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ABSTRACT: N-Alkyl imines are prevalent in dynamic-covalent chemistry and self-assembled structures, yet their E/Z
photochromism is often overlooked due to the high-energy light required for isomerization. Here, we present a simple strategy
to enhance their photoswitching properties, achieving switching wavelengths and photostationary state distributions comparable to
azobenzene. Moreover, we demonstrate that these N-alkyl imines undergo photoisomerization in the condensed phase and exhibit
isomer-dependent fluorescence. We anticipate that this study will inspire the design of photoresponsive architectures that operate
directly at the dynamic-covalent bond, eliminating the need for dedicated photoswitchable motifs.
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imine. along with their pertinent properties, measured in MeCN. b, Model
We recently developed a new generation of imine-based imines studied in this work. ¢, Normalized UV/vis absorption spectra

(MeCN, 20 °C) of the E-imines shown in pane b, highlighting the

hotoswitches with enhanced properties,””” includin anti-
P w prop 4 uding qu large bathochromic shift for imines containing the ortho-pyrrolidine

tative E-to-Z photoisomerization under visible light and

thermal half-lives (t,,) of the metastable Z-isomer extended substituent.

from seconds up to 25 h at room temperature (20 °C).”’

These studies focused exclusively on N-(hetero)aryl imine Received:  February 9, 2025
derivatives,” chosen for their structural similarity to azo-based Revised:  April 26, 2025
photoswitches. In contrast, the more widely used N-alkyl Accepted:  April 29, 2025
imines in DC self-assembled structures were initially ruled out Published: May 15, 2025

as promising candidates due to their anticipated poor

performance.'® Specifically, the lack of conjugation in N-alkyl

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacs.5c02404

v ACS PUbl ications 17549 J. Am. Chem. Soc. 2025, 147, 17549—17554


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiarong+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lasse+Kreimendahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jake+L.+Greenfield"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c02404&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jacsat/147/21?ref=pdf
https://pubs.acs.org/toc/jacsat/147/21?ref=pdf
https://pubs.acs.org/toc/jacsat/147/21?ref=pdf
https://pubs.acs.org/toc/jacsat/147/21?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c02404?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c02404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

revealed that significant red-shifts in the UV/vis absorption
spectrum are largely dictated by the inherent electronic
properties of the functionalized phenyl ring.”” This insight
led us to revisit N-alkyl imines, hypothesizing that their
limitations could be effectively addressed by using a suitable
aldehyde component.

In this work, we present a strategy to achieve photochromic
N-alkyl aldimines with practical photoswitching properties.
Specifically, we report photostationary states (PSSs) contain-
ing up to 83% of the Z-isomer, ¢/, values exceeding 20 min at
room temperature, and photoswitching enabled by light
sources up to 405 nm (in MeCN, photoswitching properties
in other solvents are detailed in Section 3.6 of the Supporting
Information). Furthermore, we find that these N-alkyl
derivatives exhibit photoisomerism in the condensed phase
and display fluorescence emission in both solution and
condensed phases, where the emission correlates with the
degree of E-to-Z photoconversion. We anticipate that these
results will renew interest in exploring photoswitchable N-alkyl
imines, highlighting their potential as promising candidates for
integration into light-responsive DC self-assembled structures,
unifying the DC and photochromic unit within the same bond.

Building on strategies we developed for creating red-shifted
AIP switches,”” we assembled a series of N-alkyl imines
featuring ortho-pyrrolidine substitution,” which exhibit a
relatively low-energy z,—7* transition (Figure 1a,b).” Imine
la was prepared as a reference compound to highlight the
significance of this 7,—7* transition. Three different amines,
a—c, structurally similar to those commonly used in self-
assembled structures, were explored. The imines were
synthesized using a one-pot method by combining 1 equiv of
the aldehyde component with 1.5 equiv of the N-alkyl amine
component. While equimolar amounts of amine and aldehyde
components are sufficient for imine formation, the use of
excess amine accelerated reaction times and ensured
quantitative condensation. The resulting mixture was purified
by removing the excess amine under vacuum, yielding the
desired imines in quantitative yields without requiring further
purification. This straightforward and scalable synthesis
highlights the accessibility of these N-alkyl imine photo-
switches. Moreover, the excess amine removed under vacuum
was recovered and recycled. The simplicity of this synthesis
and purification process makes these N-alkyl imines partic-
ularly well suited for automated synthesis’® and high-
throughput screening studies.'”*' ™

The photoswitching properties of these N-alkyl imines were
first evaluated in solution using MeCN as the solvent. The
lowest-energy absorption band for the N-alkyl imines 2a—2c,
corresponding to a 7,—7* transition,”” was significantly red-
shifted, with shifts of up to 59 nm compared to the reference
imine la (Figure lc and Table 1). Generally, the UV/vis
absorption spectra of 2a—2c are similar due to the
chromophores in these derivatives being comparable and
relatively unaffected by the N-alkyl component; DFT studies
show that the lowest energy electronic transition of the E-
isomers is localized on the aminated phenyl ring (Figures
$28—S31). The bathochromic shift in UV/vis absorption
enables 2a-2c¢ to undergo E-to-Z photoisomerism using
wavelengths as long as 405 nm in MeCN (Figure S15, Table
S4), substantially longer than those reported for other N-alkyl
imines (typically <310 nm).*>*® Furthermore, the 7,—7* and
n—7* absorption bands of the E- and Z-isomers of 2a-2¢ are
well separated (Figure 2a, Table S2), improving the selective

Table 1. Summary of the Absorbance, Photoswitching, and
Fluorescence Properties of the Imines Investigated

la 2a 2b 2c

Amaxabs (M) 287 346 340 340
t1, (min) - 23.9 8.22 434
%Z at PSS (385 nm) - 83% 77% 73%
Amager (D) - 434 428 427
QY E-to-Z (365 nm) - 0.50 0.48 0.44
Stokes shift 5860 [88] 6050 [88] 5990 [86]
(em™) [nm]
7 (ns) - 2.8 1.6 1.3
Prrqy solution - 12.6% 5.8% 5.3%

solid - 2.5% 1.1% 1.2%
ky (s7Y) - 3.1 x 10 59 x 10 7.3 x 10
k. (s71) - 4.5 x 107 3.6 X 107 4.1 x 107

addressability of each isomer with different wavelengths of
light.

The photoswitching properties could also be tuned by
choice of the solvent. The N-alkyl imines exhibit positive
solvatochromism, showing a 13 nm redshift in the 4, when
transitioning from cyclohexane to DMSO (Section 3.6 of the
Supporting Information). Notably in DMSO, modest E-to-Z
photoswitching could even be achieved with 430 nm light,
resulting in 38% of 2a as the Z-isomer. The t,,, was also found
to depend on the solvent, showing trends similar to those
observed for AIPs,”* and supporting an inversion pathway for
the thermal Z-to-E isomerism (Table S7). Again, the use of
DMSO stands out, with 2a exhibiting a t,, of 2.7 h at 20 °C
(Figure S21).

Photochemical action plots, whose utility has been recently
revitalized by Barner-Kowollik and co-workers,** effectively
highlight the wavelength-dependence of photochemical pro-
cesses. For the N-alkyl imines studied here, the action plots
reveal a bathochromic shift relative to the UV/vis absorption
spectra of the E-isomers, and are particularly apparent for 2a
(Figure S19).>> The quantum yield (QY) of E-to-Z photo-
isomerism was relatively high, reaching 0.50 for 2a (Table 1,
Figures S16—S18). In terms of the completeness of E-to-Z
photoswitching, we achieved a maximum %Z of 83% at the 385
nm PSS for 2a. This value is significant—it represents a higher
%Z achieved using longer-wavelength light compared to
previously reported N-alkyl imines and, remarkably, surpasses
that of azobenzene.*

The thermal stability of the metastable Z-isomer toward
isomerization to the E-isomer was significantly enhanced for
2a—2c, as evidenced by the ¢, values of the Z-imines at room
temperature (20 °C, Table 1).'° For example, comparing 2c,
which contains an N-cyclohexane motif, with its conjugated
analogue N-phenyl imine™ reveals a two-orders-of-magnitude
longer t,, for the former. Compound 2a exhibited the longest
t, /5, reaching 24 min at room temperature, slightly surpassing
the t,, of the corresponding AIP (N-pyrazole)™ and ca. 500
times longer than that of the corresponding N—ghenyl imine
(possessing ortho-pyrrolidine functionalization).”> These find-
ings demonstrate that a relatively long t,, can be achieved for
these imines without requiring an N-pyrazole motif.

The Z-to-E thermal isomerism proceeds via an inversion
pathway,””*” characterized by a linear C—N=C(H) motif at
the transition state (TS, Figure 2b), which requires the
rehybridization of the N-atom from sp* to sp. The presence of
the sp® carbon center adjacent to the sp nitrogen atom
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Figure 2. a, UV/vis absorption spectra (260 uM, 20 °C, MeCN) of 2a at different PSSs. b, Thermal Z-to-E isomerization of 2a highlighting the
impact of the sp* carbon center adjacent to the sp hybridized nitrogen atom in the linear transition state (TS) structure. ¢, Geometry-optimized
structure of Z-2a with stabilizing noncovalent interaction surfaces shown in green. d, Fatigue resistance of imine 2a to repeated photoisomerization

cycles.

prevents delocalization of the nitrogen’s lone pair. In the case
of 2a, the greater flexibility of the N-alkyl component enhances
dispersive interactions that stabilize the Z-isomer. This is
evidenced by noncovalent interaction surfaces and the
quantification of the ES*; values (Figure 2¢, Table $8).”*~*
Consequently, the activation barrier for thermal relaxation is
elevated, resulting in a longer ¢, , of the Z-isomers. The fatigue
resistance of imine 2a is shown in Figure 2¢, where the sample
was alternately irradiated between the 340 and 385 nm PSSs
for 10 cycles (Figure 2d). This combination of enhanced
thermal stability of the Z-isomer, photostability, and
completeness of photoswitching positions these N-alkyl imines
as promising candidates for light-responsive DC systems
without the need for a dedicated photoswitching unit.
Relevant to practical applications,41 the N-alkyl imines also
exhibit photoswitching in the condensed phase. Samples were
prepared by spin-coating a solution of imine 2a onto a quartz
substrate. The resulting film appeared oily; differential
scanning calorimetry (DSC) measurements on 2a revealed
no phase transitions between —70 and 50 °C (Figure S24).
These films demonstrated reversible isomerism in the
condensed phase (Figure S22); they were cycled five times
through E-to-Z photoisomerism (to the 385 nm PSS) and Z-
to-E thermal relaxation (at 20 °C). A lower %Z was achieved in
the condensed phase at the 385 nm PSS compared to the
solution state (ca. 60% of 2a as the Z-isomer), consistent with
the observations of Barner-Kowollik on bis-imines.”® The
ability of these N-alkyl imines to isomerize in the condensed
phase is particularly promising for their incorporation into
materials that are preferred to function without a solvent, for
example, the use of porous cages to separate chemlcals 042,43
Distinct from AIP and IBP photoswitches,”>** solutions of
the N-alkyl imines exhibit fluorescence behavior and is
somewhat similar to the hydrazones of Aprahamian and co-
workers (Figure 3a). MY Focusing on 2a, the excitation
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spectrum overlaps with the m,—z* absorption band of the E-
isomer, and the excitation and emission bands display a
significant Stokes shift of 5860 cm™' (88 nm, Figure 3a).
Interestingly, this fluorescence emission is dependent on the
isomeric state of the switch, with the E-isomer being more
emissive than the Z-isomer. Consequently, E-to-Z photo-
isomerism results in a reversible “photodarkening” process
(Figure 3b). This fluorescence property has potential
applications in microscopy techniques such as reversible
saturable optical fluorescence transitions (RESOLFT),*
where fluorescence is temporarily suppressed in specific
regions to enhance resolution, enabling greater precision in
nanoscale imaging.48

In solution, the E-isomer of imine 2a exhibits a photo-
luminescence quantum yield (PLQY) of 12.6% and a
fluorescence lifetime of 2.8 ns (Figure S27). Lower PLQYs
are observed for 2b and 2¢, which we infer is due to increased
flexibility and vibrational freedom of the N-alkyl units, leading
to enhanced nonradiative decay (see k,,, Table 1); the radiative
rate (k,) remains similar. Fluorescence emission is retained in
the condensed phase, where solution-processed films of 2a
display reversible photodarkening (Table 1, Figure S$23).
However, the PLQY decreased by approximately S-fold
compared to that in solution. Despite this reduction in the
PLQY, the retention of fluorescence and photoswitching ability
in the condensed phase underscores their potential for
applications in light-responsive materials, where condensed-
phase operation is often required. Additionally, the photo-
darkening behavior provides a readily accessible diagnostic for
assessing the degree of photoswitching in real-world
applications, without the need for sophisticated instrumenta-
tion.

Finally, to demonstrate the accessibility and practical
advantages of N-alkyl imines—specifically their straightforward
synthesis, photoswitching in the condensed phase, and blue-
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Figure 3. a, Normalized UV/vis absorption spectrum (gray dashed line), normalized fluorescence excitation (red line, 4., = 430 nm) and emission
spectrum (blue line, A, = 346 nm) of E-2a (5 uM, 20 °C, MeCN). b, Time-dependent fluorescence emission spectra of 2a (5 uM, 20 °C, MeCN)
under 385 nm photoirradiation. (inset) Change in the emission intensity at 4 = 430 nm upon E-to-Z isomerism. ¢, Schematic of rapid imine
formation of 2a, which was exposed to low-intensity 385 nm light (to limit E-to-Z photoisomerism) to monitor imine formation. d, The CIE 1931
chromaticity plot showing the difference in perceived emission of aldehyde 2 and imine 2a.

light fluorescence emission—we prepared a sample of 2a in
real time on a solid substrate (Figure 3c and Video S1). Briefly,
a solution of aldehyde 2 in MeCN was deposited onto a piece
of filter paper and left to dry. Upon the addition of
benzylamine to the aldehyde-coated filter paper via capillary
tube, imine condensation occurred within 1 min, resulting in a
visible shift in fluorescence emission color from cyan to blue
under 385 nm irradiation (Figure 3c and Video S1). This
change in color was mapped on the CIE 1931 plot, where the
emission of aldehyde 2 is perceived as green/cyan, while imine
2a is perceived as blue (Figure 3d). Control measurements
with substrates containing only the aldehyde, amine, or imine
are shown in Video S1. This experiment highlights not only the
fluorescent properties of these imines but also their dynamic
and reversible nature, allowing for rapid and straightforward
synthesis—even directly on a substrate.

In conclusion, we have demonstrated that N-alkyl imines,
ubiquitous motifs in the field of self-assembly, can exhibit
useful photoswitching properties in both solution and
condensed phases. Notably, we have shown that they can be
prepared effortlessly and at scale, and that this class of imine-
based photoswitches exhibits reversible “photodarkening”
fluorescence with a large Stokes shift. Putting this work into
context, while hydrazone photoswitches—such as those
developed by Aprahamian—offer more complete and tunable
photoswitching as well as a turn-off fluorescence response in
the metastable state,”” N-alkyl imines stand out for their
versatility in dynamic-covalent chemistry. Specifically, by
combining photoswitching and light-emitting properties with

17552

the inherent adaptability of dynamic covalent imine bonds, this
work provides a useful toolbox for future applications.’
Moreover, this could provide an alternative pathway for
structural transformations”'” that function as an information
ratchet™ rather than an energy ratchet.”*”*° Ongoing efforts
in our lab are focused on translating these N-alkyl imine units
into self-assembled architectures, with the goal of achieving
higher-order light-responsive changes directly at the imine

bond.
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