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We explored alkyne-functionalized hydrazone photoswitches and
enhanced their performance, achieving improved UV resolution,
higher photostationary states, and tunable alkyne shifts (up to
34 cm™Y), establishing hydrazones as promising high-resolution
Raman spectroscopy imaging probes.

Photoswitchable systems are an indispensable tool in the
ongoing pursuit after light-responsive materials, catalysts,” ima-
ging probes,® and energy storage applications.* The development
of novel switchable frameworks that can address end-goal related
problems is crucial for advancing these applications. Among the
various photoswitches® available in the literature hydrazone
photoswitches® have proven particularly versatile because of their
synthetic accessibility, tunability and bistability.” Our recent
study® into the effect of 1,2,3-triazole ring connectivity (i.e., the
product of a “click” reaction between an alkyne and azide) on the
photoswitching properties of hydrazones, has piqued our interest
into the effect of the alkyne group in the precursors on these
properties. We were also intrigued by the fact that such alkyne
groups, which vibrate in the cellular silent region,’ can be used in
vibrational spectroscopy studies, such as Raman scattering
spectroscopy.'® This technique has recently gained attention as
an alternative to fluorescence spectroscopy for biological systems
because of its much narrower signal bandwidth,"" enabling the
creation of libraries of labels with minimal spectral overlap
between the reporter molecules, enabling multiplexing.'* As with
regular microscopy, the resolution of Raman spectroscopy is
limited by the Abbe diffraction limit."* Recently, photoswitchable
Raman probes based on diarylethene have been used to circum-
vent this limitation resulting in significantly improved cell
imaging resolution."* To enhance sensitivity and contrast in
super resolution imaging, there is still room for improvement in
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such systems in terms of isomerization photostationary states
(PSSs) and alkyne band shift upon photoisomerization, which
was limited to 19 cm ™. Henceforth, the structural diversity of
alkyne-containing photoswitches needs to be expanded, to pro-
liferate the use of such probes in high-resolution Raman
scattering spectroscopy."®

Here, we report a systematic study of hydrazones 1-6 (Fig. 1)
designed to explore the impact of alkyne groups on the hydra-
zone photoswitching performance. By varying the alkyne sub-
stitution at the rotor position, we modulated the electronic and
vibrational properties of the system. Furthermore, incorporat-
ing the electron-withdrawing NO, group at the stator position
significantly improved the UV band separation and PSS. These
modifications resulted in alkyne-photoswitches having tunable
alkyne band shifts of up to 34 cm ' as a function of E/Z
photoisomerization, demonstrating the viability of these hydra-
zones as Raman scattering spectroscopy probes.

The synthesis of the six alkyne-containing hydrazone photo-
switches 1-6 proceeded in good (38-74%) yields (Schemes S1, S2
and Fig. S1-S16, ESIT). The final and critical step involved the
condensation of the alkyne-containing rotor unit with the appro-
priate hydrazine derivative of the stator. The condensation reac-
tion was performed at low temperatures to suppress a competing
intramolecular cyclization pathway (Schemes S4 and Fig. S17,
ESIt). The hydrazones were obtained as predominantly the E
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Fig.1 The light-induced Z/E isomerization of the alkyne-containing
hydrazone photoswitches 1-6 studied in this report. The stator and rotor
designations are arbitrary and used to differentiate parts of the switch.
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isomer. This assignment was corroborated using the chemical
shift of the NH proton, which resonates at 9 ppm in toluene-dg,
and X-ray crystallography analysis of the target molecules
(Fig. S49, ESIT).

The photoswitching properties of hydrazones 1-6 were
studied in toluene using UV/vis (Fig. S18-S23, ESIT), 'H NMR,
and Raman spectroscopies. We first focused on the simple
trimethyl silyl (TMS) protected alkyne hydrazone 1. The X-ray
crystal analysis of 1 revealed that it is planar and adopts the E
form (i.e., there is no H-bond) (Fig. S49a, ESIt). The UV spectrum
of 1-E in toluene shows a maximum absorption (4,ax) at 359 nm
(Fig. S18a, ESIt), representing a redshift compared to the parent
phenyl hydrazone (A, = 334 nm)." Irradiating the sample with
340 nm light results in slight shift to a Ay of 365 nm. The
'H NMR spectrum shows that a PSS;,, of 47% Z is obtained upon
irradiation (Fig. S24b, ESIt), with an associated quantum yield
(¢) of 8.4 + 1.1% (Fig. S30, ESIt). Irradiation with 410 nm light
results in the complete back isomerization to 1-E (PSS410 99%,
@, =158 £ 0.1%; Fig. S24c and S31, ESIt). The hydrazone
shows no signs of photodegradation even after ten switching
cycles (Fig. S18b, ESIT). The thermal Z — E isomerization half-life
(t4/2) was measured to be 1710 + 75 years (Table S1, ESIt). To
explore the potential use of this alkyne containing-hydrazone as a
photoswitchable tag for Raman spectroscopy we also studied the
change in Raman alkyne vibrational bands as a function of
photoisomerization. The alkyne vibrational band associated with
the 1-E isomer was measured at 2085 cm ' and following
isomerization to the 1-Z the band shifted to 2105 cm ™", repre-
senting a 20 cm ™" shift (Fig. S42, ESIT).

To improve the band separation between the E/Z isomers we
synthesized hydrazone 2 bearing a para-NO, group on the stator
phenyl group. This group is known’ to redshift the absorption
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Fig. 2 (a) UV-vis spectra (initial, PSSz40 and PSS445) of 2 in toluene (1.0 x
107> M); and (b) normalized Raman spectra of the alkyne region in toluene
(L0 x 1073 M).

Table 1 Summary of the photophysical properties of hydrazones 1-6
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spectra and improve the band separation in such hydrazones. This
modification produced the desired redshift in the 2-E absorption
band (Amax = 378 nm; Fig. 2a). Irradiation with 340 nm light
resulted in a redshift of the absorption band (4. = 392 nm) and a
drastically improved PSSz, of 80% Z (®p_., = 30.2 £ 2.5%);
Fig. S25b and S32, ESIt). The reverse Z — E isomerization was
accomplished using 442 nm light resulting with a PSS44, > 99%
E and &, = 51.7 + 0.4% (Fig. S25c and S33, ESIf). The
hydrazone is photostable, allowing for 10 cycles of photoswitching
without signs of degradation (Fig. S19b, ESIt). The 1y, was
measured to be 2697 + 235 years (Table S1, ESIT). The Raman
spectra of the 2 showed only a 15 cm ™" band shift upon photo-
switching (Fig. 2b).

To further investigate the effects of extending the =-
conjugation in the hydrazone we synthesized 3 in which the
TMS-protecting group is replaced with a phenyl moiety. As
expected, this substitution resulted in an 11 nm bathochromic
shift of the A Of 3-E relative to 1-E (Table 1 and Fig. S20a, ESIT).
However, similar to 1, hydrazone 3 also results in a significant E/Z
absorption band overlap resulting in a PSS;4, of 43% Z (95, =
15.3 + 0.6%; Fig. S26b and S34, ESIt). Irradiation of the sample
with 442 nm results in excellent PSS and improved quantum yield
(see Table 1 and Fig. S26c and S35, ESIt). The switch showed no
signs of degradation after multiple switching cycles (Fig. S20b,
ESIY), while the 7/, increased to 1929 =+ 80 years (Table S1, ESIt).
The Raman alkyne band shift was measured to be 21 cm ™" after
photoswitching (Fig. S45, ESIT).

Next, and to combine the benefits of hydrazones 2 and 3 we
synthesized 4, which as expected resulted in a further redshifted
E isomer (Amax of 388 nm; Fig. S21, ESIt). Irradiation with 340 nm
light resulted in a PSSz40 of 84% Z (Amax Of 404 nm; Fig. S27b,
ESIt)t and a comparable quantum yield (Table 1 and Fig. S36,
ESIt). The Z — E isomerization with 442 nm light resulted in a
PSS.45 of 98% E (®,_, 5 = 47.5 + 0.7%; Fig. S27c and S37, EST}).
Hydrazone 4 also has excellent photostability even after ten
switching cycles (Fig. S21b, ESIt). The t7,, was measured at
2628 + 123 years (Table S1, ESIt). The switch resulted in a
21 cm™ ! change after photoswitching (Table 1 and Fig. S46, ESIT).

Finally, we studied hydrazones 5 and 6 bearing the strong
electron donating para-NMe, group at the rotor, and a para-NO,
group at the stator of the latter. The absorption band of the E
isomer in both hydrazones was strongly red shifted (Table 1 and
Fig. S22 and S23, ESIt). Photoswitching with 340 nm results in
PSS349 Of 57% and 75% Z and @ of 11.8 + 0.6% and 7.2 =+
0.2%, respectively (Fig. S28b, S29b, S38 and S40, ESIt). The Z — E

Compound Jabsy E (nm) E: Zpss (%) E: Zpss3a0(%) Dy, r (%) Dz, 7 (%) Ty )7 Raman shift (ecm ™)
1 359 99:1¢ 53:47 15.8 £ 0.1 84 +1.1 1710 £ 75 20
2 378 99:1? 20:80 51.7 £ 0.4 30.2 £ 2.5 2697 + 235 15
3 370 99:1° 57:43 44.9 £ 3.3 15.3 + 0.6 1929 £ 80 21
4 388 98:2” 16:84 47.5 £ 0.7 179 £ 0.4 2628 + 123 20
5 391 99:1° 43:57 34.2 £ 0.8 11.8 £ 0.6 517 £13 34
6 420 87:13¢ 25:75 30.1 £ 0.3 7.2 £0.2 392 + 45 32

“ PSS was achieved with 410 nm light. ? PSS was achieved with 442 nm light. © PSS was achieved with 480 nm light. ¢ Half-life at 298 K
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isomerization process results in a PSS, of >99% E for 5 and
PSS,50 87% E for 6 (@,_ = 34.2 + 0.8% and ®,_ = 30.1 + 0.3%
respectively; Fig. S28c, S29¢, S39 and S41, ESIt).§ Both 5 and 6
exibit signs of photodegradation consistent with behavior observed
for NMe,-substituted hydrazones'® (Fig. S22b and S23b, ESIY).
Both hydrazones also retain bistability with 7,,, of 517 + 13 and
392 £ 45 years, for 5 and 6 respectively (Table S1, ESIT). Most
notably these systems show improvement in the alkyne vibrational
band separation (34 cm ™" and 32 cm ™ for 5 and 6 respectively)
(Fig. S47 and S48, ESI). We hypothesize that the NMe, group,
which enhances the conjugation in these switches, especially in
the H-bonded Z form, is responsible for this large shift. To our
knowledge, these values represent the highest recorded Raman
signal shifts observed in a photoswitchable system.'

In conclusion, we developed a family of six easily accessible
alkyne-containing hydrazones photoswitches. We found that
photoswitches 1,3 and 5 generally suffer from overlap in the
absorption bands resulting in lower PSS values. While the
presence of para-NO, group at the stator, in 2, 4 and 6, improves
the band separation, thereby improving their PSSs. Moreover,
photoswitch 5 benefits greatly from the strong electron donating
group, exhibiting red-shifted absorption bands without compro-
mising bistability. Our study also demonstrates the viability of
using hydrazone switching as a mechanism for changing the
vibrational frequency of the alkyne group, thus making these
systems viable bioimaging probes for Raman scattering spectro-
scopy. Specifically, switches 5 and 6 demonstrate dramatic
Raman signal shift between their two isomers (>30 cm™"). The
resulting hydrazones enhance the structural landscape of photo-
switchable alkynes that can be used in bioimaging.

The authors acknowledge the ACS PRF (66249-ND4) for the
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i Intermediate irradiation wavelengths were tested, but they resulted in
worse PSS values compared to those obtained with 340 nm light
(Fig. S27, ESTY).
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§ Irradiating 5 with other wavelengths resulted in worse PSS values (Fig.
S28, ESIt), as observed for 4. Additionally, 6 was found to be extremely
unstable, preventing in-depth analysis.
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