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T0e increased availabilit9 of sources and detectors for tera0ertO (THO) radiation over t0e past 
decade1 0as broug0t THO spectroscop9 to t0e attention of p09sicists" engineers" c0emists and 
materials scientists. THO radiation probes intermolecular interactions t0roug0 cr9stal lattice 
vibrations" allowing t0e c0aracterisation of solid materials2. T0us" THO spectroscop9" emplo9ing 
nonSioniOing radiation" is a promising alternative to current anal9tical met0ods t0at eit0er use 
0ig0Senerg9 radiation (e.g. TSra9 diffraction) or are destructive to t0e sample (e.g. t0ermal 
anal9sis)3. Benefits of THO spectroscop9 are t0e feasibilit9 of online measurement4" remote 
sampling5 and t0reeSdimensional imaging6" all of w0ic0 are attractive for Xualit9 control or 
securit9 applications. In context of p0armaceutical solids" THO spectroscop9 can differentiate and 
Xuantif9 different forms of active p0armaceutical ingredients7"\. Inspired b9 growing significance 
of cocr9stals in materials science9"10" we 0ave used THO spectroscop9 to Xuantitativel9 monitor 
t0e mec0anoc0emical s9nt0esis of a cocr9stal" revealing t0e possible participation of an 
intermediate amorp0ous p0ase. 
 As our first entr9 into t0e investigating cocr9stals and cocr9stal formation t0roug0 THO 
spectroscop9" we 0ave selected t0e previousl9 studied s9stem of p0enaOine (phen) and mesaconic 
acid (mes)11. ^rinding of an eXuimolar mixture of t0e components 9ields a twoScomponent 
cocr9stal wit0 t0e composition (phen).(mes). T0e cocr9stal is made up of infinite c0ains 0eld 
toget0er b9 pairs of OSH`N and CSH`O 09drogen bonds (Figure 1)12. A s9stem of fairl9 rigid 
molecules was c0osen wit0 t0e intention of using rigid bod9 lattice d9namics calculations to 
assign t0e observed spectra13. T0e particular s9stem was selected so t0at t0e reactant cr9stals 
would produce relativel9 featureless THO spectra" w0ile t0e product cocr9stal s0ould s0ow more 
distict features. T0e s9mmetr9 of t0e phen cr9stal structure limits t0e number of THO active rigid 
bod9 lattice modes to t0ree and" due to t0e Oero net dipole moment of t0e phen molecule" t0e 
observed intensities of t0ese modes are expected to be low14. Our calculations suggested onl9 
t0ree THO active lattice modes for t0e mes cr9stal in t0e freXuenc9 range of interest (0S3 THO) 
and twelve THO active lattice modes for (phen).(mes) in t0is spectral range. T0erefore" we felt 
t0at t0ere was a good c0ance t0at we would observe a c0aracteristic (phen).(mes) peak in t0e 
THO spectrum t0at could be used for Xuantification of cocr9stal formation.  
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Figure 1. Representations of involved molecules. a, schematic representations of mes and 
phen; b, a ball-and-stick representation of a fragment of (phen).(mes) cocrystal, demonstrating 
the presence of O-H…N and C-H…O bonds. 
 
T0e inspection of THO spectra of phen" mes and t0e cocr9stal (phen).(mes) revealed t0at 

t0e cocr9stal ex0ibits a distinctive absorption peak at 1.2 THO (Figure 2a). T0erefore" t0e peak 
was selected as a reference to monitor t0e formation of (phen).(mes). To ac0ieve a full 
understanding of t0e origin of t0e c0aracteristic peak" lattice d9namics calculations were 
performed on t0e (phen).(mes) cocr9stal" providing tentative assignments of observed THO 
features. T0e agreement between t0e calculated and observed THO spectra was not sufficient to 
c0aracterise t0e entire (phen).(mes) spectrum. However" onl9 one THO active lattice mode was 
calculated in t0e 1S1.5 THO range" at 1.31 THO" allowing reasonable confidence in assigning t0e 
calculated mode to t0e 1.2 THO absorption peak. T0e calculated mode corresponds to a 
combination of molecular translations and librations (Figure 2b)" w0ic0 give rise to an 
as9mmetric stretc0" wit0 some outSofSplane twist" of t0e OSH`N and CSH`O 09drogen bond 
pairs wit0in eac0 (phen).(mes) 09drogenSbonded c0ain.  

 

Figure 2. THz spectra and representation of the chain distortion leading to a THz absorption 
peak. a, spectra of phen (blue), mes (red) and (phen).(mes) (green) are shown, vertically offset for 
clarity; b, the distortion of the hydrogen-bonded chain in (phen).(mes) that results in the absorption 
peak at 1.2 THz is a combination of wagging motions of mes and phen components in each chain. The 
chains propagate parallel to the crystallographic {110} direction. 



 
 

In order to obtain Xuantitative information on t0e formation of (phen).(mes), we first 
constructed a calibration curve b9 recording THO spectra of p09sical mixtures of phen" mes and 
(phen).(mes) at known compositions" corresponding to different levels of conversion to t0e 
cocr9stal. T0e integration of t0e 1.2 THO peak correlates to t0e amount of t0e cocr9stal in a linear 
fas0ion (Figure 3a). T0e progress of t0e solidSstate reaction of phen and mes was t0en followed 
b9 measuring THO spectra of mixtures of phen and mes ground at increasing time periods up to 
t0e total grinding time of 90 min. Assignment of t0e integrations of t0e peak at 1.2 THO to t0e 
calibration curve revealed t0at t0e reaction rate follows a firstSorder reaction law and t0e reaction 
9ield leveled off at 70 c after approximatel9 60 min of grinding (Figure 3b). Furt0er grinding 
be9ond 60 min reduced t0e amount of (phen).(mes) detected b9 THO spectroscop9. Powder TS
ra9 diffraction pattern of t0e sample after 60 min of grinding provides no signal t0at could be 
attributed to eit0er phen or mes" suggesting a complete conversion to (phen).(mes). In a related 
experiment involving 30 min grinding of a sample of pure (phen).(mes) prepared from solution" 
THO spectroscop9 revealed an apparent reduction in (phen).(mes) content from 100 c to 70 c 
(Figure 3b)" w0ilst powder TSra9 diffraction pattern remained unc0anged.  

  

Figure 3. Results of quantification experiments. a, the calibration curve, based on a best-fit line 
through all experimental data points (R2 = 0.915), demonstrating a linear correlation between the 
concentration of (phen).(mes) and the area under the peak at 1.2 THz; b, dependence of the yield of 
(phen).(mes) on different grinding conditions: using neat grinding or liquid-assisted grinding. 

 
  We also observed t0e increase in t0e 9ield of (phen).(mes)" calculated from t0e THO 

data" upon standing of t0e samples at room temperature. For example" roomStemperature ageing 
of t0e sample ground for 20 min over a period of 120 0 led to an increase in t0e 9ield from 50 c 
to \0 c" close to t0e 9ield observed immediatel9 after 60 min of grinding. We extended t0e stud9 
furt0er and used THO spectroscop9 to observe t0e cocr9stallisation in t0e presence of a drop of 
liXuid. LiXuidSassisted grinding was previousl9 demonstrated to provide t0e cr9stalline product at 
a muc0 faster pace t0an neat grinding15. As s0own in Figure 3b" t0e THO spectrum of a sample of 
phen and mes" ground for 15 min wit0 a single drop of et0anol ac0ieved complete conversion to 
t0e cocr9stal. T0e result was Xualitativel9 supported b9 TSra9 powder diffraction pattern w0ic0 
ex0ibited onl9 s0arp signals of (phen).(mes)" corresponding to 0ig0 level of cr9stallinit9. 



We recogniOe t0at t0e observed differences between t0e content of (phen).(mes) in neat 
ground samples suggested b9 TSra9 powder diffraction and THO spectroscop9 can be accounted 
for b9 eit0er a particle siOe effect or partial amorp0isation of t0e sample upon grinding. A 
reduction in particle siOe induced b9 grinding would be expected to decrease t0e intensit9 of t0e 
THO signal" due to scattering effects. A similar outcome would be expected b9 t0e formation of 
an amorp0ous p0ase from cr9stalline (phen).(mes). T0e relative importance of t0e effects of 
particle siOe and amorp0ous content on THO spectra is not clear at t0is moment. Preliminar9 
scanning electron microscop9 (SEd) imaging of samples obtained b9 neat and liXuidSassisted 
grinding revealed t0at liXuidSassisted grinding provides significantl9 larger particles. T0e finding 
suggests t0at t0e difference in 9ields of samples obtained b9 neat and liXuidSassisted grinding 
could be attributed to a particle siOe effect. However" SEd images did not reveal an9 significant 
c0ange in particle siOe upon standing of t0e samples over a period of 4 da9s" suggesting t0at t0e 
increase in reaction 9ield upon ageing ma9 be attributed to t0e cr9stalliOation of an amorp0ous 
p0ase. 

  

Figure 4. SEM images of ground samples of (phen).(mes). a, a typical sample obtained via neat 
grinding for 30 min; b, a typical sample obtained via liquid-assisted grinding over a period of 30 min using 
ethanol as a liquid phase. 

 
 We 0ave for t0e first time demonstrated t0e use of THO spectroscop9 to c0aracterise a 
twoScomponent cocr9stal and monitor its solidSstate formation. T0e abilit9 to assign a lattice 
vibration mode to a feature in t0e cocr9stal THO spectrum encourages us to furt0er develop lattice 
d9namics calculations in order to ac0ieve a molecularSlevel understanding of THO spectra16"17. 
Particularl9" we regard developments in computational met0ods will provide a means to design 
molecular solids t0at can readil9 be monitored b9 THO spectroscop9. In t0at context" we 0ave 
made preliminar9 investigations of a set of related cocr9stals: phen wit0 eac0 of fumaric" maleic 
and citraconic acids. Despite c0emicall9 similar constituents" eac0 cocr9stal 0as a c0aracteristic 
THO spectrum" reflecting t0e differences in molecular packing and ex0ibiting distinctive features 
t0at could be used for Xuantification. We anticipate t0at furt0er use of THO spectroscop9 to probe 
solidSstate materials and processes" aided b9 computational efforts" will establis0 THO 
spectroscop9 as a viable alternative to TSra9 diffraction in c0aracterising organic solids. Clearl9" 



t0e effects of particle siOe and amorp0ous content on THO spectra need furt0er investigation. Full 
understanding of suc0 effects on THO spectra could result in applications related to monitoring 
particle siOe and amorp0ous content in solids. 
 
METHODS 
All materials and reagents were purc0ased from SigmaSAldric0" UK and were used wit0out 
furt0er purification. Cocr9stal of pure (phen).(mes) were obtained b9 cocr9stallisation from et09l 
acetate as described previousl911. Scanning electron microscop9 images 0ave been recorded on a 
JEOL JSdS5510 Lf scanning electron microscope" using t0e accelerating voltage of 20 kf. 
 
MECHANOCHEMICAL EXPERIMENTS 
^rinding experiments were performed on 100 mg samples of a solid eXuimolar mixture of phen 
and mes. Eac0 sample was ground in a 10 mL stainless steel container using two 7 mm stainless 
steel balls. T0e grinding was carried out in a Retsc0 dd200 mixer mill" operating at a freXuenc9 
of 30 HO. 
 
TERAHERTZ TIME-DOMAIN SPECTROSCOPY (THZ-TDS) 
Spectra were taken on pellets prepared b9 embedding t0e powder solid sample wit0in a 
pol9et09lene matrix transparent to THO radiation. A t9pical sample was made using 31.0 mg of 
t0e ground sample and 35 mg of pol9et09lene. T0e sample and pol9et09lene were t0oroug0l9 
mixed using a ReaxStop vortex mixer (Heidolp0 Instruments). T0e obtained mixture was 
manuall9 pressed in a mould to form a pellet of \ mm in diameter and approximate t0ickness of 
0.\ mm.  
 THO radiation was obtained using a Ti:sapp0ire laser (Femtolasers) pumped b9 a dillenia 
Ts CW laser (Spectra P09sics)" producing 12 fs laser pulses centred at approximatel9 \00 nm 
(bandwidt0 g 100 nm). T0e laser beam was split into a pump beam and a probe beam used to 
generate and detect THO radiation" respectivel9. T0e probe beam was guided to an electroSoptic 
ZnTe cr9stal detector. T0e pump beam was guided to a biased semiSinsulating ^aAs emitter" 
generating THO pulses of 0.1S3.0 THO bandwidt0. T0e THO beam reflected from t0e emitter 
surface was collimated and focused onto t0e sample pellet using a pair of parabolic mirrors.  THO 
radiation transmitted t0roug0 t0e sample pellet was subseXuentl9 collected and focused onto t0e 
ZnTe cr9stal detector b9 a different set of parabolic mirrors. T0e THO pulses and t0e laser probe 
beam arriving at t0e ZnTe detector allowed t0e detection of THO radiation via an electroSoptic 
sc0eme. T0e entire pat0 of t0e THO beam was contained in a c0amber continuousl9 purged wit0 
dr9 nitrogen gas. T0e acXuisition time was approximatel9 30 s. Eac0 spectrum was based on an 
average of 30 acXuisitions. T0e spectral resolution was 75 ^HO (2.5 cmi1). 
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