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ABSTRACT: This paper describes the identification of specific host–guest interactions between basic gases (NH3, CD3CN, and 
pyridine) and four topologically similar 2-dimensional (2D) metal–organic frameworks (MOFs) comprising copper and nickel 
bis(diimine) and bis(dioxolene) linkages using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray 
photoelectron spectroscopy (XPS), electron paramagnetic resonance spectroscopy (EPR), and powder X-ray diffraction 
(PXRD). This contribution demonstrates that synthetic bottom-up control over surface chemistry of layered MOFs can be used 
to impart Lewis acidity, or a mixture of Brønsted and Lewis acidities, through the choice of organic ligand and metal cation. 
This work also distinguishes differences in redox activity within this class of MOFs that contribute to their ability to promote 
electronic transduction of intermolecular interactions. Future design of structure–function relationships within multifunc-
tional 2D MOFs will benefit from the insights this work provides. 

INTRODUCTION 

Layered two-dimensional (2D) conductive metal–or-
ganic frameworks (MOFs) have been recently developed as 
porous multifunctional graphene analogs (Figure 1).1-2 
Tunable morphology,3 redox activity,4 and excellent con-
ductivity1 have made it possible to utilize electronic trans-
duction and activation of these materials within solid-state 
devices to achieve energy storage,5 charge transport,6-7 elec-
trocatalysis,8 gas sequestration,9 and chemical sensing.1, 10-

15 These demonstrations of functional performance take ad-
vantage of intrinsic design aspects of conductive MOFs that 
confer multifunctionality from bottom-up synthesis of mod-
ular components. The causal link between individual struc-
tural components and bulk properties has established prec-
edent for design aspects of porosity,16-17 conductivity,2, 18 
and crystal packing.1 However, a similar conceptual link be-
tween the structural constituents and surface chemistry has 
not been established. An improved understanding of sur-
face chemistry and accessible host–guest interactions, as 
well as control of these characteristics by synthetic bottom-
up means, is required to achieve strategic design of this 
class of materials towards targeted applications.1 The abil-
ity to synthetically dictate reactivity of surfaces is a signifi-
cant challenge in the field of 2D materials. The class of MOFs 
studied in this work offers an opportunity to obtain insight 
into the issue of controlled surface chemistry.19 

Recently, Rubio-Giménez et al. described the origin of 
the chemiresistive response within thin films of Cu3(HHTP)2 
MOF.20 Using infrared reflection absorption spectroscopy 
(IRRAS), the authors proposed direct interaction of NH3 gas 
with CuII centers within the MOF. Kelvin probe microscopy, 
and computational techniques suggested that Cu3(HHTP)2 
underwent a decrease in work function of 0.15 eV upon NH3 

binding. Computational studies suggested a concomitant in-
crease in the π-π stacking distance upon exposure to NH3, 
which the authors confirmed by powder X-ray diffraction 
(PXRD). While previous work provides an insight into the 
nature of the chemiresistive response of Cu3(HHTP)2 to NH3, 
the unique role of the constituent ligand and metal center in 
determining the resulting surface chemistry and redox ac-
tivity within this class of materials remains entirely unex-
plored.  

This paper describes spectroscopic characterization of 
the surface chemistry and host–guest interactions of lay-
ered conductive MOFs prepared with rod-like morphology 
based on hexatopic triphenylene ligands complexed with 
transition metal cations of copper or nickel. The compo-
nents consist of organic ligands, 2,3,6,7,10,11-hex-
aaminotriphenylene hydrochloride (HATP•6HCl) or the hy-
droxy analogue 2,3,6,7,10,11-hexahydroxytriphenylene, 
which upon complexation with ammoniacal metal cations 
become 2,3,6,7,10,11-hexaiminotriphenylene (HITP) and 
six-fold deprotonated 2,3,6,7,10,11-hexahydroxytri-
phenylene (HHTP), to generate the corresponding MOFs: 
Cu3(HITP)2, Cu3(HHTP)2, Ni3(HITP)2, and Ni3(HHTP)2.7, 15, 21 
These MOFs all form extended porous sheets having honey-
comb hcb topology. Yet they differ in their stacking pattern. 
Cu3(HITP)2, Ni3(HITP)2, and Cu3(HHTP)2 crystallize as 
stacked layers of extended porous sheets, whereas 
Ni3(HHTP)2 forms as alternating layers of Ni3(HHTP)2 ex-
tended sheets and intercalated layers consisting of discrete 
hydrated Ni3(HHTP) complex ions. The complete stoichio-
metric structure of Ni3(HHTP)2 is provided in the Support-
ing Information: Section V.7, 11, 14, 21-22 We utilize these four 
chemically distinct, yet structurally similar, MOFs (Figure 
1) to systematically probe the effect of ligand and metal cen-
ter on the interactions of these host materials with basic 
gaseous probes (NH3, acetonitrile, pyridine). The combined 



 

use of diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS), X-ray photoelectron spectroscopy 
(XPS), electron paramagnetic resonance (EPR) spectros-
copy, and PXRD enables characterization of changes in sur-
face chemistry, intermolecular interactions, and redox ac-
tivity triggered by analytes on the surface of 2D MOFs. 

 
Figure 1. Reaction scheme showing the molecular building 
blocks used to make 2D conductive MOFs and resulting lay-
ered hexagonal porous nanostructure of the general for-
mula M3(HXTP)2. (A) The metal centers are shown in blue 
while heteroatoms are shown in red. Four distinct MOFs 
with unique characteristics can be generated by the combi-
nation of one of two representative ligands 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) and 2,3,6,7,10,11-hex-
aiminotriphenylene (HATP), and two representative metals 
CuII and NiII. (B) SEM characterization of all four M3(HXTP)2 
MOFs shows rod-like morphology. 

 Our work illustrates that the identity of both organic lig-
and (HHTP vs HITP) and metal center (Cu vs Ni) establish 
two distinct characteristics of the MOFs: surface acidity and 
redox activity. First, the ligand controls the surface acidity 
of MOFs, with Lewis acidity dominating HITP-based MOFs 
and a combination of Brønsted and Lewis acidity being 
prevalent for HHTP-based MOFs during interactions with 
basic probes. Second, exposure of Cu-based MOFs to NH3 al-
ters the relative population of CuII/CuI by altering the redox 
balance between Cu nodes and non-innocent ligands, while 
exposure of Ni-based MOFs to the same analyte induces no 
detectable change to the redox state of the MOF compo-
nents. These findings suggest that the strong chemiresistive 

response of Cu-based MOFs towards NH3 previously ob-
served by us13, 23 and others11, 13, 15, 23-24 is characterized by a 
combination of Lewis acid/Brønsted acid interactions and a 
simultaneous change in the redox state of the Cu constitu-
ents. Furthermore, a lack of observed chemiresistive re-
sponse of Ni-based MOFs towards NH3 is characterized by 
weak Lewis acid interactions and no change of redox state 
of the metal center.13, 15, 23 

EXPERIMENTAL DESIGN 

Choice of Metal–Organic Frameworks. 2D conductive 
MOFs possess several unique properties in the context of 
chemical sensing: i) porosity; ii) bottom-up tunability in 
both structure and composition; iii) redox activity.1, 10 These 
attributes provide benefits towards different aspects of 
chemical sensing, such as i) high surface area, ii) possibility 
of rational design, and iii) redox-based transduction of 
chemical binding events.1, 10 To improve understanding of 
the interplay of these attributes towards improved chemi-
cal sensing, accurate knowledge of specific host–guest in-
teractions is required. In this study, we chose to focus on a 
class of layered 2D MOFs composed of two triphenylene-
based organic linkers (either HHTP or HITP) with distinct 
acidity and two first-row transition metal centers (Cu or Ni) 
that possess stable +2 oxidation states.7, 15, 21 In combina-
tion, these starting materials can generate four distinct 
MOFs with unique environments surrounding metal centers 
(Figure 1, Figure 2). 

We hypothesized that comparing the resulting struc-
tures and properties of the MOFs shown in Figure 1 would 
provide insight and decouple the contributions of distinct 
chemical components on the host–guest chemistry of 2D 
MOFs (Figure 2). These MOFs can be readily obtained as 
nanorods (Figure 1, Figure S2-S5) from aqueous solutions 
of copper perfluoroacetoacetonate or nickel acetate and ap-
propriate ligand using solvothermal synthetic conditions.1 
Of the four MOFs (collectively referred to as M3(HXTP)2), 
Cu3(HITP)2, Ni3(HITP)2, and Cu3(HHTP)2 crystallize as 
stacked layers of extended sheets (Figure S6A), whereas 
Ni3(HHTP)2 forms as alternating layers of Ni3(HHTP)2 ex-
tended sheets and intercalated layers consisting of discrete 
Ni3(HHTP) complex ions (Figure S6B).7, 11, 15, 21 

The structures of layered MOFs possess at least three 
distinct types of surfaces that can interact with the sur-
rounding chemical environment. First, the leading edges can 
be composed of either terminal ligand heteroatoms or may 
be capped with metal ions. These edge-type functionalities 
may have exposed metal positions that are coordinatively 
unsaturated sites (CUS) acting as Lewis Acid Sites (LAS) or 
may be occupied by aqua ligands, which may act as 
Brønsted Acid Sites (BAS). Second, the basal plane contains 
planar ligand-metal-ligand complexes that may act as LAS 
or BAS depending on degree of hydration. Third, interior 
pore walls contain exposed ligand heteroatoms and aro-
matic C-H of the ligands. The case of unique stacking pat-
terns can exist, which lead to additional surface chemistry 
such as the case of Ni3(HHTP)2, which possesses an interca-
lated layer, as mentioned previously. Additional reactive 
mechanisms at the pore interior may involve radical density 
that is centered on the carbon portion of the ligand frame-
work for both HITP-based and HHTP-based MOFs.25 The 



 

ratio of populations of edge:surface:pore host sites can 
change as 2D monolayers stack to form crystalline solids.  

Molecular-level understanding of the proposed host 
sites was constructed considering synthetic parameters and 
literature precedent. First, we endeavored to understand 
structural and compositional constraints on the set of po-
tential coordination environments that may act as host-
sites. These constraints were compiled from a careful anal-
ysis of available and proposed crystal structures of the 
stacked 2D materials, chemical composition of each MOF, as 
well as the aqueous environment used to synthesize the 
MOFs.1-3, 7, 14, 20-22, 24, 26 Our proposition that edge sites may be 
terminated with hydrated metal nodes (Figure 2A) is based 
on chemical understanding of metal-catecholate complexes, 
coupled with the fact that the synthetic conditions used in 
the synthesis of this family of 2D MOFs relies on stoichio-
metric excess of metal salts (Supporting Information: Sec-
tion II).25, 27 Metal-catecholate chemistry has also been 
demonstrated by Farha and coworkers in the post-synthetic 
heterogeneous functionalization of MOFs decorated with 
catecholate groups by exposing solid-phase MOFs to solu-
tions of copper salts.27 Similar chemistry has also been 
demonstrated with bidentate nitrogen chelators for post-
synthetic metalation of MOFs.28 These studies demonstrate 
that dangling catecholate groups in solid materials can 
readily chelate copper ions from solution. Additionally, 
these studies show that solid-state copper-catecholate com-
plexes have labile redox structures that can shift between 
CuII and CuI. 

We then considered potential metal-aqua geometries 
and hydration numbers. Precedent for metal complexes 
possessing coordinately unsaturated sites, while less com-
mon for small molecule complexes, has been a design fea-
ture of interest in MOFs.26, 29-30 Complexes have also been 
reported with metal sites capped with aqua ligands or so-
lute molecules.25, 31-32 The result of our examination of ex-
perimental constraints and literature precedent lead us to 
the hypothesis that the terminal edges and basal plane of 
the layered 2D system examined here would be rich in host-
site chemistries following the motifs depicted in Figure 2A.  

Herein, we have chosen to characterize the surface 
chemistry of strictly rod-like morphologies because this 
morphology is readily prepared using simple hydrothermal 
methods.  

Choice of Spectroscopic Characterization Tech-
niques. Four types of spectroscopic techniques were em-
ployed to characterize MOF structure, the identity of host 
sites within the framework, and perturbations induced by 
host-guest interactions. DRIFTS, XPS, EPR, and PXRD each 
provided unique information that together was used to ob-
tain comprehensive insight into the nature of host–guest in-
teractions in this class of MOFs.  

DRIFTS is an infrared Fourier transform technique that 
is ideal for characterization of solid-state surface chemistry 
because it requires minimal sample preparation (e.g., grind-
ing, pressing, high vacuum) typically seen in other methods 
of IR spectroscopy33 and is well suited for the in-situ study 
of surface chemistry by coupling spectroscopy with simul-
taneous gas exposure at ambient pressure after evacua-
tion.33 

 
Figure 2. The diversity of potential host sites exhibited by 
the metal bis(diimine) and metal bis(dioxolene) linkages is 
outlined (A). On both the basal plane and edge facets, host 
sites may interact with gases as either Brønsted or Lewis 
acid sites. The basic probe (B) gases used in this study are 
listed with their respective pKb and donor number (DN) val-
ues indicating the relative strength of their interaction as H-
bond acceptors (pKb) or with the Lewis acid SbCl5 (DN). 

 

The technique has been used to characterize polymer 
films,34 catalytic surfaces and processes,35-38 chemiresistive 
sensors,39 and porous materials.32 The increase or decrease 
of bands in DRIFTS at characteristic frequencies can reveal 
the formation or breakage of chemical bonds, while fre-
quency shifts indicate changes in strength or environment.  
In addition, changes in the population of electronic states in 
semiconductors lead to broad background absorption.40 
MOF samples were gently combined with powdered KBr to 
dilute the material and ensure good signal to noise ratio in 
the DRIFTS experiments (Supporting Information: Sec-
tion VII). Samples were dried either by vacuum or under a 
stream of dry Ar. 

XPS is a surface-sensitive (<10 nm sampling depth41) 
spectroscopic technique that we used to confirm the ele-
mental composition of the MOF materials as well as chemi-
cal shifts typically associated with formal oxidation 
states(e.g., Cu0, CuI, CuII),.32 We analyzed the surface of the 
MOF in both the pristine state and after exposure to ana-
lytes to gain insight into possible redox processes involving 
framework constituents (i.e., metal center, hexatopic tri-
phenylene ligand, aqua ligands) motivated by the presence 
of analyte. Because XPS is performed under high vacuum 
conditions, weakly bound species may desorb. The surface 
species observed by XPS, therefore, are likely to be the more 
strongly bound species under ambient conditions. To assess 
the reproducibility of the XPS measurements, MOF samples 
were synthesized in triplicate and, therefore, the uncer-
tainty in XPS peak area ratios represent all contributions 
from synthesis and measurement. For the gas exposure 
studies undertaken in this work, determination of absolute 



 

populations of species by XPS is more complex (vide infra), 
and, therefore, we only focus primarily on relative compar-
isons. 

EPR spectroscopy is used to observe unpaired electrons 
and identify their immediate magnetic surroundings as gov-
erned by the Zeeman effect, spin-orbit coupling, and nuclear 
spin coupling.42 EPR can be used to determine the geometry 
of EPR-active metal centers and can be used to determine 
the presence of paramagnetic species as constituents within 
materials.43 EPR is complementary to XPS in this work: (1) 
EPR spectra can be collected at ambient pressure which 
helps ensure that characterization of adsorbed gases accu-
rately reflects the total adsorption of weakly bound species; 
and (2) EPR can characterize changes in oxidation state 
throughout the bulk volume of the sample offering a quan-
titative view. In this study, we use EPR to observe the effect 
of gas binding on the location and population of unpaired 
spins, and changes in oxidation state of metal and ligand 
constituents. (3) EPR can allow observation of bulk effects. 
The highly porous MOF materials may allow gas diffusion 
into the interior of the MOF structure where XPS is not ef-
fective. 

PXRD is a powerful X-ray diffraction method for interro-
gating the structure of crystalline materials.44 Diffraction 
patterns from powder samples provide information on 
crystallinity, crystal lattice parameters, and crystal phase 
identification in a manner that is non-destructive.44 Using 
Braggs Law, individual diffraction peaks can be converted 
to diffraction plane spacing which correlate with specific in-
termolecular distances.45-46 The accuracy of the technique is 
highly sensitive to small changes in structure and intermo-
lecular distances within crystal unit cells.47 The penetration 
depth of the X-ray beam depends on the material investi-
gated and the experimental technique employed.45-46 In this 
work, PXRD is used to for two primary purposes. First, the 
technique is used to confirm the structure of the materials 
and ensure that samples were free of metal oxide contami-
nants. Second, the technique was used to analyze the crys-
talline structure of the materials for small changes that re-
sulting from interactions with basic gases. Generally, for na-
nomaterials such as those investigated in this paper, PXRD 
investigates bulk material structure.  

Choice of Gaseous Probe Molecules. We chose to 
probe MOF surface chemistry and host–guest interactions 
using a class of basic spectroscopic probes of varying pKb 

values: NH3,48-49 pyridine (pyr),50 and CD3CN (Figure 2).51-52 
Basic probe gases were chosen due to recent reports that 
demonstrate the sensitivity of the topical family of MOFs to 
basic gases such as NH3 by our group,13, 23 as well as those of 
Dincă,15 Xu,11 and Martí-Gastaldo.24 

In chemiresistive sensing, NH3 is a reducing gas, indicat-
ing that the conductivity of n-type semiconductors in-
creases with exposure, while that of p-type semiconductors 
decreases with exposure.53 It is a base that typically inter-
acts through a lone pair of sp3 hybridized electrons.48 It has 
been used as a probe molecule for detection of surface acid-
ity for metal oxides,48, 54-55 zeolites,56-57 and non-conductive 
Second, the region spanning 1200-1600 cm-1 was assigned 
to aromatic ring modes and carbonyl modes of tri-
phenylene, and was classified as the aromatic region.58 
MOFs.32 Interactions between NH3 and coordinatively 

unsaturated surface metal sites are typically described as 
LAS.50 When NH3 interacts with surface hydroxyls, which 
act as BAS, NH3 is protonated to NH4

+ having a local sym-
metry of C3v (Figure S9). Characteristic absorbance bands 
at 1680 cm-1 and 1450 cm-1 indicate that NH3 has been co-
ordinatively bound as NH4

+.48, 55, 59 Alternatively, NH3 can 
also bind to LAS through donation of the basic nitrogen lone 
pair to an empty or partially filled metal d-orbital resulting 
in characteristic vibrational modes near 1600 cm-1 and 
1170 cm-1

 that correspond to asymmetric (δdNH3) and sym-
metric (δsNH3) bending modes, respectively (Figure S9).48-

49, 59-60 Because ammonia is the strongest base of the probe 
molecules, it may coordinate to surface aqua ligands or dis-
place them and bond directly with metal centers, resulting 
in distinct spectral features. 

As a probe molecule, CD3CN also acts as a Lewis or 
Brønsted base, but is significantly weaker compared to 
NH3.51, 61 It has been used to distinguish BAS and LAS on sur-
faces.62 It can complement the information obtained from 
the NH3 probe, because the diagnostic adsorptions near 
2300 cm-1 (LAS >2300 cm-1, BAS <2300 cm-1) are far re-
moved from the region of IR absorbance bands commonly 
associated with MOF structures (i.e., carboxylic acid, phenyl, 
hydroxyl).51 Perdeuterated CD3CN is used to prevent Fermi 
resonance when CD3CN binds to surface sites.52 

Pyridine can undergo coordination to LAS through the 
lone pair on the aromatic sp2 hybridized nitrogen. Alterna-
tively, the nitrogen can be protonated (PyrH+) by protic 
acidic sites such as BAS.50 

The relative strength of these three nitrogenous basic 
molecules as Lewis and Brønsted bases allow them to probe 
a range of surface acidities based on the respective donicity 
(donor number: DN) and protic acidity. The DN, referring to 
affinity with respect to SbCl5, is strongest for NH3 (59 
kcal/mol) followed by Pyr (33 kcal/mol), and CD3CN 
(CH3CN: 14 kcal/mol , Figure 2).63 The Brønsted basicity, or 
proton affinity measured in pKb of the gases follows a simi-
lar trend with NH3 (pkb =4.7) being the strongest followed 
by Pyr (pkb = 8.7) and CD3CN (CH3CN: pkb = 18.3, Figure 
2).64 We, therefore, anticipated that CD3CN would bind to 
only the strongest acid sites of the MOF, while easily desorb-
ing leaving weaker acid sites undetected. Pyr was expected 
to bind to weaker acid sites, while NH3 was expected to in-
teract with the widest range of acid sites. The use of three 
distinct probes with different binding affinities for LAS sites 
can enable relative comparisons of Lewis acidity strengths 
in structurally similar materials. 

RESULTS AND DISCUSSION 

Vibrational Spectroscopy of M3(HXTP)2 MOFs.  

DRIFTS spectra of pristine MOFs showed three distinct re-
gions of interest (Figure 3). First, low energy vibrational 
modes in the range 400-900 cm-1, contained metal-heteroa-
tom bond stretching, as well as metal bis(dioxolene), and 
analogous metal bis(diamine) ring symmetric breathing, 
and was therefore classified as the metal-ligand region (Fig-
ure 3).29 



 

Figure 3. DRIFTS spectra of pristine MOFs collected under 
Ar atmosphere. Distinct regions are delineated by grey 
shading. The regions are labeled per the dominant features 
observed in each (see text). Top: free HHTP ligand, pristine 
Cu3(HHTP)2 and Pristine Ni3(HHTP)2. Bottom: free 
2,3,6,7,10,11-hexaaminotriphenylene hydrochloride 
(HATP•6HCl), pristine Cu3(HITP)2, and pristine Ni3(HITP)2. 
Spectra have been offset for clarity. 

Third, the region >1600 cm-1, exhibited a broad baseline ab-
sorbance that was determined to be electronic in nature. 
This baseline electronic absorbance (BEA) could be at-
tributed a combination of  the following electronic features: 
1) changes in the population of conduction band electrons, 
2) the formation of shallow traps, which would allow low-
lying transitions to the conduction band (in the mid to near 
IR range) and 3) charge-transfer reactions consistent with 
mixed valent systems.40, 65-66 These observations were anal-
ogous for all four MOFs in this study (Figure 3).  

Difference spectra of four MOFs were collected in the 
presence of 10 % NH3 in He, followed by recovery in an Ar 
atmosphere (Figure 4). The gas-phase bands of ammonia at 
3332 cm-1 (v1, a1 asymmetric stretch), 1627 cm-1 (v4, e sym-
metric bend), and 968/930 cm-1 (v2, a1 symmetric bend) 
dominated the spectra during exposure, but diminished af-
ter purging with inert atmosphere (Figure S10-S13).67 

Exposure of Cu3(HITP)2 to 10% NH3 in He produced 
three primary spectral features observable by DRIFTS dif-
ference spectra (Figure 4). First, NH3 produced an initial in-
crease in the BEA from 4000 cm-1 to 700 cm-1 (Figure S10). 
Flushing the system with Ar showed a slow recovery of the 
BEA (Figure S10B). Second, spectra obtained after expo-
sure showed the formation of new absorption bands at 
3332 cm-1, 1604 cm-1, and 1211 cm-1 (Figure S10B). Third, 
negative bands at 3440 cm-1 and 1654 cm-1, formed within 
6 min of exposure to NH3 and persisted upon purging with 
dry Ar (Figure S10B). 

The changes observed in the BEA showed an initial in-
crease in the underlying electronic properties of the mate-
rial. The specific electronic feature could not be identified 
from DRIFTS alone. These changes were reversible when 
NH3 was removed from the chamber. The strong band at 
3332 cm-1 was attributed to stretching modes of NH3 that 
was adsorbed on the material.55, 59-60, 67 This band did not 
change from the v1 spectra of NH3 in the gas phase and was 
not characteristic of any specific binding motif of NH3; 
therefore, it was not useful for characterizing interactions 
between NH3 and the MOF surface (Figure S10 B). The 
bands at 1604 cm-1 and 1211 cm-1 were assigned to the 
asymmetric δd and symmetric δs vibrational modes of NH3 
adsorbed on LAS (NH3-M), respectively (Figure 4, Figure 
S9).55, 59-60, 67 The negative bands at 3440 cm-1 and 1654 cm-

1 were attributed to the stretching (v(OH)) and bending 
(δ(H2O)) modes of water, respectively, that was displaced 
by adsorption of ammonia.65 The observed absorbance 
bands of the water ligands were in good agreement with lit-
erature reports of H2O on TiO2 films.65  

  



 

Figure 4. DRIFTS difference spectra of MOFs after exposure to 10% NH3 in He for 6 min, followed by purging with Ar for 12 
min to remove residual gas phase NH3. A) Full spectra of NH3 on M3(HXTP)2 MOFs with bending and stretching modes of 
water and NH3 labeled. The positive bands in the vNH3 region indicate the presence of NH3 while the negative bands corre-
sponding to vOH2 and δOH2 indicate dehydration of the MOF upon exposure to NH3. B) expanded spectral region containing 
characteristic bands of specific binding modes of NH3 to LAS and BAS. Spectra are compared to well-characterized Ru-
TiO2+NH3 exhibiting both LAS and BAS acidity. The exact location of vibrational bands for each MOF are listed in the accom-
panying Table 1.  

Table 1. Assignment of the vibrational modes observed in the spectra shown in Figure 4. The symmetry assignments of the 
vibrational modes are included in Figure S9. Notation: neg: negative going band, v: stretching, δd: asymmetric deformation, 
δs: symmetric deformation (umbrella mode), BEA: broad electronic background, rev: reversible; irrev: irreversible.  

characteristic vibrational modes (cm-1) and assignments  

M3(HXTP)2 vOH2 
(neg) 

δOH2(neg) δdNH4
+-BAS δdNH3-LAS δsNH4

+-BAS δsNH3-LAS BEA 

Cu3(HITP)2 3440 1654 - 1604 - 1211 Increase, rev. 

Cu3(HHTP)2 3440 - 1685 1608 1423 1187 Decrease, rev. 

Ni3(HITP)2 3440 1654 - 1612 - 1226 Increase, irrev. 

Ni3(HHTP)2 3440 - 1677 1608 1454 1195 Decrease, irrev. 

Exposure of Cu3(HHTP)2 to 10% NH3 in He produced 
three spectral features observable with DRIFTS difference 
experiments (Figure 4), which were distinct from those ob-
tained for Cu3(HITP)2. First, in contrast to the increased BAE 
absorbance observed for Cu3(HITP)2, NH3 caused a decrease 
in the BAE absorbance from 4000 cm-1 to 1700 cm-1 for the 
Cu3(HHTP)2 MOF analog (Figure S11B). This BEA shift was 
partially reversible when NH3 was purged from the cham-
ber with Ar (Figure S11B). Second, a negative going band 
was observed at 3440 cm-1. Third, spectra obtained after 
purging the chamber with Ar for 6 min showed absorption 
bands at 3336 cm-1, 1685 cm-1, 1608 cm-1, 1454 cm-1, 1423 
cm-1(sh.), 1357 cm-1, 1315 cm-1, 1268 cm-1, and 1187 cm-

1(sh.) (Figure 4, Figure S11B). These bands did not signifi-
cantly decrease in intensity when the chamber was purged 
with Ar. 

The bands observed near 3336 cm-1 (Figure 4) were as-
cribed to stretching modes of NH3 adsorbed on the surface 
of the material.55, 59-60, 67 The shoulder at 1608 cm-1 and the 
shoulder at 1187 cm-1 were assigned to the symmetric δd 
and asymmetric δs vibrational modes of NH3 bound to LAS 
(NH3-M), respectively (Figure 4).55, 59-60, 67 The band ob-
served at 1215 cm-1 was assigned to perturbations to aro-
matic vibrational modes. Likewise, the band at 1454 cm-1 
was asymmetric and was assigned to the vCC+vCO vibra-
tional mode of HHTP shifting towards lower wavenumbers 
(originally observed at 1477 cm-1 for the pristine MOF, Fig-
ure S18A). The shoulder bands observed at 1685 cm-1 and 
1423 cm-1 were assigned to δd and δs of NH4

+ resulting from 
NH3 participating in hydrogen bonds with BAS on the MOF, 
respectively.55, 59-60, 67. Finally, the negative going band at 
3440 cm-1 was assigned to the loss of water from the frame-
work upon exposure to NH3.  

Exposure of Ni3(HITP)2 MOF to 10% NH3 in He pro-
duced three distinct spectral features (Figure 4). First, ex-
posure caused an increase in the BAE absorbance from 663 
cm-1 through 4000 cm-1 (Figure S12B). This change in BAE 
was slow and irreversible and continued to increase when 
the chamber was purged with Ar (Figure S12B). Second, we 
observed new absorbance bands at 3332 cm-1, 1612 cm-1, 
and 1226 cm-1 that persisted when the sample was flushed 

with Ar (Figure S12B). Third, negative absorbance bands 
were observed at 3440 cm-1 and 1654 cm-1 beginning with 
NH3 exposure (Figure S12B). 

The partially reversible decrease of the BEA indicated 
that there was a decrease in the accountable electronic 
properties that were only partially recoverable when NH3 
was removed from the chamber. The positive band at 3332 
cm-1 was attributed to the v1 stretching mode of NH3 ad-
sorbed on the surface of the material.55, 59-60, 67 The absorb-
ance band at 1612 cm-1 was ascribed to the δd vibrational 
mode of NH3 on LAS (M-NH3) while the band at 1226 cm-1 
was assigned to the δs vibrational mode of the same spe-
cies.55, 59-60, 67 The negative bands at 3440 cm-1 and 1654 cm-

1 were attributed to the v(H2O) and δ(H2O) bands of dis-
placed surface bound water, respectively.68 Like, 
Cu3(HITP)2, the negative going nature of these bands indi-
cated that water desorbed from the framework with the ad-
dition of NH3. 

Exposure of Ni3(HHTP)2 to 10% NH3 was observed with 
DRIFTS difference experiments, which revealed three sig-
nificant features that indicated interactions with the MOF 
surface (Figure 4). First, exposure to NH3 caused a decrease 
in the BAE absorbance from 4000 cm-1 to 750 cm-1. The de-
crease was fast and was observed to be largely irreversible 
even under extended purging with Ar (Figure S13B). Sec-
ond, spectra obtained after purging with Ar showed the for-
mation of intense positive bands at 3336 cm-1, 1677 cm-1, 
1608 cm-1, 1454 cm-1, 1195 cm-1, 829 cm-1, 636 cm-1, and 609 
cm-1 (Figure S13B). Third, a weak negative going band was 
observed at 3440 cm-1 (Figure S13B). These bands did not 
diminish in intensity when the chamber was purged with Ar 
for 12 min. 

The strong band at 3336 cm-1 was attributed to the v1 
mode of NH3 adsorbed on the material (Figure S13B).48, 55, 

59-60, 67 The bands at 1608 cm-1 and 1195 cm-1 were similar 
to those observed for Cu3(HHTP)2+NH3 and were assigned 
to the δd and δs vibrational modes of NH3 bound to LAS (M-
NH3), respectively.48, 55, 59-60, 67 The bands at 1677 cm-1 and 
1454 cm-1 was ascribed to the δd and δs modes of NH4

+ on 
BAS, respectively(Figure S13B). The bands at 829 cm-1, 636 
cm-1, and 609 cm-1 were modes likely originating from M-L 



 

vibrational modes (Figure S13B).48, 55, 59-60, 67 The negative 
going band at 3440 cm-1 was ascribed to the v(OH2) mode of 
adsorbed water. The not-observed δ(OH2) band was most 
likely obscured by the δdNH4

+-BAS band.   

Exposure of MOFs to CD3CN. For the HHTP-based MOFs, 
peaks diagnostic of NH3 binding to acidic host sites over-
lapped with modes assigned to aromatic ring vibrations. 
This overlap posed a challenge for unambiguously differen-
tiating perturbations stemming from probe-acidic site in-
teractions from perturbations to the backbone ring vibra-
tional frequencies.69 To overcome this challenge, we se-
lected CD3CN as an additional probe because it exhibited 
characteristic vibrational frequencies (2300-2350 cm-1),61, 

68 which were significantly separated from backbone aro-
matic ring bands. CD3CN also acts as a weaker Brønsted and 
Lewis base allowing weak acid sites to go undetected. 

Adsorption of CD3CN gave evidence for the strong Lewis 
acidity of Ni3(HHTP)2 due to the new band observed at 2310 
cm-1 corresponding to the vCN mode of CD3CN (Figure 5, Fig-
ure S17). All four of the MOFs displayed a new band at 2260 
cm-1, which corresponded to the vCN mode of CD3CN ad-
sorbed on either BAS or physisorbed on the surface of the 
MOF (Figure 5, Figure S14-S17). Since this vibrational 
band was not unique to any specific adsorbed state, the vi-
brational mode was not definitively assigned. CD3CN also in-
duced large perturbations to ring vibrational modes of 
HHTP-based MOFs (Figure 5).  

Consistent with the NH3 data, CD3CN did not show strong 
perturbations of the ring modes of HITP-based MOFs.   
These MOFs showed LAS that formed when ammonia dis-
placed water. Since CD3CN is characterized by a significantly 
lower pKb value compared to NH3 (Figure 2B), the lack of 
Lewis acidity observed for Cu3(HITP)2 and Ni3(HITP)2 to-
wards CD3CN, but observed towards NH3 indicated the acid-
ity of their LAS were weaker than Ni3(HHTP)2. In the case of 
HHTP-based MOFs, the perturbations to the aromatic re-
gion were qualitatively different for the Cu and Ni analogs. 
The perturbations for Cu3(HHTP)2 were similar to the fea-
tures observed in the difference spectra after ammonia ex-
posure, but the absence of LAS-bound CD3CN suggested that 
the perturbation of the ring modes with both NH3 and 
CD3CN involve adsorption at BAS. The results of the com-
parison are included in the Supporting Information (Figure 
S18). 

Exposure of MOFs to Pyr provided further information 
about the strength of acid sites on HITP-based analogues. 
Pyr is a basic probe of intermediate Lewis and Brønsted ba-
sicity. When compared to the previous probes, Pyr is less 
basic than NH3, but more basic than CD3CN. As a Lewis base, 
Pyr is a better electron donor than CD3CN, but weaker than 
NH3. The interaction between Pyr and both HITP-based 
MOFs was investigated by DRIFTS to determine the im-
portance of probe basicity for interaction involving these 
two MOFs. 

Exposure of Cu3(HITP)2 to gas phase Pyr was observed 
with DRIFTS difference experiments (Figure S19A). Expo-
sure to Pyr caused only two changes to the spectra of the 

MOF. First, a positive going change to the BEA absorbance 
across the broad range 4000 cm-1 to 800 cm-1 was observed 
(Figure S19A), which was larger in magnitude than for am-
monia interacting with LAS of Cu3(HITP)2. The increase in 
BEA was only slightly reversible by evacuation of the sys-
tem. Second, the weak bands remaining after evacuation at 
1594 cm-1 and 1454 cm-1, were indicative of Pyr binding to 
LAS (Figure S20).  

Ni3(HITP)2 showed similar bands when exposed to Pyr, 
but the bands disappeared upon evacuation (Figure S19). 
This observation indicated the Lewis acid sites on 
Ni3(HITP)2 were weaker than those on Cu3(HITP)2. The BEA 
was observed to decrease in the presence of Pyr and de-
creased further upon evacuation, similar to the behavior ob-
served for Ni3(HITP)2+NH3 (Figure S19B, Figure S20).  

Surface Chemistry of MOFs Identified by DRIFTS. Char-
acterization of the HITP-based MOFs with basic probe gases 
yielded two primary results. First, the mode of interaction 
between basic gases and the surface of Cu3(HITP)2 and 
Ni3(HITP)2 was primarily through coordination to LAS; for 
NH3 this was indicated by the absorbance bands detected 
near 1608 cm-1 and 1189 cm-1 (Figure 4). The acidity of 
these sites was weak as the response to weakly basic gases 
such as CD3CN showed only physisorption. Pyridine, a 
slightly stronger basic gas, showed Lewis acidity for 
Cu3(HITP)2 but only indiscernible interactions with 
Ni3(HITP)2. In response to Pyr, the BEA of Cu3(HITP)2 in-
creased and the BEA of Ni3(HITP)2 decreased (Figure S20). 
We, therefore, conclude that the Lewis acidity of Cu3(HITP)2 
was stronger than the Lewis acidity of Ni3(HITP)2. Second, 
coordination of NH3 to LAS coincided with a decrease in the 
prevalence of surface-bound water for both HITP-based 
MOFs, as indicated by the observed negative bands at-
tributed to the v(OH) and δ(H2O) bands of adsorbed water, 
respectively (Figure 4). We hypothesize that the weak LAS 
responsible for coordination of NH3 were formed as NH3 
displaced water ligands from the MOF. Pyr and CD3CN, with 
weaker DN compared to NH3, (Figure 2B) were unable to 
cause the displacement of water from the surface of HITP-
based MOFs. Thus, LAS were not activated, and subse-
quently not detected, by the CD3CN and Pyr probes in HITP-
based MOFs. 

Characterization of the surface chemistry of the HHTP-
analogues [Cu3(HHTP)2 and Ni3(HHTP)2] revealed three key 
comparisons with the HITP-based analogues. First, the sur-
face chemistry of the MOFs was observed to be dominated 
by a mixture of LAS and BAS for Cu3(HHTP)2 and 
Ni3(HHTP)2. This was confirmed by specific vibrational 
modes corresponding to adsorbed NH3 (Figure 4). Second, 
the observation of LAS acidity for Ni3(HHTP)2, but not for 
Cu3(HHTP)2, using CD3CN probe indicated that Ni3(HHTP)2 
hosted stronger LAS than the Cu-analogue (or either of the 
HITP MOFs). Third, we observed a general trend that HHTP-
based MOFs appeared to host stronger interactions with 
NH3 and CD3CN, while HITP-based MOFs showed weaker 
disruptions to the both the ring modes and the BEA along 
with less intense absorbance bands corresponding to ad-
sorbed probe (Figure 4-5).



 

 
Figure 5. DRIFTS absorbance spectra of MOFs after exposure to CD3CN and subsequent evacuation. A) Full spectra showing 
characteristic region as well as perturbations to the ring vibrational modes. B) expanded region showing detailed labelling of 
the vC≡N region. The three MOFs Cu3(HITP)2, Ni3(HITP)2, and Cu3(HITP)2 displayed weak interactions primarily with BAS or 
physisorption. Ni3(HHTP)2 showed an additional interaction between CD3CN and a LAS. Only HHTP-based MOFs showed 
strong perturbations to ring vibrational modes. Notation: phys: physisorption.

Because the basic gas probes were hypothesized to in-
teract with the MOF as reducing agents (from a chemiresis-
tive sensor perspective), the changes in the aromatic IR re-
gion of the HHTP-based MOFs observed for interactions 
with NH3 and CD3CN suggested that redox shifts were oc-
curring as a result of NH3 adsorption. To probe this, we used 
XPS to observe the oxidation state of elemental components 
within the MOFs before and after exposure to the repre-
sentative probe NH3. 

XPS characterization of MOFs and their exposure to 
NH3. XPS analysis was used to analyze composition of the 
MOF materials in the pristine state and after exposure to 
NH3. Pristine MOF was used after purging for 24 h with N2. 
Pristine MOF samples were exposed to 1% NH3 in N2 for 20 
min to yield MOF+NH3. XPS analysis was carried out at base 
pressure of 10-9 Torr, which typically required 0.5 hours of 
strong evacuation to achieve. It is important to note that this 
aspect of XPS analysis may promote desorption of water 
from the surface or desorption of reversible host–guest in-
teractions, leaving only strong or irreversible interactions 
detectable by this technique. However, because we compare 
relative differences of pristine and analyte-exposed materi-
als under a similar set of conditions, the use of XPS still pro-
vides valuable insight into the structure of these materials. 
Comparative differences before and after exposure were 
used to assess three aspects of the MOF surface chemistry 
and effects of interaction with NH3 guests: 1) determination 
of surface functionalities and confirmation of the composi-
tion of MOF samples compared to reported values, 2) con-
firmation of gas binding to the MOF surface (MOF+NH3), and 
3) investigation into effects resulting from gas binding, as 
determined by changes in relative populations of surface 

species and their oxidation states. XPS experiments con-
sisted of survey spectra encompassing a wide range of pho-
toemission energies, followed by high resolution scans of 
identified elemental regions.  

All four MOFs exhibited elemental photoemission lines 
in accordance with their proposed structure (Figure S21-
S24). MOFs composed of HHTP and metal ion showed the 
presence of the expected metal species, carbon, and oxygen. 
Deconvolution of the carbon photoemission lines for both 
M3HHTP2 MOFs revealed multiple environments for carbon 
corresponding to ring-fused carbons of HHTP at low bind-
ing energies, alcoholic carbons of HHTP at higher binding 
energies, and at the highest binding energies carbonyl car-
bons of HHTP (Figure S30, S38). Deconvoluted oxygen 
photoemission lines showed that framework-bound oxygen 
species originating from HHTP heterolinkers were distin-
guishable as two separate environments — the more oxi-
dized C=O-M was observed at high binding energies and the 
reduced C-O-M species at lower binding energies (Figure 
S32, S40). These unique environments for O1s originated 
from the different oxidation states of HHTP. An additional 
oxygen environment corresponding to surface bound H2O 
was observed at high binding energies (Figure S32, S40). 
Analogously, HITP-based MOFs showed strong photoemis-
sion lines for the expected elements carbon, nitrogen, and 
appropriate metal (i.e., Cu or Ni). Deconvolution of the car-
bon photoemission line revealed carbon environments aris-
ing from HITP similar to those found for HHTP-based MOFs 
(Figure S27, S34). The nitrogen region of Cu3(HITP)2 and 
Ni3(HITP)2 both showed two environments for nitrogen 
corresponding to two distinct oxidation states for the 
bis(diimine) species (Figure S28, S35). The more oxidized 



 

C=(HN)-M appeared at higher binding energies and the re-
duced C-(HN)-M appeared at lower binding energies. The 
structurally unaccounted-for O1s photoemission line pre-
sent in both M3HITP2 MOFs was bimodal and was inter-
preted as the presence of water adsorbed to the framework 
(Figure S29, S36). 

The quantification of metal oxidation states in pristine 
MOFs was accomplished by analysis of metal 2p3/2 regions 
(Figure S25, S26, S33, S37). Both Cu containing MOFs 
showed mixed valences of CuI and CuII in the pristine state. 
Cu3(HITP)2 showed a distribution of 42% CuI and 58% CuII, 
while Cu3(HHTP)2 contained a distribution of 16% CuI and 
84% CuII. The observation of mixed valency (CuII/CuI) 
matched previous reports.9, 14 The  quantitative mixed va-
lences observed for Cu3HXTP2 did not match distributions 
previously reported by us and others.9, 14  However, this 
work utilized a more quantitative XPS analysis of CuII/CuI 
distributions by comparing satellite shakeup peak intensity 
with the intensity of the primary photoemission line for 
Cu2p3/2 (Supporting Information Section XII, Method 
I).70-71 In part this could be due to different preparation 
methods (e.g. washing procedures, storage procedures, 
etc.). It is important to note that the pristine state described 
for these MOFs is after exposure to high vacuum needed for 
XPS. The high vacuum could alter metal oxidations states as 
water desorbs from ligand or metal positions. 

After obtaining a baseline analysis of the pristine MOFs, 
we turned our attention to the effects of gas binding by XPS. 
First, we confirmed that NH3 binds to the surface of all four 
MOFs throughout the experiment and is at least partially re-
tained under the high vacuum conditions of XPS. For 
Cu3(HHTP)2 and Ni3(HHTP)2 this observation was revealed 
by a new photoemission line that appeared after exposure 
to NH3 (Figure S31 and S39, respectively). The binding en-
ergy of the new photoemission line, 400-402 eV (Figure 
S31, S39), corresponded to the N1s photoelectron from re-
duced nitrogen species undergoing adsorption to LAS (399-
401 eV) or BAS (NH4

+, >401 eV). For Cu3(HITP)2 and 
Ni3(HITP)2, adsorption of NH3 was more difficult to deter-
mine due to the overlap of photoemission lines from frame-
work nitrogen and any potential NH3 (Figure S28, S35). 

The effect of NH3 binding to the frameworks was then 
assessed for differences in the composition and oxidation 
state of components. All MOFs in this study exhibited a de-
creased abundance of surface O species (Figure S21-S24) 
after exposure to NH3. This could result from desorbing wa-
ter, which correlates well with the observations made by 
DRIFTS of dehydrative adsorption of NH3 to surface sites 
observed for all the MOFs (Table 1). 

Shifts in oxidation states upon analyte binding ob-
served by XPS. The quantification of metal oxidation states 
by direct observation of the M 2p3/2 region was assessed af-
ter exposure of the MOFs to NH3. Shifts were observed in the 
oxidation state of Cu in Cu3(HITP)2 and Cu3(HHTP)2. The 
percentage of Cu in the CuII

 oxidation state in Cu3(HITP)2 de-
creased by 6±1%. In Cu3(HHTP)2 an increase in CuII by 
10±2% was observed (Figure S25-S26). 

The observed metal oxidation state shifts for Cu-con-
taining MOFs were hypothesized to be countered by the op-
posite redox reaction at the ligands. We, therefore, antici-
pated oxidation of ligands in Cu3(HITP)2 upon exposure to 

NH3 and reduction of ligands in Cu3(HHTP)2 in response to 
NH3 exposure. The oxidation state of ligands, which corre-
sponded to the average charge per ligand, was calculated for 
each MOF in the pristine state and after exposure to NH3. 
The counter charge per ligand (charge/ligand) was calcu-
lated by determining the ratio of reduced to oxidized het-
eroatom species (C=X:C-X, where X= O, N, Supporting In-
formation Section-XII, Method II). The oxidation state 
populations of Cu and Ni in each framework was then com-
pared to the theoretical counter charge carried by each lig-
and. This approach was used to confirm that frameworks 
were charge neutral before and after exposure to NH3 and 
that charge transfer redox events were occurring between 
metal and ligand components upon exposure to NH3 (Table 
2)  

Both Cu-based MOFs were characterized to be charge 
neutral frameworks due to the low error between direct ob-
servation of Cu2p3/2 oxidation states and those observed 
from charge/ligand observations in the heteroatom regions 
(Table 2). Changes to metal and ligand oxidation states for 
Cu-containing MOFs confirmed that oxidation or reduction 
observed in the Cu2p3/2 region was accompanied by a cor-
responding opposite redox shift at the ligand. This result in-
dicated that the metal and ligand components were redox 
partners and shifted redox balance in response to NH3 bind-
ing. By comparison, Ni-based MOFs demonstrated no redox 
shift upon exposure to NH3(Table 2). Charge/ligand analy-
sis showed that Ni3(HITP)2 was charge neutral as a frame-
work. However, a similar analysis for Ni3(HHTP)2 showed a 
notable mismatch between the magnitude of charge balanc-
ing of the organic ligands and the most probable oxidation 
state of NiII (Table 2). The disagreement between compo-
nents suggests the presence of stoichiometric charge-bal-
ancing counter ions (anions, Figure S40). This type of as-
sessment agreed with the hypothetical structure of 
Ni3(HHTP)2, which has been hypothesized to contain struc-
tural counter anions in the unit cell of the form OHx

n-.21 

Each MOF was synthesized three times, and each batch 
was subject to XPS experimentation (Figure S21-S24) to 
ensure batch-to-batch reproducibility of relative distribu-
tions of redox-active species within the MOF materials.  
While we were able to achieve batch-to-batch reproducibil-
ity in the 1-3% range (Figure S21-S24), the quantitative ac-
curacy of XPS is typically limited to an absolute accuracy of 
about 10%, due to systematic errors, for example in esti-
mating inelastic mean free paths and baseline subtraction.72 
Therefore, it was imperative to this study that while the pre-
cision we obtained allowed comparisons to be made, the ac-
curacy of the XPS experiments was supported by other 
methods. First, the XPS results concerning the oxidation 
state of Cu were internally consistent across multiple XPS 
methods (Table 2). Second, the oxidation state distributions 
obtained by XPS were corroborated by quantitative EPR 
(Table 2). Finally, our key observations focused on relative 
changes in patterns before and after exposure to gases, ra-
ther than overall quantification of surface species. This fo-
cus on relative comparisons, rather than absolute quantifi-
cation, allowed confidence in the values obtained for oxida-
tion state distributions for observable species. 

Characterization of MOFs by EPR. EPR spectroscopy of 
the pristine material Cu3(HITP)2 revealed a broad 



 

symmetric line shape with a g-value of 2.083. The g-value > 
2 indicated the unpaired electron resided primarily in a 
metal-centered orbital of CuII having a spin state of S = 1/2. 
Quantification of the radical concentration (Supporting In-
formation: Section XIV) suggested that the pristine mate-
rial existed as a mixture of Cu valences, only 36±4% of all 
Cu centers existed as EPR-active CuII (Table 2, Figure S42). 
The line shape of the EPR signal did not change after expo-
sure of Cu3(HITP)2 to NH3. However, the percentage of CuII 
decreased from 36±4% to 33±4%. (Table 2, Figure 6A). 
The small decrease in CuII was generally consistent with XPS 
analysis of Cu oxidation state. 

EPR spectroscopy of pristine Cu3(HHTP)2 material re-
vealed a broad absorbance band centered at g = 2.105.25 The 
g-value >2 indicated the unpaired electron resided primar-
ily in a metal-centered orbital of CuII (Figure 6). With expo-
sure to NH3, a new line shape included g⊥ at 2.202 which in-
dicated that the ligand field became more anisotropic with 
exposure to NH3. A concomitant increase in the intensity of 
the resonant absorbance was observed with exposure to 
NH3. Quantification of the radical concentration

Table 2. Quantification of oxidation states of metal node and organic linker components of the MOFs by three distinct XPS 
methods and one EPR method. XPS method-I was applicable to the MOFs utilizing Cu as the metal node. Method I was based 
on XPS oxidation state of CuII (for Cu node MOFS).  Method II was based on XPS ligand charges from O/N 1s BE shift intensities.  
Method III was based on EPR analysis. Values indicate the percentage of the Cu within the framework calculated to be in the 
2+ oxidation state. (± indicates standard deviation from the mean based on measurements for three syntheses of each MOF)

suggested that in the pristine material, 82% of Cu cen-
ters existed as EPR-active CuII. Upon exposure to NH3, the 
percentage of CuII increased to 94% (Figure 6). This in-
crease was consistent with XPS analysis of Cu3(HHTP)2.  

EPR spectroscopy of pristine Ni3(HITP)2 material 
showed a sharp absorbance band at g = 1.97 (Figure 6). The 
absorbance band was doubly integrated to reveal that 

7.9×10-3 % of ligands exhibited excess spin originating from 
a ligand-centered free radical. The g-value and the intensity 
of the band at g = 1.97 band did not change upon exposure 
to NH3 (Figure 6). 

EPR analysis of Ni3(HHTP)2 showed no absorbance 
across the observed range (Figure 6), consistent with the 
presence of NiII and absence of uncoupled ligand-centered 
free radicals. Exposure of the MOF to NH3 produced no ob-
servable changes in the EPR spectra. 

Analyte-induced spin density changes observed by 
EPR. EPR spectroscopy was able to reveal three important 
insights when comparing the pristine MOFs against their 
NH3-exposed counterparts. First, Cu-based MOFs exhibited 
mixed valency in the pristine state for both Cu3(HITP)2 
(36±4% CuII: 64±4% CuI) and Cu3(HHTP)2 (82±1 CuII: 18±1 
CuI). NH3 induced a slight reduction of Cu in Cu3(HITP)2 (-
3±2% CuII) and a significant shift in the oxidation of Cu in 
Cu3(HHTP)2 (+13±3% CuII). Second, analysis of the line 
shape in Cu3(HITP)2 exposure experiments suggested that 
the ligand field surrounding CuII centers was isotropic in the 
pristine state and after exposure to NH3. Similar analysis of 
line shape in Cu3(HHTP)2 revealed that the isotropic line 
shape of the pristine sample changed indicating a change in 
the coordination sphere around the EPR active center. The 

distinct responses of both materials suggested that the EPR-
active CuII centers in Cu3(HHTP)2 experienced strong inter-
actions with NH3 while those in Cu3(HITP)2 did not. Third, 
the Ni-based analogues exhibited weak or no EPR signal. 
Radical density in Ni3(HITP)2 was substoichiometric, sug-
gesting that detected radicals may be localized at defect 
sites or terminal edges of the framework, rather than a sys-
tematic part of the Ni3(HITP)2 unit cell. No radical character 
was detected in Ni3(HHTP)2, suggesting either the absence 
of radical functionality or antiferromagnetic coupling of 
radical species. No significant change in spin content or spin 
density was observed for Ni3(HITP)2 and Ni3(HHTP)2 MOFs 
upon exposure to NH3 (Figure 6). 

MOF(+analyte) Method I:  Cu
II
 Cu2p3/2 Method II: charge/HXTP Method III: CuII: S=1/2 

Cu3(HITP)2 58±1% 61% 36±4% 

Cu3(HITP)2+NH3 51±1% 52% 33±4% 

Cu3(HHTP)2 85±1% 79% 82±1% 

Cu3(HHTP)2+NH3 95±3% 92% 94±2% 

Ni3(HITP)2 theory: NiII charge/Ni: 1.90 not observed 

Ni3(HITP)2+NH3 theory: NiII charge/Ni: 1.96 not observed 

Ni3(HHTP)2 theory: NiII charge/Ni: 0.85 not observed 

Ni3(HHTP)2+NH3 theory: NiII charge/Ni: 0.82 not observed 



 

Figure 6: EPR spectroscopy provided a quantitative under-
standing of the total populations of metal oxidation states 
within the bulk as well as the surface. The first derivative of 
the absorbance spectra for each MOF is plotted for the pris-
tine material (black trace) and after exposure to NH3 (pur-
ple trace). 

Structural characterization of MOFs after gas expo-
sure by PXRD analysis. While significant changes in oxida-
tion state were observed spectroscopically, the structure of 
the MOFs remained intact, as confirmed by PXRD (Figure 
S45-S48). The HITP-based MOFs showed no observable 
change in crystal phase and no change to their powder pat-
tern upon exposure to NH3, Pyr, CD3CN (Figure S46-S47). 
The HHTP-based MOFs showed no change in crystal phase 
upon exposure to the same gases (Figure S45, S48). How-
ever, both Ni3(HHTP)2 and Cu3(HHTP)2 showed a shift of the 
diffraction peak corresponding to the interlayer stacking 
distance (Cu3(HHTP)2: [002], Ni3(HHTP)2: [004]) to lower 
2θ values (Figure S45, S48). This shift indicated that the 
adsorption of NH3, Pyr, and CD3CN in the case of 
Ni3(HHTP)2, and NH3 in the case of Cu3(HHTP)2 caused a 
small increase in the interlayer stacking distance. Using 
Bragg’s law, the increase in interlayer distance was com-
puted to be 0.014 Å for Cu3(HHTP)2 upon adsorption of NH3. 
The increase of the interlayer stacking distance was con-
sistent with the observations by Rubio-Gimenez et al. in 
Cu3(HHTP)2 thin films exposed to NH3.20 We did not use ad-
ditional heating or vacuum activation procedures before ex-
posing the MOFs to NH3. The magnitude of the peak shift we 
observe was comparable to the peak shift previously re-
ported.20 

Bottom-up control over surface chemistry, redox ac-
tivity, and host-guest interactions in HXTP-based con-
ductive MOFs. The application of four distinct and overly-
ing spectroscopic techniques including DRIFTS, EPR, XPS, 
and PXRD with several basic probe gases was able to dis-
cern the dominant type of surface acidity for each MOF as 
well as redox shifts involving MOF components consequent 
to gas binding, while confirming that all MOFs remained 
structurally intact after exposure. The selection of 

techniques allowed a detailed investigation of structural 
changes by PXRD, surface chemistry by XPS, while also al-
lowing for characterization of interactions under conditions 
relevant to chemical sensing using DRIFTS and EPR. Three 
major findings were revealed using the four complimentary 
spectroscopic methods.  

First, DRIFTS studies determined that the mode of inter-
action between basic gases and the surface of the MOFs was 
tunable and determined primarily by the nature of the or-
ganic ligand, and secondarily by the nature of the metal cen-
ter used in synthesis of the four MOFs studied. Our selection 
of probes (NH3, CD3CN, Pyr) determined that Cu3(HITP)2 
and Ni3(HITP)2 were dominated by weak LAS, while 
Cu3(HHTP)2 and Ni3(HHTP)2 were dominated by strong LAS 
and strong BAS (Figure 7A). 

The second major finding of this work was that NH3 in-
duced a shift in oxidation state of Cu in Cu3(HITP)2 and 
Cu3(HHTP)2 (Figure 7B). This finding was consistently re-
vealed by XPS and EPR. The shift observed by XPS was mod-
erate for Cu3(HHTP)2 (a shift of +10±2% towards CuII) and 
opposite (-9±4% towards CuII) for Cu3(HITP)2. EPR con-
firmed a significant shift observed for Cu3(HHTP)2 (+12±3% 
towards CuII) The resulting distribution of oxidation states 
of CuII by these two methods were in good agreement (EPR: 
94±2%, XPS:95±3%). To rationalize this shift in oxidation 
state in Cu3(HHTP)2, we propose a mechanism where the re-
duction potential of the Cu centers decreases when NH3 is 
adsorbed (Figure 7B). In this scenario the electrons liber-
ated by the oxidized copper would be shuttled to non-inno-
cent dioxolene linkers maintaining charge balance within 
the neutral framework. Using XPS we confirmed that the Cu-
based frameworks were charge-neutral before and after 
NH3 exposure and the ligand components of Cu3(HHTP)2 
were reduced in response to NH3. The oxidation state shifts 
observed for Cu3(HITP)2 were small, but internally con-
sistent between magnitude of reduction of Cu-components 
(-6% CuII) and oxidation of ligand components. This evi-
dence suggests that the redox balance between ligand and 
metal readily underwent rearrangement upon adsorption 
of basic gases.  

Third, the two examples of Ni-based systems showed 
surface chemistries of LAS (Ni3(HITP)2) or BAS and LAS 
(Ni3(HHTP)2) by DRIFTS. Despite having amenable surface 
acidities, neither system exhibited strong ring perturba-
tions by DRIFTS after exposure to NH3 and CD3CN, com-
pared to the Cu-containing analogues. Similarly, no oxida-
tion or reduction of NiII centers in response to NH3 was ob-
served by either EPR or XPS (Figure 6). This observation 
provided further evidence for the importance of the Cu 
metal center in providing redox capabilities in response to 
gas binding. 

The experiments performed in this body of work have 
determined that MOFs containing redox active metals (Cu) 
and ligands are more electronically responsive to the pres-
ence of basic gases, such as NH3, when compared to MOFs 
that only contain redox active ligands (Ni3(HHTP)2, 
Ni3(HITP)2). This trend is reflected in the reactivity ob-
served as part of chemiresistive studies performed by us 
and others.11-14, 20, 23 Consensus among published reports in-
dicates that Cu is superior to Ni for construction of MOFs 
that exhibit operative changes in resistance when exposed 



 

to NH3 gas.11-14, 20, 23 Specifically, previous studies have found 
that Cu3(HHTP)2 and Cu3(HITP)2 exhibit a partially reversi-
ble increase in resistance upon exposure to NH3 while 
Ni3(HHTP)2 and Ni3(HITP)2 exhibit minimal change or no 
change in resistance in response to similar conditions.11-14, 

20, 23  This work indicates that the Cu-containing MOF ana-
logues exhibit observable redox shifts among framework 
components, perturbations to the BEA, and partially re-
versible binding of NH3, while Ni-based MOFs exhibit mini-
mal observable redox activity among framework compo-
nents when exposed to NH3. This general observation is also 
consistent with our previous report of voltammetric char-
acterization of redox activity of this class of framework ma-
terials deposited on the surface of glassy carbon electrodes, 
which revealed strong voltage-driven redox processes for 
Cu-based MOFs, and absence of such processes for Ni-based 
MOFs.73 

Our studies using PXRD and DRIFTS also provide the 
conclusion that when NH3 displaces water to adsorb at 
Lewis acid sites, the binding is strong and irreversible, and 
does not lead to a structural changes (Ni3(HITP)2, 
Cu3(HITP)2). Alternatively, when it coordinates to BAS, it is 
more reversibly bound, and it induces structural changes in 
the aromatic ring system (Cu3(HITP)2, Ni3(HITP)2). The re-
sulting structural changes manifest as small increases in the 
interlayer stacking distance. The increased stacking dis-
tance was consistent with a decrease in the BEA for HHTP-
based MOFs and a decrease in the conductivity observed by 
us an others in response to NH3.3, 13, 20  

Direct comparisons cannot be made between previous 
studies and this work for two main reasons. First higher 
concentrations of analytes, necessary for spectroscopic 
analysis, were used in this study while sensing experiments 
typically use low ppm concentrations. Second, chemiresis-
tive sensing experiments are performed under an applied 
potential, which may alter the balance of redox states from 
what we observe in this work.  

Despite these limitations, certain interpretations rele-
vant to the transduction mechanism of chemiresistive 
sensing can be inferred from the results we have obtained. 
First, redox activity of the metal is an important feature of 
2D MOFs designed for chemiresistive sensing. Second, that 
the partial reversibility observed in the chemiresistive re-
sponse of Cu3(HHTP)2 to NH3 could be due to the presence 
of combined weak Brønsted acidity and Lewis acidity ob-
served on Cu3(HHTP)2 by spectroscopic methods. Third, 
the reversible decrease in the BEA of Cu3(HHTP)2+NH3 
correlates with the conductivity decrease observed in 
chemiresistive sensing of NH3.3, 13, 20 Similarly, the reversi-
ble increase in the BEA observed for Cu3(HITP)2+NH3 cor-
relates well with the conductivity increase observed 
chemiresistively.14 

CONCLUSIONS 

This paper provides the first explicit identification of 
specific interactions between basic gases and surface host 
sites for a series of 2D conductive MOFs. Using a series of 
four structurally similar MOFs, we have shown that surface 
chemistry in this class of materials can emerge through self-
assembly. Across the four MOF structures compared herein, 
the identity of the metal center (Cu, Ni) and the identity of 
ligand (HITP, HHTP) contribute significantly towards the 

surface chemistry and the response of embedded host-sites 
toward basic probe gases (NH3, CD3CN, Pyr). We identified 
the organic ligand as the primary determinant of acidity 
(LAS, BAS), while the metal center was the primary deter-
minant of redox activity in response to binding NH3. 
Through four complementary spectroscopic methods, we 
showed that the electronic structure of these MOFs is mod-
ulated on the molecular scale by the presence of the analyte 
probe, while preserving the structural fidelity of these ma-
terials. The enhanced redox activity of the Cu-based MOFs 
compared to their Ni-analogues demonstrated that metal 
centers, when paired with non-innocent ligands, could im-
part stimuli-responsive functionality to a bulk framework. 
Although results do not explicitly identify the individual 
contributions of edge site, basal plane, and pore volume to 
the overall observed surface chemistry, PXRD results and 
similarity of the XPS and EPR estimates of the oxidation 
state shifts indicate that NH3 is bound through the pore vol-
ume, in a manner consistent with the model proposed by 
Rubio-Gimenez et al. Our work furthers their proposed 
mechanism of chemiresistive sensing by highlighting the 
importance of BAS in the structural changes observed by 
PXRD. The correlations we observe between baseline BEA, 
chemiresistive sensing, structural changes, and redox shifts, 
indicate a complex sensing mechanism where structural 
and compositional factors directly and indirectly influence 
the ability of these materials to transduce adsorption of 
basic gases.  

As the structures of stacked 2D materials are highly ani-
sotropic, we anticipate that identifying the chemistry on 
distinct surfaces will provide insightful information into the 
structure–property relationships of these morphologically 
diverse materials. Further investigation of the reactivity of 
specific crystalline facets through spectroscopic and com-
putational methods has the potential to provide insight into 
how facet-specific surface chemistry dominates function 
within this class of crystalline materials. 

 



 

 
Figure 7. A) Summary of general trends in acidity and re-
dox activity of MOFs probed by basic gases. B) Proposed 
mechanism for the shift of oxidation states observed for Cu-
containing species upon binding of a basic gas. B: - basic gas, 
M - metal center, X - ligand heteroatom, L - ligand (H2O at 
edge sites, heteroatom from HXTP at basal plane sites). 

Recent reports by Long74 and Marti-Gastaldo24 describe 
chemiresistive behavior from a mechanistic perspective for 
MOFs composed of metal bis(dithiolene) and metal bis(di-
oxolene) linkages, respectively. The report by Long and 
coworkers identified the degree of solvation to be highly im-
portant in the conductivity of MOFs that perform chemical 
sensing using physisorption-based chemiresistivity.74 Work 
by Marti-Gastaldo and coworkers investigated NH3 binding 
to Cu3(HHTP)2 sheets.24. As noted by Long and coworkers, 
an important line of inquiry focuses on the behavior of re-
dox active frameworks and adsorbates.74 Our contribution 
offers an important step towards this goal by investigating 
the stimuli-responsive redox state of components within 
the framework and how components ultimately control sur-
face chemistry. The findings presented in this report are 
valuable for understanding the complexity of sensing capa-
bilities across this family of materials,1, 13, 15, 23, 75 and for de-
sign of future chemiresistive systems. 

This contribution clarifies and highlights the role of bot-
tom-up differentiation of surface acidity and redox activity 
of 2D conductive materials. Our studies established that the 
previously observed differential chemiresistive response of 
this class of MOFs stems from the dual interplay between 
surface acidity and redox activity. We anticipate that this re-
port will provide a foundation for the continued exploration 
of redox activity and adsorbate-modulated redox activity in 
this class of materials. Ultimately, this work provides a nec-
essary and useful tool to allow the development of these 
materials towards targeted applications. 
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