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Azo dyes are a class of photoactive dyes that constitute a major focus of chemical research due to their applications in

DOI: 10.1039/x0xx00000x numerous industrial functions. This work explores the impact of protonation on the photophysics of four naphthalene-based
azo dyes. The pKa value of the dyes increases proportionally with decreasing Hammett parameter of p-phenyl substituents
from 8.1 (R = -H, 6=0) to 10.6 (R = —NMe2, o= —0.83) in acetonitrile. Protonation of the dyes shuts down the steady-state
photoisomerization observed in the unprotoated moieties. Fluorescence measurements reveal a lower quantum yield with
more electron-donating p-phenyl substituents, with overall lower fluorescence quantum yields than the unprotonated dyes.
Transient absorption spectroscopy reveals four excited-state lifetimes ( < 1 ps, ~3ps, ~13 ps, and ~200 ps) exhibiting faster
excited-state dynamics than observed in the unprotonated forms (for 1 — 3: 0.7-1.5 ps, ~3—4 ps, 20—40 ps, 20-300 min; for
4:0.7 ps, 4.8 ps, 17.8 ps, 40 ps, 8 min) . Time-dependent density functional theory (TDDFT) elucidates the reason for the loss
of isomerization in the protonated dyes, revealing a significant change in the lowest excited state potential energy nature
and landscape upon protonation. Protonation impedes relaxation along the typical rotational and inversion isomerization

axes, locking the dyes into a trans-configuration that rapidly decays back to the ground state.

Introduction

Azo dyes are intensely colored organic moieties that comprise
one of the largest classes of dyes for textile coloring.! Azo dyes
possess well-established photoswitching, cis/trans
isomerization, and proton-transfer induced tautomerization
that make them attractive for many applications including non-
linear optical components,? optical data storage,® biological-
medicinal studies,*> and as materials for organic solar cells.® In
particular, chemical control of photoisomerization has allowed
azobenzene derivatives to be exploited as logic gates and for
drug and small molecule release.”®

The photophysics of azobenzene have been well studied as a
model system for trans — cis photoisomerization. Most reports
describe the photophysical evolution of azobenzene that begins
with excitation into the symmetry allowed S; excited state. This
S, excited state has an extremely short lifetime of ~0.1 ps that
decays by rapid internal conversion to a vibrationally excited S1
excited state.l® The S; excited state cools in ~0.4 ps and
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Scheme 1. Protonated naphthalene-based azo dyes.
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undergoes internal conversion to a vibrationally excited ground
state surface (So) in ~0.5-1.0 ps. This “hot” Sq state is reported
to have a vibrational cooling process with lifetimes of around 2
- 15 ps depending on solvent and whether it undergoes
relaxation via a rotation or inversion mehcanism.1 The light-
driven trans to cis isomerization process in azobenzenes have
been described by several molecular coordinates including
rotation, inversion, concerted rotation and inversion-assisted
rotation.12 In many azobenzene systems, both in-plane
inversion and out-of-plane rotations contribute to the
isomerization processes, with the relative contributions of each
mechanisms demonstrating sensitivity to the environment
surrounding the azo dye.1113-25The complex interplay between
the shape of both ground state and excited state potential
energy surfaces and where they cross, allows small chemical
modifications to exert mechanistic control over the
photoisomerization and reversion. 11,13-25
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Because the physical environment is critical to azo dye
isomerization, the photoisomerization process can be
controlled by exposure to specific solvents or steric constraints.
Such efforts can be used to elucidate reaction mechanisms or
control reaction pathways. For example, when azobenzene is
encapsulated in a supramolecular organic capsule, bifurcation
of the excited-state process occurs leading to a new excited-
state inversion process that does not exist in solution.26:27
Systematically changing the relative positions of azo bonds in
bisazobenzenes (o- m- and p-connected) tune the initial
photoexcited state and thus the light-induced dynamics. The o-
and p-connected bisazobenzenes reduce the
photoisomerization quantum vyield due to intramolecular
excitonic interactions or the extensive m-conjugation that

enforces planarity, respectively. While, m-connected
bisazobenzenes act as two independently behaving
azobenzenes.?®  More substantial modification of the

environments via addition of azobenzenes to larger side-chains
or polymers further modifies or controls isomerization and
photoswitching.??-31

Another means to control excited-state dynamics is through the
introduction of protons. This strategy has been employed in
inorganic complexes through the use of proton-sensitive
ligands in rhenium(l) tricarbonyl diimine complexes with 1,4-
pyrazine ligands,3%33 with a 4,4’-biypridine ligand3*, and a 4-
pyridylamidine ligand3>, among others. A few studies of
photoisomerization of azo dyes in acidic environments have
shown that at the switching timescales change3¢-38 and that in
some cased the photoisomerization mechanism can be
effected.3®

Indeed, proton-dependent ground-state properties of azo dyes
have been reported using a host of electrochemical techniques
resulting in the protonation or deprotonation of the
azo/hydrazo bonds. Electrochemical reduction of azobenzene
results in a stable anion radical in aprotic media that can
become protonated.*? The protonated species was more easily
reduced a second time than the unprotonated counterpart.* A
large positive shift in reduction potential was also observed
when azobenzene was substituted with a pendant carboxylic
acid functionality as a result of H-bonding.#? These proton-
dependent  electrochemical properties extended to
naphthalene-based azo dyes. The reduction potential of an
anthracene-based azo dye recorded with organic acids spanning
the pK, range of 2.6—23.51 (in acetonitrile) revealed a linear
dependence in the change of the reduction potential of the azo
dye with the pK, of the organic acid. A potential-pK, diagram
indicated a 1H*/le~ PCET process occurs in this window,
allowing for the estimation of the pK;, of the azo dye to be 8.6
(in acetonitrile).*3

Herein we report the influence of protonation on the
photophysics of a series of four asymmetric naphthalene-based
azo dyes (1H — 4H, Scheme 1) through both experiment and
density functional theory (DFT). The extended m-system
afforded by the naphthalene moiety redshifts the UV-visible

spectra of the dyes compared to azobenzene. The role of

2| J. Name., 2012, 00, 1-3

asymmetry in the rotation or inversion processes is examined.
The electronic effects imparted by the increasing electron
donating nature of the p-phenyl substituent is explored. UV-
visible spectroscopy is used to observe the protonation of 1H —
4H and Benesi-Hildebrand analysis is used to quantify the
acidity constant for each moiety. Increasing the electronic
donating strength of the appended functionality increases the
pKa values of azo moiety (making them less acidic in
acetonitrile). Photolysis experiments reveal that protonation of
the azo dyes shuts down the observed bulk photoisomerization.
Transient absorption spectroscopy is used to quantify the
excited-state dynamics of 1H — 4H, which are compared to
previous reported 1 — 4 analogues (Figure S1).44

Experimental

All reagents were obtained from commercial sources used as
received without further purification, unless otherwise
specified. Acetonitrile was dried over CaH, and distilled. Dried
acetonitrile was stored over 4 A molecular sieves. Dyes 1 — 4
were synthesized as described previously.** Protonation of dyes
1 — 4 to produce dyes 1H — 4H was carried out by addition of
H,SO,4 dissolved in acetonitrile (MeCN). Acid concentrations
required to fully protonate each dye were determined via
photometric titration as described below. All work in this
manuscript is carried out in dried acetonitrile.

Instrumentation. Steady-state absorption spectra

collected using an Ocean Insight Flame UV-vis diode array

were

spectrometer. A 1-ms integration time was used, and 100 scans
were averaged for each collection. A boxcar width of 3 was
used, which provides a spectral resolution of approximately 1
nm. Photoisomerization experiments were performed using a
LED equipped with an LEDi-RGB
illuminator head. Fluorescence spectra were obtained on an ISS

Luzchem Illuminator
Chronos BH fluorescence lifetime spectrometer with a steady-
state upgrade.

Fluorescence Spectroscopy. Samples of 1H —4H were prepared
in acetonitrile to have less than 0.1 AU absorbance (in 1-cm
pathlength) at the excitation wavelength. In order to minimize
the internal filter effect, samples were excited along the 1 cm
direction of the 1 cm x 0.2 cm cuvette and emission was
measured from the 0.2 cm dimension. Each sample was subject
to at least three freeze-pump-thaw cycles on a high-vacuum line
to degas the samples (mTorr pressure in the cuvette). Samples
were excited at 500 nm and emission was monitored from 520
nm to 800 nm. Sample 4H showed no emission and is omitted
from emission spectroscopy results.

Photometric Titrations and Determination of Azo dye pK,
Values. Photometric titrations were conducted to ascertain the
acidity constants of each azo dye beginning with a stock solution
of dye 1, 2, 3 or 4 in acetonitrile and one stock solution of H,SO4
in acetonitrile. H,SO4 stock solution was prepared by dissolving
0.5 mL of concentrated H,SO4in 10.0 mL MeCN and drying over
4 A molecular sieves overnight to remove residual water. Two

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. UV-visible absorption spectra of unprotonated 1 - 4 (red, dashed lines) in comparison to the protonated 1H - 4H (solid purple lines). Upon protonation, each azo dye
demonstrates a red-shifted (>100 nm) and broadened absorption. TDDFT excitations for 1H, 3H, and 4H are shown in blue overlaid with the experimental absorption spectra
taken in MeCN and are normalized to the absorption maximum of the protonated spectra.

solutions, labeled A and B, were prepared for the titration by
adding the same volume of the respective dye stock solution to
two different 10.0 mL volumetric flasks to maintain the same
concentration of dye in both solutions A and B. Solution A was
finalized by filling the volumetric flask to the 10-mL line with dry
acetonitrile. The concentrations of the azo dye (in Solutions A
and B) were selected to give an absorbance of approximately 1
AU in a 1-cm cuvette. The stock solution of H,SO4 was added to
solution B to achieve concentrations of H,SO, at least double
the amount needed to fully protonate the dye (1.4 x 104 mol
equivalents acid for 1, 2000 mol equivalents acid for 2, 2000 mol
equivalents acid for 3, 30 mol equivalents acid for 4). After
addition of H,SO4 to the solution B flask, the volumetric flask
was filled to the 10-mL line with dry acetonitrile. For the
titration, solution B was titrated into a 2.0 mL portion of
solution A in a quartz cuvette, beginning with a 1 uL addition.
The addition volume of solution B was gradually increased as
larger changes in the concentration of H,SO4 were required to
achieve the same change in absorption. UV-visible absorption
spectra of the resulting solution were collected after additions.

. . 1 1
The titration data was plotted as Vs 50,7 where AA

represents the change in absorption between solution A and
the solution at a given H,SO4 concentration. The Amax of the
unprotonated or protonated species was used as the absorption
wavelength for the analysis (Aobs = 430 nm, 1; Aops = 500 nm, 2
and 3; Aobs = 550 nm, 4) as shown in Figure S3, with both
wavelengths yielding similar results. The association constant
K11 is obtained from the double reciprocal form of the Benesi-
Hildebrand equation

b 1 1
AA ~ [S]K11A[H2504] + [S]Ae (1)

This journal is © The Royal Society of Chemistry 20xx

where Ag is the change in molar absorptivity between the
protonated and unprotonated species at the wavelength
maximum of the protonated species, K;; is the experimental
protonation constant, AA is the change in absorbance at the
wavelength maximum of the protonated species and [H,SO04] is
the concentration of acid used in these titrations. In this

y-intercept of the linear fit to the data.*> The
slope

pK; values of dyes 1H — 4H were calculated by the relation

formalism, K;; =

1
PKa az0 dye = —log (K_n) + PKaacia (2)

where the pK; of H,SO4in MeCN is 7.6.46

Photoisomerization. Samples of 1H — 4H were prepared in dry
acetonitrile to an absorbance of ~1 AU at the absorption
maximum (~ 0.1 mM). To measure the trans = cis conversion:
The absorption spectrum of each sample was measured while
under illumination from the LED lamp. The lamp head of the
photoreactor was positioned directly above the samples in
order to maximize exposure of sample to the incident light and
the minimize scattering into the fiber optic lead of the diode
array and. Three LEDs were used; UV (Amax =370 nm, fwhm = 12
nm, intensity = 155 mW), blue (Amax = 453 nm, fwhm = 18 nm,
411 mW), and green (Amax = 522 nm, fwhm = 30 nm, intensity =
143 mW). Samples of 1H were illuminated using the UV and blue
LEDs, samples of 2H and 3H were illuminated with UV, blue and
green LEDs, and samples of 4H were illuminated with blue and
green LEDs in order to quantify the impact of illumination across
the entire lowest energy absorption feature. Changes to the
spectra of the dyes caused by exposure to light from the LEDs
were found to revert rapidly when illumination ended.

Transient Absorption Spectroscopy. Transient absorption
spectroscopy was performed with an Ultrafast Systems Helios
spectrometer. Pulses (100-fs) of 800 nm laser light were

J. Name., 2013, 00, 1-3 | 3
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removed from the experimental window (Ae, = 475 nm). B3LYP/6-311G(d.p)/PCM(ACN).
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Figure 3. HOMO and LUMO orbitals for 1H, 3H, and 4H and natural transition orbitals (NTO) of the S; and S, excited states. B3LYP/6-311G(d.p)/PCM(ACN).

generated with a Coherent Libra amplified Ti:sapphire system Excitation of the sample was carried out at ~ 0.1 mW to prevent
at 1.1 W and 1 kHz repetition rate. A beam splitter sends decomposition of the sample.

approximately 80% of the 800 nm pulse to a Topas-C optical
parametric amplifier to generate the pump pulse (Aex =370 nm),
which was then converted to the desired excitation wavelength
(475 nm for 1H, 550 nm for 2H and 3H, 590 nm for 4H). The
remainder of each pulse (¥20% of the 800 nm light) is sent
through a CaF, crystal mounted on a translation stage to
generate a white light continuum for use as the probe pulse.

The transient absorption spectra were measured over a 300-ps
(1H — 3H) or 5-ns (4H) window. For each scan, 250 time points
were recorded and each sample was subjected to three scans.
The sample was stirred with a magnetic stir bar during every
run. Samples for transient absorption spectroscopy were
prepared in on high vacuum line in a 2-mm quartz high-vacuum
cuvette. An aliquot of the dye was introduced to the high-

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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are shown in purple.

Table 1. Spectroscopic Data and Excited State Lifetimes of Protonated Azo Dyes

Dye o AbS Amax (¢ Mlcm™) PL Amax(nm) PLQY pKa

1H O 433 (23800) 550 1.9x107% 8.1+04
2H -0.37 494 (33500) 650 21x10* 9.4+03
3H -0.27 494 (43600) 610 79x10* 8.410.1
4H -0.83 540 (58800) n.a. n.a 10.6+0.2

vacuum cuvette and dried under vacuum. The cuvette was
placed on the high vacuum line and solvent (~¥2 mL MeCN) was
delivered through vacuum transfer. The concentration of each
azo dye was ~30 pM. UV-visible absorption spectra were
recorded before and after each TA experiment to verify that no
decomposition had occurred.

Data preparation and cropping was done using Surface Xplorer
data analysis software. A chirp correction (Figures S8, S10, S12,
and S14) was applied during preparation of each data set. Data
analysis was performed using single wavelength fitting and
global analysis using our lab’s Python-based analysis software
(Figures S9, S11, S13 and S15) to isolate decay-associated
difference spectra (DADS) and their corresponding lifetimes.
Quality of the fitting was assessed by examining the residuals of
principle component kinetic traces and the model used to
represent the dataset.

Quantum Mechanical Calculations. Density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
were performed on dyes 1H, 3H and 4H. Dye 2H was omitted to
reduce computational cost as the experimental results of 2 and
3, and 2H and 3H are similar to each other.?* All calculations
were run in Gaussian0947 with a hybrid functional, B3LYP,48-51
and triple-{ basis set, 6-311G(d,p),>2% with a complete
polarized continuum model (PCM) of acetonitrile. The fully
optimized structure for each molecule was confirmed as a true

This journal is © The Royal Society of Chemistry 20xx

minimum with no imaginary frequencies. The lowest energy
protonation location of 1H, 3H and 4H were confirmed by fully
optimizing each dye with protonation at either the nitrogen
adjacent to the naphthalene and to the phenyl. For 4H, an
additional possible protonation at the nitrogen on the
dimethylamine moiety was tested and found to be less stable
than protonation at either nitrogen on the azo bond (Figure
S16). In all three cases, protonation at the nitrogen adjacent to
the naphthalene was found to be the most stable protonation
site.

The lowest energy singlet (So) surfaces (Figures S20-21) of 1H,
3H and 4H were constructed through a relaxed scan of the
CNNC dihedral angle and the CNN angle on both the
naphthalene (£NaPCNN) and phenyl (£P"CNN) sides of the azo
bond in increments of 10-15°, where only the designated angle
is constrained and all other coordinates are freely optimized.
Excited-state potential energy curves were created by
calculating the first 6 vertical singlet and triplet excitations at
each point along the relaxed rotational and lowest inversional
(i.e. £NaPCNN or ZPhCNN) ground-state curves.

Results and discussion

Protonation of azo dyes 1 — 4 to make 1H — 4H. The lowest
energy protonation location of 1H, 3H and 4H was determined

J. Name., 2013, 00, 1-3 | 5
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Figure 5. Representative spectra (left), decay-associated difference spectra (DADS) (center), and single-wavelength fits (right) of 1H — 4H for TAS data collected at A,(1H) = 475

nM, Aex(2H) = Aex(3H) = 550 nm and A (4H) = 590 nm. Samples were prepared under a nitrogen environment in a 2-mm quartz high-vacuum cuvette in MeCN. DADS from

global analysis fitting of azo 1H — 4H with associated lifetimes next to each spectrum for the individual run shown. The lifetimes obtained for this specific set of data are shown

in the figure, and the average of multiple runs are reported in Table 2. For 4H, T, was too long to be observable on TAS timescales, but was resolvable on nanosecond TAS.

to be the nitrogen adjacent to the naphthalene (Figure S16 and
S17). The computed energies for 1H protonated on either the
naphthalene-adjacent or phenyl-adjacent nitrogen are nearly
isoenergetic, indicating a mixture of the two species. The
predicted absorption spectra of the two protonation states are
very similar (Figure S17) so the naphthalene-adjacent structure,
which is the lower energy, is used going forward for simplicity.
Titration of H,SO4into solutions of 1 —4 shows clean conversion
of unprotonated 1 — 4 to protonated 1H — 4H with well-
anchored isosbestic points (Figure S3). The protonation titration
was analyzed using a Benesi-Hildbrand analysis (Eq. 1)*> to yield
an association constant (K11) that represents the interaction
between the azo dyes and the H;SO4. Using Ki; and the
relationship described in Eq (2), the pK; values for each azo dye
can be determined (Table 2). The pK, value was plotted as a
function of the Hammett parameter for each p-phenyl —R group
to reveal a linear relationship between the pK, and the

6 | J. Name., 2012, 00, 1-3

Hammett parameter (o) (Figure S4)57. As the electron donating
strength of the functionality is increased from 1H (c = 0) to 4H
(o = —0.83) the acidity constant increases from pK, = 8.1 to pK;
= 10.6. This trend confirms that increasing electron donation
para to the azo bond does increase the electron density on the
N=N, causing it to require less acid to protonate.

Steady-state spectroscopy of protonated azo dyes. UV-visible
absorption spectra and photoluminescence (PL) spectra of 1H —
4H in acetonitrile (Figure S2 and summarized in Table 1) show a
redshift of more than 100 nm (Figure 1) upon protonation. In
addition to a redshift, the spectrum of 1H (Figure 1 purple solid
line) is broadened compared to the spectrum of 1 (Figure 1 red
dotted line). Both the redshift and peak intensities of 1H, 3H and
4H are well-captured by TDDFT (Figure 1, blue vertical lines).
The lowest-energy absorption feature of 1H shows contribution
from two states (Amax = 488 nm and a clear, red-shifted

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




hemistry Chemical Phys

Journal Name

shoulder) as predicted by TDDFT for either protonation at
naphthalene-adjacent or phenyl-adjacent nitrogen. TDDFT also
predicts two low-energy transitions for both 3H and 4H,
however these transitions are closer in energy than those
predicted for 1H. In the experimental absorption spectra of
both 3H (Amax = 494 nm) and 4H (Amax = 540 nm), a clear
maximum is observed, however, a slight shoulder is observable
to the blue of each Amax. This shoulder is indicative of another
band in accordance with the TDDFT results.

As the electron withdrawing strength of the p-phenyl
substituent is increased, the absorption maximum of the azo
dye redshifts with 2H and 3H showing nearly coincident
absorption spectra in acetonitrile. The LUMOs of the
protonated dyes are stabilized by ~ 1.7 eV driving the significant
redshift observed in the absorption spectra. The absorption of
the protonated dyes is dominated by the allowed transitions
between the first 5 frontier orbitals (predicted at ~561 nm, ~447
nm and ~388 nm in 1H) (Tables S2 — S4). The HOMO (Figure S18)
of each dye is stabilized slightly upon protonation. The most
critical change to the electronic structure compared to the
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unprotonated 1 — 4 moieties is stabilization of the non-bonding
n-orbital by over 2 eV upon protonation. This effectively
removes the symmetry unallowed excitations from the n-orbital
from the low energy excitation manifold (Figure 2 and Figure 3)
and drives the significant red-shift of the absorptions spectrum.

PL spectra were recorded for excitation at the Amax Of each azo
dye. PL spectra were recorded for 1H — 3H that redshifted with
the shifting absorption spectra. No PL was detected for 4H,
which is unsurprising as the unprotonated 4 is nonemissive.**
Quantum yield values for 1H — 3H range from 0.02% to 2%.
These quantum yields are significantly lower than those of the
unprotonated 1 — 3 and decrease with the Hammett parameter
of the p-phenyl substituent. This behavior indicates that
increasingly electron-donating substituents on the periphery of
the dye increases the likelihood for the dyes to deactivate via
nonradiative pathways.

Photoisomerization of azos 1H — 4H. Photoisomerization
experiments were carried out using a photolysis lamp with
three different LEDs that allowed for excitation in to the S,
absorption peak for the four azo dye moieties (LED Amax = 370,
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Figure 6. Difference spectrum of the protonated and unprotonated 1 — 4 compared to the last representative spectrum of their respective TAS data.

Table 2. TAS Lifetimes of Protonated Azo Dyes

71 (ps)? T2 (ps)? T3 (ps)° Ta(ps)°
1H 0.68 (0.14) 2.5(0.2) 9.9 (1.0) 230 (30)
2H 0.27 (0.03) 3.9(0.7) 14.4 (0.19) 330 (80)
3H 0.25 (0.03) 3.8(0.7) 14.7 (0.5) 90 (15)
4H 0.20(0.02) 0.95 (0.02) 8.1(1.1) Unresolved

2 The lifetimes (and standard deviations) are the average of multiple datasets.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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453 nm and 522 nm). As reported previously, the unprotonated
1 -4 azo dyes readily undergo photoisomerization, as indicated
by a significant decrease in the absorption spectra of the trans-
isomers of the dyes with a simultaneous growth of features
representing their cis isomers (shown in Figure S5).%* After
protonation to form 1H — 4H, however, excitation into the
primary absorption features does not yield any change to their
absorbance spectra (Figure S5). This observation
indicates that upon protonation, the bulk photoisomerization of
1H —4H is shut down entirely.

overall

Potential energy curves (PECs) of the singlet excited-state
manifold (Figure 4) as well as the triplet-excited state manifolds
(Figures S19 — S21) of 1H, 3H, and 4H were constructed to
rationalize their lack of photoisomerization. All dyes show
similar ground- and excited-state PECs.

In contrast to the unprotonated 1, the S; surface of 1H is much
flatter along the rotational axis and significantly uphill in energy
(bolded blue first singlet excited state, Si) upon inversion
(Figure 4). Both isomerization coordinates of 1H have S; minima
at the trans configuration. Thus, the computed PECs show that
the protonated azo dye is essentially locked into the Frank-
Condon state (i.e. trans-configuration) and thus deactivates in
the trans configuration rather than undergoing isomerization
unlike the unprotonated dyes.

Ultrafast photoevolution of azo dyes 1H — 4H. Transient
absorption (TA) spectroscopy was performed on each dye to
quantify the excited-state dynamics of each moiety. 1H was
excited at 475 nm, 2H and 3H were excited at 550 nm and 4H
was excited at 590 nm. Figure 5 (left column) shows the TA
spectral evolution over ~300 ps (1H — 3H) or ~5 ns (4H). The
transient signals of azo 1H — 4H each exhibit broad induced
absorption features (at ~350 nm and 600 nm) in our spectral
window of 350 nm to 675 nm that are convoluted with their
respective ground-state bleach features (~ 425 nm (1H), 525 nm

1H - 4H
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Figure 7. Jablonski diagram showing proposed relaxation scheme of 1H — 4H.
Aex(1H) = 475 nm, Ley(2H) = Aex(3H) = 550 nm, Lex(4H) = 590 nm. Solid lines
indicate radiative processes and dashed lines indicate non-radiative processes.
The lifetime for the emission process was not resolved in our measurement due
to low yields.
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(2H, 3H) ~550 nm (4H)). Over the first several picoseconds, the
representative spectra show a blue-shift of the positive features
on either side of the ground-state bleach that is typically
ascribed to a vibrational cooling process. The transient signals
for 1H — 4H then each return to the baseline over the course of
the 300 ps or 5.5 ns TAS window.

Global lifetime analysis (GLA) fitting of the TAS data yields a best
fit to four lifetimes and produces four decay-associated
difference spectra (DADS) associated with each of the four
lifetimes (Figure 5 (middle column) and summarized in Table 2).
The first component (14) fits to lifetimes of 0.22 —0.57 ps for azo
1H - 4H, while the second component (12) has slightly longer
lifetimes of 0.96 — 4.75 ps and the third component (t3) has a
lifetime of 10 — 15 ps. The fits of 1H — 3H yield a fourth, low-
contribution, longer-lived component (t4) with lifetimes ranging
between 80 — 240 ps. For 4H, GLA produces a fourth, low-
contribution, long-lived component (t4) the lifetime of which is
too long to be resolved on our 5-ns TAS detection window. The
lifetimes determined by GLA fitting, when represented as single
wavelength decay traces represent the data well across the
entire spectral window for each of the azo moieties 1H — 4H
(Figure 5 (right column), and Figures S9, S11, S13 and S15).

A photophysical mechanism for the excited-state decay of 1H —
4H (Figure 7) is constructed based on literature precedent>8-69,
including our previous work 4 on unprotonated 1 — 4
(summarized in Table S1 and Figure S1), and is informed by (1)
our steady-state observation of no bulk cis-isomer formation
and (2) the computed TDDFT PECs, which show no driving force
for inversion or rotation towards a cis-isomer. Based on these
factors, we propose an excited-state mechanism in which 1H —
4H remain in their initial Franck-Condon (trans-isomer) state
and undergo only vertical transitions between the various
excited states. Excitation occurs directly into the S; state for
each 1H — 4H (Tables S2 — S4). TDDFT predicts two low-energy
transitions that could potentially be populated with this initial
excitation. Both of these S; and S; states are it * transitions that
initiate from slightly different symmetries on the naphthalene
moiety (Figure 2 and Figure 3). The IC between these two similar
states is expected to be faster than the time resolution of our
instrument and thus the dynamics start from the lowest-energy
S; state. The shortest component we observe (t1) for 1H — 4H
therefore represents the cooling of the vibrationally-hot S;
state. The 1, lifetime component represents the internal
conversion of the S; state to a vibrationally hot Sp ground state.
Because of the lack of driving force for isomerization in the S
excited states, this hot Sp is predicted to within 5-10° of the
Franck-Condon state (trans-isomer). Thus, the t3 component
represents cooling of the vibrationally hot So to the fully relaxed
ground state. These three lifetime are shorter than the lifetimes
reported for the corresponding processes in the unprotonated
species (for 1 —3: 11 =0.7-1.5 ps, 12 = ~3-4 ps, t3=20-40 ps; for
4:1,=0.7 ps, 12 = 4.8 ps, 13= 17.8 ps), and are consistent with
the ultrafast dynamics previously observed for similar systems
on short timescales. 5860
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Our GLA model produced a fourth, low-contribution (<5%),
long-lived component (t4) that does not fit with the described
mechanism of rapid vertical transitions between the excited
states. This signal was quite low, making it difficult to assign and
adding uncertainty to the fitted lifetime. The low magnitude
indicates that this process is a minor contribution to the
photophysical evolution resulting from an off-path process. The
fourth lifetimes do not correlate to the Hammett parameter of
the p-phenyl substituent as other isomerization-related
lifetimes for 1 — 4 or 1H — 4H. The difference absorption
spectrum representing the unprotonated-protonated spectrum
for each dye compared to the TAS representative spectrum at
the longest times measured (~290 ps for 1H —3H, and ~5500 ps
for 4H) (Figure 6) reveal similar spectral structure in each dye.
We therefore propose that the fourth, off-path component
represents a small residual signal from photo-deprotonation of
the dyes, which re-protonates over the course of 10’s of ps (or
longer in 4H).

Conclusions

This study contributes experimental and computational results
describing and rationalizing the photoisomerization, lifetime
dynamics, quantum vyields, and spectral characteristics of a
series of protonated azo dyes. The UV-visible absorption
maximum and corresponding photoluminescence (PL) spectra
of 1H — 4H in acetonitrile redshift with increasing electron-
withdrawing strength of the phenyl substituent. Similarly, the
pK, value of each dye increases with the increasing electron
donating strength of the p-phenyl substituent. This shift is
caused by increasing electron density on the naphthalene-
adjacent site on the azo bond. PL spectra shifted along with
absorption spectra for 1H — 3H. The calculated fluorescence
quantum vyields for 1H — 3H ranged from 0.02% to 2%,
decreasing with the increasing electron-donating strength of
substituents on the phenyl ring. These values are significantly
lower than those of their unprotonated counterparts, meaning
the likelihood of deactivation via nonradiative pathways
increases in the protonated moieties.

A significant difference in the trans — cis photoisomerization
behavior for protonated 1H —4H was observed compared to the
unprotonated azo dyes 1 — 4 that readily undergo
photoisomerization. 44 For 1H — 4H, photoisomerization that is
observed in 1 — 4 is entirely shut down. Transient absorption
spectroscopy and global analysis fitting uncovers three excited-
state lifetimes that can be ascribed to relaxation within the
excited-state manifold at the Franck-Condon state (the trans-
isomer configuration). These dynamics are more rapid than
those of 1 — 4. Computational insight provided by DFT and
TDDFT show that the excited-state potential energy curves
along the isomerization coordinates (rotational or inversion
angles for azo bond) of 1H — 4H are uphill in energy, essentially
forcing the excited state of the dye to remain in the trans-
configuration. The corresponding curves of 1 — 4 are downhill,
thereby moving the excited state evolution of the unprotonated
species away from the Franck-Condon state towards the cis-

This journal is © The Royal Society of Chemistry 20xx
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isomer configuration. Therefore, the lack of photoisomerization
in 1H — 4H is attributed solely to shutting down production of
the cis-isomer. These findings provide valuable insights into the
intricate photophysics of these molecules by rationalizing how
the protonation of these dyes controls the photoisomerization
process.
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