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Photoinduced Interfacial Charge Separation Dynamics in Zeolitic 
Imidazolate Framework  

Brian Pattengalea† and Jier Huanga 

Owing to their porous structure and tunable framework, zeolitic imidazolate frameworks (ZIFs) have garnered considerable 

attention as promising photocatalytic materials. However, little is known regarding their photophysical properties. In this 

work, we report the photoinduced charge separation dynamics in ZIF-67 thin film through interfacial electron transfer (ET) 

to methylene blue (MB+) via ultrafast transient absorption spectroscopy. We show that ET process occurs through two 

distinct pathways, including an ultrafast (< 200 fs) process from the [CoII(mim)2] units located on the surface of ZIF-67 film 

that are directly in contact with MB+ and a relatively slower ET process with 101.4 ps time constant from the units in the 

bulk of the film that were isolated from MB+ by the surface units. This first direct evidence of ET process from ZIF-67 to 

electron acceptor strongly suggests that ZIF materials may be used as intrinsic photocatalytic materials rather than inert 

hosts.

Introduction 

     Zeolitic imidazolate frameworks (ZIFs) are a subclass of 

metal-organic frameworks (MOFs) that are composed of 

primarily CoII or ZnII metal nodes tetrahedrally coordinated by 

imidazolate linkers.1-3 In addition to sharing the same topology 

with zeolites, ZIFs exhibit excellent thermal and chemical 

stability.4,5 However, ZIFs are particularly advantageous over 

traditional zeolite materials in their structural flexibility due to 

the diversity of imidazolate ligands available,5,6 and the ability 

to dope metals1,7-10 or different mixtures of ligands11,12 into the 

framework. These characteristics, together with their 

inherently large surface areas and high porosity, make ZIFs ideal 

materials for catalytic applications. Indeed, recent studies have 

demonstrated ZIFs’ catalytic activity in diverse reactions such as 

Friedel-Crafts acylation,13 the Knoevenagel reaction,14 and 

alkene hydrogenation etc.15 Very recently, ZIFs have also been 

used in photocatalysis including dye16 and phenol17 degradation 

as well as CO2 reduction18,19 and H2 generation20,21 in the 

presence of molecular photosensitizers.  

     While these exploratory works have demonstrated the 

potential of ZIFs in photocatalytic reactions, the roles that ZIFs 

play in these systems are either inert hosts or remain blurred. 

Recently, our group found that ZIFs based on transition metal 

with unfilled d orbitals exhibit exceptional optical properties, 

including broad absorption bands in the UV-visible and near IR 

regions, with a surprisingly long-lived excited state for Co-ZIFs.22  

 

This suggests that ZIFs may afford facile charge separation (CS) 

and redox chemistry, a desirable property of heterogeneous 

photocatalysts. However, there have not yet been experimental 

reports of the CS dynamics from the excited state of ZIF 

materials. As fast and efficient charge transfer from excited ZIFs 

to substrates is essential for their application in photocatalysis, 

in this work, we report the first fundamental study of CS and 

charge recombination (CR) dynamics of ZIFs in the presence of 

methylene blue (MB+) as an electron acceptor. Using ultrafast 

transient absorption (TA) spectroscopy, we observe the 

reduction of methylene blue by ZIF-67 excited state following 

its selective excitation. This first insight into the CS dynamics of 

ZIF-67 will be essential toward developing ZIF materials as 

intrinsic light harvesting and CS materials for photocatalytic 

applications.  

Experimental 

Synthesis of ZIF-67 and MB+-ZIF-67 films 

ZIF-67 was prepared according to the published procedure.22,23 1.65 

g of 2-methylimidazole (Alfa Aesar, Haverhill, Ma) and 0.73 g of 

Co(NO3)2 • 6H2O (Acros Organics, Geel, Belgium) were each dissolved 

in 50 mL portions of methanol (Fisher Scientific, Fair Lawn, NJ). 

Quartz substrates (Ted Pella, Redding, CA) were treated by piranha-

etching solution (3:1 ratio of H2SO4:H2O2 by volume) overnight to 

functionalize the surface with -OH groups for facile attachment of 

ZIF-67. The etched substrates were rinsed with deionized water and 

placed in 20 mL glass vials for ZIF-67 film growth. To the vial 

containing the film, 3 mL of Co(NO3)2 and 3 mL of 2-methylimidazole 

precursors were added quickly and the violet ZIF-67 solution was 

allowed 1 hour of growth time and then the film was removed from 
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solution and rinsed with ethanol to represent a single ZIF-67 layer on 

the film. This process was repeated twice more to give a total of 3 

ZIF-67 layers. Any ZIF-67 growth on the backside of the film was 

mechanically removed by wiping to give a ZIF-67 film on only one side 

of the substrate. 

     The ZIF-67 film was then sensitized with MB+ (Acros Organics, 

Geel, Belgium) by soaking the ZIF-67 film in a 0.1 M methanol 

solution of MB+ for 15 minutes. The film was then removed from 

solution and allowed to dry. The control sample, MB+-Quartz was 

synthesized by spin-coating a 0.1 M solution of MB+ in methanol onto 

an etched quartz substrate until a comparable optical density to MB+-

ZIF-67 was obtained. 

Characterization 

Steady-state UV−visible measurements were taken on a Cary 5000 

UV-Vis-NIR spectrophotometer and reflective spectra were taken on 

the same spectrometer with internal diffuse reflectance accessory. 

X-ray diffraction (XRD) was performed using a Rigaku Miniflex II XRD 

diffractometer with Cu Kα radiation. Since film samples were too thin 

to perform reliable powder X-ray diffraction, powdered ZIF-67 

sample was obtained by centrifuging the post-film growth solution 

and collecting the precipitate. The precipitate was washed multiple 

times with methanol to remove supernatant. MB+-ZIF-67 for XRD 

characterization was prepared in a similar procedure as film samples 

by soaking ZIF-67 powder in 0.1 M MB+ solution for 15 minutes, 

centrifuging, and decanting the supernatant. 

Transient Optical Absorption (TA) Spectroscopy  

TA spectroscopy was performed in a Helios ultrafast spectrometer 

(Ultrafast Systems LLC) with a regenerative amplified Ti-Sapphire 

laser (Solstice, 800 nm, <100 fs fwhm, 3.5 mJ/pulse) at 1 kHz 

repetition rate. The visible probe pulses are generated by white light 

generation in a sapphire window (430-800 nm). Pump pulses are 

generated in TOPAS, which generates tunable pump pulses from 

235-1100 nm that are chopped at 500hz. The film sample was 

continuously translated to avoid sample damage and heating during 

the measurement. The excitation wavelength used in all TA 

experiments was 1000 nm with a power of 4.6μJ/pulse. 

Results and Discussion 

Thin films of ZIF-67 were prepared on quartz substrate 

following our previously established procedure.22 Three layers 

of ZIF-67 were grown consecutively to give an appropriately 

thick, transparent film for optical characterizations. For MB+ 

sensitized film (MB+-ZIF-67), the as-synthesized ZIF-67 was 

immersed in a 0.1 M solution of MB+ in methanol for 15 

minutes, and was then removed from solution and allowed to 

dry. For a control sample (MB+-Quartz), the MB+ solution was 

spin-coated onto quartz substrate to give a transparent film of 

comparable optical density with respect to the MB+ on MB+-ZIF-

67 film. 

     The thin films were first characterized by diffuse reflectance 

UV-Visible spectroscopy (Figure 1a). The MB+-Quartz sample 

(red spectrum) shows a prominent band from ~ 480-710 nm 

with an absorption tail into the near-IR region. The UV-Visible 

band observed is much broader than MB+ in solution (Figure S1). 

This phenomenon has been previously ascribed to dimerization, 

trimerization, or further aggregations of MB+ molecules 

resulting in significant broadening of the UV-Visible features 

and the appearance of an absorption tail on the red-side of the 

peak.24 In the spectra of MB+-ZIF-67 film, a very similar MB+ 

peak profile is present, indicating that MB+-Quartz is an 

appropriate control sample. Additional features characteristic 

of ZIF-67 were also observed in the spectra of MB+-ZIF-67. The 

prominent peak at 585 nm can be assigned to the higher-lying 

d-d transition of ZIF-67 ([4A2(F)−4T1(P)]) due to tetrahedral 

coordination of CoII in ZIF-67 structure.22 The lower-lying 

[4A2(F)−4T1(F)] d−d transition, which has lower extinction 

coefficient than the higher-lying transition and much lower 

extinction coefficient than the MB+ features, is visible at 900-

1350 nm regime and is shown enlarged in Figure S1. The higher-

lying d-d transition in the spectrum of MB+-ZIF-67 does not shift 

with respect to that in bare ZIF-67 (inset, Figure 1a), indicating 

that the bulk structure of ZIF-67 does not change due to MB+ 

adsorption. The unchanged structure of ZIF-67 in MB+-ZIF-67 

was further confirmed by XRD in Figure 1b, where the XRD 

patterns of MB+-ZIF-67 resemble that of ZIF-67 and are 

consistent with the published SOD-topology ZIF-67 patterns.25 

     The CS dynamics in MB+-ZIF-67 was investigated by 

femtosecond TA spectroscopy. Due to significant spectral 

overlap of MB+ and ZIF-67 (Figure 1a), we are not able to 

selectively excite MB+ or ZIF-67 in the visible spectral range. 

Instead, 1000 nm was used to selectively excite the lower-lying 

d-d transition of ZIF-67 as MB+ has negligible absorption at this 

wavelength. This was further confirmed by the TA spectra of the 

control sample, i.e. MB+-Quartz, which yields negligible TA 

signal under the same experimental conditions (Figure S2). 

     Figure 2a shows the TA spectra of ZIF-67 following 1000 nm 

excitation. The instantaneously formed negative feature 

centred at 580 nm and broad positive features from 450 nm to 

500 nm and 650 nm to 800 nm can be assigned to the ground 

state bleach (GSB) of ZIF-67 and instantaneously formed excited 

Co d-d state (4T1) after photoexcitation that is intrinsic to ZIF-

67, respectively. The Co d-d excited state features decay with 

time, which is accompanied by the formation of a prominent 

Figure 1. (a) UV-Visible reflectance diffuse spectra of MB+ on quartz and MB+ 

sensitized ZIF-67 films. Inset of (a) compares the UV-Visible reflectance diffuse 

spectra of bare ZIF-67 and MB+ sensitized ZIF-67 films. (b) XRD patterns of bare 

ZIF-67 and MB+ sensitized ZIF-67 films. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

positive feature at 608 nm, corresponding to the formation of 

intermediate long-lived charge separated state that is 

consistent with our previous observations on ZIF-67 film.22 

However, distinct differences were observed in the spectra of 

MB+-ZIF-67 (Figure 2b) compared to that of ZIF-67. First, the GSB 

of ZIF-67 in the spectra of MB+-ZIF-67 appears to decay faster 

while the growth of the positive feature at 608 nm is 

suppressed. Furthermore, an additional spectral feature, 

namely a broad negative feature, is visible from approximately 

620 nm to 720 nm where it isn’t overlapped by the larger ZIF-67 

features. These features are highlighted in the inset of Figure 

2b, where the region from 600 nm to 750 nm in the MB+-ZIF-67 

transient spectra is enlarged. The new negative feature 

observed which extends to 720 nm, is consistent with the 

ground state absorption of MB+ and can thus be attributed to 

the GSB of MB+. The formation of GSB of MB+ in the spectra of 

MB+-ZIF-67 can result from energy transfer or charge transfer 

process from the excited ZIF-67 to MB+. Energy transfer process 

from ZIF-67 to MB+ is not feasible in this system because of 

energy conservation; 1000 nm excitation is lower than the 

energy that can be absorbed by MB+. We can also exclude the 

possibility of hole transfer from ZIF-67 to MB+ as this process is 

thermodynamically unfeasible (MB2+/MB+ redox couple occurs 

at +1.105 V vs. SCE).26,27 These results together lead us to 

believe that electron transfer occurs from excited ZIF-67 to MB+, 

resulting in the formation of GSB of MB+. We note that, while 

MB+ signals are clearly observed, the ET event must have limited 

efficiency since highly efficient ET would lead to dominating 

MB+-centered features. This is likely due to the heterogeneous 

nature of the sample (i.e. dye aggregation) as well as poor 

coupling between the electronic states of ZIF-67 and MB+ due 

to surface contact only and the aforementioned dye 

aggregation. 

     Further evidence of ET process can be seen from the TA 

kinetics of MB+-ZIF-67. As shown in Figure 2c and 2d, instead of 

positive amplitudes for the kinetics at 670 nm and 608 nm for 

ZIF-67, the kinetics of MB+-ZIF-67 at both wavelengths initiate 

with negative amplitudes, which suggests the instant formation 

of MB+ GSB, accounting for an ultrafast ET process from excited 

ZIF-67 to MB+. The recovery of MB+ GSB was observed at < 10 

ps, which can be attributed to the charge recombination (CR) 

process from reduced MB+ and oxidized ZIF-67, consistent with 

the enhanced GSB recovery of ZIF-67 in MB+-ZIF-67 (inset of 

Figure 2d). Meanwhile, it is interesting to note that the GSB 

recovery of MB+ stops after ~ 10 ps, which is indeed followed by 

the further growth of MB+ GSB, as can be seen in the kinetic 

traces in Figure 2c and 2d as well as the enlarged spectral region 

in the inset of Figure 2b. We attributed this irregularity to ET 

from ZIF-67 to MB+ but with different pathway, the origin of 

which will be discussed in next section. Different from the first 

ET pathway where ultrafast CR process was observed, the CR 

associated with this second ET process is slow (>> 5 ns).  

     A multiexponential model was used to fit the kinetic traces 

at eight wavelengths globally across the TA probe range to 

quantify the kinetic trends observed. The data <800 fs was 

excluded from the fits due to the combination of our 200 fs 

instrument response, coherent artifacts, and substrate effects 

that are visible in Figure 2 as data points above and below the 

baselines of the kinetic traces at early times. To facilitate 

discussion, the kinetic traces at 580 nm, 608 nm, and 670 nm 

only are shown and compared here in the main text as they are 

representative of the assigned processes. The full global fit 

results are shown and discussed in the supplemental (Figure S3 

and Table S1). The ZIF-67 sample was first fit using the same 

time constant (τ1 of 37.1 ps) found in our previous study at all 

wavelengths.22 The 470 nm and 670 nm features, assigned to 

decay of ZIF-67 ES, were completely recovered by 100 ps and, 

thus, were fit with a single exponential. The 580 nm and 608 nm 

features, however, included a >> 5 ns component to account for 

the remaining signal at the end of our TA time window of 5 ns. 

The fast decay at the early time of all kinetic traces was fit with 

τ2 of 1.33 ps and is assigned to recombination between some of 

the instantaneously generated MB• and ZIF-67+. The MB+ GSB 

does not return to zero, however, indicating that some of the 

MB• persists beyond this first recombination component, 

possibly due to charge separation/delocalization. As mentioned 

Figure 2. Transient absorption spectra of (a) ZIF-67 and (b) MB+-ZIF-67 

following 1000 nm excitation.  The comparison of TA kinetics of ZIF-67 and 

MB+-ZIF-67 at 670 nm (c), 608 nm(d), and 580 nm (inset of d). Inset of (b) 

shows enlarged MB+ GSB region. The solid lines in (c) and (d) are the best fit 

lines from the global multiexponential result. 

Table 1. TA kinetic fitting parameters with time constants τ and normalized 

amplitudes at selected representative wavelengths. 



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

previously, a distinct growth in all kinetic features, except the 

ZIF-67 GSB feature at 580 nm where the remaining signal from 

ZIF-67 is relatively large, is present in the MB+-ZIF-67 sample. To 

account for this signal growth, an additional time constant τ2 of 

101.4 ps needed to be included in the global fit model. 

     The evolution of TA features and the significant difference in 

time constants obtained can be well explained by a two-

pathway model shown in Figure 3a. Due to their periodic nature 

of the ZIF-67 framework, there are two classes of [CoII(mim)2] 

tetrahedron units: 1) the units that are located on the surface 

of the film and are directly in contact with MB+ and 2) units that 

are in the bulk of the film and were isolated from MB+ by the 

surface units. These different classes of [CoII(mim)2] 

tetrahedron units lead to distinctly different pathways for ET to 

MB+ in the MB+-ZIF-67 system, A and B, respectively (Figure 3a). 

Pathway A is initiated by excitation of a ZIF-67 tetrahedron unit 

that is in direct contact or close proximity with MB+, resulting in 

ultrafast ET to MB+, followed by fast 1.33 ps recombination 

between MB• and ZIF-67+. Pathway B is initiated by excitation 

of a ZIF-67 tetrahedron unit that is not in direct contact with 

MB+. Excitation results in the formation of an intermediate state 

(IMS) that we have previously shown to be an intrinsic charge-

separated state in ZIF-67 with LMCT character.22 We are unsure 

of the mechanism of charge separation within ZIF-67, which is 

an active area of research in our group, but it is suggested by 

our fundamental studies that it does occur and results in the 

long lifetime for photoexcited ZIF-67. The separated negative 

charge must then migrate to a site where it can reduce MB+ 

from the long-lived IMS with a time constant of 101.4 ps. As 

evidenced by the lack of decay in the 670 nm kinetic trace 

(Figure 3d) that can only be due to the GSB of MB• since ZIF-67 

has no signal at this wavelength at later times, recombination 

does not occur within our time window.  

     The scheme in Figure 3b depicts the energetics diagram 

inferred from the above TA results. ZIF-67 is first excited with 

1000 nm light to promote an electron from the Co-centered 
4A2(F) state to the Co-centered 4T1(F) state. From this state, 

some ET occurs from the ZIF-67 4T1(F) state to MB+ before our 

instrument response time (< 200 fs) while the remaining excited 

state relaxes down to the IMS with 31.7 ps time constant.22 This 

31.7 ps time constant should be unable to compete with the < 

200 fs component of ET. However, as we proposed in two-

pathway model (Figure 3a), there are ZIF-67 tetrahedron units 

that are not in contact with MB+, which can prohibit the 

ultrafast ET event. In our previous study, the IMS has an 

amplitude weighted lifetime of 2.9 μs22 and therefore does not 

evolve any further in the later times (>100 ps) of our TA time 

window. However, the additional rising component that fit with 

a time constant of 101.4 ps was observed and must be due to 

ET from IMS state to MB+, as the evolution of ZIF-67 features 

after 31.7 ps component does not occur in the absence of MB+. 

The two ET components are then associated with two 

recombination components of 1.33 ps and >> 5 ns, respectively.  

 

While pathway A is important because it demonstrates the 

ability to extract an electron from ZIF-67 and provides a lower 

(positive) limit of -0.23 V vs. SCE for the position of 4T1(F) state 

electrochemical potential, the existence of pathway B is 

particularly interesting because it demonstrates the possibility 

to extract electrons from a super long-lived charge separated 

state intrinsic to ZIF-67. This characteristic is paramount to the 

successful application of photocatalytic materials, provided the 

electrochemical potential of the material is negative enough, on 

an electrochemical scale, to perform useful photocatalytic 

reactions. The following discussion will focus on recent 

examples in the literature that corroborate our findings here 

and demonstrate the applicability of ZIF materials to 

photocatalytic materials.  

     A computational study based on periodic structure 

calculations indicated that Zn-based ZIF analogues with various 

linkers and mixed linkers all have LUCO (lowest unoccupied 

crystal orbital) levels negative enough to perform important 

photocatalytic reactions such as the proton reduction reaction 

and the reduction of CO2(g) to methane or methanol.27 When 

Zn was replaced with Co, it was found that the Co 3d orbital was 

positioned significantly more negative than the LUCO which 

could suggest that a charge-separated state with LMCT 

character in ZIF-67 would be capable of the redox activity 

observed in this study. A recent experimental work18 

demonstrated that a Co-based ZIF analogue with benzimidazole 

linkers, ZIF-9, can reduce CO2(g) to CO(g) in conjunction with a 

molecular photosensitizer that reduced ZIF-9 to its anion, ZIF-9-

. If a corollary is made to a reduced Co center from intrinsic CS 

after photoexcitation, then it is feasible that photoexcited CoII-

ZIF would have a similar redox potential to ZIF-9-. In unpublished 

experiments, we have verified the ability of ZIF-67 to perform 

CO2 reduction to CO under the same conditions. On an 

electrochemical scale vs. SCE, CO2 reduction in aqueous media 

is reported to be -0.28V, -0.158V, and -0.005 V for the formation 

of CO (g), CH3OH (l) and CH4 (g) products, respectively.28 These 

values compare well to the reported redox potential of MB+ of 

-0.23V vs. SCE, indicating that computational and experimental 

works support our finding that ZIF-67 can reduce MB+ after 

photoexcitation on an energetic basis.  

 

 

Figure 3. a) The proposed two-pathway electron transfer model in MB+-ZIF-

67. B) Schematic diagram depicting energetics and time constants for 

electron transfer dynamics in MB+-ZIF-67. 
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Conclusions 

In conclusion, we report that ZIF-67 can reduce MB+ after 
photoexcitation. The dynamics of the ET event were 
characterized using ultrafast transient absorption spectroscopy 
after selective excitation of ZIF-67 d-d transition, which 
demonstrated the formation of MB• on both an ultrafast (< 200 
fs) timescale and on a relatively longer (101.4 ps) timescale. The 
ultrafast time constant is likely the ET time from the tetrahedral 
units located on the surface of the film that are directly in 
contact with MB+, while the 101.4 ps time constant is likely 
attributed to ET time from the units in the bulk of the film that 
were isolated from MB+ by the surface units. These results were 
compared with recent literature reports that corroborated the 
finding that the excited state redox potential of ZIF-67 is likely 
negative of the redox potential of MB+, -0.23 V vs. SCE. Since we 
have found the study of ZIF-67 via electrochemical means to be 
inaccessible, it is exceedingly important to pinpoint the excited 
state redox potential of ZIF-67 via photophysical studies. This 
first direct evidence of CoII-ZIF photoredox chemistry strongly 
imply that ZIFs has large potential as intrinsic light harvesting 
and charge separation materials and deserve further attention 
to be developed as a viable and versatile photocatalyst material. 
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