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Abstract

The intramolecular [4+4] photodimerization of anthracene chromophores in covalent assemblies
can be harnessed to create negative photochromic systems. This paper reports the characterization
of the photophysical and photochemical properties of a new class of asymmetric phenyl-linked
bis(anthracene) photochromes and compares their behavior with that of a previously studied

symmetric ethylene-linked analog. Steady-state and femtosecond time-resolved spectroscopic

experiments show that both types of bis(anthracenes) support a neutral bright state along with a
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lower-energy charge resonance state. After photoexcitation, both states relax on sub-10 ps
timescales, but with significantly different photodimerization quantum yields: 0.83 using 532 nm
excitation of the charge-resonance state versus 0.46 for 400 nm excitation of the neutral bright
state. The phenyl-linked bis(anthracene) derivatives exhibit superior thermal stability and
reversibility due to a lower activation energy for dimer dissociation (94 kJ/mol versus 110 kJ/mol).
Quantum chemical calculations reveal the structure of the neutral and charge-resonance excited
states and can rationalize the higher photodimerization quantum yield of the latter. The phenyl
linker enforces close alignment of the anthracene moieties, shifting the charge resonance state to
lower energy and extending the wavelength range of the photochrome while also raising the energy
of the photodimer ground state to enhance the backward reaction rate. The phenyl-linked
bis(anthracenes) provide a promising system to harness the [4+4] photodimerization reaction with

high quantum yield, room temperature reversibility, and cyclability.

Introduction

Photochromic molecules have a variety of applications, including sensing, biological
imaging, information storage, and photomechanical actuation.! There are ongoing efforts to
develop new classes of photochromes that rely on different photoisomerization reactions.
Commonly used unimolecular reactions are the E-Z photoisomerization supported by
azobenzenes® 3, hydrazone derivatives*®, and the diarylethene ring opening-closing reaction
popularized by Irie and coworkers.” These molecules are usually classified as positive
photochromes whose reactant and product absorption spectra have substantial overlap. The
overlapping absorption spectra lead to two related problems. First, if the reaction can be reversed
by photoisomerization of the product (P-type reversibility), then a photostationary state (PSS) will

be established that prevents 100% conversion of the sample. Second, even in the absence of P-
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type reversibility, the photoproduct absorption prevents the actinic light from reaching subsurface
reactant molecules in optically thick samples. Often, both effects are present, and the
establishment of an absorbing PSS on the front face of a sample prevents photons from ever
reaching reactant molecules on the back side.

Negative photochromism offers a route to achieve 100% conversion of optically thick
samples.® In negative photochromes, the product absorption is blue-shifted from the reactant
absorption, so the actinic light can pass through to convert the layers behind it. There is no PSS
present because the product cannot absorb the incoming photons. To achieve negative
photochromism, the photoisomerization must disrupt conjugation within the reactant
photochrome. Most unimolecular photoisomerizations, like the E-Z bond rotation, do not lead to
a dramatic change in m-conjugation. Cycloaddition reactions provide a way to disrupt conjugation
thanks to the conversion of sp? carbons to sp? carbons. This can be accomplished in a unimolecular
reaction, as in the donor acceptor Stenhouse adduct class of photochromes that undergo a multistep
cyclization to completely eliminate absorption in the visible region.® 1 Bimolecular reactions,
like [2+2] and [4+4] photocycloadditions, provide another route to obtain negative
photochromism.!!- 12 These photochemical reactions shift the product absorption well into the
ultraviolet (UV) region and typically require either the application of deep UV light or a thermal
reaction to restore conjugation. Thermally reversible (T-type) photochromes have applications in
light-gating and photomechanical actuation'?-'4, and the timescale of this reversibility is a key
factor in such applications.

Intermolecular photocyclization reactions can be very efficient in crystals but tend to be
slow in solution, where diffusive encounters between an excited molecule and a second molecule

are required. To circumvent this problem, it is possible to use covalent linkers to tether
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photoreactive chromophores together and enable intramolecular photodimerization. For example,
a variety of linkers have been used to position a pair of anthracene moieties to undergo
intramolecular [4+4] photodimerization (Scheme 1)* 13-26, and this reaction has been harnessed to
make ion sensors.!'® 2728 Most of these bis(anthracene) compounds have been made with single
or relatively flexible tethers that do not enforce close contact between the constituent anthracenes.
To improve photodimerization quantum yields, workers have experimented with short-chain
alkane tethers, with the most-well-studied being bi(anthracene-9,10-dimethylene) (1) and similar
derivatives.?>-33 This molecule relies on symmetric ethylene linkers to connect the anthracenes
and undergoes photodimerization with quantum yields approaching unity. It has been proposed as
a candidate for photochemical solar energy storage*, but its low solubility and thermal stability
(see below) make such applications challenging.

Kubo and coworkers recently developed a synthetic pathway for making asymmetric
bis(anthracene) derivatives, in which one of the ethyl linkers is replaced by a phenyl group. 3>-37
This architecture confers additional rigidity to reduce conformational freedom, while also
providing a convenient handle to attach other functional groups, for example alkoxy chains to
improve solubility. (-H)mono-benzoannulated [2.2](9,10)anthracenophane (2) and (-OEt)mono-
benzoannulated [2.2](9,10)anthracenophane (3) belong to this new class of bis(anthracene)
photochromes, and we wanted to assess and compare their photophysical and photochemical
properties to those of the more well-studied molecule 1 (Scheme 1). Steady-state and time-
resolved spectroscopic methods are used to characterize their electronic structure and relaxation
dynamics, while their temperature and solvent dependent reaction rates allow us to assess the
reversibility of the photodimerization. Quantum chemical calculations provide a basis for the

assignment of neutral and charge-resonance excited states, as well as a way to rationalize the
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wavelength dependent quantum yield and trends in dimer dissociation. The phenyl linker enforces
close alignment of the anthracene moieties, shifting the intermolecular charge resonance state to
lower energy and extending the wavelength sensitivity of the photochrome. It also increases steric
strain within the photodimer to enhance the thermal (T-type) reversibility. These changes allow
the asymmetric bis(anthracene) derivatives to exhibit superior stability, solubility, and reversibility
as compared to the symmetric bis(ethyl)anthracene. This study illustrates that it is possible to
design covalent assemblies that harness interchromophore coupling to generate novel and useful

properties in a negative photochromic system.

Experimental

Synthesis: The synthesis of bi(anthracene-9,10-dimethylene) (1) was accomplished following the
method described by Golden?® with slight modification (Supporting Information). In short, 9,10-
bis(chloromethyl)anthracene and sodium iodide were slowly added to a mixture of excess sodium
iodide in acetone and allowed to reflux under a blanket of argon gas for 24 hours. Subsequent
purification and multiple recrystallization steps resulted in the formation of small orange crystals.
The synthesis of (-H)mono-benzoannulated [2.2](9,10)anthracenophane (2) was performed as
recently described.?® The synthesis of (-OEt)mono-benzoannulated [2.2](9,10)anthracenophane
(3) was achieved in a similar manner as 2 and is described in detail within the supporting

information.

Steady-state spectroscopy: Solutions were prepared in a 1 cm path length quartz cuvette.
Forward reaction rate measurements were performed using a Cary 60 UV/vis spectrophotometer.

An AloneFire SV13 LED 365 nm flashlight and a diffused continuous wave 532 nm laser were
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used as the excitation source for these experiments. To measure the reverse dissociation rates at

various temperatures, a Cary 500 UV/vis spectrophotometer with a built-in heating block was used.

Ultrafast spectroscopy measurements: Transient absorption experiments were performed using
a 1 kHz regeneratively amplified laser system (Coherent Libra). Experiments were conducted with
either 400 nm or 470 nm photoexcitation. The 400 nm pump beam was produced via frequency
doubling of the 800 nm laser fundamental in a BBO crystal, and the 470 nm pump was achieved
by optical parametric amplification (Quantronix Palitra) of the fundamental to 1880 nm and
subsequent frequency doubling performed twice in two BBO crystals. In both cases, residual laser
beams (fundamental, signal, idler, etc.) were removed with selectively reflective optics. A
supercontinuum probe was produced from another portion of the fundamental that was focused
into a sapphire plate. The pump was modulated to 500 Hz via a mechanical chopper. A half-wave
plate on the pump beamline was employed to set the relative polarization of pump and probe to
magic angle. A 775 nm short-pass filter was used on the probe beamline to remove the majority
of residual fundamental from the supercontinuum prior to reaching the sample, and an additional
hot-mirror and KGS5 color filter were positioned after the sample to optimize the signal into the
detector (Ultrafast Systems). Samples in chloroform solvent were flowed through a quartz 1 mm
pathlength cell using a peristaltic pump to ensure a fresh volume of sample for every laser pulse.
Clean solvent was used to repeatedly flush the cell and tubing lines in between samples. The
sample cell was positioned just before the focus of the pump beam. The sizes of the 400 and 470
nm pump beams at the sample position were measured by translation of a razorblade via a
computer-controlled actuator. Neutral density filters were used to attenuate the power of the pump

beam; the per pulse fluence of the 400 nm pump was 0.74 mJ/cm? , and the 470 nm pump was 0.20
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mJ/cm?.  Results were chirp-corrected according to the cross-correlation of pump and probe
measured by frequency-resolved optical gating experiments on pure chloroform. Chirp-correction

and data analysis were performed with home built LabView software.

Electronic structure calculations. Molecular geometries have been optimized within the density
functional theory (DFT) with the CAM-B3LYP exchange-correlation functional®® and the cc-
pVDZ. CAM-B3LYP employs a range-separated approach that combines short-range GGA exchange with
long-range Hartree-Fock exchange. This balance improves the description of electronic excitations,
especially in systems with significant charge-transfer character, which are of major relevance in the present
study. A multitude of studies have shown that CAM-B3LYP provides reliable excitation energies for a
variety of organic molecules, often outperforming traditional functionals that lack long-range correction.*”
Concretely, in a recent benchmarking study on the accuracy of DFT functionals for excited-state
calculations*’, CAM-B3LYP was among the best-performing functionals, with average deviations of
approximately 0.20 eV or slightly below, indicating its reliability in modeling excited states of organic
chromophores. Dispersion interactions have been included by means of the D3 empirical correction
with the Becke-Johnson (BJ) damping function.*! Excited states have been obtained with the
linear-response time-dependent DFT (TDDFT) within the Tamm-Dancoff approximation (TDA)*?
using the same energy functional and basis set. Excitation energies and oscillator strengths
calculated with the cc-pVDZ and cc-pVTZ basis sets show only minor differences (Table S2). The
convergence criterion for all Kohn-Sham self-consistent calculations was set to 107® a.u. For
TDDFT/TDA calculations, energy convergence was achieved when the residual fell below 107°
a.u. Two-electron integrals involving orbital pairs with overlaps smaller than 1074 a.u. were

neglected in all calculations. All these calculations were performed with the Q-Chem program.
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The character of electronic transition were quantified through the analysis of transition density

matrices as implemented in the Theodore package.*

Results
1. Steady-State Spectroscopy and Reaction Kinetics

The synthesis of molecules 1-3 is described in detail in the Supporting Information and
followed previous literature procedures.?®-3%3¢ We found that multiple recrystallization steps were
required to isolate pure 1. For samples that were not subject to rigorous purification, we found
that exposure to 365 nm light led to the appearance of an anthracene-like peak that never
completely disappeared, even after prolonged irradiation (Figure S11). The surviving peak
resembled that of monomeric anthracene, and its amplitude varied according to the number of
purification steps performed on the sample. The best explanation for these observations is that
larger ring oligomers containing #>2 anthracene moieties were formed during the synthesis. These
larger rings would prevent facile dimerization because the anthracenes along the circumference
would no longer be cofacial.

The crystal structures of 1-3 show that they all adopt a cofacial arrangement?®36-45 in which
the anthracene rings are within the 4.1 A distance required for photodimerization*® (Figure S12).
The close approach of the anthracene rings enables strong electronic interactions that affect the
electronic state structure. These effects can be seen by examining the absorption spectrum of 1
(Figure 1). There is a high energy feature, peaked at 382 nm, that occurs in roughly the same
location as monomeric anthracene. For the purposes of this paper, we associate this strongly
absorbing high energy feature with a bright excited state denoted Sg. In 1, this feature exhibits a

distorted vibronic peak progression whose intensities do not follow the classic Huang-Rhys pattern

Page 8 of 37



Page 9 of 37

Physical Chemistry Chemical Physics

seen in anthracene.*’” The decreased 0-0 peak amplitude relative to the 0-1 and 0-2 peaks is
suggestive of a strong excitonic interaction between the anthracene chromophores. The decrease
in 0-0 intensity is characteristic of an H-type dimer*®, as expected based on the parallel transition
dipole moments (TDMs) in the cofacial anthracene pair. At lower energies, a shoulder that extends
past 500 nm can be seen. This low-energy feature has been assigned to an intramolecular excimer
or charge transfer (CT) state by previous workers3!-4%, and here we denote it as the S, state.

The phenyl-linked molecule 2 shares the same qualitative absorption features as 1, but with
several important differences, as shown in Figure 1. First, the lineshape of the high-energy Sg
feature more closely resembles that of monomeric anthracene, with a dominant 0-0 peak and
decreasing 0-1 and 0-2 peak intensities. The relative peak intensities are still distorted, with the
0-0/0-1 ratio slightly higher than seen for anthracene, but nothing like the large changes seen in 1.
Second, the Sg feature of 2 and 3 has about twice the absorption strength of 1. Its peak absorption
coefficient of 16000 M-'cm™! is what is expected for a pair of independent anthracene molecules,
each contributing a value of 8000 M-'cm-!. Third, the low-energy S, feature for molecules 2 and
3 is shifted farther to the red while maintaining approximately the same absorption strength. The
absorption spectrum of molecule 3 is almost indistinguishable from that of 2, showing that addition
of the alkoxy group meta to the linker groups has a negligible effect on the electronic state
structure.

When solutions of 1-3 were exposed to either visible or UV light, the absorption at
wavelengths greater than 300 nm rapidly disappeared. Examples of this absorption change are
shown in Figure 2 for molecules 1 and 2. The reaction rates in chloroform were measured for 365
nm and 532 nm irradiation. We used these rates, along with the measured intensities and

absorption cross sections, to estimate photodimerization quantum yields (Table S1). At 365 nm,
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we obtained quantum yield values of 0.47 + 0.05 and 0.54 = 0.07 for 2 and 3 respectively, close to
the values in the range 0.25-0.45 reported previously for 13 30 5! Interestingly, the
photodimerization became significantly more efficient when the lower energy S, feature was
excited, rising to 0.83 £ 0.09 for 2 when 532 nm light was used. The increased quantum yield for
longer wavelengths was again consistent with previous results for 1.°! Excitation of both the S,
and Sg states can lead to the photodimer product, but the wavelength dependent quantum yields
indicate distinct pathways from each state.

The dissociation of the photodimer back into a pair of intact anthracenes is necessary for
these molecules to function as T-type photochromes, and the differences between 1 and 2-3
became more pronounced when this reaction was examined. To determine the activation energy
(E,) for photodimer dissociation, the time-dependent recovery of the visible absorption was
measured as a function of temperature. An exponential fit of this data yielded the rate for dimer
dissociation back into a pair of anthracenes (k,,). The recovery data, along with the resulting
Arrhenius plots, are shown in Figure 3 for molecules 1-3. If we limit our analysis to the
temperature range 25-55°C, we obtain E,., =94.3 + 2.0 kJ/mole and A = 4x10'2 s’ for 2, in good
agreement with previous measurements over the same temperature range.>® The addition of the
ethoxy group resulted in almost identical values, E,., = 93.1 + 3.2 kJ/mole and A = 3x10'? s"! for
3. For 1, we found E,, = 110.1 £ 2.5 kJ/mole and A = 3x1013 s"!. We note that 1’s E,, value is
higher than previously measured values that range from 93-100 kJ/mol.3? 3% 33 We suspect that
the different E,. values may arise from deviations from linear Arrhenius behavior at higher
temperatures, 60-80°C, seen in Figure 3b. At higher temperatures, the rate does not increase as
rapidly as predicted by the Arrhenius relation, leading to a roll-over of the points for smaller 1/T

values. If all these points are included in a linear fit, the slope of the line will be smaller (and the

10
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E,., value lower) than if a smaller temperature range is analyzed. This deviation from linearity
suggests that the photodimer dissociation may not be a simple one-step process and could involve
a pre-equilibrium formation of a reactive conformation.’* 3% In any case, the lower E,, values for
molecules 2-3 lead to room temperature photodimer dissociation times of a few hours versus weeks
for 1. This more rapid dissociation occurs even though 1 has a higher A prefactor value, most
likely due to its greater flexibility. Note that untethered anthracene photodimers in solution, like
those formed by anthracene and 9-methylanthracene, tend to have even higher E,. values on the
order of 150 kJ/mole and much longer lifetimes.>®>7 The lower E,, for 2 and 3 suggests that the
inflexibility of the aromatic linker adds strain to the photodimer and lowers its stability, which
enhances its thermal reversibility.

When 1 was held at elevated temperatures (90°C) for more than 10 minutes, it decomposed
into a species whose absorption spectrum closely resembled that of monomeric anthracene (Figure
S13). This species was not photochemically active. In contrast, 2 was highly stable and underwent
the reversible photodimerization at all temperatures (Figure S14). The photochromism of
molecules 2 and 3 was also highly fatigue-resistant: 2 could be cycled 100 times in solution without

measurable loss of absorption (Figure S14).

2. Time-resolved Spectroscopy Measurements

The high photodimerization quantum yields and lack of fluorescence in the
bis(anthracenes) suggest that the excited state reaction dynamics are quite rapid. Interestingly, we
could not find a direct measurement of the [4+4] photodimerization rate starting from a well-
defined geometry like a crystal or rigid dimer. We performed fs-TA experiments on molecules 1

and 2 in chloroform and observed similar excited state dynamics in both. Spectral snapshots of 1

11
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and 2 at various delays after the 400 nm pump pulse are shown in Figure 4a and 4c. A broad
excited state absorption with peaks at 450 nm and 710 nm appears immediately after
photoexcitation and decays to close to the baseline within 50 ps. In both molecules, the early
decay at all wavelengths could be fit to a biexponential decay whose parameters are given in Table
1. The biexponential fits are overlaid with the single wavelength traces in Figure 4b and 4d,
respectively. Both molecules show a rapid initial decay time constant t; = 0.5-0.7 ps, with this
contribution being larger for 1. The slower component has t, = 2.3 ps for 1 and 1, = 8.1 ps for 2.

The 400 nm excitation wavelength overlaps both So—=> S, and Sy Sg transitions. To clarify
the origin of the two time components, we tuned the excitation wavelength 470 nm to selectively
excite the S, state. Under these conditions, the excited-state absorption of molecule 2 exhibited a
single exponential decay with a time constant of 8.1 ps, identical to the 1, component measured
using 400 nm excitation (Figure 5a). This allowed us to assign 1, to the decay of S, and the fast
component T; to the decay of Sg. It is possible that some component of the t; relaxation involves
transfer of population from Sg to S,, but the lower quantum yield value for 400 nm excitation
suggests that at least some of the Sg population undergoes internal conversion directly back to the
ground state.

At probe delays >100 ps, the TA spectrum after 400 nm excitation ceased to evolve but did
not quite return to the baseline (Figure 5b). Two weak features could be discerned above the noise
level, with AA/A values at <5% of the early time excited state absorption signal. For A<500 nm,
there is a negative feature corresponding to a long-lived ground state bleach. This feature is
expected because the photodimerization removes ground state molecules permanently from the
probe volume. The long-lived positive feature peaked at around 700 nm is more difficult to

explain. It is present in both 1 and 2 at the same relative size, so it is unlikely to be due to an

12
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impurity. We suspect that a small fraction of the CT state population undergoes intersystem
crossing to a long-lived triplet excimer state that gives rise to this feature. The anthracene
monomer triplet has a strong absorption feature at around 450 nm>® that is not observed in the data,
but both singlet and triplet aromatic excimers tend to have broad, redshifted absorption features
similar to those in Figure 5b.°% %0  Alternatively, this feature could be due to a nonreactive
conformation of the dimers, but it would be surprising if such a conformation was present in similar

populations for both 1 and 2.

3. Computational Analysis of Electronic Structure

The interpretation the spectroscopic results in the previous sections can be facilitated by a
more detailed understanding of the low-lying excited states of the bis(anthracenes). Using the
CAM-B3LYP-D3 energy functional, we found that the ground state optimized geometries of
compounds 1 and 2 closely match their crystal structures, exhibiting a nearly coplanar alignment
between the two anthracene backbones (Figure 6). In compound 1, the double ethylene linkage
permits a slip-stacked configuration, facilitating favorable n-m staggered stacking interactions
between the two aromatic units.®! Conversely, in compound 2 the presence of the phenyl tether
compels the anthracene units to adopt a more closely eclipsed disposition.

The first question involves the origin of the low-energy feature in the absorption spectra
around 500 nm. Excited state calculations show that the transition to the lowest excited singlet
state (Sp) mainly corresponds to the one electron promotion from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Both frontier MOs are
symmetrically delocalized over the two anthracenes, obtained as the combination of the

monomeric counterparts and exhibiting out-of-phase and in-phase n-7 interactions, respectively

13
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(Figure 7). From the set of singlet states generated by the calculations, we assign S, to the
calculated S; state for both 1 and 2, and Sg to S; and S4 for 1 and 2 respectively. Computed
oscillator strengths for the transition to S; are quite small in both molecules, consistent with the
experimentally observed weak absorption band at longer wavelengths. Notably, the calculated
oscillator strength for S; in molecule 1 is zero, indicating an optically inactive transition. However,
it is important to note that these calculations were performed on a single frozen geometry
optimized for the ground state. In reality, thermal fluctuations at room temperature could enable
weak transitions to S;. The excitation energy to S, in 2 is about 0.2 eV lower than in 1 (Table S2),
in agreement with the redshift observed in the absorption spectra of 2-3 with respect to 1. The
more pronounced redshift of S, in 2 emerges from ground state structural differences, with the
near eclipsed conformation in 2 stabilizing the LUMO due to more efficient in-phase nt-1 overlap.
Analysis of the nature of the transition identifies S, in both 1 and 2 as a linear combination of
equally weighted local excitations on each anthracene unit and symmetric inter-anthracene CT
contributions (from one monomer to the other and vice versa), i.e., charge resonance (CR), with
an overall ~45% CR character (Table 2).

The Sy—>S, transition involves the removal of an electron from an orbital with inter-
anthracene antibonding-like interaction (HOMO) to an orbital with bonding character (LUMO),
that is, an increase of the m-bond order. Hence, energy relaxation on the S, potential energy
surface (PES) aims to enhance the m-overlap. As a result, optimal structures of 1 and 2 on the Sy
state (Figure 6) present an eclipsed arrangement of the two anthracenes with considerably reduced
C-C distances (approximately 0.2 A shorter than in Sy). This structural change involves large
reorganization energies of 1.12 and 0.98 eV for 1 and 2, respectively. The composition of the

relaxed S, state remains similar to that of the initially excited S, state in the ground state geometry,

14
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with a slight increase of the CR character (~48 %). Considering the strong interchromophore
interaction, emission redshift, and composition of the transition, we label S, as an intramolecular
excimer, in agreement with previous assignments.3!-4° Notably, the short C-C distances at the pro-
dimerization atomic positions, 2.57 A (1) and 2.59 A (2), suggest that the relaxed excimer state is
a potential intermediate facilitating the photoinduced molecular dimerization.

The high energy absorption band at ~382 nm is characterized by the transition to a singlet
bright state (Sg), obtained as the HOMO-1-LUMO and HOMO—LUMO+1 contributions
(Figure 7). In contrast to S,, the Sg state almost entirely corresponds to the combination of local
excitations on each anthracene fragment (maximum 5% CT state participation, Table 2), with
parallel alignment of the local TDMs along the short anthracene molecular axis. The strong
excitonic interaction between the anthracene chromophores is confirmed by the classical dipole-
dipole approach, with point-dipole couplings in the order of 290 meV. This value decreases to 70
meV when a multi-dipole approach is used. There was no significant difference in the calculated
excitonic coupling for molecules 1 and 2.

Geometrical relaxation on the Sg PES does not involve major structural changes, e. g., the
distance between anthracene rings changes by less than 0.02 A with respect to the ground state
geometry. The associated reorganization energy for Sg is also much smaller than in the excimer
formation (0.24 eV in 1 and 2). These findings elucidate why excitation at 365 nm leads to less
efficient molecular dimerization. Excitation to the S, state primes an intramolecular excimer state
conducive to photodimerization, whereas populating the bright state leads to a relaxed state that is
basically a neutral anthracene unit subject to Coulombic coupling with its neighbors but with no

obvious driving force for bond formation between the two anthracene units.
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Electronic structure calculations confirm that the presence of the phenyl linker in 2 reduces
the stability of the photodimer (2”) relative to the reactant form. With respect to the reactant
ground state, the photodimer form is 20.5 kJ/mol higher in 1 and 38.9 kJ/mol higher in 2. If we
assume that the transition state energies are similar for 1 and 2, then the ground state of photodimer
2’ is about 18 kJ/mol closer to the transition state than that of 1°. This energy difference is very
close to the 16 kJ/mol energy difference in E,., values measured for these two molecules. The
more rapid reversibility of the phenyl linker can be attributed almost entirely to the destabilization
of the photodimer due to increased ring strain by the phenyl group that shortens one of the sides
of the cyclobutane ring. This trend is consistent with calculations that indicate that the activation
barrier for cyclobutane ring opening can be reduced by 50% or more by the presence of the
aromatic ring on one of the arms.%>9 To characterize the increased ring strain in 2°, we define the
ring deformation function ¢ as the sum of the in-plane displacements of the atoms in the
cyclobutane ring for each normal mode:

() = "0 L duc(wi) (1)
where N is the total number of atoms, Ny are the number of atoms in the ring, k£ runs over the
molecular vibrational modes with w; frequency, and d;(®y) is the atomic in-plane displacement of
atom i in the k-mode. Ring deformation functions obtained for photodimers 1’ and 2’ within the
700-1600 cm! region are shown in Figure 8. Comparison of the two profiles indicate that ring
distortions in 2’ have a larger coupling to the high frequency C-C stretching modes (1300-1600
cm’! region). The C-C stretching modes reflect motions that lead to bond breaking and
dissociation, so this analysis suggests that the cyclobutane ring in 2’ is under more tension than

that in 1°.

16
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Discussion

The level diagram in Figure 9 outlines two major changes in the bis(anthracene)
photophysics that result from the use of a rigid phenyl linker to attach the anthracenes. First, it
enforces more complete overlap of the conjugated rings in the ground state geometry, shifting the
reactive S, state to lower energies and increasing its separation from the Sg state. Fortunately, this
change in S, does not decrease the efficiency of the forward dimerization with respect to molecule
1. Second, the phenyl linker raises the energy of the photodimer ground state, which lowers the
activation energy for dissociation and improves thermal reversibility. From a practical
perspective, the phenyl linker also serves to avoid the presence of oligomeric impurities seen for
1, as well as the decomposition seen for 1 at higher temperatures. Lastly, the phenyl ring provides
a convenient site for the attachment of chemical substituents to improve crystal packing or

solubility.

While our work has provided a foundation for the further study of this class of molecules,
there remain some open questions. One concerns the large change in the Sg absorption lineshape
in going from 1 to 2-3. Our calculations indicate a similar excitonic coupling for all three
molecules, but the large change in absorption lineshape and intensity suggests that there is a
significant change in the anthracene-anthracene interaction. It is possible that the flexibility of the
ethylene linkers enables other conformations that have different excitonic coupling values than
that of the crystal structure conformation. Temperature dependent absorption measurements of 1
in crystal form provide some support for this idea.®* If 1’s conformational freedom leads to large
variations in excitonic coupling, that points to another advantage to using the more rigid phenyl

linker.
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A second issue concerns the wavelength-dependent quantum yield for the
photodimerization. In all three molecules, the S, excimer state has greater reactivity than the Sg
state and its relaxed geometry points to its central role in the photodimerization. In acccordance
with Kasha’s Rule, one might expect the Sy state to relax into the S, state before any dimerization
or internal conversion to Sy could occur, leading to no wavelength dependence of the quantum
yield. It seems that the S, and Sg states of bis(anthracene) support relaxation pathways that operate
independently of each other. This phenomenon has been observed in other photochemical
systems®, notably azobenzene®®, and it originates from competing excited state relaxation
processes. Several previous studies of anthracene photodimerization, including 1, have suggested
the role of a biradical intermediate in the photodimerization3? 3% ¢7- 68 "and it is possible that the
role of this intermediate may depend on whether the S, or Sg state is populated. The presence of
such an intermediate in the dimer dissociation might also help explain the nonlinear behavior of
the Arrhenius plots of the reverse reaction. Overall, the phenyl-linked molecules provide an
opportunity to explore the electronic nature of the [4+4] photocycloaddition reaction in systems
with structurally well-defined geometries. A full characterization of the excited state dynamics of

this bichromophore system is reserved for future studies.

Conclusions

In this paper we have characterized a new class of phenyl-linked bis(anthracenes) that can
function as negative photochromes. From a practical standpoint, the phenyl linker provides extra
rigidity, thermal stability, and a location for the attachment of solubilizing groups. From an
electronic structure standpoint, it shifts the reactive CR state to lower energy while raising the

energy of the photodimer ground state, making it easier to access the forward photochemistry while

18

Page 18 of 37



Page 19 of 37

Physical Chemistry Chemical Physics

enhancing the backward reaction rate. While our theoretical calculations provide some qualitative
rationales for the different quantum yields from the S, and Sg states, further work in this area is
clearly needed. The phenyl-linked bis(anthracenes) open up a practical route to harnessing the
anthracene [4+4] photodimerization reaction in a photochromic assembly that combines high
quantum yield, reversibility, fatigue resistance, and solubility. Further development of this class
of molecules by modifying the linker and/or expanding the aromatic partners beyond anthracene
should make it possible to develop a broad class of negative photochromic molecules that exhibit
photochemically active, low energy charge-resonance states. This class of molecules provides a
good example of how assembling multiple conjugated units in a controlled architecture can

generate intermolecular electronic states that support novel optical properties and reactivity.
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2 2
Scheme 1. (a) Chemical structures of the anthracene derivatives investigated in this paper:
bi(anthracene-9,10-dimethylene) (1), (-H)mono-benzoannulated [2.2](9,10)anthracenophane (2)

and (-OEt)mono-benzoannulated [2.2](9,10)anthracenophane (3). (b) [4+4] cycloaddition

reaction scheme of 2.
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Figure 1. Steady-state UV/vis absorption spectra of 1-3 in chloroform. All sample concentrations

were 3 x 105 M.
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Figure 2. Normalized steady-state absorption spectra of (a) 1 and (b) 2 in chloroform showing the

decay in absorbance during continuous photolysis at 365 nm (14 mW/cm?).
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Figure 3. (a) Thermal recovery of 1 — 3 in toluene at 25 °C, measured over time via UV/vis spectroscopy

at 390 nm. (b) Arrhenius plots for the thermal recovery process of 1’ — 3’ in toluene. Experimentally

determined activation energy barriers (E,) and Arrhenius pre-factors (A) are as follows: 1’ (E, =

110.1 £2.5kJ/mol | A=3x103) 2’ (E,=94.3 £ 2.0 kJ/mol | A=4x10'?) 3’ (E, = 93.1 = 3.2 kJ/mol

| A =3x10'2). Values were determined based on the line of best fit that was constructed using data

points between 40 — 80 °C for 1’ and 25 — 55 °C for 2° and 3’.
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Figure 4. (a) Femtosecond transient absorption measurements of 1 showing the spectral evolution
at various delays after the 400 nm beam pump. (b) Fs-TA measurements showing the biexponential
decay kinetics of 1. (c) Fs-TA measurements of 2 showing the spectral evolution at various delays

after the 400 nm beam pump. (d) Fs-TA measurements showing the biexponential decay kinetics

of 2.

29



Physical Chemistry Chemical Physics

Table 1. Tabulated time constants () and their respective weighted contributions (A,) for 1
and 2 from femtosecond transient absorption experiments with photoexcitation (A) at 400 nm and
470 nm. Experiments performed with 400 nm photoexcitation were fit to a biexponential decay,
and the 470 nm experiment was fit to a single exponential decay. The wavelengths of the kinetics

traces (Aops) Were chosen at the zero-crossing point of any long-lived signal; no offsets (yo) were

needed in fitting.
Molecule Aex (NM) Aobs (NM) A4 T4 (PS) Ay T2 (ps) Yo
1 400 586 0.56 0.5 0.44 23 0
2 400 548 0.49 0.7 0.51 8.1 0
2 470 543 - - 1.00 8.1 0
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Figure 5. (a) Femtosecond transient absorption measurements showing the single exponential
decay kinetics that are present when 2 is pumped at 470 nm. (b) Fs-TA measurements showing the
long-time change in absorption features of 1 (black) and 2 (purple) after the 400 nm pump. Kinetics
were fit at the zero-crossing point of the long-lived spectra to avoid any contribution of the long-

time species on the early-time kinetics. Spectra were averaged across multiple time points, t>150

ps, to improve signal to noise.
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(b)
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Figure 6. (a) Ground state and (b) S state structures of 1 (left) and 2 (right) optimized at the
CAM-B3LYP-D3/cc-pVDZ level.
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an

molecule 1

Figure 7. Frontier MOs of 1 (left) and 2 (right) molecules computed at the CAM-B3LYP-D3/cc-

pVDZ level. Vertical arrows indicate main contributions to charge-resonance (S,) and bright (Sg)

excited states.
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Table 2. Decomposition of electronic transitions to singlet excited states of 1 and 2 (S, geometry)
in terms of local excitations (within of each anthracene unit, LE; and LE,) and charge transfer
(CTy; and CTjy;) computed at the CAM-B3LYP-D3/cc-pVDZ level. Boldface indicates the bright

Physical Chemistry Chemical Physics

state (Sg) corresponding to the main absorption band of the spectra.

molecule 1 molecule 2
state CTq CTy LE, LE, CTy, CTyy LE, LE,
S 0219 0.219 0.248 0.248 0219 0.219 0.249 0.249
S, 0429 0429 0.019 0.019 0430 0430 0.023 0.023
S; 0.013 0.013 0447 0.447 0.104 0.104 0.364 0.364
S, 0.092 0.092 0.385 0.385 0.022 0.022 0.443 0.443
Ss 0.226 0.226 0.201 0.201 0.061 0.061 0.398 0.398
Ss 0.019 0.019 0.455 0.455 0.183 0.183 0.260 0.260
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Figure 8. (Left) Ring-deformation function (equation 1) for photodimers 1> and 2° computed for
a single 4-membered ring (the one fused to the phenyl ring in 2). Each dj(w;) contribution is
represented by a gaussian function centered at w; with a full width at half maximum of 10 cm-!.
Increase of in-plane ring deformation of 2 with respect to 1> within the 1300-1600 cm™! region is
highlighted in orange. (Right) Molecular models of 1” and 2’ indicating the 4-membered ring

considered (Ng atoms in equation 1).
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Figure 9. Schematic representation of the different possible pathways available after excitation

from the ground state into the Sg state.
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The data supporting this article have been included as part of the Supplementary Information



