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a b s t r a c t

Direct X-ray detectors, which directly convert X-rays into electrical signals through semiconductors, have

higher space solution than scintillator-mediated indirect X-ray ones and are high desirable for early

cancer detection and other applications, but the mainstream commercial α-Se detector is still largely

limited by high production costs, large leakage current and low stability. This article reports an eas-

ily prepared, stable radiochromic semiconductive metal–organic framework (MOF), (MV)[Cd3(tdc)4]·2H2O

(RCS-1, H2tdc=2,5-thiophenedicarboxylic acid; MV2+ =methyl viologen cation) with direct X-ray de-

tecting ability. With a large bulk resistivity of 8.40× 109 � cm, this material ensures minimal dark

current and low noise for X-ray detection. Additionally, it exhibits higher sensitivity to W Kα X-rays

(98.58 μC Gy−1 cm−2) than α-Se (∼20 μC Gy−1 cm−2). Meanwhile, unlike most reported direct X-ray de-

tecting semiconductors, compound RCS-1 shows remarkable color change upon X-ray irradiation owing to

the presence of photochromism-active viologen cations. This feature offers an appealing visual detecting

ability to direct X-ray detectors that provide only the electrical signals.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

X-ray detection plays a crucial role in various fields, including

scientific research, medical diagnosis, safety inspection and astro-

physics [1–3]. The main detection methods include indirect and

direct types [4]. Scintillator detectors can transform X-rays into

a burst of visible light, which is then converted into the electri-

cal signals [5]. They have widespread applications because of good

stability, high conversion rate, and low cost, but insufficient spa-

tial resolution makes them ineffective for early screening of can-

cers such as breast cancer [6,7]. Compared with scintillator de-

tectors, semiconductor detectors offer better spatial resolution and

a simpler route [8,9]. They have been successfully used for early

screening of cancers [10]. However, current commercial products

are largely limited by high production costs and low stability. Ad-

ditionally, semiconductor detectors lack the ability to directly visu-

alize detection and imaging results through color changes, unlike

silver-based photosensitive films that can [11]. Radiochromic semi-

conductors possess the dual capability of displaying electrical sig-

nals and color changes, meeting the requirements for dual X-ray
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detection [12]. However, to date, only one case has been reported,

and it is still subject to low X-ray absorption efficiency [13].

Metal−organic frameworks (MOFs) provide a good platform for

designing radiochromic semiconductors [14–19]. One way to de-

sign radiochromic semiconductive MOFs is by constructing a car-

rier transport path through the introduction of an optically ac-

tive organic guest molecule [20,21]. Viologens and their analogues

are known for their good properties, including photochromism

and reversible radiochromism [22,23]. The viologens unit, as a

guest in the framework, forms channels for transporting electrons

with conjugation and enhances the capacity for carrying trans-

port [24,25]. This molecule may exhibit color change after radi-

ation and simultaneously modulate the charge carrier density of

the semiconducting MOF skeleton [26,27]. On the contrary, the

porous structure of MOF also serves to minimize direct contact

between viologen radicals and air, thereby ensuring the stability

of discoloration products. This is a promising strategy for build-

ing radiochromic semiconductive materials. Based on the afore-

mentioned strategy, we synthetized a radiochromic semiconductive

MOF through a one−pot method, namely (MV)[Cd3(tdc)4]·2H2O

(RCS-1; H2tdc=2,5-thiophenedicarboxylic acid, MV2+ =methyl vi-

ologen cation). RCS-1 exhibits both a photocurrent signal and clear

color change upon exposure to X-rays. Its detection sensitivity is
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Fig. 1. Crystal structure of RCS-1: (a) 3D open framework viewed along the c direction. (b) Color-filled RDG map for the π-aggregated motifs. (c) π-stacking interactions

(dash lines) along the a direction. Hydrogen atoms are omitted for clarity in (a) and (c).

98.85 μC Gy−1 cm−2 under the bias voltage of 30V, which sur-

passes those of commercial α-Se detectors (∼20 μC Gy−1 cm−2).

Moreover, RCS-1 possesses large bulk resistivity of 8.40× 109 � cm

comparable to that of commercial CZT detector (109–1011 � cm),

ensuring low dark current and noise for X-ray detection. Addition-

ally, this material demonstrates good thermal stable and X-ray ir-

radiation stability as its detection performance does not attenuate

after prolonged exposure to X-rays.

A single crystal X-ray diffraction study revealed that RCS-1 crys-

tallizes in the C2/c space group [28]. Its asymmetric unit consists

of two fully deprotonated tdc2− ligands, one free H2O molecules,

one and a half Cd(II) ions and half of a MV2+ ion as guest molecule

in the channel (Fig. S1a in Supporting information). Cd(II) ions

has two coordination modes, with Cd1 being six-coordinated and

Cd2 being five-coordinated. The carboxylate groups of tdc2− lig-

ands connect Cd(II) ions to generate an infinite rod-shaped build-

ing block [29]. These blocks are further connected by the thio-

phene groups of the tdc2− ligands to yield an anionic open frame-

work with channels extending to the c direction (Fig. 1a). The

channels are filled with the MV2+ ions for valence balance. And

in this structure, the methyl groups of MV2+ were disordered, and

the attempts to locate and refine it were successful (Fig. S1b in

Supporting information).

A reduced density gradient (RDG) analysis (Fig. 1b) illustrates

the presence of π-π interactions (represented by the green re-

gion) between two adjacent thiophene rings or between MV2+

and its adjacent two thiophene rings [30]. Each MV2+ cation inter-

acts two adjacent thiophene rings through π-π interactions (mean

centroid-to-centroid separation: 3.80 Å) to form a π aggregate.

Such π aggregates are further linked with the help of π-π inter-

actions (centroid-to-centroid separation: 3.81 Å) between two ter-

minal thiophene rings to yield an infinite π-stacking chain along

the a direction (Fig. 1c). These π-stacking chains contribute to the

carrier transmission, prompting us to further explore its electronic

applications.

The dark current is primarily determined by the intrinsic car-

rier concentration, which in turn depends on the band gap of the

material. A direct band gap was revealed through band structure

calculations for RCS-1 (Fig. 2a). The optical band gap, calculated us-

ing the Tauc plot, (αhν)2 = A(hν − Eg) [31], was found to be 2.68 eV

(Fig. 2b), falling within the appropriate range (1.50–3.0 eV) for ra-

diation detection application [32]. Density of states (DOS) analysis

reveals the valence band maximum and the conduction band min-

imum of RCS-1 are contributed mainly by tdc2− and MV2+ [33].

The X-ray detection performance of the RCS-1 was investi-

gated by initially assessing its attenuation coefficients across the

1–100keV range, utilizing the XCOM photon cross section database

[34]. This energy range is typical for medical imaging purposes. For

comparison, traditional direct X-ray materials α-Se, Cd(Zn)Te (CZT),

Fig. 2. Electron structure of RCS-1: (a) Band structure and DOS. (b) UV–vis absorp-

tion spectrum; inset: The Tauc plot.

and Si are included. As depicted in Fig. 3a, RCS-1 has an absorption

coefficient similar to that of α-Se at the 59.3 keV photon energy

for the W-Kα1 X ray, which can be attributed to its high atomic

number and density (11.01 g/cm3). The detector’s test only requires

a thickness of 0.24mm, thanks to the high X-ray attenuation effi-

ciency of 97% provided by commercial Si detector (Fig. 3b).

Considerring the good X-ray attenuation effciency, we studied

the X-ray detection performance of RCS-1. The phase purity of the

bulk sample was first evaluated by power X-ray diffraction (PXRD)

before electrical tests. A pellet-based X-ray detector device with

an Ag/sample/Ag structure was fabricated for RCS-1 to evaluate

its behavior for the intrinsic carrier transport (Fig. 3c) [35]. The

current−voltage (I−V) curve for RCS-1 showed a symmetrical lin-

ear relationship within the voltage range of −20V to +20V. An

impressive bulk resistivity of 8.40× 109 � cm was obtained. This

value is comparable to that of commercial CZT detectors (109–1011

� cm) [36,37], ensuring low dark current and noise levels during

X-ray detection (Fig. 3d). As can be also seen from Fig. 3d, the pho-

tocurrent raises quickly as the X-ray dose rate increases, which in-

dicates efficient charge carrier generation in RCS-1.

RCS-1 detector exhibited a clear photocurrent response upon ir-

radiation of the tungsten anode (W) X-ray at a bias voltage of 30V,

and the intensity of the photocurrent increased with an increase

in the dose rate (Fig. S3 in Supporting information). This demon-

strates that high dose rate X-rays significantly enhance the concen-

trations of charge carriers, leading to a higher photocurrent. The

sensitivity of a direct-type X-ray detector is a crucial parameter

that characterizes its ability to respond to a specific level of irradia-

tion [38]. A high sensitivity indicates that the detector can generate

a large photocurrent when exposed to a given dose rate of X-rays,

and it plays an important role in determining the imaging quality.

Generally, the detection sensitivity (S) is defined as the fitting data

of ratio of the current density to dose rate [39]. The S value of the

RCS-1 detector under a tube voltage of 50 KVp and a bias voltage of

30V is 98.85 μC Gy−1 cm−2 (Fig. 3f). This value is higher than that
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Fig. 3. X-ray detection performance of RCS-1: (a) Calculated mass attenuation coefficients and (b) thickness dependent attenuation efficiency. Commercial X-ray detection

materials Cd(Zn)Te, a-Se and Si are included for comparison. (c) Schematic illustration of the pellet X-ray detector. (d) I−V curves under the X-ray off and on with different

exposed dose rates and actual electrode diagram (inset). (e) Mechanism for X-ray photon to current conversion. (f) Photocurrent density versus dose rate measured at a bias

voltage of 30V. (g) Voltage-dependent photocurrent curves fitted by the Hecht equation.

of the commercial α-Se detectors (∼20 μC Gy−1 cm−2). Addition-

ally, we evaluated the charge carrier mobility and lifetime prod-

uct (μτ ). The large μτ product ensures a high transmission speed

of X-ray generated carriers and reduces their recombination due

to aggregation, thereby guaranteeing a high charge-collection ef-

ficiency under a low electric field [40]. This value was measured

to be 5.32× 10−4 cm2/V, which is significantly higher than that of

commercially availavble α-Se detectors (∼10−7 cm2/V) and compa-

rable to uncommercial perovskite (∼10−7 − 10−2 cm2/V) and MOF

(∼10−4 cm2/V) detectors (Fig. 3g) [41]. Furthermore, by alternately

activating and deactivating the X-ray source, we demonstrated re-

markable operational stability across various bias voltages using

I−t curves (Fig. S4 in Supporting information). Under our instru-

ment’s lowest dose rate of 0.11 μGyair/s, RCS-1 achieved a signal-

to-noise ratio (SNR) of 40.18, indicating its ability to detect even

smaller doses.

The performance of X-ray detectors is determined by not only

their X-ray absorption efficiency but also their ability to separate

and transport the generated charge [42,43]. Fig. 3e illustrates the

potential mechanism for the detection process of RCS-1. When X-

rays interact with RCS-1, the photoelectric effect is triggered and

results in the generation of high-energy electron-hole pairs. Some

electrons and holes undergo recombination or energy dissipation

as a result of their mutual interactions. Subsequently, most of them

migrate to the conduction band while leaving behind holes in

the valence band. Finally, surviving electrons and holes move to-

wards opposite electrodes under a certain electric field and gen-

erate a current signal. It is well known that multiple strong π-π
intermolecular interactions in the material’s structure favor carrier

transport [44]. RCS-1 possesses an extended conjugated π-electron

delocalization area which reduces energy loss during carrier trans-

port and enables rapid carrier transfer within its structure.

Cu-Kα (λ=1.54056 Å) and Al-Kα (λ=8.357 Å) X-rays were uti-

lized to investigate the radiochromic properties of RCS-1. Upon ir-

radiation, the sample exhibited a noticeable color change (Fig. 4a

and Fig. S5 in Supporting information), gradually shifting from yel-

low to blue over a period of 10min and 30 s, respectively. As the

irradiation time increased, the blue hue deepened. Following expo-

sure to Cu-Kα X-ray radiation, the blue sample displayed character-

istic absorption bands for viologen monoradicals at approximately

360 and 610nm (Fig. 4b) [45]. A sharp single-line signal at 3518

Gauss (g=2.003, linewidth=19 Gauss) in the EPR spectrum con-

Fig. 4. Radiochromic behavior for RCS-1: (a) Time-dependent color change when

exposing to Cu-Kα X-ray. (b) Electronic absorption spectra before and after irradia-

tion by the Cu-Kα X-ray. (c) EPR spectra before and after irradiation by the Cu-Kα

X-ray. (d) Schematic diagram of electron transfer mechanism. (e) Radiochromism

imaging.

firmed the generation of radical species after X-ray-induced col-

oration (Fig. 4c). Therefore, the MV2+ guests received electrons

upon X-ray irradiation. Similar to reported conclusions, O2 and O7

atoms in carboxyl groups of RCS-1 tend to donate electrons dur-

ing the coloration process considering the O−N separation (Fig.

4d and Fig. S1c) [46]. The radiochromic behavior gives RCS-1 the

ability of radiative imaging. To demonstrate this capability, a sap-

phire substrate (1.0× 8.0× 1.0mm3) was prepared as a radia-

tion base using the spin coating method, and a digital template

(9.0× 7.0 mm2) was selected as the imaging object. As shown in

Fig. 4e, when Cu-Kα X-rays from a powder X-ray diffractometer

(power: 600W) were applied to the colorless crystal plate cov-
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Fig. 5. Physicochemical and X-ray irradiation stability for RCS-1: (a) PXRD patterns before and after standing in air for 6 months. (b) Variable temperature PXRD patterns in

the air. (c, d) On/off switching cycles of the photocurrent response.

ered with flat for 30 min, each blue digit appeared on the plate

surface.

In practice, radiochromism serves as a crucial method for X-

ray detection in addition to direct and indirect electrical detection.

The color-changing mode is commonly employed in silver-based

radiographic films (requiring the developing and fixing processes)

and radiochromic films (without developing and fixing) [11,12].

These films offer portability and high spatial resolution for low-

energy X-rays; however, they can only be written on and cannot

undergo digital processing. Electrical modes favor digital process-

ing but lack convenience in terms of portability, while the spa-

tial resolution for low-energy X-rays is typically low. Radiochromic

semiconductor materials have the unique advantage of simultane-

ously displaying color changes and electrical signals, thus combin-

ing the benefits of both color-changing mode and electrical mode.

Radiochromic semiconductors based on photochromic components

are ideal candidates for such materials because they can directly

exhibit color changes as well as generate electrical signals. The in-

formation stored in these semiconductor films can be visually per-

ceived through chromatic aberration or further digitally processed

using ordinary electronic card readers (Fig. S6 in Supporting infor-

mation).

RCS-1 exhibited excellent physicochemical stability. When ex-

posed in air for six months, the PXRD pattern almost remains

(Fig. 5a). A TGA analysis reveals that RCS-1 loses 2.9% of its wa-

ter molecules at 100 °C and has no new loss until 276 °C (Fig. S2

in Supporting information). Despite the loss of water, variable tem-

perature PXRD data from 30 °C to 270 °C demonstrate the stability

of crystal structure (Fig. 5b). Except for the physicochemical stabil-

ity, RCS-1 has also high irradiation stability to X-rays. As shown

in Figs. 5c and d, the RCS-1 detector demonstrated consistently

stable response even after undergoing 4822 s (∼1.34h) of continu-

ous optoelectrical current switch testing at an extremely dose rate

(7.93 mGyair/s) and working bias (30V). The total dose of 15,939.3

mGyair is equivalent to more than 150,000 times X-ray chests scan

with a total dose of 0.1 mGyair per scan.

Apart from exhibiting exceptional detection capabilities in the

presence of X-ray radiation, the material also demonstrated stable

detection performance even after undergoing discoloration due to

Cu-Kα X-ray irradiation. To assess the variation in detection perfor-

mance before and after exposure to Cu-Kα X-ray radiation from the

powder PXRD diffractometer, the irradiated sample pellet detec-

tor based on RCS-1 were measured. RCS-1 is radiochromism silent

under irradiation of the W X-ray owing to low absorption cross-

section. This feature just avoids the occurrence of radiochromism

while measuring the as-synthesized sample and benefits to reveal

the performance difference between the initial state and the X-ray-

induced colored state when exposed under Cu-Kα X-ray.

After X-ray-induced coloration for RCS-1, the σ value remains

nearly constant, reaching 8.60× 10−11 S/cm (Fig. S7 in Support-

ing information). And the S value still reached 98.73 μC Gy–1 cm−2

under a bias voltage of 30V after coloration (Fig. S8 in Support-

ing information). The μτ of the irradiated sample measured to be

5.49× 10−4 cm2/V (Fig. S9 in Supporting information). It is found

that there is no attenuation in detection performance for X-ray de-

tection in discoloration detectors even after prolonged exposure

to X-ray until color change occurs, indicating that RCS-1 as a ra-

diochromic semiconductive material after coloration still exhibits

stable detection performance under X-ray irradiation.

This study presents a radiochromic semiconductor detector for

direct X-ray detection, which offers a cost-effective and stability

alternative to commercial direct ray detectors. The pellet detector

achieved high sensitivity and low dark current, comparable to that

of commercial α-Se detectors, while maintaining air, thermal, and

long-term X-ray irradiation stability. Additionally, the semiconduc-

tor with host-guest strategy utilizing photochromism-active violo-

gen exhibited a rapid color change upon exposure to X-rays, pro-

viding an attractive visual detecting ability in addition to electrical

signals.
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