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DOI: 10.1039/x0xx00000x In this work we untangle the ultrafast deactivation of high energy excited states in four naphthalene-based azo dyes.
Through systematic photophysical and computational study, we observed a structure-property relationship in which
increasing the electron donating strength of the substituent leads to longer lived excited states in these organic dyes and
faster thermal reversion from the cis to trans configuration. In particular, azo dyes 1 — 3 containing less electron donating
substituents show three distinct excited-state lifetimes of ~ 0.7-1.5ps, ~ 3—4 ps, and 20—40 ps whereas the most electron
donating dimethyl amino substituted azo 4 shows excited-state lifetimes of 0.7 ps, 4.8 ps, 17.8 ps and 40 ps. While bulk
photoisomerization of all four moieties is rapid, the cis to trans reversion lifetimes vary by a factor of 30 with Treversion
decreasing from 276 min to 8 min with increasing electron donating strength of the substituent. In order to rationalize this
change in photophysical behavior, we explored the excited-state potential energy surfaces and spin-orbit coupling constants
for azo 1 — 4 through density functional theory. The increase in excited-state lifetime for 4 can be attributed to geometric

and electronic degrees of freedom of the lowest energy singlet excited state potential energy surface.

Introduction

Azo dyes are the single most commonly utilized dyes used in
industrial processes,! found in everything from food colorants
and cosmetic additives? to textile reagents,3 biologic indicators,*
and organic synthons.> In addition, their light-driven reactivities
such as the trans/cis isomerization and proton-transfer induced
tautomerization have made them good candidates in the
applications of functional materials, electronic devices and drug
delivery.6-10 Recently, our group has reported that anthracene-
based azo dyes may potentially be employed in light-induced
proton-coupled electron transfer reaction (PCET),112 which is a
fundamental pathway used in the renewable energy
generation.’> Naphthalene-derived azo molecules are also
interesting as they are structural analogs of well-studied
azobenzenes!#~1¢ and our previously reported anthracene azo
species.’12 |n order for azo molecules to be employed
successfully in various applications, a thorough understanding
of their electronic properties and excited-state dynamics is
necessary. Towards this goal, this work focuses on
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Electronic Supplementary Information (ESI) available Synthetic details, '"H NMR
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Scheme 1. Derivatized naphthalene-based azo dyes

1.R=H; 2. R=0H
3. R=0Me; 4. R = NMe,

understanding the detailed excited-state dynamics of a series of
naphthalene-based azo dyes (Scheme 1) using ultra-fast time-
resolved spectroscopy and quantum mechanics calculations.

Excited-state evolution including photoisomerization has been
studied extensively in azobenzene following excitation into
either the nm* or mn* states. Mechanistic proposals have
described photoisomerization via torsional rotation of the
ZCNNC dihedral angle,’18 inversion of ZCNN angle,'” or a
combined, concerted pathway.1%20 While mechanisms in
symmetric azobenzene have been investigated,® the effects of
substitutions and asymmetry around the azo bond need to be
more fully explored. Fortunately, azo dyes possess great
synthetic accessibility that imparts tunability of the electronic
structure through simple functionalization and that can provide
important insights into structure-property relationships of azo
dyes.
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Relatively few studies have delved into the ultrafast dynamics
of these azo moieties to establish how synthetic alteration
impacts the photophysics of their deactivation. Wachtveitl
investigated the ultrafast dynamics of bisazobenzenes that
were connected via the ortho-, meta-, and para- positions of the
adjoining benzene group. They reported that the
functionalization position on the benzene dramatically
impacted the quantum vyields of isomerization and the cis to
trans thermal reversion lifetimes.2! Elles and Ramamurthy
reported the ultrafast dynamics of azobenzene substituted at
the 4-position by methyl, ethyl or propyl groups and the impact
of confinement on the isomerization dynamics, showing that
encapsulation increases the excited-state lifetimes and alters
the vyields of the trans to cis photoisomerization reaction
compared with the dyes in solution.?223 Following nm*
excitation, the crowded environment of the confined system
that resulted from the lengthening of the alkyl tails resulted in
deeper trapping of the excited-state species. Additional
azobenzene derivatives have been examined in the liquid
crystal phase, which shifts the potential energy difference
between nnt* and mut* states.?42> Finally, other photoswitches
have been examined for the effects of substituent character on
photoswitching speed and mechanism.26

While the naphthalene-azo-benzene motif has been employed
in a wide scope of commercially available azo dyes, their
excited-state properties still remain unillustrated. This
systematic study focuses on the photophysical properties of
naphthalene-based azo dyes containing electron-donating
groups appended to the phenyl side of an azo bond. The results
provide important insights into multipath deactivation of
excited states in this organic system. In addition, the
asymmetric nature of the dyes — with naphthalene on one side
of the azo bond and phenyl on the opposite side — provides a
means to explore how asymmetry impacts the isomerization
and reversion mechanisms.

Experimental

All reagents were obtained from commercial sources used as
received without further purification, unless otherwise

Scheme 2. Synthesis of azo dyes 1 — 4.
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specified. Air-sensitive reactions were conducted using a
standard Schlenk line techniques under nitrogen. Acetonitrile
was dried over CaH; and distilled. Dried acetonitrile was stored
over 4 A sieves.

Instrumentation. The 'H spectra were recorded on a Bruker 400
MHz or 500 MHz spectrometer and were calibrated to the
residual solvent signals. Chemical shifts are reported in parts
per million (ppm). Signal multiplicities are abbreviated as: s
(singlet), d (doublet), t (triplet), m (multiplet). Molar
absorptivity was acquired with Cary 5000 UV-vis-NIR
spectrometer. Photoisomerization data were acquired using an
Ocean Optics Flame UV-vis diode array. Fluorescence spectra
were acquired with a BH Chronos steady-state fluorimeter.

Synthesis. All synthetic protocols and NMR (including peak
assignments) of 1 — 4 are reported in the Supporting
Information.

Transient Absorption Spectroscopy. Femtosecond transient
absorption spectroscopy was performed with an Ultrafast
Systems Helios spectrometer. One hundred fifty femtosecond
pulses of 800 nm laser light were generated with a Coherent
Libra amplified Ti:sapphire system at 1.2 W and 1 kHz repetition
rate. A beam splitter is used to send approximately 80% of the
800 nm pulses to a Topas-C optical parametric amplifier to
generate a 370 nm pump pulse. The pump pulse was attenuated
to between 0.1 mW and 0.4 mW to prevent decomposition of
the sample. The remainder each pulse (~¥20% of the 800 nm
light) was sent through a CaF; crystal to generate a white light
continuum for use as the probe pulse. The probe pulse traveled
along a delay stage to generate the pump-probe time delay and
a chopper was used to remove every other pump pulse. For
each time delay, a series of unpumped and pumped probe
pulses were recorded. In each case, a reference probe pulse
(that does not go through the sample) was collected and
processed to improve the S/N while minimizing the number of
scans needed to obtain quality data. The transient absorption
spectra were measured over a 5 ns window. For each scan, 250
time points were recorded with exponentially spaced time
points and each sample was subjected to three scans. The
sample was stirred with a magnetic stir bar during every run.
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Samples for transient absorption spectroscopy were prepared
in on high vacuum line in a 2-mm quartz high-vacuum cuvette.
The concentration of each dyad was 30 pM. UV-visible
absorption spectra were recorded before and after each TA
experiment to verify that no decomposition had occurred. A
chirp correction was applied prior to analysis of each data set.
Data analysis was performed using the global analysis software
Surface Xplorer provided free of charge by Ultrafastsystems.
Fitting was done by extracting and retaining as many principal
components as necessary to approximate the data surface
(approximately 10 PC or more). Principal component kinetic
traces were then fit and decay-associated difference spectra
(DADS) and their corresponding lifetimes were generated. The
extracted modeled lifetimes and DADS were then used to re-
construct a fit surface that was compared with the original data
set. Quality of the fitting was assessed by subtracting the fit
surface from the original data surface generating a residual
surface. Each residual was also assessed with a residual
standard error in order to facilitate comparison between fit
models.

Fluorescence Quantum Yields. All samples were prepared in
acetonitrile to have less than 0.1 AU absorbance at the
excitation wavelength in order to minimize the internal filter
effect. Each sample was freeze-pump-thawed on a high-vacuum
line to degas the samples (mTorr pressure in the cuvette).
Samples were excited at 300 nm and emission was monitored
from 320 nm to 600 nm. 1,4-Bis(5-phenyloxazol-2-yl)benzene
(POPOP) was used as a quantum yield standard (QY = 0.97)%7.
Azobenzene was also used for its spectral similarity to the
naphthalene-based azo-dye samples. POPOP and azobenzene
(QY = 2.53 x 107%)1* were used as standards to experimentally
measure the QY and verify the accuracy of our set up. We
verified our setup and reproduced QY values of 1.03 and 3.68 x
10> for POPOP and azobenzene respectively, in line with

PhysicalChemistry Chemical Physics

literature values. Sample absorbance and emission of 1 -4 were
measured in triplicate and their quantum yields were calculated
using the following equation,

L. Ag M

¢r = s X I, A, s

where ¢ is the fluorescence quantum yield, I represents the
integrated fluorescence intensity of emitted light, A is the
absorbance of the sample at the excitation wavelength, n is the
refractive index of the solvent used, and r and s represent the
unknown and standard samples respectively.

Photoisomerization. Samples of 1 — 4 were prepared in dry
acetonitrile to an absorbance of ~1 AU at the absorption
maximum (~ 0.1 mM). Each sample was freeze-pump-thawed
on a high-vacuum line to degas the samples to “mTorr pressure
in the cuvette. To measure the trans — cis conversion: The
absorbance of each sample was measured at set intervals using
an Ocean Insight diode array spectrometer to capture the entire
spectrum in a 1.25 second acquisition. Samples of 1 — 3 were
illuminated using a UV LED (Amax = 370 nm, whm = 12 nm) using
an LEDi-UV photolysis lamp head and a Luzchem LED llluminator
with constant illumination at 155 mW. Samples of 4 were
illuminated with a blue LED (Amax = 453 nm, whm = 18 nm) using
an LEDi-RGB photolysis lamp head and a Luzchem LED
Illuminator with constant illumination at 120 mW. Spectra were
measured every 1.25 seconds during the course of the
illumination until spectrum stopped changing (indicating
conversion to cis configuration). At this point the conversion
reaction was considered complete. To measure the cis — trans
conversion: The absorption of the final “conversion reaction”
product was measured with the laser shining on the sample. As
the illumination was shut off, the absorption spectra collection
was initiated. The reversion reaction was carried out with no
illumination enclosed in the sample holder under ambient
condition. Spectra were measured every 1.25 seconds with
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Figure 1. Frontier molecular of azo 1 — 4. B3LYP/6-311G(d,p)/PCM(ACN). All orbitals shown in Figures S6-S9.
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scans being retained periodically based on the rate of the
reversion reaction until the initial trans configuration spectrum
was obtained or the spectrum remained constant.

Quantum Mechanical Calculations. Density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
calculations were performed on representative azo 1 - 4. The
B3LYP functional?®-31 and 6-311G basis set3?3¢ were used. An
acetonitrile solvent environment was simulated with the
polarizable continuum model.37 All calculations were performed
using Gaussian09.38 All structures were confirmed as local
minima or transition states via frequency calculations, with zero
and one imaginary frequency, respectively.

Results and discussion

Ground-state characterization. The syntheses of azo 1 —4 were
modified from literature (Scheme 2). Briefly, 2-
aminonaphthalene was either condensed with nitrobenzene in
melt sodium hydroxide to generate non-substituted azo 1,3° or
reduced to form diazonium salt by sodium nitrate and further
converted to corresponding 4-substituted azo 2 and azo 4.1240
The azo 3 was obtained by the methylating azo 2 in the presence
of sodium hydride and iodomethane. The structures were
confirmed with 'H NMR reported in the Supporting Information.

The addition of a range of electron donating groups provides a
handle to tune the electronic structure of the ground state and
the excited-state dynamics of azo 1 — 4. The density functional
theory (DFT) optimized ground-state geometries of azo 1 — 4
show key structural parameters consistent with prior analogues
(Figure S48). The frontier molecular orbitals (Figure 1) are
similar in both energy and nature when varying the substituents
on the phenyl side. The occupied MO energies are more
strongly impacted by the substitution. In particular, the highest
occupied molecular orbital (HOMO) delocalizes relatively evenly
on both phenyl and naphthalene rings and is thus destabilized
when the para phenyl position is substituted with an electron-
donating group, leading to slight narrowing of the band gap
from 3.58 eV to 3.04 eV (A = 0.54 eV) going from azo 1 to azo 4.
The non-bonding orbital localized on the azo bond is the HOMO-
1 for each molecule. The symmetry of the conjugated m-
network (HOMO-2 through HOMO-5) is affected by the electron
donations on the phenyl side, leading to slight differences in
energy ordering and symmetries of these nt-bonding orbitals.

Azo-dyes 1 — 3 show similar absorption spectra (Figure 2) with
absorption maxima between 330 — 350 nm and small shoulder
peaks at ~ 450 nm (

Table 1). In contrast, azo-dye 4 is significantly red-shifted (by
~80 nm or ~0.6 eV) compared to azo 3, the most red-shifted of
the azo 1 — 3 group. Azo-dye 4 shows with a broad absorption
feature centered at ~420 nm and no small shoulder peaks akin
to the ones observed in 1 - 3.

Time-dependent DFT (TDDFT) transitions capture the major
absorption features (Figure 3, Tables S1, 3, 5, 7) for each azo-

4| J. Name., 2012, 00, 1-3
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Figure 2. Electronic absorption spectra (solid lines) and steady photoluminescence
spectra (dotted lines) of azo 1-4 in acetonitrile. The photoluminescence of azo 1-3
were collected with Lex = 330 nm, 355 nm, and 355 nm, respectively. The emission
spectrum of azo 4 was not detected and is therefore absent in the figure.
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Figure 3. B3LYP/6-311G(d,p)/PCM(ACN) predicted transitions (red) for azo 1 — 4
under the experimental absorption spectra (black). The lowest-energy symmetry-

forbidden transitions (S1, n — =*) are thus shown as a blue dot line as their

computed oscillator strength is zero.
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Figure 4. Plot of log(treversion) for cis — trans thermal reversion lifetime as a

function of Hammett parameter.
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dye. For azo 1 — 3, the major absorption peak is m — m*,
calculated as the S; (HOMO — LUMO) and S3 (HOMO-2 —
LUMO) transitions (Table S1, S3, and S5). The S; in each azo-dye
is a symmetry forbidden n — rt* transition (computed oscillator
strength zero) and is shown in Figure 3 as a dotted, blue stick to
differentiate it from the predicted allowed transitions. In fact,
the small shoulder peaks observed at ~450 nm are likely this
lowest-energy n — m* symmetry forbidden transition (Si),
which occur in solution due to vibrational and torsional degrees
of freedom breaking the molecular symmetry. For azo 4, the
predicted S, excitation is significantly red shifted as compared
to the S, states of azo 1 — 3 due to the decrease of the band gap
driven by destabilization of the HOMO (vide supra).
Additionally, due to the virtually isoenergetic HOMO-1 (n
orbital) and HOMO-2 (mt orbital), the S3 transition in 4 has
significant mixing between the HOMO-2 — LUMO and HOMO-
1 — LUMO (unallowed n — 1t*) that results in no appreciable
oscillator strength. Accordingly, only one predicted transition
corresponding to the S, state of 4 is found within the lowest-
energy absorption peak centered at ~400 nm.

Photoluminescence. When excited at the main Vvisible
absorption peak of each dye, weak emission is observed at 421
nm, 403 nm and 420 nm for azo 1 — 3, respectively (Figure 2). In
contrast to azo 1 — 3, no photoluminescence signal was
observed when the main absorption peak of azo 4 was excited
(c.a. Aex =420 nm).

Although azo molecules are some of the most widely studied
organic dyes, in the case of azobenzene, there are only limited
reports of the steady-state fluorescence spectrum, due to its
very low quantum vyield (less than 0.01%).#* Anthracene-based
azo dye analogues possess slightly higher reported quantum
yields of (0.33 — 0.55%)'2 more in line with the unambiguous
fluorescence observed for azo 1 — 3. The emission bands of azo

PhysicalChemistry Chemical Physics

1 - 3 are higher in energy than the lowest-lying, weakly
absorbing shoulder peaks in the absorption spectrum (~ 400 —
500 nm). These observations are consistent with prior steady-
state fluorescence study of azobenzene*! that have shown S,
fluorescence is more intense than S; fluorescence due to the
optically forbidden nature of S; excited state. Therefore, these
azo moieties, as others before them, do not obey Kasha’s
rule.*2-4> Based on TDDFT singlet transitions in azo 1 — 3, the
observed emission would be attributed to a similar Sy(rut*) —
ground state allowed transition at ~ 400 nm, and not the lower
energy Si(nmt*) emission at ~ 500 nm, as expected.

Emission quantum yield measurements were carried out in
using  1,4-bis(5-
quantum vyield

acetonitrile under inert conditions
phenyloxazol-2-yl)benzene (POPOP)

standard. Samples were excited at 300 nm and emission was

as a

monitored from 320 nm to 600 nm. Consistent with previous
reports of azobenene derivatives, 1 — 3 exhibit a low quantum
yield value of less than 0.1% (

Table 1).

In contrast, excitation of 4 into the main absorption peak (c.a.
Aex = 420 nm) leads no emission. By perturbing the electronics
of the system with addition of the most electron donating
(dimethylamine) substituent, population of S3 from ground
state excitation is forbidden, vide supra, in contrasttoazo1-3
(in which population of both S; and Ss are allowed). Therefore,
when 4 is excited at 420 nm, population of the S, state
dominates leading to an exclusively non-radiative pathway,
likely dominated by vibrational relaxation thatleads to no
measurable emission.

Photoisomerization and reversion. Each azo derivative (1 - 4)
undergoes rapid bulk trans — cis isomerization upon steady-
state excitation with a photolysis lamp (Figure S1). When the

Table 1. Photophysical Data and Excited-State Lifetimes Recorded of Azo 1-4

Abs Amax PL PL QY 71 (ps) 12 (pS) 13 (ps) T4 (PS) 15 (Min)!
(nm)  Amax (%) *S1-5S; S1—*So *Sp—>So *So—>Cis-So Cis-So—
(nm) trans- So
Nap-azo-(plr; 328 421 005+007 0.64+020 2.9+0.3 22+3 n/o 280
Nap-azo-
ohort () 357 403 004005 119020 30%05 32+4 n/o 12
Nap-azo-
ohOMe () 357 420 005003 138%014 3707 25+1 n/o 24
Nap-azo-
phNMe_ (4) 421 n/a n/a 0.70 £ 0.04 3.4+0.9 16.+1 38=+5 8
2

n/o indicates that the process is not observed on our TAS measurements due to the spectral observation window available in our
measurements. Based on the residual component (i.e. s inf, we infer that the process does occur, but that we are not able to observe it in

TAS).

 Based on steady-state reversion kinetics shown in Figure S1.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Structural parameters for the fully optimized trans- and

cis- isomer and a transition state between them, as well as

the TDDFT Si of azo 1 and azo 4. B3LYP/6-311G(d,p)/PCM(ACN).

optimized structure N-N (A) £"PCNN (°) £PPCNN (°) 2CNNC (°)
trans- 1.26 115.3 115.3 180.0
Cis- 1.26 124.4 125.8 11.8
TS 1.22 117.8 180.0 (104.6)
S1 1.25 130.0 130.7 180.0
trans- 1.26 114.9 116.3 180.0
Cis- 1.25 124.3 125.8 10.2
TS 1.23 180.0 119.1 (24.6)
S1 1.25 130.8 129.7 180.0
ZCNNCGC (°) ZCNNC (?)
0 30 60 90 120 150 180 0 30 60 90 120 150 180
2.0 [T T T | T | T T T T T T T I T T T T T T LI T T ! [ ! I !
16 F - T F a 4
— 14 g
3 12f X
= 10F / -
o 08} B
S o6f =7 .
0.4 —=— Inversion - CNNP" \ [—=— Inversion - CNNP"
I-—e— Inversion - CNN" F—e— Inversion - CNN"#
0.2 [—=— Rotation - CNNC [—=— Rotation - CNNC
0.0 TR N TN AN TN NN N N SN (NN NN SN Mt Y I NN T AN SO N N NN N N SO | i\, !
240 220 200 180 160 140 120 240 220 200 180 160 140 120
ZCNN (°) ZCNN (*)

Figure 5. trans(2CNNC 180°)-cis-(«CNNC 0°)-isomerization barriers on the ground state
the barrier energy matches the fully relaxed TS (Table 2) geometries.

irradiation is stopped, cis — trans thermal reversion is observed
(Figure Sla,b) the lifetime of which varies substantially
depending on the derivative. The unsubstituted derivative (1)
has a reversion lifetime of ~¥280 min, while the substituted
derivatives (2 — 4) reveal shorter reversion times of 12 min (2),
24 min (3) and 8 min (4). A plot of the log of the reversion
lifetime against the Hammett parameter of the substituent
show a linear trend of decreasing reversion lifetime with
increasing electron donating strength (Figure 4).46 These results
demonstrate that electronic effects play a significant role in the
isomerization of these naphthalene-based azo dyes.

Ground state cis—trans reversion isomerization in other azo dyes
can proceed through either an inversion or a rotation of the azo
bond depending on the reaction conditions. The inversion on
the ground-state surface, on either the naphthalene or the
phenyl side of the azo, and the rotation of the azo bond show
near identical barriers in azo 1 (Figure 5), whereas the phenyl
inversion barrier in azo 4 has a higher barrier than that of the
naphthalene inversion and the rotation. Interestingly, while the
trans- and cis-isomers in both azo 1 and 4 have similar structure,
the relaxed transition states (as confirmed by one imaginary
frequency) have quite different geometries (Table 2). In the

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

(So) surfaces of azo 1 and 4. B3LYP/6-311G(d,p)/PCM(ACN) relaxed scans, where

transition state of azo 1, the phenyl ring is found to rotate
towards the plane that is perpendicular to naphthalene and the
connected CNN angle is bent from 115° to 180° (Figure S22-26).
In azo 4, the phenyl ring stays unchanged, however, the CNN
bond on the naphthalene side is bent to 180° and the
naphthalene is rotated to become perpendicular to the phenyl
ring (Figure S33-36). The optimized transitions states match
geometrically and energetically with the phenyl and
naphthalene inversions calculated through scanning the
respective angles (Figure 5) for azo 1 and 4, respectively. This
ground state inversion pathway is consistent with the ground
state thermal isomerization seen in many azos.1>47

Time evolution of the excited states. To further understand the
differences observed in steady-state absorption and emission
spectra of azo 1 -4, transient absorption (TA) spectroscopy was
performed on azo 1 — 4 in degassed acetonitrile prepared by
freeze-pump-thaw to mtorr pressures.

Figure 6 (left column) shows the TA spectral evolution over ~5
ns for 1 — 4. The induced absorptions in the transient signals of
azo 1 — 3 (Figure 6) share similar broad induced absorption
features between 390 nm and 625 nm. Broad induced
absorption peaks centered at ~425 nm and ~555 nm were

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (left) Transient absorption (TA) representative spectra of azo 1 — 4 in acetonitri

450 500 550 600
‘Wavelength {nm)

le (Aex = 370 nm). Samples were prepared under a nitrogen environment in a 2-mm

quartz high-vacuum cuvette. Concentrations are: 1, 25 uM; 2, 18 uM; 3, 16 uM; 4, 28 uM. (middle) Decay-associated difference spectra (DADS) from global analysis fitting of
azo 1 — 4 with associated lifetimes next to each spectrum for the individual run shown. Averages of at least three different runs are reported with standard deviations in Table 1.

(right) Single-wavelength fits (solid lines) of the data (dotted lines) based on the propose!

observed for azo 1 — 3 at the shortest times resolvable on our
instrumentation (~0.4 ps representative spectrum on Figure 6
left column). These peaks are indicative of a hot S; state that
undergoes rapid vibrational cooling (~1ps) to the S; state (with
a ~3 ps lifetime). Both the representative spectra, as well as the
two DADS associated with these processes, show a blue-shift of
the spectra/DADS over the first few ps that are indicative of a
vibrational cooling process. Even though excitation occurs into
the S3 and S, states, the deactivation of those two states is too
rapid for our system to resolve and we begin our observation in
the hot S; state. Of note, the broad hot S; peak shifts slightly to
the red and becomes more intense as the electron donating
nature of the substituent is increased from 1 (no substituent) to
3 (-OMe substituted) and 2 (-OH substituted). Weak residuals
were observed at the end of our 5-ns TAS window with

This journal is © The Royal Society of Chemistry 20xx

d model obtained from GLA.

intensities less than 1% of the original signal. The residual is
likely due to isomerized cis-azo dye (1 — 3) that does not convert
back to the trans-isomer (Figure S32) in the 5-ns window and is
too weak to be observed in the nanosecond transient
absorption experiment.

The spectral evolution of the TA spectra for azo dye 4 is different
than those of 1 — 3. A broad induced absorption between 500
nm and 625 nm convolved with a bleach between 375 nm and
500 nm was observed (Figure 6) upon initial excitation. The peak
indicative of the hot S; is much broader in 4. There appears to
be two features within the broad 500-625 nm induced
absorption (at 460 nm and 580 nm) that decay concomitantly
leaving an induced absorption at ~525 nm. This broad
absorption at 525 nm decays to the baseline leaving a small
peak at ~510 nm, which remains at the end of the 5-ns window

J. Name., 2013, 00, 1-3 | 7
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for ultrafast TA. Meanwhile the ground-state bleach at 375-500
nm only decayed by ~50% by the end of the 5-ns window. Our
attempts to accurately measure the nanosecond component
was not successful due to the limited signal to noise in the
spectral region accessible in our nanosecond TAS setup (460 nm
—900 nm).

Global lifetime analysis (GLA) fitting of the TAS data was carried
out to extract the lifetimes and corresponding associated
difference spectra (DADS) (Figure 6 middle column) that
contribute to the excited state evolution of 1 — 4. The lifetimes
obtained from GLA were then used to construct single-
wavelength traces at various wavelengths across the spectral
region that were compared to the TAS data extracted at those
wavelengths (Figure 6 right column). GLA was performed using
three to six lifetimes and the best fit to the data was determined
and set as the model. Detailed description of the fitting, as well
as residuals comparing the data to the fit, and single wavelength
fits for each moiety are show in the Supporting Information
(Figures S10-S17).

GLA fitting produced DADS with associated lifetimes shown in
Figure 6 (middle column) and summarized Table 1. GLA
produces an “infinite” component for each azo, representing
the residual signal that does not decay on our 5.5 ns time
window and therefore cannot be assigned a lifetime. The

18— 109
i, . % NI N N I I I N T AN T I e |
250 300 350 400 450 500 550 600 650 700 750 200
Wavelzngth (nm)

Journal Name

isomer that does not convert back to the trans-isomer over the
5-ns window as shown by comparison of the final
representative spectrum with the cis/trans difference spectrum
obtained from the steady-state absorption spectra in Figure 7
(and Figure S19). GLA produces three additional lifetimes in azo
1 - 3. The first component fits to lifetimes of 0.6 — 1.38 ps for
azo 1 - 3, while the second component has slightly longer
lifetimes of 2.9 — 3.7 ps and the third component has a lifetime
of 20— 30 ps. For 4, GLA produces four components of 0.7(4) ps,
3.4(9) ps, 16(1) ps and 38(5) ps.

The shortest-lifetime DADS component (0.71 ps) of azo 1 shows
a broad spectrum in the range between 450 nm to 700 nm, with
peaks centered at 460 nm and 580 nm. The shortest-lifetime
DADS components of azo 2 and 3 (1.28 ps, and 1.35 ps) show
more well resolved peaks (also centered around 460 nm and
580 nm) on a broad positive-going signal to the red of 375 nm.
The second DADS components of azo 1 =3 (~3 ps) share similar
features to that of the shortest DADS including positive-going
peaks that are slightly blue-shifted from those observed the
shortest DADS. The third DADS (20 — 30 ps) shows a weak
positive going peak centered ~400 nm. The “infinite”
component for each moiety resembles that that of the cis/trans
difference spectrum (vide supra, Figure 7 and Figure S32)

In the case of azo 4, the 0.7-ps shortest-lifetime DADS
6
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Figure 7. Comparison of the cis/trans difference spectra obtained by steady-state spectroscopy (red dotted line) with the “residual” representative spectra observed in TAS (blue
solid line) for 1 (left) and 4 (right). The grey shaded area represents the spectral window available on the TAS measurement.

Scheme 3. Schematic Diagram of the Relaxation of azo 1 — 3 and 4 after excitation at 370 nm in CHsCN.
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nm and 580 nm that extend across most of the spectral window,
red of 400 nm that looks to be convolved with a negative-going
feature on the blue edge of the spectral window. The second
DADS component (4.84 ps) of azo 4 shows a positive-going peak
centering at 508 nm and the negative-going signal in the range
400 — 475 nm. The third DADS component (17.8 ps) has a
positive-going peak at 475 nm and a negative-going peak at
~600 nm. The fourth DADS component (40.4 ps) has a similar
shape as the second component but with lower intensity on the
positive-going component. As is the case for 1 — 3, the “infinite”
component of 4 matches very closely to the cis/trans difference
spectrum obtained from steady-state absorptions spectra.

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 1 - 4,
Figure 6 (right), lending support for each of the proposed
models.

It has been widely accepted that in azobenzene the S, excited
state has an extremely short lifetime of 0.1 ps, followed by rapid
internal conversion to the S; excited state.*! The S; excited state
is reported to have a lifetime of 0.5 ps. The conical intersection
between the S; and Sp state can lead to isomerization of the azo
moiety to a cis-configuration or a vibrationally excited ground
state (So). This “hot” Sp state is reported to have a “long”
vibrational cooling process with lifetimes of around 2 - 15 ps
depending on solvent and relaxation mechanisms (either
rotation or inversion).*8

The overall picture for the excited-state dynamics of the
naphthalene-based azo 1 — 4 (Figure 7 and Scheme 3) can be
assigned to the same model as azobenzne. However, our
instrument response function does not allow us to resolve the
sub-ps lifetime associated with the S, decay, which seems to be
more rapid in 1 — 4 compared to azobenzene. As a point of
comparison, we have collected TAS data on azobenzene and
show direct comparison of our azobenzene data to our results
for 1 — 4 (Supporting Information Figure S18). Namely, for
azobenzene, our instrument is able to capture and resolve a
glimpse of the rapid S,— S; process that occurs on a ~0.2 ps
time scale and is observed as a peak at 465 nm (the S;) that
disappears rapidly into the broad peak at 400 nm (the S;). We
are able to reproduce decay dynamics that have been reported
previously for such systems on short times scales.21-23

When 1, 2, and 3 are excited at 370 nm, an initial So — S, (rut*)
and So — S3 (rut*) excitation occurs (Table S1, S3, and S5). The
S3 excited state should decay within the instrument response
through S; (mnt*) — S; — *S; internal conversion resulting in a
hot S; state, which can then decay through radiative emission
or a non-radiative pathway. We do not observe a signal
corresponding to the S, state meaning that this state in the
naphthalene-based azo dyes decays more rapidly than the
azobenzene S; state (which we are able to resolve, Figure S18).
The non-radiative pathway we observe therefore begins with a
hot S; state (peak at ~425 nm and ~555 nm) that cools to the S;
state and is resolved as the most rapid lifetime we observe t;

This journal is © The Royal Society of Chemistry 20xx
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=~0.7-1.5 ps. The relaxation of the S; to a hot the ground state
takes T2 ~ 3-4 ps. A lifetime of ~10 ps has previously been
assigned to vibrational cooling of a hot So state in
azobenzenes.*®4 The features associated with this vibrational
cooling process are typically blue-shifted and convolved with
the bleach features in the TAS spectra. The third lifetime (t3) we
observe (20-30 ps) is consistent with both the expected lifetime
and spectral features of vibrational cooling and we have
therefore assigned that lifetime to the vibrational cooling
process. Additionally, photoisomerization of the trans to cis
configuration contributes to the photophysical decay pathway.
Photoisomerization and thermal
(Figure S1, for azos 1 — 4) of these species show that 1, 2 and 3
convert to a cis configuration upon 420 nm illumination. In each
species, when illumination is ended, the trans configuration is
recovered over the course of minutes (2) to hours (1 and 3).
Indeed, the residual component in the TAS representative
spectra and DADS (ts) are likely the cis configuration of each
moiety (Figure S19). Therefore, we might expect to also observe
a lifetime associated with the trans to cis isomerization process
via internal conversion from the Si:. We do observe an additional
lifetime in 4 (t4) that is missing in 1 — 3. We posit that this
lifetime represents the isomerization process. The spectral
features of 1 — 3 associated with the trans to cis isomerization
do not fall well into the spectral window of our TAS
instrumentation (depicted as the grey region in Figure 7 as
comparison). We therefore are likely missing a ~30-40 ps
lifetime in our data that would represent the isomerization
process.

reversion measurements

The TAS spectra, DADS, and excited-state dynamics of azo 4
deviate somewhat from what is observed for 1 — 3 and
azobenzene. One advantage of 4 is that the absorption
spectrum is better overlapped with our spectral window in TAS,
which allows us more insight to the dynamics. Another major
difference is that no emission is observed from 4. The shortest-
lifetime component DADS obtained from 4 has a broader
spectrum compared to the shortest-lifetime DADS of 1 — 3 and
has a slightly shorter lifetime of t; = 0.7 ps, indicating more rapid
vibrational cooling to the S; state. The S; state (1 = 4.84 ps) is
then resolved and leads to population of the hot Sp and some
initial recovery of Sp (indicated by the negative going peak at
425 nm in the DADS). This hot So state undergoes vibrational
cooling to the trans-ground state (t3 = 17.8 ps). Alternatively,
the conical intersection between S; and So that allows for
isomerization to the cis-configuration, is red-shifted in azo 4 and
thus its relaxation to the cis-ground state can be resolved (t; =
40.4 ps).

Excited-state potential energy surfaces of azos 1 — 4. As part of our
computational characterization of azos 1 -3, we computed potential
energy curves (PEC) of the singlet and triplet excited state manifold
as well as spin orbit coupling constants. The flat nature of excited
state surfaces might lead to rapid isomerization or geometric
reorganization in longer-lived excited states. To explore this
possibility, additional quantum mechanics calculations were
performed to better understand the excited state energetics of
the trans—cis interconversion. Azo 1 was selected as the

J. Name., 2013, 00, 1-3 | 9
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representative of azo 1 — 3 and traces of its potential energy
surfaces (or potential energy curves, PECs) were compared to
those of azo 4.

Trans to cis conversion can occur though rotation of the CNNC
azo bond or via CNN inversion on either the phenyl or
naphthalene side. While the rotation pathway does not
dominate measured ground-state isomerization, it has been
suggested that photoisomerization on the excited-state
surfaces may proceed through this pathway. Thus we calculated
the vertical singlet excitations above both the lowest energy
inversion on the naphthalene side for azo 1 and 4 and the
rotation PECs (Figure 8). These surfaces show similar shapes and
features as many different methods that have been used to
explore the photochemistry of azobenzenes.17-2050 Except for S;
surfaces, the minimum energy point of all the singlet excited
state PECs fall at similar positions near the initial Franck-Condon
(optimized ground state) geometry for azo 1 and 4. Similar to
the ground state surfaces, the highest energy of each S, and
higher PEC is close to the mid-point between the cis-trans
isomerization of each pathway. In contrast, the S; PECs of both
dyes, have a minimum in the middle of torsional rotation with a
CNNC angle close to 100° and near the cis-isomer along the
inversion axis, with a ~ 130° CNN angle. Thus, the internal
conversion conical intersection between S; and Sp in both azo 1
and 4 generate high energy ground state structures near the
transition state between the trans and cis isomers allowing a
population of each to be formed.

Recently, exploration of the nonadiabatic dynamics of the
populations of cis and trans generated by the S; to Sp internal
conversion have quantified that about 15% of azobenzene
photoexcitation results in population of the cis-isomer.30-54 We
would expect similar populations of ground state cis- and trans-
isomer for azo dyes 1 —4 as the underlying quantum mechanical
potential energy surfaces are so similar to those used to
generate the molecular dynamics potential used in those
studies. In addition, although triplet states are less common in
azo dyes,5556 prior work has shown that the large spin orbit

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

coupling of Sopand T1 might enable triplet facilitation of trans—
cis photoisomerization of azo molecules.#” Our computational
work is presented in the supporting
determined that triplets do not play a major role in these
systems.

information and

Conclusions

In summary, we present a systematic, photophysical property
study of several naphthalene derived azo species. By varying
substituents on the 4-phenyl position, we increase the excited-
state lifetimes for the most electron donating substituents (4, —
NMe;) while shortening the cis — trans reversion lifetimes.

For azo 1 — 3, the initial S,/Ss excitation relaxes to S; state
rapidly (during our instrument response time). The resulting hot
S1 cools to the S; (~1 ps) state and undergoes further internal
conversion to the hot So ground state (~3 ps). From the hot So,
relaxation to the ground trans-isomer (20-40 ps) occurs.
Internal conversion from the S; to cis-ground state (on So)
occurs, however we are unable to resolve this process
Due to experimental
limitations of the TAS detection window we hypothesize that

experimentally in our TAS studies.

we miss a ~20 ps lifetime that represents this trans — cis
isomerization process. Quantum mechanics suggests that the
fast S; — So conversion is facilitated through rotation of the
CNNC dihedral angle, with vibrational and geometric cooling on
the So surface. The high electron donation in the dimethyl amino
substituted azo 4, elongates the excited-state lifetimes in this
moiety. In azo 4, the hot S; state formed via rapid internal
conversion from an S; excitation has a lifetime of ~1 ps. Internal
conversion to So occurs with a lifetime of 4 ps. Upon internal
conversion, we observe thermal relaxation to the trans-isomer
(20 ps). Branching in the S; leads to an internal converstion at
the conical intersection that results in isomerization to form the
cis-isomer (40 ps).

This journal is © The Royal Society of Chemistry 20xx
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Dyes that access the cis isomer thermally revert the trans
configuration. Lifetimes measured for this process vary from
minutes (2, 3, 4) to hours (1). The lifetime of the cis
configuration decreases non-linearly with the increasing value
of the Hammett parameter with the most electron-donating
substituent (-NMe3) resulting in the shortest-lived cis-isomer.
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