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1. Introduction

This research report summarizes the work completed on the project that studied the
mechanism of formation for a prototypical metal-organic framework (MOF), using a technique
called small-angle X-ray scattering (SAXS). MOFs are adiverse class of compoundsin
inorganic chemistry, and exhibit highly-ordered, porous multi-dimensional crystalline structures
[1]. Furthermore, MOF research is of significant interest throughout various fields of chemistry
due to the various technically relevant applications of these materials[2].

Despite significant advances since the start of the century, the challenge of synthesizing
atarget MOF has remained a non-trivial impediment to scientists. There have actually been cases
where anew MOF was discovered by incident rather than by design [3]. Traditionally, to gain a
comprehensive understanding of a MOF system has required implementing a “trial and error”
method, where exhaustive sets of reactions are performed to identify a viable phase [4].
Developing a system for the rational design of new MOFs would greatly simplify this process,
and this was the motivation for this work. Our approach submits that determining a mechanism
of formation for MOFs would bring a solution to this challenge.

We have elected to study the MOF HKUST-1 (Hong Kong University of Science and
Technology), one of the most extensively researched MOFs reported in the literature [5].
HKUST-1 is a copper-based MOF which utilizes the 1,3,5-benzenetricarboxylic acid (HsBTC,
HsTMA, trimesic acid) ligand. HKUST-1 has been shown to be useful for applications such as

the removal of toxic chemical warfare agents [6], the storage of greenhouse gases like methane



[7], and the storage of dihydrogen gas, making HKUST-1 useful to be integrated into hydrogen
fuel cells[8]. Furthermore, there have been two recently reported facile synthetic procedures
which produce HKUST-1 in-situ, using readily available and inexpensive reagents [9, 10].

Our approach was to apply these synthetic methods with a structural characterization
technique called small-angle X-ray scattering (SAXS), in atime-resolved manner. Traditional X-
ray diffraction (XRD) techniques provide static structural information on crystalline materials.
The advantage for using SAXS s that in addition to collecting crystal structure information
similar to XRD, structural information is also provided for amorphous and nanoscale solids.
SAXS has been successfully used previoudy to study MOF formation, including one study
involving HKUST-1 where a Keggin-type polyacid was used as atemplate [11]. This project has
aimed to determine the role of the solvent and of the anion of the copper salt in the mechanism of
formation of HKUST-1.

This project was a continuation of a collaborative project between my home institution of
Syracuse University (Syracuse, NY, USA), and the Graz University of Technology (TU Graz,
Graz, Austria). This project was originally conceived in 2013 by my advisor Dr. Karin Ruhlandt,
who is now the Dean of the College of Arts & Sciences at Syracuse University, and Dr. Heinz
Amenitsch, aprofessor at TU Graz and the managing beamline scientist at the Austo-SAXS
beamline at the Elettra Synchrotron in Trieste, Italy.

My involvement began with the first experiments being conducted at Elettrain January of
2014 with Dr. Ruhlandt, who at the time was a visiting professor of chemistry and a Fulbright
Fellow at TU Graz. | continued these experiments with Dr. Amenitsch the following summer
during aten-week stay at TU Graz as an international undergraduate researcher. During these

experiments we used a “batch reactor” set-up, where we combined a solution of a copper



precursor with a stirring solution of the ligand (HsTMA), and we continuously cycled the
reaction mixture into the path of the X-ray beam, thereby continuously collecting structural
information on the reagents and products. In some cases however, the product formed
instantaneously. Additionally, the batch reactor did not provide a homogeneous environment,
meaning the reaction could have progressed further in some parts of the reaction vessel than
others.

We discovered that because of these issues, this approach would not be able to
adequately characterize a M OF mechanism for HKUST-1. The solution | offered in my proposal
to the Marshall Plan Foundation, in collaboration with both Dr. Amenitsch and Dr. Ruhlandt,
was to utilize a stop-flow set-up. A stop-flow system exerts homogeneous control over the
combination of the reagents and can also provide for extremely fast time-resolutions. This report
details the experiments we have run to synthesize HKUST-1 using a stop-flow set-up combined
with time-resolved SAXS. The series of experiments which we have conducted have resolved the
time-resol ution challenge, which we were unable to overcome in our preliminary experiments.
Finally, our work had adopted a successful synthetic strategy where a series of experiments were
performed with systematic manipulation of the solvent system and copper precursor.

2. Methods and M aterials
2.1 Reagents and Solution Preparation

All copper reagents were used as received. Copper (11) acetate monohydrate
[ Cu(CH3CO»)2-H20, Cu(OAC)2-H20; =98%], copper (11) nitrate hemi(pentahydrate)
[CUu(NO3)2-2.5H20; 99.99%)], copper (I1) sulfate (CuSOs, 299.0%), and copper (I1) chloride
dihydrate [ CuCl-2H20, 299.0%] were all acquired from Sigma Aldrich. The ligand 1,3,5-

benzenetricarboxylic acid (HsBTC, HsTMA, trimesic acid) was also acquired from Aldrich



(95%) and used as received. Solvents used for copper salt and ligand solutions were deionized
water, methanol (J. T. Baker, 299.8%), ethanol (Fluka Analytical, 299.8%), and isopropanol (J.
T. Baker, 299.7%). All solvents were used without further purification.

Solutions of the ligand and copper salts were prepared according to established literature
procedures [9, 10]. The template for preparing these solutions was to use 3.67 mmols of a copper
salt combined with 40 mL of a solvent to provide a0.0918 M solution. Cu(OAc)2-H20 is not
soluble in alcohols, so only an agqueous solution was prepared by combining 0.74 g of
Cu(OAC)2-H20 with 40 mL of deionized water. Rigorous stirring after several minutes resulted
in alight-blue solution. Cu(NOs).-2.5H>0 was solublein all of the solvents, so for four separate
solutions approximately 0.84 g of Cu(NO3)2-2.5H20 was combined with 40 mL of solvent,
respectively. The copper salt dissolved readily with stirring, resulting in solutions which were
increasingly blue in color as the solvent polarity decreased. CuCl2-2H>0 was also soluble in each
of the solvents. Four solutions were each prepared using 0.62 g of CuCl-2H2>0 combined with
40 mL of water, methanol, ethanol, and isopropanol (respectively). Similarly to the
Cu(NO3)2-2.5H20 solutions, the solutions of CuCl»-2H-0 exhibited a more intense color (green)
as the solvent decreased in polarity. Only an aqueous solution of CuSOas was prepared as CuSO4
isinsoluble in alcohols. The solution was prepared using 0.57 g of CuSO4 and 40 mL of
deionized water, resulting in a clear faintly blue solution. Solutions of HsTMA were prepared
using approximately 0.50 g of the ligand and 150 mL of each solvent. After sonication for
approximately 10 minutes the solid ligand dissolved resulting in clear solutions. The preparation
of the aqueous ligand solution required an addition of 0.6 g (7.14 mmols) of sodium bicarbonate

in order to increase the reactivity and solubility of the ligand.



2.2 Equipment Description and Experimental Apparatus

Small-angle X-ray scattering (SAXS) measurements were collected at the Austro-SAXS
beamline at the Elettra Synchrotron facility in Basovizza, Italy. The intense synchrotron X-ray
radiation was delivered to the beamline from the storage ring at an energy of 8 keV. The beam
was passed through a monochrometer to provide X-ray light of wavelength 0.154 nm. The X-ray
beam was then collimated and then inserted into the experimental hutch, where the samples were
irradiated. The intensity and scattering vector (g, 0.1 < g < 7) of the scattered X-rays were then
measured by a Dectris 2D Pilatus 1M detector.

When the X-ray beam is opened into the experimental hutch, it isimpossible to directly
handle any equipment as exposure to these X-rays can be fatal, so a high degree of external
control of the equipment was required. Our experimental set-up used a BioL ogic (Paris, France)
SFM-400 stop-flow instrument. Figure 1 provides an image of the experimenta set-up. The
instrument itself isseen in Figure 1 as the large black box. The silver stage that the stop-flow
instrument sits on top of is a system of motors, which allowed us to change the position of the
machine in order to align the sample with the beam, after the beam was turned on. The four beige
circular ports on top of the instrument are the places where the reagents were |oaded into the
instrument.

The silver block in the center of the reagent portsis called the cuvet, and this was the
location of the capillary, seen in Figure 1B. The syringe connected to the top of the capillary was
filled with approximately 5 mL of deionized water, which acted to stop the flow of the reagents
out of the capillary. Importantly, al air bubbles were removed from this syringe as significant

amounts of air can cause an imbalanced pressure resulting in a poor injection of the reagents into



the capillary. Inside the base of the cuvet, is the micromixer, where the reagents were combined
and vigorously stirred. After adesignated amount of stirring time, the product was injected into

the capillary where the sample was irradiated by the X-ray beam.

Figure 1. (A)I magé of the stop-flow instrument used for our experi ments. (B) Side view of the
stop-flow instrument where the capillary is now visible.

The volume of reagents injected and the time of mixing the reagents is controlled by a
program called the MPS (Motor Power Supply). The stop-flow instrument is connected to a
computer which links to an outside computer terminal, where we could set the amount of
reagents to inject from any port and for how long these reagents should mix. Initialy,
approximately 10 mL of the reagent solutions and the solvents were loaded into the stop-flow
instrument using syringes. The computer linking to the instrument had a set of controls which
allowed us to select a port and then load the reservoirsinside the instrument with the solutions.

Great care was taken during this step to ensure that any air bubbles present were removed from



the instrument. Continuous loading and unloading of the reagents from the reservoirs removed
all air bubbles from the instrument.
3. Synthetic Strategy

The synthesis of the metal-organic framework (MOF) HKUST-1 was done according to
two similar procedures reported in the literature [9, 10]. The four different reactions performed in
these experiments are listed in Scheme 1.

(A) 3 Cu(NO3); * 2.5H,0 + 2 H;TMA — [Cus(tma);]e + 6 HNO3 + 7.5 H,0

(B) 3 Cu(0Ac); - H;0 + 2 H;TMA — [Cuz(tma);]e + 6 H(OAC) + 3 H,0
(C) 3 CuCl, - 2H,0 + 2 H3TMA - [Cusz(tma),]e + 6 HCl + 6 H,0
(D) 3 CuSO, + 2 H;TMA — [Cuz(tma),]e + 3 H,S0,

Scheme 1. The reaction to form HKUST-1 {[Cus(tma)2]»} using the copper salt: (A)
Cu(NOs)2-2.5H20, (B) Cu(OAC)2-H20, (C) CuCl,-2H20, and (D) CuSOa. Note that this
stoichiometry uses reduced coefficients and does not include any solvent molecules which may
be coordinated to copper atoms or occupying the cavities of HKUST-1.

The reagents were actually combined in a 6:4 (copper sat to ligand) molar ratio, which is
actually twice what isindicated in Scheme 1. The copper salt solution was |oaded into port 4 of
the stop-flow instrument and the ligand solution was loaded into port 3. Ports 1 and 2 contained
the solvents of the copper salt solution and the ligand solution, respectively. The solvents were
“pushed” through the instrument at the conclusion of each experiment using the controls on the
computer in order to clean the instrument and micromixer. The knobs on the upper-front face of
the instrument in Figure 1 were set for each port to control whether the reagents inside the
reservoir were pushed through the instrument or were refilling the reservoir. If the knobs were
set “down”, the reagents were pushed through the instrument, and if the knobs were set “up”,

then the reagents could be loaded into the instrument. Usually three rounds of cleaning with the

pre-loaded solvents were performed prior to a new experiment being conducted.



Once the reagents were properly loaded into the instrument, the knobs for ports 3 and 4
were set into the lower “push” positions. This was not done for ports 1 and 2 because this would
have caused a change in the internal pressure of the instrument, thus affecting how the reagents

would have been combined. The stop-flow instrument was then lowered, as seen in Figure 2, so

that the capillary was aligned with the path of the X-ray beam.
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Figure 2. Lowered position of the stop-flow instrument. The black plastic covering below the

apparatus was placed in case of any leakage of reagents.

Once the experimental hutch was sealed and the X-ray beam opened through the shutter,
a detection system could determine if the capillary was properly aigned with the beam. If it was
not, the motors on the stop-flow instrument were adjusted accordingly. Once the capillary was
aligned, along with optimization of the monochrometer and the photodiode, the experiments
could then be set up on the MPS. The experiment for collecting data on the background was set

up in three steps:



Step 1: 200 pL (microliters) of the solvent for the copper salt solution were injected for

100 ms (milliseconds).

Step 2: 200 pL of the solvent for the ligand solution were injected for 100 ms.

Step 3: 240 uL of the copper salt solution solvent + 160 yL of the ligand solution were

simultaneously injected for 100 ms.

In the first two steps of this process, the solvents act to flush out any solid which may
have been left in the capillary. The final step injects the solventsin the same 6:4 ratio as their
corresponding copper salt and ligand solutions, respectively. A ssmple visual check of the
detector monitor that there was not any solid present would be confirmed by the absence of dark
arching lines, which would have indicated a solid materia scattering the X-rays. The MPS
experiment for running a reaction which produced HKUST-1 was as follows:

Step 1: 600 pL of the copper salt solution was injected for 900 ms.

Step 2: 600 pL of the the ligand solution was injected for 1000 ms.

Step 3: 240 pL of the copper salt solution + 160 uL of the ligand solution were

simultaneously injected for 100 ms.

Step 4: 5 pL of the ligand solution was injected for 3 ms.

The first two steps pushed out the solvent from the pipe lines inside of the stop-flow
instrument, which were | eft there from the background measurement. The third step injected the
amount of reagents from the system for the 6:4 copper salt to ligand reaction. The final step was
a “cleaning step”, removing any solid which might have been left in the micromixer.

It was convenient for us to simultaneously control the shutter, detector, and stop-flow
instrument using a “master control” program called the HCI (Histogram Control Interface). In
this configuration the shutter would be opened manually, whereupon the HCI would “trigger” the
stop-flow instrument to begin the experiment and simultaneously direct the detector to begin
collecting measurements. This was advantageous so that the timing of the detector to collect

measurements would be synchronized with the timing of the stop-flow instrument. This

configuration eliminated the need to manually activate the stop-flow with the MPS program, and



instead only required one of us to start the detector, which would then wait for the signal from
the HCI before collecting measurements.
4. Results

During two different beamtimes, the first from February 21, 2015 to February 16, 2015,
and the second from July 13, 2015 to July 14, 2015, we have studied the formation of HKUST -1
by time-resolved SAXS. Our beamtime during February allowed us to become more familiar
with and to optimize our use of the instrument, which would prove to be beneficial during the
second beamtime. Our four days of beamtime in February allowed usto run nearly 50 reactions,
which focused on reactions with Cu(NOz)2-2.5H>0 and Cu(OACc)2-H20. During the July
beamtime, our experiments focused on the less expl ored reactions using the reagents
CuCl2-2H20 and CuSOsa.

Prior to running HKUST-1 reactions for both beamtimes, we ran a series of experiments
in order to calibrate the stop-flow instrument and detector. In order to test the effectiveness of the
stop-flow instrument, samples of a concentrated solution containing the bovine serum albumin
(BSA) protein were prepared in an agueous solution and loaded into one port in the stop-flow
instrument. The BSA protein has aclearly defined SAXS pattern, making it useful for this
anaysis[12]. Deionized water was loaded into a different port from the BSA in the stop-flow
instrument, and four experiments were conducted by injecting an amount of the protein with an
amount of water which diluted the protein. Specifically the ratios of BSA to water which were
measured were 1.9, 1:4, 2:3, and 1.0, for the four experiments respectively. The changein
concentration of the protein in water affects the intensity of the X-ray scattering intensity. For a
range of BSA concentrations, the trend we expected to see for increased X-ray scattering

intensity with increased BSA concentration was confirmed [12].

10



4.1 Experimentsfrom February 2015

The experiments we carried out during our four-day beamtime in February of 2015 were
focused on analyzing reactions which we had known to form HKUST-1 nearly instantaneously.
Table 1 shows alist of the first experiments conducted during this beamtime, which provided us
with a consistent procedure for running stop-flow experiments. While these experiments did not
provide any direct information about the formation of HKUST-1, thisinitial list of experiments
built the foundation for our later successful experiments.

As can be seen from Table 1, al of these reactions were between aqueous Cu(OAC)2-H20
and a solution of H3TMA in methanol. Reactions involving Cu(OAc)2-H20 were among the
fastest reactions we found from our experimentsin 2014, and so were a good candidate to begin
our beamtime with. Primarily, the difficulties we faced for experiments A through U were
attributable to the mechanics of the first set-up we used, which was different from the set-up in
Figure 1. This aternative set-up, which is shown in Figure 3, was used in order to accommodate
a second detector so that we could simultaneously collect SAXS and wide-angle X-ray scattering
(WAXS) measurements.

During our preliminary experiments in 2014, we had used a configuration which allowed
us to simultaneously measure SAXS and WA XS measurements. While SAXS allowed usto
collect data which provided structural information on the initial amorphous solids and crystalline
product, WAXS provided information about the larger crystalline lattice that is formed for
HKUST-1. The graphs which resulted from WAXS data analysis are identical to the classic
diffractograms seen from powder XRD studies. While our studies would have been improved by

including WAXS studies, the SAXS studies provided the more critical information we sought.
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Table 1. Each experiment corresponds to a reaction from February 2015 where HKUST-1 was

synthesized by the reaction between a copper salt prepared in a solution of the indicated solvent,
and a solution of the ligand (HsTMA) prepared in the indicated solvent. The exposuretimeisthe
frequency by which a measurement was taken for SSWAXS, and there were 1000 measurements
(frames/images) collected for each experiment.

. Copper Salt Ligand Exposure
Experiment Copper Salt Sporfvent Soiqvent TiI?ne ()

A Cu(OAC)2:H20 Water Methanol 1.000
B Cu(OAC)2:H20 Water Methanol 1.000
C Cu(OAC)2:H20 Water Methanol 1.000
D Cu(OAC)2:H20 Water Methanol 0.250
E Cu(OAC)2:H20 Water Methanol 1.000
F Cu(OAC)2-H0 Water Methanol 1.000
G Cu(OAC)2-H0 Water Methanol 1.000
H Cu(OAC)2-H0 Water Methanol 1.000
I Cu(OAC)2-H20 Water Methanol 1.000
J Cu(OAC)2-H0 Water Methanol 1.000
K Cu(OAC)2-H20 Water Methanol 0.250
L Cu(OAC)2:H20 Water Methanol 1.000
M Cu(OAC)2:H20 Water Methanol 1.000
N Cu(OAC)2:H20 Water Methanol 1.000
O Cu(OAC)2:H20 Water Methanol 1.000
P Cu(OAC)2:H20 Water Methanol 1.000
Q Cu(OAC)2-H20 Water Methanol 1.000
R Cu(OAC)2-H20 Water Methanol 0.250
S Cu(OAC)2-H0 Water Methanol 1.000
T Cu(OAC)2-H0 Water Methanol 1.000
U Cu(OAC)2-H0 Water Methanol 1.000
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Figure 3. Alternative configuri on of the stop-flow set-up from Fi gre 1, permitting SSWAXS
measurements.

The long black tube seen in Figure 3 connecting the stop-flow instrument to the cuvet
contains small plastic tubes, extending the distance the samples traveled. This tube caused
several mgjor problems during the first two and a half days of our beamtime, preventing quality
data collections. It wasn’t until late during the third day that we changed the stop-flow set-up to
the configuration seen in Figure 1 and sacrificed our ability to collect WAXS measurements.
Additional problems which arose were the blockage of the micromixer, which caused highly

turbulent mixing, and incorrect mechanical settings on the stop-flow instrument.
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There was also alot of troubleshooting throughout the experiments in order to determine

the optima MPS settings, since in some cases the reagents would not be injected far enough to

reach the micromixer or capillary. In order to prevent continual blockages of the micromixer and

to prevent leaving residual samplesin the capillary, thereby affecting the results of the next
experiment, we would thoroughly clean the instrument following each experiment. It was not

until experiment V that we had changed to the SAXS-only stop-flow set-up and managed to

develop a consistent and reproducible experimental protocol. Table 2 showsthe list of

experiments where we had applied our experimental methodology to gain a number of successful

experiments.

Table 2. List of successful experiments from the February 2015 beamtime. Experiments which

are marked red did not produce quality results. Note that these experiments only collected SAXS

measurements.
. Copper Salt Ligand Exposure
Experiment Copper Salt Sporfvent Soiqvent TiI?ne ()
Vv Cu(OAC)2:H20 Water Methanol 1.000
w Cu(OAC)2:H20 Water Methanol 0.250
X Cu(OAC)2:H20 Water Ethanol 1.000
Y Cu(OAC)2:H20 Water Ethanol 2.000
Z Cu(OAC)2:-H20 Water |sopropanol 1.000
Aa Cu(OAC)2:H20 Water Ethanol 0.250
Ab Cu(OAC)2-H20 Water Ethanol 0.250
Ac Cu(OAC)2-H20 Water Ethanol 1.000
Ad Cu(OAC)2-H20 Water | sopropanol 0.250
Ae Cu(NOg)2-2.5H20 Water Methanol 2.000
Af Cu(NOg)2-2.5H20 Water Methanol 4.000
Ag Cu(NOg)2-2.5H20 Methanol Methanol 1.000
Ah Cu(NOs)2-2.5H.0 Ethanol Ethanol 1.000
Al Cu(NOs)2-2.5H.0 Ethanol Ethanol 0.250
Aj Cu(NOs)2-2.5H.0 Water Ethanol 1.000
Ak Cu(NOs)2-2.5H.0 Water Ethanol 0.250
Al Cu(NO3)2-2.5H.0 Water |sopropanol 1.000
Am Cu(NO3)2-2.5H.0 Water |sopropanol 1.000
An Cu(NQOgz)2-2.5H.0 Water | sopropanol 0.250
Ao Cu(NOs3)2:2.5H20 | sopropanol | sopropanol 1.000
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Reactions which used isopropanol were largely unsuccessful since this alcohol produced
a high pressure within the stop-flow instrument, making the alcohol difficult to load into the
instrument. Experiments Aaand Aj did not produce any useful results towards the mechanism of
formation of HKUST-1 after extensive data analysis, so they were also designated as poor
experiments. One of the major advantages of using the stop-flow instrument was the ability to
achieve extremely short time resolution experiments, in other words to take a measurement very
quickly. In this beamtime, we took measurements as fast as every 250 milliseconds (ms, 0.250 s).

After an experiment had been completed, the data would be partially analyzed
immediately to determine if we needed to re-run the reaction with a faster time resolution. Each
reaction would initially be conducted at 1.000 s and then would be shorted to 250 ms (0.250 s) if
a second experiment was required. In some cases we used a slower time resolution if the reagents
had injected, but had yet to react. Thiswas only done for reactions Y, Ae, and Af which had time
resolutions of 2.000 s, 2.000 s, and 4.000 s, respectively.
4.2 Experiments from July 2015

Using our improved experimental procedures developed during the February 2015
beamtime, we turned our focus to examining reactions using the sparsely studied CuCl,-2H.0
and CuSO4 reagents. We a so repeated some experiments from the February 2015 beamtime in
order to verify the reproducibility of these experiments. Table 3 provides a complete list of our

experiments for this second beamtime allocation.
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Table 3. Experiments performed in July 2015 studying the formation of HKUST-1 by time-
resolved SAXS. Experiments marked in red indicate a reaction with bad results.

Experiment Copper Salt C%glpter ;(ijqand E)gposure Number of
Solvent vent Time (s) Frames
A CuCl2-2H20 Water Water 1.000 1000
B CuCl2-2H20 Methanol Water 1.000 1000
C CuCl2-2H20 Methanol Water 1.000 1000
D CuCl2-2H20 Methanol Water 0.500 500
E CuCl2-2H20 Methanol Water 0.500 500
F CuCl2-2H0 Methanol Water 0.500 500
G CuCl2-2H0 Methanol Water 0.100 500
H CuCl2-2H0 Ethanol Water 0.500 500
I CuCl2-2H20 Ethanol Water 0.100 500
J CuCl2-2H20 Water Methanol 0.100 500
K CuCl2-2H20 Water Methanol 1.000 1000
L CuCl2-2H20 Water Ethanol 1.000 1000
M CuCl2-2H20 Water Ethanol 1.000 500
N CuSOq4 Water Ethanol 1.000 500
O CuSOq4 Water Ethanol 0.500 500
P CuSOq4 Water Ethanol 0.100 500
Q Cu(NQOs3)2:2.5H20 | Methanol Water 0.100 1000
R Cu(NO3)2:2.5H20 | Ethanol Water 0.100 1000
S Cu(NQO3)2:2.5H20 | Ethanol Ethanol 0.100 1000
T Cu(NOgz)2:2.5H20 | Methanol Methanol 0.100 1000
U Cu(OAC)2:H20 Water Methanol 0.100 1000
Vv Cu(OAC)2:H20 Water Methanol 0.100 1000
w Cu(OAC)2:H20 Water Ethanol 1.000 1000
X Cu(OAC)2-H20 Water Ethanol 1.000 1000

Only three reactions during this beamtime resulted in experimental errors, which was

significantly less compared with the over 30 experiments from the February 2015 beamtime.

This contrast shows the effectiveness of the procedural methodology we had devel oped for these

stop-flow in-situ MOF synthesis experiments during the February beamtime. In the cases of D

and F, the settings on the stop-flow instrument were not set appropriately, so the reagents did not
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inject and no reaction was observed. Reaction L provided poor data because the syringe at the
end of the capillary had loosened, and the reagents were leaking out. Each of these reactions was
repeated affording us a successful reaction and quality data set. The improved experimental
protocol aso permitted us to quickly run reactions which we determined after the beamtime to
still have an insufficient time resolution. During the July beamtime, we also ran reactions with
time resolutions as fast as 100 ms. Our strategy for this beamtime was to establish trends for
reaction and nucleation kinetics and changesin crystal structure as a function of the solvent.
Furthermore, we can now compare different reactions for these same parameters for al four
copper salts with common solvents across the two beamtimes.
4.3 Data Analysis

The experimental work of taking measurements on the beamline lasted for only atotal of
six days, however for each of those days we conducted experiments for an average of 15 hours.
Still, arguably the lengthiest and most difficult part of this work was the data analysis. In single-
crystal XRD, another crystal structure characterization technique with similaritiesto SAXS,
there are avariety of readily available software packages, like APEX 11 which allows for quick
dataanaysis[13]. | am not aware of any such data analysis software packages for SAXS and
more commonly (asisthe case at the Austro-SAX S beamline) unique programs are written by
the beamline scientists themselves and annexed into a computational graphics software package.

At the Austro-SAXS beamline, the program used to process the data collected by the
detector is caled FIT2D [14]. For a scattered X-ray from the sample, the detector measures the
intensity of the scattered X-ray, and then measures two angles (6 and ¢) which provide the
position and orientation of the scattered X-ray with respect to the incident X-ray beam. These

raw data sets are two-dimensional, where the intensity is considered as a function of 8 and ¢. The
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program FIT2D simplifies thisto a one dimensional data set, where the intensity considered only
as afunction of avalue called the scattering vector (). The definition of the scattering vector is:

_41'[_
q=-sing

where A is the wavelength of the X-ray [15].

The scattering vector provided a convenient way to plot our results on a Cartesian graph.
The program IGOR Pro 6 was used to perform in-depth data analysis of the one-dimensional
data sets and to graphically display the results [16]. Figure 4 provides an example of agraph
from one of our experiments which plots the intensity, I, of the data set as afunction of the

scattering vector, .
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Figure4. Thel vs. q graph for experiment U from the July 2015 beamtime. Note that g has units
of inverse nanometers (nm!) and intensity has arbitrary units (a. u.).

The graph in Figure 4 is depicted in alogarithmic scale in order to provide a clearer
image. Each lineinan | vs. g plot indicates one measurement taken from the detector. Based on
certain shape characteristics of these | vs. g graphs, we can deduce structural features about the
sample. As an examplefor the | vs. g graph for experiment U seen in Figure 4, a “bump” feature
composed of the slightly dispersed blue lines can be seen in the first one third of the graph. This
type of featureistypical of nanoparticle formation in SAXS data analysis.
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The next step for analyzing the datais to normalize the data, which provides a level of
homogeneity across all of the data sets. When the datais normalized, transmission effects and
the primary intensity (intensity of the beam from the storage ring of the synchrotron) are set to be
the samefor all data sets. Theresultisan | vs. g plot, like the one shown in Figure 5, where the

data set appears more uniform.
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Figure 5. Normalized | vs. g plot for experiment U from the July 2015 beamtime. Note the more
regular spacing of the “bump” feature as compared to the plot in Figure 4.

From anormalized | vs. g plot we can perform severa different forms of dataanalysis,
including evaluating the intensity and position of the first-order Bragg peak (if thereis one). The
first-order Bragg peak is adistinct peak seen protruding vertically from the | vs. q plot. These
peaks are an indication of the formation of a crystalline solid, and are unique to a particular

crystal plane. Figure 6 shows azoomed image of the peak in Figure 5.
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Figure 6. The first-order Bragg peak from reaction U. The peak islocated at g = 4.8 nm™.

Ideally these peaks will appear sharp and well defined, without significant background or
noise. The scattering vector value for the first-order Bragg peak can be related to a d-space value,
something that is more common and familiar from conventional X-ray diffraction studies. The

calculation of the d-space valueis simply [15]:

d==—
q

Since we have taken time-resolved measurements during these beamtimes, we can also
analyze the development of the first-order Bragg peak. Figure 7 provides one example of this

type of anaysis.

20



o

T T T T T |
ol Z00 400 £00 820 1000

Trre(s)
Figure 7. Development of the first-order Bragg peak as afunction of time for experiment V from
the February 2015 beamtime. Immediate rapid growth is seen, which after about 50 s slows
down to a slower growth rate which remains approximately constant for the remainder of the

reaction.
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Other important information which can be discerned from the normalized | vs. g plot
would be the integrated intensity and the Porod invariant. More significantly, these two values
are used to calculate the correlation length, a measure of the growth of the amorphous solid
material in the sample. A plot of all three values as afunction of timeis shown in Figure 8. Here,
we see an immediate and rapid growth of solid material, which then is seen to rapidly dissipate,

and then finally grow steadily beginning at approximately 100 s.
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Figure 8. Plot of the correlation length, integrated intensity, and invariant as a function of time
for experiment W from the July 2015 beamtime.

One final manipulation of the | vs. g plots must be performed before afinal determination
should be made regarding the quality of that particular data set. Thisfinal step isto carefully
subtract the background. Prior to each experiment, a small number of background frames are
measured to ensure there is no residue in the capillary from a previous experiment, but also to get
the scattering profile of the solvent or any other “non-sample” materials which might have
contributed to the scattering curve. An example of a background subtracted and normalized | vs
g plot isshown in Figure 9. Ideally these types of | vs. g plots should adopt a “spoon” shape, and

the top of the “circular” part of the spoon should be close to parallel with the x-axis.
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Figure 9. Background subtracted and normalized | vs. g plot for experiment C from the July 2015
beamtime.

Conclusion

More complex data analysis which requires ahigh level of experience and knowledge
with computer programming and curve fitting is ongoing. Thiswill require severa more months
before being compl eted, since the most recent beamtime was in July and on average data anlysis
takes approximately six months to complete. Based on the data analysis already completed, we
have begun to extract trends which clearly demonstrate that the solvent and anion of the copper
salt profoundly affect the rate that HKUST-1 is formed, the identity of the final crystalline
product, and information about the mechanism by which HKUST-1 forms.

Thiswork constitutes the first example we have been able to find where a stop-flow
instrument has been used to not only synthesize M OFs, but aso to be used in conjunction with
X-ray scattering studies. We are excited about the potential for thisinstrument to be used for in-
situ studies of other MOF systems. Our SAXS studies achieved time resolutions as fast as 100
ms, providing structural datain the most critical parts of the formation of HKUST-1. In these

early parts of the reactions, the data we have gained describes the growth of the material, in
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addition to elucidating the pathway for which these materials form. Furthermore, this study has
proven the effectiveness of time-resolved SAXS as a structural characterization method in order
to gain critical information for the mechanism of the formation of MOFs.
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