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Abstract

Herein we describe a series of molecular rotors formed by the cocrystallization of
three indolo[3,2-b]carbazole (ICZ) derivatives with butyl and cyclohexyl substituents,
along with 1,4-diaza[2.2.2]bicyclooctane (DABCO). The structures of rotors | and Il
were confirmed through single-crystal X-ray diffraction (SCXRD), revealing a
concatenated 1D arrangement between the two components. Variable temperature
VT SCXRD experiments on rotors | and lll suggested that the rotator shows
rotational motion, with activation energies of 6.8 and 1.8 kcal mol=, respectively. The
lower Ea for rotor Il was attributed to the flexible environment around DABCO due
to the cyclohexyl groups, while the surroundings of rotor | were found to be more
rigid. Additionally, our predictions of radiative and nonradiative (IC and ISC) decay
constants indicate that the vibrations of the molecular rotors impact nonradiative
decay rates and, consequently, the fluorescence quantum yields.

Introduction

Molecular motion is closely associated with various fascinating properties in the solid
state, including dielectric response in charge transfer cocrystals,® birefringence,?
salient effects,® thermal expansion,* and single crystal to single crystal transitions.®
Controlling the mobility in crystalline materials holds the potential to modulate these
properties. Our research group focuses on the study of intramolecular rotation in
crystalline materials, with a particular interest in constructing molecular rotors

through crystal/cocrystal engineering.®

The cocrystallization strategy is a promising approach to develop new fluorescent
compounds because it leverages the complementarity of the components to
minimize noncovalent interactions and facilitate rapid motion.'®> Such fast internal
mobility is expected to regulate the emissive properties of the materials. Particularly,
the motion-emission relationship is commonly used to explain why T1r-conjugated

molecules which are non-emissive in dilute solutions, become highly fluorescent in



aggregates or in the solid state.” This phenomenon is termed Aggregation-Induced
Emission (AIE) and it relies in the restriction of intramolecular motion (RIM) model.2
Therefore, if the conditions are appropriate, the intramolecular motion may generate
molecular rotation-induced emission quenching.’ Examples of highly mobile
components that cause fast non-radiative relaxation' are carboranes,! fast rotating

phenylenes,? pyridines,*? or tetraphenylethenes,* among others.

In a previous work, we have studied the intramolecular motion in discrete cocrystals
assembled by hydrogen bonds between carbazoles and 1,4-
diaza[2.2.2]bicyclooctane (DABCO).16-18 The cylindrical shape of DABCO makes it
an excellent candidate for rotatory components due to its low energy and volume-
conserving motion.*® Moreover, the strong basicity of its nitrogen atoms enables
effective hydrogen bond acceptor capabilities.???* Building upon this foundation, we
aimed to explore the pairing of DABCO with a more conjugated component than
carbazole, creating one-directional crystalline molecular rotors. While a few
examples of 1D rotors have been reported in the literature,??2® the study of the
resulting emissive properties of these crystals remains unexplored, making it an

intriguing area for further exploration.

Indolocarbazoles (ICZ) are a series of five fused heterocycles formed by the fusion
of carbazole and indole. These compounds exhibit exciting optical properties and
can be distinguished from each other based on the relative position of the carbazole
and indole components.?* In the field of crystal engineering, McGillivary,2®
Perepichka,?® and Hu?’ have reported novel crystalline materials using a specific
isomer, 5,12-dihydroindolo[3,2-a]carbazole. This isomer has two NH groups that
point in the same direction, making it an excellent hydrogen-bond donor. Exploiting
this feature, they successfully created discrete cocrystals with strong aromatic
stacks, leading to complementary Donor-Acceptor (D-A) intermolecular interactions

or enhanced charge transport.

In our case, we aim to integrate the intramolecular dynamics of ICZ with its emissive

properties within a 1D lattice structure. To achieve this, we focused on indolo[3,2-



b]carbazole, the only isomer that shows two NH groups pointing in antiparallel
directions. This unique arrangement allows for the formation of a concatenated array
of rotors through N-H---N hydrogen bonds with DABCO, as depicted in Figure 1.
Considering that the solubility of this ICZ isomer could influence the crystallization
experiments, we also explored the inclusion of aliphatic substituents in its periphery.
Our purpose was to enhance solubility while preserving the intact hydrogen donor

groups in the planar component of the molecule.
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Figure 1. One-dimensional molecular rotors reported in this work obtained through
cocrystallization between indolo[3,2-b]carbazoles and DABCO. The pink arrows
highlight the proposed hydrogen bond interactions.
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In this work, we present the cocrystallization of three indolocarbazole derivatives
(ICZ, But-ICZ, and Cy-ICZ) with DABCO, resulting in the formation of three
cocrystals: indolo[3,2-b]carbazole:DABCO (), bis(butyl)-indolo[3,2-
b]carbazole:DABCO (ll), and bis(cyclohexyl)-indolo[3,2-b]carbazole:DABCO (llI).
The new solid samples were subjected to detailed characterization, as described

below.



Design, synthesis, and characterization of ICZ derivatives

To prepare the rotors, we initiated the synthesis of indolo[3,2-b]carbazole (ICZ),
bis(butyl)-indolo[3,2-b]carbazole (But-ICZ), and the new compound bis(cyclohexyl)-
indolo[3,2-b]carbazole, following a classical double Fisher indolization method,?
using the corresponding phenylhydrazine, outlined in Scheme S1 and Scheme S2.
Since the molecular structure of the unsubstituted indolocarbazole (ICZ) has been
previously reported,?® our focus was on growing single crystals of the structure that
are not available in the Cambridge Crystallographic Data Centre (CCDC): But-ICZ
and new Cy-ICZ. Contrary to our initial expectation of improved solubility compared
to ICZ, they exhibited low solubility in common organic solvents. However, we were
able to prepare saturated solutions of both compounds in hot DMF or DMSO,

facilitating the growth of suitable single crystals for X-ray diffraction experiments.

The molecular structure of But-ICZ was collected at 150 K, and the data were
indexed and refined in a monoclinic P2i1/c space group (Figure S1). Structural
analysis showed a herringbone packing with an angle of 50.44° between the
molecular planes. Each molecule of But-ICZ is surrounded by four neighboring
molecules, forming CH---1r and NH---1r interactions, with a centroid-centroid distance
of 6.48 A and a centroid-plane distance of 2.51 A. On the other hand, Cy-ICZ
crystallized in two solvate forms (Figures S2 and S3) labeled as Cy-ICZ:DMF (P21/n,
collected at 150 K) and Cy-ICZ:DMSO (P-1, collected at 298 K). In both crystal
structures, the N-H groups are involved in N-H--O hydrogen bonds with the occluded

solvent.

Initial cocrystallization experiments using the three indolocarbazole derivatives
showed that their solubility in polar aprotic solvents (e.g., < 10 mg/mL in DMF) was
significantly lower than that of DABCO (40 mg/mL in DMF). Therefore, a simple 1:1
mixture of the two components resulting in the precipitation (segregation) of the
compound with the lower solubility, while DABCO remained in the solution. To
achieve successful cocrystallization, we employed the supersaturation approach or
reaction crystallization method®° by using an excess of DABCO to saturate the initial
solutions of the indolocarbazole derivatives. These experiments allowed the growth



of single crystals of rotors | and Ill, suitable for X-ray diffraction studies, as described

in detail below.
Concatenated rotors between indolocarbazoles and DABCO (rotors | and III)

Crystals of rotor | suitable for X-ray diffraction analysis were obtained from a DMSO
solution containing ICZ and DABCO with a 1:12 stoichiometry, as described in the
Supporting Information. The data were collected at 298 K, and the structure was
solved in a monoclinic P21/n space group. Gratifyingly, we observed the desired
interactions between ICZ and DABCO with a 1:1 stoichiometry. In rotor I, the two
hydrogen bonds are crystallographically equivalent and oriented in opposite
directions, with NH---N distances of 2.00(2) A and an angle of 161(2)°, as depicted
in Figure 2a. The molecules arrange themselves in an infinitely staggered manner,
promoting the formation of layers (Figure 2c), with the neighboring ICZ components
creating a square cavity around the heavily disordered DABCO framework (Figure
2d and Figure S4). We also successfully grew single crystals of the concatenated
molecular rotor Ill, which was refined in a monoclinic P21/c space group at room
temperature. The structural analysis revealed that DABCO is linked to the Cy-ICZ
stators through strong N-H--N hydrogen bonds, with H-~N 2.02(3) A and a donor-
H--acceptor angle of 167(2)° (Figure 2b). In rotor Ill, the two components lie virtually
in the same plane, forming a one-directional array that propagates along the
crystallographic c-axis (Figure 2d), where DABCO occupies a rhombohedral cavity
created by the neighboring Cy-ICZ molecules (Figure 2f and Figure S5). In both
cases, we observed crystallographic disorder in DABCO with an occupancy of 50 %.
Despite our extensive efforts, we were unable to obtain single crystals of rotor Il after
multiple cocrystallization attempts. Therefore, we characterized the solid obtained
through liquid-assisted grinding (LAG) using complementary spectroscopic

technigues, as described in the subsequent sections.



a) ﬂ b) N-H-N
NH---N g =
d=2.002)A e g=:2.02(3) Aﬁ’

: £=167(2)° Yo
£=161(2)° ; S 4 @

A
©
o
00}
(@]
o
® O Y detel el sowe ¢

(e

Figure 2. Single crystal structures of rotors | and Ill at 298 K. Hydrogen bond
parameters of a) rotor | and b) rotor Ill. Representation of the desired 1D molecular
chain of c) rotor | and rotor IIl d). Cavities surrounding DABCO in €) rotor | and f)
rotor III.

After confirming the molecular structure of the rotors, we conducted variable
temperature single-crystal X-ray diffraction experiments (VT-SCXRD) to investigate
potential changes in the crystal structures (Figure 3). The diffraction data were
collected at temperatures of 100, 150, 200, and 250 K for rotor I. As anticipated,
decreasing the temperature resulted in smaller thermal ellipsoids for DABCO
(Figure 3c). Notably, the structures at 150 K and 100 K were solved without

observing disorder in this component. For rotor Ill, the attached cyclohexyl fragments



also exhibited ordering at low temperatures, indicating thermal mobility in this region

at room temperature. (Figure 3a and 3b)

Unexpectedly, both rotors | and 11l showed a thermally driven single-crystal to single-
crystal transformation (SCSC), known as a class transition. At room temperature,
rotor | crystallized in centrosymmetric space group P21/n, while rotor Il crystallized
in centrosymmetric space group P2i/c. However, at 150 K, the space group changed
to a non-centrosymmetric P21 for both rotors. At 298 K, DABCO and ICZ crystallized
with an inversion center, while at lower temperatures, the symmetry broke, likely due
to the changes in the mobility of DABCO. It is noteworthy that this phase transition
is highly unusual in molecular solids and is characterized by the preservation of
crystal integrity. In other cases, such transitions have been associated with changes

in various physical properties, such as ferroelectricity.31-33

Rotor Il

250K 298 K
le/n le/n
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Figure 3. Variable temperature single crystal X-ray diffraction of the molecular
rotors. Comparison at 298 K and 150 K of a) rotor | and b) rotor Ill, c) Changes in



the thermal ellipsoids of DABCO in rotor I. The dashed line indicates the observed
class transition.

The temperature-dependent changes in crystallographic symmetry were
accompanied by significant alterations in hydrogen bond parameters, as
summarized in Table S1 and S2. At low temperatures (150 K), both rotors exhibited
similar hydrogen bond parameters, but the hydrogen bonds in antiparallel directions
displayed differences (Figures S6 and S7). The structural transformation occurring
during the cooling process provokes a straightening of the N-H--N bonds, resulting
in a slight contraction of the unit cell volume. For rotor I, the unit cell volume
decreased from 941.012 A3 at 298 K to 918.806 A3 at 150 K, while for rotor Ill, it
decreased from 1533 A3 at 298 K to 1493 A3 at 150 K. Molecular overlays of the
cocrystals of rotors | and Il at 298 K and 150K (Figures S6-S8) indicate minor
changes in crystal packing, which can be attributed to the shortened distance

between DABCO and the corresponding indolocarbazoles.

Solid-state NMR 3CP-MAS and powder X-ray diffraction

Once the molecular structure of rotors | and Il was confirmed through X-ray
diffraction experiments, we proceeded to gently crush a significant amount of single
crystals (ca. 100 mg) for further analysis using powder X-ray diffraction (Figures S10-
S12) and solid-state NMR 13C CPMAS (ssNMR). These techniques were employed
to determine spectroscopic variations between the stators (ICZs) and the newly
formed rotors. In particular, these techniques allowed us to complement the
characterization of rotor II, for which we were unable to obtain single crystals suitable
for X-ray diffraction.
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Figure 4. Solid-state '*C NMR CPMAS of a) ICZ and b) rotor I. The annotated
chemical shifts and the dashed lines indicate the changes in the chemical shifts of
the carbon atoms of ICZ, highlighted in blue and green. The signal corresponding to
the carbon atoms in DABCO is highlighted in magenta.

The comparison of the 3C NMR spectra enabled the identification of changes
between the ICZ stator and rotor I. The number of peaks observed corresponds to
the asymmetric unit Z’=1 as shown in Figure S9. The spectra show noticeable
changes in the chemical shifts, particularly in the signals associated with the carbons
adjacent to the nitrogen atoms (Aé = 2.21 and 2.94 ppm). These changes are
attributed to the formation of a new hydrogen bond between ICZ and DABCO.
Similar changes were observed in the solid obtained after cocrystallization of the
BUT-ICZ derivative with DABCO (Figure S13), showing changes of 2.3 and 4.0 ppm
for the carbon signals. Larger chemical shift changes were observed for rotor lll,
which displayed a greater number of peaks corresponding to the asymmetric unit

exhibited in the single crystal structure (Z’ = 0.5), as shown in Figure S14.
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Dynamic characterization by periodic DFT calculations and deuterium solid-
state NMR

Based on the cavity surrounding DABCO in rotors | and lll, as well as the
crystallographic disorder, it appeared plausible that these rotors undergo rapid
internal dynamics. To evaluate this hypothesis, we employed density functional
theory (DFT) computations and the nudged elastic band method®* to gain initial
insights into the rotational behavior of rotors | and Il using X-ray data at room
temperature. This computational approach has proven reliable in describing the
intramolecular rotation of other cocrystals.'-18 The calculated rotational potentials
show that both rotors experience fast jumps of DABCO with local minima occurring
every 60° (Figure 5). However, there is a significant difference in the calculated
activation energies for rotation (Ea) between the two rotors. Rotor | shows a barrier

of Ea= 6.8 kcal mol1, whereas rotor Il has a much lower barrier of Ea= 1.8 kcal mol-
1

11
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Figure 5. Rotation potential for rotors a) | and b) Ill. Both cases exhibited fast jumps
with local minima at 60°, with a significant difference in the barrier to rotation of 6.8
kcal molt and 1.8 kcal mol?, for rotors | and Ill, respectively.

To elucidate the disparity in the activation barrier to rotation, we analyzed the
noncovalent interactions (NCI) within the crystals using the NCIPLOT program.3536
The height of the rotational potential of rotor | could be attributed to the
crystallographic symmetry around the DABCO component, as shown in Figure 6.
The analysis reveals three types of contacts between neighboring ICZ and the
methylene groups of DABCO: (1) interactions with the aromatic cloud of the terminal
rings (Figure 6a), (2) interactions involving the C-H of the ICZ (Figure S16), and (3)

interactions through the hydrogen bond (N/H) between the rotator and stator (Figure
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S17). Hence, the rigid environment surrounding the rotatory portion may contribute

to a high barrier to rotation.

In contrast, the rotational potential of rotor Il is less symmetric (Figure 5b), with two
distinct energy maxima. The NCI analysis shows three types of contacts: (1) the
hydrogen bond (N/H) between the rotator and stator (Figure S18), (2) contacts
between the methylene groups of DABCO and the aromatic rings of the Cy-ICZ
stator (Figure 6b) and (3) multiple C-H interactions involving adjacent cyclohexyl
groups (Figure S19). By considering the DFT and X-ray data collectively, it appears
plausible that the lower E4 in rotor Il arises from the conformational flexibility of the
cyclohexyl fragment encompassing the rotatory component, in contrast to the rigid

environment found in rotor I.

a) . b)
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v

Figure 6. Intermolecular interactions founded in a) rotor | and b) rotor Ill. The
environment in rotor | is rigid, while the cyclohexyl groups in rotor Il create a flexible
environment that might facilitate the motion of DABCO.

Based on the X-ray and computational findings, we carried out a dynamic
characterization using 2H solid-state NMR.37 Our focus was on rotor |, which exhibits
the highest rotation barrier, for two reasons. Firstly, the timescale of this technique
(1E3 to 1E® Hz)3® may not be sufficient to detect the motion of DABCO at higher
frequencies, as expected in the case of rotor Ill. Secondly, the available
spectrometer has a lower temperature limit of 248 K, which imposed limitations on
the analysis. Despite these technical challenges, we considered that gathering the
experimental solid-state NMR data for | would strongly support our DFT

computations.
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An isotopically enriched rotor | was prepared by using partially deuterated DABCO
(see Supporting Information). We obtained a good amount of the deuterated rotor
(50 mg) by following the same procedure used for the natural abundance one.
Subsequently, we confirmed the phase purity of the enriched rotor through powder
X-ray diffraction (Figure S10). The corresponding 3C CPMAS spectra of the
deuterated rotor closely matched those of the natural abundance counterpart (Figure

S15). Note that the signal intensity of DABCO decreases due to partial deuteration.

a)
Experimental
Simulation
by 100 50 100
————— 338K
----- 293 K
248 K
-100 -50 0 50 100

kHz

Figure 7. °H NMR analyses of the deuterated rotor I. a) Comparison between the
experimental (solid pink line) and simulated data (dashed blue line) at room
temperature, b) Overlay of the spectra of rotor | at three temperatures (338 K, 293
K, and 248 K), showing minor changes in the outer shoulders and inner peaks of the
deuterium signal.
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With the enriched deuterium rotor | in our hands, we recorded ?H NMR spectra using
the echo spin technique at different temperatures (Figure 7 and Figure 8). The
experimental spectrum showed two peaks separated by 36.01 kHz at 293 K,
confirming that DABCO within the cocrystal undergoes fast motion. We successfully
reproduced the experimental data by using a fitting approach through the freely
available NMR Weblab interface.®® The fitted line shape indicates that DABCO
experiences a very fast rotation at room temperature (>15 MHz). Moreover,
considering the activation barrier to rotation determined through periodic calculations
(Ea = 6.8 kcal molt), we estimated that the rotary portion should experience rotations

with 33 MHz frequency, which is in excellent agreement with the fitted data.
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Figure 8. Experimental and simulated ?H NMR spectra of partially deuterated rotor
| as a function of temperature.

Subsequently, we performed variable temperature H experiments on rotor |, ranging
from 248 to 338 K, which resulted in only minor changes in the broadness of the
spectra. To estimate the rotational frequencies at different temperatures (T), we used

the calculated activation energy to rotation and employed a pre-exponential value
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751 from previously reported rotors (r5! = 4x10'2s71),1% into the Arrhenius

equation:

Ea

Tc_l = 1;61 e(_RT)

where Krot (7.) was obtained from K= ES

Tc
By using this approach, we achieved excellent agreement between the fitted line
shapes and the experimental data, further supporting the reliability of our DFT
computations. The fitting process indicated that with an activation energy of Ea = 6.8

kcal mol?, a rotational frequency of 4.06 MHz is still expected at 248 K.

Solid-state fluorescence of stators and rotors

Following the dynamic characterization, our attention turned to the emission
properties of the rotors | and Il compared to those of the stators (ICZ and Cy-ICZ).
The emission of indolocarbazoles is regarded as one of their most appealing
characteristics, which has been extensively explored in various reported derivatives
for diverse applications.*-*? In this work, we examined the changes in their
fluorescence upon cocrystallization. Micrographs of the single crystals of rotors | and
Il under white light and UV light are present in

Figure 9. Rotor | exhibits blue photoluminescence, whereas rotor Ill shows low

emission.

Rotor Il Rotor Il
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Figure 9. Micrographs of rotors | and Ill under a) and c) white light, b) and d) under
UV excitation.

Table 1. Solid-state photophysical properties in the starting compounds and
corresponding Rotors

ICZ Rotor | Cy-ICZ Rotor Il
Amax €XC (nNm) 340 340 380 380
Amaxem (nm) 490 479 448 460
QY (%) 66 38 9.6 2.8

While minor variations occurred in the emission maxima (between 10-12 nm), the
largest change was observed in the fluorescence quantum yields (QY), with the
respective cocrystals exhibiting a substantial decrease in intensity. The final QYs
were 35-70 % smaller than the initial values (Table 1 and Figure 10). To rationalize
the differences in the photophysics, we considered a molecule-centered mechanism
similar to the observed in crystalline carbazole and in crystals of carbazole
derivatives, which models the different deactivation pathways from the electronically

excited crystal in the S1 state.*34°
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Figure 10. Solid State fluorescence comparison between a) ICZ and Rotor | and b)
Cy-1Cz and Rotor llI.

The electronic excitation to Si occurs via a n-n* transition localized in the
indolocarbazole subunit, computed at 3.23, 3.18, 3.24, and 3.06 eV for ICz, rotor I,
Cy-ICz, and rotor Ill, respectively (Table 2 and Figure S21), in good agreement with
the experimental absorption maxima (Table 1). Once in the Si excited state,
vibrational cooling drives the system from the Franck-Condon (FC) region to the
corresponding minima in Sz1 (Simin). From there, the excited system can radiatively

deactivate to the ground state through fluorescence or undergo competing
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nonradiative pathways such as internal conversion and intersystem crossing. We
modeled the transition rates for these deactivation pathways using the Fermi Golden
Rule approach, as described in the Computational Details section (Equations S1-
S3).46 The models used here rely on the harmonic approximation, thus the results
should be considered qualitative. The predicted radiative and nonradiative rates are
reported in Table 2.

Table 2: Electronic energies (in eV) for the selected transitions, fluorescence kg,
internal conversion k;c and intersystem crossing k;sc rate constants (in s1), spin-
orbit couplings (SOC, in cm?), and Si1-T2 energy gaps computed in the strong
coupling limit (in eV) for ICz, rotor I, Cy-ICz, and rotor Il in the crystal. All the values
obtained at the TD-B3LYP/6-311++G(d,p) level considering point charge embedding

(See Computational Details).

ICz rotor | Cy-ICz rotor Il
So>S1 3.23 (m-1*) 3.18 (m-7*) 3.24 (m-m*) 3.06 (w-1*)
S12So 3.02 (n-1t*) 2.97 (n-1t*) 3.02 (n-1t*) 2.82 (n-1t*)
k¢ 6.29x10"st 4.26x107s? 5.42 x 107 st 4.73 x 107 st
1% 1.00x102st  6.00x 10 s 1.50 x 10% st 8.68 x 108 st
kisc  7.18x10*s!  1.95x10*s? = 1.81x106sl  2.74x 107 s
S0Cs, 1, 0.015 0.053 0.094 0.097
S0Cs, 1, 0.877 0.813 0.676 0.622
AEg 1, 0.300 2.404 2.330 3.287
AEg, 1, 0.228 0.268 0.130 0.054
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Our main aim here is to elucidate the factors contributing to the different behaviors
of ICz and Cy-ICZ and their impact on the quantum yields. The calculated
fluorescence rates exhibit similar order of magnitude for the four crystals, indicating
that the discrepancy in radiative mechanisms is not likely to determine the QY (Table
2). The internal conversion rate constant (k;c), computed at the FC region within the
weak coupling limit,38 is small for ICZ and rotor | (1.00 x 10% s and 6.00 x 10? s
respectively). However, the predicted rates for k;c increase by a couple of orders of
magnitude in Cy-ICz (1.50 x 10* s1) and in rotor Il (8.68 x 10° s1). A vibronic
coupling analysis suggests that the increase in k;c could be associated with
vibrations, particularly where the lateral chain in Cy-ICz has an important role and
with intermolecular vibrations between Cy-ICz and the DMF solvent along the
hydrogen bond connecting the two molecules. To illustrate the effect of vibrations in
Rotor Ill, we show the vibrations with larger Huang-Rhys factors for the So-Si1
transition in the crystal phase (Figure 11). The plots for the Huang-Rhys factors for
Rotor | and a comparison with the gas phase results can be found in the
Supplementary Information (Figures S24 and S25).The increase in k;¢ for rotor Il is

mainly associated with intermolecular vibrations between the Cy-ICz and the

50

a) V2
40 -
—
Be)
@
L
" 30
>
ey
x |V
(@]
S 20 -
=]
T

10 A

L.

0 500 1000 1500 2000 2500 3000 3500
Frequency (cm™)

Figure 11: a) Huang-Rhys factors for the So-S1 electronic transition of Rotor Ill. b)
The main displacement vectors of the vibrational modes with higher coupling to the
electronic transition (highlighted in yellow in a)).
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DABCO moieties, involving restricted intermolecular rotations and vibrations where

the side chains also show important reorganization.

Our predicted ISC rates indicate this is an important competing pathway. ISC from
S1 to both T1 and Tz is energetically allowed. The ISC rate constants (k;sc) for the
S1-T2 transition, predicted for ICz, rotor I, Cy-ICz, and rotor Ill, are 7.18 x 10%, 1.95
x 104, 1.81 x 10% and 2.74 x 107 s, respectively (Table 2). The trend predicted for
the studied series suggests that ISC could play a significant role in the deactivation
of Cy-ICz and rotor Ill. The positive trends predicted for k;s¢c align with the negative

trend in the fluorescence QYs observed in the experiments (Table | and Table II).

The ISC transition rate is influenced by two main factors, the electronic coupling Hgoc
and the energy gap AE between the involved states (Equation S3). ISC is facilitated
by larger spin-orbit coupling (SOC) values and smaller AE. The first-order SOC
values between Si and T1, as well as between Si1 and Tz, are relatively small (< 1
cm?, Table 2), consistent with the generalized El Sayed rules.*” This is expected
because all the states (S1, T1, and T2) have a nn* character localized on the same
subunit, which remains the same across all the studied cases (Figure S21-S23). The
energy gap AEs,r,, modeled in the strong coupling limit AEs, = (AE3%; +21)?/ 4,%
is large for all the systems (Table 2), making ISC from Si to Ti improbable. In
contrast, the AEg r,gap is smaller and decreases when going from ICz, rotor I, Cy-
ICz to rotor Ill, explaining the increase in the ISC transition rate constant in this series
(Table 2). Our computations suggest that the different QYs obtained for these
systems are primarily determined by the different nonradiative decay pathways,
particularly the potential competition between internal conversion and intersystem
crossing, which is facilitated by the additional nonradiative pathways opened by the

presence of the rotors.
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Conclusions

Indolo[3,2-b]carbazole is a promising candidate for the development of luminescent
concatenated rotors, despite its relatively low solubility. It is possible to cocrystallize
it by employing an excess of DABCO. The resulting 1D molecular rotors exhibit fast
molecular rotation, as revealed by VT SCXRD, DFT periodic computations, and solid
state 2H NMR.

In the case of rotor |, the presence of four indolocarbazole molecules surrounding
DABCO creates a symmetrical and rigid environment, which explains the high
activation energy for rotation of 6.8 kcal mol. In rotor I, the cavity is formed by two
rigid molecules and two flexible cyclohexyl fragments, accounting for the
asymmetrical potential energy profile and the lower activation energy for rotation of
1.8 kcal molt. Furthermore, the radiative and nonradiative rate constants indicate
that the motion of the DABCO rotators influences the competition of additional
nonradiative pathways, thereby reducing the fluorescence quantum yields. ISC
appears to be an important nonradiative mechanism for Cy-ICz and rotor Ill. The
combination of techniques employed in this work shows that the intramolecular

motion in these rotors modifies the photophysical properties of molecular crystals.
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