these compounds, there was a lack, until very
recently, of real interest in the use of these molecules for
photochromic applications, in part because of their poor
solubility and low photoisomerization quantum yields. This
does not occur with the reduced indigo derivatives, where, for
example, leuco indigo can have a photochemistry quantum
yield (for the trans to cis conversion) of 90%”' and also with
some N,N’-substituted indigo derivatives.">~'¥*>%3 Without
question, trans—cis photoisomerization is considered a
fundamental chemical reaction with great technological
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photoactuating polymeric materials, photoswitchable optical
elements, and permeation membranes.”® In the context of
biomedical applications, photoswitches have become a key tool
to remotely and noninvasively re§ulate processes in vivo, for
example, in photopharmacology,” ' super-resolution fluo-
rescence imaging,32 and optochemical genetics.?”g’3 Photo-
chromic indigo derivatives seem to have gained renewed
interest, not only because of the high photochemistry quantum
yields that can be obtained, but also because of the high
stability that some of these compounds possess.”***
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In this work, mono- and disubstituted indigos with a tert-
butoxy carbonyl (tBOC) group, N-(tert-butoxycarbonyl)indigo
(NtBOCInd) and N,N’-di(tert-butoxycarbonyl)indigo
(N,N’tBOCInd), respectively, see Chart 1, were synthetized

Chart 1. Structures and Acronyms of NtBOCInd and
N,N’tBOCInd.

N-(tert-butoxycarbonyl)indigo
(NtBOCInd)

N,N’-di(tert-butoxycarbonyl)indigo
(N,N'tBOCInd)

following a new synthetic methodology with green chemistry
procedures.”* Comprehensive characterization of the excited-
state deactivation processes of these two derivatives has been
performed bearing in mind two fundamental research
questions: (i) the facility of photoisomerization of N,NtBO-
CInd as a highly competitive pathway for the excited-state
deactivation and (ii) competition of this process with excited
state proton transfer, ESPT, with NtBOCInd. The observed
behavior could only be properly rationalized with density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) calculations.

2. EXPERIMENTAL SECTION

2.1. General Synthetic Procedure for NtBOCInd and
N,N’tBOCInd Derivatives. In a thick-glass microwave (MW)
reactor, with a magnetic stirring bar, indigo (200 mg, 1 equiv)
and sodium hydride, NaH (2 equiv), were dissolved in 1 mL of
N,N’-dimethylformamide (DMF). Di-tert-butyl dicarbonate (4
equiv) and DMF was added to a total volume of 2 mL. The
resulting mixture was heated under MW irradiation at 50 °C
for 15 min. After cooling down to room temperature, the
reaction mixture was extracted with dichloromethane and
water, and the organic layer was dried overnight with
anhydrous sodium sulfate. After this, the mixture was filtered,
and the solvent was concentrated under reduced pressure. The
crude product was purified by column chromatography (SiO,)
using ethyl acetate/hexane (1:3; v/v) as the eluent to yield
NtBOCInd as a purple solid (82 mg and 30% yield) and
N,N'tBOClInd as a red solid (116 mg and 33% yield).

The molecular structures of NtBOCInd and N,N’tBOCInd
were confirmed by 'H and *C nuclear magnetic resonance
(NMR) spectroscopy and by gas chromatography—mass
spectrometry (GC—MS) and/or high-resolution mass spec-
trometry (HRMS). Detailed information on the 'H and “*C
NMR spectroscopy, GC—MS, and/or HRMS characterization
is given in the SL

2.2, Materials. Indigo (95%), sodium hydride (60%
dispersion in mineral oil stored in a dry box), di-tert-butyl
dicarbonate, and the reagents used in the ferrioxalate
actinometer (potassium ferrioxalate, 1,10-phenanthroline, and
sodium acetate) were obtained from commercial sources. All
reagents used for the synthesis of the compounds were used
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without further purification. For the synthetic procedures, the
solvents were of commercial pro analysis grade. For the
spectral and photophysical determinations, the solvents used
were of spectroscopic or equivalent grade.

2.3. Equipment and Methods. MW-assisted reactions
were performed in a CEM Discover S-Class single-mode MW
reactor, featuring continuous temperature and pressure and
MW power monitoring.

Analytical thin-layer chromatography was performed on
Macherey-Nagel ALUGRAM Xtra silica gel plates with a UV,
indicator. Visualization was accomplished using an ultraviolet
lamp. A chromatography column was used with silica gel
(230—400 mesh).

NMR spectra were recorded at room temperature in
deuterated chloroform (CDCL;) solutions on a Bruker Avance
III spectrometer and a Bruker DRX-400 spectrometer, both
operating at 400.13 MHz for 'H and 100.61 MHz for *C, and
are given in Figure SI1—4 in the SI. Chemical shifts for 'H and
3C are expressed in ppm, relatively to an internal standard of
tetramethylsilane. Chemical shifts () and coupling constants
(J) are indicated in ppm and Hz, respectively.

GC—MS analyses were performed on a Hewlett-Packard
5973 MSD spectrometer, using electron ionization (70 eV),
coupled with a Hewlett-Packard Agilent 6890 chromatography
system, equipped with a HP-5 MS column (30 m X 0.25 mm X
0.25 ym) and high-purity helium as carrier gas. The initial
temperature of 70 °C was increased to 250 °C at a 15 °C
min~" rate and held for 10 min. Then the temperature was
increased to 290 °C at a 5 °C min ! rate and held for 2 min,
giving a total run time of 32 min. The flow of the carrier gas
was maintained at 1.33 mL min™~". The injector port was set at
250 °C.

HRMS was performed on a Bruker microTOF-Focus mass
spectrometer equipped with an electrospray ionization time-of-
flight source, the mass spectra are given in Figure SIS—6 in the
SI. Absorption and fluorescence spectra were recorded on Cary
5000 UV—vis—NIR and Horiba Fluoromax 4 (or Fluorolog
3.22) spectrometers, respectively. Fluorescence spectra were
corrected for the wavelength response of the system.

The fluorescence quantum yields (¢)z) at room temperature
(T =293 K) for NtBOCInd and N,N’tBOCInd in the different
solvents were obtained by the comgarative method (Eq. 1)
using indigo in DMF (¢ = 0.0023)° as the standard:

o _ JIOPd  ng
VEOR

ref

¢
(1)

where [I(1)®dA is the integrated area under the emission
spectra of the compound (cp) solutions and [I(1)*dA of the
reference (ref) solution, nzp and nZ; are the refractive index of
the solvents in which the compounds and the reference were,
respectively, dissolved, and q‘)rpef is the fluorescence quantum
yield of the standard.

Fluorescence quantum yields at T = 77 K were obtained by
comparison with the spectrum at T = 293 K run under the

same experimental conditions using eq 2,

77K _ /1(1)77 de'
F /1(1)293 Kdl

293 K
F

xS,
)

where / I(A)*dA is the integrated area under the emission of
the compound x = 77 and 293 K, ¢¥° ¥ is the fluorescence
quantum yield at 293 K, and f; is the factor that considers the
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“shrinkage” of the solvent (volume) upon cooling, given by
VvV, K/\g%% k (for 2-methyltetrahydofuran, it is assumed that f.
=08).

Fluorescence decays were measured using a home-built
picosecond time-correlated single photon counting (ps-
TCSPC) apparatus described elsewhere.** The excitation
source consists of a tunable picosecond Spectra-Physics
mode-lock Tsunami laser (Ti:sapphire) model 3950 (80
MHz repetition rate and tuning range 700—1000 nm), pumped
by a 532 nm continuous wave Spectra-Physics Millennia Pro-
10s laser. The excitation wavelength (4., = 433 nm) was
obtained with a Spectra-Physics harmonic generator, model
GWU-23PS. To eliminate stray light from the light source, an
RGS30 filter was placed between the sample holder and the
emission monochromator. The fluorescence decay curves were
deconvoluted using the experimental instrument response
function signal collected with a scattering solution (aqueous
Ludox solution). The deconvolution procedure was performed
using the modulation function method, as implemented by G.
Striker in the SAND program, and previously reported in the
literature.”

Irradiation with monochromatic light was carried out, at
room temperature, with a xenon lamp (150 W). Photo-
isomerizations were performed with a FluoroMax-4 spectro-
photometer with irradiation at 575 nm for NtBOClnd and for
N,N’tBOCInd with irradiation at 560 nm for the trans—cis
photoisomerization and at 416 nm for the cis—trans photo-
isomerization. In the experiments, the UV—vis absorption
spectra were recorded with Ocean Optics USB2000 equip-
ment. Samples were continuously stirred during the irradiation
measurements to avoid the formation of concentration
gradients of the photoproduct along the optical path. The
photon flux for a system with monochromatic light and a
specific geometry is calculated by actinometry. The most
commonly used actinometer involves aqueous solutions of
potassium ferrioxalate.”” The moles of photons absorbed by
the irradiated solution per second, I, were obtained by the
use of this actinometer. Detailed information of the use of the
ferrioxalate actinometer and the determination of I is given
in the SL

All theoretical calculations were of the DFT type and carried
out using GAMESS-US version R3." A range-corrected LC-
BPBE (w = 0.2 au™"') functional, as implemented in GAMESS-
US,*" was used in both ground- and excited-state calculations.
TDDFT calculations, with similar functionals, were used to
probe the excited-state potential energy surface (PES). A
solvent was included using the polarizable continuum model
with the solvation model density to add corrections for
cavitation, dispersion, and solvent structure. In the TDDFT
calculation of Franck—Condon excitations, the dielectric
constant of the solvent was split into a “bulk” component
and a fast component, which is essentially the square of the
refractive index. Under “adiabatic” conditions, only the static
dielectric constant was used. In DFT or TDDFT calculations, a
6-31G** basis set was used.”’

3. RESULTS AND DISCUSSION

3.1. Synthesis. Synthesis of NtBOCInd and N,N’tBO-
ClInd, from indigo with sodium hydride (NaH) and di-tert-
butyl dicarbonate in DMF,** Scheme SI1, was performed
under MW irradiation with a continuous monitoring of power,
temperature, and pressure. This allowed obtaining, with
moderate yields, both products in only a few minutes
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(NtBOCInd, 30% and N,NtBOCInd, 33% yields). Under
MW irradiation conditions, the amount of solvent necessary to
perform the reaction is strongly reduced, and the reaction time
decreased when compared to conventional reaction proce-
dures.”'>**™** Compared with previously reported synthesis
in which large amounts of solvents and long reaction times—
hours or even days—are required to obtain N,N’tBOClnd, the
developed methodology has favorable values of green
chemistry metrics. Elimination of the solvent together with
reduction of the mass of waste allows decreasing the E-factor*
value to 8.3, comparing favorably with values obtained for
classic methodologies 11.8*° and 171.4*° (Table SI1). To
complete this mass-based metric, EcoScale was determined.
EcoScale is a postsynthetic metric that takes into consideration
price, safety, reaction operation conditions, and isolation and
purification steps.””*® The MW-assisted methodology reaches
an EcoScale value of 7.3, which is comparable with 18.5 and
7.7 values obtained for the referred conventional methods***°
(Table SI2).

3.2. Excited-State Characterization. 3.2.1. TDDFT and
Experimental Absorption and Steady State Fluorescence
Spectral Data. Measurements of absorption, fluorescence
emission, and excitation spectra of NtBOCInd and N,N’tBO-
CInd were conducted in seven solvents with different polarity
(given here by the dielectric constant, €”) and viscosities (1) at
room (T =293 K) and low (T = 77 K) temperatures.

Indigo’s color is known to be sensitive to solvent varying
from red to blue.*” * Solutions of NtBOCInd and
N,N’tBOClInd in the seven solvents, n-dodecane, methylcy-
clohexane (MCH), 2-methyltetrahydrofuran (2MeTHE),
ethanol (EtOH), methanol (MeOH), DMF, and dimethylsulf-
oxide (DMSO)), are depicted in Figure 1, showing the, solvent-
dependent, palette of colors, from pale red to deep purple,
passing through pink, more noticeably solvent-polarity-
dependent for NtBOClnd.

Figure 1. Picture of NtBOCInd (top) and N,N’tBOCInd (bottom) in
n-dodecane, MCH, 2MeTHF, EtOH, MeOH, DMF, and DMSO at T
=293 K

Figure 2 depicts the absorption, fluorescence emission, and
excitation spectra of NtBOCInd and N,N’tBOCInd at T = 293
K, and Tables 1 and 2 display the spectral and photophysical
data. NtBOCInd is blue-shifted by ca. ~40 nm relative to
indigo, and in N,NtBOCInd, the blueshift is even more
pronounced (53 nm in 2MeTHF, 59 nm in DMF and 67 nm
in DMSO).
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Figure 2. Normalized absorption (black line), excitation (blue line),
and fluorescence emission (red line) spectra of NtBOCInd (left, A—
G) and N,N'tBOCInd (right, A’—G’) in n-dodecane (A,A’), MCH
(B,B"), 2MeTHE(C), EtOH (D,D’), MeOH (E,E’), DMF (E,F’), and
DMSO (G,G’) solutions at T = 293 K. The emission spectra were
obtained for NtBOCInd with 4., = 550—570 nm and the excitation
spectra with 4., = 600—650 nm, whereas for N,NtBOClInd, the
emission spectra were obtained with A.,. = 530 nm and the excitation
spectra with 4., = 608—670 nm. The dashed vertical lines are meant
to be guidelines to the eye.

Figure 3 (for N,N'tBOCInd) and Figure SI7 (for Indigo)
map the orbital contours of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) showing that the z system of the HOMO in
N,N’tBOCInd is further delocalized to the carbonyl arm of the
substituents, stabilizing it relatively to indigo, and because the
LUMO is almost unaffected, this explains the observed
blueshift.

Molar extinction coefficient (¢) values (Table 1) and DFT
maps of the orbital contours (see Figure 3) show that allowed
7-* transitions are found for N,N’tBOCInd.

Spectral properties (absorption and fluorescence emission)
show that while the dependence of the absorption on solvent
polarity is quite small (relatively low redshift), as shown in
Table 1, there is a pronounced redshift of the emission, which
is also mirrored by a high Stokes shift (Ags) in polar solvents
relative to nonpolar solvents. This gains particular relevance
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with NtBOCInd in polar solvents with the highest Agg value
(up to ~2800 cm™).

TDDFT calculations on optimized ground (S,) and singlet
excited (S;) electronic states carried out aiming to simulate
absorption and emission, using as model solvents MCH and
DMSO, representing nonpolar and polar solvents, respectively,
depict Stokes shift values larger than the experimental ones but
with a common trend: NtBOCInd (predicted 2726 cm™ in
MCH and 3242 cm™! in DMSO) and with N,N’tBOCInd
(predicted 1750 cm™" in MCH and 2242 cm™' in DMSO)), see
Table 1 for comparison with experimental data. Summarizing
at this stage, both experimental and TDDFT -calculations
predict smaller Stokes shifts in N,N’-substituted indigos and
that solvent polarity increase redshifts the emission spectra.

TDDFT-simulated absorption and emission spectra of
NtBOCInd and N,N'tBOCInd (Figure SI8) match the
experimentally observed spectra (Figure 2). Particularly
relevant is the prediction of the second visible band at ~400
nm. Moreover, DFT calculations carried out for three possible
conformations of N,N'tBOCInd, see Figure 4, show that
conformer A is the only observable at room temperature being
7.5 k] mol™! more stable than conformer B. Conformer A was
therefore chosen as the model compound for the subsequent
studies.

With all compounds, the Stokes shift (Agg) is reduced on
going from T =293 K to T = 77 K, which mainly results from a
significant redshift of the absorption maxima (seen here as the
fluorescence excitation maxima), particularly evident in indigo
(Table 1).

The overall spectral changes observed at 293 and 77 K point
out for a negative solvatochromism (blueshift) on going from
indigo to NtBOCInd and N,N’tBOCInd (see Figure SI9 in the
SI). Additional support for the above information comes from
data in Table 1.

3.2.2. Photophysical Data. Fluorescence quantum yields
(¢g), lifetimes (73), and radiative (kz) and radiationless rate
constants (kyg) are given in Table 2. Observation of the
photophysical parameters shows that the ¢y values (at 293 K)
of N,N’tBOCInd are higher than those for NtBOCInd and that
¢r values of NtBOCInd and N,N’tBOCInd are much lower
than those of indigo. Moreover, ¢y increases upon going from
293 to 77 K, more pronounced with N,NtBOCInd when
compared with indigo (298-fold vs 22-fold). For NtBOCInd,
the fluorescence quantum yield increased 65-fold upon going
from 293 to 77 K. The ¢y, value is higher (for both NtBOCInd
and N,N’tBOClInd) in the nonpolar solvents n-dodecane and
MCH. This behavior will be further rationalized below using
the TDDFT calculations.

Rate constant values in Table 2 show that the kp values
remain nearly constant in all solvents; the exception is
NtBOCInd with a higher kg value in n-dodecane; in contrast,
nonradiative constants (kyg) are found to be solvent-
dependent. From Table 2, the kyy values for NtBOClInd and
N,N’tBOCInd are seen to be much higher than those of
indigo: NtBOCInd > N,N'tBOClInd > indigo. As with indigo,
in NtBOCInd and N,N’tBOClInd, the radiationless internal
conversion dominates the deactivation of S,.>*

3.2.2.1. Deactivation Mechanisms in the Excited State for
NtBOCInd and N,NtBOCind. The molecular mechanism
behind this very efficient radiationless decay has been
associated with ESPT, which may be intra or inter and imply
reversible proton transfer”>*° or it has been proposed that the
relaxation of the excited C=O can be made through a
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Table 1. Spectroscopic Properties of NtBOCInd and N,N’tBOCInd in n-Dodecane, MCH, 2MeTHEF, EtOH, MeOH, DMF, and
DMSO Solutions at T = 293 K and in 2MeTHF Solutions at T = 77 K with the Same Parameters Also Presented for Indigo in

2MeTHF, DMF, and DMSO for Comparison

n° £ Agps (nm) Ao (nm) Ags?(em™) & Ay (nm) Ay, (nm)  Ag¥(em™?)
compound solvent (cP) 293 K 293 K 293 K 293 K 77 K 77 K 77 K
Indigo® 2MeTHF 0.575 7.58 602 631 763 21424 628 638 250
DMF 0.924 36.71 610 653 1080 22 140
DMSO 1.991 46.45 619 665 1117 N.D/
NtBOCInd n-dodecane 1.508 2.015 554 598 1328 7248
MCH 0.975 2.023 553 600 1417(2726) 10 548 N.D/ N.D/ N.D/
2MeTHF 0.575 7.58 559 624 1863 11162 576 615 1101
EtOH 1.200 24.55 562 645 2290 N.D/
MeOH 0.593 32.66 562 669 2846 N.D/
DMF 0.924 36.71 568 651 2245 N.D/
DMSO 1.991 46.45 574 660 2270(3242) N.D/
N,N’tBOCInd n-dodecane 1.508 2.015 548 591 1328 7927
MCH 0.975 2.023 547 586 1217(1750) 7122 N.D/ N.D/ N.D/
2MeTHF 0.575 7.58 549 597 1465 7036 561 586 760
EtOH 1.200 24.55 549 608 1768 N.D/
MeOH 0.593 32.66 549 610 1821 N.D/
DMF 0.924 36.71 551 612 1809 N.D/
DMSO 1.991 46.45 552 612 1776(2242) N.D/
43,53 b

“For indigo, data from refs.

1 = Viscosity in cP.* “¢” = Dielectric constant of the solvent.* 9Ags = Stokes shift. Values in brackets predicted

from TDDFT calculations. See text for further details. “ = Molar absorption coefficients. "N.D. = Not determined.

Table 2. Photophysical Properties Including Fluorescence Quantum Yields (¢y), Lifetimes (7;), and Rate Constants (kg, kyg)
for NtBOCInd and N,N’tBOCInd in Different Organic Solvents at T = 293 K and T = 77 K with Data for Indigo for

Comparison
Pe Px
compound solvent 1 (cP)” ee (77 K) (293 K) 7 (ps)” kg (ns™)° kyr(ns™)¢

Indigo” 2MeTHF 0.575 7.58 0.041 0.00190 128.1 0.015 7.79
DMF 0.924 36.71 0.00230 135 0.017 7.39
DMSO 1.991 46.45 0.00190 117 0.016 8.53

NtBOCInd n-dodecane 1.508 2.02 0.00047 15.6 0.030 64.07
MCH 0.975 2.02 0.00023 16.0 0.014 62.49
2MeTHF 0.575 7.58 0.017 0.00026 21.5 0.012 46.46
EtOH 1.200 24.55 0.00020 17.0 0.012 58.81
MeOH 0.593 32.66 0.00012 12.4 0.01 80.64
DMF 0.924 36.71 0.00034 19.6 0.017 51.00
DMSO 1.991 46.45 0.00024 21.5 0.011 46.50

N,N’tBOCInd n-dodecane 1.508 2.02 0.0014S 108.9 0.013 9.17
MCH 0.975 2.02 0.00117 86.1 0.014 11.61
2MeTHF 0.575 7.58 0.155 0.00052 43.4 0.012 23.05
EtOH 1.200 24.55 0.00030 25.4 0.012 39.31
MeOH 0.593 32.66 0.00020 17.3 0.012 57.87
DMF 0.924 36.71 0.00043 284 0.015 35.24
DMSO 1.991 46.45 0.00054 33.9 0.016 29.48

“For indigo, data from refs.*>* by = Viscosity in cP.** “¢’ = Dielectric constant of the solvent.*” “The decay time considered here is the slower

_1-%

. e _ T,
component in the fluorescence decays. %k, = P kg -

deactivation process involving vibronic modes of the aromatic
core of the molecule.””

The photochemistry of N,N'tBOCInd is conceptually
depicted in Scheme 1.

For NtBOCInd, a first step of ballistic enolization occurs
prior isomerization (Scheme 2), with TDDFT calculations
showing that ESPT is nearly barrierless with the enol tautomer
only 1 k] mol™" (MCH) above the energy of the keto form.
This value rises to 5 kJ mol™' in DMSO but is still well below
the ~11 kJ mol™' observed in indigo.*> Because the enol
tautomer, obtained by rotation around the central carbon—

4112

carbon bond, brings the system to a conical intersection (CI),
a more favorable ESPT ultimately decreases the fluorescence
quantum yield and consequently also the radiative rate
constant. However, this mechanism seems to be incompatible
with the absence of the detected cis form in continuous
irradiation experiments in NtBOClInd. We have recently found
with related indigo systems an alternative intramolecular ESPT
pathway involving pre-existing dimers,”* not requiring a
torsional movement. Moreover, the fact that no trans—cis
isomerization is observed constitutes indirect evidence of the
presence of dimers.

https://doi.org/10.1021/acs.jpcb.1c00120
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HOMO LUMO

Figure 3. Orbital contours of the HOMO and LUMO in
N,N’tBOCInd.

Figure 4. NN'tBOCInd conformers (A—C). The structural differ-
ences essentially rely on the relative acyl orientation; see text for more
details.

Scheme 1. Conceptual Diagram for the Behavior of
N,N’tBOClInd in the Ground and First Two (S; and S,)
Electronic Excited States.

S
51 n->nt* (dark)

n->n* (bright)

i

(N-C-C-N = 85 deg)

36 kJ/mol MCH
31 kJ/mol DMSO

trans

Scheme 2. Schematic Presentation of the Ballistic ESPT
Reaction for NtBOClInd.

1 k) mol* MCH
5 kJ mol* DMSO
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Indeed, an intramolecular ESPT would produce an enol
tautomer, which has an emission gap of about 1.54 eV,
requiring a torsional movement to reach a deactivating CL
However, an intermolecular ESPT will produce a conjugated
acid/base pair A”/AH" with a gap of just 0.17 eV (see the
caption of Figure 5) so near the CI that it will deactivate
almost instantaneously.

Figure S. Proposed dimeric structures for ground (left) and excited
(right) states.

Figure S shows the DFT- and TDDFT-optimized structures
for those dimers, respectively, in the S, and S; PES. Although
these values may be overestimated by basis set superposition
errors (BSSEs), previously we estimated this error by the
counterpoise method and provided BSSE-free values, which in
the present work would scale to 32 and 29 kJ mol’},
respectively, for MCH and DMSO.** With the dimer S, PES,
the ESPT is downhill, and the A™/AH" pair is itself near the
CIL, with a predicted TDDFT gap of only 0.17 eV. This
pathway proposed as an alternative to the intramolecular ESPT
is difficult to prove experimentally because the transients, in
TA experiments, were calculated to be very similar to the ones
depicted by monomers, always appearing convoluted in the
experience.

With N,N'tBOClInd, the ESPT is obviously precluded; as a
consequence and because the hydrogen bond N—H---O=C,
anchoring the two half isatin-like moieties of indigo, is no
longer present, rotation around the central carbon—carbon
bond becomes available in the excited state. More relevant is
that, as a consequence of this, on the S; surface N,N'tBOCInd
is more stable in the cis conformation, than in the trans, by a
surprising value of 36 kJ mol™' in MCH dropping down
slightly to 31 kJ mol™" in DMSO (Scheme 1).

During the rotation process, the system reaches a CI,
subsequently deactivating to the ground state (even in the cis
form the gap Sy-S; is just 0.7 eV). As will be shown below, this
precludes the back-isomerization reaction, by continuous
irradiation (excitation in the cis form) because absorption is
only allowed to S,, which quickly deactivates to S;. Because of
the very small Sy—S, energy gap, internal conversion to the
ground state occurs before isomerization can take place. The
back-reaction is essentially thermal because in S, the trans form
is the most stable. The higher yield for the back-reaction under
irradiation can be explained either by a local heating, because
of energy dissipation, or by activation of reactive vibrational
modes in the internal conversion processes.

3.2.2.2. Time-Resolved Fluorescence. Data on the
fluorescence decays for NtBOCInd and N,N’tBOCInd,
summarized in Table 3, show that a single exponential
propetly fits the decays of the two compounds in all solvents;
this clearly contrasts with indigo and other indigo derivatives.*’

The monoexponential fluorescence decay found for
NtBOCInd is likely to be associated with the decay of the

https://doi.org/10.1021/acs.jpcb.1c00120
J. Phys. Chem. B 2021, 125, 4108—4119
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Table 3. Time-Resolved Fluorescence Data (Lifetimes, 7, Pre-Exponential Factors, a;, and Chi-Squared Values, ¥*) Obtained

with the ps-TCSPC Technique for Indigo, NtBOCInd, and N,N’tBOCInd Collected at Several Emission Wavelengths A.,,;

=433 nm at T = 293 K

compound Aexe (nm) solvent Aem (nm)

indigo” 378 DMF 630
660

NtBOCInd 433 n-dodecane 590
630

MCH 600

680

2MeTHF 620

670

EtOH 650

690

MeOH 660

690

DMF 650

680

DMSO 660

710

N,N’tBOCInd 433 n-dodecane 590
650

MCH 590

650

2MeTHF 610

660

EtOH 610

660

MeOH 610

650

DMF 610

660

DMSO 610

650

“For indigo in DMF, data from ref.®

A'CXC
7 (ps) 7, (ps) a CH s

10.4 135 0.61 0.39 1.10
—0.51 1.00 1.03
15.6 1.00 1.26
1.00 1.27
16.0 1.00 1.37
1.00 1.33
21.5 1.00 1.26
1.00 1.41
17.0 1.00 1.12
1.00 1.1S
12.4 1.00 1.29
1.00 1.32
19.6 1.00 1.46
1.00 1.23
21.5 1.00 1.77
1.00 1.84
108.9 1.00 1.0
1.00 1.29
86.1 1.00 122
1.00 1.73
434 1.00 1.47
1.00 173
25.4 1.00 1.32
1.00 1.64
17.3 1.00 1.67
1.00 1.84
28.4 1.00 1.52
1.00 1.89
33.9 1.00 133
1.00 1.72

enol (tautomeric) form indicating that either (i) single proton
transfer (from the keto form) is ultrafast (<1 ps), (ii) an
unusually unstable excited-state keto geometry precludes
ESPT, or (iii) an additional via, competitive with the
intramolecular excited state proton transfer (InterESPT), is
present; this is the case occurring when dimers (Figure 5) are
present. TDDFT calculations summarized in Scheme 2 show
that ESPT is nearly barrierless. In fact, if the vibrational energy
is taken into account, the proton is ballistically crossing the
barrier above it, mimicking the existence of a single species.
The bond distance of the proton in the excited state (between
the N and O atoms) of 127 and 122 pm illustrates the ballistic
nature of this transfer (Scheme 2), which supports hypothesis
(i) above and (iii). However, it is very interesting to observe
that all the indigo-based systems that have been studied so far
(including indigo itself) with intramolecular ESPT show a
second longer decay time of ~100 ps, which is absent in the
NtBOCInd here investigated (Table 3).°%3¢#3335%59 Thjg
goes in favor of hypothesis (iii) although (i) for the reasons
pointed above cannot be discarded.

For N,N’tBOCInd, the single-exponential decay is related to
the most stable cis conformer in S; resulting in the rotation
around the central carbon—carbon bond, with single-bond
characteristics in S; (a 3 pm stretching value, from 136 to 139
pm). This, together with the lack of hydrogen-bonds between
the N—H and C=0 groups, which anchor the two half isatin-
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like moieties in indigo and related type molecules, leads to
efficient trans—cis isomerization. As will be seen in the
following section, isomerization is solvent-dependent (not
observed in polar solvents) in virtue of the CI location, before
the apex, in the ground-state energy profile.

3.2.3. Excited-State Isomerization (Photoisomerization) of
N,N'tBOCInd in Nonpolar Solvents. Whereas in disubstituted
indigo derivatives, there are several reports of trans—cis
photoisomerization,>' !> *!?%! with monosubstituted in-
digo derivatives this has not been reported until very recently
when Huber et al.*> described that monoarylated indigo
derivatives with relatively neutral substituents undergo trans—
cis photoisomerization despite the possibility for de-excitation
via ESPT.

To avoid excitation of the cis isomer, irradiation with
monochromatic light of longer wavelength values than the
absorption maxima of the trans isomer was performed.

Under 16 h of continuous irradiation in n-dodecane and
MCH with a Xe lamp (150 W) at A, = 575 nm, no changes in
the UV—VIS absorption spectra are observed, indicating that
photoisomerization of NtBOCInd is inhibited. In contrast, in
2MeTHEF the compound showed signs of decomposition
(decrease of the absorption spectra after 16 h), and once more,
no trans—cis photoisomerization could be observed (Figure 6).

The above results are in line with the fact that the hydrogen
bond present in NtBOClInd, responsible for the efficient ESPT

https://doi.org/10.1021/acs.jpcb.1c00120
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Figure 6. Absorption spectra of NtBOCInd in n-dodecane (A), MCH
(B), and 2MeTHF(C) upon irradiation with a 150 W Xe lamp (¢,
575 nm) for 16 h at T = 293 K.

(Scheme 2), can only be maintained in a nearly coplanar
conformation of N—H:--O=C (6°) or N--H-0=C (9°).
Breaking this H-bonding system by rotation around the central
C=C bond is energetically demanding, precluding trans—cis
photoisomerization.

In the case of N,N'tBOCInd, Glowacki and co-authors
showed the existence of reversible photochemical trans—cis and
cis—trans isomerization with high photochemical quantum
yields."

Indeed, and as can be shown in Figure 7A, when
N,N’tBOCInd is subjected to continuous irradiation in n-
dodecane with A, = 560 nm (green light), a decrease in the
absorption at the maximum wavelength is observed together
with the appearance of the cis form at ~420 nm. Similar results
were obtained in MCH and 2MeTHEF, see Figure SI10A,B in
the SI. It is very interesting to observe that these color changes
are visible to the naked eye, see Figure 8.

In polar aprotic and polar protic solvents, trans—cis
photoisomerization is inhibited, see Figure 7B and Figure
SII0C-E in the SI. This is consistent with the fact that
photoisomerization of indigo derivatives is precluded by
intermolecular H-bonding with protic solvents.**>* In
DMSO (Figure 7B) and DMF (Figure SI10E), photo-
isomerization is more efficiently blocked as seen by the
absence of change in the absorption spectra upon irradiation.

As shown above (Scheme 1), TDDFT calculations on
N,N’tBOCInd in DMSO show that, although the cis form can
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Figure 7. Absorption spectra of N,N’tBOCInd before (black) and
after (red) irradiation with a 150 W xenon lamp (4., = 560 nm) in n-
dodecane (A) and DMSO (B) at T = 293 K. Time evolution of the
spectrum is indicated by the arrows.

Figure 8. Picture of N,NtBOCInd in n-dodecane, MCH, 2MeTHF,
EtOH, MeOH, DMF, and DMSO before (top) and after (bottom)
irradiation with a 150 W Xe lamp (4, = 560 nm) at T = 293 K.

a priori be present in this solvent, the isomerization process
never reaches a point in the PES that can allow it to cross the
activation barrier. This is because the deactivation to S is a
very highly efficient process in DMSO.

A comparison of the fluorescence emission spectra obtained
for NN’tBOCInd in MCH solution before (trans form) and
after irradiation with green light (cis form) showed that the
emission band for the two isomers displays identical emission
spectra but with a decrease in intensity (see Figure SI11 in the
SI). There is no evidence for any new fluorescence bands that
could be attributed to the cis form when 420 nm was used for
the excitation (Figure SI11, black line), and TDDFT also
predicts the absence of fluorescence because of the nature of
the S, state (n,7*). Similar behavior was observed in n-
dodecane and 2MeTHF (Table 4), indicating that only the
trans isomer of N,N'tBOClInd displays fluorescence.

To further help answering the question of whether trans to
cis photoisomerization can occur, in the excite state, the
fluorescence decays of N,NtBOCInd, obtained after irradi-

https://doi.org/10.1021/acs.jpcb.1c00120
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Table 4. Absorption and Fluorescence Emission Data for the cis Isomer of N,N’tBOCInd in n-Dodecane, MCH, and 2MeTHF

at T =293 K
compound solvent n
cis N,N’tBOCInd n-dodecane 1.508
MCH 0.975
2MeTHF 0.575

“n = Viscosity in cP.*" P¢’

e’ Aaps (nm) Apgo (nm)
2.015 422/509 591 (591)°
2.023 421/511 586 (586)°
7.580 421/513 597 (597)°

. . 40 .. . .
= Dielectric constant of the solvent.”” “Fluorescence emission values, g, from the trans isomer in parentheses.

ation with green light, were obtained in MCH (see Figure
SI12). If coexistence of both isomers in the excited state exists
(and if these are both emissive), it would be expected that they
will present different decay times. This is not what is observed
in the time-resolved experiments (Figure SI12). Indeed, with
the very close similarities of the observed decay times before
(86 ps) and after (92 ps) irradiation, it is possible to conclude
that only the trans is emissive from S,;.

3.2.3.1. Thermal Reversible Isomerization and cis—trans
Photoisomerization of N,N‘tBOCInd. The occurrence of
thermal (dark) reversible isomerization, concomitant with a
photochemical cis—trans isomerization process, was inves-
tigated, in several solvents, by measuring the absorption of one
sample kept in the dark (Figure 9).
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initial trans initial trans
o thermal reversible A thermal reversible B
2] isomerization (cis-trans) isomerization (cis-trans) >
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Figure 9. Thermal cis—trans recovery of N,N'tBOCInd in n-dodecane
(A), MCH (B), 2MeTHF (C), and MeCN(D) at T = 293 K. The
black lines show the initial trans N,N'tBOCInd, and time evolution of
the spectrum is indicated by the arrows.

The results showed that in the cis—trans thermal relaxation
of N,N'tBOCInd only partial recovery of the original
absorption is observed. Comparing these results with
previously reported data for N,N'tBOCInd in MeCN,"”
where the process was completely reversible and the original
absorption was obtained, the current data show that for
N,N’tBOCInd reversible thermal relaxation is solvent-depend-
ent.

The rate constants for the thermal cis—trans isomerization
reaction were further obtained following a first-order kinetic
law for the isomerization process,64 according to eq 3,

A A s
Ay — A,

In
(3)
where A, corresponds to the initial absorbance (at the
beginning of the dark reversion), A, is the absorbance
measured during the isomerization process, and A, is the
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absorbance after the equilibrium. The values of Ay, A, and A,
were measured at the wavelength maxima of each solvent
(A3 Figure SI13 shows the plots (eq 3) from where the rate
constants k, (thermal cis—trans isomerization) could be
obtained. It is seen that k, is higher in solvents with lower
viscosity. These results clearly show that the kinetics of the
thermal cis—trans isomerization reaction of N,N'tBOCInd is
strongly dependent on the solvent’s viscosity.

3.2.3.2. Trans—cis and cis—trans Photoisomerization
Quantum Yields. To quantitatively evaluate the efficiency of
the photochemical processes, reaction quantum yields were
obtained. These are most favorably obtained when the incident
light is monochromatic."” The quantum yields of photo-
isomerization were obtained with the setup illustrated in Figure
S114.

The rate of trans—cis (Ayc = 560 nm) and cis—trans (A, =
416 nm) photoisomerization follows a first-order kinetic law
and was further calculated from eq 4,"

&
d)i_’/ _ O,
14 Iabs

(4)

where ¢, _, ; stands for the quantum yield of trans—cis or cis—
trans isomerization, V is the final volume of the solution, the

t=0

ratio % is obtained from the slope of the plot of the

t
concentration (c) versus the irradiation time (¢), and I, are
the moles of photons absorbed by the irradiated solution per
second (einstein s™!).
Trans—cis (¢trans - cis) and cis—trans (¢cis - trans) PhOto'
isomerization quantum yields, obtained in various solvents
(varying the polarity and viscosity), are presented in Table 5

(for further details please see Figure SI15—22 in the SI).

Table 5. Quantum Yields for trans—cis and cis—trans
Photoisomerization of N,N’tBOCInd in n-Dodecane, MCH,
2MeTHF, and MeCN at T = 293 K

ob

solvent n (CP)” £ Drvans — cis Deis — trans
n-dodecane 1.508 2.02 0.15 0.04
MCH 0.975 2.02 0.39 0.16
2MeTHEF 0.575 7.58 0.24 0.14
MeCN 0.345 359 0.11 0.43
“n = Viscosity in cP.* g’ = Dielectric constant of the solvent.*

As with the other excited-state deactivation pathways
(photophysical processes), photoisomerization quantum yields
(photochemical processes) are also solvent-dependent. The
values of the photoisomerization quantum yields in MeCN
(Peeans — s = 0.11 and o5 _ yans = 0.43) are in excellent
agreement with previously reported values ((yqns — s = 0.13
and (i, _ rans = 0.46) in ref."> Observation of data in Table 5
indicates that while trans—cis isomerization quantum yields do
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not depend on solvent viscosity or polarity, cis—trans
isomerization quantum yields are found to be viscosity-
dependent, with higher values in MeCN (7 = 0.34S cP) and
lower values in n-dodecane (77 = 1.508 cP). Moreover, it is also
seen that cis N,N'tBOCInd isomerizes to trans with much
lower efficiencies than those for the trans—cis isomerization in
all solvents, with the exception of MeCN.

4. CONCLUSIONS

Two tert-butoxy carbonyl indigo derivatives, NtBOCInd and
N,N’tBOCInd, were synthesized with a new synthetic
methodology with favorable green chemistry metrics indicating
that the new strategy is favorable regarding the impact of
chemical processes on the environment. Different decay
pathways are observed for the two tert-butoxy carbonyl indigo
derivatives. With NtBOCInd, photoisomerization was found
absent, whereas with N,N'tBOCInd photoisomerization was
found to be present in nonpolar solvents and absent in protic
polar solvents. The absence of other deactivation processes
with NtBOClInd, including photoisomerization, is attributed to
a ballistic ESPT in this compound, which is justified from the
single exponential nature of the decay and from TDDFT
calculations. Excitation with green/blue light of N,N'tBOCInd
leads to solvent-dependent trans—cis/cis—trans photoisomeri-
zation with quantum yields @,,ns — 4 =0.11—0.30 and @ _ trans
= 0.04—0.43. Reversible cis—trans isomerization can also be
observed by thermal (dark) deactivation with rate constant
values for this process found to be solvent viscosity-dependent.
A larger radiative contribution (reflected in high lifetime
values, fluorescent quantum vyields, and radiative rate
constants) is observed in nonpolar when compared to polar
solvents. This is found to be because of a smaller S, - S; PES
gap, which, in polar solvents, reaches zero—the CI—before
the climax of the ground state path, while in nonpolar solvents,
it deactivates after the apex in the ground state cis—trans
pathway. The CI location is found to depend on the z,7*/n,7*
crossing, which occurs sooner in polar solvents because of a
higher stabilization of the dark n,z* state.
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