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Introduction

Steric substitution in phenylazo indoles reveals
interplay of steric and electronic effects on
photophysical dynamics

Allen H. Chen, Jacob Haber,
* and Elizabeth R. Young (2 *

Christian A. Guzman, & Zachary J. Knepp,
Rachel Joh, Gabriel B. Masso, Lisa A. Fredin

Indole-containing azo dyes have the potential to add photocontrol to pharmaceuticals, as substituted
indoles are prevalent in biological systems. It is critical to understand the complex interplay substitution
has on the photophysical properties in order to enable control of the on and off states of a drug.
This work identifies the impact of steric and electronic effects of four steric R-groups on the
photoisomerization and thermal reversion processes of a series of phenylazo indole dyes and
demonstrates that protonation can be used to control bulk isomerization. Four phenylazo indole dyes
were synthesized with varying steric bulk, a proton (H), a methyl group (Me), a tert-butyl group (tBu), or
a phenyl group (Ph), at the C, position of the indole adjacent to the azo bond. 2D NOESY NMR and
computational methods were used to identify the rotational conformation of each trans-isomer as the
anti-rotamer. The cis-isomer of the unsubstituted moiety accesses the eclipsed-rotamer while all other
dyes adopt the anti-rotamer after photoexcitation. The Taft and Charton free energy models were
employed to identify if the steric or electronic contributions of the steric R-group more strongly impact
photoisomerization and thermal reversion dynamics. Surprisingly, in these indole dyes, electron donation
strength, measured by the electronic Taft parameter of the steric R-group, correlated with the
increasing photoisomerization rate. Thermal reversion rates were found to decrease with increasing
steric substitution following the steric Taft parameter. However, the unsubstituted compound deviated
from the trends in both photoisomerization and reversion dynamics. Acidity constants increase with
increasing bulk of the steric R-group using the Charton steric model and protonation of the azo bond
eliminated bulk photoisomerization. Thus, the impact of steric modification does not result in
straightforward effects on the photophysical behavior, even when choosing a site close to the azo bond.

to occur through a torsional rotation of the CNNC dihedral
angle or inversion of the CNN bond angle.'®**'® Non-radiative

Azo dyes have garnered much attention in recent years because
of their common use as textiles, cosmetics, and food colorants
owing to their synthetic accessibility, ease of synthetic scal-
ability, and high stability under ambient conditions. They are
also commonly used chromophores for pH indication' and
metal ion sensing applications.> These compounds are well
known to undergo a photoinduced trans — cis isomerization
about the N=—N bond, which is observed and tracked
spectroscopically.”*?

The photoisomerization mechanism of azobenzene and
other azo dyes has been well studied. The main absorption in
such dyes is generally accepted to occur through a = — =n*
excitation.”'®'* Relaxation of the excited state has been shown
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relaxation to the ground state occurs through an S; — Sy conical
intersection'"'” that allows, in most azo dyes, a population of the
metastable cis-isomer to form. The coinciding isomerization has
been leveraged in applications such as optical data storage,'® >
molecular machinery,* and photopharmacology.** >’ Elucidating
the role that structural modification plays in a variety of azo
systems is crucial to the rational design of molecules with desired
photophysical properties.

The photophysics and applications of substituted azoben-
zenes have been extensively studied.**>> A series of 3,3',5,5'-
tetrasubstituted aliphatic azobenzenes showed that increasing
steric hinderance increases the thermal reversion half-life from
hours to tens of hours in DMSO and n-octane.*® Noncovalent
interaction analysis shows that London dispersion forces between
substituents stabilizes the cis-isomer, leading to a longer observed
thermal reversion time.** Additionally, noncovalent interactions
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play a role in transition state conformation of arylazo pyrazoles.**
While there is a large body of literature on aryl azo dyes, structural
modification is primarily limited to addition and placement of
functional groups and ring-size expansion.

Introduction of heteroaryl groups offers a way to access
diverse electronic configurations leading to unique photophysics
based on heteroatom identity and position.** Heteroatoms allow
for hydrogen bonding,***° coordination to transition metal
complexes,’®™*® and additional protonation sites®® that expand
the versatility of these compounds. Azopyridines have been incor-
porated into polymer systems as pendant groups, which allows for
the formation of unique supramolecular architectures.>**”

Our prior work'®> on phenylazo pyridines identified the
importance of the nitrogen heteroatom position relative to
the azo bond on the photophysics of the moiety. The protona-
tion state of the dye impacts photoisomerization and thermal
reversion rates, even when protonation occurs on the pyridine
ring rather than on the azo bond."> An asymmetric heterocycle
with respect to the azo bond gives rise to both anti- and eclipsed-
rotamers identified using a combination of experimental tran-
sient absorption and computed density functional theory (DFT)
difference spectra.** While protonation of the heterocycle
seems to completely shut down bulk photoisomerization of
the azo compounds on the millisecond timescale (i.e. using
UV-vis spectroscopy), isomerization and thermal reversion is
observable on ultrafast timescales.

Indole-containing azo compounds are of particular interest
due to the prevalence of substituted indoles in biological
systems and pharmaceuticals. Combining the bioactive nature
of indoles with the photoactivity of the azo group allows for the
control of activity based on conformation. Phenylazo amido
indole compounds act as cis-photoagonists to the hCB;
receptor®® while a phenylazo N'N’ dimethyl tryptamine mole-
cule acts as a trans-agonist to the 5-HT,, receptor.*® Both of
these classes of molecules provide a useful tool to pharmacol-
ogists to tease out complex signaling mechanisms and active
site conformation to design molecules for clinical applications.

Recent work systematically explored the photophysical prop-
erties of non-methylated phenylazo indoles.*”*° Changing the
solvent environment from aprotic to protic allows a hydrazone
intermediate to form via solvent-assisted intermolecular proton
transfer from the indole N-H.*” N-Methylation of the indole
nitrogen increases thermal reversion lifetimes by several orders
of magnitude, from ms to hours, depending on solvent choice,
by shutting off the hydrazone pathway.*” Additionally, for the
non-methylated indoles, increasing steric substitution by addi-
tion of a methyl group was shown to decrease the stability of
the cis-isomer, speeding up reversion.

This work builds on these insights and applies them to
phenylazo indole photophysics by examining steric and electronic
contributions that arise when a steric R-group is installed adjacent
to the azo bond. Herein, we report the synthesis, characterization,
and photoisomerization and thermal reversion lifetimes of a
series of N-methylated phenylazo indole dyes as a function of
the steric bulk of the C, R-group on the indole (Fig. 1). The
naming convention OMe-PAI-R is used to denote the substituents
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Fig. 1 General structure of sterically substituted phenylazo indoles.

attached to the PhenylAzo Indole (PAI) scaffold. For example,
OMe-PAI-R denotes a methoxy group on the para phenyl position
and R denotes a steric substituent on the indole carbon adjacent
to the azo bond (C,), which in this work is either a proton (H,
unsubstituted), a methyl group (Me), a tert-butyl group (¢Bu), or a
phenyl group (Ph). A combination of 2D-NMR, UV-vis spectro-
scopy, and DFT are employed to identify the rotameric conforma-
tion of the cis-isomers and intrinsic photophysical properties. This
work identifies multiple factors impacting photoisomerization
and thermal reversion dynamics. The complex interplay of steric
and electronic effects are key parameters for rational design of
molecular structures for applications.

Experimental
Synthesis

Generally, one equivalent of (p)-anisidine was added to 1 mL of
HBF, (50% aq.) and cooled to 0 °C in an ice bath. A cold aqueous
solution of 1 eq. NaNO, was added dropwise to form a diazonium
salt. The solution was stirred for approximately 10 minutes.
The resulting diazonium salt solution was added dropwise to a
solution containing one equivalent of a C, substituted 1-methyl
indole in glacial acetic acid. The solution quickly turned deep red
and was left to stir at room temperature. The resulting mixture
was purified by aqueous workup and extraction with ethyl acetate.
The solution was dried with MgSO,. Solvent was removed in vacuo
followed by crystallization in hot 90% ethanol. Detailed synthetic
procedures for each compound as well as "H NMR (with proton
assignment) and "*C NMR spectra are presented in the SI.

Photoisomerization and thermal reversion studies

Fresh stock solutions of the azo molecules were prepared in dry
acetonitrile (MeCN) at 0.3 mM. Solutions were prepared for
analysis by diluting the stock solution in 5.00 mL of MeCN to a
concentration of 0.1 uM. 2.0 mL of the dilute solution was
transferred to a 1-cm quartz cuvette and placed in the sample
holder of an OceanOptics Flame UV-vis spectrophotometer. The
trans — cis isomerization was observed by monitoring the
spectral change over time upon illumination with a LuzChem
LEDi-HUV7 lamp head (Anax = 375 nm, whm = 12 nm) and
LuzChem LED Illuminator at 337 mW (0.98 A). Spectra were
collected every 65 ms.
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Once a photostationary state was achieved, the illumination
source was removed and spectra indicating thermally induced
reversion were collected. All isomerization and reversion experi-
ments were performed in the dark with a blackout cloth covering
the lamp and sample holder to limit ambient light, which impacts
the kinetics of the forward and reverse processes. Isomerization
and reversion lifetimes were determined by taking kinetic traces
of the absorption change at the maximum wavelength of the
trans-isomer feature and fitting the trace to a monoexponential
decay model using OriginPro 2024.

2D NOESY (nuclear Overhauser effect spectroscopy) NMR
rotamer analysis

Samples were prepared by dissolving the solid dye in 1 mL of
deuterated N,N-dimethylformamide (DMF) to create a 10 mM
solution. This solution was then passed through a 0.22-micron
nylon filter into a Norell S500 7” valved VI NMR tube, which
had been washed with acetone and dried in an oven overnight.
The sample was triply freeze-pump-thawed and brought to a
pressure of 6-10 torr. The spectrometer temperature was lowered
to —30 °C to limit thermal reversion of the cis-isomer over the
course of the experiment. The cis-isomer was formed through
illumination with the same equipment described in the photo-
isomerization section above. Details of the data acquisition
including pulse sequence, number of scans, mixing time, and
data processing information are described in the instrumenta-
tion section of the SI.

Acid titrations and pK, value determination

A stock solution of each dye was prepared at a concentration of
0.9 mM in a 5.00 mL volumetric flask using dry MeCN. Dilute
unprotonated solutions (A) were prepared at ~0.2 uM (1 AU)
depending on the molecule. Protonated solutions (B) were
prepared at the same concentration as A with the addition of
p-toluenesulfonic acid monohydrate (TosOH) at a concentration
of 14 mM. 2.0 mL of solution A was transferred to a 1-cm quartz
cuvette. Acid titrations were performed by monitoring spectral
changes upon addition of small volumes (0.1-10 uL) of B using a
Hamilton syringe. Increasing addition volume was necessary to
provoke a consistent amount of change in the absorption
spectrum.

Quantum mechanical calculations

DFT and time-dependent DFT (TD-DFT) calculations were
performed using Gaussian16®® using the CAM-B3LYP
functional,®** 6-311G(d,p) basis set,”® Grimme’s D3B] disper-
sion correction,”® and a polarizable continuum model of
acetonitrile.>® Anti- and eclipsed-trans and cis structures were
confirmed to be local minima by zero imaginary frequencies.
Absorption spectra were calculated using the first 20 singlet
excitations. Optimized transition states were verified to have
one negative frequency.

The rotational ground-state singlet (S,) surfaces of the dyes
tracking the trans — cis isomerization were determined from
relaxed scans of the azo CNNC dihedral angle, in which only the
dihedral angle was frozen. The first and second singlet excited-
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state (S; and S,) energies were calculated from vertical TD-DFT
excitations at each optimized geometry along the rotational
ground-state curve.

Results

Rotamers of the trans- and cis-isomers: DFT predictions and
conformational analysis by "H and 2D NOESY NMR

In addition to the well-known trans- and cis-isomers that are
commonly discussed in azo literature, these phenylazo indole
dyes can, due to the azo bond linkage at the indole C; position,
adopt two distinct rotamers in the trans and cis configurations.
The rotameric structure can be defined by the NNCC indole
dihedral angle, in which the N; and C, atoms can either be anti
or eclipsed with respect to the N,-C; bond (highlighted in
Fig. 2).

Our recently published computational work on two of these
moieties predicted that OMe-PAI-H and OMe-PAI-Ph exist pri-
marily in the anti-trans conformation.>® Optimization (Fig. 3) of
the anti-trans- and eclipsed-trans-isomer structures of OMe-PAI-
Me and OMe-PAI-tBu shows that these molecules also exist in
the anti-trans ground state. Boltzmann populations at 300 K,
derived from DFT calculated energies, predict that the anti-
trans structure is favored over the eclipsed-trans and make up
>96% of the ground-state population for OMe-PAI-H and
>99% for the OMe-PAI-Me, -tBu, and -Ph (Table S5).

To experimentally verify the rotameric structure of the trans-
isomers, interspacial interactions were investigated using 2D
NOESY NMR. The 2D NOESY NMR spectra of the trans-isomers
(Fig. S1-S4) show only interspacial interactions between the
protons on the R-groups and the protons of the neighboring
indole N-CH; group that would be present in either rotamer,
meaning that the trans-rotamer cannot be experimentally
assigned.

The energies computed for the optimized cis structures
indicate that the lowest-energy cis conformer of OMe-PAI-H
and OMe-PAI-Ph is eclipsed while OMe-PAI-Me and OMe-PAI-
tBu are anti (Fig. 4). Given the proximity of the aromatic (p)-
methoxy phenyl protons to either the indole ring (anti) or the

OMe
N3 N3C2
NE
C3 C2
\>C2‘R anti  eclipsed
N

Fig. 2 Eclipsed—-trans structure of sterically substituted phenylazo indoles
with Newman projections of the anti and eclipsed rotamers based on the
NNCC indole dihedral angle denoted by numbered atoms on the
structure.
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Fig. 3 Optimized anti—trans (abbreviated as at) structures of OMe-PAI-H
(top left), OMe-PAI-Me (top right), OMe-PAI-tBu (bottom left), and OMe-
PAI-Ph (bottom right). The NNCC dihedral angle that defines the rotamer
identity is shown by the purple line (“Z" shape - anti). CAM-B3LYP/
6-311G(d,p)-D3BJ/PCM(MeCN).

R-group (eclipsed), interspacial interactions were expected to be
strong enough to make a conformational assignment via 2D
NOESY NMR (Fig. 4, grey dotted lines).

To experimentally determine the rotameric conformation of
the cis-isomers, samples were photolyzed until the maximum
cis-isomer conversion was achieved and then immediately
brought to the pre-cooled NMR spectrometer. The cis-isomer
of OMe-PAI-H was confirmed to be in an eclipsed conformation
based on the cross peaks observed between the R-group and
both doublets on the (p)-methoxy phenyl ring (Fig. S5, and
indicated by the grey dashed line in Fig. 4).

The 2D NOESY NMR spectrum of OMe-PAI-Me reveals that,
as predicted, it adopts an anti-cis conformation, indicated by
the interaction of the proton on the phenyl portion of the
indole closest to the azo bond with the doublet attributed to the
(p)-methoxy phenyl protons closest to the azo bond (Fig. S6,
grey dashed line in Fig. 4).

The rotameric structure of cis-OMe-PAI-tBu could not be
assigned using 2D NOESY NMR because both the ¢Bu group
and the doublet on the phenyl portion of the indole ring are
observed to interact with the doublets of the (p)-methoxy phenyl
ring (Fig. S7, grey dashed lines in Fig. 4). Optimized structures
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Fig. 4 Optimized cis-isomer structures of eclipsed-OMe-PAl-H, anti-
OMe-PAI-Me, anti-OMe-PAI-tBu, and eclipsed-OMe-PAI-Ph. ec is used
to label eclipsed—cis-isomers, ac is used to label anti—cis-isomers. The
R-groups are highlighted in purple to assist in orienting the observer. The
NNCC dihedral angle that defines the rotamer identity is shown by
the purple line (“Z" shape — anti; "C"” shape — eclipsed). Relevant inter-
spacial interactions for each rotamer are shown with grey dotted lines.
CAM-B3LYP/6-311G(d,p)-D3BJ/PCM(MeCN).

of the anti- and eclipsed-cis-isomers show that the relevant
protons in each of these structures are within the spin diffusion
limited range and therefore it is no surprise that both are
observable in the 2D spectrum. Observation of both sets of
cross peaks makes experimental assignment of the cis-isomer
impossible through NOESY cross peak identification. Boltz-
mann populations, however, indicate that OMe-PAI-tBu prefer-
entially adopts the anti-cis conformation by >99% (Table S5).

The 2D NOESY NMR spectrum of the OMe-PAI-Ph cis-isomer
shows the same cross peak interactions as those observed in
OMe-PAI-Me and thus is experimentally assigned as an anti-cis-
isomer (Fig. S8). While the eclipsed—cis-OMe-PAI-Ph is compu-
tationally lower in energy, a higher barrier between the anti-cis
and eclipsed-cis on the S, and S; surfaces seems to limit access
to the eclipsed-rotamer experimentally.”®

In addition to the 2D NOESY cross peaks, the protons used
to identify each of the rotamers exhibit upfield shifts in the 1D
'"H NMR spectra of greater than 2 ppm compared to the
corresponding trans-isomer spectra for each cis-isomer (Fig. S9).
Upfield shifting indicates greater electronic shielding that is
attributed to the closer proximity of protons on the opposite
aromatic ring system that would be present in the cis-isomer.

Ground-state characteristics

The primary absorption feature of OMe-PAI-H, -Me, -¢Bu, and
-Ph (Fig. 5) are at 380 nm, 385 nm, 387 nm and 392 nm,
respectively (Table 1). While an increase in steric hinderance is
generally associated with a blue shift in absorption maxima
that arises due to a loss of planarity resulting in a break in
conjugation, addition of steric bulk at the C, position of the
indole ring results in a red shift of the primary feature by 5, 7,
and 12 nm for R = Me, tBu, Ph, respectively (Fig. S10). DFT
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Fig. 5 The experimental absorption spectra (black) and first 20 singlet
transitions (red) of OMe-PAI-H, OMe-PAI-Me, OMe-PAI-tBu, and OMe-
PAI-Ph overlaid with each other. The lowest-energy transitions (S, n — n*)
are symmetry forbidden with computed oscillator strengths of zero
and are shown as blue dotted lines. CAM-B3LYP/6-311G(d,p)-D3BJ/
PCM(MeCN).
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anti-trans-optimized structures show that the planarity of the
primary ring system remains largely intact even with the most
sterically bulky R group (Fig. 3 and Fig. S11) due to the
reduction in strain from the five-membered indole ring near
the azo bond.

The R-group has little effect on the frontier molecular
orbitals of the anti-trans-rotamers (Fig. S12-S16). The highest
occupied molecular orbital (HOMO) of each trans-isomer is
spread across the entire n-system (Fig. S12).°° The HOMO-1 of
OMe-PAI-H, -Me, and -Ph is located on the indole m-system
while the HOMO-1 of OMe-PAI-tBu shows indole-n electron
density and azo nonbonding character. The HOMO-2 is non-
bonding in each moiety. Steric substitution causes destabiliza-
tion of the non-bonding HOMO-2 increasing from OMe-PAI-H
to OMe-PAI-Me to OMe-PAI-¢tBu. The R-group on OMe-PAI-Ph
has a less destabilizing effect on the HOMO-2 because it is
tilted relative to the indole ring. The lowest unoccupied mole-
cular orbital (LUMO) is a ©* orbital spread across the n-system
for all the dyes.

The computed TD-DFT transitions closely match the experi-
mental absorption spectra of the ¢rans- and cis-isomers (Fig. 5
and Tables S1-S4, Fig. S17) and provide insight into the nature of
the associated transitions. As in azobenzene, the primary absorp-
tion feature is attributed to the S, (1 — n*) transition. In these
dyes, the S, transition is solely a HOMO — LUMO transition. The
small red shift of the computed ¢rans-isomer S, going from OMe-
PAI-H to OMe-PAI-Ph is a consequence of a small decrease in the
HOMO-LUMO gap caused by both destabilization of the HOMO
and stabilization of the LUMO. A lower-intensity red-shifted
shoulder attributed to the symmetry-forbidden S; (n — w*) is
observed in the experimental spectra. The HOMO—-2, which is
the primary contributor to the S; transition, is nonbonding
(Tables S1-S4) making this a formally unallowed transition
(denoted as the blue dotted line in Fig. 5). S; transitions in azo
dyes are often forbidden, as has been reported in the TD-DFT
calculated spectra of azobenzene as well as in our prior work on
naphthalene- and pyridine-based azo dyes.”” However, in solution,
molecular vibrations can lead to small changes in the symmetry
that makes this transition weakly-allowed and therefore observa-
ble experimentally, as is the case here.

Photoisomerization dynamics

Each azo derivative undergoes trans — cis photoisomerization
upon excitation at 375 nm. The structural change is tracked using
the absorption spectrum via a decay of the ¢rans-isomer S, feature
and concomitant growth of a weak, red-shifted feature attributed
to the cis-isomer S, (Fig. 6, top, and Fig. S18). The photoisome-
rization lifetimes are determined using single-wavelength fitting
of the absorption change at the ¢rans-isomer A, to a mono-
exponential decay function (Fig. 6, top inset). The isomerization
lifetimes were determined to be 115.1, 169, 143.3, and 206 ms for
OMe-PAT-H, -Me, -tBu, and -Ph, respectively (Table 1).

Thermal reversion dynamics

After prolonged illumination, a photostationary state is
achieved in which a steady-state population of cis-isomer is

This journal is © the Owner Societies 2025
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Table 1 Summary of spectroscopic, photophysical, and conformational data and acidity constants for OMe-PAI-R

Rotamer assignment

;Lmax,trans ;LmaxH, trans Amax,a‘s
(nm) (nm) (nm) Tisom (MS) Trev (S) pKa trans® cis? (DFT/experimental)
-H 380 485 414 115.1 (4.1) 716 (85) 13.19 (0.34) anti eclipsed/eclipsed
-Me 385 470 458 169 (11) 3.97 (0.49) 14.18 (0.49) anti antilanti
-tBu 387 488 471 143.3 (6.8) 21.2 (2.5) 14.89 (0.49) anti anti/-*
-Ph 392 487 471 206 (18) 182 (41) 14.48 (0.21) anti eclipsed/anti

The standard deviation for each value is shown in parentheses. * DFT-calculated lowest energy rotamer. > Rotamer assignments are bolded.

¢ Signals indicative of both rotamers were found.

formed. Removal of illumination from the sample allows the
bulk thermal reversion process to occur. The decay of the cis-
isomer S; peak coincides with a regrowth of the trans-isomer S,
peak with no other process present, as indicated by clear
isosbestic points in the UV-vis spectra (Fig. 6, middle, and
Fig. S19).

Thermal reversion lifetimes were determined using single-
wavelength fitting of the growth of the trans-isomer S, feature
fit to a monoexponential decay equation (Fig. 6, middle inset).
The reversion lifetimes were determined to be 716, 3.97, 21.2,
and 182 s for OMe-PAI-H, -Me, -tBu, and -Ph, respectively
(Table 1).

Substituent impact on acidity and photophysics

Protonation of the molecules leads to a red shift in the main
absorption feature by 105, 85, 101, and 95 nm for OMe-PAI-H,
-Me, -tBu, and -Ph, respectively (Fig. 6, bottom, and Fig. S20-
S23). The pK, values are 13.19, 14.18, 14.89, and 14.48 for OMe-
PAI-H, -Me, -tBu, and -Ph, respectively (Table 1) based on acid
titrations with TosOH and subsequent fitting analysis.

Acid titration data was originally analyzed using the Benesi-
Hildebrand equation, which resulted in a poor fit to the data.
The Benesi-Hildebrand equation assumes that the ligand is
present in much higher quantities than the substrate,”® which
is not the case for this system. When this occurs, the double
reciprocal plots can produce non-linear trends that cannot
be properly fit. Therefore, a quadratic treatment of the 1:1
binding isotherm was employed (see SI for more details) to
determine the K, of each dye.

The acidity constant (pK,azo) of each dye was determined
using the following expression,

pKa,Azo = IOg(Ka) + pKa,TosOH (1)

where K, is the observed binding constant of the azo com-
pound, and pK, rosown is the acidity constant of TosOH, which is
taken from the literature as 8.5 in acetonitrile.>®

Discussion

Determining steric and electronic contributions: the Taft and
Charton equations

The Hammett, Taft, and Charton models are commonly used in
structure-function studies.®®** The Hammett model describes
electronic effects of para substituents, while the Taft and
Charton models account for steric effects and can be applied

This journal is © the Owner Societies 2025

to ortho substituents. The substitution site on these phenylazo
indole moieties occurs on the indole ring adjacent to the
central point of geometric change in the molecule, which
operates as a pseudo-ortho site, necessitating an expanded
model that accounts for steric effects. The Taft and Charton
models, described below, are used to determine steric effects in
asymmetric catalysis® and to relate structure to biological
activity.®>%¢

The Taft free energy relation®” (eqn (2)) is derived from the
kinetic rates of the acid and base catalyzed hydrolysis of methyl
esters. Since the substituent site is directly next to the reaction
site for these compounds, both steric and electronic para-
meters were included in the following relation,

= p*c" + OE, )

where kg, is the rate constant of a process with the substituent of
interest, kv is the rate constant of the same process with a
methyl substituent, p* is the electronic sensitivity factor, ¢* is
the electronic substituent constant describing inductive and
field effects, J is the steric sensitivity factor, and Ejs is the steric
substituent constant (Table 2).

Analyzing the rate (or lifetime) of a process as a function of
the R-group can be accomplished independently using either
the o* or Eg parameter. The parameter that produces the best
linear trend indicates whether that the process is more strongly
impacted by field and inductive (¢*) or steric (Eg) effects.

The Charton steric model, originally described as the mod-
ified Taft equation,”® seeks to describe rate trends purely in
terms of steric effects using the relation,

logkg = Yv+h (3)

where kg, is the rate of the process with a substituent of interest,
v is the difference between the van der Waals radius of a group
and the H atom (Table 2), ¥ is the steric sensitivity factor, and
h is a regression factor that holds no physical meaning.**”"7”>

Rather than using observed kinetic rate constants to deter-
mine steric and electronic parameters, as was done in the Taft
formalism, Charton used van der Waals radii of functional
groups and correlated those values to rate constants. This
model assumes that groups are spherical, which may make it
unsuitable for linear correlations to be made when large
substituents are studied.

Deviations from linearity in each of these models may
indicate a change in mechanism if there are multiple linear
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Fig. 6 (top) UV-vis spectra indicating trans — cis photoisomerization of
OMe-PAI-Ph. The inlayed graph shows the kinetic trace at imax and the
resulting lifetime. (Middle) UV-vis spectra indicating cis — trans thermal
reversion of OMe-PAI-Ph and (bottom) photometric acid titration of OMe-
PAI-Ph showing a red shift in absorbance after sequential acid additions.

regimes.®®®® Single point deviations can also occur when
modification of the structure enables the molecular scaffold
to adopt a different conformation or undergo a process inac-
cessible to other molecules in the series.®’ ***° Such deviations
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Table 2 Electronic and steric Taft parameters (¢* and Es, respectively) and
Charton steric parameter, v

-R a* Eg v

-H 0.49 1.24 0.00
-Me 0.00 0.00 0.52
-tBu -0.30 -1.54 1.24
-Ph 0.60 -2.55 0.57

are a result of the simplicity inherent to the model. A deviation
in photoisomerization and thermal reversion would reasonably
be expected for OMe-PAI-H in these studies on the basis that
it adopts the eclipsed-cis rotamer while all others adopt the
anti-cis rotamer upon photoisomerization. The primary path-
way for both photoisomerization and thermal reversion pro-
cesses would therefore be different, which is not accounted for
in the Taft model. Such non-linearity can provide qualitative
insight into the system outside of rate prediction.

The Taft and Charton models were applied to photoisome-
rization, thermal reversion, and acidity constant data to iden-
tify whether steric or electronic effects more strongly impact
these processes in this series of sterically substituted phenylazo
indoles. The models determined to best capture these trends
are shown in Fig. 7. A side-by-side comparison of each model is
shown in Fig. S25.

Electronic effects would be expected to be the primary
influence on photoisomerization lifetimes through modifica-
tion of the excited-state potential energy surface curvature and
minima. Steric size is expected to influence the height of the
ground-state barriers resulting in a larger buildup of cis-isomer
population (due to slower reversion kinetics, vide infra). Steric
groups may also influence the excited-state pathway (i.e. rota-
tion or inversion) as was shown to occur in ortho-substituted

azobenzenes.”>7”*

Photoisomerization

Plotting the photoisomerization lifetime as a function of the
steric Taft parameter, Es, shows a linear trend in lifetimes for
only OMe-PAI-H, -Me, and -Ph (Fig. S25D). The Charton model
indicates that there may be a mechanistic shift because the plot
of isomerization lifetime as a function of the Charton para-
meter shows a modest V shape (Fig. S25]). However, the
rotational potential energy curves (PECs) show no unexpected
curvature (Fig. S26) that would indicate different mechanisms
in the photoisomerization of the complexes. These observa-
tions indicate that sterics likely do not have the largest effect on
the photoisomerization.

A plot of the photoisomerization lifetime as a function of the
electronic Taft parameter, ¢*, shows an apparent linear relation-
ship between OMe-PAI-Me, -tBu, and -Ph (Fig. 7, top). It is
possible that an exponential relationship would be observed by
using substituents that are larger than R = Ph. Indeed, we
attempted the synthesis of a mesityl-substituted OMe-PAI but
encountered synthetic limitations of the starting material. Stron-
ger electron donating character of the R-group leads to shorter
isomerization lifetimes (i.e. faster photoisomerization rates)

This journal is © the Owner Societies 2025
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except in the case of OMe-PAI-H. Our prior computational study
analyzing the full S; rotational/inversional surfaces of OMe-PAI-
H and OMe-PAI-Ph rationalized this observation as arising from
an energy plateau in OMe-PAI-Ph S, region between the indole
CNN angles of ~135-165° that is not captured in the 2D surfaces
presented in the SI.>® The presence of plateau slows the isomer-
ization process in OMe-PAI-Ph compared to OMe-PAI-H. On the
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other hand, the OMe-PAI-H S, shows a steady decline in energy
in that region that results in fast conversion.>® Given the linear
trend in photoisomerization lifetime between OMe-PAI-Ph, -Me,
and -tBu, OMe-PAI-Me and OMe-PAI-¢Bu likely contain similar S,
plateaus. These plateaus would increase the lifetime of the
excited state and increase the observed photoisomerization life-
time relative to OMe-PAI-H, causing OMe-PAI-H to lie off of the
trendline created by the other three moieties. This phenomenon
has been reported for the excited states of other systems.”>”®

Thermal reversion

Based on previous reports on ortho-phenylazo pyrazoles’” and
phenylazo indoles,*” it was expected that the thermal reversion
lifetime of these compounds would decrease upon substitution
from R = H to R = Me and that the more sterically hindered
compounds (R = Me, tBu, Ph) would follow the steric Taft
model. However, the trend was not so straightforward for these
phenylazo indoles.

Plotting the thermal reversion lifetime as a function of the
steric Taft parameter, Eg, shows an expected exponential rela-
tionship for OMe-PAI-Me, -tBu, and -Ph (Fig. 7, middle) in
which increasing hinderance increased the thermal reversion
lifetime (i.e. slowed the reversion rate). In the Taft plot using
the steric parameter, OMe-PAI-H breaks the exponential trend,
indicating that a factor besides sterics influences the thermal
reversion process for this molecule.

A similar trend in thermal reversion lifetime emerges in the
electronic Taft plot (Fig. S25B). A summated steric and electronic
Taft plot (Es + ¢*) has extremely similar curvature to the steric
Taft plot, which indicates that thermal reversion is primarily
dominated by steric factors with little contribution from electro-
nic modulation (Fig. S25H). The trend between reversion lifetime
and steric substitution aligns with general physical chemistry
intuition that increasing hinderance increases rotational energy
barriers.

Charton’s model (Fig. S25K) results in a near-linear relation-
ship between thermal reversion lifetime and steric bulk, with
OMe-PAI-Me as an outlier. However, our experimental and
computational structures show OMe-PAI-Me should be similar
to OMe-PAI-tBu, which is also aliphatic. Thus, there is no
evidence that the Charton model should be used over the Taft
model to describe thermal reversion properties.

OMe-PAI-H thermal reversion considerations

The unsubstituted dye, OMe-PAI-H, might be expected to have
the shortest thermal reversion lifetime because it is physically
the smallest group. However, experimentally OMe-PAI-H reverts
on the slowest timescale. Interestingly, OMe-PAI-H is the only
moiety to adopt an eclipsed—cis conformation, as the other
compounds form an anti-cis conformation upon photoillumi-
nation (vide supra). The eclipsed-cis orientation in OMe-PAI-H is
stabilized through an n°-H interaction (Fig. 4) that is disrupted
upon substitution. Instead, the other moieties adopt anti-cis
conformations that are stabilized through indole-H interac-
tions with the phenyl ring. This indicates a more complex
reversion path from eclipsed-cis to anti-trans for OMe-PAI-H.
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Additionally, transition state calculations indicate that var-
iations to the steric R-group substituent impact the mechanism
of cis — trans thermal reversion (Fig. S29, S30 and Table S6).
For these moieties, several different types of transition states
are optimizable. For OMe-PAI-H, one phenyl inversion and one
indole-inversion transition state from the eclipsed-cis and from
the anti-cis were found. For OMe-PAI-Me, two indole inver-
sional transition states from the eclipsed-cis and three rota-
tional transition states from the anti-cis were found. For OMe-
PAI-tBu, two indole inversion transition states from the
eclipsed—cis, two rotations from the anti-cis, and one phenyl
inversion from the anti-cis were found. For OMe-PAI-Ph, one
indole inversion and one phenyl inversion from the eclipsed—cis,
two phenyl inversions from anti-cis, and one rotational transi-
tion state from the anti-cis were found. Inversional transition
states are defined as those containing a linear N—=N-C bond. A
T-shaped geometry is obtained for every inversional transition
state in each of the moieties, indicating that the reversion
mechanism through these states is a rotationally-assisted inver-
sion in all cases, and never purely inversional. Pure rotational
transition states, however, are optimized in these systems that
exhibit CNNC dihedral angles of ~100°.

Photoisomerization and thermal reversion pathways

Thermal reversion lifetimes are dictated by the activation energy
between the photogenerated cis-rotamer and lowest energy
transition states along the pathway back to the lowest-energy
trans-isomer. In general, for these phenlyazo indoles, substitu-
tion decreases the energy needed to access the transition state
and decreases the expected cis-isomer lifetime (i.e. increases
the reversion rate) (Table S6). The process of cis — trans
reversion differs for OMe-PAI-H compared to OMe-PAI-Me,
-tBu and -Ph. Reversion of OMe-PAI-H involves moving from a
primarily eclipsed—cis to a primarily anti-trans isomer. Calcula-
tions reveal that the transition states connecting the eclipsed—cis
to eclipsed-trans and anti-cis to anti-trans are a rotationally-
assisted indole inversion (Fig. 8, blue lines). The anti- and
eclipsed-rotamers of each isomer are connected by low-barrier
pathways that lead to fast interconversion between the rotamer
states. Therefore, the rate of thermal reversion is dominated by
the cis — trans process and the transition state accessed upon
those transitions. In contrast, the reversion of OMe-PAI-Me,
-tBu, and -Ph involve moving from a primarily anti-cis to an
anti-trans isomer. Calculations reveal that the transition states
connecting the anti-trans and anti-cis isomers of OMe-PAI-Me
and OMe-PAI-tBu are primarily lower-barrier rotational transi-
tion states, with some contribution from an indole inversion
from eclipsed—cis to eclipsed-trans. The transition state connect-
ing the anti-trans and anti-cis isomers of OMe-PAI-Ph is a
mixed rotational/phenyl-inversional pathway (Fig. 8, black
lines). Despite the anti-cis-isomer being the dominant
conformation of OMe-PAI-Me and OMe-PAI-¢Bu, the eclipsed-
rotamer could act as a low-energy funnel for these moieties
that would increase the thermal reversion rate because the
eclipsed—-cis — eclipsed—trans barrier is relatively low in energy
(Fig. 8, grey funnel). Specifically, for OMe-PAI-Me, there is an
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Fig. 8 Photoisomerization (solid) and thermal reversion (dotted) path-
ways of OMe-PAI-H (blue) and OMe-PAI-Me/-tBu/-Ph (black). For all
compounds, there is a fast equilibrium between anti- and eclipsed-
rotamers in the cis- and trans-isomers. The grey funnel represents the
low energy barrier pathway through the eclipsed—cis to eclipsed—trans for
OMe-PAI-Me, -tBu, and -Ph.

eclipsed—cis to eclipsed-trans inversional path that is approxi-
mately 0.15 eV lower than the lowest anti-cis — anti-trans
rotational barrier. Therefore, we expect that the experimental
thermal reversion lifetimes are a weighted summation of the
eclipsed—cis — eclipsed-trans and anti-cis — anti-trans pro-
cesses (Table S6). The result is that rotation pathways in these
phenylazo indole dyes consist of lower-barrier transitions that
lead to faster reversion of OMe-PAI-Me, -¢tBu, and -Ph compared
to OMe-PAI-H.

Rotational transition states of azo compounds are com-
monly difficult to determine using DFT because of the conical
intersection between the S, maximum and S; minimum that
can cause convergence failure. Additionally, rotation around
the azo bond necessitates that the azo n-bond breaks and
reforms.'®”® Bond breakage typically causes the rotational
thermal reversion pathway to be significantly higher in energy
than the inversional pathway. Thus, it is unusual that the
phenylazo indoles have one or more optimized rotational
transition states and that they are either near or lower in energy
than the inversional transition states. Interestingly, no rota-
tional transition states were found for OMe-PAI-H. The rota-
tional PEC of OMe-PAI-H has a broader conical intersection
region (Fig. $26) and multiple guess geometries from the scan
curve never resulted in an optimized transition state. Further,
removing R-groups from the rotational transition states of
other dyes also failed to result in an optimized transition state.

Generally, the thermal reversion lifetimes are determined by
the photochemically formed cis-rotamer and accessibility from
that rotamer to low-energy transition states back to the lowest
energy trans-isomer. OMe-PAI-H reverts through rotationally-
assisted inversional pathways that are higher in energy than the
lowest barriers of the substituted OMe-PAI-Me, -fBu, and -Ph
moieties. Access to the eclipsed-cis-rotamer of OMe-PAI-Me,
-tBu, and -Ph due to low-barriers between rotamers might
enable fast thermal reversion via a low-energy anti-cis —
eclipsed—cis — eclipsed-trans — anti-trans thermal pathway.
The influence of the thermal reversion mechanism on the
lifetime is primarily steric in nature. Despite the large popula-
tion of anti-cis formed upon excitation of the sterically hin-
dered dyes, the eclipsed—cis — eclipsed-trans pathways cannot
be discounted from an energetic perspective.
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Substituent impact on acidity and photophysics

The acidity of a molecule can be significantly influenced by
steric bulk if the protonation site is close to the R-group. This,
however, does not necessarily rule out the electronic effect of
substituents. DFT shows that protonation of all the dyes occurs
on the phenylazo N, which indicates steric effects from the
R-groups on the indole should be attenuated (Fig. S31). The TD-
DFT for the lowest energy protonated structures closely
matches experimental spectra (Fig. S32). Addition of electron
donating groups ortho to the azo bond should increase the
electron density on the azo nitrogens and decrease their acidity.

Plotting the pK, value with either the steric or electronic Taft
parameters shows a linear trend for OMe-PAI-H, -Me, and -tBu
(Fig. S25C and F). An increase in electron donation (¢*) and
steric bulk (Es) result in a decrease in acidity. OMe-PAI-Ph
deviates from this trend, possibly because the Taft parameters
are derived from the hydrolysis of aliphatic esters and assumes
a constant resonance effect. The deviation of OMe-PAI-Ph is
present in the combined Taft plot (¢* + Es) as well.

A plot using Charton’s steric model”* shows a convincing
linear relationship between pK, value and steric bulk (Fig. 7,
bottom). While the phenyl ring is not in the plane of the main
structure, it still contributes electron density to the delocalized
system and stabilizes the charge induced by protonation. The
linear nature of the relation between steric bulk and acidity
indicates that acidity change in this series of molecules is
primarily steric in nature.

Protonation of the molecules impedes the bulk photoisome-
rization process, making it undetectable by UV-vis spectroscopy
(Fig. $33). In a similar manner to phenylazo naphthalenes””
and pyridines, protonation of the azo bond increases the rate
for thermal reversion by decreasing the S, rotational potential
energy barrier thereby limiting a significant buildup of the cis-
isomer population and enabling ultrafast thermal reversion.
Additionally, the rotational S; minimum is shifted towards the
trans-isomer geometry, preferring to relax into a vibrationally
excited trans-like geometry rather than accessing the cis-
geometry (Fig. S34).

Conclusion

In summary, we present a series of N-methylated phenylazo
indoles bearing R-groups of varying size on the indole ring
adjacent to the azo bond. Photophysical properties were exam-
ined using a combination of spectroscopic and computational
methods. Trends between photophysics and structure were
assessed using the Taft and Charton free energy relations.
The results indicate that predicting photophysical behavior in
azo dyes should go beyond a purely steric lens.

Through 2D NOESY NMR, the Me, tBu and Ph substituted
dyes were identified to adopt an anti-cis conformation while
the unsubstituted dye adopts an eclipsed—cis conformation.
Photoisomerization lifetimes were found to decrease with
increasing donor character of the substituent, according to
the Taft electronic model. Thermal reversion lifetimes of the
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substituted dyes were shown to increase exponentially with
increased hinderance, according to the Taft steric model. DFT-
calculated ground state barriers indicate that the unsubstituted
dye undergoes a rotationally-assisted inversional pathway while
the substituted dyes undergo primarily rotational reversion
pathways. The cis-isomer lifetime of the unsubstituted dye is
elongated due to the higher barrier of the inversional thermal
reversion pathway. The substituted dyes possess low energy
reversion pathways from the higher energy eclipsed—cis —
eclipsed-trans pathway. The influence that such rotamers have
on photophysical properties should be considered when study-
ing asymmetric photoswitches.

Protonation was observed to induce a red shift in the
absorption spectrum and limit bulk photoisomerization. The
reversible nature of this process offers a binary way to control
the photophysics through changes to the solvent environment
of the molecule. This work provides insight into the rational
design of heterocyclic azo compounds for applications that
require extended cis-isomer lifetimes.
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