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ABSTRACT: Two-dimensional conjugated covalent organic frameworks (2D c-COFs) are emerging as a unique class of semicon-
ducting 2D conjugated polymers for (opto)electronics and energy storage. Doping is one of the common, reliable strategies to control 
the charge carrier transport properties, however, the precise mechanism underlying COF doping has remained largely unexplored. 
Here, we demonstrate a molecular iodine-doping of metal-phthalocyanine-based pyrazine-linked 2D c-COF. The resultant ZnPc-pz-
I2 2D c-COF maintains the structural integrity and displays an enhanced conductivity by 3 orders of magnitude, which is the result of 
elevated carrier concentrations. Remarkably, Hall effect measurements reveal enhanced carrier mobility reaching ~22 cm2/(Vs) for 
ZnPc-pz-I2, which represents a record value for 2D c-COFs in both direct and alternating current limits (DC- and AC-limits). This 
unique transport phenomenon with largely increased mobility upon doping can be traced to increased scattering time for free charge 
carriers, indicating that scattering mechanisms limiting the mobility are mitigated by doping. Our work provides a guideline on how 
to assess doping effects in COFs and highlights the potential of 2D c-COFs for displaying high conductivities and mobilities towards 
novel (opto)electronic devices. 

Two-dimensional conjugated covalent organic frameworks (2D 
c-COFs)1 have recently emerged as a unique class of 2D conju-
gated polymers2 that display high in-plane π-conjugation3 and
weak out-of-plane interactions.4 Owing to their tailorable archi-
tectures,5 abundant active sites,6 well-defined structures,7 inher-
ent porosity,8 chemical stability,9 and (opto)electronic proper-
ties,10 these materials are promising for chemiresistor,3b logic
and memory devices,11 and energy storage.12 For many of these
applications, long-range charge transport is required. As such,
much effort has been devoted over the last years to interrogate
the nature of the conductivity in 2D c-COFs. Recent studies
demonstrated charge carrier mobilities ranging from 5 to 8
cm2/(Vs).3a,3c,13 Although these mobilities are encouraging, their
conductivities have remained rather low (typically <10−6

S/cm).1d,3c To further improve the conductivity, doping strate-
gies have been employed by incorporating guest molecules act-
ing as dopants, e.g. linear conducting polymers,12 C60,3a iodine
(I2),1d,14 etc. For instance, I2-doping has demonstrated improve-
ment in conductivities up to 3 orders of magnitude, however,
this approach was often associated with amorphization/irre-
versible structural changes of 2D c-COFs.14a A fundamental un-
derstanding of the doping interaction within the lattice in COFs
remains largely unexplored.

Herein, we demonstrate a doping-defined, polycrystalline 2D 
c-COF (ZnPc-pz-I2) through molecular I2-doping of metal-
phthalocyanine-based pyrazine-linked ZnPc-pz 2D c-COF. I2-
molecules sit preferentially in the COF pores and near the skel-
eton. Hall effect measurements reveal that doping improves the

conductivity and carrier density by approximately 3 and 2 or-
ders of magnitude respectively in ZnPc-pz-I2. Notably, doping 
also leads to an unprecedented improvement in the Hall mobil-
ity from ~5 to ~22 cm2/(Vs). Employing density functional the-
ory (DFT) and time-resolved terahertz spectroscopy (TRTS), 
this record mobility is related to an increase of scattering time 
after doping, likely related to the formation of ordered pathways 
for the charge carrier migration between the electron donor 
(ZnPc-pz) and acceptor (I2) within the framework. Such unique 
phenomena have never been reported among doped COF mate-
rials. Our work highlights the potential of developing structur-
ally-defined, doped 2D c-COFs with high conductivity and high 
mobility, which provides insight on a fundamental understand-
ing of the dopant role and the host-dopant interplay necessary 
to elucidate structure-electronic property relationships. 

ZnPc-pz-I2 2D c-COF was synthesized by placing dark-
green ZnPc-pz powder in I2-vapor, followed by heating at 50 °C 
under vacuum to remove any excess of aggregated I2. The re-
sultant black sample contains 9-10 wt% I2 as estimated by grav-
imetric and thermogravimetric analysis (Figure S1), and this es-
timate corresponds to nearly one I2 molecule per structural unit 
(Figure 1a, C80H52N16Zn⋅I2). Compared with heavily doped sys-
tems with large contents of I2 (>50 wt%) or significantly re-
duced surface-area,14 minor amount of dopants is beneficial to 
accurately probe their effect on the charge transport phenome-
non. Powder X-ray diffraction (PXRD) pattern was evaluated 
for undoped3c and doped samples with distinct (100) peaks at 
~4.0° (Figure 1b). No obvious change in crystallographic 
phases was observed after doping. ZnPc-pz-I2 retained a AA-
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serrated stacking model with a=b=22.2 Å. Nevertheless, the in-
tensity of its (100) peak sharply decreased due to the existence 
of amorphous I2 molecules. Figure 1b also presents calculated 
patterns when considering the different structural configura-
tions sketched in Figure 1a: I2@1, I2@2, I2@3, I2@4, I2@5, 
which correlate with I2 molecule located at the center of the 
pore, close to the backbone, on the porous skeleton, on metal, 
or on pyrene unit, respectively (Figure S2). Apparently, the ex-
perimental PXRD pattern could be reproduced well with the 
structural models of I2@2 and I2@4. Notably, the diffraction 
peaks at ~26.7° indicate the same interlayer distance of ~3.30 
Å for ZnPc-pz-I2 and ZnPc-pz, suggesting that I2 is not likely 
placed between layers of ZnPc-pz (I2@4/5).   

 
Figure 1. (a) Schematic illustration of doping ZnPc-pz with I2. 
(b) Experimental (black) and calculated PXRD patterns of 
ZnPc-pz-I2 with ZnPc-pz (red) as reference.3c  

To clarify the influence of doping on structure, we further 
performed multi-scaled analysis on ZnPc-pz-I2. The porosity 
was investigated by the nitrogen adsorption measurement, 
which reveals a declined surface-area of 225 m2/g (Figure 2a), 
in contrast to 487 m2/g for ZnPc-pz.3c Both the declined pore 
volume and increased weight account for the decrement of sur-
face-area. The average pore size was ~1.4 nm. Scanning elec-
tron microscopy and energy-dispersive X-ray (EDX) images 
suggest a homogeneous element distribution over the particle 
surfaces (Figures S3). Fourier-transform infrared (FT-IR) anal-
ysis displays stretching vibration-bands of pyrazine and other 
resonances consistent with the spectrum of ZnPc-pz (Figure 
S4). Raman spectrum shows the peaks from ZnPc-pz with an 
additional one at 172 cm−1 for the adsorbed I2 (Figure S6).15 The 
C-N vibration-bands at 1413 and 1512 cm−1 vary after doping, 
which implies that at least part of I2 is interacting with the pol-
ymer framework. To probe the interactions, we conducted X-
ray photoelectron spectroscopy (XPS). Deconvolution of the 
I(3d5/2) signal generates peaks at 620.1 and 618.8 eV, attributa-
ble to the unassociated and partially charged I2, with peak areas 
of 19.4 and 80.6%, respectively (Figure 2b and 2c). The C(1s) 
signal is insensitive to doping, while positively shifted N(1s) 
and Zn(2p) peaks were observable (Figure S5). Deconvolution 
of N(1s) signal (Figure 2c, down) reveals an additional type of 
N atom at 400.6 eV, which can be attributed to partial negative 
charge from ZnPc-pz being transferred to I2, and correlates with 
the I2@2 configuration for a short distance between I2 and N/Zn 
atom. Nevertheless, we could not exclude a trace of I2 possibly 
adsorbed on the surface metal centers of COF particles.  

We further investigated de-doping by washing ZnPc-pz-I2 
with 3 liter dichloromethane. EDX spectroscopy and Raman 
spectra confirmed the entire elimination of I2 (Figures S6-8). 
PXRD indicated the structural recovery of pristine ZnPc-pz 
(Figure S9). These analyses demonstrate no chemical bond for-
mation between ZnPc-pz and I2 in ZnPc-pz-I2 that differs from 
the chemical oxidation upon I2-doping in previous reports.1d,14,16 
DFT calculations indicate that I2@2 is energetically more fa-
vorable than I2@1, while I2@3 is the most unstable one (Table 
S1). The above characterizations shed some light into the po-
tential configuration of I2, with I2@2 being the most plausible. 

Surprisingly, ultraviolet-visible-near IR (UV-vis-NIR) ab-
sorption spectrum of a dispersion of ZnPc-pz and I2 in dimethyl 
sulfoxide reveals no evidence of charge-transfer (Figure S10). 
To eliminate potential effect coming from dimethyl sulfoxide, 
ZnPc-pz was deposited onto a quartz substrate and doped in the 
solid-state. A charge-transfer absorption peak centered at 986 
nm appeared (Figure 2d), which manifests that ZnPc-pz-I2 con-
tains weakly associated electron-donor (ZnPc-pz)-acceptor (I2) 
pairs,16 thereby resulting the color change from dark-green to 
black (Figure 1a). Further evidence comes from the disappear-
ance of this peak for the de-doped sample (Figure S11), sug-
gesting a reversible doping-dedoping process. The derived tauc 
plots suggest a subtle shift of the optical bandgap from ~1.1 to 
~1.0 eV after doping (Figure 2d, left inset).  

 
Figure 2. (a) Nitrogen adsorption/desorption isotherms with 
ZnPc-pz3c as reference. (b) XPS survey spectra of ZnPc-pz3c and 
ZnPc-pz-I2. (c) High-resolution N(1s) and I(3d) XPS spectra. 
(d) UV-vis-NIR spectroscopy of quartz-supported samples. 

Next, DFT was employed for calculating the energy band 
structure for different models (Figure 3). Despite the apparent 
perturbation induced by doping, the anisotropy in charge 
transport3c is independent of the I2-position in the pores (Figure 
3a and b). For I2 in close proximity of the framework the inter-
action is sufficiently strong to affect the framework’s electronic 
structure (Figure 3c). The most evident aspect is a significant 
reduction of the bandgap, even reaching a metallic character for 
I@4/5. In light of the resolved changes in the UV-vis-NIR spec-
tra that reveal only a modest bandgap narrowing upon doping, 
the DFT calculations strongly suggest that the dominant dopant 
configuration is I2@2. Here, the bandgap is 0.616 eV, which is 
slightly smaller than 0.631 eV for ZnPc-pz. The average effec-
tive masses (m*) for holes and electrons of I2@2 are 2.08 and 
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Figure 3. Band structures and the projected density of states for ZnPc-pz-I2. Pristine ZnPc-pz is shown as reference.3c 
5.45 m0, respectively (Table S2). 

To analyze charge transport in ZnPc-pz-I2, we applied Hall 
effect measurements on compressed pellets at 300 K. The po-
larity of Hall resistance versus magnetic field reveals a p-type 
semiconducting nature with charge density of ~9.0×1013 cm−3 
(Figure 4a), which is virtually two orders of magnitude higher 
than that of ZnPc-pz3c and demonstrates the effective dop-
ing.14a,16 Fitting the data provided increased mobility of ~22 
cm2/(Vs), that represents a record DC mobility for conductive 
COFs (Tables S3 and S4).3c Since doping does not change m* 
(I2@2), the improvement in mobility (µ=q*τ/m*) can be at-
tributed to the increase of scattering time (τ). Based on the 
charge density and mobility, we infer a conductivity (σ) of 
3.1×10−4 S/cm (Table S5). An exponential drop in conductivity 
upon cooling from 310 to 130 K was found in ZnPc-pz-I2; fit-
ting lnσ versus T−1 (310−230 K) provides an activation energy 
of 0.21 eV (Figure 4b and Figure S12), smaller than 0.34 eV for 
ZnPc-pz.3c The semi-logarithmic plot of σ versus T−1/4 over the 
measured temperature region can be well fitted to the Mott-law 
variable range hoping model (Figure 4b, inset), indicative of a 
temperature-dependent hopping conductivity. Moreover, the 
charge transport depends on the amount of I2. The contrast 
ZnPc-pz-I2 sample with 4.7 wt% I2 (Figure S13) exhibited an 
inferior mobility and conductivity of ~10.5 cm2/(Vs) and 
~5.0×10−5 S/cm, respectively. Upon removal of I2, the dedoped 
sample displayed a significant reduction in conductivity down 
to ~8×10−7 S/cm (Figure S14), comparable to the undoped 
ZnPc-pz.3c For CuPc-pz-I2, Hall mobility and conductivity 
were obtained as ~7 cm2/(Vs) and ~1×10−4 S/cm, respectively 
(Figures S15-18). 

To further discover the doping effect, we performed TRTS 
measurements. First, we measured ZnPc-pz-I2 with below-gap 
pump excitation; no response was detected (Figure S19), sup-
porting the idea that no metallic phases (I2@4/5) are available 

in ZnPc-pz-I2. Under above-gap excitation, the dynamics are 
consistent with the ultrafast generation of free charge carriers 
that follow rapid trapping and/or localization within ZnPc-pz-
I2 (Figure 4c). We noticed that ZnPc-pz-I2 provides stronger 
signals than the undoped sample under the same excitation con-
ditions (with up to a 40% increase in peak signal amplitude),3c 
which is consistent with an improved charge mobility. Figure 
4d shows the real and imaginary conductivity components ver-
sus frequency, measured at the peak of the transient photocon-
ductivity. The data can be well modeled with the Drude-Smith 
model (shown as solid lines), which accounts for free charge 
carriers populating the samples that are partially localized via 
backscattering events. The best fit to the data provides an aver-
age scattering time of 66±3 fs (average response over 3 samples, 
Table S6), while for the undoped ZnPz-pz the scattering time 
amounts to ~30 fs.3c With m* barely affected by doping, and 
considering the grain boundary scattering, the THz-mobility of 
ZnPc-pz-I2 reaches ~6.3 cm2/(Vs). This figure represents a 
threefold improvement when compared with mobility resolved 
for undoped samples of ~2 cm2/(Vs).3c These results, in good 
agreement with Hall effect data, reveal that doping is positively 
perturbative towards the mobility. This unique phenomenon is 
related to changes in averaged charge carrier scattering rates in 
the samples and not due to changes in m*.  

In summary, we demonstrate that extrinsic formation of elec-
tron-donor-acceptor pairs provides novel route to induce high 
charge mobility and conductivity in semiconducting 2D c-
COFs. The charge-transfer complex in ZnPc-pz-I2 is fully char-
acterized and revealed optically by an additional absorption-
peak in the NIR region. Hall effect measurements reveal that 
doping boosts the carrier density and conductivity in this p-type 
semiconductor. Remarkably, we observed a unique transport 
phenomenon that doping enhances carrier mobility. With the 
support of experimental and theoretical characterizations, we 
can assign the achieved superior mobility to an increased 
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Figure 4. Charge transport characterizations. (a) Hall resistance 
versus field. (b) Variable-temperature σ for ZnPc-pz-I2 (black) 
and ZnPc-pz3c (red). c) Real part of photoconductivity versus 
pump-probe delay for ZnPc-pz-I2 (black) and ZnPc-pz3c (red). 
d) Real and imaginary conductivity components of ZnPc-pz-I2 
versus frequency at the peak photoconductivity of (a).  
scattering time for the probed free-electrons. Apparently, scat-
tering mechanisms limiting the mobility (e.g. impurity and/or 
electron-phonon scattering) are suppressed upon doping. Com-
bining DFT simulation and the charge transport properties, we 
achieve a fundamental understanding about the perturbative do-
pant role in the electronic structure by establishing reliable 
structure-electronic property relationships in the synthesized 
ZnPc-pz-I2. Our work paves the way for developing highly 
conductive COFs by rational doping for (opto)electronic de-
vices. 
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