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Abstract: We report on transmission holographic gratings doped with metal organic frameworks
(MOFs). As a first attempt, we focused on MOF-199, also known as HKUST-1, which is an efficient
adsorbent of VOCs. HKUST-1 is not soluble in the pre-polymerized holographic mixture. For
this reason, samples containing HKUST-1 show high light scattering. In this work, the recording
of HKUST-1-doped one-dimensional transmission phase gratings is demonstrated. The optical
properties of the recorded structures, such as diffraction efficiency and average refractive index
changes, are reported by using angular analysis measurements. A first attempt to demonstrate the
possibility of using the doped gratings as sensors is also reported.

Keywords: holography; gratings; metal organic framework; volatile organic compounds; polymers;
sensors

1. Introduction

The ability of metal organic frameworks (MOFs) to adsorb harmful gases is very well
known and assessed [1,2]. MOFs allow the adsorption of many kinds of gases, such as SO2,
NH3, Cl2, and CO [1]. The adsorptive behavior of MOFs is also studied in the presence
of semi-VOCs, volatile fatty acids (VFAs), phenols, and indoles. In particular, the ability
of some MOFs to adsorb semi-VOCs with strong affinity towards the polar ones (such as
skatole), rather than the non-polar ones (such as benzene), is well established [3]. In these
studies, a very strong affinity of HKUST-1, also known as MOF-199, towards polar VOCs is
reported. As a matter of fact, HKUST-1 is even suitable for the solid-phase micro-extraction
of VOCs from air samples [4]. From an optical point of view, MOFs are studied using the
light-matter interactions once guest-VOCs are adsorbed in host-MOFs. The adsorption of
the guest-VOCs in the host-MOFs determines changes in the average refractive index of the
grating structure that are detected by using optical holography [5,6]. The average grating
refractive index changes can be also detected with very high sensitivity by using different
optical techniques [7–9]. In this work, angular selectivity measurements are used to detect
and characterize MOF-doped holographic gratings (H-MOFs) where the HKUST-1 is the
used MOF. Moreover, the same experimental technique is used to detect the presence of
VOCs in these MOF-doped holographic gratings. To summarize, in this study, we explore
the possibility of incorporating MOFs into a high-resolution transmission grating and
use this structure as a high-sensitivity sensor for the detection of VOCs through angular
selectivity measurements.
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2. Materials and Methods

In this study, 1-vinil-2-pirrolidone (NVP), di-pentaerythritol-penta/hexa-acrylate
(DPHPA), a couple of photo-initiators, namely bisacylphosphine oxide (I819) and 4,5,6,7-
tetrachloro-2′,4′,5′,7′- tetraiodofluorescein (RB), benzene-1,3,5-tricarboxylate (BTC), copper
nitrate trihydrate (Cu(NO3)2·3H2O), and ethanol (EtOH) came from Merck, Darmstadt,
Germany; HKUST-1 was synthesized by us.

2.1. HKUST-1 Synthesis

HKUST-1 was synthesized by us, as previously reported in the literature [10].

2.2. H-MOF1 Mixture Preparation

The procedure involves the following four steps: (1) HKUST-1 is reduced to a fine
powder; (2) 90% w/w of DPHPA monomer and 10% w/w of HKUST-1 are blended together
under magnetic stirring for 24 h to form the MIX-A; separately, (3) NVP 10% w/w is mixed
with DPHPHA 80% and 10% MIX-A are blended together for a further 3 days; (4) finally,
0.1% RB and 0.1% I819 are added. The system is left under stirring for many days in
darkness. Then, the system is put to rest at room temperature and under darkness, to allow
the deposition of unsoluble HKUST-1 on the bottom of the reaction environment. At this
step, the HMOF1 is filtered and a homogeneous suspension is obtained.

Summarizing, the final mixture contains 1% HKUST-1, 0.1% RB, 0.1% I819, 89%
DPHPA, 10% NVP.

2.3. H-MOF2 Mixture Preparation

The mixture is prepared by suspending 3% HKUST-1 in a mixture containing 0.1% RB
dispersed in DPHPA. The mixture is kept under magnetic stirring for 1 week. Finally,
a droplet of the H-MOF2 mixture is placed between two microscope glasses.

2.4. Sample Preparation

Samples with two different thicknesses (50 µm and 5 µm) are prepared. The mixture
is inserted by capillarity in a sandwich formed by two 1-mm-thick microscope glass slides
separated by mylar spacers.).

2.5. Hologram Recording and Optical Characterization Set-Up

In Figure 1a is reported the holographic set-up used to write holograms in reflection
geometry. Two CW s-polarized laser beams operating at λw = 532 nm are used to write
a one-dimensional (1D) holographic periodic structure in our samples. The irradiated
area has a radius of ≈2.5 mm, and the writing power is 150 mW per beam. When the 1D
interference pattern impinges on the holographic photo-polymerizable material, photo-
polymerization and phase separation between the different components of the starting
mixture occur [11,12]. The final result is a grating formed by a periodic distribution of inert
compound-rich domains, corresponding to the dark regions of the interference pattern, and
solid polymer-rich domains corresponding to the illuminated areas of the light spot. The
recorded structures are optically characterized by using the setup reported in Figure 1b.
In this setup, the sample is placed on a stepper goniometer having an angular resolution
of 0.036 degrees and rotates around the Bragg angle corresponding to the red He-Ne
wavelength. For each angle, two photo-detectors connected to a data acquisition system
acquire the transmitted and diffracted signals.
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Figure 1. Schematic representation of the writing (a,b) angular analysis set-ups. G = computer-
controlled goniometer; λ/2 = half wavelength plate; P = polarizer; M = mirror; 2x BE = 2x beam
expander; BS = beam splitter; S = sample; d and t = diffracted and transmitted beams, respectively;
PD = photo-detector; sl = slit; DAS = data acquisition system.

3. Results

Two different mixtures, H-MOF1 and H-MOF2, and two different thicknesses (50 and
5 µm) are used in our experiments. Typical samples containing the recorded holograms are
reported in Figure 2. After the writing process, the grating area is transparent. Angular
selectivity data, acquired with the setup sketched in Figure 1b concerning the two used
thicknesses, are reported in Figure 3a and 3b, respectively. In particular, the normalized
intensities of the diffracted beams as a function of the difference between the incidence
angle and the Bragg angle are reported. By applying the Kogelnik theory, a good agreement
between experimental data and theory is obtained and superimposed as a red line in both
figures. The calculated diffraction efficiency for the high-resolution transmission grating
written in the thick samples is ≈0.8%, while for the thinner ones, the diffraction efficiency
is ≈0.1%. A different set of measurements concerns H-MOF2 (see Figure 4). The measured
diffraction efficiency for the H-MOF2-doped samples is higher (≈6%) with respect to the
ones previously measured in H-MOF1-doped samples. Due to the better signal to noise
ratio, in the following, a first qualitative approach to establish the possibility to use H-
MOF2 as a sensor is reported. To this aim, we used 90% denatured alcohol containing
aldehydes and esthers derived from the fabrication procedure. The results are summarized
in Figure 4. In this figure, the empty circles represent the intensity of the diffracted beam
as a function of the angle variations ∆θ = θ − θB after removing one glass slide from the
sandwich forming the sample. After 30 min of exposure to alcohol vapors, the angular
analysis shows higher diffraction efficiency values, as reported in Figure 4 as a continuous
red line. At the end of this process, we heated the sample using a warm-air gun for a few
minutes. By repeating the angular analysis, we found the same starting values of diffraction
efficiency. In the figure, they are reported as filled triangles. In other words, the sample
reverts to its initial state.

Figure 2. Typical thick and thin samples recorded with the setup reported in Figure 1a.
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Figure 3. Intensity of the diffracted beam as function of the difference between the incidence angle
and the Bragg angle for (a) thick and (b) thin samples. The red curve represents the fit of the
experimental data obtained with the Kogelnik theory.

Figure 4. Intensity of the diffracted beam as function of ∆θ = θ − θB after removing one glass slide
(empty circles), after 30 min of exposure to denatured 90% alcohol vapors (continuous red line), after
heating with a warm-air gun for a few minutes (filled triangles).

4. Discussion

The aim of our work is to demonstrate the feasibility of creating holographic gratings
containing MOFs (H-MOFs) where HKUST-1 is the MOF dopant. As specified in the Mate-
rials and Methods section, holographic gratings are recorded by using a one-dimensional
interference pattern of light at λ = 532 nm on a photo-polymerizable multi-functional acry-
late monomer mixture. This mixture has been used in recent years as a basic mixture for
many photonic applications [13,14]. The main physical properties of multi-functional acry-
lates reside in their ability to store in a high-resolution periodic structure (∼2000 lines/mm)
information related to the incoming polymerizing light, such as polarization [15,16], phase,
and wavelength [17]. The main issue in realizing holographic gratings made by acry-
late and MOFs resides in the inhomogeneity of the pre-polymerized mixture, because
HKUST-1 is not soluble in acrylate. To increase the sensitivity of our gratings, we tried
two different approaches: in the first one (H-MOF1), the sample is fabricated in a low-
viscosity environment by adding NVP to the mixture as a cross-linker and solubilizer
for DPHPA [18]. Furthermore, in appropriate relative concentrations, NVP is known to
increase the photo-polymerization rate in holographic grating systems [19]. In this case,
HKUST-1 is deposited on the bottom of the reaction environment and a homogeneous
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suspension is easily obtainable by filtration (see Materials and Methods). In the second
approach, to increase the sensor’s ability in detecting VOCs, we simplified the mixture
by using a three-component mixture in which NVP was not present (H-MOF2). Taking
into account H-MOF1, in order to verify the effects of the sample thickness on the optical
properties of the recorded periodic structures, we realized the grating on thick (50 µm)
and thin (5 µm) samples. Two typical holograms are shown in Figure 2. At a first visual
inspection, the grating spot is transparent, which is a clear signature of the consumption of
the photo-initiator under photo-polymerization. The results of the angular analysis related
to 50 µm and 5 µm thicknesses are reported in Figures 3a and 3b, respectively. From these
plots, it is possible to retrieve the diffraction efficiency of the grating, the grating pitch,
and the grating refractive index modulation for each sample. The diffraction efficiency
is defined as η = Ii/(It + Id), where Ii is the impinging intensity, and Id and It are the
diffracted and transmitted intensities, respectively. In our samples, the measured maximum
diffraction efficiency values are ∼0.8% for the thick ones and ∼0.1% for the thin ones. Both
values are very low, probably due to the effects of the low concentration of MOF in the
suspended H-MOF1 mixture. In any case, the diffracted beam is still present and detectable
by using the high-sensitivity experimental setup reported in Figure 1b. The Full Width at
Half Maximum (FWHF) relative to the central peak is approximately ∼0.022 and ∼0.1 rad
for the thick and thin sample, respectively. The well-known expression of the diffraction
efficiency, derived by the theory [20], can be used to fit the experimental data. Accordingly,
the diffraction efficiency of a one-dimensional transmission phase grating can be written as:

η(d) = e−2αd
sin
(√

(ν2 + ξ2)
)2

1 + ξ2

ν2

(1)

with coupling and detuning parameters, respectively, defined as:

ν =
πδnd

λ cos(θ)
(2)

ξ = ∆θβd sin(θB) (3)

where δn is the induced refractive index variation, d the grating thickness, λ the reading
wavelength in the free space, θ the angle of incidence, θB the Bragg angle, ∆θ = θ − θB,
n the average refractive index of the medium and β = 2πn/λ. The agreement between the
theoretical expression and the experimental data is excellent and allows the determination
of the grating refractive index modulation δn ∼ 0.013 for the thick samples and δn ∼ 0.027
for the thin ones using a measured Bragg angle θB = 0.448 rad. The grating thickness
derived from the fit of the thick samples gives a value ≈20 µm, indicating a partial writing
of the grating inside the volume of the sample, due probably to the strong attenuation of
the writing light intensity inside the sample itself. In order to check the sensitivity of the
H-MOFs in detecting volatile compounds, we tested the grating containing the H-MOF2,
having a higher concentration of HKUST-1. Once the grating was formed and characterized
(diffraction efficiency ca. 6%), the sandwich was opened by removing one glass slide.
After this, we placed the sample in proximity to a small Petri dish containing 5 mL of
denatured alcohol 90% in a sealed environment. In this experimental condition, the grating
is exposed—at room temperature—to the vapor alcohol and, reasonably, to aldehydes (keto-
aldehydes) and esthers, which are the waste products of the food industry from which the
denatured alcohol derives. The intensity of the signal increases after 30 min of exposure,
as reported in Figure 4, strongly suggesting the adsorption of the volatile compounds
present in the denatured alcohol by the MOF. As a counter-proof, we heated the sample for
5 min to a temperature of 100 ◦C and repeated the measurement. The result, illustrated
in Figure 4, indicates the decreases in the intensity of the signal to the starting value,
reasonably due to the decrease in the average refractive index between the polymerized
and MOF-containing parts. The sample is then left for many hours at room temperature
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in aerobic conditions and the angular analysis is repeated, with no observable changes in
the diffraction intensity. The series of measurements is repeated several times, reporting
substantially the same results. Even if the mixture and the experimental techniques could be
improved by adding further tests, these results strongly suggest that H-MOFs are suitable
for the highly sensitive detection of VOCs, with possible applications in many contexts
(e.g., the detection of VOCs—deriving from the degradation of coatings in paintings and
frescos—is very important in heritage science).

5. Conclusions

We obtained gratings with different H-MOF formulations and at different sample
thicknesses. While the diffraction efficiency is very low (ca. 0.8% vs. ca. 6%), the angular
analysis clearly reports on the grating formation and its quality. By angular analysis, it is
also possible to monitor the ability of the H-MOF sensor to detect towards denatured
alcohol. A first series of measurements demonstrating the sensor activity is reported.
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