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ABSTRACT: A sulfonic acid, namely p-sulfocinnamic acid (psca), has been synthesized and characterized spectroscopically as well
as by single crystal X-ray diffraction. The crystal structure of psca reveals that it fulfils Schmidt’s topochemical rules for [2 + 2]
photodimerization and the molecules to be dimerized are arranged in head-to-tail manner, confirming psca to be an a-type
polymorph. The [2 + 2] photodimerization of psca has been monitored using solid state '*C CP-MAS NMR spectroscopy which
certifies a 100% photoconversion to yield to 4,4'-disulfonate-truxillic acid (dsta). The Avrami constant, n = 1.8(1), derived from the
Johnson—Mehl—Avrami—Kolmogorov (JMAK) model, indicates that [2 + 2] photodimerization proceeds with a decreasing
nucleation rate and formation of dsta occurs through a one-dimensional heterogeneous linear growth. The crystal structure of dsta
unveils it to be a centrosymmetric molecule. The solvent molecules present in the crystal lattice interconnect all truxillic acid
molecules through a 3D hydrogen bonding network. Guest insertion of psca into a selected inorganic host-network, as a proof of
concept for hybrid materials design, provided [Fe(H,0)](psca),-2H,0, which has been structurally characterized and investigated
by *’Fe Mossbauer spectroscopy.

B INTRODUCTION represents an economical and environmentally friendly

Photoresponsive molecules undergo definite structural or approach to produce covalent bonds in organic molecules,

conformational changes when irradiated with light of certain
wavelengths. These structural changes often cause changes in
their physical and chemical properties, making the photo-
responsive molecules potential candidates for optical data
storage and display devices.' The response to light irradiation
may include keto—enol tautomerization,” cis—trans isomer-

which prevent exposure to harmful solvents usually employed
in classic organic chemistry.’ The [2 + 2] photocycloaddition
of trans-cinnamic acid under the influence of UV light has been
studied for more than a century.” Since the first systematic
study on [2 + 2] photodimerization of the original molecule

ization,” cycloaddition,” etc. Molecules exhibiting photo- Received:  August 16, 2020 G
induced [2 + 2] intercycloaddition between two unsaturated Revised:  October 29, 2020
molecules represent a fascinating substance class. In particular, Published: November 17, 2020

molecules based on trans-cinnamic acid undergoing [2 + 2]
photocycloaddition in the solid state at ambient conditions
have attracted considerable interest.” This synthetic method
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and its derivatives,® many studies have aimed to control,”
'71% and understand the mechanism of the solid state
* Despite the irreversible nature of the
photoconversion in trans-cinnamic acid, it still holds a suitable
importance as a functional material because the photoreaction
proceeds in the solid state at room temperature and ambient
pressure, thus opening up the possibility for trans-cinnamic
acid to be included as a guest molecule into hybrid materials or
polymers, to generate new functional materials.

There are two known variants of photoresponsive trans-
cinnamic acid, namely a-type and S-type.” In a-type, the two
monomers that undergo photodimerization are arranged in a
head-to-tail manner whereas in f-type, the monomers are
arranged in head-to-head manner as shown in Scheme 1.

Scheme 1. Two Variants of trans-Cinnamic Acid and Their
Photodimerization Products
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Schmidt et al. postulated the fundamental rules of top-
ochemical solid state [2 + 2] photodimerization in trans-
cinnamic acid" to occur as follows: (i) the distance between
the concerned vinyl bonds (d) should be d < 4.2 A and (ii) the
two vinyl bonds should be parallel to each other in order to
have a good overlap of 7-orbitals (Scheme 2). If these rules are

Scheme 2. Structural Conditions for Vinyl Bonds to
Undergo [2 + 2] Photodimerization
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met, the photodimerization is most likely to proceed. Some
reports, however, violate these postulates.m_18 For instance,
Murthy while studying derivatives of trans-cinnamic acid found
that the distance between vinyl bonds of 4-hydroxy-3-
nitrocinnamate was d = 3.7 A and yet it exhibited no
photodimerization.'® Nonetheless, it is still best to keep the
original Schmidt’s postulates in mind while designing new
molecules.

In this paper, we study the [2 + 2] photodimerization
properties of a sulfonate derivative of a-trans-cinnamic acid,
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called p-sulfocinnamic acid (psca). The photoreaction depicted
in Scheme 3 was monitored by using solid state '*C CP-MAS

Scheme 3. Reaction Scheme of [2 + 2] Photodimerization of
p-Sulfocinnamic Acid (psca) to 4,4’-Disulfonate-truxillic
Acid (dsca)
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NMR spectroscopy. The kinetics of the reaction were
described using the Johnson—Mehl—Avrami—Kolmogorov
(JMAK) model of nucleation and growth for solids.'”~*'
Alongside kinetics study, a thorough characterization of p-
sulfocinnamic acid (psca) and its new photoproduct, 4,4’
disulfonate-truxillic acid (dsta) including their crystal struc-
tures and infrared spectroscopy investigation are also described
herein. This article is critical as it studies and identifies the
photodimerization properties of psca in detail. Being photo-
responsive and possessing a negative charge, psca holds the
potential to be included in a variety of organic blends, and
inorganic lattices, including cationic metal complexes as a
counteranion.”” This strategy will allow proposal of a novel
generation of photoresponsive hybrid materials. As a proof of
concept, we have successfully inserted psca into a hexa-aqua-
iron complex [Fe(H,0)4](psca),2H,0, whose crystal struc-
ture and *’Fe Mdssbauer investigation are also presented.

B EXPERIMENTAL SECTION

Materials and Characterization Techniques. trans-Cinnamic
acid and 20% fuming sulfuric acid were purchased from Acros-
organics. FeCl,-4H,0 and acetic acid were purchased from Sigma-
Aldrich. All the chemicals were used as received without further
purification. Fourier-transform infrared spectra were recorded on a
Shimadzu FTIR-8400S instrument using KBr pellets. Solution-state
BBC NMR spectra were recorded at room temperature on a Bruker
Avance II 300 MHz spectrometer. The samples were dissolved in
DMSO-dg. Chemical shifts (5) are reported in parts per million and
were referenced to the residual signal of the solvent (5 = 39.52 ppm).
Mass spectral data were recorded on a Q-Exactive mass spectrometer
from Thermo Fisher Scientific. Powder XRD analysis was done on a
D8 Advanced diffractometer from Bruker. The diffractogram was
recorded using Cu Ka radiation (0.15406 nm) and linkeye XE-T
detector (Bruker) in the 5—70° (26) range with an increment of
0.0015° and an integration time of 0.15 s. Solid-state *C CP-MAS
NMR spectra were recorded at room temperature on a Bruker Avance
500 MHz spectrometer operating at 11.7 T (500 MHz for 'H and 125
MHz for *C). All the spectra were obtained using a 4 mm CP-MAS
probe with a spinning frequency of 5 kHz, contact time of 2 ms and
relaxation delay of 300 s. The chemical shift scale was referenced
externally to solid adamantane (38.48 and 29.4S ppm) with respect to
TMS. "Fe Mossbauer spectra were recorded at room temperature in
transmission geometry mode with a constant acceleration mode
conventional Wissel Mossbauer spectrometer equipped with a *’Co-
(Rh) radioactive source provided by Cyclotron Ltd., a Reuter Stokes
proportional counter detector and a Wissel CMCA-550 multichannel
analyzer. All isomer shifts in Mssbauer spectra are given respective to
a-Fe.

Syntheses. p-Sulfocinnamic Acid (psca). A 5.0 g portion of finely
ground trans-cinnamic acid was added in small amounts to 8.0 mL of
20% fuming sulfuric acid kept in an ice—water bath. After complete
addition, the reaction mixture was vigorously stirred at room
temperature for 30 min. Thereafter, the thick brown reaction mixture
was heated in an oil bath set at 60 °C for 2 h. The dark brown

https://dx.doi.org/10.1021/acs.cgd.0c01149
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Figure 1. Crystal structure of psca. (a) Asymmetric unit, (b) angles between vinyl bonds of two molecules to be dimerized, (c) crystal packing
when viewed along the b-axis, (d) hydrogen bonding network in psca, showing the hydrogen bonds as dashed cyan lines.

solution was then cooled down to room temperature and added to 30
mL of ice water with vigorous stirring. The resulting solution was then
allowed to stand still for a period of 1—2 days. After 2 days, crystals of
psca started to separate from the reaction mixture. These crystals were
filtered using a Buchner funnel and washed with diethyl ether. At last,
the product was recrystallized from distilled water to obtain single
crystals. Yield: 59% (4.52 g). FTIR (KBr, cm™): 1679 cm™" (C=0),
1644 (C=C), 1311 (asym S=O0), 1123 (sym S=O0), 824 (S—0).
'"H NMR [300 MHz, DMSO-d,, 6 (ppm)] 7.66 (2H, d), 7.62 (2H,
d), 7.57 (1H, d), 6.53 (1H, d). MS (FTMS — pAPCI): m/z 227.00
(M7].

4,4'-Disulfonate-truxillic Acid (dsta). The solid state [2 + 2]
photodimerization was performed with a broad UV wavelength
fluorescent 15 W Phillips lamp. A 105 mg portion of crystallized psca
was finely ground and spread evenly on a watch glass, thereafter psca
was irradiated for 2 h to obtain dsta. During the irradiation, psca was
thoroughly mixed using a spatula at regular intervals of 20 min in
order to ensure maximum and homogeneous light exposure. After
irradiation, the photoproduct was recrystallized from aqueous acetic
acid to obtain crystals suitable for single crystal- XRD. FTIR (KBr,
em™): 1712 (C=0), 1313 (asym. S=0), 1126 (sym. S=0), 844
(S—0). 'H NMR [300 MHz, DMSO-d, 5 (ppm)] 7.57 (4H, d), 7.34
(44, d), 429 (2H, m), 3.82 (2H, m). MS (FTMS + pESI): m/z
227.00 [M*].

[Fe(H,0)g)l(psca),2H,0. The synthesis was done following our
recently reported procedure.”® Single crystals were obtained upon
recrystallization from distilled H,O. Yield: $7% (6.25 g). FTIR (KBr,
em™): 1695 em™! (C=0), 1631 (C=C), 1314 (asym S=0), 1126
(sym S$S=0), 807 (S—O). Elemental analysis calculated for
FeC,40,5H30S,: C, 33.04; H, 4.62; S, 9.80. Found: C, 33.04; H,
4.60; S, 9.79.

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction
(SXRD) data for psca was collected at 100 K on an Agilent Supernova
diffractometer, equipped with an Atlas CCD detector, using Mo—Ka
radiation (4 = 0.71073 A). Intensity data for dsta and [Fe(H,0),]-
(psca),2H,O were measured on a MAR34S image plate detector
using Mo—Ka radiation (4 = 0.71073 A), generated by a Rigaku
UltraX 18S generator with a Xenocs Fox3D mirror. dsta was
measured at room temperature and [Fe(H,O)¢](psca), was flash
cooled to 150 K prior to data collection. Data reduction and
integration was performed by CrysAlis"™.** The selected crystal of
psca and [Fe(H,0)¢](psca),2H,O were found to be twinned and
both twin domains were integrated simultaneously. All the structures
were solved by Direct Methods, SHELXT,”® and refined by full-matrix
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least—squares minimization on F? using SHELXL2014/ 726 Non-
hydrogen atoms were refined anisotropically and hydrogen atoms
were placed in calculated positions and refined in riding mode with
isotropic temperature factors fixed at 1.2 times U, of the parent
atoms (1.5 for H,0O molecules). In [Fe(H,0)] (psca)z 2H,0, the
carboxylic end was found to be disordered over two sites (66/34
ratio), and the minor part was refined to be geometrically similar to
the major part. Isotropic and rigid bond restraints were applied to the
disordered parts. H atoms on the water molecules were located in the
difference maps, idealized and refined as rigid groups allowing
rotation around the oxygen atom. The hydrogens of the hydronium
ions in psca and dsta were located in the difference maps, and
distance restraints were applied for the O—H bonds; no angle or bond
angle restraints were set.

psca and [Fe(H,0)4](psca),2H,0 were found to be twinned,
during data processing and both twin domains were simultaneous
integrated. The subsequent refinement cycles were performed against
HKLFS formatted data.

The crystallographic and refinement data for all the complexes is
summarized in Table S1 in the Supporting Information. Ortep
representations of psca, dsta, and [Fe(H,0)¢](psca),2H,0 are
shown in Figures S1—3, respectively. CCDC 2015099—2015101 for
psca, dsta, and [Fe(H,0)4](psca),-2H,0, respectively, contain the
supplementary crystallographic data for these compounds and can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures.

B RESULTS

Synthesis and Crystallization. The synthesis of psca was
done following a modified procedure after Moore and
Tucker.”” The addition of trans-cinnamic acid into fuming
sulfuric acid was done slowly and carefully as the reaction was
highly exothermic, using an ice—water bath to control the
reaction temperature. After complete addition, the reaction
mixture was vigorously stirred to not allow the formation of
lumps because the reaction mixture gets very viscous with
increasing trans-cinnamic acid concentration. After the
complete addition and ensuring that no more fumes were
coming out of the reaction flask, the reaction mixture was
heated at 60 °C to speed up the sulfonation process. At this
point, the reaction mixture appears as a clear dark-brown thick
solution indicating the completion of the sulfonation process.

https://dx.doi.org/10.1021/acs.cgd.0c01149
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Figure 2. Crystal structure of dsta. (a) Formula unit, (b) crystal packing when viewed along the g-axis, (c) hydrogen bonding network in dsta,

showing the hydrogen bonds as dashed cyan lines.

The reaction mixture was poured slowly into ice cold water,
with continuous stirring to separate psca from the reaction
mixture. If stirring was not maintained while addition, it would
lead to desulfonation of psca back to trans-cinnamic acid. After
separation, psca was filtered and washed with diethyl ether to
remove the excess of sulfuric acid. Finally, psca was
recrystallized from distilled water to obtain single crystals
suitable for single crystal- XRD. The solid state [2 + 2]
photodimerization of psca was performed with a broad UV
wavelength fluorescent 15 W lamp. The sample was finely
ground and mixed thoroughly at regular intervals to have
maximum exposure to UV light irradiation. The dimer dsta
was recrystallized from 50% aqueous acetic acid to obtain
single crystals for crystal structure determination. The guest
insertion of psca within a hexaaqua Fe(II) complex was
successfully carried out, leading to an aqua iron complex,
[Fe(H,0)4](psca),2H,0. The synthesis of [Fe(H,0)¢]-
(psca),2H,O was done in situ in the sulfonation reaction
mixture of trans-cinnamic acid. After the completion of the
sulfonation reaction, instead of separating out psca, FeCl,:
4H,0 was added in excess. [Fe(H,0)¢](psca),2H,O started
to precipitate out within 5 min of stirring. The precipitate was
filtered and recrystallized from distilled water to obtain single
crystals.”
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Single Crystal X-ray Diffraction. Crystal Structure of p-
Sulfocinnamic Acid (psca). psca has a triclinic structure and
crystallizes in the Pl space group. The asymmetric unit
comprises one molecule of p-sulfocinnamic acid along with two
lattice water molecules, and one hydronium ion as shown in
Figure la. psca crystallized as a hydronium salt of p-
sulfocinnamic acid due to highly acidic nature of the sulfonic
group which readily loses a hydrogen ion. Figure 1c represents
the crystal packing of psca when viewed along the b-axis. In a
plane, the molecules arranged themselves in pairs forming a
dimeric motif with sulfonate groups facing to each other. Each
molecule in the dimeric motif is within the allowed distance for
photodimerization with their neighboring molecules situated
either below or above them. The molecules that are to undergo
photodimerization are stacked in head-to-tail manner in two
parallel planes, making psca an a-type polymorph. The
distance between vinyl bonds of these stacked molecules is
3.54(7) A which is well within the limits of 4.2 A for
photodimerization. Interestingly, another pair of head-to-tail
stacked molecules whose vinyl bonds are 4.23(7) A apart is
also spotted in the crystal packing as shown in Figure lc. Such
a distance lies at the uppermost allowed limit of Schmidt’s
postulates. Thus, this other vinyl pair also holds the potential
to undergo photodimerization. However, the vinyl pair which

https://dx.doi.org/10.1021/acs.cgd.0c01149
Cryst. Growth Des. 2020, 20, 78507861
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Figure 3. Crystal structure of [Fe(H,0)¢](psca),-2H,0. (a) Formula unit, showing thermal displacement ellipsoids at the 30% probability level.
The disorder of the vinyl and carboxylic group is shown by the corresponding atom color. (b) Crystal packing when viewed along the b-axis.
Hydrogen atoms and solvent molecules are removed for clarity. (c¢) H-bonding network in the crystal lattice which cyan lines representing

hydrogen bonds.

is 3.54(7) A apart is the most likely to undergo photo-
dimerization based on the minimum molecular movement
criteria. Therefore, we shall only focus on the vinyl pairs with
the shortest distance, i.e. the ones with 3.54(7) A. A closer
look at the vinyl bonds of stacked molecules is given in Figure
1b, where it can be clearly seen that two vinyl bonds have the
opposite equal angles, making them parallel to each other. The
torsion angle, 7, between the two vinyl bonds is 0° which
ensures a maximum overlap between z-orbitals. The crystal
water occupies space between the dimeric motifs close to the
oxygen rich sulfonate and carboxylate groups. Consequently,
multiple hydrogen bonds between the lattice waters and
oxygen atoms of sulfonate and carboxylate groups with
O(H)--O distances in the range of 2.46(5)—3.14(S) A are
observed. All D—H:--A parameters in psca such as distances,
angles, and type of interactions are summed up in Table S2.
This strategic position of solvent molecules allow them to form
a 3D hydrogen bonding network in the crystal lattice as shown
in Figure 1d where cyan bonds represent hydrogen bonds. No
aromatic interactions are seen in the crystal packing as the
rings are too distant apart.

Crystal Structure of 4,4'-Dislufonate-truxillic Acid (dsta).
dsta also crystallizes in the triclinic space group Pl. The
formula unit is comprised of one molecule of 4,4’-disulfonate-
truxillic acid along with four water molecules, and two
hydronium ions as shown in Figure 2a; this also reveals the
presence of cyclobutane ring with carboxylic groups at
opposite ends confirming the success of the [2 + 2]
photodimerization reaction of psca. The cyclobutane ring
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connects two phenyl rings which are parallel to each other and
lie in different planes. As a result of psca being an a-
polymorph, sulfonate groups in dsta occupy positions opposite
to each other at each phenyl ring. dsta is located on an
inversion center, as a result the asymmetric unit of dsta
comprises only half of the formula unit. The cyclobutane ring
is completely planar as expected for the centro-symmetrical
ring substitution.”® The C—C bond lengths and 2C—C—C
bond angles in cyclobutane ring (C11-C12 = 1.59(4) A,
C12—C11 = 1.55(3) A, £C11-C12—C11 = 90.4(2)°, £C12—
C11-C12 = 89.6 (2)°) show that the ring slightly deviates
from the square geometry.

Figure 2b represents the crystal packing of dsta. A closer
inspection of the crystal packing unveils that both sulfonate
groups and carboxylic groups on their respective ends in a
molecule have identical environments in the crystal packing,
thanks to the centro-symmetry of dsta. An extensive hydrogen
bond network is formed, where the carboxylic acid proton
interacts with the sulfonate group, providing a double
interaction on both sides of the molecules along the b-axis
(Figure 2c). The water and hydronium molecules are situated
in layers, with extensive linking between them as well as with
the sulfonate and carboxylic acid groups forming a strong 3D
hydrogen bonding network as shown in Figure 2b. The
O(H)--O distances in hydrogen bonds between H,O
molecules and oxygen atoms of sulfonate and carboxylate
groups are in the range of 2.5(3)—2.88(3) A. See Table S2 for
all hydrogen bonding parameters.

https://dx.doi.org/10.1021/acs.cgd.0c01149
Cryst. Growth Des. 2020, 20, 78507861
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Crystal Structure of Hexaaqua Iron(ll) Sulfocinnamic Acid
[Fe(H,0)4l(psca),2H,0. The hexaaquairon complex, [Fe-
(H,0)4](psca),2H,0, crystallizes in the PI space group,
which is remarkably the same as for psca and dsta. Figure 3a
represents the formula unit and unit cell comprised of one
Fe(II) ion coordinated to six water molecules, two molecules
of p-sulfocinnamic acid as anions, and two lattice water
molecules. Each Fe(Il) ion is counter balanced by two
negatively charged p-sulfocinnamic acid anions to maintain
charge neutrality in the crystal lattice. The Fe(II) ion exhibits a
near perfect octahedral geometry, with quadratic elongation of
1.001.>” The bond angles in the octahedron are found to be
only slightly deviated from right angles, with a distortion
parameter X = 18.1°. The Fe—N bond lengths which are of the
order of 2.1-2.2 A indicate [Fe(H,0);](psca),2H,0 to be a
high-spin (HS) complex.’ Figure 3b shows the crystal packing
arrangement in [Fe(H,0)q](psca),2H,0 along the b-axis.
There are two p-sulfocinnamic acid anions which lie in
between two Fe(IL) ions. The distance between vinyl bonds of
these two anions is 3.61(1) A which is well within the limit for
photodimerizable distance. Also the torsion angle, 7 between
the two vinyl bonds is 0° which provides for a maximum
overlap of the z-orbitals. Hence there is a possibility that
[Fe(H,0)4](psca),-2H,O could be a photoresponsive com-
plex. The p-sulfocinnamic acid molecules are slightly bent. If
we follow the dashed blue curve in Figure 3b, the molecules
seem to form a wavelike pattern which propagates from one
Fe(II) to another Fe(Il) ion. The bent shapes of p-
sulfocinnamic acid molecules are responsible for these
waveslike patterns. These patterns are more clearly shown
from a different angle in Figure 3¢, which also represents the
hydrogen-bonding network in the crystal packing. The two p-
sulfocinnamic acid molecules are linked together through
hydrogen bonds from carboxylic groups and act as a bridge
along with H,0 molecules between two Fe(II) ions. In fact, all
the Fe(II) ions in the lattice are interconnected with each
other through hydrogen bonding, engaging all of the eight
water molecules. The O(H)-O distances in hydrogen bonds
between H,0 molecules and oxygen atoms of sulfonate and
carboxylic groups are in the range of 2.23(3)—2.86(4) A; see
Table S2 for more details.

5’Fe Mdssbauer Spectroscopy. The 'Fe Mdossbauer
spectrum recorded at room temperature and in air of
[Fe(H,0)¢)(psca),2H,0 (Figure 4) was fitted to the sum
of Lorentzian lines by a least-squares refinement using Recoil
1.05 Mbssbauer Analysis Software (Table 1).*' The red
doublet at isomer shift of § = 1.26 mm/s shows a quadrupole
splitting of AE, = 3.18 mm/s, which is characteristic of Fe(II)
HS ions. The large quadrupole splitting arises from electric
field gradient in [Fe(H,0)4](psca),-2H,O which in turn is
caused by distorted octahedron environment of Fe(II).*” As
expected from SXRD, [Fe(H,0)¢](psca),2H,0 is indeed an
HS compound, as coordinated water molecules contribute
toward the weak ligand field.

The hyperfine parameters obtained for Fe(Il) sites of
[Fe(H,0)4](psca),2H,O are similar the one obtained by
DeBenedetti et al. for a ferrous ion with same coordination
sphere, [Fe(H,0)s]SO,-H,0.” Alongside the red doublet, a
yellow doublet with an isomer shift, 6 = 0.14 mm/s and
quadrupole splitting of AE, = 0.43 mm/s was also observed in
the spectrum. The parameters obtained correspond to the
presence of Fe(IlI) HS ions and suggest that [Fe(H,O)¢]-
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Figure 4. ’Fe Mossbauer spectrum of [Fe(H,0)4](psca),2H,0 at
room temperature.

Table 1. ¥’Fe Mossbauer Parameters [Fe(H,0)4](psca),’
2H,0 at 298 K*

sites 6 (mm/s) AE, (mm/s) T/2 (mm/s) fraction (%)
Fe(I) HS  1.264(2) 3.18(4) 0.20(1) 91
Fe(III) HS 0.143* 0.43(4) 0.19(1) 9

“Isomer shifts (5) are given with respect to metallic a-Fe. I'/2 = half
width of the lines.* fixed parameter.

(psca),2H,0 tends to oxidize over time under ambient
conditions.

[2 + 2] Photodimerization of psca. Different techniques
like vibrational spectroscopy,”**> NMR spectroscopy,”® "
SXRD,**~*" and AFM** have been utilized to monitor the [2 +
2] photodimerization reaction of trans-cinnamic acid and its
derivatives. Since the reaction is a solid state one, we adhered
ourselves mostly toward solid-state characterization techni-
ques. Building on previous research works, we used FT-IR as
primary tool to distinguish between the monomer (psca) and
dimer (dsta), which indicated the success of the dimerization
reaction. To study the reaction in depth, we used 13¢C solid
state NMR as it has been shown before that solid state NMR
spectroscopy not only distinguishes the reactant and product
but also provides a sophisticated measure to probe the accurate
compositions of monomer and dimer in the reaction mixture at
any given time.””">** Taking advantage of the technique and
methodology, we studied photoconversion of psca into dsta
with respect to time and explained the kinetics of the reaction
using the JMAK model of nucleation and growth (see Kinetic
Studies section).

Fourier Transform Infrared Spectroscopy. Infrared (IR)
spectra of psca and dsta over a selected frequencies range are
shown in Figure 5. The spectrum of psca distinctly shows
characteristics peaks for sulfonate group and carboxylic group:
1679 cm™' (C=0), 1644 cm™ (C=C), 1311 cm™ (asym
S=0), 1123 cm™" (sym S=O0), and 824 cm™' (S—0). After
irradiation, the spectrum of dsta does not show any stretching
band for C=C bond around 1644 cm™' indicating the
completion of the [2 + 2] photodimerization reaction.
However, IR spectrum after irradiation shows the presence
of all other major bands for sulfonate and carboxylic groups
with a slight shifting as compared to psca suggesting the
completion of photodimerization reaction. The noticeable
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Figure 5. Comparison between IR spectra of psca (above) and dsta
(below) over a selected range. The dashed line indicates the loss of
C=C band after photodimerization in dsta.

bands for dsta are located at 1712 cm™ (C=0), 1313 cm™*
(S=0 asym), 1126 cm™' (S=O sym), and 844 cm™' (S—0).

Solid State 'C CP-MAS NMR Spectroscopy. Figure 6
compares the "*C NMR spectra of psca and dsta with standard

dsta with TOSS

715
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Figure 6. Solid state *C CP-MAS NMR spectra of psca and dsta with
and without total suppression of spinning sidebands (TOSS). The
asterisks (*) represents the spinning sidebands.

cross-polarization and with total suppression of spinning
sidebands (TOSS). Both compounds are clearly distinguish-
able based on their *C NMR spectra. The vinylic carbons
from psca resonate at chemical shifts of 143.0 and 113.5 ppm
whereas the carbons from phenyl rings give peaks at chemical
shift of 146.3, 135.0, 132.2, and 125.0 ppm. On the other hand,
the spectrum of dsta shows two very distinct contributions at
42.0 and 36.1 ppm, corresponding to two carbons from
cyclobutane ring. The signals at 140.3, 138.9, 129.0, 124.2 ppm
correspond to carbons from two phenyl rings of dsta. The
chemical shift of carboxylic carbon is slightly shifted in dsta
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relative to psca. It should be noted here that the spectrum of
dsta gives no peaks for vinylic carbons, marking the full
completion of the photoconversion. The full assignment of 1*C
NMR spectra of psca and dsta is given in Table 2. The signals
are assigned based on the solution state NMR spectra of psca
and dsta. The solution state NMR can be found in the SI
(Figure SS, S6, and S7).

Table 2. Solid State '*C CP-MAS NMR Chemical Shift
Assignment for psca and dsta

& chemical shift

compound (ppm)
psca C atoms from phenyl 146.6 (1C), 135.0 (1C)
ring; 132.2 (1C), 125.0 (3C)
C atoms from vinyl ~ 143.0 (1C), 113.5 (1C)
chain:
C atoms from 173.2 (1C)
carboxylic:
dsta C atoms from phenyl 140.3 (2C), 138.9 (2C), 129.0 (2C),

1254 (2C), 1242 (4C)
42.0 (2C), 36.1 (2C)

rings:
C atoms from
cyclobutane ring:

C atoms from 171.5 (2C)

carboxylic:

Kinetics Study of [2 + 2] Photodimerization. The [2 +
2] photodimerization reaction of psca was monitored using
solid state *C cross-polarization magic angle spinning (CP-
MAS) NMR spectroscopy. The stacked *C CPMAS NMR
spectra of psca at different irradiation time are shown in Figure
7. Each spectrum is recorded with approximately 100 mg of
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Figure 7. Stacked solid state *C CP-MAS NMR spectra of
photoconversion from psca to dsta recorded at different irradiation
time. The symbols (1) and (1) represent signals from psca and dsta
respectively, whereas the asterisks (*) represents the spinning
sidebands. The irradiation time is written beside each spectrum.

sample, taken after a certain time interval during irradiation.
Chemical shifts for psca and dsta are marked as (}) and (1)
respectively. Formation of dsta is markedly visible in the
spectra with signals from cyclobutane carbons started to appear
at 42.0 and 36.1 ppm right after the first irradiation. The
signals from cyclobutane carbons (1) become more intense
with increasing irradiation time as can be seen in the spectra.
On the contrary, the signals from vinylic carbons (|) at 143.0

https://dx.doi.org/10.1021/acs.cgd.0c01149
Cryst. Growth Des. 2020, 20, 78507861


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01149/suppl_file/cg0c01149_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01149?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01149?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

and 113.5 ppm decrease in intensity with increasing irradiation
time and disappear after 120 min of irradiation. Signals from
phenyl carbons of dsta are also distinguishable from phenyl
carbons of psca, with former’s chemical shifts being slightly
deshielded.

Figure 8 represents a curve of fractions of psca converted
(into dsta) as a function of time. The degree of conversion is
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Figure 8. Degree of conversion plot with irradiation time to explain [2
+ 2] photoconversion kinetics from psca to dsta. The curve is fitted
according to the JMAK model of nucleation and growth.

evaluated from the '*C CP-MAS NMR spectra using the
formula, {integral of cyclobutane signal/(integral of vinyl signal
+ integral of cyclobutane signal)}. Since the curve obtained is a
sigmoidal one, the data was fitted deploying the Johnson—
Mehl—Avrami—Kolmogorov (JMAK) model of nucleation and
growth in solids."”~*' The JMAK model has been used before
to explain [2 + 2] photodimerization kinetics of a-trans
cinnamic acid, f-trans-cinnamic acid, and a few of their
derivatives.’®**~*° The JMAK equation (commonly known as
the Avrami equation) is described as follows:*>*’

y(t) = 1 — exp(—kt)" 1

where y(t) represents the fraction of the product formed with
time, k is the rate constant, and n represents the order of
reaction. Order of the reaction, n determines the type of
formation and growth of dsta. Earlier, the JMAK model was
developed to describe growth and nucleation for a 3D system
where nucleation propagates homogeneously considering the
system is infinite and the growth stops at points of mutual
contact of newly formed species. However, Weinberg showed
that JMAK kinetics can also be applied to explain the growth in
a system where nucleation of the new species occurs at the
surface™ very similar to the topochemical photoconversion
from psca to dsta. In case of homogeneous nucleation, Avrami
exponent (n) takes an integer value of 4, 3, and 2 for 3D, 2D,
and 1D growth, respectively. The JMAK model also comes in
handy for the heterogeneous nucleation where n takes
fractional values. The heterogeneous nucleation occurs either
with a specific rate as the reaction progresses or where a fixed
number of nuclei are already present at the onset of reaction.
To give an example, suppose n ranges between 1 and 2. If n ~
1 then the nuclei are already present (at the onset of the
reaction) in a fixed number, and 1D linear growth occurs
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rapidly. If n ~ 2, nucleation occurs during the course of
reaction with a constant rate and growth is 1D linear growth.36

Fitting the experimental data according to JMAK kinetics
model gives the value of Avrami exponent, n = 1.8(1). The
obtained value of n suggests that formation of dsta occurs
through heterogeneous 1-D linear growth. The obtained
Avrami exponent is 1 < n < 2 which suggests that formation
of some of the nuclei had occurred at the beginning of the
reaction and the rest of the nucleation occurred during the
reaction. But because n is more inclined toward 2, this means
that the majority of the nucleation occurred during the course
of the reaction and the rate at which nucleation occurs,
decreases with time. The formation of certain nuclei prior to
irradiation might have resulted from exposure to natural
sunlight, as was observed by Fonseca et al. for o-methoxy
cinnamic acid.* The presence of certain nuclei at the onset of
the reaction and nonuniform nucleation rate with time explains
the rapidness of photoconversion at the beginning, and gradual
toward the end. Thus, the Avrami exponent, n = 1.8(1),
signifies that formation of dsta occurs by means of
heterogeneous 1D linear growth with a decreasing nucleation
rate as the reaction proceeds.

B DISCUSSION

Our research team has been progressively active in exploring
novel photoresponsive hybrid materials based on aromatic
anions for the past few years.”**~>" The functionalization with
a sulfonate group allows the photoresponsive organic
compounds to bear a permanent negative charge and which
can ease their insertion into inorganic cationic hosts in a
controlled manner by the principle of charge neutrality.
Proceeding in this direction, we chose to focus on psca as
photoresponsive anion. Its synthesis had to be fully explored
since the previous report, dating for almost a century,”” was
not very detailed. We therefore describe in this account the
crucial synthetic steps of this photoswitchable salt, for which
we also report its photoresponsive properties as well as its
structural properties. Indeed, this molecule had never been
studied before, except as intermediate reagent in bioorganic
chemistry.”> Since a-trans-cinnamic acid has been used and
photodimerized in a number of different systems such as
diamines double-salt,” cocrystals,'" bile acid conjugates,12 etc.,
we therefore anticipate that psca holds great potential to be
photoresponsive in different hosts, e.g. in hybrid inorganic—
organic materials or as organic blends. Analysis of the crystal
structure of psca revealed that it qualifies Schmidt’s criteria for
[2 + 2] photodimerization reaction. We performed the
irradiation experiment on a ground sample to have maximum
exposure of UV light on the sample. However, we eventually
recrystallized dsta from aqueous acetic acid to obtain single
crystals suitable for X-ray diffraction. A powder XRD pattern of
dsta before recrystallization is shown and compared with
simulated pattern obtained from single crystal structure of dsta
in Figure S4. The two patterns match very well with each
other, implying that recrystallization did not cause any
structural changes in dsta. Most interestingly the P1 space
group was preserved in going from psca to dsta. For the
synthesis of [Fe(H,0),](psca),-2H,0, a novel in situ approach
was employed which is faster and avoids one extra synthesis
step as it does not require psca to be in the form of sodium salt
which is a prerequisite in traditional synthetic approaches for
this type of compounds.”> The synthesis of [Fe(H,0)]-
(psca),2H,0 has recently been reported by us,” but its
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structural and magnetic properties are described in this paper
only. Addition of FeCl,-4H,0 not only afforded [Fe(H,0)¢]-
(psca),-2H,0 but also neutralized sulfuric acid to form FeSO,.
As a result, the reaction mixture was comprised of FeSO,,
excess of FeCl,, probably traces of unreacted psca and the
desired product [Fe(H,0)4](psca),-2H,0. The advantage of
using excess of FeCl,-4H,0 is that it saturates the aqueous
solution by FeSO, and FeCl, which makes [Fe(H,0)(]-
(psca),2H,0 to quickly precipitate out of the reaction
mixture. The more soluble FeSO,, FeCl, and unreacted psca
prefer to stay in the solution phase. Thus, [Fe(H,0)](psca),:
2H,0 can be easily separated and filtered out without any
unwanted impurities.**

The crystal structures deserve special attention after
detection of oxonium ions in the crystal lattices of psca and
dsta. The crystallization of H;O" salt is indeed a very rare
occurrence but not the first instance. In fact, H;O" ions have
been seen in the crystal structure of another aromatic sulfonate
anion, p-toluene sulfonic acid.”® Hydrogen bonding plays a
major role holding psca in a specific molecular arrangement. If
we compare the crystal packing of psca with its parent
molecule, a-trans-cinnamic acid, we observe that in the latter,
crystal packing consists of pairs of planar molecules which are
held together through hydrogen bonds from one carboxylic
group to another carboxylic group,”* whereas in psca the water
molecules of crystallization connects the molecules through a
3D hydrogen bonding network. This is one of the advantages
of functionalizing trans-cinnamic acid with sulfonate group as it
makes psca soluble in water. Thus, recrystallization of psca
from water allows the H,O molecules of crystallization to
occupy space in the crystal lattice and provides pathways for a
3D hydrogen bonding network as shown in Figure 1d. This
specific molecular arrangement for psca allows the molecules
to photodimerize with minimum molecular movement.

The conformation of cyclobutane ring in dsta was found to
be planar. It shows accordance with Margulis’ rules for
predicting the conformation of cyclobutane ring. These rules
predict the conformation based on the substitution of
cyclobutane ring. Indeed, if the substitution is centro-
symmetrical, the ring will be planar, otherwise, it will have a
puckered conformation.”® Depending on the orientation of
substituents on cyclobutane ring, the truxillic acids can be
categorized into five different diastereomers, namely alpha (a),
epi, peri, gamma (), and epsilon (&) as illustrated in Figure
9. In dsta, the 1,3 and 2,4 substituents on the cyclobutane

A, B A B A j:(B A j:iB A ;E(B
B: n B: A B A B (- n
Alpha(a) epi peri Gamma(y) Epsilon(e)

Figure 9. Five possible diastereomers of truxillic acid. In dsta, A =
COOH, B = C4H,S0;.

ring are orientated antiparallel to each other similarly as in
alpha type truxillic acid. Moreover, the dihedral and puckering
angle of the cyclobutane ring is 0° in dsta, affirming it to be an

alpha type truxillic acid. Similar to psca, the sulfonate groups
are accountable for the presence of water molecules in dsta
lattice. The hydrogen bonding in dsta utilizes all the solvent
molecules present in the crystal lattice to form a 3D network
interconnecting all the truxillic acid molecules. This 3D
network structure is very distinct as compared to the
previously reported structures of truxillic acid (and derivatives)
where hydrogen bonding lead to 1D chains.”*"” The extended
H-bonding network in dsta is also attributed to the oxygen rich
sulfonate and carboxylic groups which occupy the four ends of
the molecule. One oxygen atom from each sulfonate groups
gets directly involved in H-bonding with neighboring
carboxylic groups and the two remaining oxygen atoms of
sulfonate groups get involved in H-bonding with solvent
molecules which further make hydrogen bonds with
neighboring sulfonate and carboxylic groups and so on. The
presence of H,O molecules in lattice of [Fe(H,0)¢](psca),:
2H,0 as ligands and solvent molecules results in a 3D
hydrogen bonding network which interconnects all the Fe(II)
ions. The molecules of psca provide pathways for H-bonding
from both sulfonate and carboxylic group ends. From sulfonate
end, oxygen atoms from sulfonate groups make hydrogen
bonds with H,O molecules which in turns is linked to Fe(II)
ion. From the carboxylic end, hydrogen atoms from carboxylic
groups get involved in hydrogen bonding with oxygen atoms of
another carboxylic group from neighboring molecule of psca.
This arrangement of hydrogen bonds interconnecting Fe(II)
ions is schematically shown in Figure 10.

To date, several characterization techniques have been used
to study the kinetics of solid state [2 + 2] photodimerization of
trans-cinnamic acid (and derivatives). Vibrational spectroscopy
monitors the reaction well with respect to time but does not
provide structural information on the potential intermediate
species,”™*> contrary to single crystal X-ray diffraction,*”*' but
this latter technique is not suitable for polycrystalline and
amorphous powder samples. Another issue lies in the fact that
it may interfere with photons in the excitation process and
cause X-ray induced [2 + 2] photodimerization to occur,”®>’
though the occurrence of this phenomenon is very rare. Solid
state NMR spectroscopy does not interfere however in the [2
+ 2] photodimerization and provides precise composition of
the reaction mixture at any given time in kinetics study.*****
Moreover, solid state NMR offers lesser complex option in
terms of sample preparation and measurement than single
crystal X-ray diffraction. Several factors affect the rate of
photodimerization reaction including the UV light intensity as
well as the frequency of the mixing/grinding sample during
irradiation. The sample quantity is also an important factor: for
large quantities of sample, it takes more time to irradiate the
entire sample surface and vice versa. Therefore, in order to
study the reaction with time, all other variables must be kept
constant except irradiation time. Two irradiation methods are
recommended: (i) irradiate all the required amount of sample
for measurement at once or (ii) irradiate a small amount of
sample in equal parts individually for each measurement. In the
present work, we have recorded a total of 16 *C solid state
NMR spectra at different irradiation time intervals, working

SO COOH

3 . . .
P-sulfocinnamic acid

COOH

P-sulfocinnamic acid

Figure 10. Schematic representation of wave like H-bonding pattern in [Fe(H,0)4](psca),-2H,0.
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with approximately 100 mg of sample. Given the total amount
of sample required for all solid state NMR spectra, we have
decided to individually irradiate small amounts of psca for each
spectrum with shuffling every 3 min. Bertmer et al. used the
same methodology (solid state *C NMR spectroscopy and
JMAK model) to study the kinetics of [2 + 2] photo-
dimerization of the parent molecule, a-trans-cinnamic acid.>®
Their obtained value of Avrami exponent, n was of the order of
1.6—1.7 which as a matter of fact is similar to our obtained
value of n = 1.8. No comparison with any para-derivative of a-
trans cinnamic acid was possible for the kinetics of the
photoconversion, due to the absence of any available report.
Kinetics study also reveals a 100% photoconversion rate of
psca into dsta. It is indeed an important feature which is not
observed for all derivatives of trans-cinnamic acid as they are
either photostable or undergo only partial photodimerization
despite fulfilling Schmidt’s topochemical rules.”! %

B CONCLUSIONS

p-Sulfocinnamic acid (psca) anion was synthesized and
characterized spectroscopically as well as by single crystals X-
ray diffraction. The crystal structure revealed psca to be an a-
polymorph of trans-cinnamic acid which meets the criteria for
[2 + 2] photodimerization according to Schmidt’s top-
ochemical rules. Such [2 + 2] photodimerization reaction
was proven to yield dsta, whose crystal structure revealed a
centrosymmetric molecule, which forms a 3D network through
hydrogen bonding. The [2 + 2] photodimerization has been
carefully monitored using solid state *C CP-MAS NMR
spectroscopy and the kinetics of the reaction was accounted by
an heterogeneous 1-D linear growth with a decreasing
nucleation rate. Kinetics study also reveals all the molecules
of psca gets converted into dsta upon irradiation, marking the
photoconversion rate as 100%. We successfully inserted psca
into an aqua Fe(II) complex, [Fe(H,0)q](psca),2H,0. The
crystal structure of [Fe(H,0)¢](psca),2H,0 shows accord-
ance with the Schmidt’s topochemical rules of [2 + 2]
photodimerization. Replacement of ligand water molecules in
such aqua complexes by another suitable ligand would allow
[Fe(H,0)4](psca),-2H,0 to be a precursor of a number of
Fe(Il) coordination compounds, for instance nitrogen
heterocyclic ligands. In fact, we recently successfully
synthesized a neutral coordination complex, incorporated
with psca, [Fe(DMPP),(psca),] (DMPP = dimethyl-1-(2'-
pyridyl)-pyrazole) using [Fe(H,0)¢](psca),2H,O as an
intermediate reagent where we replaced six water ligands by
two bidentate DMPP ligands and two anionic psca ligands.”
This exciting perspective holds a great significance as it opens
up an avenue of possibilities to design different Fe based
multifunctional compounds, for instance spin crossover
compounds,”’ where psca might provide additional photo-
responsive properties to the SCO compounds. This protocol
for synthesizing inorganic—organic multifunctional compounds
is in fact not restricted to iron but can potentially be utilized to
synthesize and explore other metal coordination compounds;
given the water solubility provided by the sulfonate group to
cinnamic acid, psca can also be used in cocrystallization.
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