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Assembled triphenylamine bis-urea macrocycles:
exploring photodriven electron transfer from host
to guests†
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Absorption of electronic acceptors in the accessible channels of an assembled triphenylamine (TPA) bis-

urea macrocycle 1 enabled the study of electron transfer from the walls of the TPA framework to the

encapsulated guests. The TPA host is isoskeletal in all host–guest structures analyzed with guests

2,1,3-benzothiadiazole, 2,5-dichlorobenzoquinone and I2 loading in single-crystal-to-single-crystal

transformations. Analysis of the crystal structures highlights how the spatial proximity and orientation of

the TPA host and the entrapped guests influence their resulting photophysical properties and allow

direct comparison of the different donor–acceptor complexes. Diffuse reflectance spectroscopy shows

that upon complex formation 1�2,5-dichlorobenzoquinone exhibits a charge transfer (CT) transition.

Whereas, the 1�2,1,3-benzothiadiazole complex undergoes a photoinduced electron transfer (PET) upon

irradiation with 365 nm LEDs. The CT absorptions were also identified with the aid of time dependent

density functional theory (TD-DFT) calculations. Cyclic voltammetry experiments show that 2,1,3-

benzothiadiazole undergoes reversible reduction within the host–guest complex. Moreover, the optical

band gaps of the host 1�2,5-dichlorobenzoquinone (1.66 eV), and host 1�2,1,3-benzothiadiazole (2.15 eV)

complexes are significantly smaller as compared to the free host 1 material (3.19 eV). Overall,

understanding this supramolecular electron transfer strategy should pave the way towards designing

lower band gap inclusion complexes.

Introduction

The rational design of photoactive molecules produced through
electron transfer events is important and has applications for
organic field effect transistors,1 conductive materials,2 sensors3

and electronic devices.4 This design includes thoughtful
integration of suitable electron donors and acceptors through
covalent or non-covalent interactions.5,6 In the covalent system,
the electron transfer typically occurs by the participation of
the orbitals of a bridging molecule via super-exchange
interactions7,8 In comparison, electron transfer through non
covalent interactions typically proceeds through the cross orbi-
tal interactions between the donor and acceptor molecules.7

Selection of an easily oxidizable donor and readily reduced

acceptor can promote the electron transfer event.9 Further-
more, suitable organization of the donor–acceptor molecules
in closed space provides an optimum pathway for the electron
transfer.10 Herein, we investigate how different acceptors
encapsulated within an assembled triphenylamine (TPA)
macrocycle framework promote electron transfer processes
through space and modulate the photophysical properties
(Fig. 1). The TPA macrocycle hosts are organized by ureas into
columnar structures and load guests through single-crystal-to-
single-crystal (SC–SC) guest exchange.11 In particular, we exam-
ine if the electron transfer process is spontaneous or photo-
triggered within these TPA supramolecular complexes based on
reduction potential. After loading acceptors, the electron trans-
fer can be triggered in the 1�2,1,3-benzothiadiazole by irradia-
tion with 365 nm UV LEDs.

Bottom-up approaches can build permanent porous crystal-
line materials with photoactive frameworks for applications
such as gas separation, catalysis, photoreaction, and chemical
sensing.12,13 This precise control provides materials with defi-
nite porosity and allows tunability of the chemical and physical
properties.14,15 Encapsulation of suitable guests into such
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porous material can introduce intermolecular electron transfer
events,16,17 that increase conductivity,18,19 initiate selective
photocatalysis20 and facilitate photooxidations.21 Triphenyl-
amines (TPAs) are an excellent choice for donor molecules with
an oxidizable central nitrogen atom and easily tunable frontier
molecular orbital values.22,23 TPAs have extensive uses ranging
from hole transporting materials in solar cells,24 field effect
transistors,25 sensors26 to smart fluorescent materials.27 TPAs
in conjugation with different acceptors can promote CT proper-
ties which eventually leads to lower band gap materials with
higher conductive properties.28,29

The Shimizu group employs urea guided assembly to orga-
nize TPAs into 1-dimensional columnar structures. The packing
of these columns through urea–urea hydrogen bonding sup-
ported by p–p and halogen–p interactions gives microporous
crystals.30,31 Prior work demonstrated that linear and macro-
cyclic brominated TPA dimers form stable radicals upon UV-
irradiation in the solid state.32,33 From cyclic voltammetry
measurements, the host 1 has oxidation potentials of 1.46 V
and 1.86 V vs. Fc+/Fc. The former oxidation potential is low
enough to donate an electron to a variety of electron acceptors.
For this study, we choose three different acceptors (2,1,3-
benzothiadiazole,34,35 2,5-dichloro-1,4-benzoquinone,36,37 and
iodine38,39) which were small enough to fit within the pores of
the TPA framework and have shown promise in acting as
electron acceptors for TPA complexes (Fig. 2). 2,1,3-
Benzothiadiazole is one of the most commonly used acceptors
with TPA due to its favorable reduction potential (Ered = �1.12 V
vs. Fc+/Fc).40 It is typically covalently attached to TPA
structures35 or connected with a bridge to shift the
fluorescence.41 Volatile iodine capture in porous materials
has been intensively explored.42,43 Iodine (Ered = �0.38 V vs.
Fc+/Fc) can act as an electron acceptor which upon photoin-
duced electron transfer forms I3

� or I5
�.44,45 The third guest, a

quinone derivative has been used in as an acceptor to trigger
photoinduced electron transfer in TPAs.46 The electron with-
drawing chlorine in 2,5-dichloro-1,4-benzoquinone gives it a
very favorable reduction potential (Ered = 0.2 V vs. Fc+/Fc) and an

estimated e E
Dþ=D
ox � E

A=A�
red

� �
� 0:4065, suggest the CT transi-

tion might be observed upon complex formation.47

Here, 365 nm LEDs are used to provide external energy to
trigger the transfer of electron from the host to the guest bound
within the channel as this wavelength is near to the lmax of the
host. TD-DFT calculations were carried out to investigate the CT
transition. In addition, electrochemical experiments were car-
ried out in solid state to probe the redox wave of the host–guest
complexes. Our goal is to probe how encapsulation of the
acceptors inside the channels of the photoactive host triggers
or modulates the photoinduced electron transfer and changes
the functional properties of the host.

Experimental methods

Macrocycle 1 was synthesized in five steps according to the previous
procedure (Scheme S1, ESI†).11 Large colorless needle like crystals
were obtained by the vapor diffusion of 1,2-dimethoxyethane (DME)
in a DMSO solution of 1 (2.5 mg mL�1).

Guest loading

Heating the 1�DME crystals at 90 1C under vacuum facilitates
removal of the DME in SC–SC guest exchange to give activated
host 1. Activated crystals of 1 (B10 mg) were exposed to the
guest vapor of I2, 2,1,3-benzothiadiazole (C6H4N2S) or 2,5-
dichloro-1,4-benzoquinone (C6H2Cl2O2). For loading iodine,
crystals of 1 were placed in a pre-weighed vial, pulled under
vacuum (B0.001 torr) and then opened to an I2 atmosphere.
The other guests were heated to their sublimation temperature
(C6H4N2S at 60 1C and C6H2Cl2O2 at 180 1C) in a sealed vessel
under vacuum for B24 h in presence of the activated host,
resulting in formation of host–guest complexes via SC–SC
transformations.11

Physical measurements

Details of single crystal X-ray diffraction (SCXRD) analysis are
provided in the ESI.† Solid state UV-Vis data was collected on
PerkinElmer Lambda 35 spectrometer with UV vis software.
Spectra were recorded from 330–800 nm at 1 nm steps at room

Fig. 1 Self-assembly of TPA macrocycles into columnar structure with
encapsulated solvent. Heating the crystals generates empty channels that
can undergo SC–SC transformations to load new guests. Upon illumina-
tion with 365 nm UV LEDs, photoinduced electron transfer occurs from
the host to the acceptor bound inside the channel resulting in the
formation of a charge separated state.

Fig. 2 Comparison of the pore size of the host to the size of the
acceptors. (A) Host, 1, Eox = 1.46 V, (B) 2,1,3-Benzothiadiazole, (C) 2,5-
dichloro-1,4-benzoquinone, (D) iodine. Host pore size is measured
excluding van der Waals radii whereas acceptor sizes are determined
including their van der Waals radii.
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temperature. Photoluminescence data was collected on HOR-
IBA Scientific Standard Microscope Spectroscopy Systems con-
nected with iHR320 Spectrometer and Synchrony detector
operating on Labspec 6 software. Spectra were recorded using
375 nm Laser excitation source power 0.1 mW with 10� UV
objective. EPR experiments were carried out on a Bruker EMX
plus equipped with a Bruker X-band microwave bridgehead and
Xenon software (v 1.1b.66). Cyclic voltammetry measurements
were carried out in dichloromethane using a WaveDriver 20
Bipotentiostat combined with Aftermath software. 0.1 M tetra-
butylammonium hexafluorophosphate was used as the electro-
lyte. Measurements were performed in an H cell equipped with
a SCE as reference, platinum wire as counter, and glassy carbon
as working electrodes. To perform CV measurements in solid
samples, a slurry was prepared by immersing the crystals in
pentane. The slurry was then carefully deposited on the tip of
the glassy carbon electrode. The crystals were then dried and
used immediately for measurement. Measurements were per-
formed at potential rate of 100 mV s�1 and 50 mV s�1.

Computations

To characterize the excited states of the host–guest complexes,
time dependent density functional theory (TD-DFT) calculations
were performed using Q-Chem.48 The calculations were per-
formed in gas phase using the single crystal XRD geometry of
the complex. To lower the computational cost, all the calcula-
tions were carried out on 1 : 1 host–guest complexes using CAM-
B3LYP49 functional and basis set 6-31+G**,50 which were shown
to adequately describe systems characterized by CT.51

To assess the method dependence, calculations were also
performed using LRC-wPBEh52/6-31+G** method, which quali-
tatively yielded the same result. The electronic excitations were
computed in the Random Phase Approximation (RPA) using 20
singlet states. The spectrum was generated by Gaussian broad-
ening of the spectral lines using the standard deviation para-
meter s set to 20 and 40 nm for 1�C6H4N2S and 1�C6H2Cl2O2

respectively (ESI,† eqn (S1)).

Results and discussion
Structural comparison and iodine transport

The host 1 forms needle like crystals with the monoclinic space
group P21/c with disordered DME solvent encapsulated in a 2 : 1
host–guest ratio. The columnar structure of macrocycle 1 is
primarily directed by three-centered urea hydrogen bonds
(d(N(H)� � �O) = 2.848(4) and 2.929(4) Å). Further p stacking of
neighboring TPAs, stabilize the structure, which displays a
macrocycle to macrocycle repeat distance of 4.620(2) Å. Indivi-
dual columns pack into pseudo hexagonal rod packing array
stabilized by halogen–p stacking interactions.11

Once activated, host 1 is isoskeletal to the solvate,
except the guest DME molecules are absent (Fig. 3).11 The
interior cross-section of the empty channel is B6.5 � 4.3 Å
excluding the van der Waals radii of the participating atoms.
The urea–urea hydrogen bonds in the empty framework are

essentially unchanged, N(H)� � �O 2.845(4) Å and N(H)� � �O
2.914(4) Å.

During iodine loading (Fig. 4), a rapid visible color change
occurred as the crystals are exposed to iodine vapor (Fig. 4B and
see ESI,† for mp4 file). The change in weight of the crystals was
measured over time to follow iodine absorption. The weight
(wt) percent I2 was calculated (wt. of I2/(wt. of 1 +I2)* 100%) and
plotted versus time in Fig. 4A. Iodine appears to reach B20 wt%
occupancy in about 30 minutes, which corresponds to 2 : 1
host–guest ratio. Prolonged exposure up to 24 h resulted in
the crystals turning black with a 30 wt% I2 or a 1 : 1 host–guest
ratio. Removal of the crystals from positive iodine atmosphere
resulted in desorption of iodine from the channels over time.

To analyse the host–guest structure of the complex, freshly
loaded crystals (with 30 min of iodine exposure) were removed
from the I2 atmosphere and analyzed using SC-XRD. The
single crystal structure revealed that 1 retains the columnar

Fig. 3 Comparison of the 1-dimensional columnar structure from the
activated host 111 with two inclusion complexes containing electron
acceptors. Disorder in the guests was omitted for clarity.

Fig. 4 Absorption of Iodine by host 1. (A) Calculated % weight change
over time, (B) change in color of 1 over time of exposure to I2. (C) Crystal
structure of 1�I2, (D) depiction of void space in host 1 (calculated by contact
surface void space calculation using Mercury, Probe radius 0.9 Å, grid
space 0.1 Å).
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framework with disordered iodine arranged inside the channel
in a zigzag pattern. However, the host–guest ratio was lower
(1 : 0.34), suggesting the guest had partially desorbed prior to
X-ray data collection. Though extensively disordered, the
observed electron density in the channels is consistent with
the diiodine molecules. Iodine can halogen bond with itself
making polyiodide chains. The interatomic distances between
each iodine peak are found to be I(1) 2.62 Å, I(2) 2.88, I(3)
2.98 Å, I(4) 2.79 Å, I(5) 2.88 Å which are close to the typical I–I
distance in uncoordinated I2 (Fig. 4C).53 Previous studies on
host 1 under pressurized Xe (9.5 bar at 298 K)11 revealed two
different adsorption sites for Xe, which likely correlate to the
main channel and inter columnar pores highlighted in blue
(Fig. 4D). The vdW radius of iodine (1.98 Å) is smaller than the
vdW radius of Xe (2.16 Å). It is plausible that the higher host to
iodine ratio after long equilibration times may be due to the
adsorption of iodine in the inter columnar pores or deposition
of iodine on the crystal surface.

The uptake of iodine was also explored from solution.
Activated host 1 (8.5 mg) was soaked in a freshly prepared I2

solution (0.5 mg mL�1 cyclohexane). The concentration of I2 in
solution was monitored by recording the change in absorbance
of the solution over time (Fig. S12 and S13, ESI†). Initially
uptake of I2 is rapid, reaching a 2 : 1 host–guest ratio in 2 h.
After 2 days, the I2 loading reaches saturation as the host–guest
ratio reaches to 1 : 1 ratio with crystals turning black, similar to
vapor loading experiments. The adsorbed I2 can be removed by
immersing the crystals in ethanol. The crystals changed their
color from black, to brown, to colorless over time indicating
that the adsorption of iodine is a reversible process (Fig. S17,
ESI†). The absorption spectra of the ethanol solution were
monitored overtime and plotted against the calibration curve
to measure the amount of iodine released over time (Fig. S15
and S16, ESI†). After 36 h, 29 wt% of I2 is released, which
corresponds the complete removal of iodine from the crystals.

Two additional electron acceptors were loaded into host 1 by
heating these guests to their sublimation temperature
(C6H4N2S at 60 1C and C6H2Cl2O2 at 180 1C) in a sealed vessel
under vacuum for B24 h in presence of the empty hosts. Guest
loading did not change the crystal symmetry (monoclinic, P21/c)
but induced a color change with 1�C6H4N2S and 1�C6H2Cl2O2

turning light yellow and slight grey respectively (Fig. 3B).11

Fig. 3 compares the columnar structure of the activated host
with the 1�C6H4N2S and 1�C6H2Cl2O2. The guests are arranged
in the channels in a planar tapelike fashion along the crystal-
lographic b axis direction. In the complex 1�C6H4N2S, the
C6H4N2S is disordered over two symmetry-equivalent sites per
unit cell giving a host–guest ratio of 1 : 0.5. In 1�C6H2Cl2O2, the
host to guest ratio refined to 1 : 0.31. Both the guests are aligned
slightly tilted inside the channel. For 1�C6H4N2S, the neighbor-
ing C–H� � � p distances are found to be around 4.01 Å and 4.17 Å
(Fig. S10, ESI†) whereas for 1�C6H2Cl2O2 neighboring CH� � �p
distances were found to be 3.81 Å and 4.05 Å (Fig. S11, ESI†).
Additionally, the distance between the nitrogen of the C6H4N2S
and the neighboring urea of the host are found to be N� � �N 3.03 Å
and N� � �C 2.878 Å (Fig. S10, ESI†), and the distance between the

carbonyl oxygen of the C6H2Cl2O2 and neighboring aromatic Hs are
found to be 2.45 Å and 2.49 Å (Fig. S11, ESI†). These suggest that
there is a possibility of host–guest interactions inside the channel
but accurate metrics for these distances are obscured by the
disorder.

Fourier Transform Infrared Spectroscopy (FT-IR) and Raman
Spectroscopy showed that the crystals retain their characteristic
properties upon guest loading. Both the complexes display
similar signals for the host as well as new signals for the guests
(Fig. S19, S20, S22 and S23, ESI†). For example, 1�C6H2Cl2O2

complex exhibits a new IR band at 1660 cm�1 that corresponds
to the carbonyl group in the quinone. The quinone carbonyl is
also observed in the Raman spectra of 1�C6H2Cl2O2 complex at
1670 cm�1. For the 1�C6H4N2S complex, a slight enhancement
of IR intensity around 755 cm�1 is observed corresponding to
C–N stretching. While in the Raman spectra, shows appearance
of two new peaks at 1362, 1435 cm�1 which corresponds to the
aryl C–N stretching of the guest C6H4N2S.

To characterize possible charge transfer (CT) in 1�I2

complex, Raman spectra were taken to detect the iodide ion
inside the host 1 as guest desorption complicated these studies.
Raman spectra suggested that there is asymmetric I3

� inside
the channel before UV-irradiation. After 12 h of UV-irradiation,
Raman shifts at 108 and 161 cm�1 suggests that there is a
possibility of forming linear I5

� upon excitation (Fig. S18,
ESI†).54 X-ray Photoelectron Spectroscopy (XPS) studies of the
complex after UV-irradiation also exhibited bands in the bind-
ing energy region of 620.1 eV, which corresponds to the ionic
state of iodine (I3

�).55 Again, these signals were weak (Fig. S21,
ESI†), as one would expect for a complex which is only present
in very minor amounts under the high vacuum conditions
required for the XPS experiment. Therefore, we focused our
efforts on characterizing the more stable 1�C6H4N2S and
1�C6H2Cl2O2 complexes as they lack the guest desorption issues.

Photophysical measurements

Given the reduction potentials of the guests, we examined their
potential CT by comparing their diffuse reflectance spectra
before and after irradiating with 365 nm LEDs (Fig. 5). This
wavelength was chosen as the host 1 has lmax = 366 nm. Table 1
compare the diffuse reflectance spectrum of the complexes with
the host and guests. Before UV-irradiation, 1�C6H4N2S complex
exhibits two absorption bands of similar intensity at lmax = 378
and 399 nm (Fig. 5A). After irradiation, three intense absorp-
tions bands are observed at lmax = 379, 413 and 486 nm.

Fig. 5 Comparison of the diffuse reflectance spectra of activated host 1,
guests, and complexes before and after UV irradiation. (A) 1�C6H4N2S and
(B) 1�C6H2Cl2O2.
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The long wavelength band is very broad and can be assigned as
the CT state. The D’Souza group observed a CT state absorption
band at lmax = 486 nm for two TPA units with one benzothia-
diazole unit.40 The 1�C6H2Cl2O2, the pre-UV absorption spectra
exhibits three bands at lmax = 381, 403 and 594 nm with the
later band attributed to a CT transition, suggesting that there is
indeed CT in the complex prior to UV-exposure (Fig. 5B). After
UV-irradiation, the spectra show similar three bands lmax = 379,
411 and 615 nm. Photoluminescence spectra were recorded
using 375 nm laser excitation. For both complexes, photolumi-
nescence is significantly quenched (approximate 75–85%) after
UV irradiation as expected for electron transfer upon excitation
(Fig. S26 and S27, ESI†).56

We measured the electron paramagnetic resonance (EPR)
spectra of the crystalline host–guest complexes before and after
UV-irradiation, as prior work suggests these conditions can
induce radical formation in host 1 and its complexes.33 Fig. S38
and S39 (ESI†) show both 1�C6H4N2S and 1�C6H2Cl2O2 display
EPR signals with broad axial powder pattern shapes and
g-values of 2.007 after UV-irradiation. These EPR signals and
g-values are similar to those reported by our group and others,
suggesting that radicals are formed in the crystals under these
conditions.33,57 Though low in quantity, the radicals persist
after removing the complexes from the LEDs (Fig. S41, ESI†),
suggesting that the reverse ET process is slow.

Cyclic voltammetry (CV) experiments were used to explore
the redox behaviour of the complexes. The CV experiments were
carried out with solid hosts adhered to the glassy carbon
working electrode. A 0.1 M n-Bu4N+PF6

� dichloromethane
solution, a saturated calomel (SCE) reference electrode, and a
Pt wire counter electrode were utilized. Fig. 6 compares the
cyclic voltammogram of the host 1 and host–guest complex
(1�C6H4N2S) (Values of the potentials are converted from vs.
SCE to vs. Fc+/Fc).58 Host 1 shows two oxidation events at 1.46 V
and 1.86V vs. Fc+/Fc. In addition, host 1 has one irreversible
reduction wave near �0.64 V, similar to the reduction potential
of bromotriphenylamine.33 In comparison, the host–guest
complex exhibits two oxidation waves at 1.45 V and 1.81 V,
similar to host 1. However, in the cathodic region, 1�C6H4N2S
does not exhibit a reduction event near �0.64 V, instead a
reversible reduction wave at E1/2 = �1.19 V is observed. This
reduction can be assigned to the reduction of the C6H4N2S
guest. Similar reduction profiles has been observed for ben-
zothiadiazole covalently attached to TPA.59 Unfortunately, the

CV for 1�C6H2Cl2O2 was inconclusive due to difficulties in
detecting the reduction wave of the loaded guest.

The redox potentials in conjunction with the diffuse reflec-
tance spectra allowed us to calculate the HOMO and LUMO
energies of the host and host–guest complexes using the
following equations.60

EHOMO = �4.8 eV � Vox

ELUMO = EHOMO + EGAP

where, �4.8 eV is the oxidation potential of ferrocene from
vacuum, Vox is the onset potential for the oxidation of the
complexes versus Fc+/Fc and EGAP is the absorption edge energy
from the diffuse reflectance spectra (Fig. S36 and S37, ESI†).
The obtained results are listed in Table 2. The HOMO values for
the host and host–guest complexes remain almost the same.
Upon guest complexation, the optical band gap, EGAP of
the materials becomes significantly reduced. The band gap of
1�C6H2Cl2O2 (1.66 eV) is lower than the band gap of 1�C6H4N2S
(2.15 eV) which is due to the better electron withdrawing
capacity of the C6H2Cl2O2 guest.

Analysis of the electronic excitations

The electronic structures of the host, guest and host–guest
complexes are obtained from the TD-DFT calculations using
the experimental geometry on a truncated model comprised of
one macrocycle and one guest (about 100 atoms) due to
practical considerations. Fig. 7 compares the frontier molecular
orbitals, their corresponding energies and the HOMO–LUMO
gap for the host, guests, and host–guest complexes. Examination

Table 1 Measured photophysical properties for different compounds in
the solid state

Compound labs (nm)
lems (nm)
(lexc = 375 nm)

Activated 1 366 465
C6H4N2S 370
C6H2Cl2O2 461
1�C6H4N2S (Pre UV) 378, 399 504
1�C6H4N2S (Post UV) 379, 413, 486 500
1�C6H2Cl2O2 (Pre UV) 381, 403, 594 468
1�C6H2Cl2O2 (Post UV) 379, 411, 615 455

Fig. 6 Cyclic Voltammogram of Host 1 and 1�C6H4N2S complex. (Poten-
tials are converted to vs. Fc+/Fc using EFc+/Fc = ESCE + 0.4 V58).

Table 2 Electrochemical data and HOMO–LUMO energy gap of the host
1, 1�C6H4N2S, 1�C6H2Cl2O2 complex

Compound
Eox

(V)
Ered

(V)
HOMO
(eV)

LUMO
(eV)

Band gap,
EGAP (eV)

Host 1 1.46 �0.64 �6.26 �3.07 3.19
1�C6H4N2S 1.45 �1.19 �6.25 �4.15 2.15
1�C6H2Cl2O2 1.46 — �6.26 �4.60 1.66
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of the frontier orbitals of host 1, shows that the electron density is
delocalized over the whole molecule in the HOMO, while in the
LUMO, the density is delocalized over the phenyl rings. Host 1 has a
HOMO–LUMO gap of 6.72 eV. In both host–guest complexes, while
the HOMO is distributed over the electron donor host 1, the LUMO
is solely localized on the guest molecule, suggesting a movement of
electron from the host donor to the guest acceptor, resulting in the
formation of charge separated states. Also, the HOMO–LUMO gap is
significantly reduced upon the inclusion of guests, in agreement
with the optical and electrochemical results. Similar to the optical
band gap results, C6H2Cl2O2 guest exhibits larger HOMO–LUMO
gap reduction compared to the guest C6H4N2S. Upon inclusion of
C6H4N2S, the HOMO–LUMO gap is reduced to 4.84 eV whereas
inclusion of C6H2Cl2O2 results in a reduced HOMO–LUMO gap of
3.40 eV.

Next, to gage the accuracy of the calculations, we computed the
UV/Vis spectra for both host–guest complexes and compared with
the experimental diffuse reflectance spectra. Theoretical UV/Vis
spectra were obtained from the TD-DFT excitation energies com-
puted within the RPA for the molecular model of a single host–guest
unit of about 100 atoms due to practical constraints (ESI† eqn (S1)).
The energy gaps computed in truncated models of a solid such as
ours, are known to be overestimated. We have verified this trend by
computing the HOMO–LUMO gaps for the host represented by one,
two and three macrocycles at experimental geometry. The respective
gaps are 7.07, 6.77 and 6.69 eV, which shows a reduction when
going from one to three macrocycles, by a factor 0.946. This provides
a justification for multiplying the calculated spectra of host–guest
complexes by a factor of 0.845 and 0.927 for the 1�C6H4N2S and
1�C6H2Cl2O2 respectively (Tables S7 and S8, ESI†). These factors
were chosen to best fit the computed spectra with the experimental
spectra (Fig. 8). After scaling, the calculated spectra of 1�C6H4N2S
matches qualitatively with the higher energy transitions of the
experimental diffuse reflectance spectra (Fig. 8A), although it missed
the transition at 530 nm. Fig. 8B compares the simulated UV/Vis
and experimental diffuse reflectance spectra of 1�C6H2Cl2O2 and
provides a qualitative match with the spectral features.

Next, the Natural Transition Orbitals (NTOs)61 were gener-
ated for transitions with high oscillator strength. Fig. 8B com-
pares the highest occupied natural transition orbitals (HONTO)
and the lowest unoccupied natural transition orbitals (LUNTO)

for the transition corresponding to electron transfer event. (see
ESI† for additional NTOs). For 1�C6H4N2S complex, the transi-
tion at S20 involves the pp* transition of the host molecule, S16

has some CT pp* (Fig. S48, ESI†) transition while the low energy
transition at S8 has the direct transition from the HOMO of the
host to the LUMO of the guest (Fig. 8B). So, we can assign the
band corresponding this transition as the CT transition band.
For 1�C6H2Cl2O2 complex, S20 and S14 has some host 1 to guest
character (Fig. S49, ESI†), while the low energy state S6 shows
the direct transition from the HOMO of host 1 to the LUMO of
the guest. Therefore, this low energy band was assigned as the
direct CT transition band for the complex.

We have also analyzed the charge transfer characteristics of
the complexes based on the dipole moment in Debye (m) and
linear electron–hole (e/h) distance in angstrom (Å) encoded in
the transition density matrix analysis to probe the charge
transfer (Table S9, ESI†). Large electron–hole separation and
dipole moment are associated with the CT character. For
example, for 1�C6H4N2S the dipole moment of the states S8,
S16 are S20 are 15.83, 7.14 and 1.99 Debye respectively, while
the total molecular dipole is 1.62 Debye; the electron–hole
distances for the same states are 3.23, 1.12 and 0.35 Å. Thus,
S8 and S16 are characterized as the CT states, while S20 is not.

Conclusions

In summary, three guests with reasonable reduction potentials
with respect to TPA were successfully loaded in the porous

Fig. 7 Frontier molecular orbitals and calculated HOMO–LUMO levels of
the host, guests, and host–guest complexes.

Fig. 8 Comparison of the experimental diffuse reflectance spectra with
TD-DFT calculated spectra including corresponding spectral lines, HONTO
and LUNTO of the charge transfer transition band for (A) 1�C6H4N2S and
(B) 1�C6H2Cl2O2.

Paper PCCP



This journal is © the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 23953–23960 |  23959

organic crystals of triphenylamine bis-urea macrocycles. Com-
parison of the crystal structures demonstrated that the colum-
nar framework was isostructural in the host–guest complexes
with the guests exhibiting some disorder within the channels.
Iodine loaded reversibly into the channels from both solution
and vapor and exhibited XPS and Raman bands indicative of CT
state formation upon UV-irradiation. However, the slow
desorption of I2 under ambient conditions complicated these
studies.

2,5-Dichloro-1,4-benzoquinone, gave a crystalline complex,
1�C6H2Cl2O2 which likely formed CT transition under ambient
conditions. Indeed, having lower reduction potential of the
acceptor facilitates the lowering of the energy requirement for

photoinduced electron transfer estimated e E
Dþ=D
ox � E

A=A�
red

� �

B 0.4065. TD-DFT computations using CAM-B3LYP functional
and basis set 6-31+G** were able to qualitatively predict experi-
mental properties in this complex including the intense long
wavelength band, which is present upon complex formation.
The absorption bands at 379, 411 and 615 nm all have host to
guest CT character with the higher wavelength band exhibiting
direct HOMO to LUMO character. Finally, analysis of FMO
suggests that inclusion of C6H2Cl2O2 affords the lowest
HOMO–LUMO gap between the complexes.

In comparison, 2,1,3-benzothiadiazole proved to be a guest
with an intermediate reduction potential, which enabled us
to study photoinduced electron transfer upon UV-irradiation.
This crystalline 1�C6H4N2S complex has an estimated

e E
Dþ=D
ox � E

A=A�
red

� �
B 1.49 and required UV-irradiation to form

the CT state forming an intense visible broad new band at
486 nm. The complex shows a reversible reduction wave at
E1/2 = �1.6 V for the acceptor, which has been observed in
covalent donor–acceptor TPA systems. Future work will focus
on measurement of conductivity in these supramolecular com-
plexes. Overall, we demonstrate that supramolecular strategies
are an effective and easy method to post-modify porous organic
crystals by CT between host and guest and may be applicable to
developing better electroactive materials.
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