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Figure 27 Infrared spectra of temperature programmed desorption of CO2 from DC-3 dosed at 100 K
and background pressure of 10° Torr

Section 3: Nonpolar analytes

Non-polar analytes such as butane, hexane and heptane are chosen for temperature
programmed studies. Butane being a small molecule is expected to easily pass
through the pores of DC-3, DC-4 (23 A) while hexane, heptane on the other hand
are larger than butane and are expected to be adsorbed more on the surfaces of
DC-3, DC-4.

e DC-3: The sp® C-H stretching at 2900- 3000 cm™ was present in the
infrared spectra of adsorption of butane and hexane (fig 28 and fig 29).
However, the intensity of sp3® C-H stretching of butane is lower compared
to the intensity of sp3 C-H stretching of hexane. These results support our
hypothesis and suggest that majority of the butane is going into the pores
of DC-3.

In the infrared spectra taken during desorption, the peak corresponding to
sp® C-H stretching of both the analytes (fig 30 and fig 31) decreases with
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Figure 29 Infrared spectra of adsorption of hexane on DC-3 at 100 K, background pressure of 10° Torr

Figure 30 Infrared spectra of temperature programmed desorption of butane from DC-3 dosed at 100 K and
background pressure of 10-° Torr

100K —» 473K

Figure 31 Infrared spectra of temperature programmed desorption of hexane from DC-3, dosed at 100 K and
background pressure of 10° Torr
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Interestingly the intensity of sp3 C-H stretching taken during the desorption
of butane increases first and then decreases to same intensity with
increase in temperature. We suspect a screening effect for butane
adsorption in the framework of DC-3 due to its size but more experiments
have to be performed to confirm this.

e DC-4: Infrared spectra of adsorption of heptane on DC-4 (fig 32) also
shows sp® C-H stretching and the peak intensity increases with increased
dosing of heptane.
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Figure 32 Infrared spectra of adsorption of heptane on DC-4 at 100 K and background pressure of 10-° Torr.
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Figure 33 Infrared spectra of temperature programmed desorption of heptane from DC-4, dosed at 100 K and
background pressure of 10-° Torr

The infrared spectrum of desorption of heptane (fig 33) shows a decrease in
intensity of sp® C-H stretching with increase in temperature. However, the broad
peaks ranging 2300- 1700 cm™* could not be attributed to any vibrational
stretching of either heptane or DC-4 itself. This supports our hypothesis that
changes might occur in the framework of DC-4 upon interaction with analytes or
increase in temperature.
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Figure 34 TPD-MS spectra of butane m/z = 43 fragment dosed on DC-4 at 123 K and background pressure of 10-°
Torr
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Figure 35 TPD-MS spectra of hexane m/z = 57 fragment dosed on DC-4 at 123 K and background pressure of 10-°
Torr

Mass spectra taken during temperature programmed desorption of butane (fig
34), hexane (fig 35) from DC-4 are very interesting. Multiple peaks are seen in
both cases suggesting multiple binding sites for these molecules. As the dosing
of these non-polar gases increases, the number of peaks in the mass spectra
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increases which means that multilayer adsorption of butane and hexane is

occurring on DC-4. The Tmax and energy of desorption are reported in Table 3

Analyte Temperatures of maximum Edes (KJ/mol)
desorption (K) calculated using Redhead
analysis
Acetone e 155 e 395
e 158 e 40.3
e 163 o 417
o 178 e 456
CO2 e 126 e 319
e 129 o 327
e 139 e 353
Butane e 159 e 40.6
e 169 e 43.2
e 176 e 451
e 198 e 509
o 208 e 536
o 240 e 62.1
o 245 e 635
e 261 e 67.8
Hexane e 168 e 43.0
o 173 o 443
e 180 e 46.2
e 202 e 520

Table 3 Temperatures of maximum desorption, energies of desorption of acetone, CO2, butane, hexane from COF
DC-4 calculated using Redhead analysis
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Chapter 4: Conclusion and future perspectives

In summary we have synthesized boron carbon nitride, with two different approaches,
one using lab grade tissue paper as a source of carbon and other by using COF DC-4
as a source of carbon. The former approach did not yield a crystalline, porous BCN but
the latter one did.

COFs DC-1, DC-2, DC-3, DC-4, were synthesized and studies on the interactions of
COFs DC-3 and DC-4 with various polar, non-polar and industrially relevant analytes of
interest, using temperature programmed techniques, were performed.

To the best of our knowledge, this is the first work that reports the usage of TPD surface
technique to analyze the interactions of COFs with various analytes.

From the temperature programmed studies we have seen that methanol doesn’t interact
with DC-3 and DC-4. On the contrary, polar analyte like acetone shows considerable
adsorption on DC-3 and DC-4.

CO2 shows very little desorption from DC-4 evident form the mass spectra taken during
desorption. No adsorption or desorption of CO2 is seen from DC-3 which is clear from
the infrared spectra taken during adsorption as well as desorption.

A screening effect is expected when butane interacts adsorbs within the pores of DC-3,
whereas hexane and heptane, whose size is more than the pore size of the COFs,
adsorb on the surface, interact strongly with the infrared radiation.

The overall performance of DC-3 and DC-4 as sorbents is commendable. However,
neat COFs (without any nanoparticles loaded) DC-3 and DC-4 are weak sorbents
compared to other porous materials such as MOFs (ref UiO-67), and layered materials
(such as CNT and graphite). Hence, as a next step, we plan to load noble metal (Pd)
and transition metal nanoparticles (Co, Ni) on these COFs which would increase the
number and the diversity of active sites on them. TPD techniques will be exploited to the
maximum possible extent to study the interactions of different sized nanoparticles with
the analytes of interest and the dependence of adsorption on the cluster size of
nanoparticles loaded on the COFs.

Theoretical calculations and simulations for the adsorption on neat COFs as well as
metal nanopatrticles loaded COFs will be done to support our hypothesis.

Finally, water adsorption and desorption kinetics will be studied using TPD techniques.
Our current experimental setup doesn’t allow the study and analysis of water as it
adsorbs everywhere in the system. However, theoretical modelling and simulations can
be done which would guide us and give an insight of the interesting mechanisms that
occur in these COFs and suggest which COF would be best suited for temperature
programmed studies.
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Chapter 6: Appendix

Infrared spectra of DC-3 and DC-4 coated on tungsten mesh, used as a reference

for spectrum subtraction.
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Figure 36 Infrared spectra of DC-3 on tungsten mesh, used as reference spectra for subtraction, taken at 100 K and

base pressure of 10° Torr
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Figure 37 Infrared spectra of DC-4 on tungsten mesh, used as reference spectra for subtraction, taken at 100 K and
base pressure of 10° Torr

Calculation of dosage of analyte from adsorption

Adsorption of any analyte is done by plotting the total pressure (Torr) of the system vs
time (sec) for which the dosing is performed. One Langmuir (1L) = 10 Torr-sec.
Hence the area under the graph of total pressure (Torr) vs time (sec) when divided by
10% Torr-sec gives us the dosing amount of the analyte in the units of Langmuir.
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Figure 38 An example of adsorption of 109 L dosing of an analyte at temperature 110 K and base pressure of 10°
Torr
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There are a few assumptions made in the Redhead analysis model of desorption, which
yields a simple relation between Tmax, energy of desorption and pre-exponential factor,
which are:

a. Kinetics parameters of desorption are independent of surface coverage
b. Desorption follows first order kinetics

Incorporating the above conditions, the relation between Tmax, energy of desorption and
pre-exponential factor is derived

commonly chosen value
A=101s1

Tmax

BEqes = RTpax [In=—3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Estimated as ~ 3.46

Figure 41 Final equation of Redhead analysis used to calculate the
energy of desorption

Frequency factor A is chosen to be 102 s and the 2" term in the parentheses is taken
as 3.46. Using the above equation energy of desorption are calculated within 1.5%
error range of the accepted values.
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