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Abstract

Charge-transfer (CT) cocrystals of the strong m-acceptor 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) with a series of aromatic electron donors, namely, N-ethylcarbazole (NEC), p-
dimethoxybenzene (DMB) and diphenylacetylene (DPA), were prepared for the first time by solvent
evaporation method and characterized by single-crystal X-ray diffraction, UV-Vis, NMR
spectroscopy and theoretical studies. According to conducted measurements, all complexes
crystallize in 1:1 donor—acceptor stoichiometry, with nearly planar mt-systems that stack in alternating
columns. While NEC-DDQ and DMB-DDQ pairs form strong face-to-face t—m stacks with centroid-
centroid distances of 3.28 A and 3.39 A, respectively, DPA-DDQ complex shows a slipped geometry
with partial overlap (larger shift distance) and weaker m—m interaction with centroid-centroid
distance of 3.84 A. NEC and DMB donors exhibited photoinitiation in the cationic polymerizations
of cyclohexene oxide and isobutyl vinyl ether, under visible, white and near-infrared light, attributed
to their high electron-donating ability and favorable co-facial stacking with. In contrast, DPA-DDQ
complex failed to initiate electron transfer, thus, photocationic polymerization due to weak donor
strength and poor m—m stacking. No complexes initiated e-caprolactone (ECL) polymerization,
indicating a need for stronger Lewis acid. This comprehensive study provides design principles for
engineering solid-state CT photoinitiators via donor choice and crystal packing.

Keywords: charge-transfer complex; crystal structure; 7—m stacking; DFT; photocationic
polymerization

1. Introduction

Charge-transfer (CT) can be described as a molecular interaction in which an electron-rich donor
molecule transfers its partial electron density to an electron-poor acceptor, forming a non-covalent
complex [1,2]. Charge-transfer complexes (CTCs) between strong m-acceptors such as 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) and electron-rich molecules have long been studied for their
structural and optical properties [3-7]. The electron donation from a donor molecule’s highest
occupied molecular orbital (HOMO) into the 7t* acceptor levels or lowest unoccupied molecular
orbital (LUMO) of DDQ leads to new low-energy transitions [8]. Strong donors such as aromatic
amines (e.g. 4-dimethylaminopyridine (DMAP)) [6] or aromatic 7-systems (e.g. fluorene,
naphthalene, and perylene) [9,10] are known to form stoichiometrically 1:1 CT complexes with DDQ
[11]. In many cases CT complexes adopt face-to-face m—m stacking geometries that facilitate m-electron
overlap [12]. This interaction often leads to new optical and/or electronic properties, such as visible
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light or near-infrared (NIR) absorption, and plays an important role in various fields, including
materials science, photochemistry, polymer chemistry and supramolecular crystal design [2,13,14].

Light-induced polymerization has become an enabling technology in advanced materials
(coatings, 3D printing, additive manufacturing and electronics) due to its rapid curing, requirement
of low-energy and solvent-free processing [15-18]. In particular, cationic photopolymerization offers
advantages such as oxygen-insensitivity and low shrinkage, making it an attractive method [15,19].
Traditional cationic photoinitiators (e.g. onium salts) can readily generate strong acids under UV
irradiation [20,21]. However, the limited penetration and high energy of UV light restrict the use of
standalone onium salts for industrial applications [22,23].

To overcome this problem, researchers have sought new strategies to sensitize cationic systems
to visible light. Several dyes have been utilized as photosensitizers to shift the onium salts” activation
into the visible or NIR region [24,25]. Alternatively, CTCs have emerged as intrinsically light-
harvesting photoinitiators. In these systems, a ground-state association between an electron-rich
donor and an acceptor (such as a DDQ or onium salt) creates a complex with red-shifted absorption.
Upon irradiation, the CTC can undergo intramolecular charge transfer (ICT) to generate radical ion
pairs, ultimately producing acidic species (or radicals) that can trigger polymerization [17,26].

CTCs have been previously utilized as efficient photoinitiators for cationic polymerizations,
effectively extending photoactivation into the visible regime. For example, photoredox catalysts and CT
pairs have been used to initiate ring-opening polymerizations of epoxides and cationic polymerizations
of vinyl ethers [27,28]. Especially, cyclohexene oxide (CHO) and vinyl ethers are well-known cationically
polymerizable monomers that can be activated by photo-generated acids or radical cations [28,29]. These
findings motivate the use of CTCs as “dye-free” photoinitiating systems in polymer synthesis.

In this study, we combine single-crystal X-ray analysis, UV-vis, NMR spectroscopy, DFT
analysis, and cationic photopolymerization results to explore structure-reactivity relationships in
three different DDQ-based CTCs. We focus on three donor types: N-ethylcarbazole (NEC) and p-
dimethoxybenzene (DMB) as relatively strong mt-donors, and diphenylacetylene (DPA) as a relatively
weaker mt-donor. We report the crystal structures of these CT complexes, analyze their charge-transfer
absorptions by conducting UV-Vis spectroscopy, check the chemical shifts in NMR, investigate the
electronic states through DFT studies, and then test each CT complex as a photoinitiator for cationic
polymerization of CHO, isobutyl vinyl ether (IBVE), and e-caprolactone (ECL) under visible, white
and NIR wavelengths. The data reveal clear correlations: stronger donors and favorable stacking
geometries lead to larger CT band intensities and more efficient photopolymerization initiation,
whereas weak donor or mismatched geometry gives weak CT absorption resulting in no efficient
photoinitiation, thus, no photopolymerization. These results provide insight into how molecular
structure controls the light-induced reactivity of DDQ-based CT complexes.

2. Materials and Methods

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (Sigma-Aldrich, 98%), 9-ethylcarbazole (N-
ethylcarbazole)  (Sigma-Aldrich, 97%),  1-4-dimethoxybenzene  (Sigma-Aldrich,  99%),
Diphenylacetylene (Sigma-Aldrich, 98%), Methanol (Technical Grade), Dichloromethane Sigma-
Aldrich, 99%), Chloroform (Sigma-Aldrich, 99%) and Tetrahydrofuran (THF) (Sigma-Aldrich, 99%),
Deuterated Chloroform (CDCls) and Deuterated Dimethyl sulfoxide (DMSO-ds) were used without
further purification. Cyclohexene oxide (Sigma-Aldrich, 98%), Isobutyl vinyl ether and o-
caprolactone (Sigma-Aldrich, 97%) were initially mixed overnight with calcium hydride (Sigma-
Aldrich, 95%) under nitrogen atmosphere and then distilled under vacuum prior to use.

2.1. Preparation of Charge-Transfer Single-Crystals for Structure Determination

The synthesized CT complexes (NEC: DDQ, DMB: DDQ and DPA: DDQ) were obtained by
mixing a saturated solution of equimolar amounts of DDQ (0.227 g, 1 mmol) dissolved in 1 mL of
THEF, with three separate solutions of NEC (0.195g, 1 mmol), DMB (0.138 g, 1 mmol) and DPA (0.178g,
1 mmol) dissolved in 1 mL THF. Upon mixing, the solutions turned to blue, green and greenish-
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orange, respectively. The single crystals of CT complexes were obtained by allowing THF solvent to
evaporate slowly at room temperature for over a week.

2.2. Measurements and Characterization

Gel permeation chromatography measurements were performed on a TOSOH EcoSEC GPC
system equipped with an auto sampler system, a temperature-controlled pump, a column oven, a
refractive index (RI) detector, a purge and degasser unit and TSKgel superhZ2000, 4. 6mm ID x 15
cm x 2 cm column. Tetrahydrofuran (THF) was used as an eluent at flow rate of 1.0 mL min at 40°C.
The GPC system was calibrated with polystyrene (PS) standards having narrow molecular-weight
distributions. GPC data were analyzed using Eco-SEC Analysis software.

UV-visible spectra were recorded with a Shimadzu UV-1601 double-beam spectrometer equipped
with a 50 W halogen lamp and a deuterium lamp which can operate between 250 nm - 900 nm.

Fourier-transform infrared (FTIR) spectra were recorded on a Shimadzu IR Spirit-X Compact
using ATR technique (QATR-S). 64 scans were averaged.

H NMR spectra were recorded using deuterated chloroform (CDCls) or deuterated dimethyl
sulfoxide (DMSO-ds) as solvent with tetramethyl silane as an internal standard at 500 MHz, using
Agilent VNMRS 500 spectrometer at 25°C.

Delta OHM Quantum radiophotometer was used to measure the light intensity of all the
photoreactors.

2.3. Photopolymerization Experiments

For all the photopolymerization experiments, 1 mL of CHO (~10 mmol), 1 mL of IBVE (~8 mmol)
and 1 mL of ECL (~9 mmol) were separately added to CTC (NEC: DDQ, DMB: DDQ and DPA: DDQ)
prepared by mixing DDQ (0.25 mmol) and corresponding material (0.25 mmol) inside a test tube and
degassed. Then, the test tubes were irradiated either using visible light LEDs (nominal light at 405
nm with ~100 mW/cm? intensity), using white LEDs (nominal light at 470-630 nm) or an incandescent
lamp emitting at NIR region (700-1100 nm ~190 mW/cm? intensity) for 8h. Following irradiation, all
the solutions were precipitated into 20-fold (by volume) technical grade methanol. After centrifuging
at 5000 rpm for 10 mins and decanting the solvent, the precipitates were dried under vacuum. Video
demonstrating the sudden color changes when THF vacuum for 24h. Photos of photoreactors and
precipitates can be found in the Supporting Information (Figures S1 and S2), respectively. Video of
the addition of orange-colored THF solution of DDQ to colorless THF solutions of NEC and DMB
inside UV cuvettes can be found in the Supporting Information (Video S1).

2.4. X-Ray Crystallography

Single crystal X-ray diffraction measurements were performed at room temperature, using a
Bruker D8 Venture diffractometer equipped with Photon I CMOS detector and graphite
monochromated Mo-Ke radiation (A = 0.71073 A), in the ¢ and w scans mode. A semi empirical
absorption correction was carried out using SADABS. Data collection, cell refinement, and data
reduction were done with the SMART and SAINT programs [30,31]. Unit-cell dimensions were
obtained from least-squares refinement of the setting angles of 24 reflections obtained in the range 50
<20 < 25¢. The structures were solved by direct methods using SIR97[32] and refined by full-matrix
least-squares methods using the program SHELXL97[33]. Non-hydrogen atoms were refined with
anisotropic thermal parameters, whereas H-atoms were placed in idealized positions and allowed to
refine riding on the parent C atom. Molecular graphics were prepared using Mercury v4.2.0 [34] and
Olex2 v.1.5 software [35].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1420.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2025

d0i:10.20944/preprints202507.1420.v1

4 of 16

3. Results and Discussions

3.1. Single Crystal X-Ray Diffraction Analysis

Chemical structures of the electron acceptor and the electron donors used in this study are
depicted in Scheme 1. The cocrystals of NEC-DDQ and DMB-DDQ grew in flat, straight rod-like
shapes with a dark blue-green color. On the other hand, DPA-DDQ cocrystal grew in plate-like shape
with a light-orange to green color. While NEC-DDQ and DMB-DDQ have monoclinic unit cells (P 1
21/c 1 space group), the unit cell of DPA-DDQ system is triclinic (P -1 space group). The crystal
packing of all the cocrystals are shown in Figure 1. The crystal structure information for the cocrystals
is depicted in Table 1. Additional crystallographic information regarding experimental details is
provided in Tables S1-S3 of the Supporting Information.

N
cl =

ci N

DDQ NEC

Electron Acceptor Electron Donors

Scheme 1. Electron acceptor and donor molecules used in this study.

Table 1. Crystallographic data for single crystal X-ray diffraction of three CTCs studied in this work.

Cocrystal Code NEC-DDQ DMB-DDQ DPA-DDQ
Chemical Formula C22Hi13C2NsO2 C16H10Cl2N204 C22H10CI2N202
T(K) 296(0) 296(0) 296(0)
A(A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group P121/c1 P121/c1 P-1
Unit cell dimensions: (A, 9)
a 8.6137(4) 6.8000(18) 9.4237(7)
b 15.1385(7) 14.430(4) 9.8403(7)
c 14.7588(7 16.792(4) 10.7884(8)
V(A3) 1899.42(15) 1637.1(7) 954.56(12)
a 90 90 75.585(2)
B 99.265(2) 96.517(8) 86.725(2)
Y 90 90 80.156(2)
V4 4 4 2
Absorption coefficient (mm-1) 0.367 0.419 0.360
Dcalc (g/cm3) 1.477 1.482 1.410
F (000) 864 744 412
Crystal size (mm) 0.05x0.27 x0.27 | 0.01 x0.05x0.20 | 0.09 x 0.11 x 0.38
0 range for data collection (9) 2.46 to 31.61 2.44 to 26.56 2.17 to 25.36
-12<h<12 -8<h<8 -11<h<11
Index ranges -22<k<22 -18<k<18 -11<k<11
-21<1<21 -21<1<21 -12<1<12
Reflections collected 97242 53180 39405
Independent reflections 6383 3394 3484
Coverage of independent reflections (%) 99.9 99.5 99.7
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Data/parameters 6383/264 3394/220 3484/254
. . R1 = 0.0394 R1 = 0.0425 R1=0.0515
>
Final R indices [[220(1)] WwR2 = 0.0997 wR2 = 0.0942 wR2 =0.0753
Goodness-of-fit on F2 1.030 1.027 1.052
CCDC Number 2465129 2465130 2465127

Figure 1. Crystal packing views of (a) NEC-DDQ (b) DMB-DDQ and (c) DPA-DDQ cocrystals.

Single crystal X-ray analysis confirms that all donor complexes adopt alternating D-A stacks
with m—7t interactions dominating the crystal packing (Figure 2). All the cocrystals have 1:1 donor-
acceptor stoichiometry and display mixed donor-acceptor stacking in alternating columns (Figure 3).
Scheme 2 summarizes the CT-interactions of the studied compounds. The donor aromatic plane is
nearly co-planar with the DDQ quinone plane in each case. In particular, NEC-DDQ and DMB-DDQ
cocrystals form essentially co-facial m-stacks in accordance with the previously observed carbazole—
DDQ complexes [36,37]. The rings lie face-to-face or with only slight offset above the DDQ ring,
giving centroid—centroid distances of 3.28 A (Figure 3a) and 3.39 A (Figure 3b), respectively. By
contrast, DPA-DDQ complex has a pronounced slipped geometry: the linear diphenylacetylene lies
nearly orthogonal to DDQ, with only one phenyl ring overlapping the quinone (Figure 3c). This large
offset (with a shift distance of 2.07 A) increases the D-A separation and reduces m-overlap. Thus,
strong donors favor close co-facial stacking, whereas DPA adopt less effective m—m contacts. In DPA-
DDQ cocrystal, another weak o-stacking occurs between DDQ’s phenyl unit and DPA’s carbon-
carbon triple bond with a distance of 3.59 A and a parallel alignment. This was previously observed
in other DDQ-containing CT complexes. Table 2 depicts -7t stacking distances and geometries.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. ORTEP views of the intermolecular m—mt stacking occurring at (a) DMB-DDQ, (b) NEC-DDQ and (c)
DPA-DDQ charge-transfer complexes.

NEC:DDQ CTC

o N |
- DMB:DDQ CTC
------- = =
Sy 7 \
o
il,

DPA:DDQ CTC

Scheme 2. Summary of the charge-transfer interactions occurring between electron acceptor DDQ and electron
donors NEC, DMB and DPA.

@) (b) (0)

Figure 3. -7t stacking occurring in (a) NEC-DDQ (b) DMB-DDQ and (c¢) DPA-DDQ cocrystals from a-axis.
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Table 2. m—mt stacking distances and geometries of the CTC cocrystals.
CT Complex Centroid-Centroid Distance (A) Stacking Geometry
NEC-DDQ 3.28 Strong face-to-face
DMB-DDQ 3.39 Strong face-to-face

DPA-DDQ 3.84 Slipped, weak

All the crystal lattices are further stabilized by weak non-covalent bonds including hydrogen
bonding (Figure 4), Cl---Cl and CI---O interactions. In NEC-DDQ cocrystal, a weak hydrogen bonding
between DDQ’s quinone group (C18=02) and NEC’s aromatic (phenyl) hydrogen (C5-H5) with a
distance of 2.57 A and an angle of 160° is present (Figure 4a). Another weak hydrogen bonding is
present in NEC-DDQ cocrystal between DDQ’s cyano group’s nitrogen (C21-N2) and aromatic
(phenyl) hydrogen (C12-H9A) with a distance of 2.72 A and an angle of 135.1°. Similarly, DMB-DDQ
cocrystal’s lattice is stabilized by weak hydrogen bonding occurring between DDQ’s quinone (C12-
02) and DMB's aliphatic hydrogen (C7-H6B) with a distance of 2.53 A and an angle of 131.5° (Figure
3b). Another weak hydrogen bonding in DMB-DDQ cocrystal occurs between DDQ'’s cyano group’s
nitrogen (C15-N2) and DMB'’s aromatic hydrogen (C1-H1) with a distance of 2.71 A and an angle of
167.2°. Furthermore, the crystal lattices of NEC-DDQ and DMB-DDQ pairs are further stabilized by
weak non-covalent Cl---Cl (CI2-CI2) and Cl---O (CI3-O2) interactions with distances of 3.27 A and
3.00 A, respectively (Figure 4a,b) and was previously observed in other DDQ-containing crystals
[38,39]. In DPA-DDQ cocrystal, weak hydrogen bonding is present between DDQ’s cyano group’s
nitrogen (C15-N1) and aromatic hydrogen (C6-H6) with a distance of 2.7 A and an angle of 172.
Another weak hydrogen bonding is present between DDQ’s quinone group (C20=02) and aromatic
hydrogen (C3-H8) with a distance of 2.51 A and an angle of 154.6° (Figure 4c). DPA-DDQ cocrystal’s
lattice is further stabilized by Cl---H (ClI1-H5) interaction 2.86 A and an angle of 153.0e.

Figure 4. Non-covalent interactions occurring in (a) NEC-DDQ (b) DMB-DDQ and (c) DPA-DDQ cocrystals.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. UV-Vis Investigation of CT Complexation

The formation of charge-transfer complexes (CTCs) is known to result in a distinct color change,
resulting in an intense bathochromic shift in the UV-Vis spectrum [27,40,41]. Thus, UV-Vis
spectrophotometry was employed to further evidence the CTC complexations involving electron
donors and DDQ (Figure 5). As the solvent polarity plays a critical role in modulating the interaction
between donor and acceptor molecules [42], the influence of solvent polarity on CTC formation was
systematically investigated using dichloromethane (DCM), tetrahydrofuran (THF) and acetonitrile
(ACN) solvents. In this context, DCM, owing to its low polarity, proved to be the most effective solvent,
facilitating CTC formation even at relatively low concentrations and displaying pronounced
bathochromic shifts (Figure 5a). ACN, possessing the highest polarity, resulted in less pronounced
shifts in similar concentrations of CT-pairs (Figure 5b). When DDQ is added to THEF solvent a significant
color change (from light orange to red) is attributed to THF’s ability to make n-7* complexations
through the lone pair electrons of oxygen with the benzene ring of DDQ, reducing CTC formation
between the electron donors and DDQ [43]. Thus, significantly more concentrated THF solutions of
electron donor and DDQ was used to be able to observe comparable spectral changes (Figure 5c).

3 =
a) —CTC of NEC-DDQ b)3 ——CTC of NEC-DDQ
——CTC of DMB-DDQ ——CTC of DMB-DDQ
~———CTC of DPA-DDQ — _NEC
- —NEC ——DMB
3 21 ——DMB 3 2
< ——DPA &
5 pbQ 5
g g
g g
14 14
E E
0 04 L
——————— T —— T T
350 400 450 500 550 600 650 700 750 800 350 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
3
c) ———CTC of NEC-DDQ
CTC of DMB-DDQ
~——NEC
——DMB
2 DDQ

Absorption (a.u.)

T T T T T T T T T
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5. UV-Vis spectra of the investigated CTCs and reactants measured in (a) DCM, (b) ACN and (c) THF
solvents.

3.3. NMR Investigation of CT Complexation

Following UV-Vis spectroscopy, NMR spectroscopy was utilized to elucidate the charge-transfer
complexations between electron donors and DDQ. These interactions induce notable alterations in
the electron densities of the participating molecules, which are detectable by NMR spectroscopy [44].
Initially, the 'TH NMR spectra of DMB and NEC were recorded in CDCls (Figure 6) and in DMSO-ds
(Figure S3). High polarity of DMSO was found to significantly inhibit CTC formation, likely due to
strong solvent-solute interactions that hinder effective m—mt stacking between the electron-rich and
electron-deficient species [45]. Consequently, CDCI;, a less polar solvent, was selected to facilitate the
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CTC formation. The resulting CT complexations were evident in the NMR spectra. As the
concentration of DDQ increased a systematic upfield shift was observed for characteristic protons in
both DMB (Figure 6a) and NEC (Figure 6b). In the'H spectrum of NEC, aromatic protons located near
the center of the CTC geometry exhibited more pronounced chemical shift changes compared to those
on the molecular periphery, consistent with their greater involvement in the complexation process.

a) Iz CTC of NEC-DDQ
\ ——NEC

8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2
ppm

CTC of DMB-DDQ

o ¢ N ——DMB
peet 3

7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5
ppm

Figure 6. "H-NMR spectra of the complexation between (a) NEC and DDQ (b) DMB and DDQ measured in
CDCls solvent at 500 MHz.

3.4. Photocationic Polymerization Using CTCs

Photoinitiated cationic polymerization of the above-mentioned monomers were investigated
under different wavelengths. Due to the high solubility of all three CTCs in the monomers (CHO,
IBVE and ECL) and the weaker CT bands observed in UV-Vis using dilute solutions of CT pairs, all
the photopolymerization attempts were done as bulk systems (no solvent). Accordingly, to a
negligible amount of CTC single crystals (less than 0.1 mmol), 10 mmol of monomer (~1 mL) was
added and the mixture was irradiated on separate batches under visible LEDs, white-light LEDs or
NIR emitting incandescent lamp for 8h. The resultant mixtures were precipitated into methanol and
dried under vacuum for gravimetric determination (monomer conversion) and spectroscopic
characterization ("H NMR spectroscopy. NEC-DDQ and DMB-DDQ CT pairs successfully initiated
the cationic polymerization of both CHO and IBVE under three different wavelength regions (visible,
white and NIR). No ECL polymerization was observed using any CT pair. Control experiments
conducted in the absence of light or any CTC photoinitiator resulted in no monomer conversion,
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demonstrating the crucial role of CT pairs (NEC and DMB) and light for successful polymerization.
All the photopolymerization results are tabulated in Table 3.

Table 3. Summary of all the cationic photopolymerization results using the investigated CTCs as

photoinitiators.
CTC Monome Irradiation Dispersity Conversion (%)

Photoinitiator r Wavelength = Mn (kg/mol) * (D)r c
NEC-DDQ CHO Visible 2.8 1.3 7
NEC-DDQ IBVE Visible 21.2 3.6 31
NEC-DDQ CHO White 25.0 2.8 10
NEC-DDQ IBVE White 29.4 2.5 28
NEC-DDQ CHO NIR 53.6 1.9 12
NEC-DDQ IBVE NIR 58.3 2.3 24
DMB-DDQ CHO Visible 2.8 1.3 5
DMB-DDQ IBVE Visible 24.3 3.9 27
DMB-DDQ CHO White 33.5 2.9 8
DMB-DDQ IBVE White 32.5 2.9 25
DMB-DDQ CHO NIR 59.1 2.0 13
DMB-DDQ IBVE NIR 38.3 2.6 30
DPA-DDQ CHO Visible NP NP NP
DPA-DDQ IBVE Visible NP NP NP
DPA-DDQ CHO White NP NP NP
DPA-DDQ IBVE White NP NP NP
DPA-DDQ CHO NIR NP NP NP
DPA-DDQ IBVE NIR NP NP NP

2 Nominal wavelength of visible, white and NIR lights is 405 nm, 650 nm and 900 nm, respectively ? Calculated
using GPC calibrated by narrow dispersity (maximum 1.05) polystyrene standards ¢ Determined by gravimetric

method. *NP = No polymerization.

The monomer conversions achieved using NEC-DDQ and DMB-DDQ are generally in close
correlation. The conversions percentages are comparable to previously obtained conversions using
CTCs, with slightly on the lower side compared to onium salts [26,46]. DPA-DDQ CT pair did not
yield any polymer under any wavelength irradiation, due to its weak o-stacking resulting in no PET.
Looking at the trend in the molecular weights of the polymers, NEC-DDQ tends to produce higher
Mn polymeric species. This result can be attributed to the slightly stronger face-to-face stacking
observed in NEC-DDQ pair, compared to DMB-DDQ), leading to a larger number of active centers.
In accordance with the UV-Vis spectra the monomer conversions tend to increase with the lower
wavelength irradiation (NIR to visible) as the absorptions are much higher in the visible region.
Overall, the dispersity (P) values in the range of ~2-3.9 are typical for uncontrolled cationic
polymerizations, which were previously observed by our research group, utilizing other CTC
photoinitiators for the cationic polymerizations of these monomers [19,20].

Plausible Mechanism for the Photocationic Polymerization

A plausible reaction mechanism is depicted in Scheme 3. Accordingly, N-ethylcarbazole (NEC)
and p-dimethoxybenzene (DMB) form ground-state CT complexes with the acceptor DDQ. In the
concentrated solution (no solvent but only monomer), these donor-acceptor pairs co-facially stack,
exhibiting intense CT absorption bands in the visible to NIR range. Upon irradiation with visible,
white or NIR light, the CT complexes absorb a photon and undergoes intraligand charge transfer
(ICT). This excitation prompts an electron transfer from the electron donor (NEC or DMB) to electron
acceptor DDQ within the complex. The result is an electronically excited CT state that spontaneously
separates into a radical ion pair, specifically, a donor radical cation and a DDQ radical anion. This
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photoinduced electron transfer (PET) is the crucial first step, creating the reactive ion pair that will
initiate polymerization. Both NEC-DDQ and DMB-DDQ complexes show this behavior, whereas a
weaker donor like diphenylacetylene (DPA) forms only a weak CT band and fails to generate ionic
species resulting in no cationic photopolymerization (Scheme 3A).
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Scheme 3. (A) Formation of CTC and its photoexcitation leading to radical ion pairs. (B) Formation of cationic

species capable of initiating polymerization of the investigated monomers.

Upon photoexcitation, the donor radical cations (NEC** or DMB**) and the acceptor radical anion
(DDQ*-) are formed in close proximity. NEC** is a m-centered radical cation delocalized over the
carbazole ring, with the positive charge largely on nitrogen, while DMB**is an aromatic radical cation
delocalized over the dimethoxybenzene ring. DDQ*- is a resonance-stabilized semiquinone radical
anion (Scheme 3A).

In the next step (Scheme 3B), the radical ion pair converts into an acidic species capable of
initiating cationic chain-growth polymerization. The donor radical cation undergoes a fast-chemical
reaction to generate a true cationic initiator (a Bronsted acid or a carbocation): NEC** can fragment
by a-cleavage of its N-C bond. The positive charge on the N-ethylamino group induces cleavage of
the N-CH>- bond, ejecting a neutral carbazole radical and releasing an ethyl cation C2Hs*.The ethyl
cation is a potent Lewis-acidic species that can act like a proton in attacking monomers. An alternative
path for NEC** is dimerization: two NEC** can couple at the 3- or 7-position, forming a bicarbazole
and releasing by the release of two H* ions, as such reaction was previously observed in our research
group when NEC was introduced to the powerful oxidizing agents such as bromine radical. A third
path is the hydrogen abstraction of DDQ*- from the ethyl unit of NEC** resulting in DDQH and a N-
ethyl cation that can also initiate cationic polymerization.

DMB** can undergo (-scission of an O-CHs bond on the methoxy substituent. The result is a
neutral 4-methoxyphenoxyl radical and a methyl cation (CHs*) as the leaving group. The methyl
cation can act as a Brensted superacid equivalent initiating cationic polymerization. In an alternative
pathway, DMB**may undergo deprotonation at an aromatic ring carbon, ejecting an H* and forming
a resonance-stabilized radical. In either case, DMB**produces an acidic species: either CHs* or H*.

DDQ-- radical anion helps facilitate acid formation and undergoes protonation by abstracting
hydrogen from the donor radical cation or other trace donors. For instance, if NEC** releases an ethyl
cation, the carbazole radical left behind can donate a hydrogen atom to DDQ*-, forming DDQH or its
anion after electron rearrangement. DDQ*-may also eliminate a chloride: one of DDQ’s C-Cl bonds
can cleave in the reduced state, expelling CI-. The chloride anion can capture a proton (from donor or
solvent) to yield HCI. The net outcome is the creation of a stable ion pair: a catalytically active cation
C2Hs*, CHs* or H* and a non-nucleophilic counter anion (e.g. Cl,, or the conjugate base of DDQ-H).
This ion pair is analogous to a photo-generated onium acid in traditional photoinitiators.
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3.5. Computational Study

In order to obtain more insight into the structural and electronic states of DDQ-DMB, DDQ-DPA
and DDQ-NEC interactions, the corresponding molecular complexes were modeled by using density
functional theory (DFT). The geometries of organic molecules obtained with the B3LYP functional
were determined to be in a good agreement with their experimental XRD structures [47], that is why
the geometry optimizations were carried out at B3LYP level of theory in 6-31+G(d,p) basis. All
computations were performed in Gaussian ‘16 program package [48]. The optimized geometries were
shown in Figure 7.
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Figure 7. The optimized structures of the molecular complexes of (a) DMB, (b) DPA and (c¢) NEC with DDQ
(front views (left) and top views (right)).

The stacked structures were confirmed for all structures. The interlayer spacings are all in 3.4-3.7 A
range. The spacings were predicted to be 3.5 A in DDQ-DMB, 3.65 A (average) in DDQ-DPA and 3.55 A
in DDQ-NEC complex. The frontier orbitals and the corresponding energy gaps were also shown in
Figure 8.
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Figure 8. The frontier orbitals with corresponding energy gaps.
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HOMO orbital was found localized on DMB, DPA and NEC in each molecular complex, in contrast,
LUMO orbital was localized on DDQ unit in each case, that verifies the charge transfer complex structures
between electron acceptor DDQ unit and electron donor DMB, DPA and NEC units. Upon comparison of
the energy gaps, the weakest charge transfer interaction was predicted in DPA complex.

4. Conclusions

To our knowledge, this work is the first systematic study linking the structure of any CTC to its
photoinitiation efficiency. By comparing the solid-state geometries obtained via SC-XRD, DFT
calculations and photoinitiation activity of CT pairs, we demonstrate that tighter donor-acceptor
stacking and higher donor HOMO energy correlate with stronger CT complexation and thus, higher
photoinitiation rates. In contrast, the rigid DPA donor failed to transfer electron density efficiently to
DDQ upon excitation, yielding no polymerization. These findings emphasize that both the electronic
nature and spatial arrangement of the donor unit strongly influence the photochemical reactivity of
the CT complex. The practical implication is that donor tuning offers a handle to control
polymerization under mild irradiation conditions. This study demonstrates that by selecting donors
with suitable redox properties and conjugation length, the absorption of the CT complex can be
shifted to longer wavelengths, enabling photoinitiation even under NIR light. In our system, the more
electron-rich NEC and DMB donors produced CT complexes that were active under relatively mild
illumination, suggesting the potential to design effective NIR photoinitiators. At the same time, the
failure of the e-CL photopolymerization highlights the need to tailor the initiation system to the target
monomer. Future research directions should build on these structure-reactivity insights, in
particular, heterocyclic aromatics, extended m-systems, multi-donor molecules that can form strong
CT interactions with DDQ or similar strong acceptors, in order to further red-shift the absorption and
enhance photoactivity. Such studies are currently the focus of our research group.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: photos of the visible, white and NIR light photoreactors used in the
photopolymerization experiments, respectively.; Figure S2: Photos of (left) dry PCHO precipitates obtained
using DMB-DDQ CTC and (right) dry PIBVE precipitate obtained using NEC-DDQ CTC.; Figure S3: 'TH-NMR
spectra of the complexation between a) DMB and DDQ b) NEC and DDQ at various molar ratios in DMSO- ds
solvent. Table S1: Crystal Structure Report for NEC-DDQ CTC; Table S2: Crystal Structure Report for DMB-DDQ
CTGC; Table S3: Crystal Structure Report for DPA-DDQ CTC; Video S1: title.
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