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ABSTRACT: In the rapidly evolving field of molecular design, donor—acceptor complexes
have garnered significant attention due to their unique optical, electronic, and photoreactive
properties. This study explores the synthesis of donor—acceptor molecular complexes using
electron-deficient tetrafluoroterephthalate and four electron-rich 4-vinylpyridine derivatives.
Due to the similar chemical structures of 4-vinylpyridine derivatives (2tpy, 3tpy, 4spy, and 3F-
4spy), three of the four complexes exhibit isostructural packing. These compounds display
segregated arrangements and undergo [2+2] solid-state photoreactions even under ambient
light, with stepwise structural evolution captured by single-crystal-to-single-crystal (SCSC) X-
ray diffraction. Under UV irradiation, the crystals show single-step photoreactions along with
distinct photosalient behavior. The charge-transfer nature of these complexes, which drives
their photoreactivity under ambient light, is investigated through optical absorption studies and
Raman spectroscopy. The vibrational signatures obtained from Raman experiments are further
interpreted using TD-DFT calculations, offering detailed insight into the electronic structure

and molecular interactions.

Locomotion is a fundamental aspect of nature, playing a crucial role in the evolution of life

by enabling survival, reproduction, and various daily activities.! From the origin of life on
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Earth to the present, movement has been essential for adaptation and progress. In addition to
locomotion, sensory behavior is equally vital, allowing organisms to respond to environmental
stimuli through mechanisms such as electrical impulses and pH changes. Inspired by these
biological processes, scientists have developed various sensors that respond to external stimuli,
including electrical signals, heat, and light.>> Among these, light-driven sensors hold distinct
advantages due to their remote activation, tunability across different wavelengths, precise
intensity control, and ability to propagate in vacuum.® Mimicking natural mechanical motions,
researchers have recently focused on designing next-generation sensors triggered by
photochemical reactions.””' In this regard, solid-state [2+2] photoreactions are considered one
of the most effective methods for converting light energy into mechanical force.'®?? This
reaction offers significant advantages, such as the use of simple, easily synthesizable molecules
and the ability to characterize photoreactions and photomechanical mechanisms with minimal

ambiguity due to its often irreversible nature of the reaction.*’

Stepwise photoreactions, where molecular units react sequentially, offer greater control over
solid-state transformations, preserving material integrity while enabling precise modulation of
structural and mechanical properties.?® Unlike single-step reactions, they allow for capturing
intermediate states, monitoring molecular rearrangements, and tailoring reaction kinetics—
insights that are often lost in studies focusing solely on the initial and final stages of a reaction.
In solid-state [2+2] photoreactions, slowing down the process and studying intermediates via
X-ray diffraction provides crucial information about a deeper understanding of the influence
of olefin separation distances, and configurational changes during the photoreaction.?®-*

Furthermore, this approach enables a deeper understanding of the influence of molecular

rearrangements during the photoreaction, the reaction mechanism, and structural evolution



from monomer to dimer, paving the way for the design of programmable photoresponsive
materials with enhanced functionality.?-’

Donor-acceptor (D-A) molecular complexes exhibit intriguing optical and electronic
properties due to their distinctive band structure and other key characteristics. In recent years,
D-A molecular systems have emerged as a promising avenue for various novel applications,
including band gap tunability, enhanced conductivity, and optoelectronic functionalities.>*
The charge transfer ability and overall electronic behavior of these complexes are highly
dependent on the molecular polarizability, which in turn is influenced by structural factors,
substituents, and molecular packing. Traditionally, charge-transfer complexes have been
studied using optical and computational methods, often in combination.*® While vibrational
spectroscopy, particularly Raman spectroscopy, is highly sensitive to changes in electron
density, its use in directly confirming ground state charge-transfer behavior remains relatively
unexplored. The systematic shifts in vibrational bands observed in Raman spectra provide
valuable insights into electronic cloud distribution, making it a powerful yet underutilized tool
for investigating charge-transfer interactions in molecular complexes.*!™

In this study, we successfully obtained four donor-acceptor molecular complexes by pairing
electron-rich derivatives of 4-vinylpyridine (2tpy, 3tpy, 4spy, and 3F-4spy) with a common
electron-withdrawing tetrafluoroterephthalate (TFT). The protonation of pyridine groups
facilitated a head-to-tail alignment of the olefin moieties, enabling a solid-state [2+2]
cycloaddition reaction while also exhibiting photosalient behavior. Although crystals exposed
to UV light exhibit rapid photoreaction accompanied by photosalient effects, the mechanical
strain causes the crystals to fracture and lose their integrity, making them unsuitable for X-ray
data collection. By reducing the reaction rate under ambient sunlight, we successfully captured

intermediate structures via single-crystal-to-single-crystal (SCSC) transformation. Meanwhile,

the presence of a through space charge-transfer band in these complexes allowed for systematic
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tuning of the optical properties by varying the donor molecule. Notably, the exchange of phenyl
and thiophene units enabled the formation of isostructural complexes with minimal disruption
to the solid-state packing, while inducing a controlled variation in the optical band gap based
on the donor strength. Remarkably, the photoreaction proceeded even under ambient light
conditions, attributed to the charge-transfer absorption bands, which were absent in the
precursor molecules. These absorption bands not only expanded the photoreactivity spectrum
but also enhanced reactivity. The charge-transfer mechanism was further validated through
Raman spectroscopy and computational studies.

Pale yellow single crystals of [(TFT)2(H-2tpy)s] (1) (where 2tpy = 4-(2-(thiophene-2-
yl)vinyl)pyridine) were obtained via slow evaporation of a DMF solution containing TFT and
2tpy in a 1:2 molar ratio. The molecular complex crystallized in the triclinic P-1 space group
(Z = 2), with the asymmetric unit comprising one TFT molecule and two protonated 2tpy
linkers, forming a single molecular formula unit. The structure is stabilized by hydrogen
bonding between the protonated pyridyl groups of 2tpy and the carboxylate moieties of TFT,
creating a robust H-bonded hetero-synthon (Figure 1a and 1b). These interactions lead to a
segregated stacking arrangement, where 2tpy molecules form columnar head-to-tail (HT)
stacks, while TFT molecules pack separately (Figure 1c). With reference to the computation,
the optimized ground state geometry of all the four systems is compared with their respective
XRD data. We observed a very good agreement between the experimental and computational

structures.



Figure 1. (a) Crystal structure of 1, highlighting key hydrogen bonds and two distinct types of

TFT molecules based on their interactions with 2tpy. (b) Packing arrangement showing two
configurations of TFT-H-2tpy interactions and the corresponding olefinic separations between
2tpy linkers. (c) Space-filled model of 1, illustrating the segregated packing of TFT and 2tpy.
(d) Schematic view of the hydrogen-bonded TFT—2tpy assembly, indicating the alignment and
distances between olefin groups. (e) Structure of intermediate isol after 50% photoreaction,
highlighting changes in olefinic separations post-[2+2] cycloaddition. (f) Depiction of TFT
molecules and 4-vinylpyridine derivatives in 1-4, showing olefinic separations in each

complex.

Strong interactions between the electron-rich thiophene and electron-deficient protonated
pyridine moieties facilitate the precise alignment of olefin groups, resulting in distinct paired
arrangements. Structural analysis revealed two types of olefinic separations: 3.56 A in one pair
and 3.89 A in the other, both within Schmidt's criteria for photoreactivity (Figure 1b).*® These
aligned systems arise due to the presence of two different TFT-2tpy interactions, classified as

Type-1 (T1) and Type-2 (T2) configurations. In the T1 configuration, the pyridyl side of the
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2tpy linkers interacts with the carboxylate group of TFT, forming a robust pyridyl-carboxylate
H-bonded synthon in a characteristic R,%(7) motif (Figure la). Meanwhile, in the T2
arrangement, the protonated pyridyl group strongly interacts with one of the carboxylate
oxygens of TFT. The coexistence of these two structural motifs suggests the potential for a
stepwise photoreaction with quantitative yield.

As expected, ambient light irradiation induced a stepwise photoreaction in 1. SCSC X-ray
diffraction studies confirmed that the olefinic pair separated by 3.56 A 2tpy linker (T2
configuration) underwent complete photodimerization, while another pair at 3.89 A which are
present in T1 configuration remained unreacted. This selective reaction resulted in a 50%
conversion, forming an intermediate structure (isol; [(TFT)2(H-2tpy)2(H2-2ptcb)], where 2ptcb
= regio-cis, trans, trans-1,3-bis(4’-pyridyl)-2,4-bis(2-thiophenyl)cyclobutane), which was
stabilized within the crystal lattice (Figure 1e). The asymmetric unit of iso1 contains half of the
T2 TFT molecular unit with one complete T2 H-2tpy molecule and half T1 TFT molecular
unit with half of the H>-2ptcb molecule and the unit cell composed of two formula units, while

the separation distance of unreacted 2tpy linkers has slightly increased to 3.95 A.




Figure 2. Photosalient behavior of 1, 2 and 4 under UV light. 1 have shown rotation of the
crystals while 2 exhibit flipping motion and in 4, a part of the crystal jumped out rapidly under

UV irradiation.

'H NMR analysis confirmed quantitative photodimerization under both ambient and UV
light. Unfortunately, further photoreaction leading to 100% conversion was not achievable
under SCSC conditions as the single crystal did not survive. Time-dependent studies revealed
that the photoreaction under UV light followed first-order like kinetics, with a rate constant of
7.7 x 107 min’!, while ambient light irradiation proceeded slowly, exhibiting a break in the
time-dimerization plot indicative of a stepwise process (See Figure S30-S45 and Table S3).

To investigate the effect of substitution position on the thiophene moiety without
significantly altering structural features, 4-(3-(thiophene-3-yl)vinyl)pyridine (3tpy) was used
as a substitute for 2tpy. Pale yellow single crystals of [(TFT)2(H-3tpy)4] (2) were obtained
using a procedure similar to that for 1, crystallizing in the P-1 space group. The overall packing
arrangement of 2 closely resembles that of 1, with TFT and 3tpy molecules arranged in a
segregated manner. However, unlike 1, compound 2 contains only a single set of molecular
pairs with aligned olefin groups separated by 3.76 A.

Single-crystal X-ray diffraction (SXRD) measurements of 2 after ambient light exposure
revealed a 50% photoreaction, yielding the intermediate structure [(TFT)2(H-3tpy)2(H2-3ptcb)]
(i502) (3ptcb = regio-cis, trans, trans-1,3-bis(4’-pyridyl)-2,4-bis(3-thiophenyl)cyclobutane).
Despite structural differences between 1 and 2, iso2 closely resembles isol (Figure S14 and
S15). Structural analysis indicated that only alternate olefin pairs underwent reaction, while the
separation distance of unreacted pairs increased from 3.76 A to 3.94 A (Figure S16). This
photoreaction is accompanied by molecular rearrangements, leading to a symmetry similar to

isol, with two distinct types of TFT molecules. Time-dimerization studies further confirmed



that 2 undergoes a stepwise photoreaction under ambient light, whereas UV light induces a
single-step photoreaction, as demonstrated by a first-order rate constant of 2.06 x 102 min!.#’

Compounds [(TFT)2(H-4spy)4] (3) and [(TFT)2(H-3F-4spy)s] (4), where 4spy = 4-
styrylpyridine and 3F-4spy = 3’-fluoro-4-styrylpyridine, were synthesized by replacing
thiophene with 4spy and 3F-4spy, respectively — both being phenyl- and fluoro-substituted
derivatives of 4-vinylpyridine. These molecular systems were designed based on the thiophene-
benzene exchange rule, which suggests that thiophene and phenyl rings exhibit similar packing
behavior.*® As anticipated, 3 and 4 displayed packing arrangements closely resembling that of
1 and underwent a stepwise photoreaction, as confirmed by '"H NMR spectroscopy. Although
all four compounds exhibited stepwise photoreaction under ambient light, none showed this
behavior under UV irradiation, likely due to the rapid reaction kinetics relatively (Table S3).
The rate constants, assuming first-order kinetics, were determined as 2.90 x 102 min™!, 3.24 x
102 min~! for the compound 3 and 4 respectively (see Figure S40 and S41).4

SCSC studies captured key intermediate structures, including i113 (22% reaction at one site,
corresponding to 11% overall conversion) and i72.53 (100% reaction at one site and 45% at the
other, resulting in a 72.5% overall conversion). However, similar to 1, complete quantitative
photoreaction led to crystal degradation, preventing further structural characterization. In the
case of 4, efforts to capture photo products through SCSC studies were also unsuccessful.

Interestingly, crystals of 1, 2, and 4 displayed notable mechanical motion upon UV
irradiation. After a latency period of 5-6 seconds 1 exhibited a jumping motion along with
rotation of the crystals (Figure 2 and the videos in SI), attributed to the strain generated within
the unit cell during [2+2] cycloaddition reaction. This might be due to the rapid anisotropic
volume expansion in 1 under UV light during the photoreaction.® The observed expansion is
0.41%, 0.15%, and 0.24% along the unit cell a-, b-, and c-axes, respectively, with an overall

0.32% unit cell volume increase in the photoproduct isol as compared to 1. Like 1, compound
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2 displayed jumping and flipping motion after 5 seconds of UV light exposure and along with
that the luminescence color of the crystal changes from green to blue. In the case of crystal 4,
a portion of the crystal breaks and jumps away from the field of view with very high kinetic
energy. This photosalient effect exemplifies the direct conversion of light energy into
mechanical energy via a chemical reaction but the photosalient behavior was absent when the
crystals are irradiated under sunlight.

To further assess the isostructural nature of the four compounds, a combination of three
computational tools — CrystalCMP*, COMPACK?™, and XPac’!"?> were employed. The
analysis revealed one distinct 3D isostructural group comprising 1, 3, and 4, while 2 was
identified as an outlier. This distinction in structural symmetry aligns with the earlier
observations of packing differences. For added rigor, a second run of XPac analysis was
conducted using only 1, 3, and 4 with a lower tolerance threshold, which further confirmed
their isostructural grouping. The consistency between the results of Crystal CMP, COMPACK,
and XPac enhances the reliability of these findings. The isostructural analysis conclusively
demonstrates that 1, 3, and 4 share isostructural characteristics, whereas 2 deviates due to its

distinct structural symmetry (see SI for further details).
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Figure 3. (a) UV-Vis absorption, (b) photoluminescence (inset: CIE coordinates) spectra of 1,

2, 3 and 4. (¢) HOMO and (d) LUMO localization of 1 as resulted from TD-DFT calculations.

The optical properties of these compounds were investigated using UV-Vis absorption
spectroscopy and photoluminescence (PL) studies. Donor-acceptor (D-A) systems are known
for their unique optical behavior due to the formation of new charge-transfer levels absent in
the parent molecules.’> UV-Vis absorption studies revealed that compound 1 exhibits
absorption at the highest wavelength, which progressively shifts to lower wavelengths from 2
to 4, indicating a systematic change in electronic interactions. This trend is further corroborated
by simulated absorption spectra (Figure S82 in SI), which show a blue shift from 515 nm to
430 nm moving from 1 to 4, suggesting enhanced charge transfer or molecular interactions in

2—4 compared to 1. In conjunction with these findings, we have performed TD-DFT
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calculations to unfold the localization of (un)occupied molecular orbitals and intermolecular
charge transfer. HOMO-3, HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2, and
LUMO+3 orbitals, (Figure 3¢, 3d, and S88) are usually involved in optical transitions and we
find that there is a transfer of electron density between different HOMOs and LUMOs
indicating a through-space charge-transfer in the compounds. i.e., between the TFT and
vinylpyridines which are not connected to each other through any chemical bond. See Figures
S83 to S87 for the details on the contribution of various atomic orbitals to the HOMO and
LUMO for all compounds.

PL studies further supported this trend, with emission peaks shifting from 515 nm (1) to 430
nm (4). Specifically, compounds 1, 2, 3, and 4 exhibit emissions at 507, 482, 459, and 454 nm,
respectively (Aex = 340 nm) (Figure 3). This progressive blue shift is attributed to the systematic
modification of electron density in the 4-vinylpyridine derivatives. The introduction of fluorine
in 3F-4spy (compound 4) leads to the shortest emission wavelength (454 nm) due to its strong
electron-withdrawing nature, while 4spy (compound 3) exhibits a slight red-shift to 459 nm.
When the phenyl ring of 4spy is replaced by electron-rich thiophene at the third position (3tpy,
compound 2), the emission shifts further to 482 nm, and thiophene substitution at the second
position (2tpy, compound 1) results in the maximum red-shift at 507 nm. This systematic
tuning of optical properties highlights the influence of electron density modulation on emission
behavior.

This study successfully demonstrates the tunability of emission wavelengths in isostructural
D-A complexes by strategically modifying substituents and their positions, without
significantly altering the solid-state structure. To further explore green synthetic approaches,
attempts were made to synthesize these D-A systems using solvent-assisted mechanical
grinding, minimizing solvent usage. For this, TFT and L (L = 2tpy, 3tpy, 4spy, and 3F-4spy)

in a 1:2 molar ratio were ground with 100 uLL of DMF for 20 minutes using a mortar and pestle.
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The resulting solids were analyzed using powder X-ray diffraction (PXRD), which confirmed
the formation of phase-pure compounds 1-4 (Figures S10—S13), highlighting the feasibility of
a sustainable, solvent-minimized synthesis approach.

Vibrational spectroscopy serves as a valuable tool for assessing changes in the molecular
vibrational spectrum due to electron cloud (re)distribution. In this context, we employ Raman
spectroscopy to probe the same. In addition, the electronic interaction between the molecules,
in general, can also be probed by monitoring the shift of vibrational bands with respect to their
isolated counterparts. Figure 4 shows Raman spectrum of 1 compared with its constituents. 1*
indicates the TD-DFT simulated Raman spectrum within 600 to 1460 cm™. Table S7 shows
the spectral position of the Raman peaks and their assignment within 300 to 1750 cm™!. Detailed
discussion is given in the SI, while the crucial findings are discussed in the following. It is
observed that TFT and 2tpy binds in two configurations (T1 and T2) as shown in Figure la
and 1b. In correlation with this, some of the modes corresponding to TFT and 2tpy depicted
double peaks in 1 and 1* as identified as T1 and T2 on Figure 4. Specifically, the v4 of TFT
and v8, v9 and v10 of 2tpy depicted the double peaks. The double peaks are corroborated by
the vibrational modes identified in theoretical calculations, where T1 occurred at lower
frequency than that of T2 except v6. The exception is attributed to the fact that the interaction
between TFT and 2tpy is relatively stronger in T1 that of T2, where v6* corresponds to the
ring breathing mode. Furthermore, a significant red shift (~12 cm™) of v8 is observed in 1 due
to the charge transfer from 2tpy to TFT. A more complex and a series of vibrational modes
(v12- v18) are identified corresponding to ring stretching and CH bending modes in 2tpy. These
vibrational modes remained in 1. We note that some of the bands were absent and/or appeared
at different frequencies, however identification of specific modes and their assignment was not

performed due to the complex interplay of various modes observed in 1*. To summarize, the
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splitting and shift of the aforementioned modes of TFT and 2tpy provide us with clear evidence

of charge transfer and spectral identification of T1 and T2 configurations.

I* T T T T '_1* T T T T T T T T T

Intensity (counts)

v12—15 v16-13
1
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600 650 700 750 800 960 _ 7080 1200 1320 1440
Raman shift (cm™)

Figure 4. Raman spectra of 1 compared with its constituents within 600 — 800 and 900 — 1460
cm’!. The peak correspondence is color coded across TFT, 2tpy and 1. Pattern filled (unfilled)
correspond to T1(2), indicating the 2typ interaction with Type-1(2) TFT while the color
provides the correspondence across TFT, 2tpy and 1. 1* indicates the computed Raman
spectrum, where the units for the intensity scale are A*/atomic mass units. The peak responses

are enumerated.

In summary, four donor—acceptor molecular complexes comprising tetrafluoroterephthalate
and 4-vinylpyridine derivatives were synthesized and shown to undergo [2+2] cycloaddition
reactions, confirmed by SCSC X-ray diffraction and NMR spectroscopy. All complexes
exhibited stepwise photoreactions under ambient light, driven by specific molecular
arrangements and charge-transfer interactions, while UV irradiation induced single-step
reactions accompanied by distinct photosalient effects. Optical absorption and luminescence

studies demonstrated tunable charge-transfer properties without disrupting crystal packing.
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Raman spectroscopy, supported by TD-DFT calculations, provided deeper insights into the
electronic and vibrational structures of the assemblies. Additionally, a solvent-assisted
mechanical grinding approach enabled sustainable synthesis of phase-pure materials. These
results establish a versatile platform for developing next-generation photoresponsive
crystalline systems, with future work aimed at further tuning electronic and mechanical

functionalities through chemical modifications.
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