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a b s t r a c t 

Recent reports of shock wave experiments on non-linear optical (NLO) crystals have demonstrated out- 

standing results. Suitable candidates are currently being studied for industrial applications. For the 

present experiment, we have chosen tri-glycine sulfate (TGS) for the investigation of the structural prop- 

erties after shock wave loaded conditions by employing X-ray diffraction and Raman spectroscopic mea- 

surements. The observed diffraction and spectroscopic patterns of the test polycrystalline sample reveal 

that the test sample does not undergo any crystallographic phase transition. But, there are several addi- 

tional shoulder peaks observed and Raman measurements show that a few Raman bands appear while 

some disappear by the impact of shock waves due to the re-orientational effect of glycine molecules. The 

observed interesting results are discussed. 

© 2023 Published by Elsevier B.V. 
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. Introduction 

Shock-wave-induced investigation on properties of materials 

as emerged to be one of the prominent and promising scientific 

pproaches that can enable an understanding of the stabilities of 

aterials under the action of high-pressure and high-temperature 

nvironments. Since shock-wave impacts can simultaneously pro- 

ide multiple effects such as high tension, high stress, high tem- 

erature and high-velocity impact, research on shock waves in ma- 

erials science has gained significant momentum thereby attracting 

esearchers cutting across various fields in recent years [1–5] . On 

he one hand, shock-wave-induced investigations, which have been 

arried out so as to unearth the properties of materials that are 

ither crystalline or non-crystalline, have provided an alternative 

ay to understand the predictable and unpredictable behavior of 

aterials so that it could be possible to bring about new structural 

odels of materials. On the other hand, shock-wave-assisted inves- 

igations on properties of materials are capable of authenticating 
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he pathway to find high shock-resistant materials for technolog- 

cally important applications such as radiation monitoring, earth 

xploration, aerospace, nuclear power plant and thermal protect- 

ng systems [ 6 , 7 ]. At the time of shock-wave propagation into the

pecimen, lots of changes in physical and chemical properties can 

ccur that have been very well documented in recent years’ re- 

orts [8–10] . Moreover, some of the materials have experienced 

he phenomenal behavior of phase transformation due to the im- 

act of shock waves that have been already witnessed [ 11 , 12 ] and

 few materials have exhibited structural stable properties against 

he shock wave impacts [ 13 , 14 ]. As it is known from the litera-

ure on interactions with shock waves, functional material proper- 

ies such as electrical, optical, magnetic and thermal properties can 

e changed with respect to the crystallographic phase and degree 

f crystalline nature of the material. If the changes are induced in 

he crystallographic structures and degree of crystallinity by the 

ffect of dynamic shock waves, the efficiency of devices would 

e at crossroads. The device engineers have put high demand on 

he researchers’ work with the requirements such that the de- 

ice materials should have high structural stability, high efficiency 

nd a long lifetime against the harsh environments. Hence, the re- 

earchers working on shock waves continue to expend a tremen- 

https://doi.org/10.1016/j.molstruc.2023.135262
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
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ous amount of effort to find high shock-wave-resistant materials 

nd understand the role of shock waves in materials science. 

The shock tube is recognized as one of the simplest tools 

hat are being used to select the right candidate for the above- 

entioned applications. Using a shock tube, we can generate high- 

ressure (up to several MPa) environments in laboratories [15] . 

or this study, special attention has been applied to investigate 

he effect of shock waves on optically transparent NLO materi- 

ls since they are highly used in the applications of high power 

aser, micro-electronic devices, frequency converters, infrared (IR) 

etectors etc. [16] . In our earlier publications, we have investi- 

ated the crystalline stability of a few NLO crystals such as am- 

onium dihydrogen phosphate (ADP) [17] and potassium dihy- 

rogen phosphate (KDP) [18] . Though these two crystals possess 

olymorphic nature with respect to temperature and pressure, the 

pplied shock waves do not lead to any phase transitions. How- 

ver, we have observed some interesting behaviors at shocked con- 

itions within the same crystallographic crystal system. Fascinat- 

ngly, in the case of ADP poly-crystalline samples, its pyramidal 

ace has experienced high degree of crystalline perfection while 

hock waves are loaded because of the occurrence of dynamic re- 

rystallization and the observed results are shown by powder X- 

ay diffraction analysis [17] . On the other hand, in the case of KDP

oly-crystalline samples, they exhibit a few additional crystalline 

eaks such as (204), (324) which appear and disappear according 

o the rate of exposed shock pulses [18] . Moreover, Zhukova et al. ,

009 have examined the structural properties of super-conducting 

aterial of poly-crystalline MgB 2 at 65 GPa pressure and found 

he occurrence of micro-distortions [19] . For the present research 

rticle, another interesting ferroelectric NLO material namely tri- 

lycine sulfate (TGS), has been selected in polycrystalline form 

n order to perform the shock-wave-impact study since it has 

 wide array of literature over the past 70 years. TGS is being 

sed for technological applications such as sensors, energy har- 

esters, micro-electronic devices, infrared detectors, non-volatile 

erroelectric random-access memory, astronomical telescopes, ra- 

iation monitoring and earth exploration. Moreover, it possesses 

nteresting structural properties with respect to pressure and tem- 

erature. TGS crystal has two crystallographic phases, monoclinic 

 P 2 1 ) and monoclinic ( P 2 1 /m). Interestingly, these two phases are

on-centro symmetric and centro-symmetric, respectively and are 

erroelectric and para-electric in nature, respectively [20–24] . Com- 

ared to the existing contributions on crystal growth of TGS and 

heir characterizations, the behavior of TGS at high pressure is not 

ompletely understood. Looking into the few available literature 

eports of the high pressure materials science and crystallogra- 

hy of TGS crystal, the present investigation could add more sci- 

ntific content for the significance of TGS. On the one hand, An- 

riyevsky et al. , (2007) have performed first-principles calculations 

DFT- CASTEP codes) and observed loss of ferroelectric behavior at 

.7 GPa pressure because of the space group changing from P 2 1 
o P 2 1 /m [25] . On the other hand, Stankowsk et al. , (2009) have

emonstrated the phase change of ferroelectric to paraelectric at 

.4 GPa owing to the reduction of the concentration of ferroelec- 

ric domains [26] . Kobayashi et al. , (2002) have found that a new

igh-pressure phase of TGS exists at 2.5 GPa and the respective 

entative P-T phase diagram has been also proposed [27] . Eisuke 

t al., (2003) have also found similar results (high-pressure phase 

f TGS) at 2.5 GPa [28] . Enhancement of spontaneous polarization 

as been found at 76 k bar, 165k bar, and 218 k bar by Stankowski

t al. [29] . From the literature survey of the static high-pressure- 

elated research articles, the behavior of the title sample is quite 

nown so that it has to be well understood. Hence, the title crystal 

s a worthy candidate to be investigated at dynamic shock wave 

mpact conditions. In an earlier publication, we have investigated 

he influence of exposed shock waves on the optical properties of 
2 
GS crystal ( P 2 1 phase) and found that there is a reduction of the

ptical transmittance with respect to the number of shock pulses 

30] . In the present experiment, we have investigated the crystal- 

ographic phase stability of P 2 1 - TGS poly-crystalline samples with 

he shock wave of Mach number 2.2 by X-ray diffraction and Ra- 

an spectroscopic techniques (Mach number is the ratio of the 

elocity of generated waves to the velocity of the local acoustical 

aves). 

.1. Crystal growth 

The test crystal was grown by the vacuum-assisted 

ankaranarayanan–Ramasamy (VASR) method such that the 

rystallographic and analytical studies have been already reported 

y our research group [ 30 , 31 ]. A good quality seed crystal was

ounted properly at the bottom of an ampoule so that the 

referred plane (001) could grow facing the top of the ampoule. 

n order to prepare the growth solution, the test crystal of good 

uality obtained from the slow evaporation method was made into 

ne powder form using a mortar and pestle. Then, the powder 

as stirred thoroughly with distilled water to obtain the saturated 

olution which was filtered and transferred into the ampoule to 

he full capacity without disturbing the position of the seed crys- 

al. Due to the concentration gradient, the test crystal was started 

rowing along the (001) plane. After a month, the test crystal of 

nidirectional nature was harvested and it was powdered using 

 mortar such that the obtained powder was used for the shock 

ave recovery experiment. In total, four samples of equal measure 

ave been prepared for the present experiment such that, out of 

he four, one has been kept as the control and the other three 

amples for the shock-wave-treatment. 

.2. Shock wave loading methodology 

Shock waves were generated by a tabletop Reddy tube which 

as in-house designed and upgraded in our laboratory. The princi- 

le, working methodology and shock-wave-loading technique have 

een discussed in the previous articles [ 32 , 33 ]. Briefly, a gradual

ncrease of air pressure in the driver section is maintained by an 

ir compressor such that the diaphragm in the shock tube rup- 

ures thereby it leads to the generation of a shock wave which is 

nabled traveling along the axis of the driven section from where 

t is directed towards the sample holder. The required samples to 

e tested are to be placed one by one sequentially in the sample 

older which is in general kept 1cm away from the open end of 

he driven section. Consequently, the required different numbers 

f shock pulses are loaded on each of the test samples with a time 

nterval of 5 s between every shock exposure. 100 number of shock 

ulse represents that a particular sample is loaded with 100 times 

y the shock pulse of a specific Mach number. Soon after the shock 

ave loading experiment is completed, the control and shock wave 

oaded samples are sent for the required analytical studies. For 

he present experiment, 50,100 and 150 shocks have been applied 

o the three chosen samples, respectively. The applied single pulse 

hock wave has a transient pressure of 2.0 MPa. After the shock- 

ave-loading process, the test samples have been sent for the re- 

uired characterizations. 

. Results and discussion 

.1. PXRD analysis 

Powder X-ray diffraction (PXRD) [Rigaku - SmartLab X-Ray 

iffractometer, Japan- CuK α1 as the X-ray source ( λ = 1.5407 Å), 

tep precision ± 0.001 °] has been performed so as to undertake 

he spectral analysis of the TGS samples in order to understand 
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Fig. 1. Powder XRD pattern of the control and shock wave loaded TGS samples. 
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he effect of shock waves on their structural properties as well 

s structural dynamics since there could be lots of changes that 

ould occur at shock-wave-loaded conditions. However, special at- 

ention has been given to monitor the structural properties and the 

btained PXRD data of the ambient and shock-wave-loaded TGS 

amples are presented in Fig. 1. At the ambient condition, TGS be- 

ongs to the monoclinic crystal system with P 2 1 space group and it 

s ferroelectric in nature. The observed PXRD diffraction profile of 

he control TGS sample is found to be consistent with the P 2 1 crys-

al structure [ 34 , 35 ]. The XRD pattern of the control TGS sample

 Fig. 1 ) is found to be well-matched with the earlier publications 

f TGS sample [34] and JCPDS card number 15–0947. The con- 

rol TGS sample has sharp diffraction peaks indicating good crys- 

allinity and the observed diffraction peaks are indexed as (001), 

130), (040), (320), (13–2), (202), (003), ( −333), (45–2), ( −611), 

280), (62–3), (44–2), (163) and (15–4). Moreover, the most pre- 

ominant crystalline plane of the control sample (001) has the 

ighest peak intensity as compared to the other crystalline peaks 

hich may be due to the specific orientation growth enabled by 

he VASR technique. 

Figure 1 also shows the shock-wave-loaded TGS samples’ XRD 

atterns and from the obtained XRD patterns, it is authentic that 

ll the original peaks of the control sample are intact after shock- 

ave experiments as well. Magnifying selected diffraction peaks 

as illustrated significant changes within the structures. In order to 

rrive at a clear authentication of the shock-wave impacted struc- 

ural changes, the obtained XRD patterns are normalized (with 0 

o 1 intensity) that are presented in Figs. 2 and 3 . At first, we have

o consider the most significant diffraction peak of the (001) crys- 

al plane for the evaluation of the impact of shock waves and the 

orresponding diffraction patterns are presented in Fig. 2 a. 

As seen in Fig. 2a , the control sample has a sharp diffraction 

eak and nearly the same pattern is reproduced at 50 shocks with 

 slight peak broadening. Whereas after 100 and 150 shocks, the 

ature of the peak looks quite different compared to the control 

nd 50 shocked samples. After 100 as well as 150 shocks, there 

s a clear formation of shoulder peaks and it illustrates that there 

 change in the local symmetry of TGS molecules and formation 

f micro-distortions in the TGS crystal system [19] . The structure 

f TGS crystal has three glycine molecules denoted by GI, GII and 

III, of which GI is associated with H 2 SO 4 . Moreover, it should be

oted that among the three glycine molecules, the GI molecule 

as a weak hydrogen bond network while the other two molecules 
3 
ave strong hydrogen bonds to the skeleton molecule [ 36 ]. Under 

hocked conditions, there is a possibility of rotational disorder for 

H 3 in the GI molecule so that it may deviate from the original 

ngle along with the b-axis towards the quasi-planar axis. Since 

he GI molecule has a weak hydrogen bond network it can be eas- 

ly altered with the shock-wave-impulsion. On the other hand, the 

I molecule has lower activation energy (2.7 k cal/Mol) compared 

o the other two glycine molecules (3.9 k cal/Mol) [37] . Hence, 

he symmetry and ordering coefficient of the GI molecule have a 

reater possibility to be affected by the shock wave impacts. In 

he case of the (130) plane, a few shoulder peaks are eliminated 

hereas a few other shoulder peaks are generated due to the ex- 

osure of shock waves. This may be owing to the deformation of 

GS crystalline plane by the impact of shock waves. Moreover, NH 3 

s free for rotation under high-pressure conditions which has been 

ery well reported by several researchers working on high pres- 

ure [25–28] . We attribute these new features to the abnormal 

otations that might have happened in the NH 3 molecule under 

hocked conditions that may be the major reason for the forma- 

ion of shoulder peaks. Following the (001), (130) and (040) planes 

lso show similar results and the corresponding XRD patterns are 

ortrayed in Fig. 2c . 

Figure 3a shows the (003) and ( −333) crystalline planes of the 

ontrol and shock-wave- loaded TGS samples, respectively. As seen 

n Fig. 3a , the (003) plane of the control sample has the super- 

osition of two moderate-intensity peaks. After shock waves are 

oaded (50 and 100 shocks), the (003) peak has better sharpness 

ompared to the control sample. Surprisingly, at 150 shocks loaded 

onditions, the sharp peak comes back to the original shape as 

hat of the control along with a few extra shoulder peaks and the 

orresponding planes are marked by red circles in Fig. 3a . ( −333) 

lane also shows more or less similar effects as that of (003). 

enceforth, it could be confirmed that the NH 3 molecule has un- 

ergone a rotational effect by the shock wave impulsion. It could 

e noted that the rotational angle is associated with the transient 

ressure and the number of applied shock pulses. Fig. 3b clearly 

hows that the shoulder peaks appear and disappear because of 

he shock-wave-impulsion in (44–2), and (15–4). But in the case 

f (163) plane at 50 shocks loaded conditions, the peak intensity 

ompletely disappears and appears again at 100 and 150 shocks. It 

ould be noted that the higher-angle diffraction peaks exhibit the 

rder- disorder - like structural changes according to the rate of 

xposed shock pulses and such kind of order-disorder changes are 

sual for sulfate materials at high-pressure conditions [25–28] . On 

he other hand, the polarized axis (b-axis) has hydrogen bonds that 

an be thermally activated above the Curie temperature and as a 

esult, there could be the possibility of different crystallographic 

rientations. As per the previous assessments and observed re- 

ults, the test sample exhibits a phase-transition behavior whereas 

ur observed changes are not well-matched with the high-pressure 

hase [25–28] but, lots of structural disorders and deformations 

ave materialized by the impact of shock waves. Our previous re- 

ults are also well corroborated with the present observed results 

30] . Among all the observed diffraction peaks, (001) is quite stable 

ompared to other diffraction peaks due to the strong correlation 

ith the GII and GIII functional groups (in the ac plane). 

As per the analogies of the previous research publications, it 

s proposed that the ferroelectric nature is expected to reduce by 

he shock-wave impulsion because of the collapse of ferroelec- 

ric domains [25] . The values of lattice parameters have been re- 

ned by UNITCELL program and the respective values of the con- 

rol and shocked samples are presented in Table 1 which exhibits 

hat the values of the unit-cell dimensions as well as the volume 

re changed according to the number of exposed shock pulses that 

ndicates the rotation of NH 3 molecule under shocked conditions. 

s per the values of calculated lattice parameters, the values of a, 
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Fig. 2. Selected planes of the control and shocked TGS powder sample (a) (001) plane (b) (130) plane (c) (040) plane. 

Fig. 3. XRD patterns of selected regions for the control and shocked samples (a) 51- 56 ° (b) 70–80 °. 

Table 1 

The values of Lattice parameters of the control and shocked TGS samples. 

Samples 

Lattice parameters 

a ( ̊A) b ( ̊A) c ( ̊A) V( ̊A) Beta ( °) 

Control TGS 9.691(8) 12.573 (15) 5.754 (3) 658 115.30 (7) 

50 shocked TGS 9.427 (7) 12.292 (12) 5.851(3) 674 115.41 (7) 

100 shocked TGS 9.427 (7) 12.295 (14) 5.825 (3) 672 115.26 (7) 

150 shocked TGS 9.417 (9) 12.132 (18) 5.463 (7) 631 112.53 (13) 

4 
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Fig. 4. Raman spectra of the control and shocked TGS samples. 
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 axes are reduced under shocked conditions whereas the c-axis is 

ncreased at 50 and 100 shocks but reduced at 150 shocks. Simi- 

ar results have been found in previous static high-pressure exper- 

ments [25–28] . 

.2. Raman analysis 

On the one hand, Raman measurements are quite interesting to 

robe the structural phase changes and structural deformations of 

he test materials, especially for high-pressure experiments. On the 

ther hand, it would be fascinating to probe the crystallograph- 

cally indistinguishable ions which are spectroscopically distinct 

nd detectable. Hence, considering the obtained results of XRD in 

he present experiment, Raman measurement is highly desirable to 

nderstand better the structural changes by the shock-wave impul- 

ion. Consequently, significant effort has been expended to monitor 

he structural changes in TGS crystal by the shock-wave impulsion 

nd the observed Raman spectra at room temperature for the con- 

rol and shocked TGS samples are depicted in Fig. 4. The control 

aman spectrum of TGS is well corroborated with the previous re- 

orts [ 35 , 38 ]. A Renishaw model Raman spectrometer with Laser 

ine 532 nm and power 50 mW has been used in this study. 

A majority of TGS Raman bands have been retained even af- 

er the shock- wave impulsion. So that it could be confirmed that 

here is no structural phase transition to occur because of the of 

hock-wave impact. As seen in Fig. 4 , in the wavenumber region of 

0 0-20 0 0 cm 

-1 , we could notice changes in Raman intensity for a

ew of the Raman bands and also could find that a few new Ra- 

an bands have appeared owing to the impact of shock waves. 

t this stage, it is essential to take into account the observed 

hanges to correlate the XRD results. Table 2 notes the presence 

nd absence of Raman bands for the samples of pre-shocked and 

ost-shocked. 

At 50 shocks, there is a strong and intense Raman band at 

872 cm 

-1 for the control sample whereas no significant changes 

re observed in Raman band intensity at shocked conditions. Fur- 

hermore, at 100 shocked conditions, Raman bands of 127 and 

60 cm 

-1 appear whereas all the existing Raman bands be- 

ween 10 0 0 and 160 0 cm 

-1 have almost disappeared by the 

hock waves. Interestingly, at 150 shock-wave-loaded conditions, a 
Fig. 5. Selected wavenumbers of Raman spectra of the control an

5 
ew Raman bands such as 480, 1461 and 1524 cm 

-1 are dramat- 

cally enhanced in Raman intensity . On the other hand, Raman 

ands at 1179 and 1342 cm 

-1 which belong to NH 3 and CH 2 vi- 

rations, respectively, have newly appeared because of the shock 

aves. For a better understanding of the observed results, the se- 

ected wavenumbers of Raman spectra are presented in Fig. 5 and 

he obtained interesting changes are marked with red circles. 

Various parameters must be taken into account for a better re- 

lization of the changes observed in Raman bands such as ther- 

ally activated hopping motions of NH 3 ions, the role of hydro- 

en bonds in the complex crystal structure, intermolecular inter- 

ction, activation energies of three different glycine molecules etc. 

37] . It is essential to understand that the Raman intensity redis- 

ribution occurs in accordance with the number of shock pulses 

ecause of the changes in the glycine molecules either in Gly-I, 

ly-II or in Gly –III. But as per the literature survey, among the 

hree glycine molecules, Gly-I has a very weak hydrogen bond net- 

ork and lower activation energy (Stankowski, 1978). However, at 
d shocked samples (a) 100-1000 cm 

-1 (b) 1000-2000 cm 

-1 . 
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Table 2 

Tentative Raman band assignments of the pre-shocked and post-shocked TGS samples. 

Experimental Conditions Tentative Raman Assignments 

(Preeti, et al., 2018; Bajpai, & Verma, 2012) 
Control TGS 50 shocks 100 shocks 150 shocks 

– – 127 – Lattice mode of TGS 

183 183 183 183 Lattice mode of TGS 

342 342 342 342 Glycine δC C N 

– – 360 – Not assigned 

392 392 392 392 CCN (Gly- III) 

480 480 480 480 COO 

926 926 926 926 SO 4 

– – – 1179 NH 3 (Gly-I/Gly-III) 

– – – 1342 CH 2 

1437 1437 1437 1437 CH 2 

1461 1461 1461 1461 CH 2 

1524 1524 1524 1524 NH 3 (Gly-I) 

1661 1661 1661 1661 C = O 

– 1872 – – Not assigned 

Fig. 6. Molecular structure of TGS obtained by CIF (1,270,327). 
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tions. 
igh-temperature and high-pressure conditions, there is a greater 

hance of re-orientation of the atomic band patterns that might 

nduce a few changes in the actual lattice symmetry. Hence, var- 

ous re-orientations could be observed with respect to tempera- 

ure and pressure (Sivakumar, 2022, Frech, 1983). Such kind of re- 

rientations (Gly-I – NH 3 –COO) may lead to the appearance and 

isappearance of Raman peaks by the shock-wave impulsion which 

s evidenced by the changes observed in the higher wavenumber 

f NH 3 Raman bands. On the other hand, due to the influence of 

hock waves, the realignment of glycine dipoles would enforce the 

e-orientation of glycine ions and the resultant effect would af- 

ect the intensity distribution of modes associated with it. From 

he Raman measurement, it is clear that there is no phase change 

bserved by the shock waves. The XRD and Raman measurements 

ave provided authenticated evidence for the lattice distortion of 

he test sample while retaining the same crystal structure under 

he shock-wave impacts. 

. Conclusion 

Summarizing the present experimental work, the systematic 

nalysis of shock-wave- induced structural properties of TGS sam- 
6 
le has been carried out by employing X-ray diffraction and Ra- 

an spectroscopic methods. XRD and Raman measurements show 

hat the test crystal has not experienced any crystallographic phase 

ransition by the impact of shock waves. But in XRD, we have ob- 

erved several shoulder peaks appearing while Raman data con- 

rm a few new Raman bands appearing and a few existing peaks 

isappearing under shocked conditions. We attribute these new 

eatures to the disorder of NH 3 ions in the glycine molecule due to 

he weaker hydrogen-bond network. The conclusion of the present 

xperiment is made by the observed results in such a way that 

he test crystal has a stable crystallographic structure quantita- 

ively whereas it is qualitatively unstable to a small extent against 

he shock-wave impacts. Hence, the authors suggest performing 

erroelectric studies on the test crystal against the shock waves. 

ince it is one of the active ferroelectric and NLO crystals, un- 

er shocked conditions significant changes in ferroelectric property 

re expected for TGS which will lead to a better understanding 

f the structure-property relationship against the shock-wave im- 

acts. Further, shock-wave-recovery experiments along with the- 

retical works are highly required for NLO crystals so as to find 

etter shock-resistant materials for the next generation of applica- 
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