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ent alters the ultrafast
photoisomerization dynamics of azobenzenes†

Christopher J. Otolski,‡a A. Mohan Raj, b Vaidhyanathan Ramamurthy *b

and Christopher G. Elles *a

Ultrafast transient absorption spectroscopy reveals new excited-state dynamics following excitation of

trans-azobenzene (t-Az) and several alkyl-substituted t-Az derivatives encapsulated in a water-soluble

supramolecular host–guest complex. Encapsulation increases the excited-state lifetimes and alters the

yields of the trans / cis photoisomerization reaction compared with solution. Kinetic modeling of the

transient spectra for unsubstituted t-Az following np* and pp* excitation reveals steric trapping of

excited-state species, as well as an adiabatic excited-state trans / cis isomerization pathway for

confined molecules that is not observed in solution. Analysis of the transient spectra following pp*

excitation for a series of 4-alkyl and 4,40-dialkyl substituted t-Az molecules suggests that additional

crowding due to lengthening of the alkyl tails results in deeper trapping of the excited-state species,

including distorted trans and cis structures. The variation of the dynamics due to crowding in the

confined environment provides new evidence to explain the violation of Kasha's rule for np* and pp*

excitation of azobenzenes based on competition between in-plane inversion and out-of-plane rotation

channels.
1 Introduction

Many important photoisomerization reactions take place in the
conned environment of a protein or solid-state material.1–3

Steric restrictions oen play a key role in these reactions by
inhibiting large amplitude motions of the atoms and stabi-
lizing, or destabilizing, specic structures along the reaction
path. For example, crowding facilitates the primary steps
responsible for vision and phototaxy by steering the photo-
isomerization of protein-bound chromophores toward the
desired outcome.4–7 In contrast, connement in a polymer
matrix or nanoporous material oen inhibits the reactions of
photochromic molecules compared with solution.8–10 Under-
standing how connement affects the excited-state dynamics
therefore promises new insight on the fundamental details of
light-activated biological systems, and provides important
guidance for designing new materials that preserve the effi-
ciency of photochromic molecules in solid-state applications.
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Azobenzenes are prototypical molecular switches that
combine the benets of relatively fast and efficient trans/ cis
photoisomerization with thermal cis / trans relaxation.11–14

The photoisomerization dynamics of azobenzenes are partic-
ularly sensitive to the inuence of a conned environment
because of the different geometric requirements for the
competing out-of-plane rotation and in-plane inversion
pathways for isomerization around the N]N bond.15–23 Even
in solution, the relative importance of the rotation and
inversion channels is not fully understood due to short (few ps
or less) excited-state lifetimes and wavelength-dependent
isomerization yields.24–26 In fact, the different quantum
yields following excitation to the S1(np*) and S2(pp*) excited
states is a dening feature of azobenzenes,27,28 and a rare
example of a reaction that violates the venerable Kasha–
Vavilov rule.29–31

Given the inuence of steric restrictions on photo-
isomerization, measuring the excited-state dynamics in
a conned environment provides a sensitive probe of the reac-
tion mechanism for azobenzenes. With that goal in mind, this
paper examines the excited-state dynamics for a series of azo-
benzenes encapsulated in a supramolecular host–guest
complex that restricts themotion of the phenyl rings around the
central N]N bond.32–35 Each self-assembled complex consists
of a single molecule of azobenzene encapsulated in the hydro-
phobic cavity formed by two water-soluble ‘octa-acid’ (OA) host
molecules (Fig. 1).36–40 The photochemistry of geometric isom-
erization and bimolecular reactions in the OA2 cavity have been
Chem. Sci., 2020, 11, 9513–9523 | 9513
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Fig. 1 Structures of the octa-acid dimer (OA2) and the series of trans-
azobenzenes. From left to right: azobenzene (Az), 4-methylazobenzene
(MeAz), 4-ethylazobenzene (EtAz), 4-propylazobenzene (PrAz), 4,40-
dimethylazobenzene (Me2Az), 4,40-ethylmethylazobenzene (EtMeAz).
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View Article Online
studied extensively using steady-state methods,39 and we
recently reported on the ultrafast photoisomerization dynamics
of 4-propylstilbene and 4-propylazobenzene,34 as well as a series
of alkyl-substituted stilbenes with increasing size.35 Interactions
with the capsule directly inuence the reaction and relaxation
channels by distorting the ground- and excited-state potential
energy surfaces of the conned molecule, providing a unique
window on the reaction dynamics.

In this paper, we examine the role of crowding effects on the
azo isomerization by comparing the excited-state dynamics of
encapsulated trans-azobenzene (t-Az@OA2) and several 4-alkyl-
and 4,40-dialkyl-substituted derivatives (Fig. 1). For unsub-
stituted t-Az, we compare the excited-state dynamics following
np* excitation at 470 nm and pp* excitation at 320 nm. These
wavelength-dependent measurements reveal enhanced viola-
tion of Kasha's rule in the capsule compared with solution,
including a new adiabatic excited-state isomerization channel
that is not observed for the freely solvated molecule. We also
compare the dynamics following pp* excitation across the
series of alkyl-substituted compounds in the two environments.
Increasing the alkyl-chain length changes the relative stability
of the trans and cis isomers inside the capsule, and thus alters
the photoisomerization yields compared with solution.
Comparing the dynamics across the series of encapsulated
compounds provides new insight on the role of steric interac-
tions in tuning the excited-state dynamics, including the
“trapping” of excited-state species that are not observed in
solution.
9514 | Chem. Sci., 2020, 11, 9513–9523
2 Experimental details

Unsubstituted t-Az was purchased from Sigma-Aldrich and used
as received. Octa acid (OA) and all of the alkyl-substituted trans-
azobenzenes were synthesized as previously reported.32,33,37 We
form self-assembled complexes (guest@OA2) by sonicating 2
equivalents of OA in pH ¼ 8.9 borate buffer with 1 equivalent of
azobenzene until the solution is transparent.35,36,40 The transient
absorption (TA) measurements for np* excitation use an 8 mM
solution of either t-Az in cyclohexane or mixed isomers of Az in
OA2 at photostationary state (PSS). We obtain PSS by continu-
ously irradiating the sample of Az@OA2 with a high-intensity
300 nm light-emitting diode to obtain a steady-state equilib-
rium between the two isomers. Comparing the absorption
spectrum of the sample before and aer each TA measurement
conrms that the relative concentration of isomers remains
unchanged throughout the experiment. The TA measurements
for pp* excitation use either a 1 mM solution of the trans
isomer of a compound dissolved in cyclohexane or a �0.5 mM
solution of the trans isomer inside the aqueous OA2 capsule. We
measure all TA spectra in a circularly translating quartz cuvette
with a path length of 1 mm.

The TA measurements use the modied output of a regen-
eratively amplied Ti:sapphire laser (Legend Elite, Coherent)
operating at 1 kHz. A portion of the 800 nm output of the laser is
passed into an optical parametric amplier (OPA) with two
additional stages of nonlinear frequency conversion to generate
pump pulses at either 470 or 320 nm. A CaF2 prism pair
compresses the pump pulses to a duration < 80 fs and a zero-
order l/2 wave plate sets the pump polarization to parallel or
perpendicular orientation with respect to the probe. We focus
the pump pulses into the sample with an energy of <1.2 mJ per
pulse and diameter of �200 mm. Broadband probe pulses
covering the range 340–990 nm come from white-light
continuum generation in a circularly translating CaF2 crystal
using the 1200 nm signal from a second, home-built OPA. We
use a pair of parabolic mirrors to collimate, then focus the
probe beam into the continuously translating sample, where
the pump and probe beams overlap at a small crossing angle.
Aer passing through the sample, a prism disperses the probe
pulses onto a 256-element photodiode array for shot-to-shot
detection. A synchronized chopper blocks every other pump
pulse for active background subtraction, and we average 103

laser pulses per time delay for each spectrum. We continuously
translate the sample in order to avoid accumulation of photo-
product in the laser focal volume. We measure TA spectra for
both parallel and perpendicular polarization, then calculate the
isotropic spectra, DAiso ¼ (DAk + 2DAt)/3, in order to eliminate
contributions from rotational reorientation.41

Independently, we measure the trans / cis photo-
isomerization quantum yields (Ft/c) for pp* excitation by
monitoring the change in transmission of 320 nm laser pulses
through a solution of the trans isomer in a static 1 mm
cuvette.42,43 In order to account for small shot-to-shot uctua-
tions of the laser, we use a 50% beam splitter to separate the UV
laser light into signal and reference beams before the sample,
This journal is © The Royal Society of Chemistry 2020
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then simultaneously measure the intensity of the two beams
with identical integrating photodiodes operating at 1 kHz. The
transmission of the signal beam through the sample (1.5 mm
beam diameter, 2.5 nJ per pulse incident energy) increases as
a function of time due to the conversion from trans to cis. The
change in absorption is proportional to the number of mole-
cules that isomerize, because only the trans isomer has appre-
ciable absorption at 320 nm. Thus, we calculate Ft/c from the
relative change in absorption as a function of time compared
with the absolute absorption of the sample.
Fig. 3 Ground-state pp* absorption band for the series of t-Az
derivatives in cyclohexane (top panel) and in the OA2 capsule (bottom
panel). Vertical dashed line indicates the excitation wavelength of
320 nm.
3 Results and analysis
3.1 Ground-state spectra and quantum yields

Fig. 2 shows the ground-state absorption spectra of t-Az in
cyclohexane, t-Az@OA2 in borate buffer, and
adamantane@OA2 in borate buffer. The t-Az spectrum has
a strong pp* absorption band near 320 nm and a weaker np*
absorption band near 440 nm. The weaker band is also shown
on an expanded scale for clarity. The spectrum of t-Az@OA2 is
very similar to that of the freely solvated molecule, except for
an overlapping absorption band of OA2 below 300 nm and
a shi of the pp* band to slightly longer wavelength. The
spectrum of adamantane@OA2 conrms that the band at
280 nm is due to the OA2 capsule, because adamantane is
transparent above 200 nm.44

In Fig. 3, we compare the pp* absorption bands for the
series of alkyl-substituted azobenzenes. All six molecules have
similar spectra in cyclohexane, except for a slight shi to longer
wavelength with the addition of one or two alkyl substituents.
Similar to t-Az, most of the spectra shi further to the red upon
encapsulation, but retain the same vibronic structure. However,
the spectra for t-EtAz@OA2 and t-PrAz@OA2 clearly deviate from
the others. The pp* absorption bands for these two encapsu-
lated compounds are shied to higher energy and have signif-
icantly less vibronic structure, which is a signature of reduced
conjugation and indicates a distorted, non-planar equilibrium
Fig. 2 Ground-state absorption spectra of t-Az in cyclohexane (red),
t-Az@OA2 (blue), and adamantane@OA2 (green). Adamantane is
transparent in this wavelength range.

This journal is © The Royal Society of Chemistry 2020
geometry inside the OA2 capsule.35 The effect is not surprising
for these two molecules, as they have the longest alkyl chains,
and therefore experience the most crowding inside the capsule.
Interestingly, the di-substituted compounds t-Me2Az and t-
EtMeAz retain their vibronic structure in the capsule, even
though the total lengths of these two molecules are similar to t-
EtAz and t-PrAz, respectively. The difference probably reects
better packing of the alkyl groups into the ends of the OA2
capsule for the di-substituted compounds compared with the
packing of the unmodied phenyl ring for the mono-
substituted compounds of the same length. Azobenzenes with
alkyl tails longer than three carbon atoms do not t inside the
capsule.32,33
Table 1 Photoisomerization quantum yields Ft/c for pp* excitation
at 320 nma

Ft/c(solution) Ft/c(capsule)

t-Az 0.11(4) 0.05(3)
t-MeAz 0.10(4) 0.10(4)
t-EtAz 0.15(4) 0.12(4)
t-PrAz 0.12(4) 0.17(4)
t-Me2Az 0.13(4) 0.05(3)
t-EtMeAz 0.13(4) 0.03(2)

a Estimated 2s uncertainties for the absolute quantum yields in
parentheses. The relative uncertainties are smaller due to back-to-
back measurements under identical conditions.

Chem. Sci., 2020, 11, 9513–9523 | 9515
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We report the trans/ cis photoisomerization quantum yields
(Ft/c) for pp* excitation of all six compounds in Table 1. The
estimated 2s uncertainties in the table are for the absolute
quantum yields, but the relative uncertainty between the
measurements is much smaller because we made back-to-back
measurements using identical conditions. The quantum yields
are similar for all of the compounds in solution, ranging from
0.10 to 0.15, but vary considerably for the encapsulated
compounds. The quantum yield increases systematically with
chain length for the encapsulated mono-substituted compounds,
from 0.05 for unsubstituted t-Az@OA2 to 0.17 for the molecule
with the longest alkyl chain, t-PrAz@OA2. Notably, the value for t-
PrAz@OA2 is even larger than the quantum yield for the same
molecule in solution. In contrast with the mono-substituted
compounds of similar total length, the quantum yields for the
encapsulated dialkyl-substituted azobenzenes t-Me2Az@OA2 and
t-EtMeAz@OA2 are only 0.05 and 0.03, respectively, which are
much lower than the corresponding value of 0.13 in solution.
3.2 Transient absorption spectroscopy

The top panel of Fig. 4 shows the evolution of the transient
absorption (TA) spectrum following np* excitation of
Fig. 4 Evolution of the TA spectra following np* excitation at 470 nm
for t-Az in cyclohexane and Az@OA2 at PSS. The bottom panel
compares the decay at the maximum of the excited-state absorption
bands.

9516 | Chem. Sci., 2020, 11, 9513–9523
unsubstituted t-Az in cyclohexane. The transient spectrum has
a strong excited-state absorption (ESA) band centered near
395 nm and a weaker band near 540 nm. As reported previ-
ously,18,21 the stronger absorption band shis and narrows
slightly due to vibrational relaxation within the rst few
hundred fs, then both bands decay simultaneously to the
baseline within a few ps as excited molecules return to the
ground state. A weak absorption feature below 375 nm persists
for up to �20 ps due to broadening and red-shiing of the
ground-state pp* absorption band for the vibrationally excited
trans isomer.45 Consistent with the low quantum yield for trans
/ cis isomerization of azobenzene (Table 1),46 the TA signal
essentially returns to the baseline at longer delay times.

The middle panel of Fig. 4 shows the evolution of the TA
spectrum for np* excitation of Az@OA2 at photo-stationary state
(PSS). We use PSS in this case in order to avoid variation of the
background signal from direct excitation of c-Az@OA2 at
470 nm. Unlike the experiments in solution, the accumulation
of c-Az@OA2 is difficult to avoid for np* excitation in the small-
volume sample due to the very slow thermal cis/ trans recovery
of the encapsulated molecules.47 Even a small population of c-
Az@OA2 contributes to the TA signal because the molar absor-
bance of the cis isomer is nearly three times larger than trans at
this excitation wavelength. Although the measurement at PSS
contains contributions from both isomers, the relative
concentration remains constant throughout the duration of the
measurement, and therefore simplies the analysis. Based on
the ground-state absorption spectra of the two isomers
(Fig. S1†), we estimate that�23% of encapsulatedmolecules are
in the cis geometry at PSS, giving an initial excited-state pop-
ulation consisting of �40% cis and �60% trans.

Despite the simultaneous excitation of both c-Az@OA2 and t-
Az@OA2, the TA spectrum for the encapsulated sample at PSS is
very similar to the spectrum of t-Az in solution, suggesting that
the trans isomer provides the dominant contribution to the
transient signal. Consistent with this observation, our global
ts to the TA data (described below) reveal only a weak contri-
bution from the excited state of c-Az@OA2. However, the ESA
band shis to slightly longer wavelength and decays much
slower in the capsule than in solution, as illustrated in the
bottom panel of Fig. 4. The �10 nm shi of the ESA band is
similar to the shi of the ground-state pp* absorption band in
Fig. 2. The longer excited-state lifetime in the capsule prevents
accumulation of vibrationally excited molecules in the ground
state, which was responsible for the positive absorption feature
below �375 nm in cyclohexane. At the same time, the shi of
the ground-state absorption band results in a transient ground-
state bleach, and therefore appears as a steep reduction of the
TA signal below�360 nm that we do not observe in cyclohexane
for the same range of probe wavelengths.

The TA spectra following pp* excitation of t-Az and t-
Az@OA2 are shown in Fig. 5, where we divide the evolution of
the spectra into separate panels to better represent the rapid
relaxation from S2 to S1 within the rst �200 fs, and the
subsequent relaxation from S1 to S0 on a longer time scale.34

Unlike the np* experiments above, PSS is unnecessary in the
case of UV excitation, because the signicantly weaker
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Evolution of the TA spectra following pp* excitation at 320 nm of t-Az in cyclohexane (left) and t-Az@OA2 (right). The upper panels show
only the first few hundred fs, the lower panels show the evolution up to �100 ps.
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absorption of the cis isomer at 320 nm results in a negligible
contribution to the transient signal from direct excitation of
that isomer. The lower isomerization yield for UV excitation also
reduces the amount of cis isomer that forms. Comparing the
static absorption spectra before and aer each TAmeasurement
conrms that there is minimal accumulation of cis isomer over
the duration of the experiment for pp* excitation.

The initial ESA spectrum following pp* excitation has
several broad features, including a prominent absorption band
near 485 nm and weaker bands near 600 and 710 nm.45,48 This
spectrum is similar in both samples, except for additional
broadening of the individual ESA bands for the encapsulated
compound. In both cases, the S2 absorption decays within�100
fs and is replaced by a spectrum that is very similar to the S1
spectrum that we observe following direct np* excitation at
470 nm. An isobestic point near �450 nm conrms direct
relaxation from S2 to S1 in both environments. The slight
broadening of the S1 spectra compared with Fig. 4 probably
reects excess vibrational energy following internal conversion
from S2.
3.3 Kinetic models

Global ts to the TA spectra reveal more detailed information
about the excited-state dynamics. We use a combination of
singular value decomposition (SVD)49 and ts to the TA data
with a sum of exponentials (e.g. Fig. S3†) to determine the
smallest number of time constants that are necessary to accu-
rately reproduce the evolution of each spectrum. We then use
target analysis to apply more restrictive kinetic models in the
ts to the data.50 Target analysis gives species-associated spectra
(SAS) that represent individual states in the kinetic model,
where the time evolution of the spectra are restricted by the
This journal is © The Royal Society of Chemistry 2020
specied pathways between states. All of the ts include
a convolution of the kinetics with a Gaussian instrument
response function (100 fs fwhm) to account for the time-
resolution of our measurement. We allow all of the time
constants and amplitudes to vary in each of the ts, except
where indicated otherwise.

3.3.1 np* excitation at 470 nm. The top panel of Fig. 6
shows the SAS and associated time constants for np* excitation of
t-Az in solution. We model the kinetics in cyclohexane based on
previous work showing a competition between relaxation path-
ways in the excited state.28,34 The model begins with vibrationally
excited S*1 that relaxes through two competing channels, one that
returns directly to the ground state in �1 ps, and a second that
undergoes vibrational relaxation in S1 before returning to the
ground state on a timescale of 2.4 ps. This branching in the
excited state represents a bifurcation between one pathway that
directly accesses a conical intersection with the ground state and
a second pathway that relaxes to a minimum-energy structure in
the excited state before crossing a barrier to reach either the same
or a different conical intersection.20 Both channels lead to the
vibrationally hot ground state, S*0, which then dissipates energy to
the solvent to reach the equilibrated S0 on a timescale of 13.0 ps.
Importantly, the SAS from the ts are consistent with the kinetic
model, including a slight shi and narrowing of the primary ESA
band from S*1 to S1, and a tail below �375 nm due to broadening
of thepp* absorption band for S*0 compared with S0.45 Themodel
does not distinguish between cis and trans isomers in the relaxed
ground state, because the weak contribution from S*0 is not
sufficient to determine the branching ratio directly from the TA
measurements.

The bottom panel of Fig. 6 shows the SAS that we obtain for
np* excitation of the mixed isomers of Az@OA2 at PSS. We use
Chem. Sci., 2020, 11, 9513–9523 | 9517
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Fig. 6 Species-associated spectra for np* excitation of t-Az in
cyclohexane (top) and mixed t-Az@OA2/c-Az@OA2 at PSS (bottom).
The kinetic models and lifetimes from the global fits are shown in the
insets. See text for details.

Fig. 7 Species associated spectra for pp* excitation of azobenzene in
cyclohexane (top) and the OA2 capsule (bottom). The spectra are from
global fits to the transient absorption spectra using the kinetic models
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a kinetic model with parallel contributions for the cis and trans
isomers, as shown in the inset. The model for relaxation of t-
Az@OA2 is similar to the model in solution, except that we do
not observe a rapid decay of the total TA signal strength within
the rst ps for the encapsulated molecule, and therefore do not
include a direct relaxation channel from S*1 to S*0 in the capsule.
Instead, the ESA band decays on a single timescale of 13.8 ps,
compared with the 2.4 ps lifetime in solution. Despite the very
different excited-state lifetimes, the SAS for t-Az@OA2 are
remarkably similar to the spectra in cyclohexane. It is not
necessary to include ground-state vibrational cooling (S*0 / S0)
in order to accurately reproduce the TA spectrum for the
encapsulated sample, but we nd that adding this component
with a xed lifetime of 13.0 ps recovers a weak signature below
375 nm that is similar to the vibrationally hot S*0 in solution. The
spectrum for S*0 is much noisier in the capsule because the hot
ground state cools on the same timescale as the electronic
relaxation from S1, and therefore prevents accumulation of
highly vibrationally excited molecules.

The global ts reveal an additional feature in the evolution of
the TA spectrum of the mixed encapsulated isomers that decays
on a time scale of 2.0 ps. We condently assign this feature as
the excited state of c-Az@OA2, because the SAS (gold spectrum
in Fig. 6) has absorption bands near 400 and 550 nm that closely
resemble the ESA spectrum for np* excitation of c-Az in solu-
tion.21 The previously reported spectrum for c-Az has broader
and weaker absorption bands than the excited-state spectrum of
the trans isomer, just like we observe here. Although the 2.0 ps
lifetime that we observe for c-Az@OA2 is signicantly longer
than the �100 fs lifetime previously reported for c-Az in solu-
tion,21,45,51 this differencemirrors the order-of-magnitude longer
9518 | Chem. Sci., 2020, 11, 9513–9523
lifetime of the trans isomer in the capsule compared with
solution.

3.3.2 pp* excitation at 320 nm.We analyze the evolution of
the TA spectrum following pp* excitation of t-Az in cyclohexane
using a similar kinetic model as np* excitation, except for the
addition of an initial relaxation step from S2 to S*1. In order to
improve the quality of the ts we x the S2 / S*1 internal
conversion time at 50 fs based on measurements with higher
time resolution by Nenov, et al.28 The top panel of Fig. 7 shows
the SAS. The spectra for S*1, S1, and S*0 are all very similar to the
spectra from np* excitation, with some additional broadening
of S*1 that is probably a signature of excess vibrational energy
following internal conversion from S2.42 The spectrum for S2 is
distinct from the other states, and includes a negative stimu-
lated emission band near 400 nm that closely matches an S2 /
S0 uorescence band that was previously reported following
pp* excitation of t-Az.22,52

Importantly, the kinetic model for pp* excitation of t-
Az@OA2 requires an additional component compared with t-Az
in cyclohexane. The additional lifetime is evident from both
SVD and the global ts to the data using a sum of exponentials,
each of which suggests that a total of at least ve time constants
are necessary to accurately reproduce the evolution of the
experimental TA spectrum for the encapsulated sample. Thus,
in addition to the initially excited S2, we include an extra feature
(S

0
1) for the encapsulated molecule. The kinetic model that gives

the best agreement with experiment is shown in the bottom
panel of Fig. 7, along with the resulting SAS from target analysis.
We tested several different kinetic models, but only this model,
which includes three distinct channels for the relaxation of S*1,
shown in the insets. See text for details.

This journal is © The Royal Society of Chemistry 2020
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gives a good t to the data and also is consistent with the results
from above. We exclude other kinetic models based on poor ts
to the data or unreasonable results, such as articially short
lifetimes (i.e. <50 fs) for species other than S2, or SAS with
negative spectral features above 500 nm. As before, we convo-
luted the ts with a 100 fs instrument-response function, and
used a xed lifetime of 50 fs for the relaxation of S2.

The SAS for S2 and S*1 of t-Az@OA2 are similar to the spectra
in solution, and decay on roughly the same two time scales (50
fs and �300 fs, respectively) in both environments. However,
a key result from the model for pp* excitation of t-Az@OA2 is
the presence of two distinct excited-state species (S1 and S

0
1) with

lifetimes of 13 and 2.4 ps, respectively. We assign the species
with a lifetime of 13 ps as the relaxed S1 state of t-Az@OA2,
based on the similar spectrum and lifetime that we observe
following np* excitation of the encapsulated molecule. We
assign the other feature, S

0
1, as the relaxed excited state of the cis

isomer, even though we excite only the trans isomer of the
encapsulated compound at 320 nm. Importantly, both the
spectrum and the 2.4 ps lifetime of S

0
1 closely match the spec-

trum and lifetime that we observe following direct np* excita-
tion of c-Az@OA2 at 470 nm. Formation of the cis excited state
aer pp* excitation of t-Az@OA2 implies adiabatic isomeriza-
tion in S1, which we observe only at the higher excitation energy
and in the conned environment of the capsule.

3.3.3 Alkyl-substituted azobenzenes. The TA spectra for
pp* excitation of the ve alkyl-substituted azobenzenes in
solution and in the capsule are shown in Fig. S5 and S6 of the
ESI.† In cyclohexane, the spectra and decay times for all ve
molecules are essentially the same as unsubstituted t-Az,
therefore we model the evolution of the TA spectra using the
same kinetic model in each case. The global ts give similar
lifetimes and SAS for all six compounds in solution, regardless
of alkyl substitution. In contrast, the decay times for the
encapsulated compounds depend on both the number and
length of alkyl substituents. We also nd that the kinetic
models require some variation with the structure of the mole-
cule in order to give reasonable ts for the encapsulated
samples. The main difference is whether or not we include
a channel for direct relaxation from S*1 to the ground state. For
unsubstituted t-Az@OA2 and the mono-alkyl substituted
Table 2 Excited-state lifetimes for pp* excitationa

Solution Capsule

sS1 (ps) sS1 (ps) sS0
1
(ps)

t-Az 2.6 13 2.4
t-MeAz 1.8 15 2.4
t-EtAz 2.3 21 3.8
t-PrAz 2.5 26 5.6
t-Me2Az 2.4 35 3.3
t-EtMeAz 2.6 55 3.5

a From global ts using the kinetic models described in the text. For
encapsulated molecules, the model includes two distinct excited-state
species, S1 and S

0
1.

This journal is © The Royal Society of Chemistry 2020
derivatives, we observe rapid decay of the ESA that requires the
direct S*1 / S*0 relaxation channel. The same model gives a poor
t to the data for the di-substituted azobenzenes, Me2Az@OA2
and EtMeAz@OA2, where the TA spectra do not rapidly decrease
in intensity aer the initial electronic relaxation to S*1. Instead,
we remove the direct S*1 / S*0 relaxation channel from the
model for these two compounds. In all cases, we use a xed
lifetime of 10 ps for the S*0 lifetime due to the insensitivity of the
t to this small-amplitude signal. The SAS for the full series of
compounds are presented in the ESI† and the lifetimes of S1
and S

0
1 are listed in Table 2.

A comparison of the lifetimes of the encapsulated molecules
with those in solution is informative. While the S1 lifetimes are
essentially the same for all of the compounds in solution (�2.5
ps), the lifetimes are signicantly longer in the capsule, ranging
from 13 ps for unsubstituted t-Az@OA2 to 55 ps for t-
EtMeAz@OA2. The S

0
1 lifetimes in the capsule also depend on

the length of the substituent, increasing from 2.4 to 5.6 ps for
the mono-substituted compounds, with the di-substituted
compounds having intermediate lifetimes.

Fig. 8 compares the SAS for the S1 state of each compound in
solution with the S1 and S

0
1 spectra in OA2. For the encapsulated

compounds, we shade the S1 spectra below 360 nm due to
complications from overlapping spectral features in the target
analysis. On one hand, the similar timescales for electronic
relaxation of S1 and vibrational cooling of S*0 results in an arti-
cial increase of the S1 SAS below �360 nm for t-Az@OA2, t-
MeAz@OA2, and t-EtAz@OA2. On the other hand, the red-
shied ground-state pp* absorption bands for the two di-
substituted compounds result in ground-state bleaching that
is not accounted for in our model and therefore gives a steep
decrease of the SAS below 360 nm. t-PrAz@OA2 has a long
enough S1 lifetime and small enough shi of the ground-state
absorption band that it is not susceptible to these issues, but
the relative population of S1 is much smaller in that case, giving
a poorer signal-to-noise ratio for the SAS.

Neglecting the known discrepancies below 360 nm, Fig. 8
shows that the S1 SAS are similar for all of the compounds, both
in solution and in the capsule. However, the S

0
1 SAS are more

variable across the series of encapsulated molecules. The main
ESA band in the S

0
1 spectrum broadens and splits into two

overlapping features with increasing length of the alkyl
substituent. Notably, the spectra for S

0
1 of the di-substituted

compounds have a different shape than the spectra for the
mono-substituted compounds, including more pronounced
splitting of the ESA band and higher intensity of the longer
wavelength component near 440 nm. A weaker ESA band near
550 nm for Az@OA2 and the encapsulated mono-substituted
compounds also shis �50 nm to longer wavelength for the
disubstituted compounds in the capsule.

4 Discussion
4.1 Isomerization mechanism

Our kinetic modeling and global ts reveal interesting details
about the excited-state dynamics of t-Az in solution and in the
capsule. The schematic potential energy diagrams in Fig. 9
Chem. Sci., 2020, 11, 9513–9523 | 9519
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Fig. 8 The upper panel shows the SAS for S1 in solution. The lower
panels show the S1 and S

0
1 SAS inside the OA2 capsule. The shaded

band indicates a region with known artifacts in the S1 SAS of the
encapsulated molecules.
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illustrate the reaction pathways and lifetimes that we extract
from the models for np* and pp* excitation in each environ-
ment. An important difference between the models in Fig. 9 is
the fast S*1 / S*0 electronic relaxation channel. We observe this
prompt relaxation for both np* and pp* excitation in solution,
indicating that there is a direct pathway to access a conical
intersection (or conical seam) with the ground state. However,
not all molecules take this direct pathway, and some relax to
a local minimum energy structure on the S1 excited state. The
excited-state lifetime of �2.5 ps in solution represents the
activated barrier crossing to escape the local minimum and
access the region of the conical intersection. The topology of the
conical intersection determines the branching between trans
and cis isomers when molecules return to the ground electronic
state.26,53

The direct pathway to the conical intersection has been
identied as a likely explanation for the different quantum
yields following np* and pp* excitation.28,34 The trans / cis
isomerization yield for pp* excitation to S2 is lower than it is for
9520 | Chem. Sci., 2020, 11, 9513–9523
direct np* excitation to S1.14 Although early reports attributed
the different quantum yields to the different electronic char-
acter of the initially excited states, more recent explanations
point to the role of excess vibrational energy following rapid
internal conversion from S2 to S*1.

17,54–56 Internal conversion
from S2 to S*1 leaves the molecule with sufficient excess vibra-
tional energy to access higher-energy regions of the S1–S0
conical seam, which preferentially leads back to the trans
isomer in the ground state. Thus, the ‘non-Kasha’ behavior, i.e.
the different reaction yields for excitation to S2 and S1, is a result
of competition between rapid (few ps) isomerization and
vibrational cooling in the excited state.

In contrast with the dynamics in solution, the direct S*1 / S*0
relaxation pathway is absent for np* excitation in the capsule,
where steric restrictions may inhibit the motions required to
access the conical seam. Steric restriction is consistent with the
larger barrier to escape the S1 local minimum and therefore the
longer excited-state lifetime of 13.8 ps in the capsule compared
with only 2.4 ps in solution. However, the fast electronic relax-
ation pathway becomes accessible again in the capsule for
higher-energy excitation into the pp* band. Excitation of the
pp* band provides enough energy to overcome the barrier
(including steric restrictions) aer internal conversion from S2.

Our results are consistent with the proposed reaction
mechanism of Nenov et al.,28 who showed that the minimum-
energy reaction path for freely solvated t-Az involves inversion-
assisted rotation on S1. This reaction path begins with in-
plane bending of a phenyl ring along the inversion coordi-
nate, then includes some out-of-plane rotation to access
a conical intersection with the ground state. The inversion-
assisted rotation mechanism results from mixing of the np*
and pp* states along the reaction coordinate.27 In the capsule,
the deeper local minimum on the S1 potential inhibits the
motion to access the region of the conical intersection, possibly
due to distortion of the molecule into a nonplanar geometry
that inhibits the proposed initial motion along the in-plane
inversion coordinate. For pp* excitation, rapid internal
conversion from S2 provides sufficient excess energy for the
molecule to deviate from the minimum-energy path and over-
come the larger barrier at nonplanar geometries. The �50 fs
lifetime of S2 suggests that the motion toward the conical seam
probably occurs in the vibrationally excited S*1, rather than S2.
The timescales for the initial relaxation from S2 to S1 and the
vibrational and structural relaxation on S1 are essentially the
same in both environments, indicating that the early relaxation
processes are largely insensitive to connement.57

Another key result from our measurements is the observa-
tion of the second excited-state species, S

0
1, aer pp* excitation

in the capsule. Although we excite c-Az@OA2 directly in the np*
excitation experiments at PSS, the measurements for pp*

excitation use a pure solution of t-Az@OA2. Nevertheless, we
observe the same S

0
1 absorption feature in both cases. The two

distinct excited-state features indicate the presence of both
trans and cis excited-state structures following pp* excitation of
t-Az@OA2. This implies an excited-state isomerization pathway,
probably on the S1 potential energy surface. Adiabatic isomeri-
zation to populate the trans excited state aer excitation of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Schematic diagram of the potential energy curves for Az in cyclohexane (top) and Az@OA2 (bottom). The left side shows the reaction
pathway for np* excitation, and the right side shows pp* excitation.
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cis isomer has been observed,45 but the encapsulated azo-
benzenes in OA2 are the rst example to our knowledge showing
the reverse process of trans / cis excited-state isomerization.

Our results support an emerging picture that molecules may
explore a wide range of structures in the excited state even
though the reaction dynamics are largely determined by the
minimum-energy path.58,59 In other words, the excited-state
wave packet may sample both cis and trans regions of the
potential, even in solution, but we observe the cis isomer only in
the capsule due to “trapping” of that structure in the restricted
environment of the capsule. Branching between the three
channels (i.e., the direct pathway to the ground state, and
relaxation to the trans and cis local minima) depends on the
relative time scales for vibrational cooling and to explore ener-
getically accessible regions of the excited-state potential energy
surface. Vibrational relaxation essentially quenches the excited-
state dynamics within a few hundred fs, trapping the molecules
in any accessible local minima. We observe the encapsulated cis
isomer because of the deeper well in the conned environment,
which is evident from the signicantly longer lifetime of 2 ps for
c-Az@OA2 compared with the sub-100 fs lifetime of c-Az in
solution.45 This picture suggests that excitation of the pp* band
not only provides enough energy to overcome the barrier to
access the S1–S0 conical intersection directly, but also to reach
the cis geometry of the excited state.
This journal is © The Royal Society of Chemistry 2020
4.2 Crowding effects

The variation of the excited-state lifetimes and spectra across
the series of encapsulated alkyl-substituted azobenzenes reveals
additional changes in the excited-state dynamics due to
connement. In solution, the lifetimes and spectra are essen-
tially independent of alkyl substitution, therefore the differ-
ences among the encapsulated compounds are largely due to
steric restrictions of the capsule. Increasing the alkyl-chain
length probes the role of crowding on the reaction dynamics
because longer molecules have less space to rearrange. The
similar lifetimes in solution are due to the substituents having
little inuence on the p-conjugation, and being located at the
para position of the phenyl rings, where they do not inhibit the
isomerization.

For t-Az@OA2 and the encapsulated mono-substituted
compounds, the excited-state lifetime increases with chain
length, suggesting a deeper local minimum on S1 with
increasing size. This is consistent with an increasingly distorted
excited-state geometry in the capsule that inhibits the initial in-
plane motion along the inversion-assisted rotational reaction
coordinate. More distortion due to increased crowding results
in a larger barrier to reach the region of the conical intersection,
and therefore the longer excited-state lifetimes compared with
solution. The minimum-energy pathway in solution starts from
Chem. Sci., 2020, 11, 9513–9523 | 9521
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a planar structure on the S1 surface, for which the barrier height
is smallest.20 At the same time that the S1 lifetime increases, we
also observe a signicant distortion of the S

0
1 spectrum with

increasing chain length. The splitting of the S
0
1 SAS into two

bands suggests that the electronic structure of the S
0
1 state

changes across the series of encapsulated molecules. The
progressive change in the S

0
1 SAS for the mono-substituted

compounds probably represents increasing distortion as the
chain length increases, a trend that is also evident in the
ground-state where the pp* absorption bands indicate a dis-
torted, nonplanar geometry of the longest mono-substituted
compounds, t-EtAz@OA2 and t-PrAz@OA2.

The dynamics are even more sensitive to encapsulation for
the di-substituted compounds, which prefer to remain in the
trans structure due to stable packing of the alkyl tails in the ends
of the capsule. For example, the absence of a fast S*1 / S*0
relaxation channel for the disubstituted compounds indicates
that encapsulation prevents these molecules from easily
accessing the region of the conical seam, even aer excitation to
the higher-energy pp* state. Favorable packing of the alkyl tails
into the two ends of the OA2 capsule favors the extended trans
geometry, and possibly stabilizes an excited-state structure that
then inhibits the isomerization. The favorable packing of the
trans isomer of the disubstituted compounds is also reected in
the very low isomerization quantum yields for the two encap-
sulated molecules compared with solution and with the other
encapsulated compounds (Table 1).

The interaction of the alkyl tails with the capsule provides an
explanation for the variation of the S

0
1 SAS across the series of

encapsulated compounds. An unsubstituted phenyl ring does
not t into the ends of the capsule as well as the smaller alkyl
tails, therefore crowding favors the more compact structure of
the cis isomer to compensate the lengthening of the molecule
with increasing alkyl chain length. The unsubstituted and
mono-substituted compounds therefore increasingly favor the
cis structure as the length of the tail increases, resulting in the
higher quantum yields and stronger perturbation of the SAS as
crowding becomes more severe.35 In contrast, the di-substituted
compounds always favor the trans structure, and even the S

0
1

state probably retains a more distorted trans-like structure for
these molecules in the capsule. Excited-state simulations for the
encapsulated compounds would be helpful to elucidate the
structures, but the very low quantum yield for disubstituted
compounds clearly shows the impact of alkyl tails in changing
the reaction path inside the OA2 capsule.

Finally, we point out that connement probably also affects
the topology at the conical seam directly, leading to a lower
quantum yield for pp* excitation in the capsule (5%) compared
with solution (11%) even for unsubstituted t-Az. The impact
becomes greater with increased crowding, and it is interesting
to note that the isomerization quantum yield actually increases
in the capsule compared with solution for the longest mono-
substituted compound. This result is not entirely surprising
considering the change in relative stability of the trans and cis
isomers with increasing chain length,35 but nevertheless high-
lights the sensitivity of the excited-state dynamics and reaction
pathways to connement.
9522 | Chem. Sci., 2020, 11, 9513–9523
5 Conclusion

The ultrafast spectroscopy for a series of encapsulated alkyl-
substituted azobenzene derivatives provides insight into the
fundamental photoisomerization reaction following np* and
pp* excitation. In comparison with the azobenzene derivatives
in solution we observe the encapsulated azobenzene molecules
to have increasing excited-state lifetimes with increasing
molecular length when relaxing from the S1 state due to the
increasing sterical hindrance for phenyl rotational motion
within the capsule. The conned environment opens up an
additional relaxation pathway leading to a S

0
1 species, which for

the mono-substituted derivatives resembles the formation of
the cis excited-state isomer. Restricting the excited-state
dynamics with di-substitution at the 4 and 40 positions of the
azobenzene molecule greatly impedes the inversion mecha-
nism, which results in signicantly lower trans / cis quantum
yields and an S

0
1 species that has a highly out-of-plane distorted

geometry. The fundamentally different behavior observed in the
conned environment demonstrates the importance of under-
standing the unique mechanisms for the isomerization of
azobenzene, including the non-Kasha behavior that results in
different quantum yields for np* and pp* excitation.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This material is based upon work supported by the National
Science Foundation under grants CHE-1151555 (C. G. E.) and
CHE-1807729 (V. R.). C. J. O. also acknowledges support by the
US Department of Energy, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences, and Biosciences
through Argonne National Laboratory under Contract No. DE-
AC02-06CH11357.

Notes and references

1 C. Dugave and L. Demange, Chem. Rev., 2003, 103, 2475–
2532.

2 A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 2011, 40,
4422–4437.

3 O. P. Ernst, D. T. Lodowski, M. Elstner, P. Hegemann,
L. S. Brown and H. Kandori, Chem. Rev., 2014, 114, 126–163.

4 M. Vengris, M. A. van der Horst, G. Zgrablić, I. H. M. van
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