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Using potassium bromide pellets and optical
spectroscopy to assess the photodimerization of
two trans-(trifluoromethyl)-cinnamic acid
compoundsy
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Chantsalnyam Bariashir, ©3° Nergui Uranbileg, @2 Felix J. Stammler, ®¢
Jav Davaasambuu @ ¢ and Tobias E. Schrader @ *9

The potential solid-state [2 + 2] photodimerization of two trans-cinnamic acid derivatives, trans-4-
(trifluoromethyl)cinnamic acid (4-tfmca) and trans-3-(trifluoromethyl)cinnamic acid (3-tfmca), has been
studied using potassium bromide (KBr) pellets and optical spectroscopy. As opposed to taking a powder or
single crystal material as a sample, herein, we used polycrystalline samples incorporated in the KBr matrix
(pellet) and were able to follow the course of the photochemical reaction via optical spectroscopy. The
results show that the photodimerization of 4-tfmca within the KBr matrix yields a photodimer in roughly
100% conversion, while the changes observed for 3-tfmca within the KBr matrix suggest a subtle
photochemical change which could not be observed when irradiating the neat powder. This suggests that
the KBr matrix helps to couple light into the crystallites of the embedded sample and shows that the KBr
matrix reveals photochemistry which might not have been found in the single crystal or powder state of

rsc.li/crystengcomm the sample.

Introduction

After the discovery of photodimerization in 1867," extensive
research efforts have been devoted to [2 + 2] photocycloaddition
reactions in crystalline materials, especially in the latter half of
the 1900s. [2 + 2] photocycloaddition reactions are essential in
stereo synthesis®® as they afford stereospecific products that
are difficult to obtain through solution chemistry in high or
reasonable yields due to the constraints imposed on the
molecular orientation by the crystal lattice.° Such reactions
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have the advantage of producing only one product conformer.
Additionally, these reactions do not require solvents and often
do not need any purification steps, making them a greener
approach compared to conventional organic synthesis methods.”®

One of the most common [2 + 2] photoreactions studied
in crystalline materials is the [2 + 2] photodimerization of
olefin containing compounds.’” Here, two nearby carbon-
carbon double bonds turn into a four-membered ring of
carbon atoms exhibiting a single-bond character with close to
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Fig. 1 Reaction scheme of [2 + 2] photodimerization of a- and
B-trans-cinnamic acid.
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90° bond angles. Schmidt and co-workers investigated the
solid-state photodimerization properties of a series of
trans-cinnamic acids and described the correlation between
the packing arrangement and photoreactivity, which greatly
aided the development of the topochemical principle that
governs these types of solid-state reactions.’®"® Schmidt
divided the trans-cinnamic acids into three types (o, B, 7)
according to their crystal packing and [2 + 2]
photodimerization properties.”®> In the o type crystals,
reactive molecules are arranged head-to-tail, while in the 8
type crystals, reactive molecules are arranged head-to-head.
When exposed to UV radiation, both crystals undergo [2 + 2]
photodimerization and produce a centrosymmetric o-truxillic
acid dimer and a mirror-symmetric B-truxinic acid dimer,
respectively (Fig. 1). On the other hand, the y type crystals
will remain unchanged under UV irradiation as they are
photostable. From this structure-photoreactivity relationship,
Schmidt reformulated the topochemical principle by
emphasizing that the solid-state reactions are facilitated by
minimum atomic movement when the reactive groups are in
close vicinity and concluded the following rules: for
photoactive molecules (1) the distance between the centroids
of reactive groups should be less than 4.2 A and (2) the
reactive groups should be parallel to each other.”*'
However, many examples do not conform to these rules.>™"”
Still, using these geometric criteria, one could evaluate and
reason the photoreactivity of various molecules and design
new photoresponsive materials.

Even though it is irreversible, photodimerization of
trans-cinnamic acid remains a relevant subject in solid-state
photoreaction studies, and it is often used as a model system
for various studies in the field."® A substantial amount of
research has focused on the mechanism'® and kinetics®* >
of the reaction, utilizing different experimental techniques,
most  notably  Xray  diffraction,>**  vibrational
spectroscopy,”?’  solid-state NMR,”*  atomic force
microscopy,®® and time-resolved spectroscopy.”**' Pump-
probe techniques, such as UV-pump and UV-visible probe
spectroscopy, can elucidate the time scales of these reactions
in the crystal phase.** Combining UV-pump and infrared
probe spectroscopy, mechanistic details along the reaction
path can be elucidated.*® Probing with short X-ray pulses
after initiating the photoreaction offers the possibility of
following the reaction with the time-resolved single-crystal
diffraction technique.*® However, despite these research
efforts, certain aspects of photoreactions still lack complete
understanding, and new model systems, as presented here,
will help to shed more light on photodimerization reactions.
In this work, we used the potassium bromide (KBr) pellet
method, which is frequently used in infrared (IR)
spectroscopy, to study the photodimerization process of two
trans-cinnamic acid derivatives (Fig. 2). In the KBr pellet
method, a mixture of the sample and KBr is pressed into a
transparent pellet. As KBr exhibits low absorbance to UV
radiation and shows inertness towards most organic
compounds, it allows the sample within the pellet to absorb
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Fig. 2 Molecular structures of trans-cinnamic acid derivatives used in
this study: (a) 4-tfmca and (b) 3-tfmca.

UV radiation effectively, making it possible to conduct a
photoreaction inside the pellet. With direct recording of the
absorption spectra in the pellet's IR and UV regions, the
course of the photoreaction can be followed. Thus, herein,
we report the spectroscopic investigations of the solid-state
photochemical reactions of 4-tfmca and 3-tfmca by
monitoring the absorption of the samples prepared in KBr
pellets in the IR and UV regions along with the structure
determination of  3-tfmca, 4-tfmca, and partially
photodimerized 4-tfmca. It should be noted that among the
derivatives studied, 4-tfmca has already been structurally
characterized at low temperatures by Howard et al.*’

Experimental
Crystallization

4-tfmca (Aldrich, 99%) and 3-tfmca (Aldrich, 98%) were
dissolved in ethanol at a typical concentration of 5 g 1.
Volumes of 17 ml solution were left in open vials to slowly
evaporate at room temperature to yield plate-like crystals.

UV irradiation

For the irradiation of the powders, a Petri dish filled with
adequate amounts of the sample was exposed to UV
radiation. The powder sample was mixed frequently to expose
new surfaces to UV light. These samples were used for
analysis in the case of PXRD and NMR. As for the irradiation
of the pellet for FTIR and UV-vis analyses, powder samples
were mixed with KBr and then pressed into 13 mm diameter
pellets (the KBr to sample ratio is 2000:1) before being
exposed to UV radiation. The UV radiation was generated
from a 500 W mercury-xenon lamp with a beam power of
around 18-20 mW cm >, for these irradiation experiments. As
for the single crystals, the samples used for single-crystal
X-ray diffraction analyses were exposed to monochromatic
light of 334 nm.

Single-crystal X-ray diffraction analyses

The single crystal X-ray data for the samples before and after
UV irradiation were collected on a Rigaku Synergy-S
diffractometer equipped with a microfocus Mo Ko X-ray source
and a 150° HyPix-Arc detector. Data reduction and integration
were carried out using CrysAlisPro software version 42.96a.%°
Solution (direct methods, SHELXS and intrinsic phasing,
SHELXT) and refinement (full matrix least squares
minimization on F?) of all crystal structures were done using
the SHELX program package®”*® connected to the OLEX2
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ce00205a

Open Access Article. Published on 18 July 2024. Downloaded on 10/19/2025 7:40:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

graphical user interface.>® Anisotropic refinement was applied
to non-hydrogen atoms. The hydrogen atoms attached to
carbon atoms were placed geometrically and refined using a
riding model with isotropic thermal parameters. For the
hydrogen atoms of the carboxylic groups, positions were
located from the difference density map, and distance
restraints were put on the O-H bond lengths. In the case of the
irradiated single crystal sample of 4-tfmca, an occupancy of
28.8% of the photoproduct could be modeled. One C-atom was
modeled isotropically since it overlapped with the one from the
photoproduct so much that the density could not be modeled
unambiguously with two anisotropic ellipses. The disorder of
the CF; group was not easy to model, which explains the rather
high R-factors of the deposited models.

The crystallographic data for 4-tfmca, 3-tfmca, and
partially photodimerized 4-tfmca can be found at the
Cambridge Crystallographic Data Centre under the CCDC
numbers 2331642, 2331099, and 2332753, respectively.

Powder X-ray diffraction

Powder X-ray diffraction measurements were recorded on
both neat powder and powder samples embedded within the
KBr pellet using a Shimadzu MAXima-X XRD 7000 in the case
of 3-tfmca and on a Bruker Phaser D2 diffractometer in the
case of 4-tfmca. Pellets used in the measurements were
prepared by pressing the mixture with a sample-to-KBr ratio
of 3:7. Measurements were recorded over the 26 range
between 10 and 40° at a scan speed of 1° min™". The X-ray
emission was generated from either a copper tube (4 = 1.5406
A) in the case of 4-tfmca or a cobalt tube (A = 1.7890 A) in the
case of 3-tfmca configured at 40 kV and 40 mA. Calculated
PXRD and experimental PXRD data were compared to
identify any additional phases or impurities if present. PXRD
patterns were calculated from the single crystal X-ray
diffraction data using Mercury software.*® Refinement of the
unit cell sizes in the case of the powder samples embedded
in the KBr matrix was performed using the software
jana2020.*"*

Optical spectroscopy

The FTIR spectra of the pellets in the wavenumber range of
400-4000 cm™" with a resolution of 1.0 cm™ were recorded
on a Perkin Elmer Spectrum Two spectrophotometer. The
UV-vis spectra of the pellets were measured from 200 nm to
700 nm with a resolution of 1 nm on a Shimadzu UV-2550
spectrophotometer. For both FTIR and UV-vis measurements,
the empty beam was taken as a blank reference for baseline
correction. IR spectra were measured in situ while for the UV
spectra measurements, the pellet had to be removed from
the light exposure at regular intervals.

Solution NMR

The solution 'H NMR spectra were measured at room
temperature using a Bruker DMX 400 spectrometer at an
operating frequency of 500 MHz. Samples were dissolved in
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nondeuterated dimethyl sulfoxide (DMSO), and chemical
shift values were reported in parts per million (ppm) relative
to the residual proton signal of the solvent (6 = 2.5 ppm).

Results and discussion

X-ray diffraction analyses

To assess the photoreactivity of the derivatives, the crystal
structure should be examined as the photodimerization in
the solid state is influenced by crystal packing. Single crystal
XRD analysis shows that 4-tfmca crystallizes in the P1
triclinic system and has two molecules in its asymmetric unit
(Fig. 3a or ESIf Table S1). For each molecule in the
asymmetric unit, the CF; group shows disorder, where each
fluorine atom is distributed across two different positions.
The fundamental structural unit is a carboxylic acid dimer
formed between pairs of molecules through hydrogen
bonding (O(2)-H(2)---O(4), dO--0, 2.656(2) A, O-H--O
172(2)°). Dimers in the same plane create a string of dimers
through weak in-plane C-H:--O and C-H--'F interactions
(Fig. 3b), which is a common feature observed among
trans-cinnamic acids. Assembly of these strings in three
dimensions leads to linear packing (Fig. 3c). Along the stack,
every molecule in the carboxylic dimer has one neighboring
molecule that it could react with, as the distance between the
centroids of the C=C bonds is 3.78 A. Since these molecules
stack head-to-head, 4-tfmca is classified as a B type crystal.
The crystal packing of 4-tfmca found at 293 K by our single-
crystal X-ray diffraction analyses matches closely with the
structure previously determined at 200 K.*

3-tfmca has a monoclinic crystal system and crystallizes in
the P2,/c space group. It has one molecule in its asymmetric
unit (Fig. 4a, Table S17), with the same disorder observed for
the 4-tfmca molecule where the CF; group exhibits two

Fig. 3 Crystal structure of 4-tfmca: (a) asymmetric unit, (b) one-
dimensional string of dimers along the b axis, and (c) layered structure
composed of the one-dimensional layers along the b axis. For b and c,
hydrogen atoms are not displayed for clarity reasons.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Crystal structure of 3-tfmca: (a) asymmetric unit, (b) two
dimer orientations that are almost perpendicular to each other, and
(c) zigzag structure. For b and c, the hydrogen atoms are not
displayed for clarity reasons.

orientations. As in the case of 4-tfmca, the crystal of 3-tfmca
is made up of carboxylic acid dimers (O(1)-H(1)---O(2),
dO---0 2.632(3) A, O-H:--O 167(7)°) (Fig. 4b). However, the
dimer units of 3-tfmca are stacked in two orientations almost
perpendicular to each other. These dimers interact by weak
out-of-plane C-H---O interactions, resulting in a zig-zag
pattern (Fig. 4c). The closest distance between the centroids
of the C=C bonds of the neighboring molecules along the
stack is 4.97 A, which is well outside the topochemical limit
for the photodimerization reaction. Thus, according to
Schmidt's criteria, 3-tfmca is a y type crystal.

The powder diffraction patterns of 3-tfmca and 4-tfmca
are shown in Fig. S1.f Using the structure factors of the
single crystal data, we calculated the powder diffraction
patterns of the respective samples. Despite the slight
mismatch in the peak positions, especially in the case of
4-tfmca, the calculated peak patterns agree well with the
measured powder diffraction patterns showing that the
powders of the respective samples exhibit the same crystal
structures as the single crystals grown from the solution. The
shifts in the peak positions can be attributed to minor
variations in the unit cell dimensions.

It has been highlighted before that the KBr used to
prepare FTIR pellets can potentially react with the embedded
sample to form ionic co-crystals.*’ To check whether this is
the case for our samples, we prepared KBr pellets with a
higher loading (around 30 wt%) and measured their powder
patterns (Fig. 5). In the powder pattern, all the peaks of the
KBr were visible, yet only a few low-intensity peaks can be
seen from 4-tfmca and 3-tfmca. This is due to the lower
concentration of 4-tfmca and 3-tfmca embedded in the pellet
compared to their respective neat powders. A little effect of
the applied pressure in the pellet leads to an upshift of all
sample peaks in the pellet with respect to the neat powder.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 X-ray diffraction patterns of (a) an empty KBr pellet, (b) 4-tfmca
embedded in a KBr pellet, (c) powder of 4-tfmca, (d) 3-tfmca
embedded in a KBr pellet, and (e) powder of 3-tfmca. Cyan rectangles
highlight the matching peaks between the powder samples and
samples within the KBr pellet.

This can be explained by a slightly shrunk unit cell size in
the potassium bromide pellet. Using jana2020, we could
refine the unit cell size of the embedded 4-tfmca sample in
the KBr matrix. We found a decrease in the a-axis by 0.06%,
whereas the b-axis expanded by 0.17%. The largest change
was observed in the c-axis, which shrunk by 0.28%. This may
lead to a shrinking distance of the reactive molecules and
may have an influence on the quantum yield of the
photoreaction, which should be taken into consideration
when using the KBr-pellet matrix to investigate the
photoreaction of the embedded crystalline samples.
Nevertheless, the peaks of 4-tfmca and 3-tfmca from the
powder patterns indicate that incorporating samples within
the KBr matrix does not involve profound structural
rearrangement beyond that. This observation is supported by
the close similarity between the FTIR spectra of 4-tfmca and
3-tfmeca recorded in Nujol and KBr pellets over the C=0O
stretching frequency region (Fig. S27).

Solid-state photoreaction

The crystal structure analysis revealed that 4-tfmca has the
required geometry for the solid-state [2 + 2]
photodimerization as the C—=C bonds of the neighboring
molecules along the stacks are aligned parallel, with a center-
to-center distance of 3.78 A. On the other hand, for 3-tfmca
the separation between the C—=C bonds of the neighboring
molecules along the stacks is 4.97 A, which is well beyond
the topochemical limit. According to the topochemical
postulate, only 4-tfmca should photodimerize to produce 4,4'-
ditrifluoromethyl-B-truxinic acid. Nevertheless, the
photoreactivity of the acids was examined by exposing their

CrystEngComm, 2024, 26, 4470-4477 | 4473
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single crystals, previously used for structure determination,
to UV radiation (8 hours for 4-tfmca and 4 hours for 3-tfmca).
As expected, only 4-tfmca was able to wundergo
photodimerization, while 3-tfmca remained unchanged. The
photodimer in the case of 4-tfmca was indeed 4,4'-
ditrifluoromethyl-B-truxinic acid, and the occupancy was
28.8% (Fig. 6a). The UV irradiation already led to substantial
turbidity of the crystal. A higher occupancy of the
photoproduct could not be achieved since the crystal lattice
was disrupted, leading to the destruction of the crystal.
Crystallographic data of the partially photodimerized crystal
are given in Table S1.f Each CF; group of 4,4
ditrifluoromethyl-B-truxinic acid is disordered between two
orientations. Within the cyclobutane framework of 4,4'-
ditrifluoromethyl-B-truxinic acid, the C-C-C angles slightly
deviate from 90°, varying between 88(1)° and 91(1)° (Fig. 6b).
Pairs of 4,4'-ditrifluoromethyl-B-truxinic acid molecules form
carboxylic acid dimers through hydrogen bonding (Fig. 6c).
Since hydrogen is a weak scatterer for X-ray, the hydrogen
bonding pattern between the photoproduct molecules could
not be refined unambiguously.

We investigated the photodimerization of 4-tfmca with
solution 'H NMR (Fig. 7 and S3f). Before the sample
irradiation, the "H NMR spectrum of the dissolved powder of
the sample displayed the resonances of vinyl hydrogen atoms
of the monomer at 7.76 ppm (1) and 6.68 ppm (2). After
irradiating another aliquot of the sample with UV light and
dissolving it in the same solvent, these vinyl hydrogen atom
resonances disappeared, and resonances that
correspond to cyclobutane hydrogen atoms emerged at 4.38

new

Fig. 6 Crystal structure of the partially photodimerized 4-tfmca: (a)
unit cell content after 8 hours of irradiation showing the formation of
4,4'-ditrifluoromethyl-B-truxinic acid (orange balls represent the
carbon atoms of 4,4'-ditrifluoromethyl-B-truxinic acid); (b) molecular
structure of 4,4'-ditrifluoromethyl-B-truxinic acid; (c) hydrogen
bonded carboxylic acid dimer chain along the a axis of the unit cell.
For a and c, the hydrogen atoms are not displayed for clarity reasons.

4474 | CrystEngComm, 2024, 26, 4470-4477
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Fig. 7 NMR spectra of 4-tfmca before (black line) and after (red line)
irradiation.

ppm (3) and 3.92 ppm (4). This outcome indicates that,
unlike the single crystal, in the powder case, the photodimer
was obtained with a much higher conversion efficiency
(nearly 100%).

To study the photodimerization reaction in the KBr
matrix, the absorption spectra in both the IR and UV regions
of the samples prepared in KBr pellets were recorded as a
function of irradiation time (Fig. 8 and 9). The FTIR spectra
of 4-tfmca in the KBr pellet are presented in Fig. 8a, where
two key changes confirm the photodimerization. First, the
bands corresponding to vC=C (1633 cm ') and yC-H (990
em™) vibrations decay due to reaction-induced loss of the
aliphatic C=C bond. Second, the vC=—O vibration band
shifts to a higher frequency from 1696 to 1734 cm™'. This
change is attributed to the disruption of conjugation
between the C=0 and C=C bonds of the monomer as it
transforms into the dimer.?*>**™*® Furthermore, the UV
analysis produces results (Fig. 8b) that agree with those
obtained from the FTIR analysis. It is observed that the
monomer absorption band centered at 272 nm decreases in
intensity as irradiation time progresses and almost
diminishes under prolonged irradiation. The occurrence of
isosbestic points observed at around 1713 cm™" in the FTIR
spectra and around 228 nm in the UV spectra indicates a
straightforward transformation from the monomer to the
dimer without any by-products.

The same spectroscopic investigations were conducted on
3-tfmca to investigate whether the photoreactivity observed
for 4-tfmca is also evident in 3-tfmca within the KBr matrix.
The FTIR spectra of 3-tfmca prepared in KBr pellets
measured after certain irradiation times are shown in Fig. 9a.
Surprisingly, despite the single crystal of 3-tfmca showing no
signs of a photoreaction under UV radiation after 4 hours,
significant changes were observed in the IR spectra
indicating signs of a photoreaction. During the beginning of
the irradiation (up to 1038 min), many vibrational bands in
the IR spectra uniformly decay in intensity while only in view

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 FTIR and UV spectra of 4-tfmca in KBr pellets as a function of
irradiation time: (a) FTIR spectra and (b) UV spectra.

spectral regions intensity increases can be observed (above
1750 em ™). This results in some isosbestic points suggesting
a change between two species. Upon further irradiation,
these isosbestic points disappear, while concurrently, the
C=O0 band shifts to a higher frequency indicating a change
in the photoreaction dynamics which is possibly due to a
more complex process such as photodecomposition, which
could also be happening in parallel with the photoreaction.
This explains the uniform decrease in intensity of the overall
spectrum as the photodecomposition fragments might leave
the pellet as a gas. The UV spectra of 3-tfmca embedded in
KBr pellets recorded at different time intervals are
summarized in Fig. 9b. The absorption band of the monomer
centered at around 274 nm decreases in intensity as a
function of irradiation time until complete consumption of
the chromophores. It is worth mentioning that the difference
in transformation rates between 4-tfmca and 3-tfmeca is clear
in both their IR and UV spectra.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 FTIR and UV spectra of 3-tfmca in KBr pellets as a function of
irradiation time: (a) FTIR spectra and (b) UV spectra.

Conclusion

In this communication, we have reported our findings on the
structural and spectroscopic studies on the solid-state [2 + 2]
photodimerization reaction of 4-tfmca and 3-tfmca. The
crystal structure analysis revealed 4-tfmca to be a B type
crystal, and 3-tfmca to be a y type crystal. As expected, when
exposed to UV radiation, the 4-tfmca crystal undergoes
photodimerization to produce 4,4'-ditrifluoromethyl-p-
truxinic acid, whereas the 3-tfmca crystal remains
unchanged. During the photodimerization of 4-tfmca, the
single crystal disintegrates into a polycrystalline material,
which hinders the use of single-crystal X-ray diffraction when
a conversion of 100% is to be achieved. But for a time-
resolved investigation of the mechanism, one only wants to
excite less than 10% of the molecules in the beam to avoid
two-photon excitation effects. So, the fact that the crystal
lattice decomposes in the single crystal case before a

CrystEngComm, 2024, 26, 4470-4477 | 4475
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conversion efficiency of 100% is reached does not necessarily
hinder its investigation with pump-probe techniques in the
single crystal state. The hypothesis compatible with all our
data so far would be that the photoproduct requires a
different unit cell size, which puts strain on the crystal lattice
when irradiating it with UV light. In the single crystal case,
this results in decomposition of the crystal. In this context, it
is noteworthy that we conclude from the solution NMR data
that the conversion efficiency in the powder form of the
4-tfmca sample is nearly 100%, which is also supported by
TGA measurements (Fig. S47).

The spectroscopic investigations on the crystals prepared in
KBr pellets showed that the course of the photodimerization
reaction can be conveniently followed using the KBr pellet
method and optical spectroscopy. 4-tfmca could undergo
photodimerization in the KBr matrix without any relevant
fraction of side reactions, as evidenced by the isosbestic points
observed in the IR and UV spectra. For comparison, 3-tfmca
prepared in the KBr pellet was subjected to the same
irradiation conditions. While showing no photoreaction in its
single crystal, 3-tfmca displayed subtle photoreactivity under
irradiation within the KBr matrix. The photoreaction of 3-tfmca
is different from the faster photodimerization of 4-tfmca as it
is slow and becomes much more complex with longer
irradiation time. So, following the photodimerization reaction
of 4-tfmca with time-resolved pump-probe techniques in the
KBr matrix is also possible, but side reactions with the KBr
matrix may have to be taken into account as has been reported
by Braga et al.®® The improved index matching between the
KBr matrix and the powder sample as compared to the
irradiation of the neat powder sample allows the coupling of
more light into the crystallites of the powder samples and helps
to find this previously unknown photochemical reaction in the
3-tfmca compound.

Data availability

Crystallographic data for 4-tfmca, 3-tfmca, and partially
photodimerized 4-tfmca have been deposited at the
Cambridge Crystallographic Data Centre under the CCDC
numbers 2331642, 2331099, and 2332753, respectively, and
can be obtained from https://www.ccde.cam.ac.uk/.
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