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    In recent years, interest in the marriage of graphenes as 
sensing elements integrated with other materials has grown, 
creating hybrid optoelectronic devices for potential applications 
in areas ranging from integrated circuits and energy conver-
sion to catalysis and chemobiological sensors. [  1–5  ]  Their high 
chemical stability, [  6  ]  availability through bottom-up growth, [  7  ]  
and relative ease of micro/nanofabrication, [  8,9  ]  position gra-
phenes as attractive platforms for building new types of sen-
sors and optoelectronic devices. [  10  ]  Although previous reports 
have already demonstrated the remarkable performance of 
nanoscale graphene-based hybrid devices, issues associated 
with working mechanisms, [  11–13  ]  detection sensitivity, [  4,14  ]  and 
optimised device layouts are still under intense investigation. 
These challenges illustrate that, at the microscopic level, the 
fundamental understanding of these promising devices is far 
from well-established. This incompleteness largely results 
from the ambiguity associated with interfaces built from gra-
phene derivatives such as graphene oxide or reduced graphene 
oxide, [  2,15  ]  and the lack of effi cacious strategies for graphene 
modifi cation and device operation which preserve the pristine 
structure and properties of graphene. [  6,16  ]  In this investigation, 
we demonstrate the rational design of a hybrid redox-bistable 
[2]rotaxane-graphene photoswitch whose mirror-image photo-
switching and non-volatile memory effects in a single graphene 
sheet allow us to establish a mechanistic understanding of the 
charge generation/trapping processes at the [2]rotaxane-gra-
phene interface by using high-quality graphenes as local probes 
in combination with photoirradiation ( Figure   1 a,b).  
© 2013 WILEY-VCH Verlag Gwileyonlinelibrary.com

     C. Jia, [+]  J. Jiang, J. Wang, H. Chen, Prof. X. Guo
Center for NanoChemistry, Beijing National 
Laboratory for Molecular Sciences
State Key Laboratory for Structural Chemistry 
of Unstable and Stable Species
College of Chemistry and Molecular Engineering
Peking University  
   Beijing  ,   100871  ,   P. R. China
E-mail: guoxf@pku.edu.cn    
     Dr. H. Li, [+]  D. Cao, Prof. J. F. Stoddart
Department of Chemistry 
Northwestern University
2145 Sheridan Road  ,    Evanston  ,   IL 60208  ,   USA
E-mail: stoddart@northwestern.edu    
   Prof. Dr. X. Guo
Department of Materials Science and Engineering
College of Engineering
Peking University   
   Beijing  ,   100871  ,   P. R. China       
     [+]These authors contributed equally to the work.    

DOI:  10.1002/adma.201302393   
 The graphene-based hybrid device incorporates a bistable 
[2]rotaxane  R  8+  – rotaxanes are a class of mechanically inter-
locked molecules (MIMs) which have been employed [  17  ]  in 
a variety of potential applications in molecular nanotech-
nology – whose ring component is known [  18  ]  to undergo dis-
crete translational motion along the dumbbell component 
upon external stimulus. In this photoswitchable [2]rotaxane, 
the cyclobis(paraquat- p -phenylene) (CBPQT 4+ ) ring encircles a 
dumbbell which consists of: i) a photocatalytic ruthenium(II)-
tris(2,2′-bipyridine) ([Ru(bpy) 3 ] 2+ ) stopper, ii) a  π -electron rich 
1,5-dioxynaphthalene (DNP) recognition site, iii) a 4,4′-bipyri-
dinium (BIPY 2+ ) unit, and iv) a hydroxyl function for attach-
ment to the graphene surface (Figure  1 c). 

 The functioning molecular component of the hybrid device 
originates from a monolayer of bistable rotaxanes  R  8+  in which 
light-activated reduction of the MIM leads to: i) the formation 
of a positively-charged trisradical complex (BIPY •+ ⊂CBPQT 2(•+) ) 
that brings the ring closer to the graphene surface, thus cre-
ating a different built-in electrical fi eld at the MIM-graphene 
interface [  19  ]  which changes the conductance of the graphene 
sheet through geometrically and electrostatically-induced 
capacitive coupling [  20  ]  as well as ii) a change in the electronic 
structure at the interface which alters the carrier density and 
corresponding channel conductance of graphene. The synergic 
effects of electrostatic gating and changes in electronic struc-
ture highlight the important roles of both the light-stimulated 
translational motion of the rings in the bistable [2]rotaxanes 
and the gate-tunable ambipolar transport property of graphene 
in the performance of the logic-controllable hybrid device. 

 The device (Figure  1 a) consists of a single-layer graphene 
sheet used as the conductive channel placed on top of a doped 
silicon wafer with 300 nm of thermally grown SiO 2  on the sur-
face and a monolayer of  R  8+  as the light sensitiser that is nonco-
valently assembled on the graphene surface by a nondestructive 
step-wise procedure (Figure  1 b). The [2]rotaxane  R •8PF 6  was 
synthesized by taking advantage of a template-directed strategy 
and was fully characterized by NMR spectroscopy and mass 
spectrometry (see Supporting Information). In order to dem-
onstrate the effi ciency of the design, high-quality CVD-grown 
graphene-based transistors with a channel length of ≈5  μ m 
were built by using a method we developed [  9  ]  previously for the 
fabrication of single-molecule devices and real-time measure-
ments (see the Supporting Information). This method enables 
the mass-production of high-density graphene transistor arrays 
in high yield (≈98%) ( Figure   2 a,b). In the Raman spectrum of 
the graphene utilized (Figure  2 c), a single symmetric 2D peak 
(≈2650 cm −1 ) with narrow peak width, a small G/2D ratio, and 
a negligible D peak were observed, indicating that the gra-
phene is single-layered and of high quality. [  21  ]  All the devices 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 6752–6759
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      Figure 1.  a) Schematic representation of graphene transistors decorated with light-activated switchable [2]rotaxanes in the presence of triethanolamine 
(TEOA) as a sacrifi cial electron donor. b) The two-step strategy employed in the assembly of the bistable [2]rotaxane molecules onto a graphene surface 
without altering the structure and properties of graphene covalently. c) The structural formulas and graphical representations of the 1-pyrenebutanoic 
acid (PBA) used to link the bistable [2]rotaxane molecules noncovalently to the surface of the graphene. 
exhibit p-type electric fi eld effects with little gate-dependence 
before the molecular assembly process because the neutrality 
point ( V  Dirac ) is shifted to more positive values, most likely on 
account of chemical doping and/or charge transfer induced by 
the etching agents and polymer resists used (Figure S4, Sup-
porting Information). [  7,9  ]   

 After the initial characterisation, the graphene devices were 
immersed into a MeCN solution of 1-pyrenebutanoic acid 
(PBA) which binds noncovalently with the graphene surface 
by means of  π − π  stacking interactions. [  22  ]  An absorption band 
centered at ≈360 nm was observed in the solid-state UV–Vis 
absorption spectrum of the resultant graphene (Figure  2 d), con-
fi rming that the PBA molecules are adsorbed on the graphene’s 
surface (Figure S5, Supporting Information). The bistable 
[2]rotaxanes were then tethered to the modifi ed graphene sur-
face by esterifi cation of their hydroxyl terminal groups with the 
carboxylic acid groups of the surface-bound PBA molecules in 
high yield (≈98%). The assemblies are able to survive rinsing 
and even soaking with prolonged sonication in common sol-
vents, such as MeCN and CH 2 Cl 2 , to remove any unreacted 
rotaxane molecules. A maximum absorption band centered 
at ≈470 nm, which corresponds to the Ru(bpy) 3  2+  dicationic 
unit in the bistable [2]rotaxane (Figure S5, Supporting Infor-
mation), [  18  ]  was observed in the solid-state UV–Vis absorption 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 6752–6759
spectrum of the device. (Figure  2 d). High-resolution X-ray 
photoelectron spectroscopy (XPS) of the bistable [2]rotaxane-
graphene hybrids also revealed the emergence of the N1s peak 
(Figure  2 e and Figure S6, Supporting Information) which is 
not present in the PBA-decorated graphene. These observa-
tions, in combination with Fourier transform infrared (FTIR) 
and Raman spectroscopy (Figure S7, Supporting Information), 
prove that the bistable [2]rotaxane has been successfully grafted 
onto the graphene surface. After the molecular deposition, the 
devices showed a slight conductance decrease (Figure S4, Sup-
porting Information), most likely because of n-type doping cre-
ated by bistable [2]rotaxanes that are in intimate contact with 
the graphene surface. 

 In order to expose the bistable [2]rotaxane-graphene hybrid 
device to triethanolamine (TEOA) under operating conditions, 
we integrated a microfl uidic setup (Figure  2 a,b) into the device 
system designed to operate under strictly oxygen-free condi-
tions (Figure S8, Supporting Information). The microfl uidic 
channels, which are ≈100  μ m tall and ≈250  μ m wide, were 
fabricated by means of soft-lithography and replica molding 
techniques as detailed in the Supporting Information. [  23  ]  The 
microfl uidic channels enabled us to monitor the activity of the 
bistable rotaxane molecules in real time by using graphene as 
reporters in combination with photoillumination (30  μ W/cm 2 , 
6753wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure 2.  a) An optical image of a high-density graphene transistor array. The insets show the enlarged optical images of the central parts with 
microfl uidics as marked, respectively. b) Schematic representation of the experimental setup with the microfl uidic system. c) The Raman spectrum 
of graphene employed in this research. d) UV–Vis absorption spectra of PBA- and [2]rotaxane-decorated CVD-grown graphenes on quartz substrates, 
respectively. In order to clearly show the comparison, the absorbance of graphene has been removed in both cases. e) High-resolution XPS spectrum 
of the N (1s) region for [2]rotaxane-decorated graphenes. f) The  I  D – t  plot for a [2]rotaxane-decorated CVD-grown graphene under different conditions: 
initial injection of the MeCN solution in the dark, only light irradiation, only TEOA addition, both light and TEOA, dark with air and dark without air. 
 V  D  = 1 mV.  V  G  = 0 V. g,h) Kinetic simulations of the intramolecular switching within the bistable [2]rotaxanes under light illumination in the presence 
of TEOA (g), followed by keeping in the dark with air exposure (h). i) The statistical comparison of the change ratios in  I  D  of graphenes after bistable 
[2]rotaxane (red circles) and dumbbell (black stars) modifi cations, respectively, under light illumination in the presence of TEOA. 
>450 nm). In order to eliminate the possibility of electrode 
surface and/or Schottky barrier modifi cations, we passivated 
the metal electrodes with a 50 nm-thick silicon oxide layer as 
a protective layer before the photoresist lift-off and molecular 
grafting. Unlike previously reported graphene-based photo-
sensors in which photoinduced current changes occur mostly 
at the contact interface between the graphene and the elec-
trodes [  24  ]  or in the vicinity of p-n junctions, [  25,26  ]  the bistable 
[2]rotaxane-graphene hybrid system is photoresponsive over a 
large area (Figure  1 a), a feature of paramount importance in 
many sensing applications. [  3,27  ]  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 We have found that large and reversible changes in source-
drain current ( I  D ) occur in these bistable [2]rotaxane-decorated 
graphene devices upon proper external stimuli (Figure  2 f). 
After completely stabilizing the devices by fi rst fl owing deoxy-
genated MeCN solution through the microfl uidic channel, the 
simultaneous application of both light and TEOA leads to an 
obvious decrease (≈12%) in the  I  D  of the graphene. Subsequent 
exposure of the devices to oxygen in the dark almost reinstates 
the initial  I  D , thus accomplishing a full switching cycle. Con-
trol experiments using graphenes decorated only by PBA did 
not show any obvious current changes when exposed to the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 6752–6759
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      Figure 3.  Synergistic photoswitching mechanisms operative in the bistable [2]rotaxane-deco-
rated graphene and energy-level diagram of the bistable [2]rotaxane/graphene interface. 
same conditions (Figure S9, Supporting 
Information), thus ruling out the possibility 
that the conductance changes of the bistable 
[2]rotaxane-decorated graphene devices result 
from any intrinsic light-triggered processes 
in either the graphene sheets or the PBA 
molecules. These results suggest that the 
light-stimulated translational movement of 
the rings in the  R  8+  molecules plays a key role 
in the switching properties of the devices. 

 When the operations are alternated 
sequentially in the presence of TEOA, the 
devices display excellent reversibility as 
demonstrated in Figure  2 f (3 representative 
cycles out of more than 20 cycles). Addition-
ally, when the devices are kept in the dark in 
the absence of oxygen after light and TEOA 
treatments, the low conductance state of the 
devices remains constant for 24 hours (some 
data shown in Figure  2 f). The non-volatility 

of the low conductance state in the bistable [2]rotaxane-gra-
phene hybrid and the stable  I  D  of the graphene (Figure  2 f) 
lies in stark contrast to the decay of photogenerated conduct-
ance in previously reported graphene-based photodetectors 
when the devices are left in the dark. [  13,24,25  ]  This observation 
is not surprising because both of these two inputs are required 
to trigger the translational motion of the ring in the bistable 
[2]rotaxane. [  18  ]  In order to understand the kinetics of the ring’s 
motion, we have analysed the conductance data extracted from 
Figure  2 f as a function of time (Figure  2 g,h). Both the forward 
and backward reactions can be fi tted to linear fi rst-order equa-
tions of the type ln( a  –  x ) = ln( I  t  –  I  400s )/( I  0s  –  I  400s ), with cal-
culated rate constants of ≈7.65 × 10 −3  s −1  and ≈7.99 × 10 −3  s −1 , 
respectively. 

 After detailing the specifi cs of the devices, we turned our 
attention to describing the physical mechanism underlying the 
observed photoswitching behavior. In order to compare the 
electronic structures at the bistable [2]rotaxane-graphene inter-
face before and after light illumination, we have investigated 
the electrochemical characteristics of  R  8+ . On the basis of cyclic 
voltammetric (CV) data (Figure S10, Supporting Information), 
the lowest unoccupied molecular orbital (LUMO) energy levels 
of the oxidized bistable [2]rotaxane and the reduced trisradical 
[2]rotaxane were estimated to be –4.09 and –3.68 eV, respec-
tively, versus the vacuum level for the calculation details (See 
the Supporting Information). The highest occupied molecular 
orbital (HOMO) energy levels were found to be –6.81 and 
–6.00 eV, respectively, according to the energy gaps (≈2.72 eV 
for oxidized bistable [2]rotaxanes and ≈2.32 eV for reduced tris-
radical [2]rotaxanes) extracted from UV–Vis absorption spectra 
(Figure S11, Supporting Information). These calculations reveal 
that the HOMO of the reduced trisradical [2]rotaxane is close 
to the Fermi level (≈4.5–4.8 eV) of graphene [  28  ]  ( Figure   3 ), thus 
facilitating the electronic communication between the reduced 
[2]rotaxane molecules and graphene which leads to quenching 
of the p-type carriers and a decrease in the conductance of the 
hole-dominated graphene. This quenching effect is further 
enhanced by the formation of the trisradical triscationic com-
plex (BIPY •+ ⊂CBPQT 2(•+) ) close to the graphene surface, which 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 6752–6759
is more positively-charged than the dicationic BIPY 2+  unit in the 
fully oxidized state of the [2]rotaxane. In the ground state, the 
CBPQT 4+  ring encircles the DNP unit and thereby resides in a 
position distant from the graphene surface. [  29  ]  When the ring 
is reduced and located closer to the graphene surface, a built-
in fi eld is formed at the reduced [2]rotaxane-graphene interface 
which behaves as a positive top gate that induces negative car-
riers in the conductive channel through electrostatic gating, thus 
leading to an increase in the graphene resistance (Figure  3 ). The 
non-volatile stability of the low conductance state of the reduced 
[2]rotaxane-graphene hybrid can be ascribed to the stability of 
the BIPY •+ ⊂CBPQT 2(•+)  complex under oxygen-free conditions, 
regardless of the presence or absence of light.  

 In order to prove the importance of the translational move-
ment of the ring component in the bistable [2]rotaxane, we 
synthesized the photoswitchable non-interlocked control dumb-
bell  D •4PF 6  (Figure S12, Supporting Information). Graphene 
was functionalized with  D •4PF 6  following the same procedure 
described in Figure  1 b for  R •8PF 6 . The BIPY (•+)  radical cation 
generated by photoillumination of the dumbbell-graphene 
hybrid device has a stronger electronic coupling with the gra-
phene than does BIPY 2+  because its HOMO level is closer to 
the Fermi level of graphene (Figure S13, Supporting Informa-
tion), thus leading to a reproducible conductance decrease of 
the devices by a chemical n-doping mechanism (Figure S13b, 
Supporting Information). The less positively-charged nature of 
BIPY (•+)  increases the positive carrier density in the p-type semi-
conductor (and thus the device conductance) (Figure S13c, Sup-
porting Information). The combination of these two effects effec-
tively cancel each other out, resulting in a conductance decrease 
of ≈2.7% (the average value of 2.65% with a standard deviation 
of 0.39%), which is considerably lower than those observed in 
the bistable [2]rotaxane-graphene systems (≈12%, the average 
value of 11.9% with a standard deviation of 0.88%) (Figure  2 i). 

 On the basis of this mechanistic understanding, it can be 
rationally inferred that the synergistic effects should lead to 
both a hole-current increase and an electron-current decrease 
in the same device when an ambipolar material is used. To 
prove this prediction, a peeling-off approach to obtain pris-
6755wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 4.  a) An optical image of a device using pristine graphene formed by a peeling-off technique. Inset shows the enlarged optical image of the 
central part as indicated. b) Schematic representation of the experimental setup which integrates a solution gate through an Ag wire as the reference 
electrode into the microfl uidic system. c)  I  D –time plots for the bistable [2]rotaxane-decorated pristine graphene under alternate treatments of light 
and oxygen in the dark at the different gate biases (top:  V  G  = 0 V; bottom:  V  G  = –0.20 V).  V  D  = 1 mV. The experiments were carried out in a MeCN 
solution containing 5 mM TEOA and 100  μ M tetraethylammonium perchlorate (TEAClO 4 ). d) The gate-dependence of the photoswitching effects in 
bistable [2]rotaxane-decorated pristine graphenes.  V  D  = 1 mV. Inset shows the change ratios of  I  D  as a function of the gate bias, clearly demonstrating 
a solution-gate-tunable symmetric photoswitching effect. e) Possible models for the band-bending diagrams and charge distribution before (left) and 
after light illumination (right) in both p-type (top) and n-type (bottom) channels. 
tine ambipolar single-layer graphenes [  30  ]  that show both 
electron and hole transport properties was used. After fabri-
cating graphene-based transistors with a channel length of 
≈3  μ m by the combination of electron-beam lithography and 
photolithography ( Figure   4 a), [  8,9  ]  we have followed the proce-
dure illustrated in Figure  1 b to build the bistable [2]rotaxane-
decorated graphene devices. A solution gate was introduced into 
the device system to control the two types of carriers (Figure  4 b). 
This design allows the achievement of stable measurements 
with high sensitivity at low working voltages. [  11,31  ]  The char-
acteristics of the ambipolar devices upon stimuli in presence 
of TEOA have been recorded (Figure  4 c,d). A signifi cant hole 
current decrease is observed under visible light irradiation 
when  V  G  is held at –0.20 V, and the photoswitching process 
is reversible (Figure  4 c) when the light is switched on and off. 
Remarkably, when  V  G  is held at 0 V, we observe a large revers-
ible current increase in the same device under the same irra-
diation conditions. We have extracted the change ratios of  I  D  
as a function of the gate bias from the bias dependence of the 
photoswitching effect (Figure  4 d inset), which clearly reveals a 
solution-gate-tunable symmetric photoswitching effect.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
 The observations we have made from the aforementioned 
experiments allow us to propose a mechanism of photoswitching 
in the devices. Photon absorption by [Ru(bpy) 3 ] 2+  induces the 
reduction of the BIPY 2+  units, which motivates translocation 
of the ring along the dumbbell of the bistable [2]rotaxane to 
reside closer to the MIM-graphene interface. This relative 
geometry leads to band bending at the interface (Figure  4 e), 
which favors electron transfer from the [2]rotaxane molecules 
to the graphene, and also leads to the formation of a local built-
in electric fi eld, which behaves as a positive top gate and gen-
erates negative carriers in the conductive channel (Figure  4 e). 
This sequence of events may explain the obvious shift of 
the Dirac point ( V  Dirac ) from –0.02 to –0.06 V (Figure  4 d). 
When  V  G  <  V  Dirac , graphene is hole-dominated and both light-
induced effects consistently cause the increase in resistance or 
current quenching through chemical n-doping and/or capaci-
tive coupling. When  V  G  >  V  Dirac , graphene is electron-domi-
nated and light illumination leads to the decrease in resistance. 
So long as the bistable [2]rotaxane molecules remain reduced, 
both effects persist, resulting in the non-volatile memory 
effect. 
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 6752–6759
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      Figure 5.  a) Schematic of a half-adder logic circuit and corresponding truth table. b) Schematic of a half-subtractor logic circuit and corresponding truth 
table. The dash-line parts show that in both cases, further integration of sequential logic into the systems leads to combinational logic computation 
circuits with a memory effect and resettability. 
 The photoresponsive behavior of the bistable [2]rotaxane-dec-
orated graphene devices shown in Figure  4 c can be endowed 
with binary logic. [  32–34  ]  A combinational logic circuit with 
memory has been constructed by selecting visible light and 
oxygen as In 1  and In 2 , respectively, with In 1  = 1 when the light 
is on and In 1  = 0 when the light is off, while In 2  = 1 when 
oxygen is absent and In 2  = 0 when oxygen is present. We chose 
the  I  D  of the fi nal states of the [2]rotaxane as the output signal 
(Out): Out = 1 when  I  D  > 1.40  μ A or  I  D  < 0.93  μ A (the reduced 
state); Out = 0 when 0.93  μ A <  I  D  < 1.40  μ A (the oxidized state). 
The output depends, not only on the present input signals, but 
also on the past history of the input signals (Figure S15, Sup-
porting Information), demonstrating a sequential logic circuit 
with a memory effect. 

 A half adder with a basic addition function has been fabri-
cated by choosing the external operations in a rational manner. 
We chose the gate voltage as the fi rst input signal ( V  G , In 1 ): 
In 1  = 1 when  V  G  = 0 V and In 1  = 0 when  V  G  = –0.20 V, and 
the second input signal (In 2 ) as follows: In 2  = 1 when the light 
is on and In 2  = 0 when oxygen is introduced in the dark. The 
fi nal drain current ( I  D ) can be considered as one of the output 
signals (Out 1 ): Out 1  = 1 when  I  D  > 1.40  μ A and Out 1  = 0 when 
 I  D  < 1.40  μ A. The direction of current changes can be employed 
as another output signal (Out 2 ): Out 2  = 1 when  I  D  decreases 
and Out 2  = 0 when  I  D  increases. In order to avoid a situation 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 6752–6759
in which  I  D  remains constant and set the initial states of the 
bistable [2]rotaxane molecules, we have integrated a switch into 
the logic circuit by additionally introducing a third input signal 
(In 3 ) and third output signal (Out 3 ) as follows: In 3  = 1 when the 
bistable [2]rotaxane molecules reside in their fully reduced state 
and In 3  = 0 when the molecules are in their fully oxidized state, 
while Out 3  = 1 when  I  D  changes and Out 3  = 0 when  I  D  remains 
constant. On the basis of the experimental observations 
recorded in Figure  4 c, when only either of In 2  and In 3  is 1, and 
the current changes (Out 3  = 1), while in other cases, Out 3  = 0. 
Correspondingly, Out 3  in response to the operations of In 2  and 
In 3  can be interpreted as an XOR logic gate ( Figure   5 a). By 
using this XOR logic gate to switch on In 2  (Out 3  = 1), we are 
able to fabricate different logic gates (such as AND and XOR) 
through logic operations of In 1  and In 2 . If we employ the fi nal 
 I  D  as the output signal (Out 1 ), then only when In 1  = 1 and 
In 2  = 1 (the oxidized state), will Out 1  = 1. Otherwise, Out 1  = 0, 
comprising an AND logic gate (Figure S16a, Supporting Infor-
mation). If we employ the direction of current change as the 
output signal (Out 2 ), we fi nd that, when only one input signal 
(In 1  or In 2 ) is 1, the current decreases (Out 2  = 1), while in other 
cases, Out 2  = 0, thus forming another XOR logic gate. Both 
AND and XOR logic gates share the same input signals and 
can be operated in parallel. By combining them together, we 
realize a basic computation in the form of a half adder that uses 
6757wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 AND as the Carry and XOR as the Sum, respectively. The truth 

table for the combinational logic half adder is summarized 
in Figure  5 a, demonstrating the binary addition 1 + 1 = 2. In 
another example, we redefi ned Out 1  as follows: Out 1  = 1 when 
 I  D  < 0.93  μ A and Out 1  = 0 when  I  D  > 0.93  μ A. As summarized 
in Figure S16b in the Supporting Information, only in the case 
of In 1  = 0 and In 2  = 1, does Out 1  = 1, otherwise, Out 1  = 0. This 
situation corresponds to an INH logic gate. Importantly, by 
interconnecting XOR as the Difference and INH as the Borrow, 
we were able to mimic the basic subtraction function of a half 
subtractor (Figure  5 b).  

 A fundamental mechanistic understanding of charge gen-
eration/quenching processes underlying the redox-bistable 
[2]rotaxane-graphene interface has been established by using 
high-quality graphenes as a tool in combination with photo-
excitation. By integrating a nondestructive bottom-up assembly 
technique with sensitive graphene-based transistors, we have 
developed a multifunctional optoelectronic device that displays 
symmetric mirror-image photoswitching with a non-volatile 
memory effect in a single device. This effect originates from the 
rational control of the synergistic interfacial effects of chemical 
n-doping and electrostatic gating, which are induced by light-
stimulated reduction-motivated translational motions of the 
rings in the bistable [2]rotaxanes. These changes in device prop-
erties enable the implementation of basic logic computations 
that are capable of being naturally integrated into current circuit 
technologies. From a general perspective, the concept of inter-
face engineering demonstrated in this investigation provides 
new insights into designing interfaces that reveal the intrinsic 
mechanisms of interface phenomena. They can be employed to 
elucidate the interplay among parameters that control charge 
generation, charge transfer, charge recombination, and the 
fi nal properties of optoelectronic devices. This work sets the 
stage for a promising universal platform of forming graphene-
based hybrids in combination with other materials to create 
optoelectronic devices with novel functionalities for integrated 
information technologies and energy conversion applications.  
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