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From an insulating Zn-porphyrin metallacage to
electrically conducting inclusion complexes
featuring extended p-donor/acceptor stacks

Evan Thibodeaux, Paola A. Benavides, Ellis Barger, Rakesh Sachdeva and
Sourav Saha *

p-Donor/Acceptor charge-transfer (CT) interactions between redox-complementary p-systems often

give rise to non-native optical and electronic properties that are beneficial for modern electronics and

energy technologies. However, the formation of extended supramolecular p-donor/acceptor stacks

capable of long-range charge transport requires ingenious design strategies that can help reinforce

otherwise weak p-donor/acceptor noncovalent interactions. Herein, we demonstrate that a large

tetragonal prismatic metal–organic cage (MOC28+) having two parallel p-donor tetrakis(4-

carboxyphenyl)-Zn-porphyrin (ZnTCPP) faces located B14 Å apart can accommodate up to three

redox-complementary planar aromatic guests (either three p-acceptor guests or two p-acceptors

surrounding one p-donor guest) between the ZnTCPP faces, forming extended p-donor/acceptor

stacks. While empty MOC28+ behaves as an insulator due to the lack of charge delocalization across its

large cavity, its inclusion complexes saturated with p-acidic hexaazatriphenylene hexacarbonitrile

(HATHCN) and hexacyanotriphenylene (HCTP) displayed noticeably higher electrical conductivity (8.7 �
10�6 and 1.3 � 10�6 S m�1, respectively) owing to more facile charge transport through the p-donor/

acceptor stacks composed of the p-acidic guests intercalated between the ZnTCPP faces. Thus, this

work demonstrates that tetragonal prismatic metallacages with two parallel electroactive faces can

facilitate the creation of extended p-donor/acceptor stacks by encapsulating redox-complementary

planar guests, which in turn facilitates through-space charge delocalization, generating non-native

electrical conductivity.

Introduction

The facile charge delocalization capability of p-donor/acceptor
(p-D/A) arrays1–12 often creates fascinating electronic and opti-
cal properties that can help advance modern electronics,
energy, and display technologies. Therefore, ever since the
discovery of metallic conducting tetrathiafulvalene/tetracyano-
quinodimethane (TTF/TCNQ) arrays decades ago,2,6,7 p-donor/
acceptor arrays have been drawing increasing attention thanks
to their diverse light-harvesting, electrochromic, photochromic,
thermochromic, and conducting properties.13–28 While strong
p-donor and acceptor pairs like TTF and TCNQ, which readily
undergo formal intermolecular electron transfer generating
radical ion pairs form parallel homomeric p-donor and accep-
tor columns that display metallic conductivity, weaker p-donor
and acceptor molecules, which participate in charge-transfer
(CT) and electrostatic interactions, typically form cofacially

p-stacked heterodimer and sandwich-type trimer complexes
that behave more like semiconductors.11,12,29 However, since
the p-donor/acceptor CT interactions are relatively weak,
to construct extended p-donor/acceptor stacks that can
foster long-range charge delocalization, the p-donor and
acceptor units must be connected by covalent linkers,1,30–32

hydrogen bonds,33–35 metal coordination,36,37 or amphiphilic
pendants.38–43 These structural reinforcement measures, how-
ever, require covalent modifications of the p-donor and accep-
tor units, which could alter their intrinsic electronic properties
and the nature of interactions, underscoring the need for less
disruptive supramolecular approaches to assemble extended p-
donor/acceptor stacks.

One such supramolecular assembly strategy involves the
formation of inclusion complexes of prismatic metallacages
with two parallel p-donor or acceptor faces that can sandwich
redox-complementary guest p-systems, creating extended
p-donor/acceptor stacks confined to the cage cavity. For example,
Fujita’s elongated trigonal prismatic Pd(II)-metallacages having
two parallel p-acidic 1,3,5-triazine faces can host multiple planar

Department of Chemistry, Clemson University, 211 S. Palmetto Blvd., Clemson,

South Carolina 29634, USA. E-mail: souravs@clemson.edu

Received 18th June 2025,
Accepted 6th August 2025

DOI: 10.1039/d5ma00653h

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

11
/2

02
5 

1:
45

:3
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3141-0286
https://orcid.org/0000-0002-1701-5036
https://orcid.org/0000-0001-6610-4820
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00653h&domain=pdf&date_stamp=2025-08-13
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00653h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006018


6568 |  Mater. Adv., 2025, 6, 6567–6574 © 2025 The Author(s). Published by the Royal Society of Chemistry

templating guests inside their cavities, creating extended p-
donor/acceptor stacks,44–51 whereas Ribas’ tetragonal prismatic
metallacages52–59 with two p-electron rich tetrakis(4-carbo-
xyphenyl)-metalloporphyrin (MTCPP, M = Pd, Zn) faces also
allow intercalation of planar and spherical guests. The height
of these metallacages defined by the length of the pillar ligands
connecting the two opposite faces regulate the size, shape,
electronic properties, number, and order of the intercalated
guest p-systems, which in turn, define the length of the supra-
molecular p-donor/acceptor stacks and their charge delocaliza-
tion capability.

Although the guest recognition properties of metallacages
have been widely studied,44–59 the guest-mediated charge trans-
port capability and electronic conductivity of their inclusion
complexes have been rarely explored. To this end, Fujita et al.50

first demonstrated tunable electrical resistor/rectifier behaviors of
inclusion complexes of a 1,3,5-triazine-based metallacage,
whereas we have recently demonstrated60 that intercalation of a
highly p-acidic hexaazatriphenylene hexacarbonitrile (HATHCN)
guest molecule between two p-donor ZnTCPP faces of a tetragonal
prismatic metal–organic cage MOC18+ (height B7.5 Å) created a
ZnTCPP/HATHCN/ZnTCPP stack, which created electrical conduc-
tivity by facilitating charge delocalization. Furthermore, metal–
organic frameworks (MOFs) containing extended p-donor/accep-
tor stacks of either mixed-valent ligands61–63 or complementary
ligands and intercalated guests64–66 display electrical conductivity
due to facile through-space charge delocalization. Although metal-
lacages have been widely used for various guest encapsulation,
separation, storage, and delivery purposes,67 they have been rarely
employed to create extended p-donor/acceptor stacks through
complementary guest encapsulation that can promote long-
range charge delocalization and generate electrical conductivity.

Encouraged by these promising developments, herein, we
employed a larger metal–organic cage MOC28+ having two
ZnTCPP faces located B14 Å apart according to its previously
reported single-crystal structure,53,58,59 which can accommodate
up to three planar aromatic guests (the typical p–p-distance is
B3.3–3.5 Å) between the two ZnTCPP faces (Fig. 1), thus forming
extended p-donor/acceptor stacks that can promote long-range
charge delocalization. 1H NMR, UV-vis, ESI-MS, and electroche-
mical studies confirmed the formation of inclusion complexes of
MOC28+ with p-acidic HATHCN and hexacyanotriphenylene
(HCTP) and a p-donor hexamethoxytriphenylene (HMTP, only
in the presence of 2 equiv. of HATHCN), while electrochemical
impedance spectroscopy (EIS) revealed that the inclusion com-
plexes containing stronger p-acidic HATHCN guests produced
higher electrical conductivity than those containing weaker p-
acidic HCTP guests. The MOC28+ inclusion complex saturated
with HATHCN displayed noticeably higher electrical conductivity
than that containing fewer intercalated HATHCN molecules,
demonstrating that continuous p-donor/acceptor stacks are
more effective through-space charge transport conduits than
the isolated heterodimers.

Results and discussion

Envisioning that tetragonal prismatic metallacages with large
interfacial distance between two opposite p-donor faces should
allow intercalation of multiple planar p-acidic guests and create
extended p-donor/acceptor stacks, we constructed MOC28+ by
connecting two electron-rich ZnTCPP faces with four bis-Pd-
hexaazamacrocycle clips containing 4,40-biphenyl spacers follow-
ing a modified literature protocol (Fig. 1, see SI for details).61

Fig. 1 Graphical representation of the synthesis of MOC28+ metallacages, followed by intercalation of multiple planar p-acceptor guest molecules
between its two parallel p-donor ZnTCPP faces, leading to the formation of extended p-donor/acceptor stacks capable of long-range through-space
charge delocalization.
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The structure and composition of MOC28+ were confirmed by
1H, COSY and NOESY NMR spectroscopies and high-resolution
ESI-MS analyses (Fig. S1–S4). According to its previously reported
single-crystal and optimized structures,58 the longer 4,40-
biphenyl spacers of bis-Pd-hexaazamacrocycle pillars positioned
the two ZnTCPP faces of MOC28+ ca. 14 Å apart. Given that the
typical p–p-stacking distance is ca. 3.5 Å, this interfacial distance
is ideal for the intercalation of as many as three planar guest p-
systems and the formation of extended p-donor/acceptor stacks.
For this purpose, we employed two planar p-acceptors, HATHCN
and HCTP, which have similar size and shape but markedly
different p-acidity (LUMO = �4.6 and �3.7 eV, respectively) as

well as a planar p-donor HMTP (HOMO = �5.2 eV) in order to
study the guest-induced optical and electronic properties of the
resulting inclusion complexes.

First, 1H NMR titration experiments (Fig. 2a and b) revealed
that upon addition of p-acidic HATHCN and HCTP molecules
into MOC28+, the Hpy signal (pyrrole protons) of ZnTCPP faces
and Hx signal of HCTP shifted up-field, indicating that these p-
acceptor guests were intercalated between the p-donor ZnTCPP
faces of the cage. During 1H NMR titration of MOC28+ with
HATHCN, the Hpy signal of ZnTCPP faces shifted rapidly from
8.62 to 8.47 ppm in the presence of 2 equiv. of HATHCN and
then slowly to 8.44 ppm as the HATHCN concentration

Fig. 2 Partial 1H NMR (500 MHz, CD3CN) titration of MOC28+ with p-acidic (a) HATHCN and (b) HCTP guests show up-field shifts of ZnTCPP and p-
acceptor signals upon guest intercalation. (c) Partial 1H NMR (500 MHz, CD3CN) spectra (from bottom to top) of free HMTP, empty MOC28+,
2(HATHCN)@MOC28+, and [{2(HATHCN) + HMTP}@MOC2]8+ inclusion complexes show (d) the intercalation of HMTP between two pre-intercalated
HATHCN molecules inside MOC28+ cavity. (e) Partial 1H NMR spectra (500 MHz, CD3CN) and (f) a schematic representation depicting competitive
displacement of intercalated p-acceptors (HATHCN and HCTP) from MOC28+ upon axial coordination of Bpy with the ZnTCPP core indicated by the
return of the ZnTCPP and the HCTP signals back to their original positions.
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increased further. These observations suggested that the first
two intercalated HATHCN molecules enjoyed strong p-donor/
acceptor CT interaction with the ZnTCPP inner faces and thus
caused the largest up-field shift. Given that the typical ZnTCPP/
HATHCN distance is B3.5 Å, the interplanar distance between
the first two intercalated HATHCN molecules adjacent to the
inner ZnTCPP faces should be around 7 Å, which is sufficient
for the intercalation of a third HATHCN molecule at higher
guest concentrations. However, the third HATHCN molecule
sandwiched between the other two intercalated HATHCN
guests would exert negligible shielding effect on the ZnTCPP
faces of MOC28+, which caused only modest up-field shift of
Hpy signal compared to the first two HATHCN molecules.

Since the shielding of intercalated HATHCN molecules
inside MOC28+ could not be probed by 1H NMR spectroscopy
due to the absence of H-atom on this p-acceptor, an isostruc-
tural, albeit a weaker, p-acidic HCTP guest was introduced to
probe this phenomenon. Upon addition of a weaker p-acceptor
HCTP to MOC28+, the Hx signal of HCTP shifted noticeably up-
field (from 9.39 to 8.26 ppm) but up-field shift of the Hpy signal
of ZnTCPP faces was more modest (Fig. 2b) compared to that
caused by the stronger p-acidic HATHCN due to weaker
ZnTCPP/HCTP CT interaction. The NOESY NMR study revealed
through-space coupling between the HCTP (Hx) and ZnTCPP
(Hpy) core protons (Fig. S3), further confirming guest intercala-
tion. Interestingly, the intercalation of HCTP molecules inside
the larger MOC28+ cage caused much smaller up-field shift of
its Hx (Dd = 1.13 ppm) and ZnTCPP Hpy peaks than its inter-
calation into smaller MOC18+ (Dd = 3.78 ppm) with a smaller
cavity (height B7.5 Å).60 This happened possibly because in
larger MOC28+, each intercalated p-acceptor molecule interacts
only with one ZnTCPP face, whereas in smaller MOC18+, the
intercalated p-acceptor guest was tightly sandwiched between
two p-donor ZnTCPP faces, interacting with both simulta-
neously, which caused a greater shielding.

We further envisioned that if a planar p-donor guest inter-
calated between two pre-intercalated HATHCN molecules
bound to the inner ZnTCPP faces of the cage, it would help
create an extended alternating p-donor/acceptor/donor 0/accep-
tor/donor stack. To probe this possibility, we added 1 equiv. of a
p-donor HMTP into a preformed 2(HATHCN)@MOC28+ inclu-
sion complex containing two intercalated HATHCN molecules
bound to the inner ZnTCPP faces of the cage (MOC28+ + 2 equiv.
of HATHCN). This led to a dramatic upfield shift of the HMTP
signals (Hz shifted from 7.97 to 5.09 ppm and Hy from 4.09 ppm
to deeper into the aliphatic region), indicating that HMTP
became sandwiched between two pre-intercalated p-acidic
HATHCN molecules bound to the inner ZnTCPP faces of
MOC28+ (Fig. 2c and d). In a control experiment, the addition
of HMTP to empty MOC28+ did not cause any shift of the
ZnTCPP (Hpy) HMTP (Hy and Hz) signals, indicating that it did
not enter into the empty cage due to the lack of electronic
complementarity.

Next, we investigated competitive displacement of the inter-
calated guests from the MOC28+ cavity upon axial coordination
of a linear 4,40-bipyridine (BPy) ligand, which can bridge the

inner faces of two ZnTCPP units (Fig. 2e and f).55 Upon addition
of 1 equiv. of BPy into MOC28+ inclusion complexes containing
intercalated HATHCN and HCTP guests, the a-Hs and b-Hs of
BPy became extremely broad and almost disappeared, a tell-tale
sign of axial coordination of BPy with ZnTCPP,55 while the
ZnTCPP (Hpy) and p-acceptor (Hx) signals returned to their
original positions, confirming the release of intercalated p-
acceptors from the MOC28+ cavity upon axial coordination of
BPy. In addition, DOSY NMR studies (Fig. S4) revealed that both
empty MOC28+ and 1 : 1 BPy@MOC28+ complex containing axi-
ally coordinated BPy ligands have essentially the same diffusion
coefficients (D = 2.84 � 10�10 and 2.84 � 10�10 m2 s�1,
respectively) and hydrodynamic radii (rH = 21.98 and 22.23 Å,
respectively). These results indicated that BPy intramolecularly
bridged the two ZnTCPP faces of MOC28+ and ruled out its
coordination with the outer ZnTCPP faces (this would have
produced coordination polymers with much lower diffusion
coefficients and larger hydrodynamic radius, which was not
observed). This observation was consistent with Ribas’ study
showing that 4,40-BPy axially coordinated with the inner ZnTCPP
faces of MOC28+.55 Furthermore, upon addition of 2 equiv. of
HATHCN to 1 : 1 BPy@MOC28+ complex containing internally
coordinated BPy guest, the ZnTCPP Hpy signal did not shift
upfield (Fig. S5), suggesting that the p-acceptor did not bind to
the outer ZnTCPP faces when an internally coordinated BPy
molecule already occupied the MOC28+ cavity. Taken together,
these results unequivocally confirmed that the p-acceptor guests
were only sandwiched between the two ZnTCPP faces of MOC28+

and released upon internal axial coordination of BPy with the
inner faces of ZnTCPP.

The inclusion complexes of MOC28+ containing multiple p-
acceptor guests were also detected by high-resolution ESI-MS
analysis (Fig. 3a,b and Fig. S6–S9), which revealed the characteristic
m/z signals of 1 : 2 host : guest complexes: [2(HATHCN)@MOC2�
4BArF4]4+ (2339.6578), [2(HATHCN)@MOC2�3BArF4]5+ (1698.9133),
[2(HATHCN)@MOC2�2BArF4]6+ (1271.9177), [2(HCTP)@MOC2�
4BArF4]4+ (2337.1712), [2(HCTP)@MOC2�3BArF4]5+ (1697.1252),
and [2(HCTP)@MOC2�2BArF4]6+ (1270.2607). In addition, the m/z
signals corresponding to 1 : 1 host : guest complexes [(HATHCN)@
MOC2�4 BArF4]4+ (2243.6488), [(HATHCN)@MOC2�3BArF4]5+

(1622.3067), [(HATHCN)@MOC2�2BArF4]6+ (1208.0781), [(HCTP)@
MOC2�4BArF4]4+ (2242.4045), [(HCTP)@MOC2�3BArF4]5+

(1621.5116), and [(HCTP)@MOC2�2BArF4]6+ (1207.4164), as well
as the empty cage [MOC2�4BArF4]4+ (2148.1394), [MOC2�
3BArF4]5+ (1545.6985), and [MOC2�2BArF4]6+ (1144.4054) were
also observed, suggesting that the intercalated p-acidic guests
were released from the MOC28+ cavity under the ionization
conditions. Although MOC28+ can, in principle, accommodate
up to three planar p-acceptor molecules inside its large cavity
(height E 14 Å), no signals corresponding to 1 : 3 host : guest
inclusion complexes were observed, possibly because the weakly
bound third p-acceptor guest sandwiched between other two
intercalated p-acceptors adjacent to the ZnTCPP inner faces was
easily released from the cage, leaving the 1 : 2 host : guest
complexes as the largest detectable species under electrospray
ionization conditions. Nevertheless, the ESI-MS analysis also
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revealed (Fig. 3c) MOC28+ inclusion complex containing two p-acidic
HATHCN guests and one p-donor HMTP guest: [{2(HATHCN) +
HMTP}@MOC2�4BArF4]4+ (2442.4488), [{2(HATHCN) + HMTP}
@MOC2�3BArF4]5+ (1781.9468), [{2(HATHCN) + HMTP}@MOC2�
2BArF4]6+ (1340.6133), confirming that it can accommodate up to
three planar guests. In this case, the stronger HATHCN/HMTP/
HATHCN charge-transfer interaction helped the p-donor HMTP
guest sandwiched between two intercalated p-acceptor HATHCN
molecules remain inside the cage, enabling its detection.

The UV-Vis titration of MOC28+ with the stronger p-acceptor
HATHCN (Fig. 4) caused significant quenching of ZnTCPP Soret
and Q-bands and an emergence of a characteristic broad CT
band appeared at 700 nm. The trend of HATHCN concentration-
dependent quenching of ZnTCPP Soret band fits quite well with
a 1 : 2 host : guest binding model (Fig. 4a, inset),60 revealing the
binding constants of K1 = 3.36 � 104 M�1, K2 = 1.95 � 103 M�1,
and K = K1�K2 = 6.55 � 107 M�2 (MeNO2, 295 K). Although
MOC28+ can technically host up to three planar p-acidic guest
molecules inside its large cavity, only two HATHCN molecules
attached to the ZnTCPP inner faces were involved in p-donor/
acceptor CT interaction, causing these spectroscopic changes,
whereas the third HATHCN molecule sandwiched between the
other two encapsulated HATHCN molecules did not have any
significant impact on the ZnTCPP’s optical properties. This
explains why the HATHCN-induced UV-Vis absorption changes
of MOC28+ fit well with a 1 : 2 host : guest binding model and the
1 : 3 complex could not be detected. The weaker p-acidic HCTP
did not cause any noticeable spectroscopic changes of MOC28+,
further confirming that it was involved in a much weaker p-
donor/acceptor CT interaction. It is worth noting that intercala-
tion of a HMTP molecule between two pre-intercalated HATHCN
guests inside MOC28+ did not cause any noticeable spectroscopic
changes, making it impossible to determine its association
constant using UV-Vis spectroscopy.

Cyclic voltammetry studies (Fig. S10) revealed how the
ZnTCPP/HATHCN CT interaction influenced their respective
electronic properties, i.e., redox potentials in the host–guest
inclusion complexes. With increasing molar ratio of HATHCN
(0–5 equiv. with respect to MOC28+), the first oxidation (anodic)
peak of the ZnTCPP faces shifted gradually from +1130 to
+1450 mV (DEox = +320 mV, vs. EAg/AgCl), with the largest shift
occurring in the presence 2 equiv. of HATHCN. This demon-
strated that the intercalation of the first two HATHCN mole-
cules involved in p-donor/acceptor CT interaction with the
ZnTCPP faces exerted the greatest effect on the ZnTCPP oxida-
tion. Similarly, upon addition of 2 equiv. of HATHCN to MOC2+,
the first reduction (cathodic) peak of HATHCN shifted from
�70 to �250 mV, (DEred = �180 mV, vs. EAg/AgCl), as the
reduction of the intercalated HATHCN molecules became more
difficult due to its CT interaction with p-donor ZnTCPP faces. In

Fig. 3 ESI-MS analysis shows the characteristic m/z signals of MOC28+ inclu-
sion complexes containing intercalated (a) HATHCN, (b) HCTP, and (c) HATHCN
and HMTP guests. The isotope distribution patterns are shown in Fig. S4–S7.

Fig. 4 (a) UV-Vis titration of MOC28+ with HATHCN. Inset: Nelder-Mead fitting of HATHCN concentration-dependent quenching of ZnTCPP Soret band
revealing a 1 : 2 host : guest binding model. (b) The UV-vis absorption spectrum of MOC28+ inclusion complex saturated with HATHCN showed ZnTCPP/
HATHCN CT interaction.
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the presence of 42 equiv. of HATHCN, an additional cathodic
peak appeared at ca. �100 mV, which was attributed to the
reduction of the third HATHCN molecule sandwiched between
the other two intercalated HATHCN molecules directly in
contact with the ZnTCPP inner faces.

Finally, we measured the electrical conductivities of MOC28+

and its inclusion complexes containing intercalated HATHCN
and HCTP guests by electrochemical impedance spectroscopy
(Fig. 5) using drop-cast films of these materials on interdigi-
tated gold electrodes (Fig. S11). The Nyquist plots revealed that
whereas the empty MOC28+ cage behaved as an insulator with
no measurable conductivity (i.e., below the detection limit of
the instrument, o10�9 S m�1) due to the lack of charge
delocalization, its inclusion complexes enjoyed much smaller
charge transfer resistance and higher electrical conductivity
due to facile charge delocalization through the p-donor/accep-
tor stacks. The conductivity of MOC28+ inclusion complex
saturated with the stronger p-acidic HATHCN was almost
7 times higher than that saturated with weaker p-acidic HCTP
(8.7 � 10�6 vs. 1.3 � 10�6 S m�1, in the presence of 5 equiv. of
respective guest), demonstrating that stronger p-donor/accep-
tor CT interaction created by the former enabled more efficient
charge delocalization. However, at lower guest concentrations
(2 equiv.), the unsaturated HATHCN@ MOC28+ inclusion
complex displayed a distinctly lower conductivity (3.8 �
10�6 S m�1), while unsaturated HCTP@ MOC28+ inclusion
complex formed at lower guest concentration did not display
any measurable conductivity. The guest concentration-dependent
conductivity of MOC28+ inclusion complexes further supported
the possibility of intercalation of up to three planar p-acceptors at
higher guest concentrations. These results also affirmed that
continuous p-donor/acceptor stacks formed at higher guest con-
centrations were more efficient through-space charge transport
conduits than the isolated or discontinuous p-donor/acceptor
heterodimers formed at lower guest concentrations.

The p-acceptor guest-induced conductivity enhancement of
MOC28+ inclusion complexes, resulting from improved through-

space charge delocalization within the p-donor/acceptor stacks, was
consistent with our previous study involving a smaller metallacage,
MOC18+,60 which also exhibited a similar phenomenon upon p-
acceptor guest intercalation, albeit to a smaller degree. Interest-
ingly, although the smaller MOC18+ displayed a noticeably higher
intrinsic conductivity (2.5 � 10�6 S m�1)60 than the larger empty
MOC28+ (ca. 8 vs. 14 Å interplanar distance between the two
ZnTCPP faces),58 the conductivity of the larger MOC28+ inclusion
complex saturated with HATHCN guests (up to three) was over 4
times higher than the 1 : 1 HATHCN@MOC18+ inclusion complex
(8.7� 10�6 vs. 2.1� 10�6 S m�1),60 possibly because the larger cage
helped create more elongated p-donor/acceptor stacks capable of a
longer-range charge delocalization than the smaller one.

Conclusion

The foregoing studies demonstrated the formation of inclusion
complexes of a large tetragonal prismatic cage MOC28+ having
two p-donor ZnTCPP faces, which hosted up to three planar
aromatic guests inside its large cavity creating extended p-
donor/acceptor stacks that promoted through-space charge
delocalization. The intercalation of stronger p-acidic HATHCN
inside MOC28+ generated more pronounced CT absorption
band and caused more significant shifts in the redox potentials
of both host and the guest than the weaker p-acidic HCTP guest
due to stronger CT interaction of the former. Interestingly,
although a p-donor HMTP molecule did not enter into empty
MOC28+ due to the lack of electronic complementarity, it
became sandwiched between two pre-intercalated p-acidic
HATHCN guests that were bound to the inner faces of ZnTCPP,
forming an extended alternating D/A/D0/A/D stack. The empty
MOC28+ behaved as an electrical insulator, whereas its inclu-
sion complexes saturated with intercalated HATHCN and HCTP
guests displayed much higher conductivity (8.7 � 10�6 and
1.3 � 10�6 S m�1, respectively), with the stronger p-acidic
HATHCN generating a higher conductivity, demonstrating that
stronger p-donor/acceptor CT interactions facilitated more
efficient charge delocalization. Thus, our studies demonstrated
that large prismatic metallacages having two parallel electro-
active faces can serve as supramolecular containers to help
assemble extended p-donor/p-acceptor stacks by hosting multi-
ple redox-complementary planar guest molecules inside their
cavities, delivering a simple strategy that can give the access to
electrically conducting extended supramolecular p-donor/
acceptor arrays and help advance molecular electronics.
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Fig. 5 The Nyquist plots of inclusion complexes of MOC28+ containing
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S. Osuna, J. Juanhuix, I. Imaz, D. Maspoch, M. Costas and
X. Ribas, Nat. Commun., 2014, 5, 5557.
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