High-pressure X-ray diffraction studies of organic anhydrides
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Introduction

Maleic anhydride (MA) and its derivatives are compounds of great commercial importance.
Next to acetic and phthalic anhydride, maleic anhydride is the second most important
anhydride in commercial use.! They find applications in nearly every field of industrial
chemistry. They are classic substrates for Diels-Alder reactions and are used, for example, as
curing agents in epoxy resins.? In addition, these anhydrides are important raw materials used
in the production of phthalic-type alkyd and unsaturated polyester resins (UPR), surface
coatings, lubricant additives, copolymers, and agricultural chemicals.® Often Diels-Alder
reactions and polymerization of maleic anhydride or its derivatives are carried out using high
pressure methods,*® that have become increasingly attractive, also in synthetic organic
chemistry.”® High-pressure studies often lead to the observation of interesting effects, it can
reduce the sample volume and compress the intermolecular contacts to values unattainable by
other methods or even initiate chemical reactions. The compressed materials reveal new
information about intermolecular interactions and new phases can be obtained.*° Therefore,
it is extremely important to know the effect of high-pressure on the structure and properties of
maleic anhydride and its derivatives, which was the main purpose of my project. Using
synchrotron X-ray diffraction, | investigated the structure and properties of the o- and (-
phases of 2,3-diphenyl maleic anhydride (DPMA) (Fig. 1a) under high pressure. To generate
high-pressure we have used diamond anvil cell. We described the structure of a-DPMA up to

12.29 GPa and 5-DPMA up to 10.73 GPa.
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Figure 1. Structural formula of 2,3-diphenyl maleic acid anhydride (DPMA).



DPMA crystals were first described by Jenssen in 1893.1* and then the polymorphism,
crystal morphology and fluorescence of this compound were reported by Drugman in 191212
He determined the melting points of the polymorphs, described that the «-phase is
orthorhombic, the p-phase is monoclinic, and also he derived the lattice parameter ratios
(Table 1). He did it a year before the first crystal stucture was determined using X-ray
diffraction by Bragg,®® which is why DPMA is called a ,historical’’ compound.!* The
structure of a-DPMA was then determined at atmospheric pressure using X-ray diffraction
techniques in 1995 by Yoon et al.'® In 2005, the structure was redetermined and compared to
the S-DPMA structure by Klapper et al.!* At ambient conditions, stable, orthorombic a-phase
of DPMA (m.p. = 156 °C, p = 1.334 g/cm?®) crystallizes in space group Pbca, whereas the
metastable, monoclinic g-phase (m.p. = 146 °C, p = 1.350 g/cmq) in the space group P2i/c.

Subsequently, DPMA luminescence studies were also performered by Ling et al.®

Table 1. Properties of a- and f-polymorphs described by Drugman.24

Parameter a-DPMA p-DPMA
Crystal system orthorhombic monoclinic
Axisratioa:b:c 0.5176:1:0.7024 2.561:1:2.327
Monoclinic angle - 101°33’
Density [g/cm?®] 1.340 1.345

Melting point [°C] 155 146

Experimental

High-pressure experiments were performed using a membrane-type diamond-anvil cell
(DAC) (Fig. 1).1" This simple and small device is build of two diamonds in the parallel
position, separated by the metal gasket, where the sample is placed. There are many
advantages to using diamonds to exert pressure. DAC chamber allows to generate pressure
several thousand times higher than on Earth's Surface, it is possible to observe the sample
during experiments, perform structural studies using X-ray diffraction or spectroscopic studies
such as Raman or UV-Vis.

To conduct the experiment, the DAC chamber was prepared as follows:

Q) using a laser, a hole was drilled in the steel gasket;



(i) the gasket was cleaned, placed between two diamond culets, centered, and pre-
indented to 70 pum;

(i) two single DPMA crystals, « and f phase, a ruby sphere (used for pressure
calibration), and a small piece of gold (used to center the DAC chamber during X-
ray diffraction measurements) were placed inside the gasket;

(iv)  the DAC chamber was filled with helium as a pressure transmitting medium.

ruby
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Figure 2. (a) A schematics cross section of the DAC; and (b) a mambrane type diamond anvil cell.

Pressure was calibrated using a ruby fluorescence method.*®° The ruby sphere was
placed inside a gasket, irradiated with a laser (A = 532 nm), and then the detector measured its
fluorescence (Fig. 2a). An excitation signal R1 at ambient conditions occurs at about 694.34
nm, due to a presence of Cr* ions, and is linearly shifted as a function of pressure (Fig. 2b).

In constant temperature of the measurement pressure, inside the DAC chamber, can be
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determined with an accuracy of 0.02 GPa.

Figure 3. Spectrometer used to measure and calibrate pressure; (b) ruby fluorescence spectrum, with R1 and R2
lines that linearly shift toward higher wavelengths at high pressure.



The structures of high-pressure phases were determined by in-situ single-crystal
synchrotron X-ray diffraction. The experiments were performed at beamline ID15B at the
European Synchrotron Radiation Facility (ESRF) in Grenoble (Fig. 3a). After the pressure
was increased in the range of 0.2-0.85 GPa each time, X-ray diffraction measurements of two
crystals (a- and S-DPMA) were then performed (Rys. 3b). The CrysAlisPro software?® was
used for collecting diffraction data and their reduction. The crystal structures were solved by
the direct methods with program SHELXS and refined by least-squares with SHELXLby

using Olex2 software.?~23 Structural drawings were prepared using Mercury program.?*
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Figure 4. (a) Beamline ID15b with a diamond anvil cell mounted and prepared for measurement; (b) DAC
chamber at 0.394 GPa.

Results and discussion

As a result of X-ray diffraction measurements, we determined the structure of a-DPMA up to
12.29 GPa and -DPMA up to 10.73 GPa. Selected crystallographic data are shown in Table 2
and Table 3, respectively. The compressibility plots of a- and f-DPMA are shown in Figure 5.

Table 2. Selected crystallographic data of a-DPMA with increasing pressure.

pressure (GPa) a(A) b (A) c(A) V (A% ApAl
0.394 18.8413(19) 13.016(3) 19.5156(19) 4786.1(13) 16/2
0.676 18.7082(13) 12.748(2) 19.3964(13) 4625.8(9) 16/2
1.013 18.6090(14) 12.532(2) 19.3103(13) 4503.2(9) 16/2
1.303 18.5396(12) 12.383(2) 19.2418(12) 4417.4(8) 16/2
1.587 18.4805(13) 12.256(2) 19.1882(12) 4346.1(8) 16/2
1.952 18.4169(10) 12.1227(16) 19.1295(9) 4270.9(6) 16/2
231 18.3470(10) 12.0029(17) 19.0756(10) 4200.8(7) 16/2
2.95 18.2778(11) 11.8657(17) 19.0166(10) 4124.3(7) 16/2
3.142 18.2406(9) 11.7915(14) 18.9819(8) 4082.7(6) 16/2
3.659 18.1815(9) 11.6848(15) 18.9273(9) 4021.1(6) 16/2
438 18.0953(9) 11.5249(14) 18.8492(8) 3930.9(5) 16/2
5.24 18.0189(10) 11.3833(17) 18.7789(8) 3851.8(6) 16/2
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Table 3. Selected crystallographic data of ;-DPMA with increasing pressure.

pressure (GPa)

0.394
0.676
1.013
1.303
1.587
1.952
231
2.95
3.142
3.659
4.38
5.24
5.75
6.39
7.22
8.01
8.75
9.32
9.95
10.73

17.9722(12)
17.9207(9)
17.8624(9)
17.8005(8)
17.7483(7)
17.7138(8)
17.6800(8)
17.6398(7)
17.5910(7)
17.5388(7)

a(A)
15.042(9)
14.916(6)
14.810(6)
14.724(6)
14.661(5)
14.587(5)
14.521(5)
14.429(5)
14.120(5)
14.020(5)
17.562(3)

17.3110(15)
17.1698(15)
17.0129(15)
16.7367(18)
16.5598(14)
16.4195(14)
16.3257(14)
16.2293(14)
16.1208(12)

11.2989(14)
11.2118(14)
11.1108(14)
11.0119(13)
10.9243(11)
10.8699(11)
10.8161(10)
10.7553(10)
10.6903(11)
10.6084(10)

b (A)
5.8818(4)
5.8175(3)
5.7628(3)
5.7299(3)
5.6974(2)
5.6643(2)
5.6322(2)
5.5996(2)
5.5974(3)
5.5844(3)
5.7546(2)

5.74710(10)
5.74040(10)
5.73290(10)
5.75420(10)
5.74610(10)
5.73560(10)
5.72990(10)
5.72360(10)
5.71490(10)

c(A)
13.7004(11)
13.5664(8)
13.4467(8)
13.3800(8)
13.3088(8)
13.2382(8)
13.1708(8)
13.0993(7)
12.8042(6)
12.7370(8)
47.943(6)
47.729(4)
47.593(4)
47.452(3)
47.350(4)
47.185(3)
47.060(3)
46.969(3)
46.885(3)
46.772(3)

18.7274(9)
18.6787(8)
18.6195(9)
18.5584(8)
18.5124(7)
18.4801(7)
18.4417(6)
18.3977(7)
18.3509(7)
18.2975(7)

£C)
101.96(2)
102.405(17)
102.772(16)
102.982(18)
103.181(16)
103.385(16)
103.552(14)
103.725(15)
92.088(12)
92.283(13)
91.025(14)
91.377(9)
91.530(9)
91.719(8)
93.600(10)
93.865(8)
94.142(8)
94.256(8)
94.397(9)
94.570(7)

3802.9(6)
3753.0(5)
3695.3(5)
3637.8(5)
3589.3(4)
3558.3(4)
3526.6(4)
3490.4(4)
3450.9(4)
3404.4(4)

Vv (A%
1185.8(7)
1149.7(5)
1119.3(5)
1100.0(5)
1082.4(4)
1064.1(4)
1047.2(3)
1028.2(3)
1011.3(4)
996.4(3)
4844.3(9)
4747.1(6)
4689.2(6)
4626.1(5)
4551.1(6)
4479.7(5)
4420.4(5)
4381.6(5)
4342.3(5)
4295.4(4)

16/2
16/2
16/2
16/2
16/2
16/2
16/2
16/2
16/2
16/2

z2/1
4/1
4/1
4/1
4/1
4/1
4/1
4/1
4/1
4/1
4/1
20/5
20/5
20/5
20/5
20/5
20/5
20/5
20/5
20/5
20/5



(a) (b)

1.0_""I""I""I""I""I"" --_ 40 — 71T —T—T
~
- phasefi & new phase
c/c, | I =
09+ a/ao | E
i 35 g
| - w_
, S
L % e
08 F . =
- ] 8
g a/a,
Q.
10 -
0.7 i | -
I Vv, |
1 1 1 I Ll L T . N R S R
0 2 4 6 8 10 12 0 2 4 6 8 10
pressure (GPa) pressure (GPa)

Figure 5. Compression of the unit-cell parameters with increasing pressure for phases (a) «; and (b) g of DPMA,
in relation to the average unit-cell dimensions (ao, bo, Co, Vo) at atmospheric pressure. The estimated standard

deviations (ESDs) are smaller than the symbols.

a-DPMA

The a-polymorph, the same as at atmospheric pressure, crystallizes in the space group Pbca
with two symmetry independent molecules (Z’ = 2). There are eight A and eight B molecules
in the unit cell. The layers of molecules A and B are arranged alternately, parallel to the (010)
lattice plane (Fig. 6). For a-DPMA, up to 12.29 GPa, we did not observe a phase transition. A
plot showing the compressibility of the unit-cell parameters is shown in Figure 4a. The a-
DPMA crystal is most compressed along [y], while the compression of the crystal along [X]
and [z] are similar. This can also be seen in the projections of the unit-cell in three directions
(Fig. 7); there are free spaces along the b-axis that allow the greatest compression in that

direction.



Figure 7. Arrangements of a-DPMA molecules in the unit-cell along direction: (a) [100]; (b) [010]; and (c)
[001], at 0.394 GPa.

S-DPMA

S-DPMA crystallizes in the monoclinic space group P2i/c. In the structure under ambient
conditions, there is one symmetry-independent molecule in the unit-cell (Z° = 1). At 4 GPa,
there is a phase transition. Interestingly, a few measurements earlier, before the phase
transition, at approximately 3 GPa we observed a sudden decrease in the S-angle, while the
other parameters do not change significantly. This point starts the phase transition region (Fig.
5b). The transition results in a more than 3-fold extension of the c-edge, and the number of
independent molecules in the unit cell (Z”) increases from 1 to 5 (Fig. 8). The space group
remains the same, that is P21/c.



0.39 GPa 4.38 GPa

Figure 8. Arrangements of DPMA molecules in the unit-cell in three directions; f-DPMA at 0.394 GPa along
direction: (a) [100]; (b) [001]; and (c) [001]; and new phase at 4.38 GPa: (d) [100]; (e) [010]; and (f) [001].

Fluorescence

DPMA crystals exhibit fluorescent properties (Fig. 9a and 9b) and it is due to the conjugated
B-system of molecule.'* DPMA exhibits aggregation-induced emission (AIE), meaning that it
shows very weak fluorescence in low-viscosity organic solvents and exhibits intense
fluorescence in high-viscosity or in its aggregation/solid-state.'®2°> At ambient conditions,
under UV radiation the two polymorphs of DPMA show a strong blue luminescence (Fig. 9b).
Also during the pressure measurements inside the DAC chamber, we could observe strong
fluorescence of the f-DPMA crystal. The color of the crystal changed from yellow to black as
the pressure increased (Fig. 9a). This means that the change in molecular packing with
increasing pressure significantly affects the fluorescence of this compound. According to
Molecular Orbital Theory, the observed bathochromic shift increasing pressure is due to a
reduction in the gap between the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO) (Fig. 9c).
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Figure 9. (a) p-DPMA in DAC chamber during the pressure measurements; (b) DPMA crystals at atmospheric
pressure excited with with 350 nm UV radiation; (c) diagram of reducing the HOMO-LUMO gap with

increasing pressure.

Conclusions

Using in-situ single-crystal synchrotron X-ray diffraction, the high-pressure structure of two
DPMA polymorphs was determined, a-DPMA up to 12.29 GPa and S-DPMA up to 10.73
GPa. For the a-polymorph, no phase transformation was observed, while for f-DPMA, phase
transformation occurs at 4 GPa. During the experiments, we observed the fluorescence
properties of DPMA crystals, which was changing with the modification of the packing of
DPMA molecules, caused by increased pressure. Future plans for this project include

fluorescence measurements, quantum calculations, and more detailed structural analysis.
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