Near-Infrared, Organic Chiroptic Switch with High Dissymmetry Factors
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ABSTRACT: Here we unveil a chiral molecular redox switch derived from PDI-based twistacenes—chPDI|[2] that has the remark-
able attributes of high-intensity and broad-band chiral response. This material exhibits facile, stable, and reversible multistate chirop-
tical switching behavior over a broad active wavelength range close to 700 nm, encompassing ultraviolet, visible, and near-infrared
regions. Upon reduction, chPDI|[2] exhibits a substantial increase in the amplitude of its circular dichroic response, with an outstand-
ing |AAe| > 300 M ! cm™ and a high dissymmetry factor of 3 x 1072 at 960 nm. DFT calculations suggest that the long wavelength
CD signal for doubly reduced chPDI|[2] originates from the excitation of the PDI backbone to the ©* orbital of the bridging alkene.
Importantly, the dimer’s molecular contortion facilitates ionic diffusion, enabling chiral switching in solid state films. The high dis-
symmetry factors and near-infrared response establish chPDI|[2] as a unique chiroptic switch.

Growing interest in organic optoelectronics has incentivized the
development of chiroptical switches responsive to external () Helicity induction 5 accessible redox states
stimuli such as light,'® pH,”'? and electric potential.”*'® These
chiroptical switches offer new prospects in molecular infor-
mation processing and storage,'*? high sensitivity detection of
various analytes,*'?? and switchable stereoselectivity in asym-
metric catalysis.”** However, designing chiroptical switches
that exhibit both a high chiroptical response to stimulus and a
broad active wavelength range poses a significant challenge.
Furthermore, only a few examples have demonstrated that
switchable behavior is retained in the solid state, which is es-
sential for materials applications.®!*!82627
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We recently reported a new type of dynamic, axial chirality in chPDI[2]
perylene diimide (PDI)-based twistacenes,®° where remote . Broad A range chiral redox switch

chiral substituents on the imide position control the helicity of
the aromatic core. Here, we describe the chiroptical switching
of a new chPDI|2] derivative by manipulating the multiple re-
dox states of the PDI subunits (Figure 1a). Adorned with bulky * Large change in CD response
chiral triphenylethyl side chains, the chPDI|[2] chiroptic switch
exhibits a high |gus| of 1.2 x 1072 in solution. Upon reduction,
the reduced species show circular dichroism (CD) signal 300 | chPDI[2] (This work)
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changes with exceptionally high chiroptical response (JAAg| > T |AAg] = 320 M-Tcm-!

300 M! cm™) and dissymmetry factors, |gus| (as high as 3 x 5 — A(Canary 2000)

107%). Moreover, these switching events occur over broad wave- s

length ranges, extending beyond NIR wavelengths (>900 nm). _‘%"200 i

The magnitude of the redox-driven chiroptical modulation, 3 JT— 20?0()0r assous 2021)

along with the molecule’s extensive switchable wavelength c — D (Teply 2014)
range, are among the highest observed in redox switchable mol- g 100 | E (SUZUKI'EZ(;O” 112009
ecules (Figure 1b). Enhanced ionic diffusion facilitated by mo- g (Suzuki 2009)
lecular contortion allows stable and robust redox switching in G (Diederich 2014)
both solution and solid state. Importantly, the high |g.| is in- | (Suzuki 2016) H (Crassous 2012)
trinsic to the molecular system and not a consequence of aggre- 0 . . . . . .
gation. These results chart a clear path for chiroptic valves that 150 300 450 600 750 900 1050

operate at NIR wavelengths. A (nm)



Figure 1. (a) Structure of chPDI|2], whose chiroptical signal
can be tuned via access to each of its 5 redox states. (b) Com-
parison of the maximum |AAeg| and active wavelength range of
chPDI|2] with other redox-tunable, chiral small molecules.
Systems compared include derivatives of metallamethionine
(A®"), metallahelicene (B,*? C,* H*), helicene (D, E,*® F,%’
G*®), and biphenyl (I*). See Figure S1 and Table S1-S3 for de-
tailed information on the structures and properties of compared
systems.

We synthesized chPDI|[2] by treating helical perylene tetracar-
boxylic dianhydride[2] with (S)-1,2,2-triphenylethylamine
(Scheme S1). This derivative with the bulky substituents has the
largest helicity induction effect we observed.?® chPDI|2] exhib-
its an outstanding |Ae| of 340 M cm™ and chiral dissymmetry
factor |gus| of 1.2 x 102 at 471 nm in THF (Figure 3a, pink
trace). Geometry optimization calculation reveals a nearly ex-
clusive chirality induction effect in the triphenyl-substituted
chPDI|2] (Figure S2).2 In cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV) of chPDI|2], we observed four
consecutive reversible single-electron reduction steps for
chPDI|2] at half-wave potentials of -0.89, -1.04, -1.50 and
-1.68 V vs the ferrocene/ferrocenium couple (Fe/Fc*) (Figure
S3). Each of these five redox states exhibits a visible color
change, corresponding to the four accessible reduced states of
chPDI|2]. These results indicate that the five states can be re-
versibly accessed via an electrochemical process.

We next highlight the important finding that chPDI[2] can op-
erate as a solid state chiroptical redox switch. We hypothesized
that the dimer’s molecular contortion facilitates the ion diffu-
sion, ensuring charge balance in the solid state.** To test this
theory, we alternated between the reduction and oxidation of
the molecule by cycling between different voltage potentials
(Figure 2a). Thin films of chPDI|[2] were prepared by spin coat-
ing chloroform solutions onto an ITO coated glass slide. The
slide was then assembled into a three-electrode setupina 0.1 M
solution of KCl (Figure S4).
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Figure 2. (a) CD spectra of the electrochemical switching of
chPDI|2] in the solid state. CV and UV are shown in Figures
S5-S6. All voltages reported are referenced to Ag/AgCL. (b)
Film color change between chPDI[2] and chPDI[2]* on a 2.5
x 2.5 cm ITO coated glass slide. ¢) and d) Cycling stability of
chPDI|2] switch at 890 nm (red), 644 nm (orange), 562 nm
(green) and 480 nm (blue).

The films underwent step-wise reduction with progressively
more negative voltage potentials. In the neutral state, chPDI|2]
film exhibits two bands of chiroptical signals (Figure 2a): 420
nm to 510 nm (negative Cotton effect peaks at 480 nm) and 510
nm to 590 nm (positive Cotton effect peaks at 562 nm). Apply-
ing a voltage at -1.2 V (vs. Ag/AgCl) caused the CD signals of
the film to change drastically. Both bands from the neutral
chPDI|[2] disappeared, replaced by a new negative signal at 644
nm and a broad positive NIR CD response at 890 nm. The film
changed color from pink to green, then to blue (Figure 2b and
Supporting Information Video). These changes align with fur-
ther studies in the solution state (vide infra) and are attributed
to the reduction of chPDI[2] to chPDI|2]*". Further reduction
of chPDI[2] was prohibited due to the limited voltage window
of the aqueous electrolyte.*” This finding creates the possibility
of incorporating these molecules into solid state devices.

The chPDI|2] films showed excellent reversibility in switching
between the neutral and the reduced state over many cycles
(Figure 2c¢). This robust switch allowed significant modulation
of chiral signals spanning an impressively wide range of nearly
700 nm. Depending on the wavelength window, chPDI|2] film
forms two distinct binary switching modes. At 480 nm and 562
nm, chPDI[2] serves as an “ON-OFF” switch, exhibiting active
CD signals in the neutral state which can be turned “OFF” upon
reduction to chPDI[2]*". Conversely, at 640 nm and 890 nm,
the molecule behaves as an “OFF-ON” switch, appearing CD
silent in the neutral state but can be turned “ON” upon reduc-
tion. These results, taken together, demonstrate that chPDI[2]



can function as a solid state redox chiral switch with intense
chiroptical response in the NIR region and great stability.

We next describe the chiroptical properties of all four reduced
states in solution. To avoid aggregation, a low concentration
(107° M) of chPDI|2] in THF was subject to titration using dec-
amethylcobaltocene (CoCp,*) or lithium diisopropylamide
(LDA). Chemical reduction was successful only in THF and
DMF, presumably due to the stabilization provided by higher
polarity solvents.” The anions were well-characterized by UV-
vis, CD, and electron paramagnetic resonance (EPR) spectros-

copy.

The addition of 1 equivalent of CoCp,* to a pink chPDI|[2] so-
lution led to the formation of a pale-yellow chPDI|2]' solution.
The emergence of monoanionic species is supported by the
strong EPR signal with a g-value of 2.003, suggesting the pres-
ence of organic radicals (Figure S7). A bathochromic shift was
observed in the UV-vis spectrum, where broad peaks appeared
from 640 to 910 nm, along with a new broad band centered at
1600 nm (Figure 3a, orange trace). In the CD spectra of
chPDI[2]"", a new negative signal emerged at 600 nm, along
with a broad positive NIR CD response between 680 and 900
nm (Figure 3b, orange trace).

Adding 2 equivalents of CoCp,* generated a light blue solution
of chPDI[2]* (Figure 3a) with a negligible EPR signal (Figure
S7). Simulated singlet state spectrum of chPDI[2]* shows bet-
ter overlap with the experimental spectra than the simulated tri-
plet state spectrum. Considering both simulated and experi-
mental results, we assigned the dianion as a singlet state (Figure
S17). In the UV-vis spectrum, a notable growth of the broad
peak centered at 1600 nm emerged. In the CD spectrum,
|AA&471.m| between the neutral and reduced state rose to an im-
pressive 321 M~! cm™ (Table S2). This drastic change in Ae
value is among the highest observed in redox switchable

organic small molecules (Table S3). Furthermore, chPDI[2]*
also exhibits a new positive NIR peak at 960 nm with a |Ag| of
57 M'em™ and a |gas| value of 0.03 (Figure S8).** This re-
sponse in the NIR region is rarely reported among organic chiral
small molecules*#**¢ and suggests potential application of the
molecule in biological sensing*’** and optical communica-
tion.*?

An excess of CoCp,* produced a dark blue solution of
chPDI|2]*", which exhibits a broad EPR signal with a g-value
0f2.003 (Figure S7). In the UV-vis spectrum, the broad band at
1600 nm disappeared (Figure 3a), while the CD signal at 630
nm and 960 nm underwent a decrease in intensity (Figure 3b).
Finally, the fully reduced chPDI[2]* was realized using an ex-
cess of LDA (Figure 3a and Figure S9) or sodium naphthalene
(Figure S10).* The UV-vis spectrum displayed a new peak ap-
pearing at 550 nm while all NIR absorption above 850 nm com-
pletely vanished. The 4~ state appears EPR silent (Figure S7),
consistent with its diamagnetic nature. In the CD spectrum, a
new positive response emerged at 560 nm, accompanied by a
negative signal at 640 nm. Oxidation of chPDI[2]*" to the neu-
tral chPDI[2] was achieved through the addition of one drop of
2M HCI to the solution (Figure S11), verifying the reversibility
of the redox process.

Similar redox behavior can also be achieved electrochemically
(Figures S12-S13). Spectroelectrochemistry demonstrates that
multi-state chiroptical redox switching of chPDI[2] takes place
in the solution state over a wide range of wavelengths, from the
visible range to the NIR range and is reversible. The electro-
chemical switching of this material allows it to function as a
chiroptic switch that can serve as either a binary or trinary
switch at five wavelengths (Figure S14).
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Figure 3. (a) UV-vis and (b) CD spectra of chPDI|2] (pink), chPDI[2]'~ (orange), chPDI[2]*" (green), chPDI|2]* (blue), and

chPDI[2]* (purple) in THF.

To explore the origin of the chiroptical changes in the reduced
states of chPDI[2], we performed density functional theory
(DFT) calculations on chPDI|2] and all four reduced species.
Model compound MM-chPDI|[2]-Me with methyl substituents
on the imides were used to simplify the calculations (Figure 4),
and all the geometries were optimized at B3LYP/6-31+G(d)
level of theory. As shown in Table S4, the dihedral angles be-
tween PDI units increase marginally with higher reduction
states, suggesting that changes in the CD signal originate pri-
marily from changes in molecular electronics rather than mo-
lecular geometry. Time-dependent density-functional theory
(TD-DFT) simulations at the CAM-B3LYP/6-31+G(d) level of
theory correlate well with the experimental results (Figures
S15-16), indicating the helicity of [4]helicene subunits stay per-
sistent under reduction. Figure 4a compares the simulated CD
spectra and electronic transition states of MM-chPDI[2]-Me
and its 2" state. Natural transition orbital (NTO) analysis® vis-
ualized the main contributing transitions between two molecu-
lar orbitals (Figure 4b). The lowest-energy transition (So — Si)
of neutral MM-chPDI[2]-Me is mainly attributed to the excita-
tion from the PDI backbone’s HOMO to LUMO. On the other
hand, the 2™ state’s NIR transition (So — S,) originates from the
excitation of the PDI backbone to the ©* orbital of the bridging
alkene. Furthermore, by closely examining the electric and
magnetic dipole moment vectors (Figures S25), we attribute the
2" state’s high dissymmetry factor to the large magnetic dipole
moment in the So — S, transition (Table S7).>! Interestingly, the

dipole moment vectors are along the conjugated backbone in
the neutral state, while in 2™ state the dipole moment vectors are
orthogonal to the conjugated backbone (Figures S23 and S25).
Lastly, the TD-DFT calculation suggests that the lowest-energy
transition of the 2~ state exhibits a CD response (Figure S19),
suggesting the experimental absorption at 1600 nm of the 2~
state may be CD active.
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Figure 4. (a) Simulated CD spectra and transitions of chPDI|2]
(pink) and chPDI[2]*" (green) at the CAM-B3LYP/6-31G(d)
level of theory in the gas phase. Simulated spectra (Figures S15-
16) are red-shifted according to the experimental UV-vis spec-
tra. See Figures S18-S19 for full simulated spectra and transi-
tions for all redox states of chPDI|2]. (b) NTO analysis of the
lowest energy transition of chPDI|[2] (544 nm) and the NIR
transition of chPDI[2]*” (918 nm). The percentage number in-
dicates the weight percentage of the dominant transition states
of interest. The wavelength number is simulated by DFT. See
Figures S20-S22 for detailed information.

In conclusion, chPDI[2] demonstrates a remarkable suite of
properties as a chiroptic switch, making it useful for applica-
tions in molecular memory, asymmetric catalysis, and optoelec-
tronics. UV-vis, CD, and EPR spectroscopy were used to char-
acterize the various redox states of chPDI|2], and DFT calcu-
lations were used to probe the origins of the optical transition.
The material’s wide active wavelength range, along with its
enormous chiral response in the NIR region, positions it as a
novel and valuable addition to the family of chiral redox
switches. Finally, the switch's dual functionality in both solu-
tion and solid state films holds promise for future incorporation
into devices.
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